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Abstract

Satellite observations over the past two decades have revealed increasing loss of grounded ice in
West Antarctica, associated with floating ice shelves that have been thinning. Thinning reduces an
ice-shelf’s ability to restrain grounded-ice discharge, yet our understanding of the climate
processes that drive mass changes is limited. Here, we use ice-shelf height data from four satellite
altimeter missions (1994-2017) to show a direct link between ice-shelf-height variability in the
Antarctic Pacific sector and changes in regional atmospheric circulation driven by the El Nifio-
Southern Oscillation. This link is strongest from Dotson to Ross ice shelves and weaker elsewhere.
During intense El Nifio years, height increase by accumulation exceeds the height decrease by
basal melting, but net ice-shelf mass declines as basal ice loss exceeds lower-density snow gain.
Our results demonstrate a substantial response of Amundsen Sea ice shelves to global and regional
climate variability, with rates of change in height and mass on interannual timescales that can be
comparable to the longer-term trend, and with mass changes from surface accumulation offsetting
a significant fraction of the changes in basal melting. This implies that ice-shelf height and mass
variability will increase as interannual atmospheric variability increases in a warming climate.

Projections of global sea-level change over the next century are highly uncertain due to
insufficient understanding of the processes causing mass loss from the Antarctic and
Greenland ice sheets. The West Antarctic Ice Sheet (WAIS), which is mostly grounded
below sea level? (a marine ice sheet), contains sufficient ice above floatation to increase
global sea-level by over 3 m3. Ice-sheet models*—® suggest that mass loss will accelerate as
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glaciers and ice streams respond dynamically to internal instability mechanisms® 7. The
predicted ice loss on timescales of decades to centuries from WAIS is about 1 m of global
sea-level equivalent, with full ice-sheet loss within a few millennia®6.

The acceleration of grounded ice loss in the Amundsen Sea (AS) sector of WAIS has been
attributed to reduced backstress as the fringing ice shelves thin and their grounding lines
retreat>8. The rapid, sustained thinning of the AS ice shelves®10 appears to be caused by
increasing wind-driven flow of warm Circumpolar Deep Water (CDW) into the ocean
cavities beneath ice shelves, enhancing basal melting1%11. Models'213 and limited
observations'#1° suggest that ice shelves might respond to changes in CDW circulation on
interannual timescales. However, a paucity of time series of ocean observations on the
continental shelf offshore of AS ice shelves and in the sub-ice cavities limits our ability to
confirm this hypothesis, leading us to seek indirect measures of the sensitivity of ice-shelf
mass change to large-scale climate variability.

Climate variability in the Antarctic Pacific sector

The EI Nifio-Southern Oscillation (ENSO), the Southern Annular Mode (SAM, or Antarctic
Oscillation), and variability of the Amundsen Sea Low (ASL) are well-known climate
drivers of interannual changes in the Antarctic Pacific sector'6-19, ENSO is the leading
mode of ocean-atmosphere variability on timescales of 2—7 years in the tropical Pacific, and
is the strongest interannual climate fluctuation at the global scale?®. ENSO causes much of
the observed variability of the atmosphere, ocean, and sea ice in the Amundsen-
Bellingshausen Sea sector'2:13, which exhibits the largest climate fluctuations around
Antarctical”-2!, Observed regional responses to ENSO include changes in snowfall?2-24,
surface air temperature2, sea ice extent16:26:27 upwelling of CDW near the front of Pine
Island Glacier’s ice shelf4, and variation in basal melting under Getz Ice Shelf15.

The SAM is a major driver of climate variability in the Southern Hemisphere, strongly
influencing precipitation and temperature patterns from the subtropics to Antarctica28:29,
SAM is usually strongest in austral spring and summer30. The phase of SAM influences the
effect of ENSO in Antarctica, with the strongest Pacific sector response to ENSO when
SAM is weak or in opposite phase3! (i.e. with the combinations La Nifia/SAM+ and EI
Nifio/SAM- strengthening the atmospheric circulation anomalies in the mid-to-high
latitudes).

The ASL is a persistent atmospheric low-pressure system located within the Amundsen and
Bellingshausen seas, and plays the dominant role in determining the regional-scale pattern of
atmospheric circulation across West Antarctical’~19. Through changes in strength (i.e.
central pressure) and position, ASL determines the wind anomalies in all seasons, strongly
influencing snowfall, temperature distribution and sea ice conditions near AS ice shelves!®.
Variations in the ASL position and strength are driven by tropical Pacific ocean-atmosphere
variability (ENSO) and fluctuations in southern hemisphere pressurel’-19, ASL central
pressure tends to be lower during positive SAM conditions and La Nifia years, and higher
during EI Nifio years17:31:32,
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In this study, we show that ice-shelf height and mass changes in the Pacific sector, in
particular the AS sector (Fig. 1), are correlated with interannual variability in regional
atmospheric and oceanic circulation driven by ENSO.

Interannual changes in ice-shelf height

We merged data from four European Space Agency satellite radar-altimetry missions
(ERS-1, ERS-2, Envisat, and CryoSat-2) to create individual records of ice-shelf height in
the Pacific sector for the period 1994 to 2017. Each 23-year record samples every three
months and represents an area of about 30 km x 30 km?33, We detrended each height record
using locally weighted regression (LOWESS)34. We then calculated interannual anomalies
in ice-shelf height, 642, using 12-month running means.

We used 12-month running integrals of atmospheric and climate-index anomaly records
(Methods) to represent climate forcing driving changes in 6A. Correlating time-integrated
forcing variables with 6A(9) is analogous to correlating the climate drivers with df/dt
anomalies, while avoiding the high-frequency noise introduced by explicit differentiation of
SM(D). We assessed the statistical significance of correlations from the 95% confidence
intervals of 2000 bootstrap samples, taking into account autocorrelation in the time
series3%:36 (Methods).

We evaluated an averaged 6/4(f) from 77 height records covering the AS sector (Fig. 1), and
correlated this time series with time-integrated climate indices (Table 1). AS-averaged 6/(2)
is moderately-to-strongly correlated (7= 0.47 to 0.61) with the Oceanic Nifio Index (ONI)37,
a measure of ENSO that tracks sea-surface temperatures in the east-central tropical Pacific.
We also found a weak-to-moderate negative correlation between 6/() and the ASL relative
central pressure (r=-0.25 to —0.39). We found no significant correlation between &6/(#) and
SAM. The best fit between &/(f) and a linear combination of ONI and ASL indices (Fig. 1a)
showed correlation values up to 7= 0.67. Combining the time-integrated ONI and ASL
central pressure into a single index lagged by 4-6 months with respect to §/() (Fig. 1a)
slightly increased correlation values and their significance (Table 1); that is, some large
changes in ice-shelf height that are unexplained by ONI (such as the height increase circa
2006) can be explained by the contribution from the ASL.

Correlation patterns between AS-averaged ice-shelf height anomaly and the time-integrated
zonal (westerly) and meridional (southerly) components of the wind from ERA-Interim
reanalysis3® lagged by 4-6 months (Fig. 2), reveal a strong link between ice-shelf height
variability and local environmental controls. Zonal wind anomalies modulate ice-shelf basal
melting through upwelling and downwelling of coastal waters314, and meridional wind
anomalies modulate the transport of warm moist air (and associated precipitation) from the
ocean to the AS ice shelves. The same fields (zonal and meridional wind, plus sea-ice
concentration) showed approximately the same spatial pattern and correlation values when
correlated with ONI (Extended Data Fig. 2).
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Ice-shelf height and mass changes during 1997-2000

The most rapid changes in 6/(f) generally coincided with large changes in ONI (Fig. 1b),
with some modulation of the response to ENSO by changes in the ASL (Fig. 1a). The largest
change in ice-shelf-height anomalies in the AS sector occurred between 1998 and 2001 (Fig.
1a), with more than 0.5 m of averaged surface lowering. This period encompassed one of the
two strongest El Nifios on record since 1950 (1997-1998), followed by a strong and long-
lasting La Nifia period between 1999 and 2001 (Fig. 1b).

ERA-Interim reanalysis revealed large differences in environmental conditions between the
strong El Nifio of 1997-1998 (EN1997) and the subsequent strong La Nifia of 1999-2000
(LN1999) (Fig. 3). During EN1997 the westerly wind was stronger than normal (defined
here as the 1979-2017 climatological mean), increasing upwelling of ocean waters on the
continental shelf (Fig. 3a). The regionally-averaged air temperature was also warmer than
normal, although with a cold anomaly present along the coast from Getz Ice Shelf to the
western side of Pine Island Bay (Fig. 3b). Precipitation was higher than normal during
EN1997, with the largest anomaly centered on Getz (Fig. 3c). There was an overall
reduction in sea ice during EN1997 relative to LN1999, although its spatial structure was
complex (Fig. 3d). Concurrently, AS ice-shelf height increased overall during EN1997 and
decreased during LN1999, with respect to the longer-term trend (Fig. 3d).

We assessed the relative contribution of anomalies in atmospheric-driven accumulation and
ocean-driven melt by partitioning the observed (tide-corrected) ice-shelf height change
(Ahops) between two epochs into the sum of height changes due to atmospheric pressure
(the inverse barometer effect; A/gg)3?, buoyancy-compensated surface accumulation
(Ahsmp), basal melting (A/gpmpg) and ice dynamics (A/pyn), such that:

Ahgpg=Ahys +Ahgyy + ARy +Ahpyy (1)

We used Eq. (1) to estimate the relative magnitudes of accumulation- and melt-driven
changes between EN1997 and LN1999 averaged for the AS ice-shelf area. We assume that
Ahpyy is zero: within this short time interval (annual averages centered at 1998.2 and
1999.5), A/ipyn is about one-to-two orders of magnitude smaller than A/ipgs (see Methods),
and regional averaging smooths out non-coherent changes in ice dynamics across different
ice shelves. We estimated A/yge from the ERA-Interim pressure field and A/igpg from
modeled surface mass balance (SMB)#%41 and surface (firn) density. We obtained SMB
from the regional climate model RACMO2.3%1 (which is forced by ERA-Interim), and from
the ERA-Interim precipitation field directly. Estimates of SMB from both approaches are
consistent (Extended Data Fig. 3). We estimated A/ g for a range of firn densities (a
Normal distribution with 7= 495 and o = 25 kg/m3; Methods) that captures the likely
densities of the top one-meter firn layer on AS ice shelves (Extended Data Fig. 4). We then
estimated A/igvp as the residual term in Eq. (1) while including uncertainties for processes
such as compaction rate and ice dynamics through Monte-Carlo methods (Methods). The
spatial variability of these terms is shown in Fig. 4.
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Anomalies in AS-averaged ice-shelf height between EN1997 and LN1999 were: Afipgs =
-0.31£0.09 m, Afyge = 0.05 +0.01 m, Afigiys = —0.79 £ 0.21 m, and A/gpg = 0.43 £ 0.23
m (values are the mean and standard deviation from 2000 realizations of a Monte Carlo test;
Methods). The surface-lowering rate anomaly (relative to the trend) from EN1997 to
LN1999 (Afpps/1.3 yr = 0.24 m/yr) is comparable to the AS-averaged 23-year trend of
~0.21 m/yr (Extended Data Fig. 1).

We calculated the surface-mass anomaly from RACMO2.3, integrated over the AS ice-shelf
area for the 1.3-year EN1997-LN1999 period, to be —42 + 11 Gt. For the range of assumed
surface densities, the basal mass-balance anomaly required to explain Afpgs in Eq. (1) is
about 207 + 111 Gt. This positive basal mass balance (i.e. less mass during EN1997 relative
to LN1999) is consistent with previous reports of increased melt rate during El Nifio and
decreases during La Nifial2-14. The surface-mass anomaly (accumulation) is about 20% of
the basal mass anomaly (melting) in this case. Mass-anomaly change rates during EN1997—
LN1999 of —32 + 8 Gt/yr for SMB and 159 * 85 Gt/yr for BMB are comparable in
magnitude to the reported243 longer-term changes in ice-shelf mass balance for the AS
sector, with a mean SMB of ~+55 Gt/yr and a total mass-loss trend of about 156-173 Gt/yr
(Extended Data Table 1).

Coherence and extent of ENSO influence across the region

We assessed the spatial coherence of height changes in the AS by accounting for the
covariation between the different locations, decomposing the set of 77 individual time series
across the AS sector into principal modes of variability (i.e. empirical orthogonal functions;
EOFs) using multivariate Singular Spectrum Analysis (SSA) (Methods)*44°. This spectral
decomposition allowed us to detect small, coherent signals (with time-variable amplitude
and phase) in short and noisy records while testing the significance of extracted modes*®.
This is a standard procedure for identifying the dominant frequencies of ENSO in time
series of climate indices*.

The spectrum of changes in ice-shelf height (Extended Data Fig. 5), identified two
statistically significant (at the 95% level) spectral regions: a band with characteristic
periodicity of 4-5 years (1st and 2nd EOFs); and the less energetic annual cycle (3rd and 4th
EOFs). We obtained the same dominant interannual mode (~4-5 year timescales) when we
applied univariate SSA to the full ONI record (1950 to 2017), also represented by the
leading pair of EOFs** (not shown). This agreement between dominant timescales for ONI
and A/pgs supports the presence of a causal link between ENSO and the variability of the
AS sector ice shelves.

To quantify the extent of the ENSO influence across the region, we derived a “similarity
index” (i.e. a distance metric) between the variance-normalized time-integrated ONI and
S&h( ) averaged over each ice shelf in the Pacific sector (Methods). Dotson and Getz ice
shelves in the AS sector, and Nickerson, Sulzberger and Ross, have the greatest similarity
with ENSO (Fig. 5). Getz Ice Shelf dominates the AS sector-averaged variability because it
accounts for about 60% of the total AS ice-shelf area, is centered on the ENSO precipitation
anomaly (Fig. 3c and Fig. 4c), and has a large inferred ENSO-driven basal melt-rate
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anomaly (Fig. 4d and Extended Data Table 1). These results suggest that Getz Ice Shelf is
the largest contributor to ENSO-driven variability of freshwater flux to the AS.

Global and regional environmental controls on ice-shelf change

Besides ENSO and ASL, other regional modes of interannual variability (e.g. the Zonal
Wave Three?”) may also contribute to observed changes in the Pacific sector ice shelves,
even though their correlations with 6/(f) might be negligible; e.g. SAM (Table 1). These
other modes interact with ENSO and with each other to drive complex patterns of ice-shelf
height change that cannot be solely explained by a linear combination of climate modes.
Further, studies!?:19.27.32 correlating ENSO tropical forcing with Pacific sector climate
indicators, such as the ASL strength, sea-ice extent and Antarctic Peninsula temperature,
have found that correlations with ENSO are significant for some seasons while not for
others, with reversals of the sign of the correlation from season to season in some cases.
Changes in the ASL strength, location and extent, which all exhibit large interannual
variability (Extended Data Fig. 8), means that each distinct ENSO event yields different
responses in individual ice shelves, depending on their location. Our ice-shelf height and
mass assessments for the AS sector (Fig. 4; Extended Data Table 1) reflect the unique
environmental conditions of the strong 1997-2000 ENSO period, during which the change
in ASL between El Nifio and La Nifia cycles was exceptionally large. In contrast, the strong
2015-2016 EIl Nifio, characterized by remarkably large changes in tropical sea-surface
temperature, did not impact AS ice shelves in the same way (Fig 1a and Fig. 5). This was
likely a result of El Nifio interaction with a positive SAM during the development phase, a
northward displacement of the ASL relative to previous strong El Nifios*® (Extended Data
Fig. 8), and absence of a following strong La Nifia.

The dominant effect of EI Nifio on AS ice-shelf mass is likely the increased basal melting
associated with onshore flow of CDW and coastal upwelling as westerly wind stress
intensifies (Fig. 3a)12-14. On interannual timescales, this basal mass loss anomaly, relative to
the longer-term mass loss trend®, is partially offset by increased snowfall. This precipitation
increase is consistent with the northerly wind anomaly during EI Nifio events (Fig. 3a),
possibly including increased local moisture uptake from the coastal ocean due to a reduction
in regional sea-ice concentration (Fig. 3d).

The reversed pattern of meridional-wind anomalies between the AS and Bellingshausen
Sea—Antarctic Peninsula (BS/AP) sector (Extended Data Fig. 2) is consistent with modeled
surface mass balance for WAIS (Extended Data Fig. 6) and with satellite-gravity
measurements over the AS and AP sectors?2. Precipitation increases during EI Nifio in the
AS sector while it decreases in the BS/AP region, and vice versa during La Nifia. The
principal mechanism affecting local winds is the response of the ASL pressure system to
ENSO and SAM7:19:31 'with ASL consistently changing its intensity within EI Nifio and La
Nifa years (Extended Data Fig. 8). The rapidly thinning Pine Island Glacier ice shelf
showed a weaker response to ENSO (Fig. 5), consistent with the weaker, and in some cases
reversed, atmospheric and sea-ice anomalies in Pine Island Bay relative to the broader AS
(Fig. 2 and 3).
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We have shown how modes of tropical Pacific variability affect the height and mass of ice
shelves in the AS sector of WAIS. The response in height is the combined effect of two
opposing processes, which are both intensified during El Nifio events: surface snow
accumulation and ocean-driven basal melting. The result is an overall height increase, but
net mass loss, since the ice lost from the base has higher density than the fresh snow being
gained at the surface. Ice-shelf response to ENSO variability is strongest between Dotson
and Ross ice shelves, with a weak response in Pine Island Bay, the Bellingshausen Sea, and
west of the Ross Sea. Given expected increases in total precipitationt® and frequency of
extreme ENSO events® as Earth’s atmosphere warms, our results imply that interannual
variability of ice-shelf height and mass will also increase, stressing the need to quantify
surface accumulation relative to basal melting to project future changes in Antarctic ice
shelves.

Ice-shelf height

Ice-shelf height change time series are derived from measurements acquired by four
overlapping satellite radar altimetry (RA) missions (ERS-1, 1991-1996; ERS-2, 1995-2003;
Envisat, 2002-2012; CryoSat-2, 2010-2017). Our records span 23 years (1994-2017), have
a temporal resolution of ~3 months, and represent grid cells of ~30x30 km.

The processing steps for the conventional altimeters (ERS-1, ERS-2 and Envisat) are fully
described by Paolo et a/2:33. We performed the following processing steps for CryoSat-2,
applied to ESA’s SARIn L2 Baseline C product over the Antarctic ice shelves: we corrected
for a 60-meter range offset for data with surface types ‘land’ or ‘closed sea’; removed points
with anomalous backscatter (>30 dB)®!; estimated heights with a modified (from McMillan
et al>?) surface-fit approach, with a variable rather than constant search radius to account for
CryoSat-2’s heterogeneous spatial sampling; removed height estimates < 2 m above the
Eigen-6C4 geoid®3 to account for ice-shelf mask imperfections near the calving front;
applied all the standard corrections to altimeter data over ice shelves (e.g. removed gross
outliers, and residual heights (with respect to mean topography) >15 m; ran an iterative
three-sigma filter; and minimized the effect of variations in backscatter®33).

When merging the records, we used only grid cells that were sampled by all four satellites,
only accepted time series that overlapped by at least 0.75 years to ensure proper cross-
calibration, and removed all merged time series with standard deviation of residuals (with
respect to the trend) >1 m. This removed records with, for example: satellite mispointing,
anomalous backscatter fluctuations, grounded-ice contamination, high surface slopes and
geolocation errors.

Sea-ice concentration

Daily time series of sea-ice concentration, averaged to a 25-km polar stereographic grid, are
from the National Snow and Ice Data Center’s Daily Polar Gridded Sea Ice Concentrations
Version 1 (Near-Real-Time Defense Meteorology Satellite Program Special Sensor

Microwave Imager/Sounder)®, processed with the NASA Team Sea Ice Algorithm for sea-
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ice concentration retrieval®®. We averaged the daily records to monthly anomaly time series,
i.e., the anomaly with respect to the climatological average (1979-2017) for each month.

Climate indices

The Oceanic Nifio Index (ONI), which tracks the running three-month mean sea-surface
temperatures in the east-central tropical Pacific with limits 5°N-5°S and 120°W-170°W (the
Nifio 3.4 region), is our primary metric of ENSO. This standardized series is derived from
the Extended Reconstructed Sea Surface Temperature Version 4 (ERSST.v4)37:56 We also
reproduced the analysis using an alternative metric of ENSO, the Southern Oscillation Index
(SOI), a standardized time series of observed sea-level pressure differences between Tahiti
and Darwin, Australia. The Southern Annular Mode (SAM) is the station-based index from
MarshalP8, which tracks the zonally-averaged meridional pressure difference between 40°S
and 65°S. We obtained the Amundsen Sea Low (ASL) relative central pressure from
Hosking et al>". Our ‘Best Fit” index is the best fit (in the least-squares sense) of ONI plus
ASL 12-month running integrals (lagged by 4-6 months) to the AS-averaged ice-shelf
height record. The running integral (or running sum) on both indices ensures consistency
between the climate records.

Atmospheric variables

Surface air pressure, wind fields, precipitation and temperature are from the ERA-Interim
global atmospheric reanalysis3® for 1979-2017 by the European Centre for Medium-Range
Weather Forecasts (ECMWEF). These products are provided on a grid with spacing of ~80
km. We converted the monthly averaged records to anomalies with respect to the
climatological average (1979-2017) for each month. The ERA-Interim model estimates of
ENSO precipitation variability agree well with ice-core records and /in-situ radar from the
catchments of Thwaites and Pine Island glaciers?4. It also agrees well on a regional scale
with satellite gravimetry observations from the GRACE mission?2.

Ice-shelf surface mass balance and firn density modeling

Time series of surface mass balance (SMB) over the ice shelves are from a simulation based
on output of a regional atmospheric climate model (RACMO2.3%1), which is forced by the
ERA-Interim reanalysis, has a horizontal grid spacing of 27 km, and accounts for processes
such as surface meltwater retention due to refreezing, evaporation, wind drift, and
sublimation.

The modeled SMB, surface temperatures, and 10-m wind speeds have been used to force a
transient run of a one-dimensional time dependent Firn Densification Model (IMAU-FDM)
that models the vertical profile of snow and firn density at each location®®. The product was
evaluated by comparing the temporal mean of firn density against 750 /n-s/tu measurements
continent-wide (7= 0.8840), and comparisons with radar-derived accumulation??.

Correlation analysis

We identified correlations between ice-shelf height changes and climate forcing by removing
the long-term trend from each height record using locally weighted regression (LOWESS)34,
with a smoothing span equal to 1/3 of the record (~7.7 years, a compromise between
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retaining decadal fluctuations in the trend and excluding the shorter ENSO time scales), and
then computing 12-month running means (hereafter referred to as ‘height anomalies’, §/(5).
For the wind components and climate indices we computed 12-month running integrals (the
sum of the preceding 12 months). We correlated 6/(#) with the time-integrals of forcing
anomalies represented by ERA-interim wind fields and climate indices. This approach is
analogous to correlating @/ dfwith time-dependent anomalies and indices, but avoids the
high-frequency noise amplification due to explicit differentiation of 6/(7). We tested
correlations with and without lags between ice-shelf height anomalies and the climate
records. We constructed confidence intervals for each correlation coefficient, taking into
account temporal autocorrelation effects, using the nonparametric stationary bootstrap3®
with an average block length proportional to the maximum estimated persistence time (z) of
each pair of time series being analyzed36:59:

T=— 1/ln(pl/dt),

where p is the autocorrelation coefficient and dfis the time step.

Spectral analysis

We identified common oscillatory behavior in the AS sector by decomposing the set of 77
height-anomaly time series from the AS (Fig. 1) into orthogonal components, using
multivariate Singular Spectrum Analysis (SSA)#445.6061 |n SSA, pairs of eigenvectors
(EOFs) with similar periodicity represent a phase-and-amplitude modulated temporal
oscillation (e.g. EOFs 1 and 2 in Extended Data Fig. 5). Our spectral decomposition by SSA
also included statistical tests to discriminate between potential oscillations and “white”
(independent and identically distributed) noise through Monte Carlo simulations®6. Free
software for implementation of SSA, among other spectral techniques, is provided by the
SSA-MTM Toolkit at http://www.atmos.ucla.edu/tcd/ssa.

We removed the long-term trend from each ice-shelf time series (without smoothing), and
normalized (to unit variance) each record prior to applying SSA%462, Reported results refer
to an SSA window length of 6 years (window lengths up to 9 years provided similar results).
The SSA identified two significant modes of variability in ice-shelf height: 4-5-year time
scales, and the annual cycle (Extended Data Fig 5).

Similarity index

We examined the spatial pattern of ENSO influence on the Antarctic Pacific sector ice
shelves, by evaluating the similarity of each ice-shelf-averaged height anomaly record to the
ONI. We define the similarity index (analogous to correlation) as:

SI= /> (zi — vi)’,

where x;is the ice-shelf height anomaly record and y;is the ONI, both normalized to unit
variance. For graphical clarity, we normalized the S/values to a range of 0 to 1.
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Equivalent height and mass calculations

For mass calculations, we estimated changes in ice-shelf height due to: variations in sea-
level atmospheric pressure (Afgg) from ERA-Interim pressure fields, assuming that surface-
height change is —=0.01 m for +1 hPa change in pressure3?; variations in surface mass-
balance (Afgpg) from the RACMO2.3 model output*! (Fig. 4) and assumed surface
densities (see next paragraph); and variations in snowfall from ERA-Interim precipitation
directly (Extended Data Fig. 3), which is natively provided in the product as meters of
liquid-water equivalent per day. For each model, we converted surface mass-balance and
precipitation values (anomalies with respect to the 1979-2015 and 1979-2017 means,
respectively) to buoyancy-compensated snow/firn height, A/igpg, using surface snow/firn
density values randomly sampled from a Normal distribution with mean and sigma equal to
495 and 25 kg/m3, respectively (see ‘Uncertainty assessment’ below), and ocean water
density of 1028 kg/m?.

We chose the range of surface density values based on the limited information available
from these ice shelves, for which direct surface measurements are scarce. Results from a
semi-empirical FDM suggest that surface densities along the WAIS coast are higher than in
the interior; some of the highest values in Antarctica are found along the AS coast (Fig. 7 in
Ligtenberg et a/)%8. These high densities are due to a combination of relatively high
temperatures, strong winds and elevated precipitation rates. Extended Data Fig. 4 shows
density profiles from 0 to 1 m depth over Pine Island Glacier as represented by the FDM.
Modeled density ranges from ~480 kg/m3 at zero depth to ~510 kg/m3 around 1-m depth.
Our range of likely surface (firn) densities (495 + 25 kg/m3) for the AS ice shelves, extends
+ 10 kg/m3 beyond the model-derived range.

Further justification for our choice of densities comes from the fact that radar altimeters are
relatively insensitive to fluctuations in low-density surface mass balance. Part of the radar
signal penetrates through fresh snow, and changes in surface density (due, for example, to
seasonal variations in radiation and air temperature) can affect the radar backscatter and
derived height measurement33. We found no correlation between changes in height and
changes in backscatter at interannual time scales (12-month running means) for the AS ice
shelves, suggesting that interannual estimates of surface height are not affected by changes
in surface properties. This is not the case at seasonal time scales where correlations were
significant33. The layer being tracked by the RA as the “surface” must be sufficiently
compacted to limit radar penetration and backscatter-height correlated changes. This result
implies that height changes driven by surface accumulation may be higher than our RA
measurements show, which would lead to a more important role of SMB relative to BMB in
the height variability.

Phase lag between height changes and climate drivers

Height changes lag the climate drivers by about 4-6 months, based on correlation estimates
for a range of lags (with maximum correlations for 4 to 6 months). We suggest three
potential causes of this phase lag. First, the oceanic ENSO signal in BMB will be affected by
the lagged and filtered dynamic response of the coastal ocean to the atmospheric forcing,
caused by advection time scales over the continental shelf, ocean mixing, and response to
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anomalies in surface-buoyancy forcing as sea-ice volume changes. A typical advection time
scale is given by 7= L/U, where L is a characteristic length scale for the continental shelf
(~500 km) and Uis a typical mean advective velocity of CDW (~5 cm/s)83, giving 7~ 4
months. Second, the RA measurement of ice-shelf height is some integration of backscatter
within the surface snow and firn layer, with a time lag being induced by radar signal
sensitivity to firn compaction (the development of a subsurface strong reflector) that takes
place over some time interval after the precipitation signal. Third, the peak signals of
interannual climate modes including ENSO and SAM tend to be short-lived (roughly one
year for large El Nifio events (Fig. 1)), so that the effect of each event on an ice shelf
depends on its phasing relative to the strong annual cycles of atmospheric, oceanic and sea-
ice conditions. We accounted for the measured phase delays by calculating the mass budget
with Afipgs lagged by 6 months relative to the A/ in Eq. (1).

Estimates of mass change between EN1997 and LN1999 for individual ice shelves are
presented in Extended Data Table 1. The estimates for basal mass change are sensitive to the
choice of surface density. Our estimated change in melt rate between EI Nifio and La Nifia
for Getz Ice Shelf is between 3.1 and 3.5 m/yr (Extended Data Table 1). These values are
consistent with the magnitude of observed variability in Getz’s melt rate, with interannual
changes on the order of 3 m/yr reported by Jacobs et a/1.

Uncertainty assessment

We assessed the sensitivity of our results to measurement uncertainty using a Monte Carlo
(MC) approach. Through an iterative process, we scaled each spatial field used in Eq. (1) by
a percentage drawn from a Normal distribution with sigma equal to the field’s prescribed
error. We also draw surface density values from a Normal distribution with mean and sigma
equal to 495 and 25, respectively, as justified above. Our reported values with uncertainties
are then the mean and standard deviation from 2000 MC realizations. This approach has the
advantage of directly quantifying the impact on the results of prescribed errors in the input
fields, propagating these errors according to the relationship between the variables.

On interannual timescales, the main components of the uncertainty in Afipgg are: the
statistical error (e.g. precision of the instrument, poor geophysical corrections, improper
range estimation from the return radar waveform); surface compaction rate (changes in firn-
air content); and neglecting the dynamic term (A/ipyy) in Eg. (1).

Since the spatial field used for Afpgs in Eq. (1) is the result of averaging tens-to-hundreds
of crossover values (height differences) per ~30x30 km grid cell®33, and we further average
height-change estimates over 12-month time intervals, the statistical error on each grid cell
is small (<109%)33.

Ku-band (~13.5 GHz) radar altimeters mostly penetrate the top layer of fresh snow. Radar
measurements are, therefore, less sensitive to compaction rates than laser-derived
measurements, which track the air-firn interface. Using laser-altimeter observations,
Moholdt et a/%* estimated compaction rates across Ross and Filchner-Ronne ice shelves on
the order of -9 + 10 mm/yr and 23 £ 10 mm/yr, respectively. If we assume that all of the
compaction rate (an upper bound for uncertainty due to compaction) translates to the radar-
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measured height change, the largest of these values is less than 8% of the EN1997-LN1999
height change.

Accurate estimation of A/pyy in Eq. (1), as applied to the transition from EN1997 to
LN1999, would require annual velocity changes for the 1997-1999 period over the entire
AS ice-shelf area; such data do not exist. We can, however, estimate the order of magnitude
of the height change that would result if all the measured ice-flux increase in the AS® went
into dynamic thickening (i.e., an extreme upper bound), using:

Ahpyy :AQ/AtpflAﬁl(l — pi/ pw)ot,

where AQ/Atis change in flux, A is ice-shelf area, g and g, are the densities of solid ice
(917 kg/m3) and sea water (1028 kg/m?3), respectively, and 8t is the time interval in question
(1.3 years). The only estimate of ice-flux anomalies (Q) around the EN1997-LN1999 period
comes from Mouginot er /%, which provides Qfor the glaciers that feed Pine Island (PIG),
Thwaites, Crosson, and Dotson ice shelves at 1996.1 and 2001.0. Using values for PIG (+8
Gt over 4.9 years, and ice-shelf area of ~6000 km?), we obtain Afipyn * 0.042 m, which is
~13.5% of the EN1997-LN1999 measured height change if we assume that all ice shelves in
the AS sector have accelerated coherently at the same rate as PIG (which is clearly not the
case®). Using PIG, Thwaites, Crosson and Dotson combined (+10 Gt over 4.9 years, and
area of ~18,700 km?2), we obtain A/pyy ~ 0.017 m, which is ~5% of the EN1997-LN1999
measured height change.

While variability in precipitation is well represented in reanalysis products and surface-
mass-balance models, its magnitude has substantial uncertainty?441, especially at the low
elevations of ice shelves where surface mass fluxes are much larger than at higher altitudes
of the ice-sheet interior. For the AS Embayment, previous studies56:67 have attributed a 15%
uncertainty (based on field measurements®8) to the SMB product. This corresponds to about

21% (0, 5= \/§USMB) of the EN1997-LN1999 SMB-induced height change.

The contribution of IBE to total height change in Eq. (1) is small (~0.05 m). Bracegirdle and
MarshalP9 estimated differences between Era-Interim and observations for annual mean sea-
level pressure around Antarctica over the period 1979-2008. They found a standard
deviation of 0.31 hPa. This corresponds roughly to 9%

(0 nme= V20,5 ~ 0.44 hPa or cm) of the EN1997-LN1999 IBE-induced height change.

To ensure that we captured all these uncertainties in our error assessment, we assumed large
(upper bound) errors, and derived the (one-sigma) ranges used in our MC calculation as:
Ahogs £ 30%, Aligvp £ 25%, Ahge £ 15%, and pfim ~ 495 £ 25 kg/m3.

We note that if accumulation values were higher, or if surface density was higher than the
values we used based on a range of modeled densities, then precipitation-driven change in
mass would be more important relative to melt-driven change than we report here. If we
assumed a wider range of surface densities (for the “compacted” firn layer tracked by the
RA), our estimated range for ENSO-driven change in basal melt would be wider. However,
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for all reasonable ranges that we have tested (range of firn densities up to 420-550 kg/m?3),
the fundamental conclusions of this study remain the same.

Complexity of oceanic and atmospheric forcing interaction

The changes in ice-shelf height and mass at interannual time scales arise from the
combination of direct atmospheric terms, predominantly precipitation, and oceanic forcing
affecting basal melt rates. These terms can be closely coupled through the ocean
circulation’s response to wind stress and buoyancy forcing, both of which are also correlated
with precipitation. However, ocean response may be delayed and filtered through advection
(e.g. the time taken for CDW at the continental shelf edge to reach an ice shelf) and mixing.
While our results specifically for ENSO indicate a clear and dynamically consistent
relationship between SMB and BMB variability, this relationship will not necessarily hold
for oscillations associated with other climate phenomena such as the Southern Annular
Mode (SAM) and the Zonal Wave Three mode (ZW3). Our results from a relatively short
(compared to typical ice-sheet and climate timescales of variability) 23-year observational
window, only apply to time periods in which ENSO dominates.

Data availability

The ice-shelf height-related data generated and analyzed during the current study are
available in the PANGAEA repository [https://doi.pangaea.de/10.1594/PANGAEA.882376].
The climate data that support the findings of this study are available in the ESR repository
[ftp://ftp.esr.org/pub/datasets/ERA _Int]
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Extended Data Figure 1. Average trend and variability in Amundsen Sea ice-shelf height
a, Average of all time-series of ice-shelf height change, relative to zero mean, in the

Amundsen Sea (AS) sector. Green line shows trend component. b, Decomposition of
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average AS time series into its trend, interannual, and annual-plus-noise components. The
‘Annual + Noise’ component includes the residual of seasonal variation in backscatter after
standard correction (for variation in ice-surface properties) was applied 33. The interannual
component has higher energy content than the annual component (see power spectrum,

Extended Data Fig. 5).
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Extended Data Figure 2. Spatial pattern of correlation between wind, sea ice and ONI
Correlation between the Oceanic Nino Index and anomalies in: a, the zonal (westerly)

component of the wind, associated with upwelling/downwelling of CDW underneath the ice
shelves; b, the meridional (southerly) component of the wind, associated with transport of

warm moist/cold dry air between the open ocean and West Antarctica; c, sea-ice
concentration. Correlations are between 12-month running integrals of ONI and
records (without lag; a and b) and 12-month running mean of sea ice (lagged by

wind
4-6

months; c). See Extended Data Fig. 6 for similar (panel b) “reversed” pattern in SMB

between the AS and BS-AP sectors.
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Extended Data Figure 3. Oceanic and atmospheric contribution to ice-shelf height change
between EI Nifio and La Nifia

(Same as Fig. 4 but now using ERA-Interim precipitation directly instead of RACMO2.3-
based SMB) a, Measured ice-shelf height (anomaly) from altimetry; b, atmospheric pressure
(IBE) from ERA-Interim (pressure decrease: height increase); ¢, SMB derived from ERA-
Interim (reduction in accumulation: height decrease); d, melt rate inferred from the previous
three: d = a— b — ¢ (reduction in melting: height increase). SMB was converted to
buoyancy-compensated height-equivalent using firn density of 490 kg/m3 for visualization
purposes. The color map depicts the sign of each contribution to the measured height change
(anomaly during La Nifia minus that of EIl Nifio).

Nat Geosci. Author manuscript; available in PMC 2018 July 08.

Q

Height change from melting

+1.5



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Paolo et al.

0.0

-1.0

Page 17

Density (kg/m?) Density (kg/m3)
o o o o o o o (@)
(e 0) o o — o) (@) o —
<r < Lo O < < (o] (o]
_ 0.0 :
Mean density near Mean density near
the ice-shelf front the grounding line
(Pine Island) (Pine Island)
-0.2
El Nifio
1997-98
-0.4
-0.6
La Nifia -0.8
1999-00
a -1.0| p

Extended Data Figure 4. Modeled surface density profiles
Mean density (1-year average) of the firn layer (0 to 1 m depth). Two different epochs: El

Nifio of 1997-1998 (red) and La Nifia of 1999-2000 (blue), on Pine Island Glacier ice-shelf
front (a) and grounding line (b). These profiles are from a firn densification model °8, and
are representative of the AS ice shelves (i.e. mean firn density varies smoothly from ice shelf
to ice shelf in the AS). The density of fresh snow is constant with time in the model,
although it does vary spatially as a function of temperature, accumulation rate and wind
speed 28,
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Extended Data Figure 5. Power spectrum of changes in AS ice-shelf height
Spectrum of AS ice-shelf height changes estimated from 77 time series, using multivariate

Singular Spectrum Analysis (SSA). a, Spectral energy distributed along regularly sampled
frequencies. b, Significance of each eigenvalue (mode of variability, or EOF) as identified by
SSA. Error bars are 95% confidence intervals for the estimated background noise.
Eigenvalues above the error bars are statistically significant. Pairs of EOFs with the same
frequency represent an oscillation identified by SSA. The characteristic frequency of each
EOF is obtained by least-square fitting the corresponding EOF to a sine function. The noise
spectra were produced with a Monte-Carlo approach 46.
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Extended Data Figure 6. Antarctic surface mass balance during El Nifio and La Nifia
a, Anomaly in surface mass balance (SMB) during EI Nino of 1997-1998 and, b, during La

Nina of 1999-2000 (reversed pattern), from a regional climate model (RACMO2.3) 41, The
AS sector shows the strongest ENSO-driven anomaly in SMB of the entire Antarctic
continent, consistent with the ENSO-driven anomaly in precipitation (from ERA-Interim;
Extended Data Fig. 7). ¢, The largest precipitation (and surface density) values in Antarctica
occur along the West Antarctic coast as evidenced by the long-term mean SMB (and Fig. 7
in Ligtenberg er al.) °8.
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Extended Data Figure 7. Change in pressure and precipitation Antarctica-wide
Circum-Antarctic change in sea level pressure (a) and precipitation (b) between the El Nifio

of 1997- 1998 and La Nifia of 1999-2000. These large-scale patterns show that ENSO-
driven anomalies are localized: pressure (the Amundsen Sea Low) changing over the
Amundsen-Bellingshausen Sea, and precipitation changing substantially over the Amundsen
Sea ice shelves. Fields were derived from the ERA-Interim reanalysis 38.

Nat Geosci. Author manuscript; available in PMC 2018 July 08.



1duosnuey Joyiny YSYN duosnue Joyiny YSYN

1duosnuel Joyiny VSN

Paolo et al.

Page 21

o

2_ O\
QL
059\ 29)3/\1 32

Extended Data Figure 8. Amundsen Sea Low during El Nifio and La Nifia years
Changes in intensity of the Amundsen Sea Low (ASL) pressure system during EI Nifio and

La Nifa years within 1994-2017 (derived from ERA-Interim). The ASL changes
consistently between El Nifio years (positive anomaly / weaker ASL) and La Nifia years
(negative anomaly / deeper ASL). Each panel matches (approximately) a moderate-to-strong
El Nifio and La Nifia year as defined by NOAA [and depicted in the Oceanic Nifio Index,
Fig. 1: 1997.7 (EN), 1999.0 (LN), 2002.5 (EN), 2008.5 (LN), 2009.8 (EN), 2011.2 (LN),
and 2015.9 (EN)].

Extended Data Table 1
Estimates of ENSO-driven changes in ice-shelf mass

Rate of change in ice-shelf mass from 1997-1998 (EI Nifio) to 1999-2000 (La Nifia) in the
AS sector. ASMB is change in accumulation; ABMB is change in basal melting; (for
comparison) ‘SMB Trend’, “Thickness Trend’ and ‘BMB Total’ are the longer-term change
(>5-year average) from accumulation, thinning (mass loss) and total meltwater production,
respectively. These values are the average of previous estimates 4243, Densities used are 495
+ 25 kg/m3 (firn), 917 kg/m? (solid ice), and 1028 kg/m3 (ocean water). ‘# Points’ are the
co-located cells between height-change (~30 km) and ERA-Interim (~80 km) grid products.

Ice shelf Area (km?)  # Points Rate of mass change (Gt/year)
ASMB ABMB SBM  Thickness BMB
Trend Trend Total

ERA-Interim  RACMO2.3  ERA-Interim RACMO2.3
Cosgrove 3000 2 -0.9+0.2 -1.1%£03 +95+24 +10.9+28 +2 -3 -10
Pine Island 6000 2 -1.9+05 -25+06 +8.2+4.8 +13.3+6.1 +4 -32 -98
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Ice shelf Area (km?)  # Points Rate of mass change (Gt/year)
ASMB ABMB SBM  Thickness BMB
Trend Trend Total

ERA-Interim  RACMO2.3  ERA-Interim RACMO2.3
Thwaites 4600 4 -1.8+£05 -3.7+09 +2.6 £5.6 +19.7+95 +4 -30 -83
Crosson 2700 2 -1.3+£03 -3.3+038 -23+49 +16.1+8.6 +4 -19 -39
Dotson 5400 5 -28+0.7 -37%£10 +3.7+£89 +11.7 £10.9 +6 =17 —-45
Getz 33200 49 -289+7.1 -26.8 6.7 +145.7 £ 76.4 +126.2 +70.5 +35 -65 -140
Amundsen 56000 70 -40.7+10.2 -421+105 +1940+106.9 +206.8+110.5 +55 -165 -460

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was funded by NASA [awards NNX12AN50H 002 (93735A), NNX10AG19G, and NNX13AP60G].
This is ESR contribution 159. We thank J. Zwally’s Ice Altimetry group at the NASA Goddard Space Flight Center
for distributing their data sets for ERS-1/2 and Envisat satellite radar altimeter missions (http://
icesat4.gsfc.nasa.gov), and the European Space Agency (ESA) for distributing their CryoSat-2 data. We thank
Stefan Ligtenberg, Melchior van Wessem and Michiel van den Broeke for providing the surface mass balance and
firn densification model-derived products.

References

1. Church, JA., et al. Climate Change 2013: The Physical Science Basis. In: Stocker, TF., et al., editors.
Contribution of Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. 2013. p. 1137-1177.

2. Fretwell P, et al. Bedmap2: improved, ice bed, surface and thickness datasets for Antarctica. The
Cryosphere. 2013; 7:375-393.

3. Bamber JL, Riva REM, Vermeersen BLA, LeBrocq AM. Reassessment of the Potential Sea-Level
Rise from a Collapse of the West Antarctic Ice Sheet. Science. 2009; 324:901-903. [PubMed:
19443778]

4. Favier L, et al. Retreat of Pine Island Glacier controlled by marine ice-sheet instability. Nat. Clim.
Change. 2014; 4:117-121.

5. Joughin I, Smith BE, Medley B. Marine Ice Sheet Collapse Potentially Under Way for the Thwaites
Glacier Basin, West Antarctica. Science. 2014; 344:735-738. [PubMed: 24821948]

6. DeConto RM, Pollard D. Contribution of Antarctica to past and future sea-level rise. Nature. 2016;
531:591-597. [PubMed: 27029274]

7. Weertman J. Stability of the junction of an ice sheet and an ice shelf. J. Glaciol. 1974; 13:3-11.

8. Rignot E, Mouginot J, Morlighem M, Seroussi H, Scheuchl B. Widespread, rapid grounding line
retreat of Pine Island, Thwaites, Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011.
Geophys. Res. Lett. 2014; 41:3502-3509.

9. Paolo FS, Fricker HA, Padman L. Volume loss from Antarctic ice shelves is accelerating. Science.
2015; 348:327-331. [PubMed: 25814064]

10. Pritchard HD, et al. Antarctic ice-sheet loss driven by basal melting of ice shelves. Nature. 2012;

484:502-505. [PubMed: 22538614]
11. Jacobs SS, Jenkins A, Giulivi CF, Dutrieux P. Stronger ocean circulation and increased melting
under Pine Island Glacier ice shelf. Nat. Geosci. 2011; 4:1-5.

Nat Geosci. Author manuscript; available in PMC 2018 July 08.


http://icesat4.gsfc.nasa.gov
http://icesat4.gsfc.nasa.gov

1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Paolo et al.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Page 23

Thoma M, Jenkins A, Holland D, Jacobs S. Modelling Circumpolar Deep Water intrusions on the
Amundsen Sea continental shelf, Antarctica. Geophys. Res. Lett. 2008; 35:L18602.

Steig EJ, Ding Q, Battisti DS, Jenkins A. Tropical forcing of Circumpolar Deep Water Inflow and
outlet glacier thinning in the Amundsen Sea Embayment, West Antarctica. Ann. Glaciol. 2012;
53:19-28.

Dutrieux P, et al. Strong Sensitivity of Pine Island Ice-Shelf Melting to Climatic Variability.
Science. 2014; 343:174-178. [PubMed: 24385606]

Jacobs S, et al. Getz Ice Shelf melting response to changes in ocean forcing. J. Geophys. Res.
Oceans. 2013; 118:4152-4168.

Turner J. The El Nifio—southern oscillation and Antarctica. Int. J. Climatol. 2004; 24:1-31.

Raphael MN, et al. The Amundsen Sea Low: Variability, Change, and Impact on Antarctic Climate.
Bull. Am. Meteorol. Soc. 2016; 97:111-121.

Hosking JS, Orr A, Marshall GJ, Turner J, Phillips T. The Influence of the Amundsen—
Bellingshausen Seas Low on the Climate of West Antarctica and Its Representation in Coupled
Climate Model Simulations. J. Clim. 2013; 26:6633-6648.

Turner J, et al. Atmosphere-ocean-ice interactions in the Amundsen Sea Embayment, West
Antarctica. Rev. Geophys. 2017; 55:2016RG000532.

Philander, SG. El Nino, La Nina, and the Southern Oscillation. Academic Press; 1989.

Schneider DP, Okumura Y, Deser C. Observed Antarctic Interannual Climate Variability and
Tropical Linkages. J. Clim. 2012; 25:4048-4066.

Sasgen I, Dobslaw H, Martinec Z, Thomas M. Satellite gravimetry observation of Antarctic snow
accumulation related to ENSO. Earth Planet. Sci. Lett. 2010; 299:352-358.

Genthon C, Cosme E. Intermittent signature of ENSO in west-Antarctic precipitation. Geophys.
Res. Lett. 2003; 30:2081.

Medley B, et al. Airborne-radar and ice-core observations of annual snow accumulation over
Thwaites Glacier, West Antarctica confirm the spatiotemporal variability of global and regional
atmospheric models. Geophys. Res. Lett. 2013; 40:3649-3654.

Steig EJ, et al. Recent climate and ice-sheet changes in West Antarctica compared with the past
2,000 years. Nat. Geosci. 2013; 6:372-375.

Yuan X. ENSO-related impacts on Antarctic sea ice: a synthesis of phenomenon and mechanisms.
Antarct. Sci. 2004; 16:415-425.

Raphael MN, Hobbs W. The influence of the large-scale atmospheric circulation on Antarctic sea
ice during ice advance and retreat seasons. Geophys. Res. Lett. 2014; 41:2014GL060365.

Marshall GJ. Trends in the Southern Annular Mode from Observations and Reanalyses. J. Clim.
2003; 16:4134-4143.

Abram NJ, et al. Evolution of the Southern Annular Mode during the past millennium. Nat. Clim.
Change. 2014; 4:564-569.

Fogt RL, Jones JM, Renwick J. Seasonal Zonal Asymmetries in the Southern Annular Mode and
Their Impact on Regional Temperature Anomalies. J. Clim. 2012; 25:6253-6270.

Fogt RL, Bromwich DH, Hines KM. Understanding the SAM influence on the South Pacific
ENSO teleconnection. Clim. Dyn. 2011; 36:1555-1576.

Clem KR, Fogt RL. Varying roles of ENSO and SAM on the Antarctic Peninsula climate in austral
spring. J. Geophys. Res. Atmospheres. 2013; 118:11,481-11,492.

Paolo FS, Fricker HA, Padman L. Constructing improved decadal records of Antarctic ice shelf
height change from multiple satellite radar altimeters. Remote Sens. Environ. 2016; 177:192-205.

Cleveland WS. Robust Locally Weighted Regression and Smoothing Scatterplots. J. Am. Stat.
Assoc. 1979; 74:829-836.

Politis DN, Romano JP. The Stationary Bootstrap. J. Am. Stat. Assoc. 1994; 89:1303-1313.

Mudelsee M. Estimating Pearson’s Correlation Coefficient with Bootstrap Confidence Interval
from Serially Dependent Time Series. Math. Geol. 2003; 35:651-665.

Huang B, et al. Extended Reconstructed Sea Surface Temperature Version 4 (ERSST.v4). Part I:
Upgrades and Intercomparisons. J. Clim. 2014; 28:911-930.

Nat Geosci. Author manuscript; available in PMC 2018 July 08.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Paolo et al.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Page 24

Dee DP, et al. The ERA-Interim reanalysis: configuration and performance of the data assimilation
system. Q. J. R. Meteorol. Soc. 2011; 137:553-597.

Padman L, King M, Goring D, Corr H, Coleman R. Ice-shelf elevation changes due to atmospheric
pressure variations. J. Glaciol. 2003; 49:521-526.

Lenaerts JTM, van den Broeke MR, van de Berg WJ, van Meijgaard E, Kuipers Munneke P. A new
high-resolution surface mass balance map of Antarctica (1979-2010) based on regional
atmospheric climate modeling. Geophys. Res. Lett. 2012; 39:L04501.

Van Wessem JM, et al. Improved representation of East Antarctic surface mass balance in a
regional atmospheric climate model. J. Glaciol. 2014; 60:761-770.

Rignot E, Jacobs S, Mouginot J, Scheuchl B. Ice-Shelf Melting Around Antarctica. Science. 2013;
341:266-270. [PubMed: 23765278]

Depoorter MA, et al. Calving fluxes and basal melt rates of Antarctic ice shelves. Nature. 2013;
502:89-92. [PubMed: 24037377]

Ghil M, et al. Advanced spectral methods for climatic time series. Rev. Geophys. 2002; 40:3-41.
Vautard R, Yiou P, Ghil M. Singular-spectrum analysis: A toolkit for short, noisy chaotic signals.
Phys. Nonlinear Phenom. 1992; 58:95-126.

Allen MR, Smith LA. Monte Carlo SSA: Detecting irregular oscillations in the Presence of
Colored Noise. J. Clim. 1996; 9:3373-3404.

Raphael MN. A zonal wave 3 index for the Southern Hemisphere. Geophys. Res. Lett. 2004;
31:L.23212.

Fogt, RL. Sidebar 6.1: El Nifio and Antarctica. in State of the Climate in 2015. Vol. 97. Bulleting
of the American Meteorological Society; 2016.

Frieler K, et al. Consistent evidence of increasing Antarctic accumulation with warming. Nat.
Clim. Change. 2015; 5:348-352.

Cai W, et al. Increasing frequency of extreme EI Nifio events due to greenhouse warming. Nat.
Clim. Change. 2014; 4:111-116.

Siegfried MR, Fricker HA, Roberts M, Scambos TA, Tulaczyk S. A decade of West Antarctic
subglacial lake interactions from combined ICESat and CryoSat-2 altimetry. Geophys. Res. Lett.
2014; 41:891-898.

McMillan M, et al. Increased ice losses from Antarctica detected by CryoSat-2. Geophys. Res.
Lett. 2014; 41:2014GL060111.

Chuter SJ, Bamber JL. Antarctic ice shelf thickness from CryoSat-2 radar altimetry. Geophys. Res.
Lett. 2015; 42:2015GL066515.

Maslanik, J., Stroeve, J. Near-Real-Time DMSP SSMIS Daily Polar Gridded Sea Ice
Concentrations, Version 1. Boulder, Colorado USA: NASA National Snow and Ice Data Center
Distributed Active Archive Center; 1999.

Cavalieri DJ, Gloersen P, Campbell WJ. Determination of sea ice parameters with the NIMBUS 7
SMMR. J. Geophys. Res. Atmospheres. 1984; 89:5355-5369.

Liu W, et al. Extended Reconstructed Sea Surface Temperature Version 4 (ERSST.v4): Part I1.
Parametric and Structural Uncertainty Estimations. J. Clim. 2014; 28:931-951.

Hosking JS, Orr A, Bracegirdle TJ, Turner J. Future circulation changes off West Antarctica:
Sensitivity of the Amundsen Sea Low to projected anthropogenic forcing. Geophys. Res. Lett.
2016; 43:2015GL067143.

Ligtenberg SRM, Helsen MM, Van Den Broeke MR. An improved semi-empirical model for the
densification of Antarctic firn. The Cryosphere. 2011; 5:809-819.

Mudelsee M. TAUEST: A Computer Program for Estimating Persistence in Unevenly Spaced
Weather/Climate Time Series. Comput Geosci. 2002; 28:69-72.

Golyandina, N., Zhigljavsky, A. Singular Spectrum Analysis for Time Series. Springer; 2013.
Elsner, JB., Tsonis, AA. Singular Spectrum Analysis: A New Tool in Time Series Analysis.
Springer Science & Business Media; 1996.

Andreas, Groth, Ghil, Michael, Hallegatte, Stéphane, Dumas, Patrice. The role of oscillatory
modes in US business cycles. OECD J. J. Bus. Cycle Meas. Anal. 2015; 2015:63-81.

Nat Geosci. Author manuscript; available in PMC 2018 July 08.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Paolo et al.

63.

64.

65.

66.

67.

68.

69.

Page 25

Wahlin AK, Yuan X, Bjork G, Nohr C. Inflow of Warm Circumpolar Deep Water in the Central
Amundsen Shelf. J. Phys. Oceanogr. 2010; 40:1427-1434.

Moholdt G, Padman L, Fricker HA. Basal mass budget of Ross and Filchner-Ronne ice shelves,
Antarctica, derived from Lagrangian analysis of ICESat altimetry. J. Geophys. Res. Earth Surf.
2014; 119:2014JF003171.

Mouginot J, Rignot E, Scheuchl B. Sustained increase in ice discharge from the Amundsen Sea
Embayment, West Antarctica, from 1973 to 2013. Geophys. Res. Lett. 2014; 41:1576-1584.
Sutterley TC, et al. Mass loss of the Amundsen Sea Embayment of West Antarctica from four
independent techniques. Geophys. Res. Lett. 2014; 41:2014GL061940.

Rignot E, et al. Recent Antarctic ice mass loss from radar interferometry and regional climate
modelling. Nat. Geosci. 2008; 1:106-110.

van de Berg WJ, van den Broeke MR, Reijmer CH, van Meijgaard E. Reassessment of the
Antarctic surface mass balance using calibrated output of a regional atmospheric climate model. J.
Geophys. Res. Atmospheres. 2006; 111:D11104.

Bracegirdle TJ, Marshall GJ. The Reliability of Antarctic Tropospheric Pressure and Temperature
in the Latest Global Reanalyses. J. Clim. 2012; 25:7138-7146.

Nat Geosci. Author manuscript; available in PMC 2018 July 08.



1duosnuey Joyiny YSYN duosnuey Joyiny YSYN

1duosnuel Joyiny VSN

Paolo et al.

0.2

Page 26

Antarctic Pacific
sector

Amundsen Sea
sector
- ERS-1 4

—— ERS-2 —— |

———— Envisat ——8@™
i —— CryoSat-2 —

o

O 0P o P o O P P 0 o o o ®

Year

Figure 1. Relationship between ice-shelf height anomalies and ENSO index
a, AS averaged ice-shelf height anomaly (12-month running mean; blue curve; top

horizontal bars denote the time period of each satellite mission), 1-sigma bounds from 2000
bootstrap samples are plotted as dashed lines. Red line is the best fit between the height
record and a combination of (12-month running integral) Oceanic Nifio Index (ONI) and
Amundsen Sea Low relative central pressure (ASL), both lagged by 4-6 months (preceding
height); b, ONI; colored areas denote moderate-to-very-strong El Nifios (red) and La Nifias
(blue) as defined by NOAA (http://ggweather.com/enso/oni.htm).
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Figure 2. Spatial pattern of correlation between wind and ice-shelf height anomalies
Correlation between 12-month running means of ice-shelf height anomalies in the AS (ice

shelves in dark red) for the period 1994-2017 and 12-month running integrals of wind
anomalies from ERA-Interim reanalysis for: a, the zonal (westerly) component,; b, the
meridional (southerly) component. Wind anomalies (preceding ice-shelf height changes)
were lagged by 4-6 months. The arrows indicate the direction of the wind anomaly that
correlates with increase in ice-shelf height (e.g. in panel b, negative correlation between
meridional wind and ice-shelf height means that onshore wind correlates with increase in

height).
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Figure 3. Average oceanic, atmospheric and ice-shelf conditions during two distinct ENSO
phases: EI Nifio (1997-1998) and La Nifia (1999-2000)

Annual-average anomalies in local oceanic, atmospheric and ice-shelf conditions for 1997-
1998 (left) and 1999-2000 (right). From top to bottom: a, wind velocity vectors, and vertical
transport of coastal waters (upwelling/downwelling) derived from the wind-stress curl; b, air
temperature; c, precipitation rate; d, observed sea-ice concentration, and ice-shelf height
anomaly (six months after peak ENSO activity; see Methods). Fields in panels a—c are from

ERA-Interim reanalysis. Surface mass balance and sea-level pressure during these

conditions are shown in Extended Data Figs. 6, 7 and 8.
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Figure 4. Oceanic and atmospheric contributions to ice-shelf height anomalies between EI Nifio
(1997-1998) and La Nifia (1999-2000)

a Altimetry-derived ice-shelf height changes (La Nifia minus El Nifio); b height change due
to atmospheric pressure, derived from ERA-Interim (pressure decrease: height increase); ¢
surface mass balance from RACMO2.3, for visualization purposes, surface mass balance
was converted to buoyancy-compensated height-equivalent using surface density of 490
kg/m?3 (accumulation decrease: height decrease); d basal mass change inferred from the
previous three: d = a — b — ¢ (melting decrease: height increase).
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Figure 5. Relative influence of ENSO along the Antarctic Pacific margin
a, Regional variation of the “similarity index” (size and color of squares) between ice-shelf

height-anomaly records and the time-integrated Oceanic Nifio Index (ONI). b, 12-month
running integral of ONI (i.e. ENSO) lagged by 4-6 months (top plot) and 12-month running
means of ice-shelf height anomalies for the AS (AMU) and six individual ice shelves, the
shaded area highlights the large height change resulting from the 1997-2001 EI Nifio-to-La
Nifa transition. Ice shelves are: Pine Island (PIG), Dotson (DOT), Getz (GET), Nickerson
(NIC), Sulzberger (SUL), and Ross (ROS).
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Table 1
Correlation between Amundsen Sea ice shelves and climate indices

Correlation between interannual anomalies in ice-shelf height (Fig. 1) with the Oceanic Nino Index (ONI),
Southern Annular Mode (SAM), Amundsen Sea Low relative central pressure (ASL), and linear combination
of ONI and ASL: &/t = aONI + 6 ASL (‘Best Fit’; red curve in Fig. 1). ONI, SAM and ASL are 12-month
running integrals (Methods). Values in parentheses are correlations with ONI and ASL lagged by 4-6 months
(preceding ice-shelf height).

ONI SAM ASL AS Ice Shelf
ONI —
SAM -0.04 —
ASL -0.22 * +0.01 —
AS lce Shelf 4047 (+061% —0.01 -025%-039" —
Best Fit +095%(+0.92% ~0.04(-009)  _0517(-0597) +0.497(+0.677)

Correlations significant at the 95% level are marked with an asterisk, otherwise they are not significantly different from zero.
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