Increasing Antarctic snowfall mitigates sea level rise less than
projected due to meltwater influence on sea surface temperatures

David P Schneider!?, Zigi Yin?, Gemma K. O’Connor?, Edward
Blanchard-Wrigglesworth?, Zaria I Cast?, Rajashree Datta®, and Zachary Espinosa3

!Cooperative Institute for Research in Environmental Sciences, University of Colorado
-Boulder

2Climate and Global Dynamics Laboratory, National Center for Atmospheric Research
3 Affiliation not available

4Department of Geography, University of Colorado -Boulder

August 24, 2024

Abstract

Ice-core-based reconstructions show that increased snow accumulation on the Antarctic Ice Sheet mitigated global sea level rise
by ~ 10 mm during 1901-2000 (Medley and Thomas, 2019). Here, we attribute this trend by evaluating a suite of single-forcing,
all-forcing and nudged ensembles from a climate model, along with dynamically consistent reconstructions of sea level pressure,
temperature and wind from paleoclimate data assimilation (PDA). The single-forcing ensembles reveal that rising concentrations
of greenhouse gasses (GHGs) have been the dominant driver of the historical snow accumulation increase, but acting alone,
GHGs would have caused twice the observed increase. We investigate possible explanations for this over-prediction: a) The
uncertain cooling effects of anthropogenic aerosols; b) Extreme internal variability; ¢) Atmospheric circulation trends; and
d) Sea surface temperature (SST) trends evident in the PDA reconstructions (and observed SSTs) but not simulated by the
model. The latter best explains the spatial and temporal evolution of snow accumulation, including the lack of an Antarctic-wide
accumulation increase since 1980. This SST trend pattern resembles the previously modeled response to Antarctic meltwater,
and its emergence coincides with the mid-Twentieth-Century onset of ice shelf thinning and retreat of Thwaites and Pine Island
glaciers. Aerosols have also damped the accumulation increase and contributed to the global-scale SST pattern, which includes
long-term cooling in the central tropical Pacific that cannot be explained by internal variability. Our results imply that including
Antarctic meltwater in models would substantially improve projections of Antarctic snowfall, global sea level, and SSTs in the

Southern Ocean and tropical Pacific.

Abstract content goes here



Increasing Antarctic snowfall mitigates sea level rise less than

projected due to meltwater influence on sea surface temperatures

David P. Schneider*@®* Zigi Yin®; Gemma K O’Connor® ;: Edward Blanchard-Wrigglesworth®;
Zaria |. Cast®; Rajashree Tri Datta®; Zachary |. Espinosa®

a. Cooperative Institute for Research in Environmental Sciences, University of Colorado — Boulder,
Boulder, CO 80309 USA

b. Climate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder,
Colorado, 80305 USA

c. Department of Atmospheric and Oceanic Sciences, University of Colorado — Boulder, CO 80309 USA
d. School of Oceanography, University of Washington, Seattle, WA 98195 USA
e. Department of Atmospheric Sciences, University of Washington, Seattle, WA 98195 USA

f. Department of Geography, University of Colorado — Boulder, Boulder, CO 80309 USA

*Corresponding Author: David P. Schneider
email: David.Schneider-1@colorado.edu



34
35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57
58

ABSTRACT

Ice-core-based reconstructions show that increased snow accumulation on the Antarctic lce
Sheet mitigated global sea level rise by ~ 10 mm during 1901-2000 (Medley and Thomas,
2019). Here, we attribute this trend by evaluating a suite of single-forcing, all-forcing and
nudged ensembles from a climate model, along with dynamically consistent reconstructions of
sea level pressure, temperature and wind from paleoclimate data assimilation (PDA). The
single-forcing ensembles reveal that rising concentrations of greenhouse gasses (GHGs) have
been the dominant driver of the historical snow accumulation increase, but acting alone, GHGs
would have caused twice the observed increase. We investigate possible explanations for this
over-prediction: a) The uncertain cooling effects of anthropogenic aerosols; b) Extreme internal
variability; ¢c) Atmospheric circulation trends; and d) Sea surface temperature (SST) trends
evident in the PDA reconstructions (and observed SSTs) but not simulated by the model. The
latter best explains the spatial and temporal evolution of snow accumulation, including the lack
of an Antarctic-wide accumulation increase since 1980. This SST trend pattern resembles the
previously modeled response to Antarctic meltwater, and its emergence coincides with the mid-
Twentieth-Century onset of ice shelf thinning and retreat of Thwaites and Pine Island glaciers.
Aerosols have also damped the accumulation increase and contributed to the global-scale SST
pattern, which includes long-term cooling in the central tropical Pacific that cannot be explained
by internal variability. Our results imply that including Antarctic meltwater in models would
substantially improve projections of Antarctic snowfall, global sea level, and SSTs in the

Southern Ocean and tropical Pacific.
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SINGIFICANCE

The Antarctic Ice Sheet (AIS) is losing ice at its margins, raising global sea level. Physical
theory predicts that some of this sea level impact would be mitigated if there is more snow
accumulation on the AIS from increased snowfall with warmer temperatures. However,
evidence from historical data and model experiments has been inconclusive. Using a novel
combination of model experiments and reconstructions, we demonstrate that greenhouse
gasses have been the dominant cause of increased AlS snow accumulation, yet the measured
increase in accumulation is less than the model predicts. Our results indicate that this
discrepancy can be explained by the cooling influence of meltwater from ice loss on sea

surface temperatures, an effect not included in most model experiments.

Keywords/phrases: Antarctic surface mass balance | Precipitation response to climate
change | Global sea level rise | Global teleconnections | Climate change attribution | Antarctic
meltwater | SST pattern effect
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[MAIN TEXT]

The Antarctic Ice Sheet (AIS) is losing mass, primarily via enhanced ice discharge induced by
ice-shelf basal melting, contributing to global sea level rise (1 - 5). The rate of mass loss has
generally been accelerating since the 1980s (3, 5), but gravity anomalies from satellite data
suggest that changes in snow accumulation have modulated this rate, even slowing it down
during 2016-2019 (4). Snow accumulation is the only mass input to the AIS; its time-averaged
value is ~ 2000 Gt/y over the grounded AIS (6), or ~ 6 mm of sea level equivalence (SLE). As
such, modest changes to the snow accumulation rate, especially when sustained over multiple
years, affect the overall mass balance of the AIS and its contribution to sea level. In the short
term, an increase in snow accumulation represents an increase in mass storage on the AlS,

thereby removing this mass from the ocean and causing a relative lowering of sea level.

Climate model projections suggest that annual Antarctic snowfall (the dominant term in snow
accumulation) could increase by up to 43% during the 21st Century (7) highlighting a
potentially significant, but highly uncertain role for changes in Antarctic snow accumulation to
affect sea level rise. Given that AIS mass balance is the largest source of uncertainty in global
sea level projections for the 21° Century (5), better constraining the mass input from snow
accumulation is scientifically and societally important. Although here we focus on the
immediate potential sea level mitigation from increased Antarctic snow accumulation, over
multiple decades to centuries, increased mass input may enhance the driving stress of outlet
glaciers, accelerating their discharge of ice into the ocean (8). Current-generation climate
models represent snow accumulation on the AIS, but do not represent the dynamic coupling of
the AIS to the ocean. They omit the freshwater fluxes from ice discharge and basal melting,
which we will argue play a crucial role in shaping the sea surface temperature (SST) trend

patterns that in turn affect snow accumulation.

The thermodynamics encoded in climate models dictates that the moisture holding capacity of
the atmosphere increases with warming, leading to the expectation that snowfall also
increases (5). From the past ~ 60 years of station-based observations, the Antarctic surface
and troposphere have significantly warmed (9, 10), while temperatures have remained below
freezing most of the time, suggesting that snow accumulation may also have increased.

However, measuring precipitation and snow accumulation in Antarctica is notoriously difficult,
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and few, reliable, long-term in situ observational records exist. To estimate surface mass input
for mass balance studies, a common approach is to force a polar regional climate model at its
lateral boundaries with data from global atmospheric reanalysis, while lower boundary
conditions, SSTs and sea ice concentrations, are prescribed (11, 12). These reanalysis and
regional model studies have found no significant change in Antarctic snow accumulation since
1979 (11, 12, 13). Although precipitation trends in reanalysis can be unreliable (14), real climatic
factors could explain the lack of an upward snow accumulation trend. These include the
observed surface cooling of the Southern Ocean (15, 16), increased Antarctic sea ice extent
during 1979-2014 (17), and strengthening of the circumpolar westerly winds (1, 18). Other
studies argue that the interannual- to decadal- scale variability of precipitation is large enough

to mask a warming-driven precipitation increase in the short historical record (19).

Despite the challenges in measuring snow accumulation and detecting significant change,
nature may be providing dramatic clues as to the future of snow accumulation on the AIS. 2022
was a record-setting year for Antarctic precipitation (as estimated by reanalysis since 1979),
associated with an exceptionally large atmospheric river event and heat wave (13, 20). Ice-core
based studies have found increases in the annual accumulation rate on century timescales,
especially in the Antarctic Peninsula and Queen Maud Land (QML) regions (21, 22). However,
the spatial sampling of ice cores is too limited to directly infer changes in AlS-wide snow
accumulation. To obtain a more complete spatial-temporal dataset that represents the entire
AIS, statistical approaches have combined temporal information from ice cores with spatial
relationships from models or reanalysis (1, 2, 23). The earliest of these studies found no
significant increase in AIS snowfall over the 1957-2000 period (23). The more recent studies,
using additional ice core networks and newer reanalyses, have reported significant increases,
ranging from ~ 10 mm (1) to ~ 14 mm (2) SLE over the 20th Century. While the 20" Century
accumulation trend is robust, the relative sea level mitigation has some dependence on the

exact methodology used (2) and the estimate of the baseline accumulation rate (24).

Importantly, the two newer statistical reconstructions (1, 2) bring observations more in line with
expectations from thermodynamics and climate models. To date, there has been little attention
given to evaluating the quantitative agreement between these reconstructions and climate
models, nor to attributing the changes to specific climate forcings, such as changes in

greenhouse gasses, aerosols, and stratospheric ozone. Such evaluations and attributions are
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critical for understanding the climatic factors that affect the AIS and for gaining confidence in
model-based projections of AIS snow accumulation and sea level. We are therefore motivated
to evaluate the agreement between reconstructed snow accumulation and a current-
generation climate model over the 20th Century, and to use the same model to assess the

main drivers of historical change and constrain future projections.

We compare snow accumulation in a suite of CESM2 (25) experiments with the reconstruction
of Medley and Thomas (1) (hereafter, ‘MT19’ or ‘reconstruction’), as described in Materials and
Methods, favoring this reconstruction because it is accessible, well verified and has been used
in previous work with CESM2 (6). An advantage of CESM2 over other climate models is its
good representation of the surface climate of Antarctica, including the processes that affect
snow accumulation (6). Accumulation is estimated as the sum of the precipitation terms
(snowfall and rain) minus the ablation terms of sublimation, evaporation, and surface meltwater
runoff. We use the term “snow accumulation” for consistency with ref. (1) and to emphasize
that snowfall is the only mass input to the AIS. “Surface mass balance (SMB)” has the same
meaning, and our methods to obtain snow accumulation from CESM2 output are the same as
ref (6). Our primary metric of snow accumulation is the timeseries of cumulative mass over the
grounded AIS. This metric de-emphasizes the large temporal variability of precipitation (19),
making for a less noisy data-model comparison, and permitting the time-integrated signals of
climate forcings (26) to be more easily detected. The spatial pattern of snow accumulation
trends is also a key indicator of the responsible climate drivers; this is adopted as a secondary

metric for interpreting the Antarctic snow accumulation history.

A previous evaluation reported that CESM2 simulates an unrealistically large, upward trend in
snow accumulation for the 1979-2015 period (6). This trend contributes to a positive bias in
modern-day snow accumulation compared with estimates from regional models (12). The trend
is in the forced response in an 11-member historical ensemble (25). As such, it does not reflect
the many factors that can influence snow accumulation, especially the so-called SST “pattern
effect”, which arises from incorrectly simulated SST trend patterns, especially in the Southern
Ocean and eastern Pacific, major moisture source regions for Antarctic snow (15, 16, 27, 28).
Here, we leverage a much larger suite of CESM2 experiments, listed in Table 1, to explore a
wider range of plausible histories and drivers of snow accumulation. As these ensembles all

use the same physical climate model, they can be systematically compared to tease apart
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signals from the different influences on snow accumulation. The first four ensembles in Table 1
comprise the single-forcing large ensemble (29), which, added together, have the same
external forcings as the half of the 100-member CESM2 Large Ensemble (CESM2-LE) that has
smoothed biomass burning (30). The other half of the CESM2-LE uses the standard CMIP6

forcing, as do the rest of the CESM2 ensembles in Table 1.

Stratospheric ozone depletion is represented in the CESM2-LE, TPACE and EE ensembles, but
its role cannot be specifically isolated in this framework, as was done in studies with CESM1
(31, 32). AIS meltwater effects (33, 34) are not explicitly included, as there are no relevant
observations or experiments available covering the full 20" Century. However, an Antarctic
meltwater “hosing” ensemble was conducted with CESM1 for 1980-2013 (34); we leverage
these data as they provide insight into the possible influence of meltwater on SSTs and snow

accumulation over the 20™ Century.

A prominent criticism of CESM2 is its equilibrium climate sensitivity (ECS) of ~ 5 K, which is
higher than most observationally constrained estimates (15), and may lead to more warming
and Antarctic snow accumulation than observed (6). However, results from several recent
experiments demonstrate that ECS is not of leading-order relevance in simulating the historical
and near-future periods investigated here. Under GHG forcing only, CESM2 and CESM1 (ECS
of ~ 4 K) simulate the same global-mean warming over 1920-2050 (29). Under the same suite
of all CMIP5 forcings, they also simulate very similar global-mean warming (35, 36). Forcing
scenario uncertainty between CMIP5 and CMIP6, particularly regarding aerosols, has a much
greater impact on simulated warming than ECS (16, 25, 29, 35, 36). Moreover, the SST pattern
effect makes high-ECS models appear to be wrong, even when they may not be, as the

observed SST trends are compatible with a wide range of ECS values (15).

The MT19 dataset ends in 2000 due to its reliance on ice core records. To bring our evaluation
closer to the present day, we utilize the ERA5 atmospheric reanalysis (37) as well as a CESM2
experiment in which the model’s winds are nudged to winds from ERA5 across the middle and
high southern latitudes, following a protocol developed with CESM1 (20, 38). To help visualize
and quantify the role of atmospheric circulation over the entire 20" Century, we employ
reconstructions of zonal winds, sea level pressure (SLP), and surface air temperature (SAT)

generated by paleoclimate data assimilation (PDA). In addition to utilizing two of the previously
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published, CESM1-based reconstructions (18), we present a new reconstruction using data
from the CESM2-LE as the prior to ensure consistency with the CESM2 and with CMIP6
forcing.
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abbreviation model radiative forcing SSTs, sea major purposes ensemble
ice members
GHG CESM2 anthropogenic greenhouse coupled evaluate forced response 15
gasses to greenhouse gasses
AAER CESM2 anthropogenic industrial coupled evaluate forced response 20 (15 for
aerosols (CMIP6) to CMIP6 anthropogenic GHG +
aerosols AAER)
BMB CESM2 biomass burning aerosols coupled evaluate forced response 15
(smoothed) to biomass burning
EE CESM2 stratospheric & tropospheric coupled evaluate forced response 15
ozone; solar variability; to forcings not included in
volcanic aerosols; EE = above single-forcing
‘Everything Else’ ensembles
CESM2-LE CESM2 Large Ensemble; all major coupled evaluate response to 50
radiative forcings from combined forcings;
CMIP6, with smoothed separate forced response
biomass burning from internal variability
CESM2- CESM2 all major natural and coupled as above; used as prior 50 (first 7
LEcmip6 anthropogenic forcings, for PDA used for
including original CMIP6 PDA)
biomass burning aerosols
TPACE CESM2 as in CESM2-LEcmip6 coupled; sync the model to 10
nudged to evolution of observed
observed SST internal variability in the
anomalies tropical Pacific
(ERSSTV5) in
tropical Pacific
CESM2-LE* CESM2 members of CESM2-LEcmip6 | coupled baseline to isolate effect 10
with same initialization years of nudging in TPACE
as TPACE
CESM2-GOGA CESM2 as in CESM2-LEcmip6; prescribed from | find global atmospheric 10
GOGA = ‘Global Ocean — ERSSTV5; response to observed
Global Atmosphere’ HadISST1 & SST and sea ice
OISSTv2 sea anomalies globally
ice
CESM2-TOGA CESM2 as in CESM2-LEcmip6; as in GOGA but | find global atmospheric 10
TOGA = ‘Tropical Ocean — using response to observed
Global Atmosphere’ climatology SST and sea ice
polewards of anomalies in the tropics
~28°N and and subtropics
~28°S
CESM2- CESM2 as in CESM2-LEcmip6; winds | coupled constrain model to 1
WNUDGE nudged to ERA5 55°S-80°S, observed Antarctic winds
above 850 hPa
piControl CESM2 pre-Industrial control; forcings | coupled evaluate climate system 1
fixed at nominal 1850 values behavior in the absence of
anthropogenic forcing;
calculate baseline
Antarctic snow
accumulation rate
CESM1-LE CESM1 Large Ensemble; all major coupled baseline for comparison to 40
natural and anthropogenic meltwater experiment and
forcings (CMIP5) as a prior for PDA
CESM1-AlIS CESM1 as in CESM1-LE plus coupled find atmosphere-ocean 10
meltwater Antarctic meltwater hosing response to freshwater
fluxes from Antarctica
CESM1-LME CESM1 time-varying Last Millenium coupled as a prior for PDA with 1
(LM) forcings (850 AD - 1849 minimal influence on
AD) with water isotope- spatial covariance from
enabled CESM1 anthropogenic forcings

Table 1: Summary of global CESM experiments evaluated in this study. Bolded italicized
experiments have been used in Paleoclimate Data Assimilation (PDA) by O’Connor et al. (18)
and this study. References and data access links given in SI Appendix, Table S1. All CESM2
experiments follow SSP3.7 radiative forcing after 2014; the CESM1 experiments follow RCP8.5

after 2005.
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Cumulative AIS mass gain or loss due to snow accumulation

From the MT19 reconstruction, we find a cumulative mass gain over the grounded AIS of 3824
Gt, or 10.5 mm SLE, over the 20" Century (Fig. 1A,B), in agreement with the 10.6 mm
previously reported (1). The cumulative mass gain arises because the relative mass (i.e., the
annual accumulation rate in Gt/y, averaged over the grounded AIS, relative to its 19th Century
mean) increases in a stepwise fashion during the 20th Century (S/ Appendix, Fig. S1A). For
1901-1925, the relative mass anomaly is about 20 Gt/y; for 1976-2000 it is above 60 Gt/y. The
cumulative mass timeseries is highly correlated with global-mean temperature anomalies in the
CESM1-LE PDA (r = 0.92; Fig. 1E,F). Since MT19 and the PDA share some common proxy
data, we check this relationship with the independent SAT dataset from ERA-20C (39), which
similarly shows a high correlation with cumulative mass (r = 0.83). Cumulative mass and global
temperature anomalies are also highly correlated in CESM2 (r = 0.83 for [TPACE]), where
brackets indicate the ensemble mean (hereafter, the same convention is used for all
experiments listed in Table 1). This provides the first evidence that the cumulative mass gain is
forced, since the global-mean temperature in an ensemble mean is, by definition, the forced
response to GHGs and the other radiative forcings imposed in each ensemble member of the

experiment.

On the continental scale, both the reconstructions and the model experiments indicate a
significant positive correlation between AlS-wide temperature anomalies and relative mass
timeseries (S/ Appendix, Fig. S1B), consistent with previous work on the sensitivity of snow
accumulation to temperature (40-42). Broadly, these results affirm the thermodynamic
expectation of more AIS snow accumulation with warming (5, 41). However, the exact
sensitivity varies considerably depending on the choice of averaging period, specific
experiment, and/or whether an ensemble mean or individual ensemble member is used. Thus,
the global- or Antarctic-mean temperatures do not constrain the magnitude of the snow
accumulation increase and are not diagnostic of the physical factors that are driving it. To

understand these factors, we evaluate the suite of ensembles listed in Table 1.
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[CESM2-LE] indicates a mass gain of 6079 Gt (16.8 mm SLE), well above the MT19
reconstruction. This indicates a large, externally forced accumulation increase. This number is
only slightly higher (< 1mm SLE) in the other half of the CESM2-LE (the absence of square
brackets refers to the Large Ensemble generally), [CESM2-LEcmip6] (Fig. 1C,D). As seen in
box-whisker plots (Fig. 1B,D), both halves of the CESM2-LE exhibit a large ensemble spread.
The 5% lower bound of the CESM2-LE lies within the +1 o error of MT19, while two outlier
ensemble members are within MT19’s -1 & error. Interpreting the CESM2-LE at face value, the
reconstructed cumulative mass gain arises from an externally forced response counteracted by

an internally driven mass loss of around - 2300 Gt (- 6.4 mm SLE).

Mass accumulated over century-length segments of the piControl suggests that internal
variability, in the absence of external forcing, cannot account for the observed mass gain (Fig.
1B). Yet, as the ensemble spreads show, it is large enough to partially counteract the forced
response in [CESM2-LE] or [CESM2-LEcmip6], and bring model results in agreement with
MT19. The TPACE experiment attempts to constrain the evolution of internal variability in the
model by nudging it towards observed SST anomalies in tropical Pacific. At 4167 Gt (11.5 mm
SLE), mass gain in [TPACE] is only 1 mm greater than MT19 and within its 1 & error (Fig. 1B).
The observed variability captured in TPACE reduced 20"-Century cumulative mass by 2312 Gt
(6.4 mm SLE), nearly matching the estimate of internal variability in the CESM2-LE that is

required to explain the observations (Fig. 1 C, D.)

The single-forcing ensembles uncover the two major components of the forced response (Fig.
1 B,D). Greenhouse gasses are the dominant driver of the cumulative mass gain, with [GHG]
giving a value of 7483 Gt (21 mm SLE), which is twice the value from the reconstruction.
Aerosols offset this; mass change in [AAER] is -9 mm SLE. The sum of [GHG] and [AAER], 12
mm SLE, is within the +1 o error of MT19 (Fig. 1B). The other forced responses are
comparatively small, at 745 Gt for [EE] and -281 Gt for [BMB]. The sum of the four separate
ensemble means is near the top of the +1 & error range of MT19. Non-linear responses to the
forcings, especially aerosols, could explain why [CESM2-LE] is larger than the sum of the
separate ensemble means (29). If we suppose that the forced responses combine linearly, the
reconstructed value could be interpreted as the combined response to all these forcings,

without a significant offsetting role for internal variability.
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The results so far, while showing general consistency between the CESM2 and the MT19
reconstruction, suggest two interpretations for the cumulative mass gain in MT19. Namely, the
single-forcing ensembles suggest that the 10.5 mm SLE from MT19 is only due to external
forcing, with large, opposing responses to GHGs and aerosols. In contrast, both the CESM2-
LE and TPACE experiments suggest a smaller role for aerosols, but a large role for internal
variability in counteracting the mass gain due to GHGs. We therefore turn to the spatial
patterns of snow accumulation and atmospheric circulation change to help inform the most

likely interpretation of the trends.

Spatial patterns of snow accumulation and the role of atmospheric circulation

To examine the spatial trend patterns of accumulation, we compute pattern correlations
between the 20"-Century trend in MT19 and each ensemble member of the CESM2-LE and
TPACE experiments, along with the ensemble means of all CESM2 experiments (S/ Appendix,
Figs. S2-S5). Similarly, pattern correlations for the sea level pressure (SLP) trend across 40°S-
90°S are computed with the same model experiments and using the CESM2-LE PDA as the
observational benchmark. We select the ensemble member whose trend patterns in snow
accumulation and atmospheric circulation exhibit the best pattern correlations to the MT19 and
PDA reconstructions, respectively. The best-matching individual ensemble member (member
40) comes from CESM2-LEcmip6 (S/ Appendix, Figs. S2, S3).

Like the reconstructed patterns (Fig. 2A), member 40 (Fig. 2B) exhibits an accumulation trend
dipole across the West Antarctic Ice Sheet (WAIS), consistent with a deepened Amundsen Sea
Low (ASL) and stronger onshore onto the eastern WAIS and offshore flow off the western
WAIS. On a larger scale, both member 40 and the reconstruction features a pressure dipole
between the middle and high southern latitudes, consistent with the strengthening and
poleward shift of the westerlies. The reconstructed circulation pattern is more zonally
asymmetric than in member 40, which helps to explain the disagreement in accumulation trend
patterns across East Antarctica. The ASL deepening trend and strengthening winds in the
Pacific sector are robust across many versions of PDA with different model experiments as
priors (18, 43), while the poleward shift of the circumpolar westerlies depends on having strong

anthropogenic forcing in the prior (18).
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Although member 40 has the highest spatial pattern correlations, it exhibits a relatively large
cumulative mass gain, just above the inter-quartile range of the ensembile (Fig. 1D). Conversely,
the ensemble member with the lowest cumulative mass gain, member 20 (Fig. 1D), exhibits
poor spatial pattern correlations to the reconstructions (S/ Appendix, Figs. S2, S4). In other
words, the extreme case of internal variability in the CESM2-LE that can reconcile the modeled
with the reconstructed cumulative mass gain does not manifest in the correct spatial pattern.
We find a similar situation with the TPACE experiment. [TPACE] is more poorly correlated with
patterns in MT19 and the PDA than [CESM2-LE] and [CESM2-LEcmip6] (S/ Appendix, Figs. S4,
S5.) This discrepancy is explained by the anticyclonic trend over the South Pacific in [TPACE]
(Fig. 3A, 3B), which is a dynamic response to the SST trend in the tropics (Fig. 3B), which can
roughly be described as El-Nifio like. However, when the full observed global SST field is
prescribed in CESM2, as in the CESM2-GOGA ensemble, the ASL deepens (SI Appendix, Fig.
S6B), consistent with the PDA and the spatial trend pattern in accumulation. This La Nifa-like
teleconnection could arise from the muted warming in the central tropical Pacific (Fig. 3C),
which, when ENSO variance is removed from the SST data, becomes a cooling trend (44).
Since the full global SST field is prescribed, the exact role of the tropical Pacific cannot be
inferred from CESM2-GOGA. Results from [TPACE] suggest that tropical Pacific SSTs alone
have not driven the ASL deepening and the associated snow accumulation pattern. This is
consistent with previous work (45) finding a lack of significant 20"-Century-trends in ENSO or
its low-frequency counterpart, the Interdecadal Pacific Oscillation, that could drive ASL
deepening. Warming in the western Pacific, east of Australia, may play a role (45); this warming
is not simulated by [TPACE].

In the ensemble means, [GHG] and [EE] are best correlated with the reconstructed patterns,
exhibiting higher correlations than [TPACE] (S/ Appendix, Figs. S2, S3). [AAER] has a pattern
correlation of -0.57 in SLP and -0.38 for SMB. This suggests that GHGs and the forcings in EE
are fully consistent with the spatial-temporal history of snow accumulation and the associated
circulation trend, but that aerosols are not. Although aerosols cause a general cooling (Fig. 3E),
consistent with reduced snow accumulation, they do not explain the spatial patterns in snow
accumulation and high-latitude atmospheric circulation. Thus, neither of the two preliminary

interpretations mentioned above — that aerosols or an extreme case of internal variability have
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counteracted the forced response to GHGs (and “everything else” to a lesser extent) — fully fit
the data.

To be more explicit, member 40 is separated into its forced (SI Appendix, Fig. S7C) and internal
(SI Appendix, Fig. S7TD) components. This illustrates that the overall increase in accumulation
rate is explained by external forcing, while its spatial pattern is more strongly shaped by
internal variability. The forced atmospheric circulation pattern indicates a strengthening and
poleward shift of the westerlies, especially in the Indian Ocean sector and Drake Passage. In
the forced pattern, snow accumulation increases nearly everywhere on the continent, but is
especially enhanced on the coasts of the WAIS and QML. The internally driven circulation
pattern bears a general resemblance to the forced pattern, but its centers of action are shifted
northeastwards. On a broader scale, this internal pattern is associated with cool, La Nifa - like
SST anomalies in the eastern Pacific (SI Appendix, Fig. S6M,N). Thus, the La Nifa-like SST
trend in member 40 helps to explain the atmospheric circulation and snow accumulation trend
patterns, but it is not of sufficient magnitude to substantially reduce the forced cumulative
mass gain. The limited ability of La Nifia to explain the modeled and observed accumulation

histories is confirmed by compositing analysis (S/ Appendix, Fig. S8A,B,C).

Next, we quantify the role of the strengthening westerlies by constructing indices of near-
surface zonal wind anomalies averaged over 50°S-70°S, and calculating the portion of the SLP
and accumulation time series at each grid point that are linearly congruent with the trend in the
zonal wind indices. The associated patterns in the reconstructions (Fig.2C) and member 40
(Fig. 2D) are qualitatively similar, with both having a deep ASL and accumulation trend dipole
across the WAIS. However, the deeper ASL is more northeastward in the reconstruction,
creating a larger area of negative accumulation anomalies on the WAIS, which contributes to a
more negative AlS-wide accumulation anomaly than in the free-running model. When the
anomalies linearly congruent with the trends in the wind indices are removed from the
accumulation timeseries, the MT19 and modeled accumulation rate trends become more
consistent with each other, with residual trends of + 110 Gt/y for MT19 (S/ Appendix, Fig. S7G)
and +139 Gt/y for member 40 (SI Appendix, Fig. S7H). Still, there remains a gap between what
reconstructed accumulation trends would have been without the strong wind trend and the
trend in member 40, in which the wind trend makes little difference in the AlS-wide

accumulation trend.
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Role of SST trends and the missing influence of Antarctic meltwater

We suggest that reconstructed winds explain a more negative snow accumulation trend than
modeled winds because the former are accompanied by a persistent surface cooling trend,
most pronounced in the Pacific Sector of the Southern Ocean (Fig. 4C; Fig. 3/). We use the
PDAs with the CESM1 model priors to represent this trend to avoid the possibility that the
reconstructed SAT trend patterns are contaminated by uncertain CMIP6 aerosol and biomass
burning forcing. For the mid 20" Century, the reconstructed SAT trend in CESM1-LE PDA (Fig.
4C,J) is similar to ERSSTv5 (46) trends (Fig. 4B). [CESM2-LEcmip6] does not show cooling (Fig.
4A). The CESM2-GOGA ensemble (with prescribed SSTs from ERSSTv5), simulates a sharp
decrease in snow accumulation across the WAIS (Fig. 4F), consistent with the trend in MT19
(Fig. 4G). In this way, GOGA provides evidence that the SST trends are important for the snow
accumulation trend, independently of the PDA revealing that the snow accumulation trend on

the WAIS is accompanied by cooling in the adjacent south Pacific Ocean.

To unravel the reasons for the trends evident in [CESM2-GOGA] and the reconstructions, we
adopt a global perspective (Fig. 1E; Fig. 3). The CESM1-LE and CESM1-LM PDAs exhibit
reasonable global-mean temperature timeseries (Fig. 1E). Their warming of ~ 0.55 °C over the
20™ Century (1976:2000 minus 1901:1925) is close to the ~ 0.6 °C from comprehensive land-
ocean datasets like HadCRUT5 (47) and GISTEMP (48). Under GHGs alone, late 20" Century
warming would have been larger than observed, as shown by the [GHG] timeseries in
comparison with the CESM1 PDA reconstructions. Knowing that CESM1 produces the same
GHG-driven warming as CESM2 (29), the departure of reconstructed warming from GHG-
driven warming is found by subtracting the CESM1-LME PDA from the [GHG] timeseries. This
timeseries peaks around 1940, then declines until 2000. In contrast, the CESM2-LE PDA
warming trend closely follows that of [GHG] after the 1940s, implying no offset from GHG-
driven warming. The CESM2-LE PDA apparently disregards information from aerosols, another
indication that CMIP6 aerosol forcing does not fit well with the spatial-temporal evolution of

SAT recorded in the proxy data.
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The SST trend in ERSSTV5 contains a large patch of muted warming in the southcentral
Pacific, from the equator at ~ 150°W to the eastern Ross Sea region (Fig. 3C), where there is an
absolute cooling trend in other datasets like ERSSTv3b (S/ Appendix, Fig. S6A). If the global-
mean trend is subtracted from each gridpoint, much of the south Pacific is covered by relative
cooling, and so is the entire coastal region of Antarctica (Fig. 3D). This relative cooling does not
appear in [CESM2-LEcmip6] or member 40 (S/ Appendix, Fig. S6 F,N). In fact, the CESM2 has
nearly the opposite pattern, with relative south Pacific warming, due to the strong aerosol-
driven cooling in the North Pacific (Fig. 3E) and the lack of anthropogenic aerosols in the
Southern Hemisphere (SH). [TPACE] partially fixes this problem by delivering some cooling to

the SH via an atmospheric teleconnection (Fig. 3A).

Spatially, the departure from GHG-driven warming can be represented by subtracting surface
temperature trends in [GHG] from the same in the CESM1-LME PDA. By design of the PDA,
this pattern fits the proxy data, including the variability of snow accumulation. For
completeness, [EE] is also subtracted from the PDA-reconstructed field. We name this pattern
the Antarctic-Central Pacific Cooling (ACPC) pattern after its spatial structure (Fig. 3G). Some
combination of aerosols, internal variability, and any missing forcings such as meltwater
explains this pattern. Indeed, over the SH oceans (0° to 65°S), the ACPC and [AAER] exhibit a
pattern correlation of r = 0.78. However, aerosols cannot explain some of the details evident in
the reconstructions, such as the concentration of cooling in the southeastern Pacific, or the
deepening of the ASL. Whereas the ACPC emphasizes cooling signals in the SH, the aerosol

pattern (Fig. 3E) emphasizes the NH, due to the NH sources of industrial aerosol emissions.

From published work with CESM1 and other models, we recognize that ACPC resembles
global responses to cooling in the high-latitude SH, imposed in idealized model experiments by
reducing incoming shortwave radiation (49) or by prescribing surface heat fluxes (38). These
experiments elucidate the atmospheric mechanisms by which SH cooling signals propagate to
the tropical Pacific: Anomalously cold, dry polar air is advected by the atmospheric circulation
northeastwards towards South America. The anomalous cooling strengthens the mid-latitude
jet, deepens the ASL and strengthens the subtropical high, in part due to blocking by the
Andes. The stronger subtropical high advects the cold air further equatorward, eventually
reaching the subtropics, where shortwave cloud feedbacks, the wind-evaporation-SST

feedback, and enhanced coastal upwelling reinforce the cooling. This cooling signal can be
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advected to the equatorial Pacific by the northeasterly trade winds, where strong atmosphere-
ocean coupling triggers the Bjerknes feedback, enhancing eastern equatorial upwelling in a La
Nina-like response. The La Nifia-like SST pattern drives Rossby wave trains back towards the
south Pacific, further deepening the ASL. This explains why La Nifa patterns within the
CESM2-LE, like in member 40, best fit the reconstructed accumulation and atmospheric
circulation patterns. However, the CESM2-LE lacks the initiation of the cooling in the SH.
Prescribed negative heat fluxes in the tropics deliver weak cooling to the SO (38), supporting
our results that La Nifa-like variability is not strong enough to substantially cool the Southern

Ocean and reduce snow accumulation.

More realistic, fully coupled experiments illustrate a possible origin for the ACPC. Experiments
that include prescribed Antarctic meltwater fluxes (34) and/or wind nudging (34, 50) improve
the fit of modeled and observed SST trend patterns (15, 34, 38, 50). We use the meltwater-
induced pattern from the CESM1 meltwater hosing ensemble. Over the SH oceans (0° to 65°S),
the meltwater-induced pattern (Fig. 3H) has a pattern correlation of r = 0.80 with ACPC. When
combined with radiative forcing, meltwater produces a snow accumulation trend pattern similar
to the trend in [CESM2-GOGA] (Fig. 4 F,H). Meltwater is the only forcing that induces strong
cooling along the Antarctic coast (Fig. 3 H), similar to the observed pattern (Fig. 3D). We are
not suggesting that ACPC is purely a meltwater-driven pattern, but that meltwater contributes

to it and might have triggered it.

On its own, the historical meltwater forcing is not strong enough to cool the eastern and central
equatorial Pacific (Fig. 3H). This lack of tropical response might be attributable to model
biases, such as the double Intertropical Convergence Zone (ITCZ) and/or weak shortwave
cloud feedbacks in CESM1 (38, 49). Stronger meltwater forcing in future forcing scenarios
(RCP8.5) overcomes these biases, causing a cooling in the equatorial central and eastern
Pacific (38). Alternatively, aerosol forcing might be responsible for the cooling trend in this
region (Fig. 3E; 51). In combination with [GHG] and [EE], the historical meltwater signal is
associated with central and eastern equatorial Pacific warming (Fig. 3J). In contrast, combining
ACPC with [GHG] and [EE] yields muted warming in the equatorial Pacific (Fig. 3/), consistent
with observations (Fig. 3C), and consistent with the pattern correlations suggesting a role for
aerosols in the ACPC. Both meltwater and aerosol forcing are uncertain, and future work is

required to disentangle their relative roles.
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The evidence presented supports a storyline by which Antarctic meltwater reduces Antarctic
snow accumulation via its effects on SSTs and atmospheric circulation. In the early 20™
Century, rising GHG concentrations, a pause in major volcanic activity, and an increase in solar
insolation (29) drove polar-amplified warming (S/ Appendix, Fig. S6D,G,H,P) and a cumulative
mass gain consistent with GHGs (Fig. 1A). This warming trend was at times amplified by
internal variability, most notably the El Nifio event of 1939-41 (52). Although the timing of this El
Nifo is coincident with the onset of modern-day retreat of Pine Island and Thwaites glaciers
(583, 54), its causal role in retreat has not been determined. Nonetheless, evidence from marine
sediments traces the modern-day thinning (and eventually unpinning) of ice shelves fronting
the Pine Island and Thwaites glaciers to the 1940s or early 1950s, which led to grounding line
retreat and an increasing freshwater flux from the AIS (54). The onset of retreat also coincides
with the timing of ASL deepening (Fig. 4/), and cooling in the south Pacific at ~ 150°W (Fig. 4J),
both of which began in the mid 20" Century, before other potentially significant influences on
the ASL, such as stratospheric ozone depletion (28, 43). Additionally, from the mid-20th
Century onwards, both GHGs alone and the combined response to all forcings in CESM2-LE
overpredict the cumulative mass gain (Fig. 1A), suggesting the existence of a damping factor.
Observed SST trends since the 1940s are consistent with the damping of GHG-driven warming
(55). The main mechanism is stabilizing shortwave cloud feedbacks in the tropics and SH
subtropics (34, 49, 51, 55), which can be activated by Antarctic meltwater (34) and aerosols
(51).

In the Southern Ocean, meltwater causes increased stratification and a reduction in the ocean-
atmosphere heat flux, especially in the Pacific sector where the underlying circumpolar
deepwater is on or close to the continental shelf. Reduced heat flux in this region drives the
ACPC pattern in SST and SLP, by the mechanisms in the idealized experiments discussed
above. Moreover, the location of the cold surface anomaly reconstructed by PDA (Fig. 4C)
agrees with the location of strongest SST cooling in response to meltwater hosing (Fig 4D).
During the late 20™ Century and early 21 Century, the observed acceleration of AIS mass loss
(3, 4) implies that the influence of meltwater has increased. This is consistent with ERSSTv5,
which shows cold anomalies at 150°W, 60°S have persisted and strengthened through 2022
(SI Appendix, Fig. S8D).
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The 21° Century

Snow accumulation trend patterns over 2001-2022, as given by ERA5 (S Appendix, Fig. S9A)
and the CESM2 experiment nudged to ERA5 winds (S/ Appendix, Fig. S9B), are qualitatively
similar to those of the 20" Century. An underlying increase due to rising GHGs and
stratospheric ozone depletion (31) is evident in the forced response (Fig. 2E). Wind anomalies
deliver opposing patterns of positive and negative accumulation trends across both the WAIS
and East Antarctica (Fig. 2F), masking the forced response, but not causing a reduction in
Antarctic-wide snow accumulation. Consistent with results from the reconstructions, the
CESM2-WNUDGE results show that atmospheric circulation trends have not been the major
factor in counteracting the warming-driven snow accumulation increase. Rather, the forced
response is likely over-estimated because of the SST pattern effect, in which the CESM2-LE

does not simulate observed SST trends.

As support for this idea, [CESM2-GOGA] shows no AlS-wide trend over 1980-2013, in contrast
to ~4% accumulation rate increases in [CESM2-LEcmip6] and [TPACE] (S/ Appendix, Fig.
S10A), relative to their late-20™ Century means. These results are in concert with the well-
observed south Pacific cooling and expansion of sea ice in the eastern Ross Sea, and help
explain the results from regional modeling studies, which have shown no significant Antarctic-
wide trend since 1980 (11, 12). Prescribing observed SST trends in CESM2, whether in the
tropics or globally, helps to explain both the spatial pattern and magnitude of trends in snow
accumulation. Remarkably, if the coupled model is constrained only by Antarctic meltwater
fluxes but no other observed trends, it produces less than a 1% increase in the accumulation
rate, and a similar spatial pattern (r = 0.62) to [CESM2-GOGA]. The Antarctic snow

accumulation trend is consistent with a meltwater signal in observed SST trends.

We have shown that SST trends matter for historical snow accumulation trends on the AIS. To
project future changes in snow accumulation and their effect on sea level, there is little
constraint on how SST trends might evolve. Since cumulative mass gain is the metric that
matters for sea level, and [GHG] + [AAER] approximates the cumulative mass gain over the 20"
Century, we use [GHG] + [AAER] to make a rough projection to 2050 (S/ Appendix, Fig. S11).

About 30 mm of sea level mitigation from increased snow accumulation is possible over 2001-
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2050. Although measurable, this trend is unlikely to keep pace with dynamic mass loss,
especially if meltwater continues to cool SSTs. The future of Southern Ocean SSTs can be
viewed as a competition between meltwater effects and an eventual strong warming as ocean
heat uptake becomes less effective (16). How this competition plays out will determine the
future of snow accumulation on the AIS. We have added evidence in support of the idea that
the evolution of tropical Pacific SSTs and in turn the many downstream climate impacts driven
by tropical Pacific SSTs, depends on the trajectory of Southern Ocean SSTs (15, 16, 38, 56),

with roles for wind and various feedbacks in propagating the signal to the tropics (38, 49).

Discussion and conclusion

In summary, we interpret the 20" Century history of Antarctic snow accumulation using a suite
of single-forcing and all-forcing large ensembles from the CESM2, evaluating what factors
explain the historical trends, and therefore may be applied towards more accurate projections
of snow accumulation into the future. As demonstrated by ice-core based reconstructions (1,
2) and modern satellite observations (4, 57), increased snow accumulation has the power to
partially mitigate the contribution on the AIS to sea level rise. Our first-order result is that GHGs
have been the major driver of increased snow accumulation on the AlS, leading to a cumulative
mass gain of 21 mm SLE on their own, due to their role in warming the atmosphere and ocean
surface. The combination of natural forcings and changes in ozone concentrations in the
“everything else” ensemble leads to a much smaller mass gain. Internal variability over the 20"

Century does not explain a significant cumulative mass gain.

The model’s GHG-driven increase overpredicts the MT19 cumulative mass gain by a factor of
two. According to the all-forcings CESM2-LE, this overprediction could be reconciled by an
extreme pattern of internal variability, or according to the single-forcing simulations, by
assuming a very large offsetting role for anthropogenic aerosols. With context from PDA
reconstructions, we offer a more likely explanation: The model’s overprediction of cumulative
mass gain is due to an SST pattern that is not resolved and does not originate in the tropics. In
contrast to the model, the PDA and observed SST datasets show a pattern of cooling in the
south Pacific Ocean that commenced in the mid-20™ Century. The impact of this cooling

pattern on snow accumulation is corroborated by a prescribed SST experiment. Other model
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experiments identify the SST pattern, ACPC, as likely driven by Antarctic meltwater, while
independent geologic evidence for when major Antarctic ice shelves and glaciers started
retreating fits the timing of when this pattern first emerges. For the 1980-2013 period directly
covered by the CESM1 meltwater hosing experiment, the accumulation trend associated with
meltwater is similar to that obtained from experiments in which observed SSTs and sea ice
concentrations are prescribed. Our results explain the lack of an Antarctic-wide snow

accumulation increase since ~1980, which has not been previously attributed.

As additional context for our interpretation, we note that CMIP6 aerosol forcing is problematic
(26, 30, 36), while several studies find that extreme internal variability is not a likely explanation
for observed SST trends (3, 4, 54, 55, 56). By extension, neither aerosol forcing nor extreme
variability are satisfactory explanations for Antarctic accumulation trends. We also highlight
strengthening westerly winds (18) as a main driver of snow accumulation trend patterns.
However, unlike SSTs, winds mainly act to redistribute snow accumulation and do not lead to a
substantial net gain or loss, consistent with previous findings (11). In comparison with satellite
data, accumulation trend patterns in [CESM2-GOGA] and [CESM1-AIS meltwater] (S/
Appendix, Fig. S10A) are similar to the pattern of AIS mass change derived from satellite laser
altimetry (57). The prominent forced mass gain in QML (Fig. 2E), counteracted by mass loss in
Wilkes Land (Fig. 2F), is remarkably similar to the pattern of AIS mass change inferred from

satellite gravity data (4).

Given the importance of snow accumulation as a player in sea level rise, and as a recorder of
globally relevant SST patterns, we urge expanded modeling and observational efforts focused
on Antarctic snow accumulation and meltwater. The CESM2 has several shortcomings; it is low
resolution, it lacks important surface processes like blowing snow, and most importantly, it
lacks coupling between the AIS and the ocean. Sensitivity to meltwater hosing varies widely
across climate models, and the magnitude of meltwater-induced anomalies shown here may
not be realistic (43). Also, the available meltwater experiment does not isolate the role of
meltwater from the Pine Island and Thwaites glaciers. To enable more targeted experiments
and to test sensitivities across different models, expanded observational estimates of historical
meltwater fluxes are needed, ideally covering the entire 20" Century, and seamlessly integrated
into future forcing scenarios. The ice core network used in reconstructions like MT19 and the

PDAs has not been extended. Broader ice core coverage would give more confidence in trends
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in coastal areas and the interior of East Antarctica. Despite these limitations, we have
documented a notable fidelity of the CESM in simulating the trend patterns observed by
satellites and ice cores. To gain confidence in model-based projections, this agreement should

be further explored and quantified.

Materials and Methods

Snow accumulation reconstruction, CESM2 and cumulative mass calculation

The dataset of annual snow accumulation is described in Medley and Thomas (1). It was
calibrated to the spatial signature of precipitation minus evaporation (P minus E) in the
MERRA-2 atmospheric reanalysis (S1), with a bias correction based on accepted in-situ
measurements. We specifically use the version regridded by Dunmire et al. (6) from its native 1°
resolution to the standard grid of CESM2’s land and atmosphere components. The grounded
AlS is as defined by Zwally et al. (S2). Unlike ref. (1), we do not include Antarctic islands in our
calculation of Antarctic-wide snow accumulation. For Antarctic-wide snow accumulation, grid-
cell values in mm w.e. yr' are scaled by the area of the respective grid cell, and summed over
the grounded AIS for each year of the dataset. This mass timeseries is converted to a relative
mass timeseries by subtracting the long-term mean for 1801-1900 (1927.4 Gt/yr) from the
entire timeseries. Cumulative mass is calculated by integrating the relative mass timeseries
with time, starting in 1901. The sea level equivalence at the year 2000 is obtained by dividing
the cumulative mass by 361 Gt/mm. This procedure was repeated for +1 o and -1 & error

timeseries; the gridded standard error fields are as provided by ref. 1.

The Community Earth System Model, version 2 (CESM2) is a comprehensive model with
coupled land, atmosphere, sea ice and ocean components, as fully described in ref. (25). All
experiments evaluated here (Table 1) use the standard 1° horizontal resolution. References and

data sources for the experiments are given in S/ Appendix, Table S1.



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

From CESM2 output, we estimate net annual snow accumulation to be comparable with the
reconstruction. From the land model component, SNOW and RAIN variables are used as the
precipitation terms, while QSOIL and QRUNOFF are used as the ablation terms. Monthly data
are summed to annual means by weighting each monthly value by the length of the month,
using the same weighting for each year, as there are no leap years in CESM2 output. The
relative and cumulative mass timeseries are determined by the same method as for the MT19
reconstruction, except for the calculation of the baseline value, which is described below. This
procedure is performed for each ensemble member of each experiment. The SLE numbers

quoted in the text have been rounded to the nearest half mm.

Crucial for the calculation of cumulative mass timeseries and sea level equivalence from
CESM2 is the estimate of the baseline accumulation rate that is representative of nineteenth-
century values in a stable climate. We iterated with a few different approaches, including
referencing each ensemble member to its own nineteenth-century value using the years 1850-
1900 as the reference period. This proved to be too affected by interannual to decadal
variability. We settled on using the same reference value from the piControl simulation for all
ensemble members of all experiments. With this approach, responses to 20"-Century radiative
forcing are more detectable. We used the value over the 452-year period, years 1000-1451 of
the piControl. The value is 2012.9 Gt/yr. It is important to recognize that all ensemble members
of all historical experiments (except for CESM2-WNUDGE and CESM2-GOGA) evaluated here
were initialized within this piControl segment, between the years 1001 and 1301, which was
chosen because it is relatively stable (25, 29, 30). An ensemble member initialized from the
piControl year 1301 at calendar year 1850 would reach calendar year 2000 150 years later,
overlapping with the piControl through year 1451. This overlap method is a way of ensuring
that mass accumulated by year 2000 arises from forcing (or internal variability), minimizing the

influence of drift.

For the CESM2-GOGA ensemble, we did not find a representative base period from a long,
uncoupled control integration. Biases in coupled CESM2 SSTs (25) and uncertain nineteenth
century observed SSTs (46) further complicate the use of CESM2-GOGA. We therefore use
CESM2-GOGA only to evaluate spatial patterns of change over selected time periods, and not

for cumulative mass timeseries. The same considerations apply to CESM2-TOGA.
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Wind-nudged experiment

The CESM2-WNUDGE simulation is forced with CMIP6 historical forcing through 2014 and
thereafter with SSP3.7 forcing. It is initialized from a CESM2-LEcmip6 ensemble member in
1950 and zonal (U) and meridional (V) winds over 1950-present are nudged to 6-hourly ERA5 U
and V from 850 hPa to the top of the model between 55°S and 80°S following previously
described methodology (20, S3). The first few decades of CESM2-WNUDGE show signs of
drift in the Antarctic accumulation values; we therefore use only the 215 Century portion of this

experiment.

Deriving Forced vs internal components and responses due to tropics, wind nudging or

meltwater

The forced response is defined as the ensemble-mean of all ensemble members of a given
experiment. It indicates the model’s response to external radiative forcings (greenhouse
gasses, aerosols, etc.) imposed in the experiment. By definition, each individual ensemble
member has the same forced response. The internal component of a given ensemble member

is found by removing the forced response from that member.

We use a similar approach to isolating the role of the tropical SST nudging in the TPACE
experiment, meltwater in the CESM1-AIS meltwater experiment, and Antarctic wind nudging in
CESM2-WNUDGE. Namely, ensemble means are subtracted from each other. For example, to
isolate the effect of nudging to observed tropical SST anomalies in TPACE, [CESM2-LEcmip6]
is subtracted from [TPACE]. In this instance, we used only the 10 members of the CESM2-LE
that had the same initialization states in the piControl as the 10 members of TPACE. This yields
the precise role of tropical SSTs, which is necessary for the cumulative mass gain calculation.
The procedure for finding the SST anomalies due to Antarctic meltwater hosing, by subtracting
the forced response in CESM1-LE, is described in Dong et al. (38). For the anomalies due to

wind nudging, we used the forced response as given by all 50 members of CESM2-LEcmip6.

PDA Reconstruction with CESM2-LEcmip6 prior and ASL Index
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We generate a PDA reconstruction following the methodology by O’Connor et al. (18) with an
updated PDA prior formed using the first seven members of CESM2-LEcmip6. The global
proxy network is the same as in ref. (18); it includes Antarctic ice core data used in the MT19
reconstruction. The PDA uses the framework developed by Hakim et al. (S4), which is an offline
ensemble Kalman filter approach. We also extend the PDA reconstructions using the CESM1-
LE prior and the CESM1 LME prior published by ref. 18 back to 1850, so all PDA
reconstructions are available from 1850 to 2005. The reconstructions show good agreement
with the ERA5 reanalysis in the key focus regions of this study, including the circumpolar wind
belt region, the Amundsen Sea Low region, and the tropical Pacific (S/ Appendix, Fig. S12). The
reconstructions are in anomalies relative to 1961 to 1990 unless otherwise noted. As in ref.
(18), the ASL Index is the standardized mean SLP over 60°-75°S, 180°-310°E.

Pattern correlations and wind-congruent trends

Pattern correlations are the Pearson correlation coefficient of the linear correlation between
two maps of the same variable. Before computing this statistic, any necessary regridding
and/or masking is performed, and the lat-lon arrays are collapsed into a single vector. We use

the uncentered (no mean value removed) pattern correlation of the trend fields.

We estimate the wind-congruent accumulation and SLP trends first by representing the
standardized wind index timeseries (computed for both the reconstruction and ensemble
member 40) and the accumulation and SLP fields at each grid point as anomalies relative to
1901-2000. All timeseries, including the wind indices and the accumulation and SLP fields at
each grid point are then linearly detrended. Then, the linear regression coefficient is calculated
between the detrended accumulation or SLP fields and the detrended wind timeseries. These
regression coefficients are multiplied by the 1901-2000 trend in the wind index to give the
wind-congruent trends in accumulation or SLP. Residual trends are found by subtracting the
wind-congruent trends from the original anomaly fields, and then calculating the linear trends

of the residual fields.

DATA AND CODE AVAILABILITY
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Output from all CESM2 experiments used here is on the Glade file system at the National
Science Foundation — National Center for Atmospheric Research (NSF NCAR), and nearly all
experiments are publicly accessible as listed in (S/ Appendix, Table S1). Table S2 lists the
sources of the observational datasets discussed here, including MT19 and the PDA
reconstructions. The code for generating the snow accumulation timeseries and maps in the

main figures will be available on Github upon acceptance of the manuscript.
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Fig. 1. Cumulative mass and equivalent sea level mitigation due to accumulated snow on the grounded
Antarctic Ice Sheet (AIS) in MT19 and CESM2, compared with single-forcing and reconstructed global
surface temperature anomalies during the 20" Century. (A) Cumulative mass timeseries from MT19
compared with timeseries from selected ensemble means. (B) Box plot indicating ensemble spread of
cumulative mass at the year 2000 for each of the ensembles and the pseudo ensemble generated by
summing 15 individual members of GHG and AAER. The boxes indicate the interquartile range; the
median is shown by a horizontal line. Whiskers represent the 5% and 95% bounds of the ensembile,

with the values lying outside of these bounds indicated by closed black circles. “PI” refers to the piControl
simulation: mass was accumulated over 24 overlapping, 100-year segments. Dashed black horizontal line
indicates the mean value of MT19; gray dashed lines indicate +/- 1 sigma errors; (C) As in a), but for different
ensembles and [TPACE] - [CESM2-LE*]. (D) As in b), but for the ensembles shown in c). Approximate
values for members #40 and #20 are indicated by astericks. (E) Global temperature anomalies in
single-forcing ensembles, along with the anomalies in the CESM2-LE PDA, the CESM1-LE PDA,

and the CESM1-LME PDA. Also shown is the departure of CESM1-LME PDA from the [GHG] timeseries.
All timeseries smoothed with a 7y low-pass filter. (F) Scatter plot of annual-mean global-mean
temperature anomalies versus cumulative mass timeseries over 1901-2000.
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Additional maps are in supporting information (S/ Appendix, Fig. S6)
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abbreviation(s)

data availability

main reference(s)

GHG, AAER, https://www.cesm.ucar.edu/working- 29

BMB, and EE groups/climate/simulations/cesm2-single-forcing-le

CESM2-LE and https://www.cesm.ucar.edu/community- 30

CESM2-LEcmip6 | projects/lens2

TPACE https://doi.org/10.26024/GTRS-TF57, S5
https://www.cesm.ucar.edu/working-
groups/climate/simulations/cesm2-pacific-pacemaker

CESM2-GOGA https://www.cesm.ucar.edu/working-

and CESM2- groups/climate/simulations/cam6-prescribed-sst

TOGA

CESM2-WNUDGE | forthcoming — selected variables to be published on S3
Zenodo

CESM1-AIS request from original authors (Dr. Yue Dong and Dr. S6; 38

meltwater Andrew Pauling)

CESM1-LE https://www.cesm.ucar.edu/community-projects/lens S7

CESM2 piControl | https://doi.org/10.22033/ESGF/CMIP6.7733 S8; 25

Table S1. Data availability and main references for the CESM experiments analyzed in this

study. Further description in Table 1 of the main text.

abbreviation(s)

data availability

main reference(s)

MT19 snow
accumulation

https://earth.gsfc.nasa.gov/cryo/data/antarctic-
accumulation-reconstructions

1

CESM1-LE PDA https://zenodo.org/records/5507607 18

CESM1-LME PDA | https://zenodo.org/records/5507607 18

CESM2-LE PDA forthcoming — to be published on Zenodo this study

ERSSTv5 https://www.ncei.noaa.gov/products/extended- 46
reconstructed-sst

ERSSTv3b https://www.ncei.noaa.gov/products/extended- S9
reconstructed-sst

ERA5 https://doi.org/10.24381/cds.f17050d7 37

ERA20C https://doi.org/10.5065/D6VQ30QG 39

Table S2. Data availability and main references for the observational datasets (including
reanalysis and reconstructions) used in this study.
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Fig. S1. (A) Cumulative mass and relative mass timeseries from MT19. Baselines for 1901-1925 and 1976-2000
are indicated as dark gray horizontal lines. La Nifa years, used for composites in Fig. S8, indicated by dashed
gray vertical lines. Major volcanic eruptions indicated by dashed red vertical lines; (B) Scatter plot of AIS
relative mass versus AlS temperature anomaly, illustrating the temperature-accumulation slope for selected
reconstructions and CESM2 experiments. A 5y running mean was applied to the annual-mean timeseries

before computing the slopes and correlation values.
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Fig. S2. “Postage stamp” maps displaying the twentieth-century snow accumulation (SMB) trend in [CESM2-LEc-
mip6], [AAER], [GHG], [EE], and [BMB], along with all 50 ensemble members of the CESM2-LEcmip6. Included in
the top row is the trend in the MT19 snow accumulation. At the bottom-center of every model map, the spatial
pattern correlation coefficient with MT19 over the grounded AIS is shown. Trends are calculated as epoch differ-
ences of 1976:2000 minus 1901:2000 annual means. Member #40 is highlighted with a dashed green square;
member #020 is highlighted with a red solid square.
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Fig. 83. As in Fig. S2, but for SLP and using the CESM2-LE PDA reconstruction (labeled O’Connor24) as the
benchmark for the pattern correlation over 40°S-90°S.
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Fig. S4. “Postage stamp” maps displaying the twentieth-century snow accumulation (SMB) trend in [CESM2-LE],
[CESM2-LE*], and [TPACE], along with all 50 ensemble members of the CESM2-LE and the 10 members of
TPACE. Included in the top row is the trend in the MT19 snow accumulation. At the bottom-center of every model
map, the spatial pattern correlation coefficient with MT19 over the grounded AIS is shown. Trends are calculated
as epoch differences of 1976:2000 minus 1901:2000 annual means.
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Fig. S5. As in Fig. S4, but for SLP and using the CESM2-LE PDA reconstruction (labeled O’Connor24) as the
benchmark for the pattern correlation over 40°S-90°S.
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Fig. S6. Extension of Figure 3 from the main text. Surface temperature trend patterns (1976:2000 minus 1901:1925)
for (A,B) observations and (C-P) various model experiments, as discussed in the text. “G” referes to the global-mean
temperature trend, which has been removed from some maps. SLP contours are shown for selected maps (global-mean not
removed for SLP).
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Fig. S7. Extension of Figure 4 from the main text. (A) Member 40 exhibits the highest pattern correlations
to the (B) reconstructions, and is broken down into its (C) forced and (D) internal components. Both the (E)
reconstructed and (F) modeled snow accumulation have trends that are linearly congruent with trends in
the winds. (G, H) Residual patterns when the wind-congruent trends are removed.



A) [TPACE] Internal B) La Nifla composite C) La NifAa composite
reconstructions [TPACE]
-14 Gt -7 Gt :

pef ==

accumulation anomaly (mmw.e. / yr)

D) ERSSTVS std d

- T ww ( :

30S — J ‘ “ § ° %55

l ‘ V 15
60S — {
1 1 1 I

-2.5
T T T |

1900 1920 1940 1960 1980 2000 2020

Fig. S8. (A) Tropically driven ([TPACE] - [CESM2-LEcmip6*]) trend patterns in SLP and snow accumulation
(1976:2000 minus 1901:1925), indicating a 14 Gt/y reduction in the AlS-wide accumlation rate despite an El
Nino-like circulation pattern. (B, C) Composites of snow accumulation and SLP anomalies during real La Nina
years over 1901-2000. Accumulation and SLP timeseries were lineraly detrended before forming the compos-
ites. Although the the reconstructions and TPACE experiment agree on the AlS-wide anomaly of -7 Gt for an
average La Nina year, the spatial patterns disagree. La Nina years are defined from NOAA’s extended multivari-
ate ENSO index, using austral autumn (MAM) values (https://psl.noaa.gov/enso/climaterisks/years/top24en-
so.html). The composites are of years 1902, 1904, 1907, 1908, 1909, 1910, 1911, 1913, 1916, 1917, 1921,
1950, 1955, 1956, 1963, 1971, 1974, 1975, 1976, 1982, 1985, 1989, 1991, 1999, and 2000. (D) Timeseries of
standardized SAT anomalies (relative to 1901-2023) from ERSSTv5 at 150°W. The global-mean timeseries was
removed at each gridpoint, and a 3y-lowpass filter was applied.
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Fig. S9. Extension of Fig. 2 from the main text. (A) Precipitation minus
evaporation and SLP trend in ERA5; (B) Result of nudging CESM2 to
ERAS5 winds; (C) The forced response in CESM2-LEcmip6 is removed from
(B) to get the (D) pattern that is due to wind nudging. All panels show
trends for 2001-2022.
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Fig. S10. (A) 1980-2013 trends in annual snow accumulation, according the ensemble means of the expirements
indicated in the lables. Also shown is the percentage change in the Antarctic-wide accumation rate between the
averages of (2000:2013) and (1980:1993), as well as the pattern correlation between the trend pattern given by
[CESM2-GOGA] and the patterns in the respective maps. (B) Timeseries of Antarctic annual snow accumulation
from the experiments indicated in the legend. The MT19 reconstruction is also shown.
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Fig. S11. (A) Projected snow accumulation (colorbar) and SLP (contours) trends
2001-2050; (B) Cumulative mass timeseries like in Fig. 1, but mass is accumulated
since 1975 and extended to 2050; (C) Box-whisker plot like in Fig 1, but for mass
accumulated over 1901-2050, relative to the piControl. By comparison with Fig. 1B,
this indicates that [GHG] + [AAER] projects ~30 mm of sea level mitigation over
2001-2050.
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Fig. S12. Verification statistics for the CESM2-LE PDA reconstruction SLP (top row) and
U10 (bottom row), compared to ERA5 reanalysis for the period of overlap, 1979 to 2005
(anomaly reference period used in this analysis is 1979 to 2005). Correlations are shown
on the left, with contours highlighting p-values of 0.01 and 0.05. Coefficient of efficiency
(CE) is shown on the right (>0 demonstrates skill).



