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Abstract Enhanced Antarctic ice sheet mass loss yields ocean surface freshening, cooling and sea ice
expansion, which result in changes in the atmospheric conditions. Using the Southern Ocean Freshwater Input
from Antarctica (SOFIA) multi-model ensemble, we study the atmospheric response to a 100-year idealized
freshwater release of 0.1 Sv. All models simulate a surface-intensified tropospheric cooling and lower-
stratospheric warming south of 35°S. Tropospheric cooling is attributed to sea ice expansion and the associated
albedo enhancement in winter and a colder sea surface in summer. This cooling yields a downward displacement
of the tropopause, reduced stratospheric water vapor content and ultimately warming around 200 hPa. An
enhanced southward eddy heat flux explains warming at 10—100 hPa during austral winter. Despite a temporally
(and spatially) uniform prescribed freshwater flux, a prominent sea ice seasonal cycle and atmosphere dynamics
result in a distinct seasonal pattern in the occurrence and magnitude of the temperature responses.

Plain Language Summary Future accelerated melting of the Antarctic ice sheet will cause large
amounts of freshwater to enter the surrounding Southern Ocean. This affects ocean and sea ice regionally and
the atmosphere above. We use output from nine different climate models, all running the same experiment, to
understand how the atmosphere responds to surface ocean cooling in consequence of enhanced meltwater input.
Prominent changes shown by all models include cooling in the troposphere and warming in the lower
stratosphere south of 35°S. Lower atmospheric temperatures are expected as the air is exposed to an expanded
sea ice cover in winter and a colder ocean surface during summers. More complex mechanisms drive the
warming at higher altitudes, in the lower stratosphere, where two processes dominate: Firstly, the cooling in the
troposphere causes the air to contract, resulting in a lowering of the tropopause. The air above the tropopause
warms due to being compressed and displaced downward. Secondly, a reduction in water vapor content reduces
cooling by longwave radiation and sustains heat content in the lower stratosphere. The temperature changes also
trigger dynamic responses affecting the poleward heat transport, especially during the winter season, which
cause warming even higher up in the stratosphere.

1. Introduction

The rate of mass loss from the Antarctic ice sheet and its ice shelves has been increasing over the past few decades
(Adusumilli et al., 2020; Smith et al., 2020) and is projected to further accelerate in the future under global
warming (Naughten et al., 2023; Paolo et al., 2015). The associated freshening of the surrounding Southern Ocean
(SO) has major regional to global implications (Bintanja et al., 2013; Golledge et al., 2019; Levermann
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et al., 2020; Sadai et al., 2020; Zhu et al., 2021). However, fully interactive ice sheet/ice shelf components are
lacking in most coupled climate models, increasing the uncertainty associated with future climate projections
(Fyke et al., 2018; Siahaan et al., 2022; Smith et al., 2021). Numerous studies have explored the impact of
freshwater perturbations from Antarctica on regional and global climate, but the patterns and magnitudes of
climate responses varied widely due to different model configurations and experimental designs (Bronselaer
etal., 2018; Dong et al., 2022; Fogwill et al., 2015; Pauling et al., 2016; Purich & England, 2023; Rye et al., 2020;
Stouffer et al., 2007). To address this, the Southern Ocean Freshwater Input from Antarctica (SOFIA) initiative
has been formed to identify robust responses and quantify the model uncertainty of such sensitivity experiments
and future projections (Swart et al., 2023).

Despite model and scenario uncertainty, some consistent responses to SO freshwater perturbations have been
revealed: sea surface cooling, sea ice expansion, mid-to deep ocean-warming, and a reduction of Antarctic
Bottom Water formation (Bintanja et al., 2013; Chen et al., 2023; Jeong et al., 2020; Li et al., 2023). Most studies
published so far have focused on ocean, sea ice and near-surface responses in general. However, Beadling
et al. (2024) recently analyzed the full-depth atmospheric response to idealized Antarctic freshwater anomalies in
two fully coupled climate models (GFDL-CM4 and GFDL-ESM4). Their results suggested an “opposite-global-
warming” response, including surface air cooling extending to the tropopause over the subpolar SO and warming
in the Upper Troposphere/Lower Stratosphere (UTLS). How robust the responses documented by Beadling
et al. (2024) are and the underlying mechanisms, particularly of the warming aloft, remain unknown.

We expect Antarctic freshwater to cause responses opposite to classic global warming projections, which lack
effects of ice sheet mass loss. For example, this is sea ice expansion instead of retreat. Thus, past studies
investigating sea ice loss are useful references as they point out atmospheric responses to large-scale surface
changes (e.g., Ayres et al., 2022; Zhu et al., 2023) only that we expect an opposite sign of the response for the
freshwater release. For a seasonally varying response specifically, Ayres and Screen (2019) identified a signif-
icant warming in the stratosphere in spring (October—December) across multi-model averages, whereas England
et al. (2018) found a lower stratospheric warming in autumn (March—May) and winter (June—August), but not in
spring.

In this study, we use the latest results from nine fully coupled global climate models participating in the SOFIA
initiative to quantify the impact of Antarctic freshwater input on the atmosphere and to access the associated
model uncertainty. Our focus is on the extratropical atmospheric response over the SO and Antarctica. We address
two key questions: First, is the tropospheric cooling and UTLS warming a robust response across climate models?
Second, how does the atmospheric response vary seasonally and what drives the seasonality? We also suggest
mechanisms governing temperature change and associated wind adjustments from the surface to the lower
stratosphere.

2. Methods
2.1. Models and Experiment Design

We use output from nine climate models participating in the SOFIA initiative (Swart et al., 2023). The models
in which a 0.1 Sv
(1 Sv = 3.154 x 10* Gt yr™') of freshwater transport is distributed uniformly at the ocean surface layer in the
nearest grid cell to the Antarctic coast at a constant rate for 100 model years: FOCI (Matthes et al., 2020),
HadGEM3-GC3.1-LL (Kuhlbrodt et al., 2018), CESM2 (Danabasoglu et al., 2020), ACCESS-ESM1-5 (Ziehn
et al., 2020), GISS-E2-1-G (Kelley et al., 2020), NorESM2-MM (Seland et al., 2020), CanESM5 (Swart
et al., 2019), GFDL-ESM4 (Dunne et al., 2020) and GFDL-CM4 (Held et al., 2019). We include antwater
ensemble members where available (ensemble size varies from 3 to 10, see Table S1 in Supporting Informa-
tion S1). The FOCI model is used for extended analysis. It consists of the NEMO-LIM model components for
ocean and sea ice applied to a regular grid of 0.5° horizontal resolution and 46 vertical ocean levels, which are
coupled to the ECHAM-JSBACH atmosphere and land models run with 1.8° horizontal resolution and 95 vertical
atmosphere levels extending up to 0.01 hPa grids (for details see the Supporting Information S1). Tier-1 ex-

chosen have provided model output for the Tier-1 antwater experiment,

periments are conducted under pre-industrial control forcing (piControl) as defined by the CMIP6 protocol
(Eyring et al., 2016). Further details are provided in the Supporting Information (Text S1 in Supporting
Information S1).
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2.2. Analysis of Model Output

The analysis of air temperature and zonal wind is based on monthly mean output. We refer to the piControl and
antwater simulations as “CTRL” and “ANT,” and to the difference of antwater minus piControl results as
“response” to the freshwater input. For the latter, we average the last 50 years of ANT and 500 years of CTRL
(where available, 100 years otherwise; see Table S1 in Supporting Information S1). CTRL is in equilibrium
without relevant trends in any of the quantities analyzed. ANT is considered to be in quasi-equilibrium after
50 years for ocean surface and atmosphere conditions, where the quasi-equilibrium state is defined based on time
series of averages across the SO (40°S—70°S). In this region and for the second half of ANT, the annual mean sea
surface temperature, surface air temperature, and sea ice coverage show small interannual variations and no
significant trends (see Figure S1 in Supporting Information S1). Atmospheric quantities adjust more rapidly and
are assumed to have fully diverged from CTRL where differences are significant. Identifying the underlying
processes governing the atmospheric temperature response in the stratosphere requires daily model output not
available from most participating models. Thus, we supplement the analysis with additional daily atmosphere-
model output from FOCI, providing context to the potential mechanisms behind the ensemble response.

Upward planetary wave propagation is a process by which lower tropospheric anomalies can affect the strato-
sphere. To estimate its effect on the temperature response, we use the eddy heat flux at 50 hPa averaged over 45°—
75°S (Inness et al., 2020; Newman et al., 2001; Polvani & Waugh, 2004). The eddy heat flux is proportional to the
vertical component of the Eliassen-Palm flux, which describes the amount of upward propagating planetary
waves into the lower stratosphere (Newman et al., 2001; Randel et al., 2002). For the analysis of eddy heat flux:

V1] = [ = [vD # (T = [TDBase—7555

where [] denotes the zonal mean and {} is the meridional mean limited to 45°-75°S, daily fields of temperature T
and meridional wind v are required. Newman et al. (2001) demonstrated that temperatures in the lower strato-
sphere on a given day are correlated with the eddy heat flux over several weeks prior, rather than with instan-
taneous upward wave activity. Following Inness et al. (2020), we use a 45-day running mean centered on the last
day of this period.

For indicating statistical significance of the multi-model mean results in Figures 1 and 2, we use hatching to
indicate the number of models that have significant responses. For each model, significance is tested using a
Student's ¢-test comparing the response in ANT to internal variability in CTRL. For example, the sample of FOCI
for ANT consists of eight ensemble members from which only the last 50 years are considered yielding a total
sample size of 400 years. The reference sample simply consists of 500 years of CTRL. A two-sided -test for
unequal variances is applied to the two samples and counted as 1 (null-hypothesis of equal mean rejected) when
exceeding the 95% confidence level. This is depicted as stippling in Figures lc, 1d, 2¢, and 2d for FOCI. After
repeating this for all models, the total of these counts is illustrated in Figures 1a, 1b, 2a, and 2b using different
hatching.

3. Results
3.1. Robustness of Multi-Model Ensemble Responses

In response to the freshwater applied around the Antarctic margins, all models simulate surface ocean cooling,
expansion of sea ice and near-surface atmosphere cooling across the SO (Figure S1 in Supporting Informa-
tion S1), consistent with previous freshwater studies (e.g., Bronselaer et al., 2018; Pauling et al., 2016; Rye
et al., 2020). Figure 1a shows the multi-model annual mean vertical distribution of air temperature anomalies
resulting from the freshwater release into the SO. The response to an increased Antarctic sea ice extent and ocean
surface cooling results in global atmospheric impacts, including troposphere-wide cooling and an approximately
anti-symmetric pattern in the lower stratosphere, characterized by warming over the mid-to high-latitudes and
cooling over the low-latitudes. The changes are most pronounced in the Southern Hemisphere, where the largest
cooling exceeds 1°C near the surface over Antarctica and the SO. The cold anomalies extending throughout the
troposphere up to 330 hPa are statistically significant across all models. Sea ice expansion is another consequence
of freshwater input and cooling. This trend is the opposite to typical global warming simulations showing sea ice
retreat. Accordingly, we find atmospheric responses that have similar patterns but with differences to the control
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Figure 1. Vertical distribution of annual mean (a) air temperature and (b) zonal wind response of the multi-model ensemble (shading; antwater minus piControl). Gray
contours show the CTRL multi-model mean with contour intervals of 5°C for temperature and 5 ms™" for zonal wind, negative values are shown as dashed lines.
Stippling/hatching in panels (a) and (b) represent the number of models which have a statistically significant response at the 95% confidence level for student's #-test at
that location. The red-dashed boxes indicate the regions for spatial averaging in further analysis (a) 45°-75°S; (b) 35°—65°S, (c)—(d) are the same as panels (a)—(b) but for
the FOCI model only; the red line denotes the tropopause height diagnosed by FOCI following the World Meteorological Organization (WMO, 1957) definition; here
stippling denotes a statistically significant response at the 95% confidence level for student's #-test.

state of opposite sign—and different magnitude—compared to changes in global warming simulations. For
example, the vertical structure of the atmospheric cooling shows a bullhorn-like zonal-mean pattern between 30°S
and 30°N (300-20 hPa) with a core at 400-150 hPa (Figure 1a). The same structure appears in global warming
scenarios under increased CO, but as warming (Huang et al., 2016, their Figure 2). The same warming pattern can
be triggered by perturbing sea ice conditions directly (e.g., albedo reduction) forcing a loss of ice area (Ayres
et al., 2022; England et al., 2020). In this regard, we confirm earlier findings and conclude, that the freshwater
perturbation forces the atmospheric response through altered sea ice coverage and that sea ice gain/loss on an SO-
wide scale can drive cooling/warming as remotely as the tropical lower stratosphere.

Associated with the temperature response, zonal wind changes (Figure 1b) are only statistically significant in
most models over the subpolar SO (35°S—65°S, red box). In this region, the westerlies, which are associated with
the tropospheric jet stream, strengthen on the southern flank with the maximum response observed at 500—
300 hPa. In contrast, there is a significant local warming above the tropopause at around 200 hPa south of 60°S
(~0.4-0.5°C) extending through the Upper Troposphere/Lower Stratosphere (UTLS) region and to a lesser
degree (<0.2°C) in the tropics above 80 hPa (Figure 1a). While a weakening of the stratospheric polar vortex
occurs in the Southern Hemisphere, it is not significant (Figure 1b).
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Figure 2. Seasonal cycle of area-averaged vertical distribution of panel (a) air temperature between 45°S and 75°S and (b) zonal wind response between 35°S and 65°S,
(shading; antwater minus piControl). Gray contours depict the CTRL climatology of the multi-model mean; the contour interval is 5°C for temperature and 5 m-s~" for
zonal wind, with negative values shaded. Stippling/hatching in panels (a)—(b) represent the number of models with a statistically significant response at the 95%
confidence for student's r-test level at each location. (c)—(d) are the same as panels (a)—(b) but for the output from FOCI; here, stippling indicates a statistically significant

response at the 95% confidence level.

Many individual response patterns share features with the ensemble mean, particularly in the temperature
structure (Figure S2 in Supporting Information S1). While the cooling of the troposphere is robust across all
models, although the magnitudes vary. The warming in the stratosphere over Antarctica is also present in all
models, though it is statistically significant in only four of them (FOCI, HadGEM3-GC3.1-LL, CESM2, AC-
CESS-ESM-1-5; see Figure 1c and Figure S2 in Supporting Information S1). Only some models show a weak
warming response in the Arctic tropopause region (FOCI, HadGEM3-GC3.1-LL, CESM2, ACCESS-ESM-1-5,
NorESM2-MM, CanESMS5; see Figure 1c and Figure S2 in Supporting Information S1).

Compared to temperature, the zonal wind response is less consistent across models. For example, the significant
strengthening of the Southern Hemisphere westerlies is confined to below 200 hPa in most models (i.e., FOCI,
HadGEM3-GC3.1-LL, CESM2, ACCESS-ESM-1-5, GFDL-ESM4, GFDL-CM4; see Figure 1d and Figure S2 in
Supporting Information S1), while it extends throughout the troposphere and even into the stratosphere in
CanESMS5 and GISS-E2-1-G. The relationship between changes in air temperature and zonal wind can be partly
explained by thermal wind balance, that is, changes in the meridional temperature gradient resulting in changes in
zonal velocities. Previous studies suggest that the shift in the Southern Hemisphere jet observed in response to
rising greenhouse gas concentrations is linked to changes in large-scale meridional temperature gradients,
affecting the jet's position and strength (Bracegirdle et al., 2018; Grise & Polvani, 2017; Wood et al., 2021).
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Although the magnitude of the changes in temperature and wind in FOCI are only half of those of the multi-model
mean, the patterns in FOCI are consistent with the multi-model mean (Figures 1c and 1d).

The seasonal variation of the air temperature response over the SO and Antarctica (red-dashed box in Figure 1a)
shows a persistent cooling and increase in zonal wind strength in the troposphere throughout the year (Figure 2a).
In the troposphere, the largest signal occurs in austral fall and winter (April-September), which is attributed to the
freshwater-induced sea ice expansion during the freezing period. The presence of sea ice reduces the local air-sea
heat exchange and increases the surface albedo, both of which drive local cooling of the near-surface atmosphere.
There is a strengthening of westerlies extending to 100 hPa in the austral winter (June—September), with the
largest signal occurring around 300 hPa (Figure 2b). In the UTLS, warming at 200 hPa is sustained year-round,
reaching a peak magnitude during the austral summer (January—March). This warming response is also observed
extending from 200 hPa upward to 10 hPa during winter to early spring (Figure 2a; June—October), maximizing in
September. This is accompanied by a weakening of the stratospheric polar vortex, though the effect is not sta-
tistically significant (Figure 2b). These seasonal variations are consistent with the results of previous sea-ice-loss
studies: the largest difference in surface air temperature occurs in austral autumn and winter (March—August),
while the temperature changes in the lower stratosphere are more pronounced in winter and spring (June—
November) (Ayres et al., 2022, their Figures 3 and 8).

Compared to the annual mean, the seasonal cycle exhibits greater inter-model spread. The strong cooling in the
troposphere accompanied by weak warming in the upper troposphere is a robust feature, whereas models diverge
in the timing, vertical distribution and magnitude of the warming extending to the stratosphere (Figure S3 in
Supporting Information S1). From the individual model results, we can see that a strengthening of the westerlies
generally coincides with a strong cooling response. The high-level warming persists for 3—5 months, except for
two models in which a cooling and strengthening of the polar vortex is present in August (ACCESS-ESM-1-5,
NorESM2-MM; Figure S3 in Supporting Information S1).

3.2. Mechanisms of Temperature Change

In this section, we explore the mechanisms behind the three major patterns of air temperature response over the
SO and Antarctica: cooling at the surface, year-round warming at 200 hPa and wintertime warming at 50 hPa. As
motivated above, we focus this analysis on FOCI only, for which we have the appropriate diagnostics and which
yields response generally representative of the multi-model ensemble.

The seasonal variability of surface air temperature is stronger than that of sea surface temperature (SST) in high
latitudes because of the pronounced seasonal cycle of sea ice coverage (see Figure S4 in Supporting Informa-
tion S1). Near-surface air cooling occurs throughout the year with the largest magnitude in austral winter. The
seasonality is strongly influenced by radiation and heat exchange between sea ice/ocean and the atmosphere.
Thus, we analyze changes in the surface net heat flux (NHF) and its individual components by season: latent
(LHF) and sensible heat fluxes (SHF), surface net shortwave (SWR) and surface net longwave radiation (LWR).
Figure 3 shows maps of SST change along with the most prominent heat flux changes in austral summer and
winter, where positive values indicate heat gain for the ocean (i.e., heat loss from the atmosphere). All fields for
all seasons are displayed in Figure S5 in Supporting Information S1.

As the Antarctic freshwater spreads across the SO, it enhances near-surface stratification, reducing mixed layer
depth (Pauling et al., 2016) and causing a large-scale reduction in SST (Bintanja et al., 2013; Bronselaer
etal., 2018; Kirkman & Bitz, 2011). The ice-free SO is dominated by a positive downward surface NHF response
at 40°-50°S, which is particularly strong in the Atlantic and Indian sectors in all seasons (Figures 3b and 3f). An
exceptional opposite response is present in the Malvinas (40°-45°S, 30°-60°W) and Agulhas (35°—40°S, 0°—
35°E) regions—and of weaker magnitude in the Pacific sector. The similarity of the spatial patterns of SAT, NHF
and LHF suggest that surface ocean cooling is dampened by downward LHF (Figures 3a-3c and 3e—3g). In other
words, ocean-driven surface cooling leads to a reduction in evaporation (anomalous downward LHF), which
dominates LHF in CTRL at these latitudes (upward LHF), providing negative feedback to dampen the ocean
cooling. Along with SHF this is the dominant mechanism by which the ocean forces a wide-spread surface-
intensified tropospheric cooling in the sea-ice free latitudes of the SO.

In the ice-covered ocean south of 50°S, the response differs significantly between austral spring/summer and fall/
winter seasons. We here focus on the stark contrast of summer (SON) and winter (DJF) for explaining the
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Figure 3. Seasonal mean heat flux and radiation responses derived from FOCIL: (a) surface air temperature (SAT), (b) surface net heat flux (NHF), (c) latent heat flux
(LHF) and (d) surface net shortwave radiation (SWR) in austral summer (December-February); (e) SAT, (f) surface NHF, (g) LHF and (h) sensible heat flux (SHF) in
austral winter (June—August). Positive values indicate a downward heat flux into the ocean. Stippling denotes a statistically significant response at the 95% confidence
level for student's r-test. Sea ice concentration (SIC) is generally increasing, and the white contour depicts the ice extent in ANT; only in areas enclosed by red contours,
SIC is decreased in ANT compared to CTRL.

differences. Since the key processes also affect the shoulder seasons (SON and MAM), we display all seasons in
Figures S4 and S5 in Supporting Information S1. The seasonality of solar insolation at polar latitudes and sea ice
coverage are major drivers of the differences, which are prominently visible in the heat flux components displayed
in Figure 3, where positive values indicate heat gain for the ocean (i.e., heat loss from the atmosphere) and the
white outline depicts the ensemble mean sea ice edge in ANT. During summer, the region with increased sea ice
concentration (SIC, Figure S4 in Supporting Information S1) exhibits a strong upward NHF response. This is
attributed to a substantial upward net SWR anomaly (Figure 3d), due to enhanced surface albedo by presence of
sea ice. The net radiation at the top of the atmosphere (TOA) indicates that a significant portion of the reflected
solar radiation is emitted back into space (Figure S4 in Supporting Information S1). In contrast, a strong
downward NHF response dominates the same region in austral winter (Figure 3f). We find both LHF and SHF
contributing (Figures 3g and 3h), which is related to increased SIC, too. Specifically, the more compact and
thicker sea ice inhibits turbulent heat loss to the atmosphere, thereby contributing to tropospheric cooling. LHF
and SHF contribute the dominant changes to an altered NHF, whereas the share of net LWR is comparatively
small (Figure S5 in Supporting Information S1). The observed downward net LWR response around Antarctica
can be attributed to an increase in cloud cover, predominantly low clouds, which generally intensifies over the
subpolar to mid-latitude SO (cf. Total cloud cover (TCC) in Figure S4 in Supporting Information S1 and Net LHF
in Figure S5 in Supporting Information S1).

In the Weddell Sea there is a larger area showing a decrease in SIC (enclosed by the red contour in Figure 3),
which is caused by open ocean deep convection occurring in the eastern Weddell Gyre (0°—40°E) in three out of
eight FOCI ANT members but not in CTRL. Open-ocean deep convection brings warm deep waters to the surface
reducing SIC and warming SST (Figure S4 in Supporting Information S1). While open-ocean deep convection is
typically diminished by freshwater release in the SOFIA multi-model ensemble (Chen et al., 2023), this is
different in FOCI. In this model, warming at mid-depth, which matches the response seen in other models, can
overcome a subtle increase in the stratification of the top 200 m of the Weddell Gyre under favorable wind and sea
ice conditions as the freshwater released along the coast is largely exported with the outer gyre circulation (details
are subject to a companion study). Here, we use this as an opportunity to showcase that SIC reduction causes the
exact opposite responses as outlined in the previous paragraph. We emphasize that the anomalies caused by the
deep convection are regionally confined and do not affect the results outside this region, where no major
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Figure 4. (a) Annual mean response of zonally averaged air temperature at 200 hPa (orange) and tropopause height (red) as diagnosed by FOCI following the World
Meteorological Organization (WMO, 1957) standard. (b) Monthly mean response of air temperature (orange) and the natural logarithm of specific humidity (/n (g); red)
both at 200 hPa averaged over 45°-75°S. (c) Daily mean response of air temperature (orange) and total eddy heat flux (red) both at 50 hPa averaged over 45°-75°S.
Mean eddy heat flux is an average of the 45-day period prior to the given day. The solid lines indicate the FOCI ensemble mean and the shading the range of the eight

individual ensemble members in FOCI.

differences between the full eight member and reduced non-convecting five-member ensemble mean were found
(not shown).

The warming response in the UTLS over the SO, particularly at 200 hPa, is present year-round (Figure 2c).
Figure 4a (orange line) shows that the warming of the zonally averaged air temperature at 200 hPa is confined to
the region south of 45°S, with a maximum of 0.28 + 0.09°C located around 60°S (orange line). This is associated
with a downward displacement of the tropopause by up to 1.62 + 0.38 hPa (red line in Figure 4a). The tropopause
height is computed following the WMO (WMO, 1957) standard as implemented in the ECHAM model, FOCI's
atmospheric component. Previous studies revealed that the increase in tropospheric temperature decreases the
static stability in the region of the tropopause and raises tropopause height (Lorenz & DeWeaver, 2007; Santer
et al., 2003). Conversely, a decrease in tropospheric temperature results in a reduction of tropopause height. This
implies a thinning of the troposphere which is associated with the wide-spread cooling in the troposphere and a
warming in the UTLS.

Additionally, water vapor plays a critical role in regulating air temperature. Even minor fluctuations in water
vapor within the UTLS can lead to significant changes in radiative balance and potentially affect the climate
(Charlesworth et al., 2023; Forster & Shine, 1999; Maycock et al., 2013). Figure 4b demonstrates the covarying
seasonal evolution of area-averaged air temperature at 200 hPa and specific humidity, /n(g). Though the warming
response at 200 hPa is present year-round, it displays a slight seasonal variation, being more pronounced during
the warmer months of January to March, during which the response in water vapor is also notably stronger (Figure
S6 in Supporting Information S1). The mechanism by which stratospheric water vapor affects temperature is
analogous to the mechanism described for classic global warming experiments but with opposite sign (Banerjee
et al., 2019; Dessler et al., 2013; Wang & Huang, 2020): The widespread cooling in the troposphere favors a
reduced water vapor content, which subsequently leads to less water vapor entering the UTLS region. A decrease
in UTLS water vapor reduces stratospheric emissivity. This results in less longwave radiation being emitted
upward into upper layer or downward into the troposphere, thereby warming the UTLS. Although less water
vapor will also decrease the absorption of shortwave radiation, this effect is much weaker than the longwave
effect.

In contrast, the temperature response in the stratosphere above 100 hPa exhibits more seasonal variation, with the
main warming occurring primarily during austral winter and spring. We focus on 50 hPa at which FOCI and the
other eight models show a strong signal (Figure 2a). The zonal-mean eddy heat flux is the fundamental diagnostic
for estimating the activity of waves propagating from the troposphere into the stratosphere. In the Southern
Hemisphere, the climatological eddy heat flux is always negative, and a larger absolute value means stronger
upward wave propagation (Inness et al., 2020; Newman & Nash, 2000). The temperature in the lower stratosphere
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at a given date is related to the time-integrated eddy heat flux over several weeks prior to that date (Inness
etal., 2020; Newman et al., 2001; Polvani & Waugh, 2004). The maximum anomaly of eddy heat flux response to
freshwater release (at 50 hPa averaged over 45 days prior to the temperature date) occurs from June to October,
which is consistent with the temperature response at this altitude (Figure 4c). The subsequent reversed, positive
anomalies of the eddy heat flux also match the cold temperature anomalies in November. Our experiments show
that a freshwater perturbation at high southern latitudes may also affect the coupling process between the
troposphere and stratosphere, reflected in the enhanced eddy heat flux. We conclude that this very likely explains
the seasonal warming signal in the lower stratosphere.

4. Discussion and Conclusions

In this study, we demonstrate robustness in the atmospheric response to idealized freshwater input around
Antarctica across nine climate models. Robust features are a strong tropospheric cooling and weak tropopause
warming south of 35°S, accompanied by a strengthening of the jet stream and a weakening of the stratospheric
polar vortex. These responses are opposite in sign but similar in pattern to those already known from global
warming projections lacking the feedback of an interactive Antarctic ice sheet (Ayres et al., 2022; Ayres &
Screen, 2019; England et al., 2018; Zhu et al., 2023) and hence have the potential to mitigate or delay climate
change to some extent. An analysis of the seasonality reveals two types of stratospheric warming: a year-round at
200 hPa and a seasonal in the lower stratosphere between 10 and 100 hPa during August to October. We suggest
that the year-round cooling in the troposphere is induced by SST cooling in the open ocean, dampened turbulent
heat flux and enhanced reflection of SWR from the expanded sea ice cover. This tropospheric cooling leads to a
downward displacement of the tropopause and a decrease in water vapor content, resulting in less LWR emission,
which explains the warming in the UTLS. Additionally, an increased southward eddy heat flux is responsible for
the observed austral winter and early spring warming in the stratosphere above 100 hPa.

Our study demonstrates that previously reported results, in particular those of Beadling et al. (2024), are robust
across a suite of models and provides evidence for mechanisms governing the magnitude, pattern and seasonal
timing of the temperature response in the troposphere and stratosphere. We expand previous findings in showing
that the lower stratospheric warming features strong seasonality and only occurs in austral winter and spring. The
analysis of eddy heat flux corroborates the current understanding of lower stratospheric warming to be closely
linked to enhanced upward wave propagation from the troposphere. While good agreement is found to the
temperature response, the changes of the westerly winds exhibit larger spread across models. We emphasize that
the SO surface cooling/warming and associated sea ice advance/retreat yield responses of similar patterns but
opposite sign, meaning that different processes triggered by global warming may cancel each other's
consequences—at least for a while—and thus evolve undetected. The SO cooling caused by enhanced Antarctic
meltwater input is not represented in the models participating in phases 5 and 6 of the Coupled Model Inter-
comparison Project (CMIP5 and CMIP6) (Bracegirdle et al., 2020; Dong et al., 2022; Kang et al., 2023; Pauling
etal., 2016; Rye et al., 2020). Overall, our findings advocate once more for including the response of the Antarctic
ice sheet and ice shelves to global warming in future climate projections as their non-linear feedbacks are complex
and significant.

So far, only a few studies have documented the atmospheric response to freshwater release from Antarctica and
even fewer have addressed the associated seasonality. However, since sea ice expansion is a first-order response,
we can compare with earlier studies of large-scale Antarctic sea ice change. For example, the projected sea ice
loss under global warming (notably based on scenarios lacking fluxes from melting ice sheets) will result in
surface warming and tropopause cooling, along with opposing wind change patterns (e.g., England et al., 2018).
The seasonal timing of this response differs for atmosphere-only and coupled climate model experiments (Ayres
& Screen, 2019; England et al., 2018), as demonstrated by Smith et al. (2017). Uncertainty is larger for the
associated dynamic response, that is, change in zonal winds, as inter-model spread is larger and links to tem-
perature inconclusive.

We propose the decreased water vapor content to play a role in the UTLS warming. The water vapor response is
primarily confined to the UTLS and troposphere (south of 50°S and below 100 hPa) throughout all seasons
(Figure S6 in Supporting Information S1). While not being the only driver of the UTLS warming, water vapor and
stratospheric temperature covariance merits further discussion. Previous studies have identified the extratropical
lowermost stratosphere as the most critical region for stratospheric water vapor radiative perturbation (Banerjee
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evaporation at the surface (Figure S6 in Supporting Information S1) and colder air containing less water vapor.
This has implications for the stratosphere. The Brewer-Dobson Circulation is a key process in transporting water
vapor from tropics to the high latitudes within stratosphere. Studies show that a stronger circulation enhances
updrafts in the tropics, which leads to an enhanced transport of water vapor into the stratosphere under global
warming conditions (Poshyvailo-Strube et al., 2022; Wang & Huang, 2020). Conversely, cooling in the tropo-
sphere from Antarctic freshwater input may weaken the Brewer-Dobson Circulation, reducing water vapor
transport into the polar stratosphere from an already water vapor diminished troposphere. A strong polar vortex,
polar stratospheric temperatures below 195 K and elevated levels of water vapor favor the development of the
ozone hole (Holton et al., 1995; Shindell, 2001; Solomon, 1999). In addition, recent research showed that sudden
stratospheric warming events enhance Antarctic ozone levels (Safieddine et al., 2020; Stolarski et al., 2005). The
overlapping effects of ozone hole recovery, Antarctic ice sheet melting and greenhouse gas forcing on strato-
spheric temperature are an intriguing topic that needs further study.

In accordance with earlier studies of Antarctic freshwater release (e.g., Bronselaer et al., 2018; Park &
Latif, 2019) the SOFIA simulations show an atmospheric response outside the SO region extending far into the
northern hemisphere, such as a weakening of the jet stream on its equatorward flank in both hemispheres. Such
teleconnections are highly important for understanding Antarctica's influence on the global climate. The increased
freshwater input resulting in the SO surface cooling may also result in global-scale phenomena such as a
northward shift of the Inner-Tropical Convergence Zone (Bronselaer et al., 2018), cooler conditions in the eastern
tropical Pacific (Kang et al., 2023), a delay in the future weakening of Atlantic Meridional Overturning Circu-
lation strength, which enhances northward heat transport (Sadai et al., 2020), and a reduction in the global
warming rate (Bronselaer et al., 2018; Dong et al., 2022). Despite being an idealized scenario, the simulations
presented here yield unique evidence of what must be considered robust patterns of climate change in response to
enhanced Antarctic ice sheet mass loss. Since most of these responses act opposingly to global warming
mechanisms diagnosed from model experiments lacking Antarctic freshwater, our results support the notion of a
potential delay of anthropogenic climate change through the SO processes (Bronselaer et al., 2018; Dong
et al., 2022; Li et al., 2024; Purich & England, 2023).

Data Availability Statement

The data of the freshwater experiments are made available by the SOFIA initiative (https://sofiamip.github.io/
data-access.html; Swart et al., 2023), the piControl simulations through the common CMIP6 archive (Eyring
et al., 2016). Jupyter notebooks and processed data needed to re-produce the analysis and figures of this study are
available through GEOMAR at https://hdl.handle.net/20.500.12085/3351529¢c-687e-4ac5-bf64-0ce903act797
(Martin & Xu, 2024). The original model output can be accessed at https://crd-data-donnees-rdc.ec.gc.ca/
CCCMA/SOFIA/ (last access: 22 Apr 2025). We request that the experimental design paper Swart et al. (2023)
should be cited whenever the SOFIA data are used in publication. Please contact SOFIA at https://sofiamip.
github.io/ (last access: 22 Apr 2025).
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