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Key Points:

+ We present 1/12° ocean—sea-ice—ice-shelf projections at the end of the 215 cen-
tury under the RCP8.5 scenario.

o Ice shelf melt rates in the Amundsen Sea are typically multiplied by 1.4 to 2.2 from
1989-2009 to 2080-2100.

e Advection of warmer water from remote locations and reduced Ekman downwelling
are the main drivers of changes in ice shelf melt rates.
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Abstract

Antarctic Ice Sheet projections show the highest sensitivity to increased basal melting
in the Amundsen Sea sector. However, little is known about the melt rates that could
be reached in 2100 in this region. We build an ensemble of three ocean—sea-ice—ice-shelf
simulations for both the recent decades and the late 215¢ century. Our projections are
constrained by regional atmosphere simulations and the multi-model mean climate change
of the 5" Climate Model Intercomparison Project under the RCP8.5 scenario. The ice
shelf melt rates are typically multiplied by 1.4 to 2.2 from present day to future, for a
total basal mass loss increased by 347 Gtyr—'. This is approximately equally explained
by advection of warmer water from remote locations and by regional changes in Ekman
downwelling and in the ice-shelf melt-induced circulation. Our simulations suggest that
high-end melt projections previously used to constrain recent sea level projections may
have been significantly overestimated.

Plain Language Summary

Future sea level rise highly depends on how fast the ocean will melt the floating
ice shelves in Antarctica, which modulates the ice flow from the ice sheet into the ocean.
This is particularly true for the Amundsen Sea sector where the ice flow into the ocean
is very sensitive to ocean-induced melting. Here we use a numerical model that repre-
sents the evolution of the Amundsen Sea, including under the floating ice shelves. Un-
der a high-end greenhouse-gases concentration pathway, our simulations indicate that
melt rates beneath the ice shelves may increase by 40 to 120%. This is explained by both
warmer seawater coming from distant regions and changes in the local wind stress. Our
simulations suggest that high-end melt projections previously used to constrain recent
sea level projections may have been overestimated.

1 Introduction

Most projections of the Antarctic contribution to sea level rise are based on stan-
dalone ice sheet models in which melting beneath ice shelves is parameterized (Levermann
et al., 2020; Seroussi et al., 2020; DeConto et al., 2021; Edwards et al., 2021). The ex-
isting melt parameterizations are based on highly simplified representations of the ocean
circulation and heat exchanges in ice shelf cavities, and the resulting melt rates are sig-
nificantly biased (Favier et al., 2019; Burgard et al., 2022). Furthermore, these melt pa-
rameterizations are typically driven by ocean warming derived from simulations of the
Climate Model Intercomparison Project (CMIP, Eyring et al., 2016), although ice shelf
cavities are not represented and ocean properties on the Antarctic continental shelf are
significantly biased (Purich & England, 2021).

To either trust or challenge these ice sheet and sea level projections, our commu-
nity needs projections that resolve the ocean dynamics over the Antarctic continental
shelf and beneath the ice shelves, but such projections are rare (Asay-Davis et al., 2017).
Timmermann and Hellmer (2013) and Naughten et al. (2018) pioneered CMIP-based pro-
jections at the Antarctic scale, using a global ocean model with refined resolution around
Antarctica and beneath ice shelves. Their projections were nonetheless of limited use for
the Amundsen Sea sector because of a substantial cold bias in their present-day state.
Siahaan et al. (2021) were the first to run a global climate model (i.e., land, ocean, at-
mosphere) with an interactive Antarctic Ice Sheet in scenario-based projections. Their
present-day melt rates were reasonable in the Amundsen Sea, but they found little change
in their projections and questioned the representation of the Amundsen cavities at their
resolution (e.g., only 11 grid columns for Pine Island ice shelf cavity). Stronger present-
day biases were nonetheless found at higher ocean resolution in their model configura-
tion (Smith et al., 2021).
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Given that the Antarctic Ice Sheet projections show the highest sensitivity to in-
creased basal melting in the Amundsen Sea sector (together with the Wilkes Land sec-
tor, Seroussi et al., 2020), it seems crucial to better estimate possible future ice shelf melt
rates in that region and describe the associated mechanisms. Recent simulations of the
Amundsen Sea by Naughten et al. (2022) have shown that relatively warm periods be-
come more dominant over the 20" century, causing stronger ice shelf melting. In this
paper, we use a regional ocean—sea-ice—ice-shelf model to build new projections to 2100
under the RCP8.5 scenario for the Amundsen Sea region and to describe the mechanisms
explaining changes in ice shelf melt rates. Then, we use these ocean projections to as-
sess existing melt parameterizations recently used in ice sheet projections.

2 Ocean—sea-ice—ice-shelf simulations

We make use of the NEMO-3.6 (Nucleus for European Modelling of the Ocean, Madec
& NEMO-team, 2016) ocean model that includes the LIM3 (Louvain Ice Model, Rous-
set et al., 2015) sea ice model and the ice shelf cavity module developed by Mathiot et
al. (2017). The grid extends from 142.1°W to 84.9°W and from 76.5°S to 59.7°S, and has
a resolution of 1/12° in longitude, i.e., a quasi-isotropic resolution varying from 4.7 km
at the northern boundary to 2.2 km in the southernmost part of the domain. We use 75
vertical levels of thickness ranging from 1 m at the surface to 204 m at 6000 m depth.

To get a rough estimate of the model uncertainty, we run an ensemble of three present-
day and future simulations. For ensemble member A, the ice shelf and seabed topogra-
phy is extracted from BedMachine-Antarctica-v1.33 (Morlighem et al., 2020), while mem-
bers B and C are based on BedMachine-Antarctica-v2.0 (Morlighem, 2020). Addition-
ally, B and C include a representation of grounded tabular icebergs, in particular B22A
(Antarctic Iceberg Tracking Database, Budge & Long, 2018), whose ungrounded parts
are treated as an ice shelf, and the line of icebergs grounded on Bear Ridge (Nakayama
et al., 2014; Bett et al., 2020). The heat exchange coefficient (I'r) is 2.21 x 1072 in A
vs 1.88x1072 in B-C, while the salt exchange coefficient is always defined as I's = I'r/35.
Finally, two parameters of the sea ice model differ: the maximum permitted sea ice con-
centration is set to 99.9% of the mesh in A-B vs 95% in C, and the ice-ocean drag co-
efficient is set to 5.0 x 1073 in A-B vs 2.5 x 1073 in C. All these parameter values are
commonly used in the NEMO community. Our ensemble is designed to simply illustrate
the importance of a few empirical choices and cannot be considered as a deep exploration
of NEMO'’s parametric uncertainty (e.g., Williamson et al., 2017).

Our present-day simulations cover 1989-2009, following 10 years of spin up from
1979. The surface boundary conditions consist of 3-hourly (temperature, humidity, wind
velocity) and daily (radiative fluxes and precipitation) mean outputs of the 10 km MAR
(Regional Atmospheric Model, Gallée & Schayes, 1994) configuration described and eval-
uated by Donat-Magnin et al. (2020). The lateral ocean and sea ice boundary conditions
consist of 5-day mean outputs of a global 0.25° NEMO simulation very similar to the one
described by Merino et al. (2018) except that it is spun up from 1958 and that the im-
posed ice shelf melt flux increases linearly from 1990 to 2005 and is constant before and
after that, with values corresponding to the FRESH+ and FRESH— reconstructions of
Merino et al. (2018). The global 0.25° simulation represents Lagrangian icebergs (Merino
et al., 2016), and their 5-day averaged melt rate (Jourdain et al., n.d.) is applied at the
surface of our regional 1/12° configuration. Our present-day simulations are evaluated
in sup. section S1. Inn summary, our simulations are too warm at depth by approximately
0.5°C, and ice shelf melt rates are consequently slightly overestimated.

Our future simulations cover 2080-2100 in addition to 10 years of spin up from the
same initial state as our present-day simulation, i.e., 1979. Our projections are repre-
sentative of the CMIP5 multi-model mean under the RCP8.5 concentration pathway. The
surface boundary conditions are taken from the MAR regional projections described and
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evaluated through a perfect-model approach in Donat-Magnin et al. (2021). The atmo-
spheric projections themselves were driven at their surface and lateral boundaries by the
mean seasonal anomalies (2080-2100 minus 1989-2009) derived from 33 CMIP5 mod-
els under the RCP8.5 scenario (more details are provided in Donat-Magnin et al., 2021).

The applied anomalies induce an eastward zonal wind and sea ice stress anomaly
along the shelf break and offshore (Fig. 1a,b), which is a known response of the CMIP
models to high greenhouse gases concentrations by 2100 (Swart & Fyfe, 2012; Holland
et al., 2019; Goyal et al., 2021). We also find an increased westward stress along most
of the ice sheet margin (Fig. 1b), which is possibly related to higher air temperature gra-
dient across the ice-sheet—ocean boundary in the presence of reduced sea ice cover in the
future. On average over the continental shelf, the Ekman downward velocity due to the
wind and sea ice stress is weakened by 50% in the future compared to present day (sup.
section S2).

In terms of surface heat fluxes, the Amundsen continental shelf loses 41% less en-
ergy to the atmosphere in the future compared to present-day (Fig. 1c,d), which is con-
sistent with the effect of a warmer troposphere on downward sensible and longwave heat
fluxes over the open ocean and sea ice. Precipitation increases by 22% (Fig. le,f) due
to a higher water holding capacity of the troposphere in a warmer climate (Donat-Magnin
et al., 2021). The increased precipitation and the reduced sea ice production over the
continental shelf (from 0.23 to 0.19 Gtyr~!) are together responsible for an annual rate
of surface buoyancy loss reduced by 75% in the future compared to present day (supp.
section S2).

We adopt a similar approach for the lateral boundaries of our regional ocean—sea-
ice simulations and add the CMIP5 multi-model mean seasonal anomalies to the present-
day lateral boundary conditions (for temperature, salinity, ocean velocity, sea ice con-
centration, sea ice thickness, and snow-on-ice thickness). The perturbation applied at
our lateral boundaries is comprehensively described in sup. section S3, which can be sum-
marised as a warming that exceeds 0.25°C everywhere in the first 1000 m and reaches
2°C in the northernmost part of our domain, as well as a freshening of the first 100 m
that is particularly pronounced near the Antarctic coast.

Two additional sensitivity experiments are performed for further insight into the
processes. First, we repeat the future simulation of ensemble member B but we only ap-
ply the future surface forcing, i.e., we keep the present-day lateral boundary conditions
for ocean and sea ice. Second, we repeat the future simulation of ensemble member C
but with increased iceberg melting (which is kept at present-day values in the other ex-
periments). Following the calculations presented in section S4, we increase the total ice-
berg melt flux over the Amundsen continental shelf from 63 Gtyr—1 at present-day to
136 Gtyr~! at the end of the 21st century under RCP8.5 (Fig. 1g,h).

3 Results: changes in ice shelf basal melting and related processes

On average over the three ensemble members, the ice shelf melt rates are multi-
plied by 1.4 to 2.2 (depending on the ice shelf) from present day to future (Fig. 2a). The
total ice shelf meltwater flux in the Amundsen Sea increases by 347 Gt yr—! on average
(Fig. 2b,c), with a standard deviation of 54 Gt yr~! across the ensemble. This is much
larger than the 73 Gtyr~! of increased iceberg melting (Fig. 1h), 40 Gt yr~! of increased
precipitation (Fig. 1f), and a sea ice production decreased by 37 Gt yr~! which is equiv-
alent to a freshwater release of 30 Gtyr~! (for a sea ice salinity of 6.3 gkg™!). Even though
a part of the ice shelf meltwater is mixed at depth and does not reach the surface layer,
the additional ice shelf melt seems to be the major driver of increased buoyancy in the

surface layer.
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Figure 1. Present-day atmospheric forcing (left) and future anomalies with respect to
present day (right). Anomalies are calculated as the average of 2080-2100 minus 1989-2009.
The grounded ice sheet and the ice shelves are shaded in light and dark grey, respectively. The
grey contours indicate the bathymetry (every 750 m). Numbers near the lower left corner indi-
cate the value of the plotted field integrated over the continental shelf, which is defined as the
area between the 1500 m isobath and the coastline, and between 100°W and 135°W.
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Figure 2. (a) Mean present day and future melt rates of individual ice shelves in model con-
figurations A, B and C (in meters of liquid water equivalent per year, i.e. 10° kgm~2yr~'). The
grey bars cover 95% of the monthly values, i.e. between the 2.5"" and the 97.5'" percentiles. The
white disruption of the light brown bars (B over 2080-2100) represent the future melt rate in the
experiment with lateral boundary conditions kept at present-day values. (b,c) Present-day and
future ice shelf melt rates, and integrated value over the domain in the lower left corner. The

black contours indicate the bathymetry (every 750 m).



163 Interestingly, members B and C give almost identical future melt rates while present-
164 day values differ significantly (Fig. 2a). As the only difference between B and C is the

165 set of sea ice parameters, this indicates that sea ice production and the related surface

166 buoyancy flux are important drivers of ice shelf melting presently, but no longer play a

167 role in the future. This is very likely related to both the 75% reduction of the surface

168 buoyancy loss in the future and the mixing of more ice shelf meltwater into the surface

169 layer. Both increase the ocean stratification and prevent surface waters from reaching

170 deeper warmer layers on the continental shelf through convective mixing. We also do not
n find any significant difference between projection C with and without increased iceberg

172 melt rates (not shown), which supports the idea of a decoupling between the surface and
173 the deeper layers in the future.

174 The changes in melt rates for member B without perturbations of NEMQ'’s lateral

175 boundaries are shown by the white disruption of the middle brown bars in Fig. 2a. In-

176 creased melt rates underneath Abbot and Venable ice shelves are almost entirely explained
177 by the modified lateral boundary conditions. For the other ice shelves, the part of in-

178 creased melt rate attributed to the lateral boundaries varies from 1/3 to 2/3 of the to-

179 tal change, depending on the ice shelf. This indicates that future changes in remote ocean
180 properties are important, i.e., local changes in the atmospheric forcing cannot entirely

181 explain the projected increase in ice shelf melt rates.

182 We then use the terms of the exact heat and salt budget (saved online and calcu-

183 lated as in Jourdain et al., 2017) to get further insights into the physical mechanisms.

184 The offshore projection is characterised by a 0.25°C warming below the thermocline due

185 to horizontal advection from the domain boundaries, a 75 m higher thermocline explained
186 by horizontal advection and decreased convective mixing due to less sea ice formation,

187 and a surface freshened by 0.4 gkg™! (more details are provided in sup. section S4). Changes
188 over the continental shelf are more intense, with 0.5°C warming at depth, a 160 m higher
189 thermocline (Fig. 3a), and surface freshened by 0.5 gkg™! (Fig. 3b). In contrast to the

190 offshore mechanisms, vertical advection plays a key role on the continental shelf (Fig. 3c,d).
101 Approximately half of the heat brought by changes in vertical advection between 250 and
102 800 m is due to the melt-induced circulation in ice shelf cavities and is mostly consumed
103 as latent heat for ice melting (compare Fig. 3c,d to Fig. 3e,f). The remaining part is con-
104 sistent with the reduced Ekman downwelling described in the previous section and in

105 Spence et al. (2014) and Naughten et al. (2022), which reduces the downward advection

196 of relatively cold and fresh water from the surface layer (above 250 m) to deeper layers

107 (Fig. 3c,d). A closer look at the budget terms within ice shelf cavities (not shown) re-

108 veals an additional input of heat and freshwater between 100 and 400 m depth correspond-
199 ing to the melt-induced circulation that releases a mixture of meltwater and entrained

200 CDW at the ice shelf front as described by Jourdain et al. (2017).

201 4 Results: assessment of simple ice shelf melt parameterizations

202 Here we use our NEMO projections to assess the non-local (also referred to as semi-
203 local) quadratic parameterization proposed by Favier et al. (2019) and used in some of

204 the standard ice sheet projections of the Ice Sheet Model Intercomparisaon Project for

205 CMIP6 (ISMIP6, Nowicki et al., 2020; Seroussi et al., 2020), with a melt rate defined

206 as:

m(z,y) = K X (TF(2,Y, Zawar) + 0T) X {TF);eecsnerr + 07| (1)
207 where TF(x,y, Zarar) 18 the thermal forcing at the ice-ocean interface of depth zg.e, and
208 (T'F)iccsnerr the thermal forcing averaged over an entire ice shelf draft. The temperature
200 correction 07" is used to correct biases in present-day observations and to account for melt-
210 induced cooling or other poorly represented processes (Jourdain et al., 2020). K is a tun-
211 ing coeflicient that was expressed in various ways across previous studies. An expression

212 of K was proposed by Favier et al. (2019) and Jourdain et al. (2020), including a vy tun-
213 ing parameter, but we find that the expression proposed by Jenkins et al. (2018) and Burgard
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over the Amundsen Sea continental shelf (defined as the area between the 1500 m isobath and

the coastline, and between 100°W and 135°W), including ice shelf cavities. (c,d) temperature

(AT) and salinity (AS) change from present-day to future conditions and contributions of the
individual terms of the heat and salt equations to AT and AS, respectively. (e,f) same as (c,d)
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et al. (2022) more physically sound, which is why we keep a general formulation for K.
For ISMIP6, Jourdain et al. (2020) proposed two calibration methods, one referred to
as "MeanAnt”, ensuring realistic present-day melt rates at the scale of Antarctica for
minimal temperature corrections and giving Kyjeanant = 2.57 myr—! K=2, and the other
one referred to as "PIGL”, ensuring realistic present-day melt rates near Pine Island’s
grounding line and giving Kpigr, = 28.2 myr—! K2, but requiring negative 67 cor-
rections almost everywhere to keep reasonable melt rates for individual ice shelves or in-
tegrated over larger sectors.

In the following, we assume that the present-day temperature is perfectly known,
so that we can use 07 = 0 for MeanAnt and we find that present-day RMSE from PIGL
are lowest for 7 = —1.9°C. For clarity, we just show the results for Pine Island and
Thwaites (Fig. 4), which are key ice shelves for the Antarctic contribution to sea level
rise, but the other ice shelves have a very similar behaviour. We estimate the future pa-
rameterized melt rates in two ways: (1) from the future ocean temperatures simulated
by NEMO (orange dashed curves in Fig. 4), and (2) from the CMIP5 multi-model mean
ocean warming added to the NEMO present-day temperatures (dashed dark red curves
in Fig. 4) which corresponds to what is commonly used in standalone ice sheet projec-
tions like ISMIPG6.

First of all, the present-day melt rates have overall a realistic magnitude although
the exact vertical distribution is only poorly captured (blue curves in Fig. 4). The MeanAnt
curves show some overlap between the three model projections and the 90" confidence
interval of the parameterized projections (orange curves in Fig. 4a,b), although the RMSE
approximately doubles compared to present day. The PIGL projections are much worse,
with very little overlap between the three model projections and the 90*" confidence in-
terval of the parameterized projections (orange curves in Fig. 4c,d). For the 95" per-
centile of K, the maximum melt rates in either Pine Island or Thwaites cavity are over-
estimated by a factor of five. The melt projections directly based on the CMIP5 ocean
warming (dashed dark red curves in Fig. 4) are similar to the projections from the warm-
ing produced by NEMO, indicating that most of the bias comes from the parameteri-
zation itself.

5 Discussion and conclusion

In this paper, we have built an ensemble of three 1/12° ocean—sea-ice—ice-shelf pro-
jections of the late 215 century under the RCP8.5 concentration pathway. In these sim-
ulations, the net surface buoyancy loss is reduced by 75% in the future compared to present
day due to surface freshening by increased precipitation, increased iceberg melt and re-
duced sea ice production. Increased ice shelf melt also largely contributes to making the
surface layer fresher and more buoyant in the future. The result is a decoupling between
the surface layer and deeper layers on the continental shelf, which makes future ice shelf
melt insensitive to additional perturbations of surface buoyancy fluxes. We find that the
future Ekman downwelling velocity is reduced by half over the continental shelf compared
to present day. This, in addition to the melt-induced circulation, largely explains the ad-
ditional heat made available to ice shelf melting. However, regional changes in atmospheric
forcing only explain 1/3 to 2/3 of the increase in ice shelf melt rates (depending on the
ice shelf). The remaining is due to advection of warmer water from remote locations (i.e.
from our model domain lateral boundaries). The importance of advection from remote
locations was already evidenced by Nakayama et al. (2018) for the interannual variabil-
ity of the Amundsen Sea. Here we clearly show the caveats of projecting future ice shelf
melting in the Amundsen Sea simply based on regional atmospheric perturbations (as
done in previous studies, such as Holland et al., 2019; Naughten et al., 2022). The rel-
ative changes in melt rates are lower than previous estimates (Timmermann & Hellmer,
2013; Naughten et al., 2018), but higher in absolute value, which we believe is more re-
alistic as we start from more realistic present-day conditions.
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Figure 4. Melt profiles beneath Pine Island (left) and Thwaites (right) ice shelves, from the
NEMO simulations (solid lines), and from the ISMIP6 standard parameterization (dashed lines)
tuned following either the ”MeanAnt” (upper panels) or the ”PIGL” (lower panels) method
(median K coefficient derived from Jourdain et al., 2020). The present day parameterized melt
rates are based on NEMO’s present-day temperatures in front of the ice shelf cavities (within

50 km from the ice shelf front). The future melt rate is either calculated from the’s future tem-
peratures simulated by NEMO (orange dashed lines) or from the CMIP5 multi-model mean
temperature anomaly (dark red dashed lines). The semi-transparent shaded areas indicate the
range corresponding to the 5" and 95 percentiles of K coefficients based on the future tem-
peratures produced by NEMO (values derived from Tab. 2 of Jourdain et al. 2020). The three
curves for each estimate correspond to the three members of our small ensemble. Every curve is
built using a kernel density estimate based on a Gaussian function of standard deviation equal to
1/20*" of the maximum ice draft depth. The Root Mean Square Errors (RMSE, in m/yr) are cal-

culated for the spatial pattern with regards to the NEMO values and correspond to the median
K values.
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All our conclusions are nonetheless based on a single ocean model, even if we used
three different set-ups, and it will be important to challenge these results using completely
different ocean models and different projection methods. An important limitation of our
study is that there is no ice sheet model coupled to NEMO, i.e., ice shelves are static.
This was shown to be an important limitation donat-magninl7, albeit for much stronger
and longer melt perturbations. In terms of projection method, we have chosen to drive
our projections directly by the CMIP multi-model mean because it is often considered
as the best estimate for future climate as individual model biases are partly cancelled
(Knutti et al., 2010). The use of future anomalies with respect to present day is expected
to remove a part of the biases in individual model projections given that the CMIP model
biases are largely stationary even under strong climate changes (Krinner & Flanner, 2018),
while conserving linearities like the geostrophic balance. However, an important limi-
tation of our projection method is that we do not account for possible changes in the fre-
quency of interannual events like El Nino (Cai et al., 2014), and it will be important to
confront our results to direct downscaling of the CMIP models. Finally, we have cho-
sen to force our ocean simulations using a 10 km regional atmospheric model, which is
expected to be more realistic along the coastline and the shelf break than the much coarser
CMIP models (e.g., Dinniman et al., 2015; Huot et al., 2021), although the use of such
an intermediate model may be an additional source of biases and uncertainty in the chain
of projections.

Finally, given that the Antarctic Ice Sheet projections show the highest sensitiv-
ity to increased basal melt rates in the Amundsen Sea sector seroussi20, our regional re-
sults can provide a critical perspective on the Antarctic contribution to the 215 century
sea level rise simulated within ISMIP6 (Seroussi et al., 2020) and emulated by Edwards
et al. (2021). The high-end estimates for 2100 under RCP8.5 (~30 cm of additional sea
level) were obtained from the 95" percentile of the PIGL parameters, which we find highly
incompatible with our simulations. Edwards et al. (2021) empirically defined a contin-
uous distribution of K coefficients (their Fig. 3d), with a relatively large cumulative prob-
ability around the median PIGL parameter, and low-probability extreme values beyond
the 95 percentile of PIGL parameters. Our projections suggest that this distribution
should be narrowed towards lower values and that lower parameters should be used even
for risk averse projections.

Data and softwares

The model version and set of parameters used to run our experiments are provided
in http://github.com/nicojourdain/NEMO_PARAMS_SIMU. All the python scripts used
to build the figures are provided in http://github.com/nicojourdain/SCRIPTS_PAPER
_PLOTS and are mainly based on the Xarray (Hoyer & Hamman, 2017), Numpy (Harris
et al., 2020) and Matplotlib (Hunter, 2007) packages. THE GITHUB REPOSITORIES
WILL BE ARCHIVED ON http://zenodo.org AFTER ACCEPTANCE.
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