SCIENCE ADVANCES | RESEARCH ARTICLE

OCEANOGRAPHY

Ocean eddies strongly affect global mean

sea-level projections

René M. van Westen* and Henk A. Dijkstra

Current sea-level projections are based on climate models in which the effects of ocean eddies are parameterized.
Here, we investigate the effect of ocean eddies on global mean sea-level rise (GMSLR) projections, using climate
model simulations. Explicitly resolving ocean eddies leads to a more realistic Southern Ocean temperature distri-
bution and volume transport. These quantities control the rate of basal melt, which eventually results in Antarctic
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mass loss. In a model with resolved ocean eddies, the Southern Ocean temperature changes lead to a smaller
Antarctic GMSLR contribution compared to the same model in which eddies are parameterized. As a result, the
projected GMSLR is about 25% lower at the end of this century in the eddying model. Relatively small-scale ocean
eddies can hence have profound large-scale effects and consequently affect GMSLR projections.

INTRODUCTION

Satellite-observed sea-level measurements indicate an ongoing in-
crease in the global mean sea level since the satellite era (1-3). Global
mean sea-level rise (GMSLR) threatens low-lying coastal regions,
and these regions will benefit strongly from sea-level projections to
adapt their coastal protection infrastructure (4, 5). Useful scenarios
of future global mean sea-level change in the upcoming decades can
only be made by state-of-the-art climate models. Current projec-
tions are based on climate models in which ocean-eddy processes
are parameterized and the present-day state in these models strongly
deviates from available observations, in particular, in the Southern
Ocean (6, 7).

The climate models used in the fifth Intergovernmental Panel on
Climate Change Assessment Report provide estimations of GMSLR
in the upcoming decades (6). One of the greatest uncertainties at
that time was the contribution by the Antarctic ice sheet (AIS) to
GMSLR (8), and it was noted that marine ice-sheet instability of the
West Antarctic ice sheet could change the GMSLR projections by
several decimeters (9, 10). Since then, observational studies have
shown that the Antarctic contribution to GMSLR is increasing over
time, in particular, for western Antarctica due to basal melt near the
grounding line of various ice shelfs and glaciers (1, 11, 12).

In a recent model study (7), 16 state-of-the-art AIS models sub-
ject to basal melt were used to determine the sea-level response by
ice loss. Basal melt of ice shelfs was driven by subsurface ocean tem-
peratures obtained from global climate model simulations within
the Coupled Model Intercomparison Project phase 5 (CMIP5).
However, the present-day state of the Southern Ocean and its re-
sponses to climate change strongly differ among the CMIP5 models
(13, 14); this holds as well for the older CMIP phase 4 models
(15, 16). Differences (e.g., temperature and salinity) in the mean
state, compared to the available observations, have been attributed
to the coarse horizontal (ocean model) resolution in these models
(17-19).

In ocean models with a higher spatial resolution, where eddies
are partly represented, the present-day Southern Ocean surface
temperature is much better represented compared to that in ocean
models where eddies are parameterized (20). Explicitly representing
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eddies in one climate model also leads to substantially different re-
gional dynamic sea-level projections for the Caribbean compared to
version of the same model where eddies are parameterized (21).
Motivated by these results, we here analyze GMSLR projections in
two (noneddying and eddying) versions of the Community Earth
System Model (CESM), taking into account Antarctic basal melt
under a particular climate change scenario.

RESULTS
Climate model simulations
The CESM is a fully coupled state-of-the-art global climate model
and is participating in the CMIP5 and CMIP6 efforts. The high-
resolution version of CESM (HR-CESM) used here has an ocean
component with a 10-km (0.1°) horizontal resolution, capable of
capturing the development and interaction of mesoscale ocean
eddies (22), and an atmosphere component with a horizontal reso-
lution of 50 km (0.5%). Both the ocean and atmosphere component
of the low-resolution version of the CESM (LR-CESM) have a hor-
izontal resolution of 100 km (1°). The ocean component of this
low-resolution model cannot generate mesoscale ocean eddies. The
high-resolution and the low-resolution versions of the CESM are
spun up by 200 and 500 years, respectively, under a present-day
(year 2000) forcing and then continued for 101 years under the
same forcing to give the 101-year HR-CESM control and LR-CESM
control simulations. The HR-CESM and LR-CESM simulations are
initiated from the end of the corresponding spin up and are forced
under a 1% pCO; increase each year (model years 2000-2100).
More details of the CESM simulations can be found in Materials
and Methods. Both CESM versions have a volume conservation
constraint for the ocean component and do not capture dynamical
ice sheets. The contributions of the mass loss of glaciers and ice
sheets to the GMSLR therefore need to be determined by post-
processing of the model results (see Materials and Methods). The
CESM does not include any changes in the land-water storage.
Since observations of the Southern Ocean are limited, we com-
pare the CESM control simulations results with one reanalysis
product, the Mercator data, in which available observations are as-
similated. Figure S1 (A, C, and D) shows the time mean (26 years)
and depth-averaged (250 to 450 m) oceanic temperature fields
for Mercator, HR-CESM control, and LR-CESM control, respec-
tively. The depth range is based on the mean depth of the various
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Antarctic ice shelfs (7). The HR-CESM control is much better in
agreement with reanalysis compared to the LR-CESM control. For
example, the area-weighted correlation pattern [root mean square
(RMS) deviation] over the 80°S to 60°S band is about 10% higher
(45% lower) for the HR-CESM control compared to the LR-CESM
control and is robust over the simulation period (fig. S1B). For the
HR-CESM control, the largest temperature difference with respect
from Mercator is found west of the Antarctic Peninsula with a mag-
nitude of about —2°C (fig. S1E). The LR-CESM control is warmer
compared to Mercator in the Weddell Gyre and along the (eastern)
Antarctic continental shelf (fig. SIF). The results in fig. S1 indicate that
ocean subsurface temperature differences (with respect to Mercator)
are reduced under a higher spatial resolution of the ocean model.

The RMS deviation is increasing over time, indicating that there
is a slight drift in the control simulations (figs. S1B and S2, A and B).
For the LR-CESM control, the temperature trends are persistent
over the analyzed period. On the contrary, in the HR-CESM con-
trol, part of these (significant) trends is related to multidecadal vari-
ability in the Southern Ocean (23). This multidecadal variability is
related to ocean-eddy interactions with the background flow (24),
which are absent in the LR-CESM control.

Global mean sea-level rise

The GMSLR in the HR-CESM and LR-CESM simulations consists
of four contributions, and these are shown over the 101-year period
in Fig. 1 (A and B); details on the computation of each contribution
can be found in Materials and Methods. The largest contribution to
GMSLR is caused by (thermo)steric effects (adjusted for drift in
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each control simulation). The second largest and third (largest)
contributions are related to melt by glaciers (fig. S3) and changes in
the surface mass balance of the Greenland ice sheet (GrIS; fig. S4),
respectively. These three contributions to GMSLR are fairly similar
for both HR-CESM and LR-CESM (Fig. 1, A and B). The fourth
contribution to GMSLR is due to changes in the surface mass bal-
ance and mass loss as a result of basal melt of the AIS (fig. S5). The
Antarctic contribution strongly differs between the HR-CESM and
the LR-CESM, where the LR-CESM projected value for Antarctica
in the year 2100 is 9.3 cm higher compared to that of the HR-
CESM. Note that the mass loss by basal melt is balanced by changes
in surface mass balance in the HR-CESM (fig. S5A), resulting in a
near-zero contribution for the AIS.

The patterns of sea-level change between two 30-year periods
(2071-2100 and 2000-2029) are shown for HR-CESM and LR-
CESM in Fig. 1 (C and D), respectively. Here, gravitational, rota-
tional, and deformation [GRD; (25)] effects by mass loss of glaciers
and ice sheets are taken into account (see also figs. S3 to S5). Ocean
currents change under global warming, affecting the dynamic sea
level. The largest dynamic sea-level changes over time are found in
the Southern Ocean and near western boundary currents for both
HR-CESM and LR-CESM (fig. $6). Dynamic sea-level changes are
also included in the local sea-level rise (Fig. 1, C and D) but do not
contribute to GMSLR since the ocean has a volume conservation
constraint.

The local sea level is projected to rise over the 2000-2100 period
for most of the ocean surface in both simulations (Fig. 1, C and D).
In the south of Greenland, the sea-level rise displays a dipole pattern
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Fig. 1. Contributions to GMSLR. (A and B) Contributions to global mean sea-level rise over the 101-year period for the HR-CESM and LR-CESM, respectively; the black
curve indicates the total global mean sea-level rise. (C and D) The local sea-level difference between the time mean over years 2071-2100 and time mean over years

2000-2029 for the HR-CESM and LR-CESM, respectively.
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of relatively higher and lower sea-level rise compared to the sur-
roundings. This is associated with a weaker Atlantic meridional
overturning circulation in both simulations (21), consistent with
currently available observations (26, 27). The sea-level changes in
the Southern Ocean are mostly caused by dynamic sea-level changes
(fig. S6); however, these patterns differ substantially between the
HR-CESM and LR-CESM. For example, there is a notable differ-
ence in the South Atlantic and Weddell Sea regions partly caused by
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the effects of ocean eddies on the path of the Agulhas Current (28).
Agulhas Current changes (causing dynamic sea-level changes) con-
tribute up to 60% of the local sea-level rise for the HR-CESM, and
this is only up to 25% in the same region for the LR-CESM.

Antarctic basal melt

To further analyze the differences in Antarctic basal melt between
LR-CESM and HR-CESM, we follow the procedure outlined in
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Fig. 2. Southern Ocean regions and temperatures in the CESM. (A) The five Southern Ocean regions over which the basal melt is determined, similar to those in
Levermann et al. (7). (B to F) Time evolution of the regional and depth-averaged oceanic temperature of the five Southern Ocean regions for the CESM simulations. For
Mercator, the time mean over 1993-2018 is displayed (solid lines) and the shading indicates the minimum and maximum temperature over this period.
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Table 1. Overview of the CESM and CMIP6 models and the spatial
resolution of their ocean component lon, longitude; lat, latitude.

Model lon x lat Nomm‘al Vertical layers
resolution
(number of grid (km)
ceIIs)
HR-CESM 3600 >< 2400 10 42

ACCESS ESM1 5

360 x 300 100 50
AWI CM 1 1 MR Unstructured 25 46

BCC CSMZ MR 360 x 232 100 40

X

CanESMS P
CanESMS CanOEWW o
CESM2 L
CESM2 sz e
CESMZ WACCM R
cmcc CW SRS e
CNRM CM6 , .‘,362 . 2944,. e
CNRM CM61 HR 1442X 1050 o
CNRM ESM2 1 362 vase o
EC Earth3 Veg 362 x 294 0 75
GFDL cm4 1440>< 1080 e
GFDL ESM4 T
GISS E2 1 G T
Haggg'}"i 360 x 330 100 75

IPSL CM6A LR e
MIROC E52L B
MIROC6 T
MPIIUE\;M‘ 2 256 % 220 250 70

.MPI o 2 HR o

M SM

NorCPM

NorESM2-LM 360 x 385 100 70 [.p(z)
coordinates]

NorESM2-MM 360 x 385 100 70[p(2)

coordinates]

360 x 330 100 75

Levermann et al. (7) (see Materials and Methods). Positive oceanic
temperature anomalies drive the basal melt of the ice sheets, which
are shown here using five different regions in the Southern Ocean
(Fig. 2A). For each region, we determined the vertically averaged
subsurface temperature over a range of 100 m [for the specific depth
ranges of the region, see table 1 in Levermann et al. (7)]. The time
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series for the five regions are shown in Fig. 2 (B to F) for the CESM
simulations; also, the Mercator time mean and variability between
1993 and 2018 is plotted. The HR-CESM control reasonably matches
with Mercator for the five different regions. On the contrary, the
LR-CESM control is about 0.5° to 1.5°C warmer compared to Mer-
cator for the five different regions.

In the second half of the simulation, the LR-CESM temperature
starts to deviate from the LR-CESM control temperature. In all re-
gions (Fig. 2, B to F), a warming occurs over time (see also fig. S2D).
Significant and positive (lag-)correlations are therefore found be-
tween the 2-m global mean surface temperature (GMST) anomaly
and the five Southern Ocean regions for the LR-CESM (fig. S7),
similar to the ones in Levermann et al. (7). The temperature anom-
alies are deviations from the respective control simulation (so not
with respect to Mercator) and are adjusted for any drift (see Materials
and Methods). For the HR-CESM, only East Antarctica and the
Ross region (Fig. 2, B and C, and fig. S2C) are deviating from the
HR-CESM control and for these two regions, significant (lag-)
correlations exist with the GMST anomaly (fig. S7, A and B). There
are no positive temperature anomalies (apart from natural variabil-
ity) for the other three regions over the 101-year period for the HR-
CESM and, hence, the lag-correlations with the GMST anomaly for
these three regions are much smaller than those in the LR-CESM
(fig. S7, C to E). The Southern Ocean subsurface temperature
anomalies at the end of the century are positive for the LR-CESM
and the largest anomalies are found in the southwestern part of the
Weddell Sea (fig. S2D). On the contrary, the HR-CESM displays
both positive and negative temperature anomalies in the Southern
Ocean (fig. S2C). A nearly linear (positive) dependence of the
GMST anomaly on the Southern Ocean temperature anomalies, a
typical CMIP5 response (7), does not hold for the HR-CESM.

Most models participating in CMIP6 (see Materials and Methods)
have the same horizontal ocean model resolution as the LR-CESM
(i. e. ,1°, see Table 1). There is a large variety in temperatures of the five
Southern Ocean Regions for the CMIP6 ensemble, in particular, for the
GMST, Ross region, and Amundsen region (fig. S8). Note that the
CMIP6 control simulations cannot directly be compared to our
CESM simulations because they have a preindustrial forcing. How-
ever, the temperature response of the CMIP6 simulations under the
1% CO; increase scenario can be compared. The CMIP6 subsurface
temperature anomalies (with respect to control simulations) of the
last 30 years are shown in fig. S9 and are similar to the ones in fig. S2
(Cand D). There is a large variety of temperature responses among
the CMIP6 models, and the largest differences between the CMIP6
models are found near the Antarctic continental shelfs. The CMIP6
model mean has a positive temperature response over the whole Southern
Ocean. The HR-CESM temperature anomaly pattern (fig. S2C) is
most closely correlated with that of the GFDL-CM4 and CNRM-
CM6-1-HR patterns, with a spatial correlation pattern value of r =
0.40 (Fig. 3A). The GFDL-CM4 and CNRM-CM6-1-HR have one
of the highest horizontal ocean resolution (25 km) of the suite of
CMIP6 models and are ocean-eddy permitting. Low correlation
pattern values (|r | < 0.3) are found between the HR-CESM and
most CMIP6 models and including the LR-CESM (Fig. 3A). The
LR-CESM temperature pattern (fig. S2D) has great similarities with
that of the CMIP6 CESM models (CESM2, CESM2-FV2, and
CESM2-WACCM), and relatively high correlation pattern values
(r = 0.64 to 0.72) are found between the LR-CESM and CMIP6
CESM models (Fig. 3B).
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Fig. 3. Southern Ocean temperature comparison with CMIP6. (A) The area-weighted correlation pattern and RMS deviation between the HR-CESM temperature anom-
alies (fig. S2C) and those of the 31 CMIP6 models (fig. S9), as well as the LR-CESM (fig. S2D), between 80°S and 60°S. Before determining the correlation and RMS deviation,
the HR-CESM pattern is interpolated onto each of the CMIP6 models native grid and the LR-CESM grid. (B) Similar to (A), but now, the LR-CESM is interpolated onto the
CMIP6 models native grid and the HR-CESM grid. The CMIP6 models are categorized in four groups: the higher-resolution CMIP6 models (HR-CMIP6, nominal ocean
model horizontal resolution < 100 km), the coarse-resolution CMIP6 models (CR-CMIP6, nominal resolution of 250 km), the CMIP6 CESM models (nominal resolution of
100 km), and the remaining CMIP6 models (nominal resolution of 100 km). Markers indicate the different models within each category.

The GMST is increasing for all CMIP6 models and the HR-
CESM and LR-CESM responses are fairly similar to most of the
CMIP6 models (fig. S10A). For East Antarctica (fig. S10B) and the
Ross region (fig. S10C), the CESM simulations have a similar re-
sponse to the CMIP6 models, but the anomalies are mainly below
the CMIP6 mean. The HR-CESM hardly shows any positive tem-
perature anomalies and is below the CMIP6 model mean for the
Amundsen region (fig. S10D), Weddell region (fig. SI0E), and the
Antarctic Peninsula (fig. S10F). On the contrary, the LR-CESM is
warming for these three regions, in particular, for the Weddell re-
gion and Antarctic Peninsula during the last 30 years of the simula-
tion. The model mean of the five higher-resolution CMIP6 models
(HR-CMIP6) tends to stay below the CMIP6 mean for the Amundsen
region, Weddell region, and Antarctic Peninsula, similar to the HR-
CESM. For the other two regions, the HR-CMIP6 remains close to
the CMIP6 mean.

The temperature anomalies are converted to GMSLR equivalent
by using response functions from ice-sheet models, which are sub-
ject to basal melt (7). The largest GMSLR as a result of basal melt
from the five Southern Ocean regions is the Weddell region and this
region also displays the largest spread among the CMIP6 models
(Fig. 4). For each region, the GMSLR as a result of basal melt for the
HR-CESM and LR-CESM is within the CMIP6 ensemble. However,
the HR-CESM is below the CMIP6 mean for each region, which
results in a total GMSLR contribution outside the CMIP6 ensemble
band at the end of the simulation.

The contribution as a result of basal melt to GMSLR (fig. S5, A
and B, red curve) is partly compensated by an increase in snowfall
over the AIS (fig. S5, A and B, blue curve). For the HR-CESM (LR-
CESM), the AISs warm by a factor of 1.1 (1.3) with respect to the
GMST anomaly and snowfall increases at 6.6%C! (6.2 %°C by
Antarctic warming. These rates over the AISs are similar to the ones
reported in the literature (29) (e.g., 1.1 £ 0.2 and 5.1 + 1.5%°C™).

Recent observations (12) indicate that West Antarctica contrib-
utes 7.3 mm (55% of total AIS) to GMSLR between 1979 and 2017.
Of this 7.3 mm, 6 mm (80%) originates from the Pine Island,

van Westen and Dijkstra, Sci. Adv. 2021; 7 : eabf1674 9 April 2021

Thwaites, and Crosson glaciers. These three glaciers are situated in
the Amundsen region. For the HR-CESM and LR-CESM simula-
tions (Fig. 4D), the GMSLR contribution of the Amundsen region is
5.3 and 4.4 mm in 101 years, respectively, which is considerably less
compared to observations. In addition, the GMSLR contribution at
the end of the simulation from the Weddell region is a factor 1.5,
18, and 3.4 higher compared to that of the Amundsen region for
the HR-CESM, LR-CESM, and CMIP6 model mean, respectively.
This demonstrates that either the GMSLR contribution by the
Amundsen region is underestimated and/or that the GMSLR con-
tribution by the Weddell region is overestimated by the differ-
ent models.

The discrepancy between observations and models can be ex-
plained as follows. The temperature anomaly of the Amundsen re-
gion is not always representative for the temperature anomaly near
the ice shelves where the basal melt occurs. The time-mean (model
years 2071-2100) temperature anomaly of the Amundsen region is
0.08°C and 0.15°C for the HR-CESM and LR-CESM, respectively
(fig. S10D). Over the same period, there are both positive (up to
1.1°C) and negative (down to —1.0°C) temperature anomalies in the
Amundsen region for the HR-CESM (fig. S2C). For the LR-CESM,
the temperature anomaly pattern in the Amundsen region is more
homogeneous, and we find only positive temperature anomalies
varying between 0.09°C and 0.34°C (fig. S2D).

In the ideal case, one would like to consider the subsurface tem-
perature anomaly for each individual glaciers (e.g., the Pine Island,
Thwaites, and Crosson glaciers). However, to resolve the ocean cir-
culation near ice shelves, an even higher horizontal resolution is
required [i.e., 200 m; (30)], which is about a factor 15 higher com-
pared to that of the HR-CESM. Even if the temperature anomalies
of each glacier is known, the corresponding response function is
required and these are not available.

The relatively large GMSLR contribution of the Weddell region
in the LR-CESM is due to model deficiencies (Fig. 3B). In all the
low-resolution CESM simulations, strong positive temperature
anomalies occur near the Weddell region (compare fig. S2D with
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fig. S9). These positive temperature anomalies in the Weddell region
disappear in the HR-CESM (Fig. 3A).

Changes in the Southern Ocean circulation

To understand the difference between the temperature responses of
HR-CESM and LR-CESM for the Weddell region and Antarctic
Peninsula, the barotropic streamfunction (BSF), which measures
changes in the vertically averaged circulation in the Southern Ocean,
see Materials and Methods, is analyzed. The time-mean BSF fields
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(model years 2000-2029) of both simulations are shown in Fig. 5
(A and B). The large-scale pattern of the Antarctic circumpolar
current (ACC) is represented in both simulations, as well as the
Weddell Gyre and the Ross Gyre. The observed volume transport
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is close to observations. The LR-CESM control has a much larger
volume transport compared to observations with a time-mean value
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Fig. 4. GMSLR as a result of basal melt. (A) Global mean sea-level rise as a result of basal melt of the AlS for the HR-CESM, LR-CESM, and CMIP6 models. (B to F) Global
mean sea-level rise contribution from each of the five Southern Ocean regions (cf. Fig. 2A). Note that the vertical axes have different ranges.
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Fig. 5. Changes in BSF and wind-stress curl in the Southern Ocean. (A and B) Time mean over years 2000-2029 of the barotropic streamfunction (BSF) for the HR-CESM
and LR-CESM. (C and D) Difference in BSF for the HR-CESM and LR-CESM between the time mean over years 2071-2100 and time mean over years 2000-2029. The gray
and black contours show the zero wind-stress curl over (A and B) years 2000-2029 and (C and D) years 2071-2100, respectively (so not the difference over both periods),
where 0y¢f indicates the time-mean over years 2000-2029. The wind-stress curl fields for the HR-CESM are smoothed by a Gaussian filter.

of 160 Sv (152 to 164 Sv, 101 years). It is well known that ocean
eddies strongly affect the momentum balances in the Southern Ocean
(33) determining the ACC strength.

The difference between the time-mean BSF fields over the years
2071-2100 and the years 2000-2029 is shown in Fig. 5 (C and D)
for both HR-CESM and LR-CESM, respectively. The LR-CESM
displays an increase in the BSF values between latitudes of 80°S
to 60°S and decreasing BSF values between latitudes of 60°S to
40°S, increasing the meridional BSF gradient and consequently
increasing the ACC strength. For the HR-CESM, the increase in the
meridional BSF gradient between these latitudes bands is small.
However, there is an increase (more negative) in the meridional
BSF gradient close to the Antarctic continent for the HR-CESM,
which leads to an increase in the Antarctic Coastal Current (fig. S11,
A and C). This current is poorly resolved (fig. S11) in the LR-CESM.
The total westward volume transport of the Antarctic Coastal Cur-
rent (near the Weddell Gyre) in the HR-CESM increases by about
10 Sv (compared to the HR-CESM control) in the last 20 years of
the simulation (fig. S11E). This increase in westward transport is
related to an intensification of the Weddell Gyre. The wind-stress
curl is similar for the HR-CESM between the earlier and later
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period of the simulation (Fig. 5) and hence is not responsible for
this intensification.

The modeled Antarctic sea-ice extent in the HR-CESM control
and LR-CESM control reasonably matches with that of observations
(1993-2018; see Materials and Methods) but is lower compared to
observations (fig. 12, A and B). For example, in the HR-CESM control,
LR-CESM control, and observations, the annual maximum sea-ice ex-
tent is ranging between 14.8 million and 18.3 million km* (101 years),
13.9 million and 15.7 million km* (101 years), and 18.6 million and
20.9 million km? (26 years), respectively. In the HR-CESM, the sea
ice is rapidly decreasing in the last 30 years of the simulation, espe-
cially in the Weddell Sea (fig. S12, A, C, and E). Less Antarctic sea
ice results in more vorticity input by the wind and, from this, an
intensification of the Weddell Gyre. The temporal intensification of
the Weddell Gyre in the HR-CESM control (fig. S11E) is associated
with Maud Rise polynya and Weddell polynya formation. These
Maud Rise polynyas also form in the HR-CESM (around 3°E, 65°S
in fig. S12C). There is no substantial sea-ice loss in the Weddell Sea
and no polynya formation (23) for the LR-CESM (fig. S12, B, D,
and F) and, hence, the Weddell Gyre strength does not increase
(fig. S11, B, D, and F).
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An increase in the Weddell Gyre strength will thermally isolate
the Weddell region and the Antarctic Peninsula, similar to the ACC
thermally isolating Antarctica from the lower latitude Southern Ocean.
This explains the absence of subsurface warming for these two re-
gions in the HR-CESM. For the LR-CESM, only the large-scale
ocean circulation (i.e., ACC) is affected under climate change, but
not the Weddell Gyre and Antarctic Coastal Current. Relatively,
warm water from the Weddell Gyre is in this model advected toward
the Weddell region and Antarctic Peninsula, leading to relatively
large temperature changes there.

DISCUSSION

For the two different versions of the CESM (HR-CESM and LR-
CESM), the overall responses to the increase in CO, [GMST, contri-
butions by glaciers to the GMSLR (34), thermo(steric) effects (21),
and surface mass balance changes of the GrIS (35)] are quite similar
and compare also well to 31 CMIP6 models analyzed. The projected
temperature change and snowfall anomaly over the AIS for the HR-
CESM and LR-CESM are also similar to the ones reported in Gregory
and Huybrechts (29).

However, the Antarctic basal melt (7) strongly deviates between
the HR-CESM and LR-CESM. The HR-CESM and LR-CESM sim-
ulations provide GMSLR projections of 5.4 + 0.3 cm (95% confi-
dence level) and 15 + 0.8 cm (95% confidence level) through basal
melt in 2100, respectively, which gives a factor 2.8 difference. The
LR-CESM GMSLR projection of basal melt is within CMIP6 projec-
tions, but the HR-CESM projects quite lower GMSLR values with
respect to CMIP6 ones. These differences in basal melt are related
to the different horizontal resolutions in the ocean component of
the models.

The Southern Ocean is a rather complex region where the large-
scale ocean circulation, mesoscale ocean eddies, sea-ice formation,
and atmospheric processes all play an important role in the response
under global warming. Mesoscale ocean eddies are highly relevant
for the redistribution and transport of heat and salt (20, 22, 36, 37)
and are critical for the correct momentum balance for the large-
scale circulation. Explicitly resolving ocean eddies in the HR-CESM
does not only lead to a better representation of the present-day sub-
surface temperature distribution surrounding Antarctica (compared
to LR-CESM) but also to a different response under global warm-
ing. For the HR-CESM, we find changes on both the large scale
(e.g., in the ACC, sea-ice fields) and the regional scale (Weddell and
Ross gyres and the Antarctic Coastal Current), while in the LR-CESM
(and CMIP6 models), these occur only on the large scale.

Because of the extreme computational costs, there is unfortunately
only one high-resolution simulation available for the analysis done
here (HR-CESM control and HR-CESM). More of those simulations
are required to provide a broader range of GMSLR projections, also
under different climate change scenarios. However, the results here
already indicate that sea-level projections based on low-resolution
climate models should be interpreted with great care, in particular,
regarding estimates of the effects Antarctic basal melt.

MATERIAL AND METHODS

Model output

The standard model output of the CESM simulations consists of
monthly averaged oceanic fields of sea surface height above geoid

van Westen and Dijkstra, Sci. Adv. 2021; 7 : eabf1674 9 April 2021

[i.e., dynamic sea level (38)], horizontal velocity, temperature, and
salinity. For the atmospheric component of the CESM, we analyzed
the (near surface) air temperature and (solid) precipitation. Besides,
we retained the Antarctic sea-ice fractions from the sea-ice compo-
nent of the CESM. The HR-CESM and the LR-CESM are spun up
by 200 and 500 years, respectively. All the CESM simulations lasted
for 101 years. Most of the monthly averaged quantities are con-
verted to yearly averages unless stated otherwise. Two additional
LR-CESM simulations (not used) were branched off after a spin-up
period of 200 and 1200 years, the latter is used in (21). The shorter
spin-up period has an initial sea-ice distribution similar to the HR-
CESM control. The drawback of this simulation is that the (subsur-
face) ocean fields are strongly drifting, and the trends are sometimes
in the same order of the applied forcing. The HR-CESM control that
has a spin-up period of also 200 years does not show these strong
drifts in the ocean fields. A longer spin-up period of the LR-CESM
(1200 years) displays hardly any drift in the ocean fields. However,
in this LR-CESM control simulation, the sea ice is further equili-
brated and the maximum sea-ice extent dropped from 12.8 million
to 14.5 million km? (model years 1200 to 1300). So, results from both
additional simulations were not used here.

CMIP6 model output

We use results from the latest release of the CMIP6 and compare
these to the output of our CESM simulations (Table 1). We ana-
lyzed the model output of the CMIP6 preindustrial control simula-
tions and in which the atmospheric CO, levels increase each year by
1%. We analyze the monthly averaged oceanic temperature (variable
“theato”) fields and near surface air temperature (variable “tas”)
fields of the first 101 model years, as is done for the CESM output.

Reanalysis (Mercator)

We retained model output from the Operational Mercator global
ocean physical reanalysis product (http://marine.copernicus.eu/
services-portfolio/access-to-products/). The ocean component of
Mercator (i.e., NEMO) has a horizontal resolution of 1/12°, 50 non-
equidistant vertical levels, and covers the altimetry era (1993-2018).
Mercator assimilates various observational datasets and the model
is “steered” toward observations. We retained the monthly averaged
temperature fields of the Mercator between 1993 and 2018.

Sea-ice observations

We obtained sea-ice measurements by the Scanning Multichannel
Microwave Radiometer and Special Sensor Microwave Imager
[http://nsidc.org/data/G02202, (39, 40)]. We retained the monthly
averaged sea-ice fraction fields from the NASA Team algorithm
with Goddard Quality Check. The sea-ice fraction fields are ana-
lyzed between 1993 and 2018, same as for the reanalysis.

Contributions by steric effects

The local steric contribution (1) is determined from postprocess-
ing the model output (41). The contribution of both thermal effects
and haline effects is determined as the full-depth integral over the
specific volume anomaly (42)

0 -p(T,S, P
ns = f Mdz

“H oh (1)

The temperature, salinity, and pressure dependency are taken
into account while determining the density, and po = 1028 kg m™".
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The steric contribution is expressed as an anomaly with respect to
the initial value of the first model year. The globally averaged steric
contribution, indicated by n§, is shown in Fig. 1, also known as the
global mean thermosteric sea-level rise (38). We corrected for any
drift in n§ using the control simulations. After local ocean bottom
pressure changes, the local thermosteric sea level eventually be-
comes 7.

Contributions by glaciers
To determine the contribution to GMSLR by the melt of glaciers, we
followed the procedure outlined in Church et al. (34). First, the 2-m
GMST is determined for the HR-CESM and LR-CESM. Second, we
determined the GMST anomaly with respect to the control simula-
tions (see below for determining the anomalies). The time integral
of the GMST anomaly between 2000 - ¢ [indicated by I(#)] is used to
determine the GMSLR contribution by glaciers
T'|gla\ciers(t) =1l (t)P (2)
where f and p are constants, which are derived from four glacier
models, and these values can be found in Church et al. (34) (their
table 13.SM.2); negative values of I(t) are set to zero. For the uncer-
tainty in the projections at time t, we take 20% of I(t) as the SD of a
normal distribution. Third, we retained 2500 surrogate time series
where a random number (independent of time) from the time de-
pendent normal distribution is chosen. Last, we take the model
mean over the four glaciers models, the percentile levels of Nglacicrs
are shown in fig. S3 (A and B).

Each of the 19 regions in the Randolph Glacier Inventory con-
tribute to Nglaciers: Therefore, the contribution of each of the 19 re-
gions to Nglaciers is scaled by its fraction of the global glacier volume.
Here, we used the values in (43) of the modeled glacier volume in
2009 (their table 3), and we did not include the contribution of the
glaciers in the Antarctic and sub-Antarctic region. The mass loss of
each of the 19 glacier regions is multiplied by its fingerprint (due to
GRD effects); the results are shown in fig. S3 (C and D). We used
the 50% percentile level for Nglaciers in Fig. 1 and fig. S3 (C and D).

Contribution by the GrIS
Changes in the surface mass balance (ASMBg,s) of the GrIS are
governed by changes in snowfall and (surface) melt (35)

2 3
ASMBgyis = ASFgus — 84.2A Thay — 2.4 (AThy) " — L6 (ATM)” (3)

where ASFg,s is the yearly snowfall anomaly over the GrIS and
A Tgé?) is the June to August temperature anomaly over the GrIS at
600 hPa. The anomalies are deviations from the control simulations
(see below for determining the anomalies). The components of the
surface mass balance are shown in fig. S4 (A and B). Negative values
of ATUE are set to zero.

Ice dynamics and the positive melt-elevation feedback are not
considered in relation (Eq. 3) because the GrIS topography is fixed
(35). Following (34), the terms containing A Tyol?) (melt terms) are
multiplied by a factor E to adjust for the fixed GrIS topography.
Here, E is a random chosen number from a uniform probability
distribution in the range of 1.00 to 1.15 (time independent). Changes
in ASMBg,s are converted to GMSLR (factor of 361.8 Gt mm ).
The GMSLR by changes in the surface mass balance of the GrIS is
shown in fig. S4 (C and D); here, we used 2500 surrogate time series
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for the percentile levels. The mass loss by the GrIS (using the 50%
percentile) is multiplied by its fingerprint (due to GRD effects); the
results are shown in Fig. 1 and fig. S4 (E and F).

Contribution by the AIS
Changes in the surface mass balance (ASMB,1s) of the AIS contribute
to a negative GMSLR (29). We determined the snowfall anomaly
(with respect to control simulation) over the AIS for the HR-CESM
and LR-CESM. An increase in snowfall results in an increase in AIS
dynamics (34) and the surface mass balance becomes
ASMBAIS = GASFAIS (4)
where ASFyjs is the snowfall anomaly over the AIS and o6 is a ran-
dom number chosen from a uniform probability distribution in the
range of 0.65 to 1 (time independent). We converted the ASMBjs
to GMSLR equivalent, and the 50% percentile from 2500 surrogates
is shown in fig. S5 (blue curve).

Basal melt by increased oceanic temperatures on the continental
shelfs surrounding Antarctica eventually leads to GMSLR (7). We
followed the same procedure outlined in (7) and determined the
vertically averaged temperature over the five Southern Ocean region
(cf. Fig. 2A) for the CESM simulations (Fig. 2, B to F), and the ver-
tical ranges for each region are provided in table 1 of Levermann et al.
(7). Next, we determined the temperature anomaly (with respect
to control simulation) for each region (indicated by AT; fig. S10, B
to F), and the basal melt Am is defined as

Am(t) = BATo(1) )

where B is the melt sensitivity parameter varying uniformly between
7 and 16 m yr °C™" (time independent).

Using the appropriate response function [indicate by R(#)] for each
Southern Ocean region, the basal melt can be converted to GMSLR

t
Z()= Jom() Rt - 1) de ©)

The response functions are retained from 16 different ice-sheet
models (7), and we used the last 101 years for each response func-
tion. For each ice-sheet model, we retained 2500 surrogates by vary-
ing B, and afterward, we determined the model mean of X(¢) for the
16 ice-sheet models. The GMSLR as a consequence of basal melt
(i.e., 50% percentile) is shown in fig. S5 (red curve), and the contri-
bution for each region is shown in Fig. 4.

The mass gain or loss by the AIS (using the 50% percentile) is
multiplied by its fingerprint (due to GRD effects). For the increased
snowfall anomaly, we used the fingerprint of the entire AIS. GMSLR
as a result of basal melt at the East Antarctic region, half of the Ross
region, and half of the Weddell region is multiplied by the finger-
print of East Antarctica. We included half of the GMSLR contribution
of the Ross region and Weddell region since both regions consist of
an eastern region and western region (12). The GMSLR contribu-
tions of the remaining regions (i.e., Amundsen region, Antarctic
Peninsula, half of the Ross region, and half of the Weddell region)
are multiplied by the fingerprint of West Antarctica. The final finger-
prints of the AIS are shown in fig. S5 (C and D).

Dynamic sea-level changes
The sea surface height above geoid (variable “SSH”) is part of the
standard output of the CESM, referred to as the dynamic sea level
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(38). The globally averaged dynamic sea level is about zero since the
CESM has a volume constraint for the ocean and does not contrib-
ute to GMSLR; we uniformly removed the global mean from the
dynamic sea-level fields. Local dynamic sea-level changes are shown
in fig. S6 for the HR-CESM and LR-CESM.

Determining anomalies (e.g., of temperature)

The (depth-averaged) temperature anomalies are determined with
respect to the control simulations. However, some of the tem-
perature fields display a (significant) drift in the control simulations
(fig. S2, A and B). First, we determined the linear trend (o) of a
time series (y¢) in the control simulation. This linear trend was sub-
tracted from the relevant time series (¥ = y — o) and the control
time series (J¢ = yc — a¢). Next, the time mean of the detrended
control simulation (y¢) was subtracted to retain the anomalies
(y'=¥ - y¢). This procedure was applied to all temperature time se-
ries, as well as for the snowfall time series.

Area-weighted correlation coefficient and RMS deviation
First, we determined the area-weighted temperature between 80°S
and 60°S of two climate models, indicated by T' and T*. Next,
the area-weighted covariance is determined using the following
expression

cov(T', T?) = X, A(T! = TY) (T2 - T?) )
where A; is the normalized area of a grid cell i with respect to the
total area A. The area-weighted correlation coefficient, r, becomes

cov(TY, T?)

= (8)
’ \/cov(Tl, T cov(T? T?)

In a similar way, the area-weighted RMS deviation can be deter-

mined using
RMS = ¥ Ai(T - T2)° (9)

For the HR-CESM and LR-CESM, we interpolated the tempera-
ture fields onto the Mercator grid and the CMIP6 native grids be-
fore determining r and RMS.

Barotropic streamfunction
The barotropic flow is defined as the full-depth integral of the hori-
zontal velocity
0
BF = [_4vdz (10)
Starting from Antarctica (with a value of 0 for the BSF), we inte-

grate the zonal component of the barotropic flow (indicated by BE,)
meridionally to determine the BSF

Y
BSF(x,y,t) = Joo's BEo(x, ', ) dy’ (11)

For convenience, the average value of the BSF along the African
coast line is subtracted from the entire BSF field.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabf1674/DC1
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