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ABSTRACT: Antarctic sea ice extent (SIE) has slightly increased over the satellite observational period (1979 to the
present) despite global warming. Several mechanisms have been invoked to explain this trend, such as changes in winds,
precipitation, or ocean stratification, yet there is no widespread consensus. Additionally, fully coupled Earth system models
run under historic and anthropogenic forcing generally fail to simulate positive SIE trends over this time period. In this
work, we quantify the role of winds and Southern Ocean SSTs on sea ice trends and variability with an Earth system model
run under historic and anthropogenic forcing that nudges winds over the polar regions and Southern Ocean SSTs north of
the sea ice to observations from 1979 to 2018. Simulations with nudged winds alone capture the observed interannual
variability in SIE and the observed long-term trends from the early 1990s onward, yet for the longer 1979-2018 period they
simulate a negative SIE trend, in part due to faster-than-observed warming at the global and hemispheric scale in the model.
Simulations with both nudged winds and SSTs show no significant SIE trends over 1979-2018, in agreement with obser-
vations. At the regional scale, simulated sea ice shows higher skill compared to the pan-Antarctic scale both in capturing
trends and interannual variability in all nudged simulations. We additionally find negligible impact of the initial conditions

in 1979 on long-term trends.
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1. Introduction

Antarctic sea ice is characterized by large interannual
variability and a small long-term increase in areal coverage
since 1979 (e.g., Comiso et al. 2017; Eisenman et al. 2014)
despite an abrupt reduction in sea ice cover since 2016
(Parkinson 2019). The observed record represents the com-
bined effects of natural modes of atmosphere, ocean, and
cryosphere internal variability, the response to stratospheric
ozone depletion, and the response to global warming, and
much work has focused on the mechanisms driving the
overall small positive trend in Antarctic sea ice cover that
has occurred despite an increase in global mean surface
temperature. Some of the proposed mechanisms are (i) in-
tensified Southern Ocean westerlies due to ozone depletion
(Thompson and Solomon 2002) leading to sea ice expansion
(Turner et al. 2009) via equatorward Ekman ice transport,
although the same enhanced surface westerlies cause sea ice
retreat at longer time scales (Sigmond and Fyfe 2010; Bitz and
Polvani 2012) due to increased upwelling of warmer subsur-
face waters by Ekman suction (Ferreira et al. 2015); (ii) reduced
interaction between the surface ocean and the subsurface warm
waters due to increased ocean stratification as a result of fresh-
water discharge from Antarctic land ice (Bintanja et al. 2013;
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Bronselaer et al. 2018), decreased surface salt input via brine
rejection (Zhang 2007), or increased regional precipitation
(Liu and Curry 2010); (iii) delayed warming of the
Southern Ocean relative to the rest of the globe due to the
basic-state ocean overturning circulation (Armour et al.
2016); (iv) changes in winds that increase ice production in
regions of anomalous wind convergence (Zhang 2014) and
northward ice advection (Holland and Kwok 2012); (v)
random occurrences of natural variability (Polvani and
Smith 2013); (vi) tropically driven atmospheric circulation
trends over West Antarctica that are responsible for the
recent expansion (e.g., Meehl et al. 2016; Purich et al. 2016);
(vii) changes in ocean waves impinging on the sea ice, with
smaller swells promoting sea ice expansion and vice versa
(Kohout et al. 2014); and (viii) internal variability of Southern
Ocean convection (Zhang et al. 2019). The cause of the
drastic reduction in sea ice in 2016 has been ascribed to
anomalous winds in the spring of 2016 (Stuecker et al. 2017,
Schlosser et al. 2018) that in part resulted from tropically
driven teleconnections (Purich and England 2019), and this
reduction in sea ice has persisted since 2016 due to a warmer
upper Southern Ocean (Meehl et al. 2019).

There is no consensus on a mechanistic understanding of the
processes that drive Antarctic sea ice variability and trends.
Climate models in phase 5 of the Coupled Model Intercompari-
son Project (CMIP5) both tend to show large biases in their
Antarctic sea ice mean state and have been unable to re-
produce observed long-term sea ice increases since 1979,
instead simulating ice loss over this time period (e.g., Turner
et al. 2013). This model-observational mismatch persists in
the new CMIP6 suite of models (Roach et al. 2020). It is
unclear why models are unable to simulate observed trends
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(e.g., Hobbs et al. 2016), and biases in the trends of atmo-
spheric circulation and its coupling to sea ice may partly be
responsible (e.g., Holland et al. 2017b). Indeed, trends in
winds in CMIPS are generally weaker than those in obser-
vations (Mabhlstein et al. 2013), and the coupling between the
southern annular mode (SAM) and sea ice appears to be
weaker in the models (Schroeter et al. 2017) but also shows
large model uncertainty (Holland et al. 2017a). Additionally,
pervasive upper ocean warming in models may also limit
their ability to simulate positive sea ice extent (SIE) trends
(Schneider and Deser 2018), while sea ice trends are cou-
pled to warming global temperature trends, which them-
selves tend to be slightly stronger (i.e., faster warming) in
models relative to observations (Rosenblum and Eisenman
2017; Roach et al. 2020). The impact of Southern Ocean sea
surface temperatures (SSTs) on Antarctic sea ice has re-
cently been investigated by Zhang et al. (2020), who found
that, over 1979-2013, Southern Ocean cooling reduced
Antarctic SIE loss in a GCM simulation but could not alone
explain observed trends.

In this work, we assess the impact that winds have on Antarctic
sea ice using a novel approach in which winds are nudged to-
ward observed winds in a fully coupled Earth system model
(ESM) run under historical forcing and anthropogenic emis-
sions. This framework aims to eliminate the role of biases in
winds (mean state, trends, and internal variability) on sea ice
trends and variability. We also run simulations in which both
winds and Southern Ocean SSTs north of the sea ice edge are
nudged to observations. The questions that we address in this
work are the following: How much can winds explain Antarctic
sea ice mean state, trends, and variability? What is the impact
of Southern Ocean SST trends on Antarctic sea ice? What is
the influence of initial conditions on long-term sea ice trends?

2. Methods and data

For observations, we use three different products of satellite-
derived sea ice concentration (SIC) in the Southern Ocean to
sample uncertainty in retrieval algorithms (Ivanova et al. 2014;
Eisenman et al. 2014): the NSIDC bootstrap (Comiso et al.
1997), NASA team (Cavalieri et al. 1997), and EUMETSAT
Ocean and Sea Ice Satellite Application Facility (OSI SAF;
Lavergne et al. 2019) sea ice products. We use the ERA-
Interim dataset (Dee et al. 2011) to sample observed winds
and surface temperature, and the NOAA Extended Reconstruction
Sea Surface Temperature version 3b (ERSSTv3b) product
for SSTs (Smith et al. 2008).

We use the National Center for Atmospheric Research
(NCAR) Community Earth System Model version 1 with the
Community Atmosphere Model version 5 (CESM1-CAMS;
Hurrell et al. 2013). The model features fully coupled atmo-
sphere, ocean, sea ice, and land components at a ~1° resolu-
tion, and is among the CMIP5 models with highest fidelity
compared to observations (Knutti et al. 2013). We use the
Large Ensemble performed with CESM1-CAMS (hereafter
referred to as CESM-LENS; Kay et al. 2015) which consists of
35 members initialized in 1920 with atmospheric initial conditions
that differ at round-off level.
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For the nudging simulations, we select initial conditions
from CESM-LENS from 1 January 1980. Thereafter, we run
the model under historical forcing from 1979 to 2005 and
RCP8.5 from 2006 to 2018 (identical to the CESM-LENS
forcing). We nudge model zonal (U) and meridional (V) winds
to 6-hourly ERA-Interim U and V winds poleward of 45° in
both hemispheres (i.e., over 45°-90°N and 45°-90°S) through-
out the full period (January 1979 to December 2018). In a
subset of simulations, we also nudge model SSTs to observa-
tions over the Southern Ocean north of the sea ice edge be-
tween 40° and 56°S. The nudging [also termed relaxation
approach in the literature; see e.g., Jung et al. (2014) and ref-
erences therein] is performed by adding an extra term to the
model as follows:

% =F(x) + Fnudge s
1
Fnudge = a[O(t;lext) - x(t)]/Tv
where x(7) is the model state vector at model time step #; F(x) is
the internal tendency of the system with no nudging; and Fyygee
is the nudging term, proportional to the difference between the
target analysis (e.g., ERA-Interim winds) at a future analysis
time step, O(%,.,,), and the model state at the current model
time step, x(¢). In the atmosphere, the analysis that the model is
nudged toward is updated every 6 h (the analysis time step #;,)
while Fpuqee is adjusted at each model time step (in CAMS,
At = 30 min). The nudging coefficient « is 1 everywhere within
the nudging domain and changes to 0 smoothly across the
nudging domain border as shown in Fig. 1, and 7 is the relax-
ation time scale 7 =1t —t of the nudging, that is, the time
between the current model time step (¢) and the following
analysis (observations) time step (f.) that the model is
nudged toward.

To nudge the model to observed Southern Ocean SSTs, we
follow the methodology of Kosaka and Xie (2013) whereby the
model’s SSTs are nudged to the observed monthly SST
anomalies (with respect to the model mean) over the Southern
Ocean (40°-56°S; i.e., north of the sea ice). A fixed relaxation
time scale of 2 days is used and the nudging is applied to the
model’s top-10-m-deep ocean layer. The simulations that
nudge SSTs also apply the wind nudging described above; we
use a(y,yy and a(sst) to distinguish between the wind and SST
nudging parameters. All experiments are described in Table 1,
and each represents a single simulation.

We test the sensitivity of the nudging simulations to the
magnitude of nudging parameter a(yyy and the range of
vertical levels over which U and V are nudged. We nudge the
winds at two different ranges of atmospheric levels. One
range is from 850 hPa to the top of the model (TOM), denoted
as CESM-NudgeUYV, and the other range is all atmospheric
levels, denoted CESM-NudgeUV_surf. In all nudging
simulations that nudge winds above 850 hPa, downward
momentum transfer and mass conservation constrain sur-
face winds in the nudging simulations to closely match
ERA-Interim surface winds, and over the Southern Ocean
the correlation of monthly mean U and V winds between
ERA-Interim and the nudged simulations is r > 0.97 (not
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FIG. 1. (a) Nudging parameters for the winds [e¢(y,1,] and SSTs [a(ssT)], (b) nudging domains for (g, (shaded) and
ass) (green box), and (c) the regional boundaries and nomenclature used.

shown). CESM-NudgeUV _surf experienced a slight climate
drift, which can result from the nudging (e.g., Greatbatch
et al. 2012; Blanchard-Wrigglesworth and Ding 2019), and
we exclude this simulation from further analysis. Using a
weaker nudging parameter oy, (CESM-NudgeUV_weak)
results in an almost identical simulation to CESM-NudgeUV,
and we also exclude this simulation from further analysis. To test
the influence of initial conditions on long-term sea ice trends, we
run a simulation that is initialized with sea ice concentrations
from the CESM-LENS member with lowest 1980 sea ice con-
ditions (denoted CESM-NudgeUV_lowIC) as opposed to
CESM-NudgeUV, which is initialized from a CESM-LENS
member with average 1980 sea ice conditions. Finally, to
assess the impact of Southern Ocean SSTs, we run two ad-
ditional simulations with the same parameters as CESM-
NudgeUV and CESM-NudgeUV_lowIC that in addition
apply SST nudging over a Southern Ocean domain, and we
denote these as CESM-NudgeUV&SST and CESM-NudgeUV&
SST_lowlC. To refer to both wind-only nudging simula-
tions together, we use CESM-NudgeX, and to refer to both
wind and SST nudging simulations together we use CESM-
NudgeSSTX.

We assess sea ice both on pan-Antarctic and regional scales
with different seas defined in Fig. 1c. For the regional analysis,
all SIC data (observations and model output) are regridded
to a common 1° latitude X 1° longitude grid prior to analysis.
SIE is defined as the area of SIC greater than 15%, and sea ice
area (SIA) as the area-integrated SIC. We assess statistical
significance using a 95% confidence level calculated with
Student’s ¢ test. We discuss results on 1) mean state, 2) trends,
3) coupling to temperature, and 4) interannual variability. We
find that CESM-NudgeSSTX shares similar characteristics to
CESM-NudgeX in terms of mean state and interannual vari-
ability, so we focus on CESM-NudgeX and discuss CESM-
NudgeSSTX when investigating the relationship between sea
ice and temperature.

3. Results
a. Mean state and evolution over 1979-2018

We first analyze the mean state of sea ice cover and winds in
observations, CESM-LENS, and CESM-NudgeX. Note that
we show the ensemble-mean of CESM-LENS, representing
the forced response in the model. Figure 2 shows the mean

TABLE 1. Summary of model simulations. In all simulations, the nudging parameter (g1 is applied over 45°-90°N and 45°-90°S.

Initial conditions (with LENS run

Model ID indicated) aw,yy Vertical nudging levels SST nudging
CESM-NudgeUV 1980 climatological sea ice (LENS#21) 1 TOM to 850 hPa —
CESM-NudgeUV_lowIC 1980 minimum sea ice (LENS#4) 1 TOM to 850 hPa —
CESM-NudgeUV&SST 1980 climatological sea ice (LENS#21) 1 TOM to 850 hPa 40°-56°S
CESM-NudgeUV&SST_lowlC 1980 minimum sea ice (LENS#4) 1 TOM to 850 hPa 40°-56°S
CESM-NudgeUV_surf 1980 climatological sea ice (LENS#21) 1 TOM to surface —
CESM-NudgeUV_weak 1980 climatological sea ice (LENS#21) 0.5 TOM to 850 hPa —
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FIG. 2. (a)-(c) Annual mean winds (not shown over the Antarctic continent) and SIC over 1979-2018 in observations (for SIC: mean of
Bootstrap, NASA team, and OSI SAF estimates), CESM-NudgeX, and CESM-LENS, (d) the seasonal cycle of SIE (all three observed
SIE estimates shown), (e),(f) the differences in annual mean winds and SIC between model simulations and observations, and (g)—(i) the
standard deviation of annual mean SIC.
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FIG. 3. Trends (in ms™ ' yr~!; shading) and means (in m s~ !; contours) over 1979-2018 of annual surface (a)-(c) zonal U winds (positive
is westerly) and (d)—(f) meridional V winds (positive is southerly) in (left) observations, (middle) CESM-NudgeX, and (right)

CESM-LENS.

annual SIC and surface winds in observations, CESM-LENS
and CESM-NudgeX, ensemble-mean model biases, the sea-
sonal cycle of SIE, and the standard deviation of annual mean
SICin all three different datasets. We show seasonal mean and
biases in SIC and winds in Fig. S1 in the online supplemental
material. Throughout the year, both CESM-LENS and CESM-
NudgeX skillfully simulate the seasonal cycle of Antarctic SIE,
with a notable exception during spring, when observations
show a faster loss in SIE (Fig. 2d). CESM-LENS and CESM-
NudgeX show a positive bias in mean annual SIE, with annual
SIE about 0.8 X 10° and 0.6 X 10°km? greater than observa-
tions, respectively. In terms of the spatial distribution of SIC,
the model simulations show a positive bias in SIC in the
southwest Pacific Ocean and the Ross, Amundsen, and
Bellingshausen Seas, and a negative bias in SIC in the western
Weddell Sea and south Indian Ocean. CESM-LENS shows
slightly stronger zonal winds over the Southern Ocean, and
these biases are mostly corrected in CESM-NudgeX, es-
pecially north of West Antarctica, the Antarctic Peninsula,
and the Weddell Sea. Comparing the biases in SIC in CESM-
NudgeX with those in CESM-LENS shows an improvement in
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the Weddell and Bellingshausen Seas and the southwest
Pacific, where model biases are approximately halved, but no
discernible changes elsewhere. Model biases in the rate of SIE
loss during the spring originate in SIC biases along the mar-
ginal sea ice zone of the southwest Pacific and the Ross Sea (see
Fig. S1 in the online supplemental material) and remain un-
changed in CESM-NudgeX relative to CESM-LENS, despite
improvement of winds in CESM-NudgeX over these regions in
spring, suggesting that the spring SIE bias does not result from
model wind biases.

The standard deviation in annual SIC for the three data-
sets is calculated first for each single observation and model
simulation, and then averaged across observations and in-
dividual model simulations/ensemble members (Figs. 2g—i).
The observations show a maximum in variability along the
Bellingshausen, Amundsen, and Ross Seas, and reduced var-
iability (about a third to a half lower) from the eastern Weddell
Sea to the east Pacific (0° to 120°E). CESM-LENS shows a similar
pattern, but in general overestimates interannual SIC variability.
CESM-NudgeX shows an improvement in variability relative to
CESM-LENS, but still slightly overestimates observed variability.
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FIG. 4. Annual mean (a) SIE and (b) SIA over 1979-2018 in observations (blue), CESM-NudgeUV (red), CESM-
NudgeUV_lowlIC (dashed red), and CESM-LENS (ensemble mean in black, individual runs in gray) in Antarctica.

From this mean state analysis, and in the context of large model
uncertainty in simulating Antarctic sea ice (Turner et al. 2013;
Roach et al. 2020), we argue that CESM-LENS performs
reasonably well in capturing the mean state of Antarctic sea
ice, and that CESM-NudgeX shows that winds modestly im-
prove the mean state of sea ice.

Figure 3 shows annual trends and means over 1979-2018 in
surface U and V winds in observations (as estimated in ERA-
Interim), CESM-NudgeX, and CESM-LENS. In observations,
mean zonal winds show strong westerlies over the Southern
Ocean north of the sea ice edge that peak in the south Indian sector,
while along the Antarctic coastline zonal winds are weak or easterly.
CESM-LENS shows a similar pattern, although with slightly stron-
ger westerlies over the Southern Ocean, particularly during the
spring (Fig. S1). Trends over the last 40 years in observations show a
strengthening of the westerly winds over the Southern Ocean, a
poleward migration of the strongest winds in the South Indian sector,
an equatorward migration over the southeast Pacific, and a weak
strengthening of the easterlies along the Antarctic coastline. The
strongest trends are located in the southeast Pacific. Mean meridi-
onal winds are much weaker than zonal winds over the Southern
Ocean, and their trends show a weak wave-3 pattern with strength-
ening northerlies centered around 60°W, 60°E, and 180°E. Trends in
zonal winds in CESM-LENS (averaged across all members) also
show a strengthening of the westerlies, but much weaker than ob-
servations and located farther south, indicating a poleward migration
of the westerlies at all longitudes. Unlike observations, the coastal
easterlies show no trends, while CESM-LENS trends in me-
ridional winds show a similar albeit weaker wave-3 pattern to
observations. As expected given our experiment design, zonal
and meridional wind trends in CESM-NudgeX follow closely
the observed trends.

Annual mean Antarctic SIE and SIA in 1979-2018 for CESM-
LENS, CESM-NudgeX, and observations are shown in Fig. 4
and for regional seas in Fig. 5. Observed Antarctic SIE and SIA
show the previously documented increase over 1979-2015, and
the rapid decrease and reduced sea ice cover over 2016-18.
There is greater observational uncertainty in SIA relative to SIE.
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The CESM-LENS mean shows a linear decrease in Antarctic
SIE and SIA during this period, in agreement with other climate
model response to global warming and anthropogenic forcing
(e.g., Turner et al. 2013). Both CESM-NudgeUV and CESM-
NudgeUV_lowlC show a pattern in SIE and SIA that is parti-
tioned in three phases: a loss of sea ice over 1979-92, an increase in
sea ice over 1992-2015, and a marked decrease, though smaller
than observed, in 2016 and low sea ice conditions since. CESM-
NudgeUV_lowlC shows slightly lower SIE and SIA relative to
CESM-NudgeUYV for the first 3 years, after which both simula-
tions show very similar SIE and SIA.

At the regional scale (Fig. 5 for annual SIE; see Figs. S2 and
S3 for seasonal and monthly SIE), observed SIE evolution
patterns are distinct to the pan-Antarctic pattern shown in
Fig. 4, and some seas show a long-term decrease (such as the
Bellingshausen Sea). The CESM-NudgeX simulations capture
the observed interannual variability and trends of SIE in the
Bellingshausen, Amundsen, Weddell, and Ross Seas. In the
southwest Pacific and south Indian Ocean, there is a larger
discrepancy between CESM-NudgeX and observations. In
both areas, CESM-NudgeX captures interannual variability,
yet it shows a negative sea ice trend while observations show a
positive sea ice trend, and CESM-NudgeX is seemingly con-
strained to the CESM-LENS ensemble range, which might
help explain why CESM-NudgeX cannot simulate the in-
crease in SIE in the south Indian Ocean in the 2000s. The
origin for the smaller-than-observed decline in Antarctic SIE
in 2016 in CESM-NudgeX is also the south Indian Ocean (see
Figs. S2 and S3). CESM-LENS shows negative trends in all
seas. We discuss regional trends and interannual variability
further below.

b. Sea ice trends

1) ANTARCTIC TRENDS

We quantify the monthly and annual trends in Antarctic SIE
in CESM-LENS, CESM-NudgeX, and observations in Fig. 6.
In observations, over 1979-2018 SIE has increased during all
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FIG. 5. Annual mean SIE in 1979-2018 in observations (blue), CESM-NudgeUV (red), CESM-NudgeUV_lowIC (dashed red), and
CESM-LENS (ensemble mean in black, individual runs in gray) in regional seas of Antarctica.

seasons with weak seasonality in the trends, although the
largest positive trends are during the fall and early winter
(April through June) and trends are only statistically sig-
nificant at the 95% level from May through October. The
mean trend in annual SIE across observations is 0.011 X
10°km? yr !, and only one of the three observational datasets
shows a statistically significant annual SIE trend. In CESM-
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LENS, all monthly and annual SIE trends are negative for all
ensemble members, and they tend to be more pronounced
during the late fall/winter relative to summer. Annual SIE
trends are statistically significant in all ensemble members, and
the observed trend is outside the range of model trends in all
months. Both CESM-NudgeX simulations also have negative
trends but the magnitude of trends is approximately one-half of

SIE trends 1992-2018
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FIG. 6. Monthly and annual trends in SIE over (a) 1979-2018 and (b) 1992-2018 for observations (blue), CESM-
NudgeUV (red), CESM-NudgeUV_lowIC (dashed red), and CESM-LENS (individual runs in gray, ensemble
mean in black). Circular markers on monthly trends and larger markers for the annual trends indicate statistically

significant trends at the 95% level.
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lowIC (dashed red), and CESM-LENS (individual runs in gray, ensemble mean in black). Circular markers on monthly trends and larger
markers for the annual trends indicate statistically significant trends at the 95% level.

that in CESM-LENS (annual SIE trend of —0.026 X 10°
and —0.021 X 10°km?yr~! in CESM-NudgeUV and CESM-
NudgeUV_lowlIC respectively compared to —0.043 X 10°km?® yr~*
for CESM-LENS). As in observations, late summer/early
fall SIE trends in CESM-NudgeX are not statistically sig-
nificant, and trends in both nudged simulations are at the
high end of the individual CESM-LENS ensemble member
trends.

Given the apparent shift in trends in the early 1990s in
CESM-NudgeX shown in Fig. 4, we also quantify SIE trends
over 1992-2018 (Fig. 6b). During this period, observed trends

in annual SIE are smaller than over 1979-2018 (0.005 X
10°km?yr ! compared to 0.011 X 10°km?yr ') and are not
statistically significant. Both CESM-NudgeUV and CESM-
NudgeUV_lowIC have slightly negative annual trends
(—0.0033 X 105km*yr~! and —0.0059 X 10°km’yr~?, re-
spectively), which are also not statistically different from zero.
The CESM-LENS mean trend during this time is an order
of magnitude greater (—0.039 X 10°km?yr~'). The trends
in both CESM-NudgeX simulations are positive during the
late summer/early fall (February through April), about a season
earlier than the most positive trends in observations, although
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we note that no monthly SIE trends in observations and CESM-
NudgeX (with the exception of November and December in the
latter) are statistically different from zero.

2) REGIONAL TRENDS

Observed regional trends in sea ice cover show a complex
pattern both in terms of spatial and seasonal trends, with some
Antarctic seas such as the Ross Sea showing a marked long-
term increase in sea ice cover while others such as the Bellingshausen
Sea show a decrease in sea ice (e.g., Holland 2014; Comiso et al.
2017; Parkinson 2019). These regional differences in sea ice trends
have been linked to regional differences in wind trends, as some
regions have shown an increase in northerly winds and others
have shown an increase in southerly winds, yet the relationship
between winds and sea ice cover is complex, as wind trends in one
season (e.g., spring) can affect sea ice trends in another season
(e.g., fall) (e.g., Holland 2014; Holland et al. 2017b), and sea ice
anomalies can be advected from one region to another (e.g., Pope
et al. 2017).

Figure 7 shows monthly and annual trends in regional SIE
over 1979-2018, highlighting where and when the observa-
tional trends are outside the range of CESM-LENS and in what
regions nudging to observed winds can at least partially reconcile
the observation-model mismatch. In the Weddell Sea, observed
positive summer/fall SIE trends are followed by negative winter
SIE trends, while the Amundsen and Bellingshausen Seas show
negative summer SIE trends (which are more negative than the
range of trends simulated by CESM-LENS) and positive winter
SIE trends. In the Bellingshausen and Amundsen Seas, CESM-
NudgeX replicates observed trends skillfully. In the Weddell
and Ross Seas and the southwest Pacific, CESM-NudgeX cap-
tures the observed seasonality of SIE trends, but in general is
biased negative relative to observations. In the south Indian
Ocean, CESM-NudgeX trends are more biased with respect to
observed trends, showing a year-round loss in SIE compared to a
year-round increase in observations.

Repeating this analysis over 1992-2018 (Fig. 8) shows that during
this more recent period, CESM-NudgeX captures observed trends
with a high degree of skill throughout the year in the Bellingshausen,
Amundsen, Ross, and Weddell Seas. In the southwest Pacific and
south Indian Ocean, CESM-NudgeX underestimates trends for all
months, as was seen over 1979-2018 in Fig. 7.

To complement the spatial analysis of sea ice trends, Figs. 9 and 10
show seasonal and annual trends in SIC over 1979-2018 and 1992—
2018 in the ensemble-mean of CESM-LENS (which represents the
model’s forced response), CESM-NudgeX, and observations to-
gether with the trends in surface winds over the same time periods.
We also show seasonal and annual trends in SIA by longitude (de-
fined as the trend in SIA calculated for each degree of longitude) in
all three datasets and across all CESM-LENS members.

Overall, CESM-NudgeX captures observed trends in the
Bellingshausen and Amundsen Seas over 1979-2018, and the
Ross and Weddell Seas over 1992-2018. In contrast, observed
positive SIE trends in the southwest Pacific and south Indian
Ocean are not captured by CESM-NudgeX. At the annual time
scale zonal winds have increased (become more westerly) in
observations, a pattern that is much weaker in the CESM-
LENS ensemble-mean. Trends in seasonally averaged winds,
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however, show a deepening of the Amundsen low in summer
and particularly in fall in observations that is absent in the
CESM-LENS ensemble-mean, likely illustrating a model bias
as this deepening has partly been attributed to changes in ozone
and simulated in other climate models (Turner et al. 2009) (we note
that CESM-LENS forcing includes changes in ozone). This deep-
ening of the Amundsen low has resulted in increased southerlies
over the Ross and Amundsen Seas, and increased northerlies over
the Bellingshausen Sea during these seasons. Inspecting the trends in
winds and their relationship to SIC trends, however, shows a com-
plex pattern. For example, in fall, Weddell Sea SIC trends over
1979-2018 are mostly positive, despite stronger northerly winds,
while Amundsen SIC trends are negative, despite a trend of stronger
southerly winds, and in the following season, Amundsen SIC trends
are positive, despite no clear trends in meridional winds. This likely
highlights the delayed response of sea ice to wind (e.g., Holland et al.
2017b) and the seasonal persistence of sea ice that likely extends sea
ice trends from one month to the next despite changes in the over-
lying atmospheric forcing: thus, it is likely that the negative fall SIC
trends in the Amundsen Sea partly result from the negative summer
SIC trends in that region. Comparing the longitudinal SIA trends
over 19922018 in Fig. 10 to Fig. 9 shows the improvement in re-
gional skills in CESM-NudgeX during this period. The skill during
winter over 1992-2018, when CESM-NudgeX captures the wave-3
pattern of observed SIC trends, is particularly noteworthy. During
this season and over this period, CESM-NudgeX simulates positive
trends in longitudinal SIA that are outside the range of CESM-
LENS trends in the Amundsen Sea and in the western sector of the
south Indian Ocean.

c. Coupling of sea ice and temperature

Over decadal and longer time scales, Antarctic sea ice is coupled
to global and hemispheric temperature in ESMs (e.g., Armour et al.
2011; Rosenblum and Eisenman 2017; Roach et al. 2020). In Fig. 11
we show annual mean surface (2m) air temperature and SST from
ERA-Interim/ErSSTv3b, CESM-LENS, and CESM-NudgeX, and
the relationship between annual SIE trends and trends in mean
annual temperature averaged over the globe and Southern
Hemisphere and trends in SST averaged over a Southern Ocean
domain north of the sea ice edge (48°-56°S). Annual mean tem-
perature over all three domains has warmed at a greater rate in
CESM-LENS compared to observations. As expected given the
nudging experiment design, CESM-NudgeX temperatures are
within the range of CESM-LENS temperature, and thus show a
similar long-term warming. The difference in SST trends over
the Southern Ocean domain between ErSSTv3b and CESM-
LENS is particularly noteworthy, as the observed cooling is
outside the range of modeled trends (Fig. 11c; Fig. S4 shows
annual SST trend maps). Scatterplots of temperature trends
and sea ice trends show that Antarctic sea ice trends in
CESM-LENS are coupled to temperature/SST trends, not
only over the Southern Ocean but in the Southern Hemisphere and
globally. Importantly, the relationships between tempera-
ture trends and Antarctic SIE trends that account for dif-
ferences across the individual LENS members also help
account for the differences between SIE trends in observations
and models (including the nudged simulations), especially so
when considering Southern Hemisphere and Southern Ocean
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FIG. 9. (left three columns) Annual and seasonal SIC concentration trends (% yr ') and trends in winds in Antarctica over 1979-2018 in
observations, CESM-NudgeX, and CESM-LENS mean, respectively. The dashed and continuous green lines denote the mean 15% and
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Fi1G. 11. (a)—(c) Annual mean global, Southern Hemisphere (SH), and Southern Ocean domain (48°-56°S) surface 2-m air temperature
(T2m) and SST over 1979-2018 (note the y-axis range is the same for all three panels). Also shown are scatterplots of trends in global, SH
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FIG. 12. As in Figs. 4a and 6, but including CESM-NudgeSSTX.

temperature trends (Figs. 11e,f). This suggests that the inability of
CESM-NudgeX to reproduce observed Antarctic SIE trends over
the longer 1979-2018 period results from the coupling of the
Southern Ocean to the larger scale climate system and the too-
rapidly warming global and hemispheric-scale temperatures in
CESM-LENS and CESM-NudgeX. Over the shorter 1992-2018
period, the difference in temperature trends between ER A-Interim
and CESM-LENS/CESM-NudgeX is smaller relative to the 1979—
2018 period. Additionally, the coupling between sea ice and large-
scale temperature trends is weaker than that over the longer period
(the correlations are weaker in the lower panels of Fig. 11) and the
SIE trends in CESM-NudgeX do not conform to the relationship
seen across the CESM-LENS simulations. This result suggest that
wind trends exert a larger influence on SIE trends on shorter time
scales while climate-scale thermodynamic controls are more im-
portant at longer time scales.

IMPACT OF SOUTHERN OCEAN SSTs

As shown in Fig. 11f and Fig. S4, Southern Ocean SSTs north of
the sea ice warm at a faster rate in CESM-LENS than observations,
and wind-nudging slightly improves this warming bias in CESM-
NudgeX. To investigate the impact of these model biases on sea ice
trends we turn to CESM-NudgeSSTX. Figure 12 shows time series
of Antarctic SIE and trends in CESM-NudgeSSTX, observations,
CESM-LENS, and CESM-NudgeX (see Figs. S2 and S3 for monthly
and seasonal SIE). The interannual variability of SIE in CESM-
NudgeSSTX follows that in CESM-NudgeX closely, and SIE long-
term trends are slightly more positive in CESM-NudgeSSTX, with
19792018 annual SIE trends of —0.011 X 10° and —0.008 X
10°km?yr~ ! in CESM-NudgeSST and CESM-NudgeSST_lowIC,
respectively, compared to —0.026 X 10° and —0.021 X 10°km?yr !
in CESM-NudgeUV and CESM-NudgeUV_lowlC, respectively.
Neither CESM-NudgeSSTX annual SIE trend is significantly dif-
ferent from zero over the 1979-2018 and 1992-2018 periods.
Inspection of regional SIE and SIE trends (Figs. S5-S7) shows an
improvement in simulated SIE trends in CESM-NudgeSSTX com-
pared to CESM-NudgeX in the south Indian Ocean and Weddell
Sea, while elsewhere trends are mostly unchanged between CESM-
NudgeSSTX and CESM-NudgeX. The relationship between tem-
perature and sea ice trends in CESM-NudgeSSTX in Fig. 11
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provides further evidence of the coupling between temperature
and sea ice and the impact of Southern Ocean SSTs on Antarctic
SIE trends, particularly over the longer 1979-2018 period.

d. Sea ice interannual variability

We next explore how well CESM-NudgeX captures interannual
sea ice variability. We show the correlations of monthly and annual
Antarctic and regional SIE between the CESM-NudgeX and ob-
servations in Fig. 13 over 1979-2018 and 1992-2018. For simplicity,
and given the agreement in variability within the observational SIE
estimates, and CESM-NudgeX (see Fig. 4), we show the mean
values of all six single correlation matrices (i.e., the combination of
three observational estimates and two nudged simulations). The
correlation between CESM-NudgeX and observations in pan-
Antarctic annual SIE over 1979-2018 is r ~ 0.2, and r ~ 0.5 when
both CESM-NudgeX and observed SIE are detrended. There is a
seasonal cycle as CESM-NudgeX captures interannual variability of
pan-Antarctic SIE better during the freeze-up (April-June) and
melt (December—January) seasons. During the 19922018 period,
the correlation pattern is similar with slightly higher correlation
values, especially for pan-Antarctic SIE (cf. left columns in Figs.
13c,d and 13a,b), when r ~ 0.66 (r ~ 0.68 for detrended) for
annual SIE. We note that CESM-NudgeSSTX shows similar re-
sults (see Fig. S8) and improved correlations prior to SIE de-
trending, as expected from the improved simulation of SIE trends
shown in Fig. 12 (the correlation between CESM-NudgeSSTX
and observations in pan-Antarctic annual SIE is r ~ 0.4).

As suggested by a visual comparison of Figs. 4 and 5, CESM-
NudgeX tends to capture observed interannual variability better
at the regional scale (in Figs. S2 and S3, we show seasonal and
monthly SIE in CESM-NudgeX, CESM-NudgeSSTX, and ob-
servations). The correlation between CESM-NudgeX and ob-
servations in regional annual SIE varies between r > 0.8 for the
Bellingshausen and Amundsen Seas and » ~ 0.3 for the south
Indian Ocean over 1979-2018. When the annual time series are
detrended, correlations are higher in those regions where
CESM-NudgeX and observations show diverging trends (i.e.,
the southwest Pacific and south Indian Ocean; cf. Fig. 5).

At the monthly time scale, two patterns emerge in terms of
seasonality and geography in Fig. 13. Seasonally, CESM-NudgeX
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after linearly detrending. Hatched values indicate statistically significant correlations at a 95% level.

captures observed regional SIE variability better during winter
and spring (April through November) compared to summer
and early fall (December through March). During the winter
months, correlation values between CESM-NudgeX and ob-
servations can be greater than r = 0.9 in the Ross, Amundsen,
Bellingshausen, and Weddell Seas. Interestingly, this season-
ality in regional SIE skill is different from the seasonality
for pan-Antarctic SIE skill. Geographically, CESM-NudgeX
captures variability better over the Weddell, Ross, Amundsen,
and Bellingshausen Seas relative to the southwest Pacific and
south Indian Ocean. This is the same geographic pattern of
CESM-NudgeX skill in capturing observed regional trends
documented above.

4. Discussion and conclusions

We have used a fully coupled climate model with its winds
nudged to observations over 1979-2018 to investigate the im-
pact of winds on Antarctic sea ice mean state, trends, and

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 05/05/21 01:25 AM UTC

variability. We have also explored the additional impact on sea
ice trends of Southern Ocean SSTs north of the sea ice by
nudging the model’s SSTs to observations. Model sea ice mean
state biases are only modestly improved by nudging winds to
observations (CESM-NudgeX compared to CESM-LENS).
Specifically, the slower than observed melt during the spring
in CESM-LENS persists in CESM-NudgeX, suggesting that
this model bias does not originate from biased winds but rather
from biased thermodynamics. At the pan-Antarctic scale, we
show improvement in CESM-NudgeX compared to CESM-
LENS in capturing the observed SIE trends, and further im-
provement when the model is nudged to both winds and
Southern Ocean SSTs in CESM-NudgeSSTX. The latter show
no significant trends in SIE over 1979-2018, in agreement with
two of the three observed estimates of SIE trends.

Observed SIE trends are better captured in CESM-NudgeX
after the early 1990s, as the nudged simulations simulate an
increase in SIE up to 2015 and a marked decline since. In
contrast, the model shows a loss in SIE over the 1980s that is
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not seen in observations. CESM-NudgeX also captures ob-
served interannual variability in Antarctic SIE with moderate
success (r ~ 0.5 for annual SIE over 1979-2018 after linearly
detrending, r ~ 0.68 over 1992-2018). The simulated SIE de-
cline in austral spring 2016 is slightly smaller than observed,
due principally to a larger observed decline in the south Indian
Ocean, which may not be attributable to winds (see also
Fig. 2A in Meehl et al. 2019).

At the regional scale, CESM-NudgeX shows significant skill
in capturing the observed trends, especially after the early
1990s, and very good skill in capturing interannual variability
in SIE throughout the full 1979-2018 period. In some regions
and months, the correlation between simulated and observed
SIE is r > 0.9. Regional trends in CESM-NudgeSSTX are
similar to CESM-NudgeX, but show an improvement in the
Weddell Sea and south Indian Ocean. A geographic and sea-
sonal pattern in skill is clear, whereby CESM-NudgeX skill is
better in the Ross/Amundsen/Bellingshausen Seas, and to
some extent the Weddell Sea relative to the southwest Pacific
and south Indian Ocean, while skill in the winter and spring
months is better relative to late summer and early fall. What
might be the source of this geographic and seasonal diversity?
Could sea ice in the former regions, and in winter, be more
strongly constrained by winds relative to other processes (such
as ocean currents or local atmospheric radiative forcing)?
Could the fidelity of reanalysis winds themselves be lower in
the latter regions? Regarding the first hypothesis, we note that
the differences between the CESM-NudgeUV and CESM-
NudgeUV_lowIC simulations are very small across all regions
and seasons (see Fig. 5 and Figs. S2 and S3). We might expect
that if sea ice in some regions showed less influence from winds,
the intermodel spread in the nudging simulations would be
greater. The near-identical evolution of sea ice in both nudging
simulations implies that, at least in the model, sea ice is highly
constrained by winds (directly or by other processes that co-
vary with winds) in all regions and seasons. Nevertheless,
Holland and Kwok (2012) found that in observations sea ice
motion is less strongly coupled to winds along East Antarctica,
but we note that this pattern could also result from larger un-
certainty in the wind reanalysis in East Antarctica (see below).
Comparing nudging simulations with different initial condi-
tions shows no impact on long-term SIE trends. This result is
somewhat surprising in light of Zhang et al. (2019), who found
using a GFDL-based ESM that decadal sea ice trends depend
on the initial conditions and are conditioned by the state of
Southern Ocean deep convection during initialization. We note
that CESM1-CAMS does not simulate deep convection in the
Southern Ocean (de Lavergne et al. 2014), and thus our result
may be conditioned by this model feature of CESM1-CAMS.

Given the scarcity of surface stations and radiosondes
around Antarctica and the Southern Ocean, quantifying re-
gional variations in the skill of reanalysis products is not trivial.
Jones et al. (2016), in a validation of reanalysis with radio-
sondes not assimilated into the reanalysis in the Amundsen Sea
region, found that reanalyses struggle to capture orographic
and katabatic enhancements of the winds. These processes are
more relevant along the East Antarctic coastline than over
open ocean far from land and West Antarctica, and may help
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explain the lower skill in SIE in the CESM-NudgeX simula-
tions in late summer/early fall and in the south Indian Ocean
and southwest Pacific when the sea ice edge is closer to the East
Antarctic coastline. Regarding the fidelity of reanalysis winds
themselves, we note that there exists large uncertainty across
different reanalysis products in simulated sea level pressure
fields across the southern ocean (e.g., Jones and Lister 2007,
Hobbs et al. 2016). Additionally, satellite scatterometers,
which are the main source of surface wind information over the
open ocean, have only been operational and their data assim-
ilated into reanalysis since 1992 (Dee et al. 2011; Desbiolles
et al. 2017), which may help account for the change in model
skill in capturing wind-driven sea ice trends before and after
that date. However, the nudged simulations capture regional
interannual SIE variability with high skill throughout the
whole period (Figs. 5 and 13), which might suggest no major
degradation in the fidelity of ERA-Interim winds prior to 1992.
Nevertheless, since the signal of interannual variability is
greater than that for trends, it is not necessarily contradictory
that the fidelity of reanalysis winds prior to the scatterometer
era may be high enough to capture interannual variability but
too low to accurately capture low-frequency trends. To assess
the impact of reanalysis fidelity on our nudged simulations,
additional simulations that nudge to winds taken from differ-
ent reanalysis products are needed.

Notwithstanding issues of reanalysis wind fidelity, it is im-
portant to note that surface air temperature and SST trends
in CESM-LENS and CESM-NudgeX are significantly more
positive than in observations (as indicated by ERA-Interim
and ERSSTv3b). Particularly over the Southern Ocean north
of the sea ice edge, observed SST 1979-2018 trends are nega-
tive, while all CESM-LENS and CESM-NudgeX trends are
positive. Given the coupling between sea ice trends and tem-
perature trends at decadal time scales, it is perhaps not sur-
prising that CESM-NudgeX does not simulate a 40-yr-long
positive trend in SIE against a backdrop of rapidly warming
temperatures, echoing the findings of Schneider and Deser
(2018). These findings are further supported by CESM-NudgeSSTX;
in these simulations, reduced Southern Ocean warming leads
to more positive SIE trends relative to CESM-NudgeX. Over
1992-2018, however, ERA-Interim and CESM temperature
trends are in closer agreement over the SO, and during this
shorter time period sea ice trends are less strongly coupled with
temperature trends, two factors that perhaps help explain the
improved skill of CESM-NudgeX in capturing more recent
trends in sea ice. We note that the relationship between sea ice
and temperature is not necessarily indicative of a causal effect
between temperature trends and sea ice trends, as recent work
has shown that Antarctic sea ice loss can also modulate global
temperature (e.g., England et al. 2020).

Opverall, our results illustrate the key role that winds have
played in the recent trends and interannual variability of sea
ice across Antarctica, and thus are a key component in un-
derstanding changes in the region. However, winds alone
cannot explain the absence of sea ice loss over 1979-2018, and
only when combined with observed SST trends over the
Southern Ocean north of the sea ice does the model simulate a
near-zero trend in SIE over 1979-2018. The skill of projections
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of future decadal trends and shorter time-scale forecasts of
Antarctic sea ice thus likely depends on capturing future
changes in winds and in Southern Ocean SSTs. Furthermore,
the nudging methodology employed showcases a new pathway
for exploring sea ice—atmosphere interactions, model bias di-
agnosis, and reanalysis fidelity assessment, and we plan future
work to investigate the sensitivity of our results to the choice of
climate model and reanalysis product.
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