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Abstract we analyze two preindustrial experiments from the Community Earth System Model
version 2 to characterize the impact of sea ice physics on differences in coastal sea ice production around
Antarctica and the resulting impact on the ocean and atmosphere. The experiment in which sea ice is a
more realistic “mushy” mixture of solid ice and brine has a substantial increase in coastal sea ice frazil and
snow ice production that is accompanied by decreasing bottom ice growth and increasing bottom melt.
The more realistic “mushy” physics leads to an increase in water mass formation at denser water classes
due primarily to surface ice processes. As a result, the subsurface ocean is denser, saltier, and there is an
increase in Antarctic Bottom Water formation of ~0.5 Sv. For the atmosphere, “mushy” ice physics leads to
decreased turbulent heat flux and low level cloud cover near the Antarctic coast.

Plain Language Summary ‘We analyze experiments from the Community Earth System
Model to better understand the impacts of representing sea ice as a mixture of salty water and solid ice
rather than just solid ice. We focus on sea ice produced around the Antarctic coasts and find that the ways
in which the sea ice grow and melt change with the two representations of sea ice, but the differences
compensate so that the average sea ice state is minimally changed. However, the near surface ocean
water is denser in the experiment with sea ice represented by a mix of solid ice and salty water, mainly
because the ocean is saltier due to surface sea ice processes. This leads to increased formation of dense
Antarctic Bottom Water. In addition, there is less energy input into the atmosphere and less low level
cloud cover around the Antarctic coasts in the experiment with the sea ice represented as a mix of salty
water and solid ice. Thus, there are important impacts on the Earth system based solely on the way sea ice
is represented.

1. Introduction

Cold, downslope winds push sea ice away from the Antarctic coast, creating coastal polynyas—areas of
open ocean surrounded by sea ice (Massom et al., 1998; Morales Maqueda, 2004). There is elevated coastal
sea ice production within polynyas (Tamura et al., 2016), and satellite estimates indicate wintertime active
ice production over 50% of the time (Nakata et al., 2021). While coastal polynyas make up only 1% of the sea
ice area, they produce 10% of the total Antarctic sea ice (Mohrmann et al., 2021). In addition to being sea
ice “factories,” polynyas are a source of heat and moisture to the atmosphere (Carrasco et al., 2003; Knuth
& Cassano, 2014), a location of brine rejection necessary for formation of Antarctic Bottom Water (AABW)
(Fusco et al., 2009; Kern & Aliani, 2011), and impact Southern Ocean ecology at all levels from primary pro-
ductivity to top predators (Arrigo & van Dijken, 2003; Arrigo et al., 2015; Karnovsky et al., 2007; Labrousse
et al., 2019). Therefore, understanding polynyas and their impacts on the coupled Earth system is important
for a full understanding of the physical-biological Southern Ocean system.

A recent analysis indicates that the Community Earth System Model version 2 (CESM2) simulates reasona-
ble coastal polynya area as compared to satellite observations (Mohrmann et al., 2021). Analysis of CESM2
experiments that differ only with respect to the sea ice thermodynamics show that sea ice thermodynamics
have a small impact on the Antarctic hemispheric mean sea ice state (Bailey et al., 2020), and there are sig-
nificant increases in coastal ice production for CESM2 as compared with an earlier model version (Singh
et al., 2020). The incorporation of more realistic sea ice salinity processes is particularly relevant for the
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Antarctic because the sea ice pack is seasonal and melts and re-grows each year (Handcock & Raphael, 2020),
so representing realistic sea ice salinity processes particularly for new ice will strongly impact the Antarctic.

Motivated by the importance of Antarctic coastal sea ice on the physical and biological systems, this study
expands on Bailey et al. (2020) and Singh et al. (2020) by performing analysis of the coastal sea ice mass
budget and driving processes in CESM2. Our focus is on better understanding the impact of more realistic
sea ice physical processes on the coupled Earth system and the potential for global impacts due to these
localized sea ice processes as well as the limitations of the current coupling framework as coupled Earth
system model physics evolves and becomes more realistic.

2. Data and Methods
2.1. Model Experiments

Antarctic sea ice is known to have substantial internal variability (Landrum et al., 2012), so we analyze two
100-year preindustrial (constant 1850 forcing) fully coupled CESM2 model experiments that differ only with
respect to the sea ice thermodynamics. As described in detail by Danabasoglu et al. (2020), CESM2 uses the
CICE version 5 thermodynamic-dynamic sea ice model component with an ice thickness distribution (Hun-
ke et al., 2015) with a salinity dependent freezing temperature (Assur, 1958). We focus on the coastal regions
(see Figures la-1c) because of their importance in sea ice production. The CESM2 experiments both have
nominal 1° resolution, which is relevant for the fidelity of the model's representation of coastal areas.

We refer to the two CESM2 experiments, both of which use the CESM2 model code, as BL99 and MUSHY.
Both thermodynamics schemes assume that sea ice is a mixture of liquid brine and solid ice but they differ
in their ice salinity and melt/growth processes. BL99 is the more simplified sea ice thermodynamics and
uses a fixed vertical salinity profile (Bitz & Lipscomb, 1999), while MUSHY is a more realistic thermo-
dynamics scheme based off of laboratory and field experiments (Notz, 2005; Notz & Worster, 2008) that
includes processes necessary for a time-varying vertical salinity profile (Turner & Hunke, 2015; Turner
et al., 2013). Consistent with previous modeling studies (Bailey et al., 2020; Turner & Hunke, 2015) and
observed Antarctic sea ice salinity profiles (Eicken, 1992; Turner & Hunke, 2015), MUSHY has higher win-
tertime sea ice bulk salinity (Figure S1) and the ice has highest salinity near the coast where the newest ice
is formed. The saltier ice in MUSHY means the brine content is higher.

Of note, the ice salinity described above only affects internal sea ice properties and processes and is not used
in the ice-ocean coupling. In CESM2 the ice-ocean exchanges use a virtual salt flux which assumes that the
ice has a salinity of 4 g kg™\. Therefore, the sea ice processes that reject or uptake brine and thereby affect sea
ice salinity do not explicitly influence the ocean salinity. Instead, the ice-ocean salt and freshwater exchange
are directly related to the changes in ice volume. This is an important limitation in the current model, but
this approach to the ice-ocean coupling is consistent with other state-of-the-art Earth-system-models (see
model descriptions in Keen et al., 2021). However, it is clearly unrealistic and does not take full advantage of
the improved sea ice salinity processes available in MUSHY. As discussed further in the results section, this
can lead to some counter-intuitive coupled impacts. Partly as a result of the insights gained from this study,
work is underway to model true ice-ocean salt coupling in future versions of CESM2.

A more detailed description of the CESM2 experiments, ice-ocean coupling, and differences between
MUSHY and BL99 physical processes can be found in the Supporting Information S1.

2.2. Water Mass Transformation

Following the methods of Bryan et al. (2006) and Large and Nurser (2001), we assess how MUSHY and
BL99 affect the ocean's meridional overturning circulation (MOC) by calculating the surface-forced water
mass transformation in isopycnal space (Groeskamp et al., 2019; Speer & Tziperman, 1992; Walin, 1982).
Transformation is the rate at which water masses become lighter or denser, which at the upper boundary,
occurs due to air-ocean, land-ocean, and ice-ocean fluxes of heat and freshwater. Through mass continuity,
the convergence of transformation (i.e., the water mass formation) from all diapycnal processes must bal-
ance isopycnal transport in steady state. Surface-forced MOC changes can thus be attributed to individual
processes that heat or freshen isopycnal outcrops. For example, if densifying processes (e.g., surface cooling,
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Figure 1. Winter (April-September) mean difference of (a) bottom ice growth, (b) frazil growth, and (c) snow-ice growth; regions that are significantly
different at the 95% confidence level do not have stippling. (d) MUSHY mean and (e) difference in monthly coastal mean mass budget terms—Net ice growth/
melt (black), net thermodynamic ice growth/melt (gray), frazil growth (dark blue), bottom ice growth (light blue), snow-ice growth (teal), bottom melt (red),
and dynamics (gold). Mean budget terms include two standard deviations and differences significant at the 95% confidence level have a diamond marker. All
differences show MUSHY minus BL99 and units are cm day’l. Panels a, b, and c are labeled by region—Weddell Sea (Wed), Indian Ocean (Ind), Pacific Ocean
(Pac), Ross Sea (Ross), and Amundsen-Bellingshausen Sea (AB).

evaporation, sea ice formation) lead to volume convergence in a density class, then subduction of that wa-
ter mass occurs. Here, we assess only the surface-forced component of formation in the Antarctic coastal
region, dividing it into the parts from surface heat and freshwater fluxes. The freshwater piece is further
decomposed into atmospheric and land freshwater fluxes and sea ice processes. Past studies have used this
approach in the Southern Ocean to determine that sea ice processes are important for the upper branch of
the MOC (Abernathey et al., 2016) and that small-scale sea ice processes can strongly impact ocean water
transformation (Newsom et al., 2016). In this analysis, we set density classes to 0.1 kg m width and use
potential density anomaly referenced to 2,000 dbar (o) for direct comparison to the isopycnal overturning
(see Supporting Information S1 for more information). Note that for comparisons of the ocean state we use
potential density referenced to the surface (o).

3. Results
3.1. Coastal Sea Ice Differences

Consistent with Bailey et al. (2020), we find that year-round MUSHY and BL99 differences in sea ice area
and volume are small along the coast but that MUSHY has slightly higher ice concentrations and ice thick-
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nesses (Figures S2-S4). The largest ice state differences are in the Amundsen-Bellingshausen Sea, and
MUSHY has slightly higher sea ice volume variability in the Amundsen-Bellingshausen Sea and Indian
Ocean sectors where MUSHY also has greater ice volume (Figure S4).

Despite small ice state differences, there are significant differences in coastal sea ice thermodynamic pro-
cesses between the experiments (Figures 1 and S5). The differences in coastal processes compensate such
that the mean sea ice state in MUSHY and BL99 is similar. Examining thermodynamic processes alone, we
find that in MUSHY there is a significant increase in winter ice growth due to the large increase in frazil
and snow-ice growth in MUSHY. In opposition to the increases in growth, MUSHY has decreases in bottom
ice growth and increases in bottom melt (Figure 1). The overall increase in wintertime net thermodynamic
ice growth in MUSHY is relevant to the freshwater exchange with the ocean. For MUSHY, the increase in
thermodynamic growth is compensated by increased dynamical ice loss (Figures 1e and S6), or export from
the coastal region, such that the net coastal mass budget is only significantly different in the early freeze
up period (Figure 1e), which can explain the slightly higher ice concentrations and thicknesses in MUSHY
(Figure S2).

3.2. Impacts on the Ocean

There are significant differences in the mean ocean response to the difference in sea ice thermodynamics
and dominant ice growth processes. The MUSHY experiment has greater winter potential density (o) and
salinity originating at the surface along the coast and propagating downward (Figures 2d, 2e, S7, and S8).
In contrast, the differences in winter temperature are small and generally statistically insignificant near the
surface and coast, but there tends to be warming below the mixed layer (Figures 2f and S9). The increases in
density and salinity are consistent in all sectors at depth (Figures 2g and 2h). These increases in density are
primarily related to the increase in salinity as the ocean temperature is either slightly warmer, which would
act to lower density, in MUSHY or statistically insignificantly different.

There is a change in water mass formation and the MOC between the two experiments as a result of the
coastal sea ice process differences. In both experiments, positive formation occurs in water masses denser
than 36.6 kg m ™ and negative formation for water masses from 35.6 to 36.6 kg m > (Figures 3a and 3b). The
formation is primarily due to the freshwater removal from ice freezing for both experiments (Figure S10).
The difference in formation in the two experiments is due to surface sea ice processes increasing both the
surface density and the surface density fluxes in MUSHY. Within the range of positive-formation densi-
ty classes (>=36.6kg m™), the distribution of formation shifts toward higher density classes because the
near-coastal surface density is higher in MUSHY (Figures 3a and 3b). The greater area of dense outcrops in
MUSHY, however, is not the sole reason for the changes: MUSHY has greater total positive formation than
BL99. The sum of formation in all positive-formation density classes (>=36.6kg m ) is larger in MUSHY
than BL99, indicating increased surface density fluxes. The increased surface fluxes in MUSHY are due
to those from sea ice processes, mostly at 37.0-37.2 kg m ™ (Figure 3b), with smaller contributions from
the surface heat flux and atmospheric and land freshwater fluxes. As with the mean states of both experi-
ments, freshwater removal due to ice freezing also contributes the most to the formation difference between
MUSHY and BL99 (Figure S10). The freshwater removal differs between the two experiments because of
the larger ice volume production in MUSHY. Over the full Southern Ocean the differences in water mass
formation (Figure S11) are similar to those in just the coastal region, as well as to those found by Abernathey
et al. (2016).

The maximum subduction in the MOC occurs at the same latitude (69°S) in both experiments (Figure 3c).
However, in MUSHY the MOC has weakened for densities o, = 36.4-36.9 kg m_3), but strengthens for den-
sities &, = 37.0-37.2 kg m > and o, = 37.4-37.6 kg m > (Figure 3d). Similar to the formation differences in
these density classes, MOC streamfunction at 69°S both strengthens and shifts to denser water classes in
MUSHY. As a result, there is a small but statistically significant increase in annual mean AABW (taken here
as o, >37.0 kg m ) formation by about 0.5 Sv and weaker formation of less dense water masses (Figure 3e).
These overturning differences qualitatively correspond to the coastal surface-forced water mass formation
changes in the same density classes.
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Figure 2. Winter (April-September) (a-c) mean and (d-f) transects averaged over the Amundsen-Bellingshausen sector, and (g-i) differences at 100 m depth
for oy (a, d, g; kg m™), salinity (b, e, h; g kg‘l), and temperature (c, f, i; °C). All differences show MUSHY minus BL99 and regions that are significantly different
at the 95% confidence level do not have stippling. For the transects, the MUSHY mixed layer depth is shown by plus symbols and the BL99 mixed layer depth is
shown by open circles.

The impact of the differences in wintertime sea ice growth processes does not have a significant impact
on summertime ocean chlorophyll levels. While the highest summertime chlorophyll levels occur in re-
gions co-located with wintertime polynyas, the difference in chlorophyll over the top 100 m is insignificant
between MUSHY and BL99 in most locations (Figure S12). At only two locations are chlorophyll levels
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Figure 4. Winter (April-September) mean difference of (a) total turbulent heat flux (W m~2), (b) atmospheric boundary layer height (m), and (c) winter cloud
fraction (%). All differences show MUSHY minus BL99 and regions that are significantly different at the 95% confidence level do not have stippling.

significantly different and those are areas where the summertime ice state is significantly different (Fig-
ure S2). First, in the AB sector there is a decrease in chlorophyll that is co-located with significantly higher
summertime sea ice concentration and thickness for MUSHY, and second, in the Indian Ocean sector there
are significant increases in chlorophyll along the coast where the sea ice concentration and thickness are
significantly lower in MUSHY.

3.3. Impacts on the Atmosphere

The impact of sea ice thermodynamics on the ocean are confined to the coastal areas and lower atmosphere.
Along the Antarctic coasts, where there is slightly higher ice concentration and thickness in MUSHY (Fig-
ure S2), in MUSHY there are generally weaker turbulent heat fluxes (Figure 4a). The average decrease in
turbulent heat flux is —3 W m? (—7% change), though the decrease in average fluxes in the Indian Ocean
and Pacific Ocean sectors are —5.5 and —6.7 W m* (—11% change) respectively. The change in turbulent flux
is driven primarily by changes in the sensible heat flux (Figure S13). This decrease in energy fluxed into
the atmosphere leads to small but significant decreases in atmospheric planetary boundary height and low
cloud cover near the Antarctic coasts (Figures 4b and 4c). Yet, there are not significant changes in winter-
time sea level pressure (Figure S14a) or 500 hPa geopotential heights (not shown). Additionally, there are
no significant differences along the coasts in near-surface temperature or moisture (Figures S14b and S14c).
The significant differences in coastal precipitation and wind speed vary in sign and magnitude in different
Antarctic sectors (Figures S14d and S14e), which suggests there is not a consistent impact of sea ice thermo-
dynamics on these fields. Thus, while the MUSHY thermodynamics leads to local changes in atmospheric
mixing and heat fluxes along the coast, on the whole it does not strongly impact the atmospheric circulation
or drive consistent changes in precipitation.

While the majority of this study focuses on coastal impacts of sea ice thermodynamics, there are significant
off-coast changes in the vicinity of the Amundsen Sea Low (Raphael et al., 2016) where the more sophis-

Figure 3. Coastal annual mean (a) MUSHY (solid lines) and BL99 (dashed lines) total surface water mass formation (Sv, black), total heat component (Sv, red),
and total freshwater component (Sv, blue) and (b) difference (MUSHY minus BL99) in water mass formation for total formation (Sv, black), total heat term (Sv,
red), total atmosphere and land freshwater components (Sv, gold), and total sea ice components (Sv, blue). Annual mean meridional overturning circulation
(Sv) mapped to isopycnals for (c) MUSHY and (d) difference (MUSHY minus BL99) where values that are significantly different at the 95% confidence level do
not have stippling. Gray lines on panels (a-d) at o, = 36.6 kg m~ and 0, =37.0kg m ™ indicate the densities of positive formation and Antarctic Bottom Water
(AABW), respectively. (e) Timeseries of the BL99 (black) and MUSHY (gold) annual mean AABW formation (Sv); the yearly mean values are light while a

10 year running mean is indicated by the bold line.
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ticated MUSHY thermodynamics experiment has significantly less ice cover (Figures S15a and S15b). The
difference in the sea ice in this region is primarily due to early season differences in thermodynamic pro-
cesses—specifically an increase in bottom melt and decrease in bottom growth in MUSHY (Figures S15¢
and S15d). However, there is no change in atmospheric circulation (Figure S14a), which is reflected in the
lack of significant difference in sea ice dynamical changes (Figures S15c and S15d). Where the sea ice is
less extensive, there are increased turbulent heat fluxes and planetary boundary layer heights (Figures 4a
and 4b) as well as increased 2m Temperature and humidity (Figures S14b and S14c), and these are the
result of the decrease in ice cover as more energy and moisture can enter the atmosphere with more open
ocean water.

4. Discussion and Conclusions

This paper evaluates the impact of more realistic sea ice thermodynamics on the coupled Earth System.
While there is not a large impact on the sea ice mean state, there are significant changes in both the pro-
cesses that drive sea ice evolution and the coupled impacts on the ocean and atmosphere. With the more
sophisticated MUSHY thermodynamics, all Antarctic sectors have a statistically significant increase in frazil
and snow-ice growth that is partly compensated by decreases in bottom ice growth and increase in bottom
melt throughout the ice growth season (Figure 1). It should be noted that bottom melt of newly formed
ice throughout winter, as is seen in MUSHY, is not physically realistic and likely related to the limited rep-
resentation of physical processes within the model. Increases in frazil ice are caused in part by the larger
volume of ice created in MUSHY as well as increased dynamic loss in some sectors that would cause more
open water. The increase in snow-ice formation is not related to changes in precipitation, which are insig-
nificant and differ in sign across coastal locations. Instead, the increase in snow-ice growth is due partly to
the larger volume of ice from flooding rather than compacting snow, and partly from the increase in bottom
melt that would thin the ice and making it easier for snow to become submerged. The increase in sea ice
bottom melt is likely related to higher internal sea ice salinity with a consequent higher liquid ice fraction.

The changes in the sea ice processes have a significant impact on the ocean state and MOC. Due to the
larger volume of ice formed in MUSHY, there is more freshwater removal and the ocean becomes saltier
and denser from the surface (Figure 2). However, the difference in freshwater removal between these
experiments is due primarily to the limitations in ice-ocean coupling and prevents us from fully assessing
realistic ice-ocean exchanges. In reality, the saltier ice in the MUSHY experiments would result in both
salt being removed from the ocean in addition to freshwater, which would lessen the ocean water densifi-
cation due to ice formation since more salt than 4 g kg~' would be removed and this would balance some
of the freshwater removal. Instead, our results are somewhat counter-intuitive: the more realistic sea ice
physics in MUSHY results in both saltier sea ice and saltier ocean water since the salt content between
the ice and ocean models are not directly exchanged. Instead, the ocean response to the more realistic sea
ice thermodynamics depends only on the ice volume produced rather than the internal sea ice properties.
While these ice-ocean coupling limitations are not unique to CESM2, understanding the implications as
representation of sea ice physics improves and moves to a prognostic salinity is important for understand-
ing coupled model behavior. Due in part to these results, we are actively working on implementing a true
salt flux coupling in CESM2 that will account for realistic exchanges of both freshwater and salt between
the ice and ocean.

In contrast to changes in salinity, there are minimal changes in the ocean temperature, particularly near
the surface. Thus, the salinity changes primarily drive the changing ocean density. The water mass forma-
tion and MOC increase for densities o, = 37.0-37.2 kg m > and &, = 37.4-37.5 kg m >, leading to a small,
but significant, increase in AABW formation, while there is a decrease in formation for water densities
o, = 36.4-36.9 kg m > (Figure 3). Both changes are attributable to the sea ice processes. Because AABW is
the densest water mass in the global oceans and an important component of the global thermohaline cir-
culation, changes in this water mass due to sea ice thermodynamics have the potential for possible global
impacts. Differences in coastal chlorophyll production are highly correlated with areas that have differences
in summer sea ice state rather than changes in the ocean state (Figure S12).
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The atmospheric impacts of sea ice thermodynamics are mostly confined to the Antarctic coasts. The more
extensive and thicker coastal sea ice in MUSHY results in lower turbulent heat fluxes to the atmosphere.
The lower energy input to the atmosphere leads to shallower atmospheric boundary layer depths, less at-
mospheric mixing, and decreased low-level cloud cover. Yet these coupled atmospheric effects are local
and do not impact the large scale atmospheric circulation or state. There are not significant or consistent
changes to atmospheric circulation, near surface winds, temperature, or humidity.

A number of questions remain. First, this study focuses on a preindustrial control experiment, but we can
infer that in the future as the atmosphere and ocean warm the sea ice growth rates will decrease over time.
Because sea ice processes are the dominant driver of surface water mass transformation, it would be expect-
ed that declining ice production might lead to decreases in AABW production. However, we find that more
realistic sea ice physics leads to larger ice volume production, so future changes in AABW production may
be delayed. Second, CESM2 simulations are relatively coarse in resolution. The CESM2 experiments are
coarse resolution (~1°), yet coastal polynyas occur on small spatial scales that may require higher resolution
to fully capture. Similarly, local wind impacts on polynyas, such as katabatic wind drainage, are not well
resolved and likely underestimated in the CESM2 and this would impact dynamic loss and subsequent ther-
modynamic ice production. Additionally, while CESM2 uses a state-of-the-science sea ice model, CICES,
there are coastal processes such as the impact of ice tongues, fast-ice, or pancake ice formation that are not
included as physical processes represented by CICES, yet observations have shown these impact polynya
formation (Thompson et al., 2020; Tison et al., 2020). Finally, we have used coastal ice production to imply
the existence of polynyas, yet we find that the wintertime coastal monthly mean ice concentration is ~100%.
This may be due to using monthly data rather than daily data, which may be able to better identify short-
lived polynya events, but further analysis with higher temporal frequency data is needed to understand pol-
ynya events. An outstanding question is how one should define a polynya, especially within a model where
it is possible to have 100% ice concentration of thin ice that a satellite might still detect as open ocean and
what the best methods are to compare with observations.
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Services Hub (at https://doi.org/10.5065/bgt9-tz46).
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