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1.0 Product Definition 
This report summarizes progress towards improving the representation of the Southern Ocean climate 

and its coupled interactions with the Antarctic ice sheet using the U.S. Department of Energy’s (DOE) 
Energy Exascale Earth System Model (E3SM). In particular, we focus on its Regionally Refined Mesh 
(RRM) capability, which allows for the placement of high spatial resolution in specific regions of the 
globe and lower resolution in others. The result is high-resolution model fidelity in regions of interest at a 
fraction of the computational cost required by a global, high-resolution model configuration. In the 
Southern Ocean RRM (SORRM) configuration discussed below, the Southern Ocean and sea ice around 
Antarctica are resolved at 12-km resolution. Moving farther away from the Antarctic coast and out of the 
Southern Ocean, spatial resolution in the ocean and sea ice models smoothly transitions back to that of 
E3SM’s standard-resolution configuration of between 30 and 60 km (Figure 1). The transition in 
resolution across the Southern Ocean, from non-eddying to eddy-permitting around Antarctica, is critical 
for improvements in the representation of oceanographic processes and ice sheet and ocean interactions 
that govern the exchange of heat and freshwater between the ocean and Antarctica’s overlying ice 
shelves. These interactions are critical for accurate simulation of the “health” of Antarctica’s ice shelves 
under a changing climate. Ice shelves are important because they provide resistance to the flux of ice off 
of the Antarctic continent and into the ocean (often referred to as “buttressing”); ice-shelf degradation, 
e.g., through increased submarine melting, results in increased sea level rise from Antarctica via the 
dynamic connection between floating ice shelves and the grounded ice upstream (see e.g., 
Gudmundsson 2013, Sun et al. 2021). 

In the following sections, we further describe the details of E3SM v2 standard and RRM 
configurations that are designed to simulate, explore, and improve our understanding of ice shelf and 
ocean interactions in the Southern Ocean and around Antarctica. These novel configurations are designed 
to allow for ocean circulation under ice shelves within fully coupled, global simulations (described in 
greater detail by Comeau et al. [2022] for E3SM v1). We first provide detailed visualizations of the 
differences in computational meshes employed for our standard-resolution and SORRM configurations. 
We then provide a comparison of several important simulation outputs at the scale of the entire Southern 
Ocean or Antarctic continent and relative to observations in order to demonstrate that outputs from our 
SORRM simulations are superior to those from standard-resolution configurations. Finally, we provide a 
more detailed, regional-scale comparison for several key coastal regions around Antarctica, again 
demonstrating that outputs from the SORRM configuration are superior to those from the 
standard-resolution configuration. 

Relative to standard-resolution E3SM configurations, we show that simulations conducted with our 
SORRM configuration demonstrate clear improvements in Southern Ocean processes important for 
controlling sub-ice-shelf melt rates, both at the whole-continent and regional scale. These improvements 
include: (1) large-scale volume transports, a prerequisite for accurate simulation of ocean circulation at 
regional scales (consistent with observations for SORRM configurations but too low and outside the 
range of observations for standard configurations); (2) ocean bottom temperature and salinity, important 
because these waters ultimately come into contact with the most sensitive parts of the ice shelves (over 
six important continental shelf areas, mean bias reductions using SORRM are 34% for temperature and 
48% for salinity relative to using standard configurations); (3) broad, overall improvements in the 
representation of temperature, salinity, and density for Southern Ocean water masses critical for the 
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accurate modeling of sub-ice-shelf circulation (high-salinity shelf water, HSSW, which is also a critical 
precursor to Antarctic bottom water, AABW, a driver of global ocean circulation). These improvements 
combine to provide time series of Antarctic sub-ice-shelf melt rates that are stable and closer to 
observational-based estimates in SORRM configurations than in standard, lower-resolution 
configurations. This conclusion applies at the whole-Antarctic scale, at the regional scale, and at the scale 
of individual ice shelves. 

2.0 Product Documentation 
The E3SM ocean and sea ice meshes presented here include the 60-to-30km “standard-resolution” 

mesh and the Southern Ocean Regionally Refined Mesh or “SORRM” (Figure 1). The standard resolution 
is 30 km at the Equator and decreases smoothly to 60 km in mid-latitude regions and then increases again 
to 35 km in high-latitude regions. This design was chosen because equatorial and high-latitude dynamics 
require higher resolution, while it is less important at mid-latitudes. The SORRM keeps this distribution 
in the Pacific, the world’s largest ocean, but adds refined cells of 12 km in the Southern Ocean, and the 
Antarctic continental shelf, coastlines, and below the ice shelves (Figure 2). The Southern Ocean 
dynamics are influenced by the Atlantic meridional overturning circulation, so mid-range cells of 40 km 
extend throughout the Atlantic to the Arctic Ocean. 

In Figure 3, we show the SORRM configuration in additional detail, with mesh detail in particular 
regions of interest. Each regional zoom includes details for both the standard and SORRM configurations 
in order to provide a qualitative comparison for the additional detail afforded by the variable-resolution 
SORRM configuration. At low resolution, the small ice shelves, such as Pine Island Glacier and Thwaites 
Glacier, only contain two or three cells each, making sub-ice-shelf ocean dynamics and resultant melt 
rates unrealistic. The SORRM mesh, with 12-km cells, increases the number of cells by a factor of about 
10 and improves the simulation of these processes. 

For both our standard and SORRM configuration, mesoscale eddies are not fully resolved 
everywhere, and are represented through the Gent-McWilliams (“GM”) parameterization 
(Gent and McWilliams 1990). This parameterization is active in lower-resolution regions where the 
Rossby radius is not resolved, and inactive otherwise. For the standard-resolution configuration, GM is 
fully active for the entire globe. In the SORRM configuration, GM is off in the Southern Ocean because 
the Rossby radius is resolved in the refined region. The strength of the GM parameterization is linearly 
“ramped” down as a function of resolution, allowing for the improved representation of heat and mass 
transport due to ocean eddies. 
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Figure 1. Ocean and sea ice grid cell size (km) for the SORRM configuration (top), which includes a 
refined region of 12-km grid cells in the Southern Ocean and Antarctic coastline (light blue), and low 
resolution of 60-km grid cells in the North Pacific (red). The standard-resolution mesh (bottom) varies 
between 30- and 60-km grid cells globally. 
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Figure 2. Antarctic ice shelves extending over ocean cavities (orange) surrounded by open ocean water 
(blue) for the SORRM mesh. Regions with ice-covered bedrock are shown in gray. Insets correspond to 
locations in Figure 3. 

 
Figure 3. Mesh detail of three regions shown on the insets in Figure 2: Pine Island and Thwaites 
Glaciers from the Amundsen Sea Region (top), the Amery Ice Shelf region of East Antarctica (middle), 
and the Filchner-Ronne Ice Shelf in the Weddell Sea region (bottom). The standard mesh (right) has 30-
km-wide grid cells in this region, while the SORRM mesh (middle) has 12-km cells. Reference maps (left) 
are from Brondex et al. (2019), Li et al. (2021), and Makinson et al. (2012). 
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For the simulations conducted here, both the standard and SORRM configurations were run fully 
coupled (active atmosphere, land, ocean, and sea ice) for 100 years under pre-industrial climate 
conditions. The more detailed analyses conducted below are based on the full-time series from those 
simulations, or climatologies constructed from the last 30 years of the simulations. 

3.0 Detailed Results 
A primary focus of E3SM’s Cryosphere Science Campaign is improving our understanding of how 

ongoing climate change will impact mass loss from the Antarctic ice sheet and hence, sea level rise. It is 
well understood, from both observations and modeling, that Antarctica’s floating ice shelves serve to 
“buttress” the flux of ice from the continent into the oceans (Scambos et al. 2004, Gudmundsson 2013, 
Sun et al. 2020); thinning the ice shelves (e.g., via increased melting from below) or decreasing their 
horizontal extent (e.g., via increased iceberg calving) decreases their capacity to resist the flow of ice 
from upstream. Thus, understanding the long-term “health” of ice shelves is critical for understanding 
how the flux of ice from Antarctica into the oceans (and hence sea level rise from Antarctica) may change 
in the future. Currently, approximately half of Antarctica’s mass loss to the ocean occurs via sub-ice-shelf 
melting (Rignot et al. 2013) and simulating this process within a global, coupled Earth system model is 
one of E3SM’s unique capabilities. In addition to including the relevant physical processes, its global, 
coupled nature ensures that important aspects of internal climate variability that impact Southern Ocean 
climate and sub-ice-shelf melting (Li et al. 2021) are accounted for. Further, its variable-resolution 
capability allows for optimizing the tradeoff between model resolution and computational cost by 
focusing resolution in the Southern Ocean and around Antarctica. E3SM is thus an ideal tool for better 
understanding how Antarctic ice shelf health may change in the future as a function of changing climate. 

Through several more detailed studies (see, e.g., Jeong et al. 2020, Comeau et al. 2022, 
Hoffman et al. 2022) we have learned that accurate simulation of Antarctic sub-ice-shelf melt rates is 
complex and relies on a range of Southern Ocean climate processes, from large-scale to regional and local 
in nature. Below, we demonstrate the importance of adequate spatial resolution in representing these 
processes, and in doing so, also demonstrate the importance of E3SM’s variable-resolution capability. We 
first demonstrate how regionally mesh refinement improves a number of large-scale aspects of Southern 
Ocean climate that are important for accurate simulation of sub-ice-shelf melt rates. We then provide 
similar analyses at smaller scales, focusing on three very different but equally important regions that are 
broadly representative of the different types of ice shelf melting found around Antarctica today. 

3.1 Large-Scale Southern Ocean Climate Processes 

In this section, we compare the representation of the following large-scale Southern Ocean climate 
processes and features against observations using both our standard-resolution and SORRM model 
configurations: 

1. Large-scale Southern Ocean transport 

2. Temperature and salinity at the ocean bottom  

3. Temperature, salinity, and density for the full ocean column 

4. Sub-ice-shelf melt fluxes. 
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Figure 3 shows Southern Ocean volume transports (Sv) through two critical passages for which 
observations exist, the Drake Passage and the Tasmania-Antarctica Passage. In both plots, the range of 
values representative of present-day observations is shown by the blue-shaded region and the model time 
series from the standard and SORRM configurations are shown as the red and black lines, respectively. In 
both cases, the SORRM configuration outputs fall within, or very close to, the range expected from 
observations and appear approximately stable after the first 50 years of simulation. Conversely, the 
outputs from the standard configuration show a steady, near-linear decrease throughout the simulation, 
falling outside of the range of observations by 100 years (too low), and show no obvious indication of 
reaching a stable state. The accurate volume of these throughflows is a good indication that the Antarctic 
Circumpolar Current (ACC), the defining large-scale oceanographic feature of the Southern Ocean, is 
well represented by the SORRM configuration (and rather poorly represented by the standard-resolution 
configuration). In turn, an accurate representation of this large-scale circulation is an important 
prerequisite for an accurate model representation of various regional-scale circulations that control the 
flow of water on and off of the continental shelves (and hence into and out of Antarctic ice shelf cavities 
(Russell et al. 2018). 

 

 
Figure 4. Time series of volumetric transport (Sv) through critical Southern Ocean passages with results 
from the standard-resolution simulation in red, the SORRM simulation in black, and the estimated range 
from observations in blue shading. Drake Passage transport is shown at the top, Tasmania-Antarctic 
passage transport at the bottom. 
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Figure 5. Antarctic sea floor temperatures (°C) from simulations and observations (top row) and 
differences between models and observations (bottom row). In all cases, simulation values are time 
averages from the last 30 years of 100-year simulations. Individual panels show: temperatures from 
SORRM (upper left), standard resolution (upper middle), observations (upper right, from 
Schmitdko et al. 2014), difference between SORRM and observations (lower left), difference between 
standard resolution and observations (lower middle), and differences between SORRM and standard 
resolution (lower right). 
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Figure 6. Temperature bias (root-mean square error in °C) for the Southern Ocean continental shelf and 
for specific continental shelf regions around Antarctica. 

In Figure 4, we show modeled ocean bottom temperatures around Antarctica and compare them to 
continental shelf observations from Schmitdko et al. (2014). These are critical to model with reasonably 
high accuracy because they represent the temperature of the ocean waters that ultimately interact with the 
ice shelf grounding line and ice shelf base; according to both the observations and model outputs (top 
panel of Figure 4), we expect higher sub-ice-shelf melt rates for ice shelves along the Amundsen and 
Bellingshausen Sea coast relative to those beneath Antarctica’s larger Filchner-Ronne and Amery ice 
shelves (see Figures 2 and 3 for shelf locations), and this is in line with observations (Rignot et al. 2013). 
While both models overestimate ocean bottom temperatures with respect to observations, biases from our 
SORRM configuration are substantially smaller (bottom panel of Figure 4), most likely due to the 
improved representation of the Antarctic Slope Front (ASF) at higher resolution (Veneziani et al. 2019). 
The ASF mediates access of warm off-shelf waters onto the continental shelf and into the ice shelf 
cavities (Thompson et al. 2018). Figure 5 provides a more quantitative demonstration of the bias 
reduction afforded by the SORRM configuration relative to the standard configuration. 
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Figure 7. Antarctic sea floor salinities (PSU) from simulations and observations (top row) and 
differences between models and observations (bottom row). In all cases, simulation values are time 
averages from the last 30 years of our 100-year simulations. Individual panels show: temperatures from 
SORRM (upper left), standard resolution (upper middle), observations (upper right, from Schmitdko et al. 
2014), difference between SORRM and observations (lower left), difference between standard resolution 
and observations (lower middle), and difference between SORRM and standard resolution (lower right). 
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Figure 8. Salinity bias (root-mean square error in PSU) for the Southern Ocean continental shelf and for 
specific continental shelf regions around Antarctica. 

Similar to Figure 4, Figure 6 shows ocean bottom salinities around Antarctica compared to 
continental shelf observations from Schmitdko et al. (2014) (top panel). Simulations with the SORRM 
configuration show a greatly improved representation of ocean bottom salinities relative to the standard 
configuration, for which salinities are much too fresh (bottom panel). For temperatures near to the 
freezing point, as is the case for most Southern Ocean water masses, the primary control on ocean density 
is salinity. Important aspects of sub-ice-shelf circulation and regional circulation are controlled by the 
densification and sinking of cold, saline waters around Antarctica, which are also the intermediaries to the 
formation of the most cold, dense water in the world’s oceans, Antarctic Bottom Water, an important 
driver of global, thermohaline circulation (Talley 2011). Thus, the greatly reduced salinity biases shown 
in Figure 6 and afforded by the SORRM configuration (further quantified in Figure 7) are important not 
only for the correct simulation of Southern Ocean climate but the global climate as well. 
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Figure 9. Temperature and salinity diagrams for the Southern Ocean from the following sources: World 
Ocean Atlas observations (WOA18; Boyer et al. 2018) (upper right); Southern Ocean State Estimate 
(SOSE; Mazloff 2010) (upper left); SORRM simulation (lower left); standard-resolution simulation 
(lower right). For the E3SM simulations, results are averaged over the last 30 years of a 100-year 
simulation. The orange dashed box marks the region in temperature, salinity, and density space 
representative of high-salinity shelf water (HSSW). 

Temperature and salinity diagrams like Figure 8 are a concise way of summarizing and comparing 
ocean temperature, salinity, and density data over large regions and at all depths. In these plots, 
temperature on the vertical axis is plotted against salinity on the horizontal axis, the combination of which 
places parcels of water in their unique density space, represented by contours. In Figure 8, observations 
from the World Ocean Atlas (Boyer et al. 2018) are shown in the upper right and output from a 
data-assimilating, reanalysis-forced ocean model are shown at upper left (SOSE; Mazloff et al. 2010). In 
the lower row, outputs from our fully coupled SORRM (lower left) and standard configuration (lower 
right) are shown. As might be expected, the outputs from SOSE provide an overall good match to the 
observations. The outputs from the SORRM configuration also provide a reasonable match to the 
observations and even show some improvements over SOSE. Notably the presence of cold, saline, dense 
waters (high-salinity shelf water; HSSW – orange dashed box in Figure 8) that are largely absent from 
SOSE and completely absent from the standard resolution configuration. HSSW, which is formed when 
particularly salty water is left behind as sea ice forms in many regions of Antarctica, is important for 
controlling the exchange of waters on the continental shelf (and thus within ice shelf cavities) with the 
deeper ocean. It is also a precursor to the formation of Antarctic Bottom Water (Talley 2011) and thus 
important for global ocean circulation. A lack of HSSW production is a common bias found in most 
lower-resolution Earth system models (Heuze et al. 2013) and, as we show in the regional focus below, a 
common source of problematic biases when attempting accurate and stable simulations of sub-ice-shelf 
melting in Antarctica. 
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Figure 10. Time series of area-integrated, sub-ice-shelf melt flux for all of Antarctica (top) and two large 
sub-regions (middle and bottom). Melt fluxes from the standard-resolution and SORRM simulations are 
shown in red and black, respectively. The blue and orange boxes mark the span of melt rates inferred 
from observations of Rignot et al. (2013), with blue as an estimate for present-day and orange an 
estimate for pre-industrial values (the position of the box along the horizontal axis is arbitrary). 
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In Figure 9, we show time series of simulated sub-ice-shelf melt fluxes for all of Antarctica (top) and 
West (middle) and East (bottom) Antarctica, along with observationally based estimates for present-day 
and pre-industrial melt fluxes (blue and orange rectangles, respectively, from Rignot et al. [2013]). 
Because we apply pre-industrial forcing in our simulations, we aim for our simulated values to fall within 
the range of the orange boxes. While both simulations provide melt fluxes that look reasonable within the 
range of observational estimates, the simulations from the SORRM configuration (black lines) are 
generally more within the range of the pre-industrial estimates than those from the standard simulation 
(red lines). Moreover, melt fluxes from the standard configuration show a near linearly increasing trend in 
all regions for at least the last 40 years of the simulation, with melt fluxes from West Antarctica in 
particular nearly double what they should be at the end of the simulation. By contrast, melt fluxes from 
the SORRM configuration are more in line with pre-industrial observations and show a largely stable 
trend over the last several decades of the simulation. 

3.2 Regional-Scale Metrics 

We now illustrate how the large-scale biases and improvements discussed above impact the 
oceanography and sub-ice-shelf melting in three key regions. These particular regions have been chosen 
because they represent distinct types of ice shelf and ocean interaction that are critical for a model to be 
able to distinguish between and represent relatively accurately (e.g., warm and cold cavity circulation; see 
Thompson et al. 2019). Simultaneously, they represent regions that are problematic or challenging to 
model in E3SM’s standard-resolution configuration (Comeau et al. 2022, Hoffman et al. 2022). 

Amery Ice Shelf 

In Figures 10, 11, and 12, we show regional plots of ocean temperature and salinity, horizontal and 
vertical transects of ocean temperatures, and time series of sub-ice-shelf melt rates that are representative 
of East Antarctic ice shelves and, in particular, the Amery Ice Shelf (see Figure 12). The relatively narrow 
continental shelf along the East Antarctic coast is problematic in standard-resolution simulations because 
relatively warm off-shelf waters are able to lap up onto the continental shelf and make their way into ice 
shelf cavities (e.g., Figure 4b). Simultaneously, fresh and warm biases on the continental shelf (Figure 6b; 
Figure 10) mean that the waters there are not dense enough to impede the flow of off-shelf waters onto 
the continental shelf and into ice shelf cavities. Amery Ice Shelf is a good example, where the dense water 
mass, HSSW, in the cavity is lacking in standard-resolution simulations but present in SORRM 
simulations (Figure 10, lower row). The result is subtle, but important: in Figure 11 we can see a region 
of unrealistically elevated temperatures within the Amery cavity for the standard simulation that is absent 
from the SORRM (and SOSE) simulation. This seemingly small difference has a dramatic impact on 
sub-ice-shelf melt rates; in Figure 12, sub-ice-shelf melt rates for Amery in the standard-resolution 
configuration are up to an order of magnitude too large. Conversely, melt rates from the SORRM 
configuration are much closer to the range of observations and reasonably stable. 
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Figure 11. Temperature and salinity diagrams for the continental shelves along the East Antarctic coast, 
representative of Amery Ice Shelf cavity conditions, from the following sources: World Ocean Atlas 
observations (WOA18; Boyer et al. 2018) (upper right); Southern Ocean State Estimate (SOSE; Mazloff 
2010) (upper left); SORRM simulation (lower left); standard-resolution simulation (lower right). For the 
E3SM simulations, results are averaged over the last 30 years of a 100-year simulation. The orange 
dashed box marks the region in temperature, salinity, and density space representative of high-salinity 
shelf water (HSSW). 
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Figure 12. Modeled ocean temperatures along a transect cutting through Amery Ice Shelf (inset figure at 
upper right) averaged over the last 30 years of our 100-year simulations. Shown are results from E3SM’s 
standard configuration (top row), from the SORRM configuration (middle row), and from the Southern 
Ocean State Estimate (SOSE; Mazloff et al. 2010) (bottom row). The white dashed circle in the top panel 
indicates warm water accessing the shelf cavity that is absent from both the SORRM and SOSE model 
outputs. 

 
Figure 13. Time series of area-integrated, sub-ice-shelf melt flux for the Amery Ice Shelf region of 
Antarctica. Melt fluxes from the standard-resolution and SORRM simulations are shown in red and black, 
respectively. The blue and orange boxes mark the span of melt rates inferred from observations of 
Rignot et al. (2013), with blue as an estimate for present-day and orange an estimate for pre-industrial 
values (note that the position of the box along the horizontal axis is not relevant). 
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Amundsen and Bellinghausen Sea Region 

In Figures 13, 14, and 15, we show regional plots of ocean temperature and salinity, horizontal and 
vertical transects of ocean temperatures, and time series of sub-ice-shelf melt rates in the Amundsen Sea 
region of West Antarctica (see Figure 13). This region is of particular interest because it is the region 
where the majority of Antarctic mass loss and sea level rise originates and the region most likely prone to 
marine ice sheet instability (see, e.g., Pattyn and Morlighem 2020), the primary concern for potential 
sudden and rapid future sea level rise from Antarctica. Currently, grounding line retreat and dynamic ice 
sheet mass loss from outlet glaciers in this region is caused predominantly by warm Circumpolar Deep 
Water (CDW) incursions into the ice shelf cavities (Dinniman et al. 2016), which result in ice shelf 
thinning and loss of ice shelf “buttressing” (Gudmundsson 2013). In Figure 13, we again show 
temperature, salinity, and density in the Amundsen Sea region from observations, SOSE reanalysis, and 
our standard and SORRM model configurations. In this case, SORRM outputs look as good or better than 
SOSE relative to the observations and markedly better than outputs from the standard configuration, 
which are both too warm and too fresh. Along with a large, too-warm ocean temperature bias at 
mid-depths (Figure 14), the result is that sub-ice-shelf melt rates in this region are up to 5x too large in the 
standard-resolution model after ~50 years (Figure 15). Sub-shelf melt rates from the SORRM 
configuration, however, remain well within the range of observational constraints throughout the duration 
of the 100-year simulation. 
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Figure 14. Temperature and salinity diagrams for the Amundsen Sea continental shelf region, 
representative of Abbot Ice Shelf cavity conditions, from the following sources: World Ocean Atlas 
observations (WOA18; Boyer et al. 2018) (upper right); Southern Ocean State Estimate (SOSE; 
Mazloff 2010) (upper left); SORRM simulation (lower left); standard-resolution simulation (lower right). 
For the E3SM simulations, results are averaged over the last 30 years of a 100-year simulation. The 
dashed orange line in the bottom two plots, which is identically located, more clearly highlights how 
much fresher and warmer the standard-resolution values are relative to the SORRM values. 
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Figure 15. Modeled ocean temperatures along a transect in the Amundsen Sea region (inset figure at 
upper right) averaged over the last 30 years of our 100-year simulations. Shown are results from E3SM’s 
standard configuration (top row), from the SORRM configuration (middle row), and from the Southern 
Ocean State Estimate (SOSE; Mazloff et al. 2010) (bottom row). 

 
Figure 16. Time series of area-integrated, sub-ice-shelf melt flux for the Abbot Ice Shelf region of 
Antarctica. Melt fluxes from the standard-resolution and SORRM simulations are shown in red and black, 
respectively. The blue and orange boxes mark the span of melt rates inferred from observations of 
Rignot et al. (2013), with blue as an estimate for present-day and the orange an estimate for pre-
industrial values (note that the position of the box along the horizontal axis is not relevant). 
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Filchner-Ronne Ice Shelf 

The final region we discuss in detail is the Weddell Sea region and, in particular, the Filchner-Ronne 
Ice Shelf (FRIS), which is the largest ice shelf by volume in Antarctica. This region and ice shelf have 
been of interest to the broader ice sheet, ocean, and Earth system modeling communities for many years 
following initial studies suggesting that it could be vulnerable to a rapid mode switch, from cold to warm 
cavity circulation (e.g., Hellmer et al. 2012), whereby melt rates beneath the ice shelf can increase by 
more than an order of magnitude (e.g., Hellmer et al. 2017, Comeau et al. 2022). Multiple follow-on 
studies, including our own, have demonstrated this behavior and investigated its potential causes and 
implications (e.g., Hazel et al. 2020, Hoffman et al. 2022). Lower-resolution models (i.e., equivalent to 
the “standard”-resolution model here) may be overly sensitive to the conditions that allow for this mode 
switch (Bull et al. 2021). Because future projections that include such a switch will necessarily result in 
significantly higher amounts of sea level rise from Antarctica, it is critical to ensure that such a switch 
occurs for physically realistic reasons rather than as a result of model biases.  

In Figures 16, 17, and 18, we show the same sets of regional plots and time series as for the other 
regions discussed above. The temperature and salinity diagram for the FRIS shows features common to 
those already discussed − namely, that cold and dense water, present in observations, is much better 
represented in our SORRM configuration than in our standard-resolution configuration. While there is 
still a bias towards being too fresh and too light in our SORRM configuration (i.e., HSSW is still mostly 
lacking), there are sufficiently dense waters on the continental shelf to keep warm, dense, off-shelf waters 
out of the cavity. A comparison of Weddell Sea continental shelf density profiles is shown in Figure 19, 
confirming that densities from the SORRM configuration are significantly and nearly everywhere denser 
than those from the standard configuration. It is the eventual inflow of these warm, dense waters that 
leads to the mode switch in cavity circulation and the extreme and rapid increase in sub-ice-shelf melt 
rates (Hoffman et al. 2022). While Figure 18 indicates that for century-scale simulations both the standard 
and SORRM configurations do a reasonable job of simulating FRIS melt fluxes, longer simulations with 
the standard configuration (not shown here) are prone to the triggering of this instability. Additional 
off-shelf warm biases in our standard configuration (Figure 17) would further exacerbate this problem. 
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Figure 17. Temperature and salinity diagrams for the Weddell Sea continental shelf region, 
representative of Filchner-Ronne Ice Shelf cavity conditions, from the following sources: World Ocean 
Atlas observations (WOA18; Boyer et al. 2018) (upper right); Southern Ocean State Estimate (SOSE; 
Mazloff 2010) (upper left); SORRM simulation (lower left); standard-resolution simulation (lower right). 
For the E3SM simulations, results are averaged over the last 30 years of a 100-year simulation. The 
orange dashed box marks the region in temperature, salinity, and density space representative of 
high-salinity shelf water (HSSW). 
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Figure 18. Modeled ocean temperatures along a transect in the Weddell Sea region, through the 
Filchner-Ronne Ice Shelf (inset figure at upper right) averaged over the last 30 years of our 100-year 
simulations. Shown are results from E3SM’s standard configuration (top row), from the SORRM 
configuration (middle row), and from the Southern Ocean State Estimate (SOSE; Mazloff et al. 2010) 
(bottom row). 

 
Figure 19. Time series of area-integrated, sub-ice-shelf melt flux for the Filchner-Ronne Ice Shelf region 
of Antarctica. Melt fluxes from the standard-resolution and SORRM simulations are shown in red and 
black, respectively. The blue and orange boxes mark the span of melt rates inferred from observations of 
Rignot et al. (2013), with blue as an estimate for present-day and orange an estimate for pre-industrial 
values (note that the position of the box along the horizontal axis is not relevant). 
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Figure 20. Comparison of Weddell Sea continental shelf density profiles for the standard configuration 
(red) and the SORRM configuration, averaged over the last 30 years of the simulations. Shading 
represents the range of values and the solid lines represent the averages. 
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