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Abstract. Forecasting Arctic sea ice is a complex, open problem in polar science, exacerbated by climate change and Arctic

amplification. Arctic sea ice dynamics are inherently interconnected to atmosphere and ocean dynamics. This means that cou-

pled climate models are currently the best available tools to model and forecast sea ice. However, climate models consistently

underrepresent sea ice processes on subseasonal timescales, contributing to forecasting challenges. In this study, we evaluate

the Community Earth System Model Version Two’s (CESM2) skill in representing Arctic sea ice by comparing model output5

to reanalysis and observational data. Doing so establishes CESM2’s viability as a tool for studying Arctic sea ice processes and

identifies places where model improvements are needed. While sea ice processes in CESM2 have been evaluated on annual

and climate timescales, its performance on subseasonal timescales has not. We analyze CESM2’s performance in representing

subseasonal sea ice variability by comparing its temporal and spatial interannual variability to observations. We also evaluate

CESM2’s performance at capturing very rapid sea ice loss events (VRILEs). VRILEs are substantial sea ice loss events that oc-10

cur on the timescale of days. We find that CESM2 does a poor job of representing VRILEs and has less interannual variability

than observations.

1 Introduction

The Arctic is a dynamically changing environment, warming at approximately twice the rate as the rest of the world (Solomon

et al., 2007; Blunden and Arndt, 2012; Huang et al., 2017). One of the many consequences of accelerated warming in the15

Arctic is a drastic reduction in both sea ice extent (SIE) and thickness, particularly in the summer (Comiso, 2012; Lindsay

and Schweiger, 2015; Kwok, 2018). This sea ice decline has resulted in more open ocean in this region than ever recorded

(Stephenson et al., 2013; Stephenson and Smith, 2015), and an increase in the human population (Durkalec et al., 2015).

Accurate modeling of Arctic sea ice is necessary for forecasts and projections in this region on both weather and climate

scales.20

Global climate models have historically been too conservative in their representation of Arctic sea ice’s response to climate

change (Msadek et al., 2014; Notz and Community, 2020; West and Blockley, 2025). This underestimation is evident in

models that fail to capture the observed trends in sea ice, resulting in ice-free summers that are years or even decades later

than expected(Notz and Stroeve, 2016; Rosenblum and Eisenman, 2017; Notz and Community, 2020). The Community Earth
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System Model Version Two Large Ensemble (CESM2 LENS) (Danabasoglu et al., 2020) is an exception, having an overall25

negative sea ice bias rooted in insufficient growth of winter ice thickness (DeRepentigny et al., 2020). This negative sea ice

bias contrasts with the first version of CESM (CESM-LE), which has a strong positive sea ice bias (DeRepentigny et al., 2020).

However, the negative bias in CESM2 can be corrected for by adjusting parameters in the sea ice model physics related to

surface albedo, surface melt, sea ice thickness, and summer ice area (Kay et al., 2022) or by using the Whole Atmosphere

Community Climate Model version 6 (WACCM6) (Gettelman et al., 2019) instead of the default Community Atmosphere30

Model version 6 (CAM6) (Danabasoglu et al., 2020) as the model’s atmospheric component DeRepentigny et al. (2020).

When WACCM6 is used as CESM2’s atmospheric component, the model’s representation of sea ice area and volume is

comparable to observations (DeRepentigny et al., 2020). The differences in sea ice area and volume between these two model

configurations are likely related to the representation of early spring clouds (DeRepentigny et al., 2020). Specifically, CESM2

(CAM6) exhibits thinner clouds in the early spring, which enhances the ice-albedo feedback, ultimately resulting in thinner ice35

throughout the year (DuVivier et al., 2020). Additionally, they find that CESM2 shows a general improvement over CESM-LE

at capturing the September sea ice climate trend and the March sea ice maximum (DeRepentigny et al., 2020). However, the

focus of that study was not model performance on subseasonal or shorter timescales, and so it did not address differences at

those durations.

Little attention has been given to the model representation of sea ice’s interannual variability or performance on subseasonal40

timescales. In CESM-LE, there are no statistically significant changes in SIE at periods less than 40 days (Cavallo et al., 2025).

However, interannual variability is observed to be an important factor in Arctic sea ice trends, both in paleo (Chan et al., 2017;

Hörner et al., 2017; Kolling et al., 2018) and satellite era records (Notz and Stroeve, 2018; Roberts et al., 2020). It accounts

for 40–50% of the observed multi-decadal trends in Arctic sea ice (Ding et al., 2019) and as much as 60% of the declining

trend of September SIE (Ding et al., 2017). March sea ice variability is driven by radiative feedbacks of clouds and water vapor45

(Luo et al., 2017), surface albedo, surface winds, and oceanic heat transport, while September sea ice interannual variability is

primarily driven by surface albedo and fluctuations in temperature advection (Olonscheck et al., 2019). Further complicating

matters, the susceptibility of sea ice to internal variability is not spatially uniform (England et al., 2019; Olonscheck et al.,

2019). While only 10% of observed sea ice trends in the Eastern Siberian Sea can be attributed to internal variability, that

number jumps to over 60% in the Barents and Kara seas (England et al., 2019). The mechanisms behind this interannual50

variability are not well understood, which represents a significant obstacle for sea ice forecasting.

Some of sea ice’s interannual variability can be attributed to teleconnection patterns, specifically the Arctic Oscillation (AO)

(Ogi and Wallace, 2007; Knudsen et al., 2015) and the North Atlantic Oscillation (NAO) (Kwok, 2000). Winter and springtime

high AO indices tend to be associated with reduced sea ice cover in the eastern Arctic Ocean, Greenland Sea, and Barents

Sea (Kwok, 2000). Increased sea ice flux through the Fram Strait is strongly correlated with the positive phase of the NAO55

(Kwok and Rothrock, 1999). Additionally, persistent anomalies in the upper troposphere, not specifically tied to a known

teleconnection pattern, can also affect sea ice. When there is a persistent positive potential temperature anomaly in the upper

troposphere in the late spring and early summer, September SIE tends to fall below the climatological trend (Screen et al.,

2011). The mechanism behind this relationship is thought to be that the upper-level anomaly leads to fewer clouds and fewer
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cyclones over the Arctic, which allows for more direct sunlight on the sea ice, and that this enhanced shortwave radiation leads60

to enhanced melt from above (Screen et al., 2011). However, late summer cyclones are having an increased effect on sea ice

loss in recent decades as ice thickness has waned (Finocchio et al., 2022).

One of the sources of sea ice’s short timescale variability are very rapid sea ice loss events (VRILEs) (Cavallo et al., 2025).

VRILEs occur on weather timescales and represent statistically significant changes in SIE (Cavallo et al., 2025). Events like

these have been observed to be associated with strong Arctic storms driving ocean mixing that increases melt from below (Peng65

et al., 2021) though there is no consensus on how Arctic cyclones affect sea ice. The effects of a cyclone’s dynamics versus

thermodynamics can vary with season and tends to affect sea ice asymmetrically, affecting where a VRILE may occur relative

to the cyclone center (Clancy et al., 2022). To date, no systematic study has been done on how effectively coupled climate

models such as CESM2 represent VRILEs or the processes leading up to them.

In this study, we compare sea ice characteristics in CESM2 LENS with observations from the National Snow and Ice Data70

Center (NSIDC) (Comiso, 2023) to evaluate CESM2’s sea ice performance on subseasonal timescales, with a particular focus

on its representation of VRILEs. We also analyze two VRILE case studies, comparing a subseasonal forecast system utilizing

CESM2 (Richter et al., 2022) that we refer to as CESM2 S2S in the text. The following section outlines our methodology,

Section 3 presents the results, and Section 4 summarizes and contextualizes our findings.

2 Data and Methods75

Two sea ice concentration (SIC) datasets are used throughout this study: observations from the National Snow and Ice Data

Center (NSIDC) (Comiso, 2023) and an ensemble member from CESM2 LENS (Rodgers et al., 2021). A single member from

CESM2 LENS is chosen rather than the ensemble mean because the ensemble mean SIC is outputted monthly, not daily. Daily

values are available for individual ensemble members. Because our goal is to quantify CESM2 LENS’s general performance

in capturing subseasonal sea ice processes, we choose the ensemble member with the highest correlation to the ensemble mean80

monthly averaged sea ice extent. The ensemble member that meets this criterion is the 17th member started in model year

1301, identifiable by the label “1301.017".

Since the model year in CESM2 LENS does not directly relate to the calendar year, we determine a comparable time period

in CESM2 LENS data to NSIDC data from 1980–2020. Figure 1 shows September and March average SIEs in both datasets.

These figures illustrate CESM2 LENS’s negative bias in SIE that has been well established in previous literature (e.g., Keen85

et al., 2021; DeRepentigny et al., 2020; DuVivier et al., 2020). CESM2 LENS has its maximum September SIE in 1964 and

has a comparable linear climate trend to the NSIDC data in the following decades (Figure 1). Because of CESM2’s negative

sea ice bias, we prioritized selecting years with the largest sea ice extent because it covers the largest area. Sea ice dynamics

are not spatially uniform therefore being able to compare model output to observations in as many locations across the Arctic

as possible will give a better overall picture of model performance. Due to these factors, we consider the years 1960-2000 to90

be the most comparable in CESM2 LENS to the observational period in NSIDC from 1980 to 2020. An additional subset of

the CESM2 LENS data is considered from 1910-1950 as representative of model performance without strong climate forcing.
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To calculate the power spectrum density (PSD) of the daily change in SIE, the mean is subtracted from the timeseries, and

the absolute value of the square of the Fast Fourier Transform is computed. The theoretical red noise spectrum is computed

using the lag correlation function for a first-order linear Markov process with a one-lag autocorrelation (Gilman et al., 1963).95

PSD values greater than the theoretical red noise spectrum are statistically significant at the 95% confidence level.

To evaluate the spatial variability of SIC in CESM2 LENS and NSIDC, we consider the standard deviation at each point in

space of the monthly averaged SIC over a 40-year period. The larger the standard deviation at a given point in space, the more

interannual variability in SIC at that location. To compare the datasets, we subtract NSIDC from CESM2 LENS. However,

since these data are stored on different native grids, we first project the coarse CESM2 LENS data onto NSIDC’s grid and then100

take the difference. Note that for this analysis, the data are not detrended because removing the climate trend would obfuscate

the variability being analyzed.

VRILEs are identified in CESM2 LENS data using the same methodology laid out by Cavallo et al. (2025), applying a

high-pass filter to remove changes in SIE with a period greater than 18 days. To identify a VRILE’s location, we take the

five-day change in SIC and identify the largest connected region of loss. The specific location of the VRILE is determined105

by performing a center of mass calculation within the region of loss, with the percent change in sea ice coverage serving as a

proxy for mass.

We utilize CESM2 S2S (Richter et al., 2022) reforecasts to analyze four VRILE cases, comparing the model’s performance

with that of NSIDC. One summer and one winter VRILEs are selected on both the Atlantic and Pacific sides of the Arctic.

Other selection criteria included sea ice loss values close to the mean and occurring within five days of the reforecast initiation.110

The VRILEs selected, and the associated reforecasts, are detailed in Table 1.

The reforecasts are initialized every Monday from 1999–2020 and run for 45 days. The atmosphere is initialized with

NCEP coupled forecast system model version 2 (CFSv2) (Saha et al., 2014), the land with Community Land Model (CLM2)

(Lawrence et al., 2019) spun up with CFSv2, and the ocean and sea ice with the Japanese 55-year reanalysis (JRA-55) (Japan

Meteorological Agency, Japan, 2013) (Richter et al., 2022). These reforecasts are run with two different atmospheric dynam-115

ical cores, CAM6 (Danabasoglu et al., 2020) and WACCM6 (Gettelman et al., 2019). Both datasets are publicly available

through CESM. The CAM6 data are available at https://doi.org/10.5065/0s63-m767 and the WACCM6 data are available at

https://doi.org/10.5065/ekns-e430.

There are two primary differences between these dynamical cores: vertical depth of the atmosphere and atmospheric chem-

istry. CAM6 has 32 vertical levels reaching to 3.6 hPa while WACCM6 has 70 vertical levels that extend up to 6 x 10−6 hPa.120

WACCM6 also has interactive chemistry. CESM2 tends to perform better in terms of sea ice with WACCM6 as the atmospheric

component rather than CAM6 (DeRepentigny et al., 2020) but the WACCM6 reforecasts do not have full temporal coverage

from 1999–2020. A WACCM6 reforecast is not available for the 2007 case.

We select the reforecast initialized closest to the day five days before the VRILE. The December 2011 VRILE came the

closest, with model initiation occurring only six days before the VRILE. For the 2007 VRILE, we use the reforecast initialized125

on 25 June 2007, eight days before the VRILE. Unfortunately, the next reforecast is not initialized until 2 July 2007, which

does not provide enough time to evaluate the VRILE that occurred on 3 July. For both the 2012 and 2016 VRILEs, we use

4

https://doi.org/10.5194/egusphere-2026-3733
Preprint. Discussion started: 27 July 2026
c© Author(s) 2026. CC BY 4.0 License.



model runs initiated less than five days before the event, only allowing for calculating the three and four-day sea ice changes,

respectively. In both instances, using earlier forecasts yielded highly unrealistic results.

Finally, we analyze the difference in sea ice concentration between the reforecast and NSIDC data at the start of the reforecast130

and on the day of the VRILE. Because these data are on different native grids and have significantly different spatial resolutions,

we regrid the CESM2 S2S data onto the finer NSIDC grid before subtracting them.

3 Results

Evaluating the PSDs of the daily change in SIE in CESM2 LENS and NSIDC illustrates the significance of subseasonal sea ice

processes in observations and where CESM2 has the greatest room for improvement. At periods greater than 30 days, CESM2135

LENS’s PSD is nearly identical to NSIDC’s (Figure 2). However, their PSDs begin to diverge below 30 days, becoming

especially prominent at periods of less than 18 days (Figure 2). It is also of note that NSIDC’s PSD has statistically significant

peaks at periods less than ten days that are not present in CESM2 LENS (Figure 2). These results are consistent with Figure 2b

in Cavallo et al. (2025), which compares the PSD of the daily change in SIE in NSIDC and CESM-LE.

Next, we consider the monthly average SIE. Figures 1 and 3 show several key differences between the CESM2 LENS and140

observational data. First, there is a strong negative bias in CESM2 LENS SIE in all months (Figure 3). This bias results in ice-

free summers, on average, being the norm before present day (DeRepentigny et al., 2020). In NSIDC the September minimum

SIE has a linear climate trend with a slope of −0.085× 106 km2 per year and an r value of -0.898 for the years 1980-2020

(Figure 1a). The linear trend in CESM2 LENS data for 1960-2000 has a slope of −0.061×106 km2 per year and an r value of

-0.841, slightly less than the r value in the NSIDC data (Figure 1a). These findings support similar results regarding CESM2145

LENS’s representation of sea ice, which generally aligns on annual and climate timescales (e.g. Danabasoglu et al., 2020;

Cavallo et al., 2025). In contrast, March SIE shows less similarity between CESM2 LENS and NSIDC. While observations

indicate a steady decline in the maximum SIE as well, there is only a slight trend in CESM2 LENS (Figure 1b).

Apart from the overall negative bias, the key difference we observe between the two datasets’ daily average SIE is the scale

of their inner quartile ranges. For both periods, CESM2 LENS has a much narrower range than NSIDC, with a narrower inner150

quartile range in the 1910-1950 data (Figure 3a) than the 1960-2000 (Figure 3b), particularly around the March maximum. On

average, the difference in SIE between the 75% and 25% bounds in the NSIDC data is 1.245× 106 km2 and in CESM2 LENS

the difference is 0.698×106 km2. These differences indicate that sea ice in CESM2 LENS exhibits less interannual variability

than is observed. This fact, combined with the lack of significant subseasonal changes in SIE in CESM2 LENS (Figure 2) may

indicate the importance of such short-term sea ice changes to its overall variability.155

The analysis above shows that CESM2 LENS differs from NSIDC in interannual variability and in the representation of sea

ice processes with periods of 18 days or less. Now we turn to the analysis of the spatial variability in SIC (Figure 4). We present

the data for both CESM2 LENS time periods, but because there is little difference between them, we focus our analysis on the

1960-2000 data.
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Figure 4 shows widespread differences in SIC variability between CESM2 LENS and NSIDC. The area between the green160

and magenta contours in Figure 4 is a proxy for first-year ice and the area poleward of the green contour approximates regions

covered by multi-year ice in NSIDC. There are mostly positive values over the regions of multi-year ice. Positive values indicate

more interannual variability in SIC in CESM2 LENS than NSIDC. The positive values in the regions of multi-year ice are the

result of CESM2 LENS’s overall negative bias. These are regions that remain ice-covered year-round in observations but melt

in the summer in CESM2 LENS. There are generally negative values over regions of first-year ice, indicating more interannual165

variability in NSIDC than CESM2 LENS. This indicates that the timing and location of summer sea ice loss vary much more

from year to year in observations than in CESM2 LENS. This evidence leads us to conclude CESM2 LENS has less spatial

variability in SIC than is observed (Figure 4).

There are a few exceptions to the trend of greater variability in CESM2 LENS compared to NSIDC data in multi-year ice

and less variability in first-year ice. In the Eastern Siberia and Laptev Seas in all months (Figure 4) have positive values outside170

the multi-year ice region indicated by the green contour. In June and August, these appear to be regions of landfast ice, which

are known to behave differently from general sea ice trends and can persist throughout the summer in certain locations Eicken

et al. (2005). In July, there is a large area in the first-year ice that stretches from the central Arctic, past the 95% SIC contour,

to the Siberian coast (Figure 4b and e). This region is associated with the positive values in the multi-year ice and is therefore

likely tied to CESM2’s overall negative bias as well.175

Overall, we find that CESM2 LENS has less spatial variability in SIC than NSIDC throughout the melt season. When these

results are considered alongside the PSD of both datasets, two different pictures of how sea ice is lost begin to emerge. For

CESM2 LENS, it suggests steady sea ice loss along the sea ice edge. However, the NSIDC data reveal significant contributions

to sea ice loss from synoptic-scale processes across various locations throughout the melt season. Since VRILEs are large sea

ice losses that occur over short periods of time, they may account for some of the interannual variability in SIC.180

Figure 5 shows the number and size of VRILEs per year for a given season. Even though CESM2 LENS does not have

significant changes in SIE at short timescales, VRILEs can still be identified using the same criteria as with NSIDC data Cavallo

et al. (2025). The key difference between VRILEs in CESM2 LENS and NSIDC is the amount of sea ice loss attributed to

each event. VRILEs in CESM2 LENS are approximately an order of magnitude smaller than their observational counterparts

(Figure 5). This difference means that nearly one million square kilometers of sea ice loss that occur in short, localized events185

each year are missing from CESM2 LENS. In the summer, this sea ice loss must be accounted for in other processes, but in the

winter, it may not be occurring at all. Winter sea ice loss can lead to an overall increase in sea ice cover as the newly opened

areas refreeze Kriegsmann and Brümmer (2014).

3.1 CESM2 Reforecast VRILE Case Studies

This section analyzes the change in SIC and the difference between SIC in the CESM2 S2S reforecast and NSIDC for four190

VRILE cases: two summer and two winter VRILEs. Figure 6 shows the difference between CESM2 S2S and NSIDC SIC for

the day the reforecast was initialized and the day the VRILE occurs and the five day change (or difference between the day the
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VRILE occurs and the day the reforecast is initialized when less than five days of data is available before the VRILE) for all

four cases.

3.1.1 3 July 2007 VRILE195

The VRILE on 3 July 2007 occurs in the Kara Sea. In the initial difference between the reforecast and NSIDC, there are broad

differences along the sea ice edge (Figure 6a). While CESM2 initially has too much sea ice at the VRILE location, there are

also locations where it has too little sea ice relative to NSIDC. However, by the time the VRILE occurs, the reforecast only has

positive differences, especially in the region of the VRILE (Figure 6g). This means that not only is the VRILE too small, but

there is too little ice loss Arctic-wide during this time period. Given CESM2 LENS’s overall negative sea ice bias, one might200

anticipate aggressive seasonal losses; however, that is not the case here.

The five-day change in SIC in the reforecast shows a region of loss in the correct location that, in the SIE data, accounts

for approximately 0.12× 106 square kilometers of sea ice loss. In observations, this VRILE accounts for ≈ 0.29× 106 square

kilometers of sea ice loss, but there are other VRILEs associated with ice loss around 0.12× 106. Thus, while the estimated

sea ice loss by CESM2 in this case is too low, it is within the typical range of VRILEs. This is not the case for any VRILE205

identified in CESM2 LENS (Figure 5).

3.1.2 11 December 2011 VRILE

The 11 December 2011 case is a wintertime VRILE in the Bering Sea. Over the five-day period, there is near ubiquitous sea ice

growth in both atmospheric configurations (Figure 6n,o), which is appropriate for this time of year, given that air temperatures

are well below freezing. In the CAM6 run, there is no region of sea ice loss (Figure 6n), but the WACCM6 reforecast indicates210

a small region of sea ice loss co-located with the VRILE in NSIDC data (Figure 6o). Both reforecasts have too little sea ice

along Alaska’s western coast at the start of the reforecast (Figure 6b,c). On the day of the VRILE, the WACCM6 run still has

too little sea ice in that region (Figure 6i), but the CAM6 run has too much relative to NSIDC (Figure 6h).

The CAM6 scenario can be interpreted as the change in sea ice concentration in the VRILE region (Figure 6b) as beginning

with too little sea ice and experiencing sea ice growth consistent with the seasonal trend. Since there is a positive SIC anomaly215

in the reforecast relative to observations at the time of the VRILE (Figure 6h), we can infer that the model’s seasonal trend is

dominating the shorter timescale process that would otherwise result in a temporary loss in that region.

However, in the WACCM6 scenario, there is loss in that region (Figure 6i). Here, the short-term process is visible, unlike

in the CAM6 run. The scenario both begins and ends with too little sea ice at the VRILE location relative to NSIDC, but

there is still some loss despite the seasonal trend. Since the WACCM6 scenario has a smaller negative difference in sea ice220

concentration from NSIDC on the day of the VRILE than in its initial conditions, its VRILE still did not lose enough sea ice.

If it had, the initial difference in sea ice between the WACCM6 scenario and NSIDC would have been approximately the same

as the difference between them at the time of the VRILE.
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3.2 9 August 2012 VRILE

The 9 August 2012 VRILE is associated with the Great Arctic Cyclone of 2012 (GAC2012) (Simmonds and Rudeva, 2012).225

The reforecast closest to the VRILE was initialized on 6 August 2012, which only allows for a three-day change in SIC.

However, the previous reforecast, initialized on 30 July 2012, GAC2012 was not present at all. In fact there was a weak

high pressure system present where GAC2012 should have been. Consequently, we present results from the 6 August 2012

reforecast. This reforecast did capture GAC2012 though it was weaker than in ERA5 reanalysis. Though the 30 July results are

not shown, there were no major qualitative differences between either run’s representation of the VRILE.230

At initiation, CESM2 S2S has too little sea ice over most of the Arctic relative to NSIDC, especially on the Pacific side

(Figure 6 d). This negative bias persists relatively unchanged throughout the day of the VRILE (Figure 6 j). This is likely due

in part to the seasonal melting trend. CESM2 loses sea ice over this period in the central Arctic, but has a small amount of sea

ice gain at the VRILE location (Figure 6p). This pattern is not representative of the sea ice loss associated with GAC2012.

3.2.1 23 December 2016 VRILE235

The 23 December 2016 VRILE is in the Kara Sea. The primary differences in SIC between the model output and NSIDC for

both the CAM6 and WACCM6 reforecasts are at the location of the VRILE and in Hudson Bay, with too much sea ice relative

to observations at the VRILE location and too little in Hudson Bay (Figure 6 e, f, k, and l). For both atmospheric configurations,

there is sea ice loss at the VRILE location over the five-day period, though the negative change is larger in the CAM6 run than

in WACCM6 (Figure 6 q and r). Additionally, both runs show a larger positive SIC anomaly at the VRILE location at the time240

of the VRILE than at initialization (Figure 6 k and l). These patterns suggest that neither reforecasts lost enough sea ice over

this time period. If they had lost a similar amount of sea ice as the VRILE in observations, we would expect to see similar

differences between the reforecasts and NSIDC at the initial conditions and at the time of the VRILE.

While the CAM6 run captures sea ice loss at the VRILE location and exhibits a more negative change than the WACCM6

run, it also shows unseasonal ice loss along the entire sea ice edge (Figure 6 q and r). The WACCM6 reforecast seems to correct245

its negative sea ice anomaly relative to NSIDC in Hudson Bay and, with the exception of the VRILE location, has Arctic-wide

sea ice gain. Therefore, while the WACCM6 reforecast does a better job of capturing sea ice behavior Arctic-wide, its VRILE

is still much too small (Figure 6r).

There are several commonalities between these four VRILE cases. Generally, the reforecasts often capture some sea ice loss

in the correct region, but it is much too small of a change to reflect the observed magnitudes of VRILEs. It is worth noting250

that there is a lack of coupled ocean wave-sea ice dynamics in the reforecast model. This issue may also be related to model

resolution. CESM2’s has grid spacing is approximately 50 km (Kay et al., 2015), but sea ice floes and the ocean waves are

on the order of 100 m. Additionally, low-level jets that can drive these ocean sea ice dynamics require ∆x≈ 17− 23 km to

resolve, with peak winds occurring on even smaller scales (Guest et al., 2018). For global climate models, these resolution

issues highlight the need to reassess how the affected processes are handled in the model’s parameterization schemes.255
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4 Conclusions

The purpose of this paper is to evaluate CESM2’s skill in representing subseasonal sea ice processes. CESM2 is one of the few

models that joins sea ice to the atmosphere and ocean, a necessary element given sea ice’s highly coupled nature. Most of the

previous work in this area has focused on model performance at climate timescales. Our aim in evaluating sea ice in CESM2

at subseasonal timescales is twofold: to determine if CESM2 is an effective tool for studying short timescale sea ice processes260

such as VRILEs and to identify processes that may affect how sea ice is represented on interannual and climate scales. Our

primary findings are that CESM2 largely does not capture VRILEs or synoptic-scale sea ice changes generally and that the

model has less interannual variability both spatially and temporally than observations.

Overall, these results present a picture of sea ice being lost and gained steadily at the edges in CESM2 LENS, behaving much

like a single, large block of ice. There may be small variations from day to day and region to region, but these have a minimal265

effect on the overall behavior of the sea ice. This picture contrasts with SIC in NSIDC, where daily and regional differences can

be significant. The significance of these local, short timescale processes aligns with previous observational studies (e.g. Asplin

et al., 2012, 2014; Collins III et al., 2015) and is supported by the prevalence of VRILEs Cavallo et al. (2025). Together, these

points suggest that the key to future improvements in sea ice modeling may lie in how synoptic-scale processes are represented.

This is certainly necessary to skillfully forecast sea ice for the shipping industry and other stakeholders.270

Moving forward, it is crucial to identify which processes are currently missing from sea ice models. But before that can

happen, more work is needed to understand the physical drivers behind synoptic-scale sea ice loss. While at seasonal timescales

and longer, sea ice loss is primarily driven by atmospheric heating, losses at shorter timescales may also depend on oceanic

heat transport through vertical mixing and ocean wave dynamics. Categorizing the relative importance of these processes and

identifying any other important factors at these shorter timescales is necessary before model improvements can be made.275
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Figure 1. September (a) and March (b) average sea ice extent for CESM2 LENS (pink) and NSIDC (blue). CESM2 LENS data is from

1900-2020 and NSIDC data from 1980-2020.

Figure 2. Daily change in sea ice extent power spectral density (PSD) for CESM2 (green) large ensemble member closest to its ensemble

mean compared to observations from the NSIDC sea ice index (blue). The 95% confidence interval from the theoretical red noise spectrum

(dashed red) is also shown. The vertical dashed black line denotes the 18-day cutoff period used to identify VRILEs.
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Figure 3. Daily average sea ice extent for CESM2 LENS (pink) and NSIDC (blue). Mean values are plotted with a solid line. The year with

the minimum September extent is plotted as the dotted lines. Shading indicates the inner quartile range. The NSIDC data in (a) and (b) are

from 1980-2020 while (a) uses CESM2 LENS data from 1910-1950 and (b) from 1960-2000.

Figure 4. Difference between CESM2 LENS and NSIDC’s standard deviation of monthly average SIC. The differences for June (a and d),

July (b and e), and August (c and f) are shown for CESM2 LENS years 1910-1950 (a-c) and 1960-2000 (d-f). Positive (negative) values

indicate that CESM2 LENS data has a larger (smaller) standard deviation than NSIDC. The NSIDC climatological monthly mean (1990-

2020) sea ice edge, taken to be the 0.15 SIC contour, is shown in pink, and the climatological mean 0.95 SIC contour in green.
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Figure 5. VRILE size by year in NSIDC (pinks) and CESM2 (blues) for summer (jja) in (a) and (c) and winter (djf) in (b) and (d). In years

with multiple VRILEs, the sea ice losses are vertically stacked, each color representing a unique VRILE. Figures (a) and (b) use CESM2

data from 1910-1950 while (c) and (d) use 1960-2000.

VRILE Cases

Season Region VRILE Date Model Initialization

Summer Atlantic 3 July 2007 25 June 2007

Summer Pacific 9 August 2012 6 August 2012

Winter Atlantic 23 December 2016 19 December 2016

Winter Pacific 11 December 2011 5 December 2011

Table 1. Date and region of VRILE cases and initialization date for CESM2 S2S reforecasts.
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Figure 6. Difference between SIC in CESM2 S2S reforecasts and NSIDC on the day the reforecast was initialized (first row), the day the

subsequent VRILE occurred (second row) and the five day change in SIC in CESM2 S2S (third row). These differences are for four different

VRILEs that occurred on the date indicated by the column header. For the 11 Dec 2011 and 19 Dec 2016 VRILEs, data was available for both

the CAM6 and WACCM6 atmospheric configurations and so the differences for both configurations are shown. The location of the VRILE

is circled in green on each plot.
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