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Abstract. Since its implementation, EVP sea ice dynamics in the ice-ocean model ICON-O contained severe errors and thus
all ICON simulations coupled to it. Two errors prevented convergence of the EVP solver, while a third miscalculated the
quadratic drag law using an incorrect relative ice velocity. This caused excessive ice drift, overly mobile ice, and large open
water patches, distorting ocean-atmosphere exchanges—worsening at higher resolutions. Correcting them improved the sea
ice drift, aligning it with observations and yielding a realistic ice cover. This study marks a turning point in ICON’s sea ice

representation, ensuring significantly improved simulations at all resolutions.

1 Introduction

Sea ice is a key component of the Earth’s climate system, playing a crucial role in the global energy balance, ocean circulation,
and ecosystem dynamics (Stroeve and Notz, 2018). Accurately simulating sea ice in Earth system models is essential for
understanding past climate variability, monitoring current trends, and making reliable projections of future climate change.

Sea ice motion is governed by external forcing from the atmosphere and ocean that exert stress on the sea ice, whereas
internal rheology determines its deformation (Hibler, 1979). Small inaccuracies in the implementation of sea ice dynamics in
numerical models can introduce significant biases in sea ice extent, thickness, and motion. These biases affect the energy and
momentum exchange with the atmosphere and ocean, leading to errors in weather and climate simulations.

The Icosahedral Non-hydrostatic model (ICON, Jungclaus et al., 2022; Hohenegger et al., 2023) is used for a variety of
climate and weather applications, including coupled simulations within the Coupled Model Intercomparison Project Phase 6
(CMIP6) framework (Eyring et al., 2016) or nextGEMs (Segura et al., 2025). This study identifies and corrects three errors
in the implementation of sea ice dynamics in the ocean-sea ice component of the ICON model, ICON-O (Korn, 2017; Korn
et al., 2022). The impact of these errors is assessed through short simulations at the kilometer scale (5 km) with and without

corrections, providing insight into their influence on simulated sea ice behavior.
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Sea ice concentration (2012-03-22 06:00:00)

a) ICON-O (reference) b) ICON-O (EVP corrected)$ c) ICON-O (EVP corrected and tuned)

120°€ 140°€ 120€ 140°€ 120€ 140°€

Figure 1. Effect of correcting and retuning the EVP sea ice dynamics in ICON-O on the sea ice concentration (6-hourly mean) in the Arctic
Ocean with a) previous EVP dynamics with errors, b) corrected EVP dynamics, ¢) corrected and tuned EVP dynamics; and in the Laptev Sea
(d-f). The magenta line marks the 15 % sea ice concentration from Ocean and Sea Ice Satellite Application Facility (OSI SAF, version 3) for

the same day (Lavergne et al., 2019).

2 Identified errors and their corrections in the EVP sea ice dynamics in ICON-O

The previous implementation of the Elastic-Viscous-Plastic (EVP) sea ice dynamics (Hunke and Dukowicz, 1997) in ICON-O
(release version 2024.10), adopted from the Finite-Element Sea Ice Model (FESIM, version 2) (Danilov et al., 2015), contained
significant errors that prevented convergence of the EVP solver and misrepresented the relative sea ice velocity in the quadratic
drag law of the ice-ocean stress term.

While an omission of momentum loss from the ocean beneath the sea ice was identified and corrected (Proske et al., 2024),
these additional errors remained undetected. As a result, the simulated sea ice drift was excessively strong, causing overly
mobile ice to fracture too easily, forming large open water patches where continuous sea ice cover was expected.

The three identified errors in the sea ice dynamics of ICON-O are as follows:

1. Error 1 (introduced 2013): The sea ice velocities were incorrectly reset to zero at each iteration of the EVP solver,

preventing numerical convergence.
2. Error 2 (introduced 2023): Similar to Error 1, but applied to the stress tensor.

3. Error 3 (introduced 2013): The quadratic drag law (ice-ocean stress term 7,,) was incorrectly applied as

Tw = PoCw|[Uw — Uice |2 (Uw) (1)
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10m wind speed and sea ice drift (2012-03)
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Figure 2. Effect of correcting and retuning the EVP sea ice dynamics in ICON-O on mean March 2012 sea ice drift in the Arctic Ocean: a)
10 m wind speed and b) wind stress from ERAS, ¢) sea ice drift from NSIDC, and ICON-O sea ice drift with d) erroneous EVP dynamics, e)
corrected EVP dynamics, and f) corrected and tuned EVP dynamics. The magenta line marks the March 2012 mean 15 % sea ice concentration

from OSI SAF (version 3) (Lavergne et al., 2019).

whereas the last term should have been uy, — u;.. With pg a reference density, C,, the ice-ocean drag coefficient and .,

the ocean velocity.

The last error is also present in the recent version of FESOM?2.5 (Rackow et al., 2025) and originated in ICON-O when the
FESIM ice dynamics (Danilov et al., 2015) were adapted.

3 Impact assessment and simulations
3.1 ICON-O simulations at 5 km resolution

To assess the impact of the error and the improvements from their corrections, short (3-month) simulations were performed
using the global uncoupled ICON-O model, based on the open release version 2024.10. The basic configuration is identical
to that used in the nextGEMs project (Segura et al., 2025), as part of ICON-Sapphire (Hohenegger et al., 2023). ICON-O
simulations were conducted at a horizontal resolution of approximately 5 km (R2B9) for January to March 2012, initialized

from Ocean Reanalysis System 5 (ORASS, Zuo et al., 2019). The surface wind stress and other atmospheric forcing is
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prescribed from hourly ERAS (Hersbach et al., 2020). ICON-O uses a simple zero-layer thermodynamics model (Semtner,
1976) with one ice thickness class.

Three simulations were made: 1) a reference run with the erroneous EVP dynamics, 2) same as 1) but with corrected EVP
dynamics, and 3) same as 2) but with tuned EVP dynamics. Since the EVP solver did not converge in previous versions, a
tuning was necessary. Increasing the number of subiterations Ngyp = 500 was found to be an appropriate balance between
computational time and solution quality. The constant ice-ocean drag coefficient was raised to C,, = 12 x 10~3 (up from
5.5x1072) to counteract too strong wind stress from ERAS (Hersbach et al., 2020) forcing, which assumes static ice conditions.

It may need to be adjusted for coupled ICON simulations.
3.2 Impact of the corrected EVP sea ice dynamics

The first impact is on the sea ice concentration, which is exemplarily shown in Fig. 1 for a date (22. March 2012 at 6 UTC) near
the end of the simulation. The simulation with the erroneous sea ice dynamics (Fig. 1a,d) produces large open water patches
(Laptev Sea and Canadian Arctic), which are unrealistic and should not be confused with flaw polynyas typically observed at
the transition between landfast and pack ice. After correcting the errors, the sea ice mobility was reduced as the EVP solver
converged and the ice-ocean stress term was correctly applied, preventing the formation of large open water patches (Fig. 1b.e).
Finally, retuning the ice-ocean drag coefficient and the number of subiterations in the EVP dynamics further improves the ice
coverage (Fig. 1c), even producing some landfast sea ice in the Laptev Sea that was never observed in previous ICON-O
simulations (Fig. 1f).

The second impact is on the drift speed of sea ice in ICON-O (Fig. 2). With the erroneous EVP dynamics (Fig. 2a), the sea ice
drift is excessive compared to the National Snow and Ice Data Center (NSIDC) drift observations (version 4.1) (Tschudi et al.,
2019) because ignoring the relative sea ice velocity reduces friction, which in turn accelerates the drift. After the correction,
friction works as intended, significantly slowing down the drift (Fig. 2b). Since ERAS overestimates the wind stress over sea

ice, using a higher ice-ocean drag coefficient further slows the drift, which is in better agreement with NSIDC (Fig. 2c).

4 Conclusions

The identified errors in ICON’s sea ice dynamics have been present since its initial implementation in 2013, with an additional
error introduced in 2023. These errors affected all coupled ICON(-Sapphire) and standalone ICON-O simulations, with one
error also affecting FESOM2.5 and earlier versions. The errors led to excessive sea ice drift and overly mobile sea ice that
fractured too easily, forming large patches of open water. Consequently, incorrect momentum and energy exchanges with the
atmosphere and ocean likely impacted the simulated weather and climate state.

With the corrected EVP sea ice dynamics, the simulated sea ice drift and compactness closely match the observations,
avoiding unrealistic patches of open water and errors in the momentum and energy exchange with the atmosphere and the
ocean. This study marks a turning point in ICON’s sea ice representation, ensuring significantly improved simulations at all

resolutions.
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Code and data availability. The ICON open-source code is available at https://gitlab.dkrz.de/icon/icon-model under a permissive open
80 source license (https://opensource.org/license/BSD-3-clause). This study used release version 2024.10 (git hash a1324166fa60ec5bdaSe838fdbfef4c19ae67899),
which contains errors in the EVP sea ice dynamics. A corrected version of the ICON source code, including bug fixes for these EVP errors,

can be found at https://doi.org/10.5281/zenodo.14912681 (Gutjahr, 2025a).

Interactive computing environment. The computing environment, including the Jupyter notebooks used for analysis and to produce the

figures, is available at https://doi.org/10.5281/zenodo.14917934 (Gutjahr, 2025b).
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