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Summary: We have implemented the Jacobian-free Newton-Krylov (JFNK) method to solve the sea ice
momentum equation with a viscous-plastic (VP) formulation. The JFNK method has many advantages:
the system matrix (the Jacobian) does not need to be formed and stored, the method is parallelizable and
the convergence can be nearly quadratic in the vicinity of the solution. The convergence rate of our JFNK
implementation is characterized by two phases: an initial phase with slow convergence and a fast phase
for which the residual norm decreases signiﬁcantly from one Newton iteration to the next. Because of this
fast phase, the computational gain of the JFNK method over the standard solver used in existing VP
models increases with the required drop in the residual norm (termination criterion). The JFNK method
is between 3 and 6.6 times faster (depending on the spatial resolution and termination criterion) than the
standard solver using a preconditioned generalized minimum residual method. Resolutions tested in this
study are 80, 40, 20 and 10 km. For a large required drop in the residual norm, both JFNK and standard
solvers sometimes do not converge. The failure rate for both solvers increases as the grid is reﬁned but
stays relatively small (less than 2.3% of failures). With increasing spatial resolution, the velocity gradients
(sea ice deformations) get more and more important. Nonlinear solvers such as the JFNK method tend
to have diﬃculties when there are such sharp structures in the solution. This lack of robustness of both
solvers is however a debatable problem as it mostly occurs for large required drops in the residual norm.
Furthermore, when it occurs, it usually aﬀects only a few grid cells, i.e., the residual is small for all the
velocity components except in very localized regions. Globalization approaches for the JFNK solver, such
as the line search method, have not yet proven to be successful. Further investigation is needed.
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