
Full parallelization of the finite-element Lagrangian sea ice model
neXtSIM for kilometer-scale simulations
Fabien Salmon1, Pierre Rampal2,4, Stéphanie Leroux3, Timothy Williams4,5, Einar Ólason4,5, and
Nicolas Barral1

1Inria, Univ. Bordeaux, CNRS, Bordeaux INP, IMB, UMR 5251, F-33400 Talence, France
2Institut des Geosciences de l’Environnement, CNRS, UMR 5001, Saint Martin d’Heres, France
3Datlas, Grenoble, France
4Nansen Environmental and Remote Sensing Center, Bergen, Norway
5Bjerknes Centre for Climate Research, Bergen, Norway

Correspondence: Fabien Salmon (fabien.salmon@inria.fr) and Nicolas Barral (nicolas.barral@inria.fr)

Abstract. Accurate modeling of sea ice dynamics is a major challenge, but also a key requirement for forecasting its future

evolution and assessing its impact on climate change. The sea-ice model neXtSIM is specifically designed for this purpose,

relying on a Lagrangian framework to accurately capture highly localized features such as leads and ridges, which likely play

an important role in controlling the energy exchanges at the interfaces of the atmosphere-ice-ocean coupled system. Despite a

parallelisation effort a few years ago, several components of the code, which are intrinsically required by a Lagrangian frame-5

work, such as the remeshing procedure, remained sequential, which created significant bottlenecks that limited the model’s

overall capabilities. To tackle this problem, we further developed the parallel anisotropic mesh adaptation tool ParMMG2D,

which demonstrates excellent scalability up to 512 processors with 20 million elements. This tool has been integrated within

neXtSIM to enable parallel remeshing, currently limited to homogeneous isotropic meshes. In addition, parallelization of sub-

sequent interpolation, output writing, and drifting buoy tracking has also been achieved. Together, these improvements now10

enable kilometer-scale simulations within a reasonable timeframe: a one-year simulation with 2 km elements takes only a few

days, while a full season with 1 km elements can be simulated in about a week on 128 processors. Therefore, neXtSIM now

stands out as cutting-edge software for simulating highly resolved sea ice dynamics, combining the accuracy of a Lagrangian

framework with high computational efficiency.

1 Introduction15

The Arctic sea ice cover has undergone profound changes over the past few decades (Comiso, 2012; Kwok, 2018). These

transformations have been accompanied by a shift in the dynamical regime, characterized by an increase in extreme fracturing

events and an acceleration of sea ice drift. The highly non-linear response of sea ice to external forcing presents a significant

challenge for current modeling approaches, particularly in capturing these changes and predicting the future evolution of Arctic

sea ice. However, addressing this challenge is becoming increasingly critical, both due to the essential role of sea ice in the20

climate system and to the increasing intensity of industrial activities in the Arctic.
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Unlike most sea ice models, neXtSIM (Rampal et al., 2016; Ólason et al., 2025a) is based on a Lagrangian framework,

which is particularly well-suited for preserving highly localized features, such as cracks, leads, or ridges. This software code

has been applied to simulate, e.g., the coupled spatio-temporal scaling invariance of sea ice deformation (Rampal et al., 2019),

the dramatic dynamical response of the sea ice cover in the Canadian Arctic to an intense atmospheric storm (Rheinlænder25

et al., 2022), wave–sea ice interactions (Williams et al., 2017; Boutin et al., 2021), and Antarctic sea ice (Santana et al., 2025).

In a fully Lagrangian approach, the computational mesh is advected with the sea ice velocity, which inevitably results in sig-

nificant mesh deformations and distortions over time. Once the mesh elements become too distorted, they must be corrected

using a remeshing procedure. This remeshing is currently performed using an adapted version of the BAMG mesh generator

originally developed by Hecht (Hecht, 1998). Although neXtSIM has been parallelized (Samaké et al., 2017; Ólason et al.,30

2025b), BAMG remains inherently sequential, making the remeshing step a computational bottleneck within the model, es-

pecially for very fine meshes. For example, adapting a 1 km mesh—including remeshing, domain decomposition, and field

interpolation—can take up to ten minutes of computation. Furthermore, at typical sea-ice velocities of the order 10−1 m·s-1, a

remeshing step may be needed every few tens of minutes of simulated time, i.e., after fewer than ten timesteps. Such a high

frequency makes the overall computational cost prohibitive.35

To eliminate this bottleneck, BAMG must be replaced by a parallel remeshing tool. We propose using the MMG library

(MMG, 2025), an open-source remeshing software. This modern code is widely used in the numerical simulation community

through a wide range of applications, such as CO2 injection (Legentil et al., 2023), calving for glaciers and icebergs (Wheel

et al., 2024), crack propagation (Cornejo et al., 2020), biophysics (Rauff et al., 2025), or combustion (Moureau et al., 2021).

However, only a sequential version for 2D meshes is currently available, so a parallel implementation must first be developed.40

Moreover, MMG is originally designed to adapt an entire mesh to physical features, whereas in our case we would like to

modify as few elements as possible to reduce numerial error as much as possible.

Parallelizing the remeshing procedure also necessitates parallelizing associated tasks, such as interpolating fields from the

old mesh to the updated one or domain decomposition. An additional benefit of parallelization is reduced memory usage,

as maintaining a global mesh is no longer required. To fully exploit this advantage, other parts of the code that previously45

depended on the global mesh must be adapted to operate only on local meshes. In particular, input/output operations and

buoy-tracking should be performed in parallel using the local meshes.

This article presents the strategy developed to fully parallelize the neXtSIM code, including its remeshing procedure, by

upgrading the MMG library (MMG, 2025) and using it instead of the BAMG library. A brief description of the model is

given in Section 2. Section 3 details the parallelization strategy adopted for MMG, together with the associated results and50

performance. Section 4 addresses the integration of parallel remeshing within the model and then outlines the parallelization of

the remaining sequential components of the code, together with the resulting gains in computational cost. Section 5 discusses

the performance of the fully parallelized version of neXtSIM, its validation, and an illustration of the new levels of resolution

achieved in simulations.
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2 neXtSIM description55

This section provides a brief overview of the main characteristics of neXtSIM, focusing on aspects of the model relevant to

the improved parallelization discussed here. neXtSIM simulates sea ice by solving equations that describe the ice’s melt and

growth (thermodynamics) and motion (dynamics), forced by atmospheric and oceanic inputs. The thermodynamic equations

are all formulated on a single mesh element, and so their parallelization is trivial. However, solving the dynamics requires the

gradient of various quantities between neighboring elements, as well as the advection of prognostic quantities with ice motion.60

neXtSIM can be used to simulate the complex mechanical behavior of sea ice with a brittle rheology, the latter producing a

highly heterogeneous ice field, leading to the use of a Lagrangian advection method (Rampal et al., 2016). For further details

on the model, see Ólason et al. (2025a), where the current version of neXtSIM is described.

2.1 Dynamics modeling

The main dynamics module of neXtSIM is based on the Brittle Bingham-Maxwell rheology (BBM, Ólason et al., 2022),65

although more traditional modules, based on the viscous-plastic rheology (Hibler, 1979), are also available. The BBM rheology

has three prognostic variables: velocity (u), internal stress (σ), and damage (d). These are calculated using two main equations,

the momentum equation and the constitutive equation.

The momentum equation used in neXtSIM is (Bouillon and Rampal, 2015; Rampal et al., 2016; Ólason et al., 2022, 2025a)

m
∂u

∂t
=∇ · (σh)+A(τ a + τw)+ τ b +mfk×u−mg∇η, (1)70

where m is the ice mass per unit area, u is the ice velocity, σ is the internal stress tensor, h is the ice slab thickness (not

volume per unit area), A the fraction of the element covered by ice, ρ the ice density, τ a and τw are the atmosphere and ocean

stress terms, respectively, τ b =−Cbu is the basal stress term introduced by Lemieux et al. (2015), mfk×u is the Coriolis

term, with vertical unit vector k, and mg∇η is the ocean-tilt term. The forcing terms τ a, τw, and η are all calculated from the

atmospheric or oceanic states, read from files or received from a different model through a coupler (e.g. Boutin et al., 2023).75

The momentum equation is coupled to the constitutive equation through the internal stress term ∇ · (σh). The constitutive

equation for BBM is

∂σ

∂t
= EK : ε̇− σ

λ

(
1+ P̃ +

λḋ

1− d

)
, (2)

where E is the ice elasticity, ε̇ is the strain-rate tensor, EK : ε̇ is the stiffness operator, λ is the viscous relaxation time, P̃ is a

plastic threshold, and ḋ is the time derivative of d.80

The elasticity and viscous relaxation time evolve with damage as

E = E0(1− d)e−C(1−A)

λ= λ0[(1− d)e−C(1−A)]α−1,
(3)
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where E0 and λ0 are the elasticity and viscous relaxation time of undamaged ice, and α > 1 and C > 0 are constants. The

strain-rate tensor has the components

ε11 =
∂u

∂x

ε22 =
∂v

∂y

ε12 =
1

2

(
∂u

∂y
+

∂v

∂x

)
.

(4)85

The stiffness operator is



(K : ε̇)11

(K : ε̇)22

(K : ε̇)12


=

1

1− ν2




1 ν 0

ν 1 0

0 0 1− ν







ε̇11

ε̇22

ε̇12


 (5)

where ν ≈ 1/3 is Poisson’s ratio. Finally, the plastic threshold is

P̃ =





Pmax

σN
for σN <−Pmax,

−1 for −Pmax < σN < 0,

0 for σN > 0.

, (6)

where90

Pmax = P

(
h

h0

)f

e−C(1−A), (7)

where f ∈ [1,2] is a constant and σN is the normal stress.

The change in damage ḋ is calculated by comparing the stress state in each element with the Mohr-Coulomb envelope in the

{σN , τ} space of normal and shear stresses

σN =
1

2
(σ11 +σ22)

τ =
1

2

√
(σ11 −σ22)2 +4τ212,

(8)95

with σij the components of σ. If these values fall within the Mohr-Coulomb envelope,

τ = µσN + c, (9)

where µ is the internal friction coefficient and c is the cohesion, then ḋ= 0. However, if the stress value in the element

falls outside the envelope, d is increased to keep them within the envelope. In practice, this amounts to first calculating an

intermediate stress state σ′ using equation (2) with ḋ= 0 and then updating damage as100

dn+1 = dn +(1− dcrit)(1− dn)
∆t

td
, (10)
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and the stresses as

σn+1 = σ′ − (1− dcrit)σ
′∆t

td
, (11)

where n notes the previous time step and n+1 the current one. At the start of the simulation, d= 0 everywhere. Through

the damaging process described above, d can approach (but never reach) one. neXtSIM also includes thermodynamic healing105

processes that reduce d. In equations (10) and (11), ∆t is the time-step and

td =∆x

√
2(1+ ν)ρ

E
(12)

is a relaxation time, with ∆x the spatial resolution. This is intended to ensure that the damage does not propagate faster than

an elastic shear wave.

The salient point in the current context is that d increases locally, and this process can be very fast, relative to other dynamic110

processes. This simulates fracturing in the ice, where the fractures can be only a few elements wide but hundreds of kilometers

long. Such deformation zones are a distinctive feature of the Arctic ice cover, observable from space (e.g. Kwok, 2018) and

affect the evolution of the ice cover (e.g. Boutin et al., 2023). The Lagrangian advection scheme, developed for neXtSIM, was

conceived to better preserve these features.

2.2 Numerical and computing methods115

The dynamical equations (1) and (4) are discretized using the finite element method, the implementation described by Samaké

et al. (2017) and Ólason et al. (2025a). Both the discretization and the resolution of the resulting system are carried out locally

within each partition. neXtSIM is implemented using a distributed-memory paradigm based on MPI (Samaké et al., 2017),

with inter-process communication managed through Boost.MPI, an abstraction layer of standard MPI. Although most of the

model components are parallelized, the entire remeshing step remains entirely sequential.120

2.2.1 Remeshing

As outlined in the introduction, neXtSIM relies on a Lagrangian framework with mesh motion. In its current version (Ólason

et al., 2025a), remeshing is activated when the smallest angle of a triangle falls below 10◦. This step is carried out by the

sequential BAMG software. Since BAMG is not parallelized, the local meshes must first be merged into a single global mesh

on the root process before remeshing. BAMG is specifically designed to preserve as many nodes from the original mesh125

as possible, restricting modifications to localized regions where remeshing is necessary. This minimizes numerical diffusion

during interpolation from the old mesh to the new one. Linear P1 interpolation is applied to nodal fields, while element-centered

fields are transferred using the conservative remapping scheme described in (Ólason et al., 2025a). As with remeshing, these

interpolations are performed sequentially on the entire mesh. Finally, the mesh is partitioned using METIS (Karypis and Kumar,

1998) for subsequent parallel computations.130
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The sequential nature of the remeshing process severely limits the code’s parallel efficiency, particularly for fine meshes

where frequent mesh adaptation is required. It therefore becomes a bottleneck for simulations on very fine meshes composed

of millions of elements.

2.2.2 Inputs-Outputs

The dynamics of sea ice are driven by oceanic and atmospheric conditions. These forcing data are provided in netCDF files,135

which contain spatiotemporal information over the entire domain for a specified period, based on a given spatial grid and time

discretization. In neXtSIM, each process reads these files whenever a new forcing timestep is reached or after a remeshing step,

since the physical oceanic and atmospheric fields must then be interpolated onto the updated mesh.

The neXtSIM outputs are stored in either binary or NetCDF files at user-specified times. The writing is performed in the

root process for the entire mesh, with one file generated per timestep. The physical fields must therefore be gathered on the140

root process. A dedicated post-processing tool can read and analyze the information contained in these files.

2.2.3 Drifting buoys tracking

neXtSIM can track the trajectories of selected initial points (referred to as drifters), which can be compared, for example, with

the observed paths of real buoys. The trajectory of each drifter is computed in the root process, independently of its location

within the partitions. To achieve this, the local displacements of all nodes are first gathered in the root process, where a global145

interpolation is performed at the drifter positions. The resulting displacements are then added to their previous positions and

the updated locations are stored in a file. During this procedure, ice concentration is also checked: drifter positions are updated

only if the concentration is non-zero. This requires collecting the local concentration values on the root process and performing

a global interpolation at the drifter positions.

3 Development of parallel remeshing150

As discussed previously, the Lagrangian approach requires frequent remeshing to eliminate poor-quality elements. In neXtSIM,

this task relies on the sequential BAMG tool, which constitutes a significant bottleneck in the numerical workflow. This sec-

tion introduces the strategy adopted to parallelize the remeshing process within a newly parallelized dedicated code. We first

describe the sequential MMG software, then outline the parallelization strategy, and finally present the performance of the

resulting tool.155

3.1 MMG

MMG (2025) is dedicated to the adaptation of anisotropic meshes. The inputs are an initial mesh and a size map encoded in a

Riemannian metric space (commonly termed "the metric"). The output anisotropic mesh is the mesh such that all edges have

a size such as prescribed by the metric. The latter comprises a vector space and a field of metric tensors M = (M(x))x∈Ω

over the domain Ω. At each vertex of the mesh, the metric tensors contain information about the size of the elements and their160
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orientation (George et al., 1991; Loseille and Alauzet, 2011a). For instance, to obtain isotropic elements with a characteristic

size of h over the entire domain, the metric tensor should be chosen as Mij =
1
h2 I where I denotes the identity matrix.

MMG modifies the initial mesh following four operations (Dapogny et al., 2014):

– Splitting too long edges

– Collapsing too small edges165

– Swapping bad quality elements

– Relocating vertices through smoothing to improve element quality

These operations are performed iteratively to converge toward a mesh that closely matches the prescribed metric.

3.2 Parallelization strategy

Parallel remeshing methods are generally divided into two categories. The first focuses on developing parallel mesh genera-170

tion algorithms (Casagrande et al., 2005; Chrisochoides and Nave, 2003; Ibanez, 2016). A key issue for these methods is to

ensure the consistency and conformity of the mesh across partition boundaries. The second integrates sequential remeshing

tools within a parallel framework by restricting mesh adaptation to the interior of partitions (Coupez et al., 2000; Cavallo

et al., 2005; Benard et al., 2016). This prevents incompatibilities at the partition interfaces and ensures conformity. The mesh

is then repartitioned and remeshed iteratively, allowing adaptation at the initial frozen interfaces. A parallel version of MMG175

was designed previously Cirrottola and Froehly (2019) following a remesh-then-repartition strategy, but was restricted to 3D

meshes. In this work, the 2D parallel version ParMMG2D (2025), (Salmon, 2026b; Salmon and Barral, submitted) was built

adopting the approach introduced in 3D and enhancing it for the specific sea-ice application.

As done by Cavallo et al. (2005), the repartitioning is based on an advancing-front algorithm. Processor boundaries are180

dynamically modified; if a vertex is shared by several processors, all elements connected to that vertex are transferred to a

single processor. The selected processor is the one with the smallest number of elements among those sharing the vertex. After

the element migration, the remeshing process is applied again. Figure 1 gives an example of the advancing-front repartitioning

method with three partitions. Here, a single layer of triangles is exchanged, although the number of element layers exchanged

can be set to any integer value.185

Such an algorithm may produce disconnected partitions, resulting in isolated elements or groups of elements. To prevent this

issue, the lists of connected elements are identified after repartitioning. If multiple lists are found, the largest one is retained as

the new partition, while the remaining groups are reassigned to a neighboring partition. The target processor is chosen as the

one with the smallest number of elements. This process ensures the contiguity of each partition.190
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Figure 1. Advancing-front algorithm with three partitions. a) Initial domain decomposition. b) New partitioning following the exchange of

one layer of elements. The bold white line indicates the initial processor boundaries.

Following each remeshing step, the metric must be interpolated onto the updated mesh to enable the subsequent remeshing

iteration. Since the interface elements remain fixed, the metric is not modified near the partition boundaries. Consequently, the

interpolation can be performed using only the previous mesh, without requiring additional elements from neighboring parti-

tions. In ParMMG2D, the interpolation process is done after remeshing and before repartitioning.195

At the conclusion of the iterative remeshing process, the domain decomposition may become significantly unbalanced, as the

advancing-front algorithm does not inherently ensure load balancing across processors. In such cases, a final repartitioning step

is necessary to restore balance. This can be achieved using various well-established partitioning tools, such as Metis (Karypis

and Kumar, 1998), Scotch (Pellegrini, 2012), ParMetis (Karypis et al., 1997), or PT-Scotch (Chevalier and Pellegrini, 2008).200

In ParMMG2D, the user can specify a threshold parameter to control the acceptable level of load imbalance.

3.3 Validation

This section presents several validation cases of increasing complexity to assess the ability of the parallel remesher to produce

meshes compliant with the metric. This is first assessed qualitatively : on top of being refined where expected, the meshes must

look clean and there should be no imprint of the partition interfaces. Quantitatively, we look at a quality criterion based on the205
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Algorithm 1 ParMMG2D algorithm

1: Preprocessing (check input mesh and metric, analysis)

2: if the mesh is centralized then

3: Partitioning using a domain decomposition tool (Metis by default)

4: else

5: Finding correspondence between nodes from the different partitions at the parallel interfaces

6: end if

7: for i= 1 to niter do

8: Copying mesh, metric

9: Sequential MMG remeshing on each partition with frozen boundaries

10: Interpolating the metric on the new local mesh

11: Repartitioning based on the advancing-front algorithm

12: end for

13: if the output mesh must be centralized then

14: Merging the decomposed mesh

15: else if the output mesh must be decomposed but it is unbalanced then

16: Repartitioning using a domain decomposition tool (Metis by default)

17: end if

aspect ratio of a triangle K in the metric space (Frey and George, 2007):

Q= 4
√
3

|K|M∑3
i=1 ∥ei∥2M

(13)

where |K|M is the surface area of element K and ∥ei∥M is the length of edge i. This quality quantity is equal to 1 for a

perfectly shaped element and tends to 0 for degenerate elements.

210

The first and simplest test case focuses on generating a high-quality uniform mesh starting from a poor initial mesh. Figure

2.a shows the initial degraded mesh, while Fig. 2.b displays the resulting mesh composed of the same number of vertices

obtained using a uniform metric with ParMMG2D, employing 4 processors over 4 iterations. To further assess the parallel

capabilities of the tool, a finer test case involving approximately one million elements was also performed using 16 processors.

This calculation produces a uniform mesh in which 99.99% of the elements (978,779 elements) have a quality between 0.8 and215

1, with only 25 elements falling in the range 0.6 to 0.8, which confirms the overall high quality of the resulting mesh, like for

the coarse mesh in Figure 2.

In what follows, four classic academic anisotropic test cases are studied. Even if highly anisotropic meshes are not used in

neXtSIM, the remesher is expected to handle such meshes appropriately. The input mesh is always a uniform [−1,1]× [−1,1]220
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Figure 2. a) Initial degraded mesh. b) Uniform-metric adapted mesh with the same number of vertices, generated using ParMMG2D on 4

processors.

square mesh composed of approximately 500,000 isotropic triangles and 250,000 vertices. For each test case, four parallel

iterations were carried out, with three layers of triangles exchanged during the partition advancing-front procedure.

In the first case, let us consider a constant element size of hc = 0.02 in the y direction (so 100 elements along y) and a

variable size along x: h(x) = hc|1− e−|x−0.5||+0.003. The metric representing a kind of shock wave is then

M(x) =




1
h(x)2 0

0 1
h2
c


 .

Figure 3.a shows the resulting adapted mesh.

In the second case, let us consider a large element size everywhere except in a thin circular area:

h(x,y) =





0.005 if 0.99≤ x2 + y2 ≤ 1.01

1 else if x2 + y2 > 1.01

0.1 else

.

The resulting metric is isotropic

M(x,y) =




1
h(x,y)2 0

0 1
h(x,y)2


 .

Figure 3.b shows the resulting adapted mesh.
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Figure 3. a) Anisotropic mesh capturing a shock wave, generated using ParMMG2D on eight processors. b) Isotropic mesh associated to a

thin circle, generated using ParMMG2D on eight processors.

Figure 4. Distribution of element quality for the four academic test cases.

In both test cases, the absence of any noticeable artifacts at processor interfaces highlights the effectiveness of the parallel225

strategy. The final mesh quality remains high and is comparable to that obtained with the sequential MMG version. For the

shock-wave case, 99.9% of the elements have a quality greater than 0.8, while the remaining elements exhibit a quality greater

than 0.6 (see Fig. 4). For the circle case, the overall quality of the mesh is also high, with 94% of the elements having a quality

greater than 0.8.

230
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For the following two test cases, we consider analytical functions f1 and f2 that are assumed to represent a physical solution

of a given problem. The mesh must be adapted to accurately capture this solution. Loseille and Alauzet (2011b) established

the mathematical formulation of an optimal metric for a given target number of vertices in the adapted mesh. In both following

cases, we apply their formulation, setting the target number of vertices to match that of the initial mesh.

235

Figure 5 shows the solution function f1 alongside the resulting mesh obtained from ParMMG2D using the Loseille optimal

metric, where

f1(x,y) = αsin(βxy)

with

α=





1 if π
50 ≤ |xy| ≤ 2π

50

0.01 otherwise
,

and

β =





1 if |xy|< π
50

50 otherwise
.

We then consider a function derived by Digonnet et al. (2019). Figure 6 shows the function and the resulting mesh obtained

from ParMMG2D with the function

f2(x,y) = a(a(
√

x2 + y2))+ a(a(
√
(x− 1)2 +(y− 1)2))

where

a(x) = tanh

(
sin

(
5π

2
x

))
.

Despite the intrinsic complexity of the functions, the adapted anisotropic meshes correspond to the expectations, without

visible traces that reveal the location of processor boundaries. For f1, some elements exhibit low quality, but more than 80% of

the elements have a quality above 0.8. For f2, the overall quality of the mesh is even higher than in the circular configuration

(Figure 4).

3.4 Computing performance240

This section addresses the parallel performance of ParMMG2D, evaluated using the previously studied circle and shock wave

test cases. The computation times for various numbers of processors and mesh sizes, along with the strong scalability curves

for each mesh are shown in Figures 7 and 8, corresponding to the circle and shock wave test cases, respectively. The target

number of vertices of the output mesh is equal to the number of vertices of the input mesh. The results for each step of the

iterative procedure (metric interpolation on the updated mesh, sequential remeshing, and advancing-front partitioning) are dis-245

played using different colors and symbols in both figures. The processors used in this section and the remaining of the paper

are 2× 64-core AMD Zen3 Milan EPYC 7763 operating at 2.45 GHz, with 1 TB of memory.
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Figure 5. a) Reference function f1 for mesh adaptation. b) Corresponding adapted mesh using ParMMG2D over 16 processors.

Figure 6. a) Reference function f2 for mesh adaptation. b) Corresponding adapted mesh using ParMMG2D over 16 processors.
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Across all configurations, the majority of the computational cost is attributed to the remeshing step, whereas the interpolation

and redistribution steps require only a negligible amount of time. For both test cases, mesh adaptation of 105 elements is com-250

pleted within a few seconds with more than four processors. In contrast, adapting a mesh with one million elements requires

several hundred seconds when using fewer than four partitions. However, the computation time decreases significantly as the

number of partitions increases, becoming negligible with 128 processors. When adapting a mesh with 20 million elements, the

computational cost is significant, but it is reduced to a few dozen seconds with 512 processors, corresponding to approximately

40,000 elements per partition. This also means that using several 64-CPU nodes does not degrade performance.255

The interpolation of the metric on each updated mesh exhibits excellent scalability up to the highest number of partitions

tested. In contrast, the redistribution process does not scale as efficiently. Regardless of the mesh size, a first performance

bottleneck typically appears around eight partitions. Beyond this point, the speedup gradually diverges from the ideal scala-

bility curve, although this deviation appears to be configuration-dependent. For example, in the circle test case with 2× 107260

elements, an outlier is observed at 128 partitions, likely caused by the formation of highly non-contiguous partitions following

the advancing-front process. As the number of partitions increases, the likelihood of generating non-contiguous partitions also

rises, which may explain the reduced efficiency of this approach at large processor counts. Fortunately, the redistribution step

remains computationally inexpensive within the overall remeshing process. The most computationally intensive step is the se-

quential remeshing performed on each partition. Not surprisingly, the scalability curve of this step closely aligns with that of the265

overall procedure. Although the global algorithm demonstrates high scalability, its performance appears to be configuration-

dependent. Scalability is more favorable for the shock wave test case than for the circle.

ParMMG2D is therefore a mesh adaptation tool that delivers strong performance even in challenging configurations, making

it well suited to support the simulation of various physical processes when coupled with a parallel code. The next section270

describes its coupling with the sea ice model neXtSIM.

4 Full parallelization of neXtSIM

Starting from the initial parallelization detailed in Samaké et al. (2017), this section describes the parallelization of the remain-

ing sequential components of neXtSIM, including the use of the parallel remeshing library described in the previous section.

It also includes a comparative study with legacy BAMG and concludes with an assessment of the parallel performance of the275

fully parallelized version of neXtSIM (Salmon, 2026a).

4.1 Parallel remeshing

ParMMG2D aims to replace the sequential remeshing tool Hecht (1998) in neXtSIM. This section presents the choice of dif-

ferent parameters and approaches in the coupling with ParMMG2D.

280
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Several parameters must be adjusted both in the input and within the ParMMG2D settings when studying sea ice dynamics

using neXtSIM. In this work, the metric has been assumed to be isotropic and constant, resulting in a uniform mesh. This

choice is motivated by the underlying physical models, some of which are not validated at very small element sizes or on

heterogenous meshes. To avoid potential issues, strict control over element size has been enforced throughout the simulations.

It is worth mentioning that future studies could leverage the more advanced capabilities offered by ParMMG2D, particularly285

in terms of non-uniform and anisotropic mesh adaptation.

Each mesh modification requires the interpolation of all physical fields from the old mesh to the newly generated one. This

interpolation process inevitably introduces errors and numerical diffusion. However, in sea ice modeling, accurate assessment

of damage and precise localization of cracks are essential. Since crack formation is a highly localized phenomenon, significant290

numerical diffusion is unacceptable. The BAMG algorithm addresses this by modifying only a small number of problematic

elements, thereby limiting the impact of interpolation errors. In contrast, ParMMG2D typically remeshes the entire mesh,

which must therefore be carefully controlled. To mitigate this issue, it is necessary to define a criterion that selectively targets

elements of insufficient quality.

295

Since the objective is to maintain an isotropic mesh, a minimum angle threshold could be enforced for all triangles. To ensure

behavior consistent with that of BAMG, a minimum angle of 0.4 radians (approximately 23o) is selected. However, near the

domain boundaries, elements may become highly distorted due to sea ice motion. To account for this, a stricter angle threshold

of 0.74 radians (approximately 42.5o) is applied to triangles located on the boundary or adjacent to boundary elements. Ad-

ditionally, triangle sizes must be controlled, as remeshing only a few isolated elements could locally produce a non-uniform300

mesh. Based on empirical testing, the following size criterion has been adopted: any triangle whose edge length deviates by

more than 75% from the targeted uniform size must be modified. To enhance the effectiveness of both criteria, an additional

forecasting step is introduced. This step estimates a potential displacement at each node based on the velocity field computed

by neXtSIM, using a virtual time step defined as 1
4

√
A(K)

u , where A(K) is the area of triangle K and u is the mean velocity

of the triangle, averaged over its three nodes. If the predicted configuration of the triangle fails to meet either the angle or size305

criteria, the element is flagged for modification.

In Sections 3.3 and 3.4, four remeshing iterations were systematically applied across all configurations. However, in the

neXtSIM framework, the most efficient compromise is to perform only two remeshing iterations, combined with a repartition-

ing that exchanges three layers of triangles during the advancing-front process. With this approach, the majority of elements310

located along the initial parallel interfaces are included in the remeshing, although a small number of elements may remain

unprocessed. As there are very few such elements, the likeliness that any of them are of poor quality is low. If such a case does

occur, it will naturally be corrected during the remeshing step of the following time step. While this additional remeshing is

computationally expensive, experimental tests indicate that it happens sufficiently rarely to be profitable.

315
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As previously discussed in Section 3.2, the domain decomposition may be significantly unbalanced at the end of the remesh-

ing process, since the advancing-front algorithm does not account for load balancing. Experimental tests indicate that, for

triangular meshes containing up to 20 million elements, Metis is the most efficient partitioning tool despite the preliminary

step of merging the local meshes on the root process. Unfortunately, we were not able to leverage the parallel capabilities of

partitioners such as ParMetis and PT-Scotch to decrease the CPU cost. In neXtSIM, an imbalance threshold of 30% is adopted320

to trigger a final repartition, as this offers the best trade-off between avoiding expensive mesh decomposition and maintaining

efficient numerical resolution of the sea ice equations on a weakly unbalanced mesh. For fine meshes, final decomposition is

rarely required, which substantially reduces computation time. Conversely, for coarse meshes, final repartitioning is frequently

necessary, though in these cases the partitioning time remains negligible.

4.2 Parallel interpolation325

After the remeshing step, the various fields must be interpolated onto the new mesh. To fully exploit the benefits of parallel

remeshing, the interpolation should also be parallelized. This avoids merging local meshes into a single global mesh and pre-

vents the additional computational cost of interpolating on such a large mesh.

One approach consists in dividing the domain with a Cartesian grid (Fig. 9), where the cell size is a tunable parameter. In330

neXtSIM, given the mesh uniformity, a reasonable compromise for the cell size is to target roughly 20 triangles per cell. On

each partition, the triangles of the previous mesh are distributed across the grid cells. For example, in Fig. 9, the triangles of

partition 12 are split into three groups since the partition spans three different cells. The same Cartesian grid is then applied to

the new mesh, and each partition determines which cells intersect its domain. For instance, if a partition contains triangles in

the red cell of Fig. 9, it receives from all processors holding old triangles in that cell (in this case, processors 12, 8, 26, 1, 23,335

and 14) these triangles.

Figure 10 compares the performance of parallel and sequential interpolations for two meshes with element sizes of 2 km and

1 km. The results presented correspond to averages over approximately 100 interpolations. On more than two processors for

the 1-km mesh and four processors for the 2-km mesh, the parallel interpolation becomes faster than the sequential one. Since340

the sequential approach merely gathers all local fields on the root process, whereas the parallel approach requires identifying

the triangles to exchange then performing the corresponding communications, the parallel method is less efficient when using

a small number of processors. In practice, however, simulations on 2-km or 1-km meshes typically rely on more than two

processors, making this limitation negligible. As the number of processors increases, the interpolation time decreases substan-

tially and continues to improve up to 128 partitions for the 2-km mesh and 256 partitions for the 1-km mesh. For example,345

the computation time is approximately 3 seconds when using 256 processors for a 1-km mesh, while the sequential approach

requires approximately 85 seconds. Beyond reducing runtime, the parallel strategy also alleviates memory usage, since the

root process no longer needs to store global fields. Moreover, the parallel approach remains effective for coarser meshes: with
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Figure 9. Example of a domain decomposition overlaid with a Cartesian grid, corresponding here to the decomposition before remeshing.

10-km triangles, the interpolation time is on the order of a second or a few tenths of a second, comparable to the sequential

version with up to four processors and even smaller when more processors are used.350

4.3 Parallel binary outputs

With the full parallelization of the code, the output procedures should also be parallelized to reduce memory consumption.

This is achieved through parallel file writing using MPI I/O. The mesh file is generated directly from the local meshes while

preserving the same node and element numbering as in the previous sequential outputs. This reordering is performed with a

minimal number of MPI exchanges. Similarly, nodal and element fields are stored in the field file from local data only, without355

gathering them on the root process, and the same reordering strategy as for the mesh is applied.

Figure 11 compares the performance of the parallel and sequential approaches for two meshes with element sizes of 2 km

and 1 km. Similarly to the interpolation step discussed previously, the parallel writing time becomes lower than the sequential

one for more than 2 processors. While the sequential version only requires gathering all local fields in the root process, the360

parallel version involves additional operations before writing. As a result, parallel I/O does not yet offset this overhead for a low

processor count. Nevertheless, in practice, simulations with 2 km or 1 km meshes typically rely on more than two processors, so

this limitation is not critical. When increasing the number of processors, the writing time decreases significantly and continues
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Figure 10. Computation time required for one interpolation, for two meshes with element sizes of 1 km and 2 km, as a function of the number

of partitions. For comparison, the sequential timing obtained with the previous version of the code is also reported.
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to improve up to 64 partitions for both meshes. Beyond this point, MPI exchanges become more costly, leading to a slight

increase in writing time. In addition to reducing execution time, the parallel strategy also reduces memory requirements. In the365

previous sequential implementation, gathering all fields and storing the global mesh in the root process could cause memory

saturation. This limitation is now removed, for at least up to 15 million elements, corresponding to meshes with 1 km triangles.

It should be noted that the parallel approach remains efficient for coarser meshes. For 10 km triangles, the time required to

write a single output is only a few tenths of a second for up to 64 processors, which is comparable to the performance of the

previous sequential version.370

4.4 Parallel NetCDF outputs

The netCDF library supports parallel I/O for both structured and unstructured grids. For unstructured grids, each point must be

handled individually, which is inefficient in parallel. Therefore, we adopt a structured approach, dividing the entire grid into

rectangular local subgrids. Since local domains are generally arbitrary and non-rectangular, they must first be decomposed into

non-overlapping rectangles that fully cover the domain, including areas without data.375

The rectangular decomposition is carried out as follows. First, the bounding box of the local domain in the first process

is considered as the initial rectangle. The intersection between this rectangle and the bounding box of the second process is

then computed. If an intersection exists, it is removed from the second rectangle, which may no longer remain a rectangle.

The resulting region is then subdivided into the minimal number of rectangles. The procedure is repeated with the third pro-380

cess, considering intersections with the rectangles obtained from the previous steps, and continues similarly for subsequent

processes. This method guarantees that the entire domain is covered by non-overlapping rectangles. Figure 12 illustrates an

example of how the decomposed domain is partitioned into rectangles.

In this example, processor 11 handles only a single rectangle. Part of processor 12’s domain overlaps with this rectangle, so385

processor 12 sends the corresponding data to processor 11. At the same time, processor 11 sends the data located at the top

of its domain, which lies within rectangle 10, to the appropriate processor. These exchanges are performed by all processes to

ensure that each has all the required data locally. Once the data transfer is complete, each process writes the data corresponding

to its local rectangles using the netCDF library in parallel.

390

Figure 13 compares the performance of the parallel and sequential approaches for grids of 3 and 13 million points. With

fewer than four processors, the parallel version shows slightly higher writing times, as it involves the additional operations

described previously, whereas the sequential version only gathers local fields on the root process. Thus, at low processor

counts, parallel I/O does not fully offset this overhead. However, in practice, simulations at this resolution typically use more

than four processors, making this limitation negligible. As the number of processors increases, the writing time decreases395

up to 8 partitions for both grids. Beyond this point, the cost of rectangle decomposition and MPI exchanges grows, causing

a slight increase in time. However, this increase is much smaller than in the sequential approach, where MPI exchanges
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Figure 11. Computation time required for writing a single output, for two meshes with element sizes of 1 km and 2 km, as a function of the

number of partitions. For comparison, the sequential timing obtained with the previous version of the code is also reported.
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Figure 12. Domain decomposition covered by a rectangular partitioning.
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Figure 13. Computation time required for writing a single netCDF output, for two grids composed of 3 and 13 millions points, as a function

of the number of partitions. For comparison, the sequential timing obtained with the previous version of the code is also reported.

for gathering data dominate. The combination of rectangular decomposition and smaller MPI exchanges therefore improves

writing efficiency. Additionally, the parallel strategy reduces memory requirements, as observed in the previous parallelized

operations.400
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4.5 Parallel drifting buoys tracking

As the global mesh is no longer accessible, the buoy trajectories must be computed locally on each process. First, the coordi-

nates of all drifting buoys are broadcast to every processor. Then, following the same principle as in the parallel interpolation,

the domain is partitioned using a Cartesian grid, and each local triangle is assigned to a cell. For each drifting buoy, we check

whether it lies in a cell containing local triangles, and if so, whether it belongs to one of these triangles. When this is the case,405

its displacement is obtained through barycentric interpolation of the displacements at the three triangle nodes. This strategy

avoids the global interpolation required in the sequential approach. Finally, the updated positions of the local drifting buoys

are gathered in the root process, which writes them to a file.

Figure 14 compares the performance of the parallel algorithm with that of the previous sequential method for two meshes410

with element sizes of 2 km and 1 km, using five million drifting buoys. In contrast to the previous cases, the parallel approach

outperforms the sequential one for any number of processors. This improvement stems from the simplification of the interpo-

lation process, which is now performed locally at the scale of individual triangles. With 128 processors, the computation time

falls below one second for both meshes, making it negligible in the overall simulation cost. As a result, the drifter procedure

can now be employed without restriction, regardless of mesh resolution.415

5 Validation & Performances of the full model

5.1 Validation

This section compares the results obtained with the previous partially parallel version of neXtSIM and the new fully parallel

version on a realistic configuration. It corresponds to the Arctic Sea from February 2006 to the end of the year. Atmospheric

forcing is provided by the hourly ERA5 reanalysis (Hersbach et al., 2020), while oceanic forcing is derived from the TOPAZ4420

reanalysis (Sakov et al., 2012). The initial conditions for the thickness and concentration of sea ice are taken from the PIOMAS

reanalysis (Zhang and Rothrock, 2003).

The extent and volume of sea ice are critical variables as they play a key role in the climate system. In addition, sea ice drift

is also a good indicator for assessing the performance of sea ice models, as it strongly influences the sea ice mass balance with425

its role in ice transport, particularly through the Fram Strait. Fig. 15 shows the evolution of the ice extent, its volume, and the

mean drift for two simulations achieved with both versions of neXtSIM.

The seasonal evolution of the extent and volume of sea ice aligns well with the expected patterns in both simulations.

Moreover, the differences between the simulations remain small. The mean discrepancies in extent and volume are 5.4× 103430

km2 and 35.8 km3, respectively, which represent only 0.1% and 0.3% of their corresponding mean values. These differences are

consistent with what would be anticipated given the minor variations introduced by both remeshing procedures. Regarding sea
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Figure 14. Computation time required for computing and writing a single time five million drifters, for two meshes with element sizes of 1

km and 2 km, as a function of the number of partitions. For comparison, the sequential timing obtained with the previous version of the code

is also reported.
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a) b)

c)

Figure 15. Comparison of numerical solutions obtained throughout 2006 on a mesh composed of 10 km triangles, using the previous,

partially parallel version of neXtSIM and the new fully parallel version. a) Sea ice extent, b) Sea ice volume, c) Mean drift.
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ice drift, the inherently more stochastic behavior leads to larger discrepancies between simulations; however, these differences

remain within acceptable limits, representing less than 2% of the mean drift values. These results indicate that the integration

of the parallel remeshing process within neXtSIM does not introduce errors and shows good reproducibility.435

5.2 Computing performance

Figure 16 compares the performance of the previous partially parallel version of neXtSIM with that of the new fully parallel

version, for three meshes with element sizes of 1, 2, and 10 km. For both the full model and the complete remeshing procedure,

the computation time and the strong scaling are shown for a one-day winter simulation.

440

With 10-km elements, the fully parallel version of neXtSIM is consistently faster than the initial partially parallel version,

meaning that the parallelization benefits also extend to relatively small simulations. With 32 processors, the improvement

reaches about 17%. The strong-scaling curves (Fig. 16.b) exhibit similar trends for both versions, but the efficiency drop oc-

curs earlier in the partially parallel version—starting at 8 processors—whereas it only appears from 16 processors in the fully

parallel version. Although the remeshing procedure ceases to scale beyond 32 processors, its computing cost has been reduced445

so drastically that it becomes negligible.

The benefits of full parallelization become even more pronounced for finer meshes. For 1-km and 2-km elements, the entire

model exhibits near-perfect strong scaling up to 128 processors (Fig. 16.d & f), which is not the case for the partially parallel

version. The model can also run on 256 processors, with a loss of efficiency that remains acceptable. The total runtime is450

consistently lower with the fully parallel version. For 2-km elements, using 128 processors reduces the computation time by a

factor greater than 6. For elements of 1 km, the reduction reaches a factor of 9 with 256 processors. These improvements stem

primarily from the parallelization of the remeshing step: in the partially parallel version, remeshing accounts for about 90% of

the total runtime at 256 processors, whereas in the fully parallel version it has dropped to 25%.

455

The developments implemented in neXtSIM now make it possible to perform longer and more accurate sea-ice simulations

within a fully Lagrangian framework. With a 10-km resolution, a one-year simulation can be completed in about five hours

using 32 processors (without optional model components). At 2-km resolution, one year of simulation requires roughly four

days on 128 processors. Finally, at 1-km resolution, simulating an entire sea-ice season takes about one week on 128 processors.

This runtime naturally varies depending on the simulated period of the year. Figure 17 shows a few examples of sea ice460

thickness and damage fields obtained from a simulation performed at 1-km mesh resolution throughout the year 2006. The

damage field for September is not shown, as it is not meaningful. The results highlight the level of accuracy now achievable

with neXtSIM, particularly for the damage field, as well as for the cracks and ridges visible in the ice thickness field.
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Figure 16. Computation time for one simulation day and corresponding strong scalability of the full neXtSIM model and the complete

remeshing workflow, for three meshes composed of 10 km (a & b), 2 km (c & d), and 1 km (e & f) triangular elements.
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Figure 17. Simulated sea ice thickness and damage on March 1, June 1, and September 1, 2006, using a mesh with 1-km elements. Damage

is not shown for the summer month as this variable is not relevant for that period.
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6 Conclusions

Achieving high accuracy in sea-ice dynamics simulations often requires a Lagrangian framework, as used in neXtSIM. How-465

ever, this approach leads to mesh distortion that must be corrected through frequent remeshing. Because this procedure is

computationally expensive, optimizing it is essential to enable highly resolved simulations. This has been the main concern of

this paper, where we have described several enhancements within neXtSIM:

– parallelization of the remeshing process using the new tool ParMMG2D

– parallelization of the interpolation from the old mesh to the new mesh470

– parallelization of binary and netCDF outputs

– parallelization of drifting buoys tracking

The ParMMG2D mesh-adaptation tool has been developed for sea-ice modeling, which is based on homogeneous and isotropic

meshes, but its scope is much broader. It can adapt meshes to any physical process using anisotropic and heterogeneous met-

rics. Built on a frozen-interface parallel strategy combined with an advancing-front algorithm, the tool has demonstrated strong475

parallel performance and excellent scalability, even for anisotropic meshes.

The parallelization of the remaining components of neXtSIM also delivers strong performance gains, particularly for fine

meshes, where parallel efficiency is the most impactful. For example, for 1-km meshes, the interpolation step is accelerated by

a factor of up to 30. These developments significantly reduce the overall runtime—not only for highly resolved meshes but also480

for standard configurations using 10-km elements. The scalability of neXtSIM has been markedly improved, now remaining

efficient up to 256 processors, in contrast with the previously partially parallel version. Despite the computational cost inherent

to the Lagrangian framework, it is now feasible to perform 1-year simulations at 2-km resolution within a few days, and to use

1-km elements for seasonal simulations over similar time lengths.

485

neXtSIM is now approaching the limits of the current computational capabilities. An improvement is the optimization of

the input of environmental data, notably by reading only the necessary data, thus reducing memory usage and accelerating

the process. In the future, neXtSIM could further benefit from the full capabilities of ParMMG2D by incorporating weakly

anisotropic and heterogeneous meshes in sea ice dynamics simulations.

Code and data availability.490

• The source code of the previous partially parallel version of neXtSIM is available on Zenodo (Ólason et al. (2025b), https://doi.org/10.

5281/zenodo.14724536)

• The source code of the new fully parallel version of neXtSIM is available on Zenodo (Salmon (2026a), https://doi.org/10.5281/zenodo.

18415193). The model is also available on https://github.com/nansencenter/nextsim. The code is released under the MIT License
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• The ParMMG2D software source code is available on Zenodo (Salmon (2026b),https://doi.org/10.5281/zenodo.18154997). It is also495

available on https://github.com/MmgTools/parMmg2D. The code is released under the GNU Lesser General Public License
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