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Abstract. OceanMesh2D is a set of MATLAB functions with pre- and post-processing utilities to generate two-dimensional
(2D) unstructured meshes for coastal ocean circulation models. Mesh resolution is controlled according to a variety of feature
driven geometric and topo-bathymetric functions. Mesh generation is achieved through a force-balance algorithm to locate
vertices and a number of topological improvement strategies aimed at increasing the minimum triangle quality. The placement
of vertices along the mesh boundary is adapted automatically according to a mesh size function eliminating the need for contour
simplification algorithms. The software expresses the mesh design and generation process via an objected-oriented framework
that facilitates efficient workflows that are flexible and automatic. This paper illustrates the various capabilities of the software

and demonstrates its utility in realistic applications by producing high-quality, multiscale, unstructured meshes.

1 Introduction

Many phenomena in the coastal ocean, such as tides, tsunamis and storm surges, can be accurately modeled by the shallow wa-
ter equations. Unstructured meshes are often used for numerical simulations of the coastal ocean because they can resolve the
large range of horizontal length scales necessary for accurate hydrodynamic predictions and can conform well to complicated
shoreline boundaries. The accuracy and the associated computational expense of the mesh are in direct conflict, which makes
the mesh design process challenging. Computational work is governed by the distribution of vertices (mesh resolution) and
accuracy is determined, in part, by the representation of relevant geometrical and bathymetric features that may influence the
simulation. Due to this balance between accuracy and computational work, the prescription of the mesh resolution often leads to
a highly subjective mesh generation process which is often handled through graphical user interface (GUI) based software, e.g.,
Surface-water Modeling System (https://www.aquaveo.com/software/sms-surface- water-modeling-system-introduction), Blue
Kenue (https://www.nrc-cnrc.gc.ca/eng/solutions/advisory/blue_kenue_index.html) and Delft’s Flexible Mesh suite (https://
www.deltares.nl/en/software/delft3d-flexible-mesh-suite/). Although GUIs allow the user to carefully edit detailed aspects of
the mesh they do not promote automation, objectivity, or reproducibility. To address this issue, the ocean modeling commu-
nity have developed approaches and tools to support the automated generation of unstructured meshes for coastal circulation
problems (Hagen et al., 2002; Bilgili et al., 2006; Gorman et al., 2006, 2008; Lambrechts et al., 2008; Conroy et al., 2012; En-
gwirda, 2017; Candy and Pietrzak, 2018; Avdis et al., 2018; Remacle and Lambrechts, 2018). Most works have either tried to
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minimize topo-bathymetric interpolation error on the mesh (e.g., Gorman et al., 2006) or construct the mesh based on resolving
relevant physical processes in the domain and/or preserving the geometry of the shoreline boundary (e.g., Conroy et al., 2012;
Engwirda, 2017). An iterative a posteriori method which aims to keep the local truncation error constant throughout the mesh
has also been employed (Hagen et al., 2002).

Modern interpreter-based programming environments such as MATLAB and Python are attractive for many users to develop
mesh generators because they include a plethora of built-in or community developed functions, toolboxes, and packages that
are freely available. For instance, a simple and easily adaptable mesh generator based on the concept of force equilibrium and
written in a few dozen MATLAB lines is DistMesh2D (Persson and Strang, 2004). The simplicity of the force-equilibrium
algorithm makes it attractive as a general-purpose mesh generator by allowing users and developers to adapt it for various
applications (e.g., Engsig-Karup et al., 2008; Liu, 2009; Nguyen et al., 2010; Wang et al., 2014). However, due to the general
nature of DistMesh2D, it tends to be computationally inefficient for the large and highly multi-scale geophysical domains that
are encountered in coastal ocean hydrodynamic modeling problems. Additionally, there are a number of pre-processing steps
that must be performed to prepare the geospatial data for meshing and a number of post-processing steps to make sure the
mesh is amenable for simulation. For instance, one must obtain a shoreline boundary that will lead to a mesh that is practical
to simulate with. By integrating the tools to pre-process the geospatial data into the mesh generator directly, it reduces the time
spent performing these essential tasks and largely automates the mesh development process.

In a related previous work, the Advanced Mesh generator (ADMESH; Conroy et al., 2012) implemented a DistMesh2D
based coastal ocean mesh generator in MATLAB. In this work, we build on many of the ideas described in ADMESH with the
following primary improvements: a) a focus on computational efficiency to enable the software to become practically useful
even for large geophysical datasets (e.g., 1 km resolution global topo-bathy) in the MATLAB scripting language; b) the
inclusion of pre- and post-processing workflows; ¢) a greater variety of mesh size functions and flexibility in their application
which offers more control over mesh resolution placement; and critically: d) code written in an open-source environment for the
benefit of the community. The codes place emphasis on facilitating automatic mesh design workflows that lead to the creation
of meshes and the necessary model inputs for a numerical simulation. These mesh generation workflows (i.e., a user-specified
MATLAB control script) are typically represented by a few lines of MATLAB code and take between minutes to an hour to
generate relatively large, multiscale, high-fidelity meshes (potentially global-to-channel scale) and their auxiliary components
automatically.

The software is written in an objected-oriented framework that is divided into a set of standalone classes. Special attention
has been made to ensure that only open-source functions are required to generate a mesh. Further, in its current state the
software contains a number of post-processing functions specific to the ADvanced CIRCulation model (ADCIRC; Luettich
and Westerink, 2004), but these can be adapted to other solvers in the future. The rest of this paper is structured as follows:
we begin by introducing the framework and organization of the code followed by a detailed description of each of the four

standalone classes, and ending with a discussion on how the software can be useful for coastal ocean model development.



10

15

20

Table 1. The parameters (defined in Sect. 3.3) that are used to generate the three example meshes for this paper, which were released with
the toolkit. The final mesh quality (defined in Sect. 3.1.1) and the number of iterations in the mesh generator to achieve this are noted.

Region Meshing Parameters Mesh Quality Iterations
hO (m) Nmax (m) R wi slp g ch t (8) Je JEmin 3 Juz = 0:75
JBAY 15 1,000 3 - - 0.15 - 2 097 0.60 38
GBAY 60 1,000 3 - - 0.25 0.10 - 0.97 0.53 71
PRVI 10 & 30 & 1,000 10,000 5 30 15 0.2 - 0 0.97 045 30

*: Different values of h0 are used for each separate mesh size function domain as indicated in Fig. 1 (PRVI)
**: Setting At = 0 invokes the automatic time step selector option (see section 3.3.7)

1.1 Example problems

To demonstrate the overall workflow and the design of the classes, three examples located along the East Coast and Gulf
Coast of the United States of America are documented (Fig. 1). The first example produces a mesh of the Jamaica Bay
estuary in New York (JBAY), demonstrating the utility of the software in incorporating high-resolution ( 1/9-arc second
or approximately 3-m horizontal resolution) LIght Detection And Ranging (LIDAR) datasets with fine ( 15-m) resolution
triangular elements nearshore. The second example meshes the Galveston Bay in Texas (GBAY), demonstrating the utility of
a new mesh size function that can be used to target resolution along deep-draft marine navigation and tidal channels. The third
example demonstrates how the software can produce truly multiscale unstructured meshes in less than one hour by building
a mesh of the Western Atlantic Ocean with focused refinement around Puerto Rico and the U.S. Virgin Islands (PRVI). See

Table 1 for details of the various options/parameters that were used to generate these example meshes.

2 Architecture Overview

The automated generation of geophysical-use unstructured meshes often requires a number of user defined parameters and a
variety of geospatial data as inputs. As a result, the mesh is strongly related to the algorithms and data that were used to create
it. These task- and object- specific properties of the mesh generation process provide the motivation behind the development
of an objected-oriented programming (OOP) approach. In this software, the use of OOP leads to automation and promotes the
usage of efficient workflows.

OceanMesh2D is composed of four classes (geodata, edgefx, meshgen, and msh, see Fig. 2), and a utilities directory contain-
ing various standalone functions. The geodata class is used as a pre-processor to mesh generation and creates an appropriate
meshing boundary from user-supplied geospatial datasets and inputs. The edgefx class enables the user to build standardized
mesh size functions with a variety of parameters and constraints. The meshgen class is associated with mesh generation in-
heriting various options from the geodata and edgefx classes. The msh class is a data storage class for the mesh and related
attributes. Additional technical information can be found in the user guide (Roberts and Pringle, 2018).

Although each individual class is standalone, there exists a specific workflow that is typically followed to build coastal ocean

meshes with the OceanMesh2D software (Fig. 2). The structure of this workflow enables the user to create numerous instances
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Figure 1. The geographical location and triangulation of the three meshes used as examples in this work. The minimum mesh sizes (h0)
are annotated in black text and the names of the digital elevation models (DEMs) used in the construction of the mesh size functions are
annotated in red text on each panel. The colormap indicates topographical data (bathymetric data was removed for production of this figure)
in the DEMs, which are freely available through the NOAA Bathymetric data viewer website (https://coast.noaa.gov/dataviewer).
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edgefx: build mesh size function
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meshgen: generate mesh
based on mesh boundaries
and mesh size function
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Figure 2. Description of the four classes and the standard workflow in OceanMesh2D. The black arrows indicate that multiple instances of
the geodata and edgefx classes can generated and used as inputs to the meshgen class (see Sect. 3.1.4).

of the geodata and edgefx classes that can be subsequently passed to the meshgen class. Numerous instances of the geodata
and edgefx classes can be combined to seamlessly mesh high-resolution insets contained within wider coverage geospatial
datasets. The ability to incorporate datasets over a wide-range of scales is particularly useful and pragmatic given the finite

computational memory and highly-variable horizontal resolution of available high-resolution topo-bathymetric data.

3 Component Design
In the following section, each of the four classes that comprise OceanMesh2D are described.
3.1 Mesh generation : meshgen class

Mesh generation is achieved through the use of the DistMesh2D algorithm with a number of modifications to help improve
the quality of the final triangulation, the speed of the mesh generation, and the memory footprint of the overall application.
It’s noted that the architecture of OceanMesh2D software could additionally support other mesh generation packages be-
sides DistMesh2D, such as JIGSAW-GEO (Engwirda, 2017). In its current state, the class is a wrapper function around the
DistMesh2D algorithm that automatically uses classes that describe the meshing domain and the mesh size functions.

For coastal mesh generation, a key advantage of using the DistMesh2D smoothing-based algorithm over Delaunay refine-
ment and/or Frontal Delaunay mesh generation algorithms is that the boundary is implicitly defined through a signed-distance
function. While the boundary of the meshing domain is stored as a set of linear segments, these segments do not represent the
boundary of the final mesh as all vertices can move during mesh generation in accordance with the mesh size function. The

final mesh boundary that approximates the shoreline is thus dependent on the mesh size function and post-processing strate-
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gies that we employ to ensure that there are no self-intersecting boundaries or small disconnected portions of the mesh. Thus
the need for shoreline approximation pre-processing (e.g. Gorman et al., 2007) to de ne the mesh boundary as required by
Delaunay re nement and/or Frontal Delaunay mesh generation approaches (Gorman et al., 2008) is eliminated. In this section,
we document the mesh improvement strategies that occur during the executionDiétttdesh2Dalgorithm that lead to a
high-quality approximate representation of the domain and are in congruence with mesh size functions.

3.1.1 Termination criterion

In the DistMesh2Dalgorithm, the vertices of the mesh are allowed to move iteratively to achieve a force equilibrium state in
which the edges of the triangulation are in balance with an external force. After some number of meshing iterations, the algo-
rithm must then terminate. Persson and Strang (2004) proposed a termination criterion based on convergence to a con guratior
of vertices in which negligible movement of the mesh vertices would occur with additional meshing iterations. In practice, our
studies have found that a con guration of vertices with negligible movement is dif cult to achieve within hundreds of meshing
iterations for realistic coastal ocean mesh domains because of the complex shoreline boundary and mesh size functions. Thus
we propose an alternative termination criterion based on element quality.

The notion of what constitutes a high quality mesh is application dependent. Mesh quality can be viewed as a combination
of geometric element measures, application dependencies, and numerics (Shewchuk, 2002). A geometric measure of triangl
equilateral-ness can be calculated through:

'
€ =4" 3 X ( &) (€N
i=1
whereAg is the area of the triangle arfdg ); is the length of thé" edge of the trianglege = 1 corresponds to an equilateral
triangular element ang:= = 0 indicates a triangle that degenerates to a line. A mesh with a suf ciently high minimum bound
oncg is often desired (Shewchuk, 2002; Persson and Strang, 2004; Engwirda, 2017). However, we nd that a minimum bound
on g is a strict measure for large domains with millions of elements and complex shoreline features, and dif cult to achieve

within the modi ed DistMesh2Dalgorithm (Fig. 3). Instead, we use the following termination criterion:

where the over-line and denote the mean and standard deviation respectivelygandis the “three-sigma lower control
limit” element quality, used as a proxy for the minimum element quality.

Upon termination through the above criterion the majority of triangles are of adequate quality. Moreover, in the approach
used here, a number of mesh cleaning steps are perfoaftedthis mesh generation termination criterion has been met
(Sect. 3.1.3) in order to improve a typically small number of the worst quality (Fig. 3).
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Figure 3. The geometric triangle quality, Eq. (1), as a function of iterations in the mesh generation process for the three mesh examples
(Fig. 1 and Table 1). The dotted and solid lines indicate the progression of quality metrics with the mesh improvement strategies turned off
and on, respectively, during mesh generation. At the end of mesh generation, a secondary round of mesh improvement strategies are applie
and the resulting quality after this step is indicated by the colored asterisk. In each panel, the dotted vertical black line demarcates when the
mesh generation process nished.

3.1.2 Mesh improvement strategies during mesh generation

Approximately every ten meshing iterations tfjey element quality starts to saturate. The termination criteria can be met
more quickly by relying on the following mesh improvement strategies that are conducted every ten iterations (except item 4

which is executed every meshing iteration):

1. Edges in the mesh that are greater than two times the length as given by the mesh size function (at the midpoint of the

edge) are bisected.
2. Edges that are half as short as their intended length are deleted.

3. Avertex not on the mesh boundary that is connected to less than or equal to four vertices is deleted (this is also performed

when the termination criterion is satis ed).
4. Triangles with exceedingly thin angles (Q%nd large angles (> 17bare removed every iteration.

Improvement strategies one and two add and delete vertices when they are part of edges that are too long and short, whicl
produces a set of new edges that more closely approximate the mesh size function. Improvement strategy three directly reduce
the occurrence of low vertex-to-vertex connectivity (valency of three or four) where a valency of six is ideal (Canann et al.,
1993). Note that improvement strategy one also helps to reduce high vertex-to-vertex connectivity indirectly by avoiding steep
transitions in the element size where valencies greater than six tend to develop. The fourth improvement strategy removes
triangles with small and large angles allowing neighboring vertices to form a triangulation that has a better geometric quality.
We demonstrate the bene t from using these mesh improvement strategies through the three example meshes (Fig. 1, Ta
ble 1). The time evolution of the geometric quality demonstrates the bene t directly from these mesh improvement strategies.

Figure 3 illustrates that in all three examples the mesh improvement strategies lower the number of iterations necessary to
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achieve the termination criterion. Further, the rate at wigjch increases is accelerated when mesh improvement strategies

are enabled. Note that in the subsequent iteration after each improvement cycle (ten iterations), a slight degradation in the
geometric quality (Fig. 3) can occur as edges and vertices are decimated. For the development of large multi-scale meshes
20-50 iterations can often save between 5-20 minutes for the problems to reach the termination criterion. Based on the ter-
mination criterion and the improvements listed here, we generally nd that complex coastal ocean meshes are generated in
approximately 30-100 iterations. Thus, the maximum allowed number of iterations is commonly set to 100, which typically
takes a few minutes to half an hour to compute depending primarily on the geometric complexity of the boundary and the ratio

of domain size to minimum element size.
3.1.3 Mesh improvement strategies after mesh generation

After mesh generation has terminated, a secondary round of mesh improvement strategies is applied that is focused toward
improving the geometrically worst quality triangles that often occur near the boundary of the mesh and can make simulation
impossible (e.g., Fig. 4(a)). Low quality triangles can occur near the mesh boundary because the geospatial datasets use
may contain features that have horizontal lengthscales smaller than the minimum mesh resolution. To handle this issue, a
set of algorithms are applied that iteratively address the vertex connectivity problems. The application of the following mesh
improvements strategies results in a simpli ed mesh boundary that conforms to the user-requested minimum element size.

Topological defects in the mesh can be removed by ensuring that it is valid, de ned as having the following properties:
1. The vertices of each triangle are arranged in the counter-clockwise order.
2. Conformity: a triangle is not allowed to have a vertex of another triangle in its interior.

3. Traversability: the number of boundary segments are equal to the number of boundary vertices, which guarantees a
unigue path along the mesh boundary.

Properties one and two are handled with tamesh.mfunction that was provided with the originBlistMesh2Dpackage.

Property three (traversability) is often not satis ed upon termination of the mesh generator because a simpli cation of the
shoreline was not applied. Fragmented patches of triangles may appear near the shoreline boundary destroying traversability
(Fig. 4).

A function, calledMake_Mesh_Boundaries_traversableas developed to iteratively remove patches of elements that are
either disconnected from the major portion of the mesh or are not disconnected but prevent traversability. The former set of
offending elements are de ned as being “exterior” disjoint components of the mesh. Exterior disjoint components of the mesh
are de ned as: starting from a random seed element in the mesh, the total area of a connected set of elements (i.e., element
that share an edge) is smaller than a user-de ned threshgldrhe user-de ned threshold can be de ned in terms of either
the total mesh area-fraction or an absolute area cutoff (by default weset0.25 which is equivalent to a 25% total mesh
area-fraction cutoff). These patches are identi ed and removed through the use of a breadth- rst search (BFS) (Fig. 4(a)-(b)).
The latter set of offending elements are de ned as being “interior” elements of the mesh that interfere with the traversability
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Figure 4. Mesh triangulation within the JBAY example before and after different stages Make_Mesh_Boundaries_Traversahlaction

enabling mesh traversability. (a) After initial mesh generation (before entry to function); (b) After deleting offending exterior elements;
(c) After deleting offending interior elements; (d) After exit of function once all offending exterior and interior elements are deleted and
traversability is obtained. The thick blue line indicates the mesh boundary at each stage, and red patches indicate the elements that ar
deleted between stages (sub-plots).

of the mesh boundary path. First, an offending vertex that has more than two connecting boundary edges is identi ed. One of
the elements connected to this vertex is chosen to be deleted based on a hierarchy of, rst, triangles that have two boundary
edges, and second, triangles with the lowest quality(Fig. 4(b)-(c)). Offending exterior and interior elements are deleted
iteratively until traversability is achieved (Fig. 4(c)-(d)).

After ensuring traversability, three additional functions, depicted visually in Fig. 5, are applied to the mesh in the following

order to improve mesh quality:

1. Fix_single_connec_edge_elemeriements that share an edge with only one other element (singly connected elements)
poorly approximate geospatial datasets and are thus removed from the mesh iteratively (Fig. 5(a),(d)).

2. bound_con_intbounds the vertex-to-vertex connectivity (e.g., Fig. 5(b),(e)) in the mesh to a user-de ned value in order

to improve mesh quality and gradation, and also increase solution accuracy and computational speed (Massey, 2015).

3. direct_smoother_lurprovides additional improvement to the mesh quality by moving non-boundary vertices based on
a single-step implicit operation (Balendran, 1999) (Fig. 5(c),(f)). The application of this function signi cantly enhances
the statistical distribution afe (Fig. 3).

3.1.4 Multiscale meshing approach

The DistMesh2Dalgorithm uses memory inef ciently for the development of multiscale regional and global meshes of the
coastal ocean because it requires a uniform vertex spacing to initialize. The memory inef ciency becomes especially prob-
lematic when employing high-resolution elements locally to fully incorporate the information contained in high-resolution
geospatial datasets while using coarser mesh resolution elsewhere. To reduce the memory overhead when constructing re
gional coastal meshes using thstMesh2Dalgorithm, themeshgertlass has been speci cally developed to allow the user to

pass multiple instances of the boundary descriptio(lata and mesh sizesfigef) classes to thmeshgemlass, an approach



