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Abstract

Computational simulations of physical phenomena rely on an accurate discretisation of
the model domain. Numerical models have increased in sophistication to a level where
it is possible to support terrain-following boundaries that conform accurately to real
physical interfaces, and resolve a multiscale of spatial resolutions. Whilst simulation
codes are maturing in this area, pre-processing tools have not developed significantly
enough to competently initialise these problems in a rigorous, efficient and recom-
putable manner. In the relatively disjoint field of Geographic Information Systems (GIS)
however, techniques and tools for mapping and analysis of geographical data have
matured significantly.

If data provenance and recomputability are to be achieved, the manipulation and ag-
glomeration of data in the pre-processing of numerical simulation initialisation data for
geophysical models should be integrated into GIS. A new approach to the discretisation
of geophysical domains is presented, and introduced with a verified implementation.
This brings together the technologies of geospatial analysis, meshing and numerical
simulation models. This platform enables us to combine and build up features, quickly
drafting and updating mesh descriptions with the rigour that established GIS tools pro-
vide. This, combined with the systematic workflow, supports a strong provenance for
model initialisation and encourages the convergence of standards.

1 Introduction

Numerical models have increased in sophistication to a point where it is possible to
support terrain-following boundaries that conform accurately to real physical interfaces.
This enables the accurate simulation of processes of the same scale as boundary fea-
tures, and with reduced dependence on parameterisations. In structured mesh mod-
els, where it is only possible to conform to boundaries in idealised domains, complex
boundaries are often approximated by staircase-like surfaces (Griffies et al., 2005).
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Improvements such as partial cells (Pacanowski and Gnanadesikan, 1998; Bernard
et al., 2006; Simanjuntak et al., 2009) or shaved cells (Adcroft et al., 1997) mitigate this
to a degree with an improved representation of topographically-influenced wave and
advective processes. In all cases however, parameterisations are required to ensure
boundary conditions are applied correctly and processes close to the boundary be-
have faithfully (Adcroft and Marshall, 1998). This problem becomes acute for processes
whose evolution is heavily influenced by the presence of a boundary, e.g. buoyancy-
driven gravity currents that flow along internal isopycnic interfaces or the external do-
main boundary of the ocean floor (see Legg and Adcroft, 2003).

The importance of representing complex boundaries in the field of marine modelling,
to an arbitrary prescribed level of accuracy, is outlined in the review of Griffies et al.
(2000). Approaches to faithfully capturing complex boundaries have been investigated
with application in the shallow water models TELEMAC (Galland et al., 1991) and the
MIKE series of models (DHI Group, 2014), the finite volume model FVCOM (Chen
et al., 2003), and the finite element ocean models Fluidity (Pain et al., 2005), ADCIRC
coastal model (Westerink et al., 2008), and FESOM (Danilov et al., 2004; Sidorenko
et al., 2011). These approaches make it possible for a model to rely less on possibly
inconsistent and error-prone parameterisations; instead simulating a larger proportion
of the physics of a system.

Whilst simulation codes are maturing in this area, the pre-processing tools have
not developed significantly enough to competently constrain problem initialisation for
unstructured-mesh models in a rigorous, efficient and reproducible manner. This is
necessary to establish provenance of results, where a complete chain is fully specified
from pre-processing and initialisation stages to simulation and diagnostics for verifica-
tion. This ensures the rigorous and auditable testing of scientific software and method,
important to maintain public confidence in simulation results and model prediction as
highlighted in Farrell et al. (2011).

The complexity of parameter specification in multi-physics models has been tack-
led through self-validating parameter-comprehensive tools such as Spud (Ham et al.,
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2009). Standards for storage of datasets and their metadata help too (Eaton et al.,
2008; Gregory, 2003b). Alongside these developments there is a demand to establish
approaches and tools for the constraint of domain discretisations for unstructured-mesh
models and consistent preparation of boundary conditions and forcing fields.

Robust meshing tools have been developed and applied in geophysical models, such
as Gmsh (Geuzaine and Remacle, 2009), COMSOL Multiphysics (COMSOL, 2014),
and CUBIT (Cubit Development Team and Jankovich, 2014). These are often build on
top of CAD packages driven by an industrial demand, and as such are not designed
with geophysical problems in mind. In the modelling of ice sheet dynamics of Humbert
et al. (2009), an ice sheet domain is generated through a constructive solid geometry
(CSG) approach in the COMSOL (COMSOL, 2014; Li et al., 2009) multi-physics mod-
elling environment. The domain is represented using primitive objects and Boolean op-
erations, with consecutive object subtraction operations made to an initial block to carve
out the shape of the ice sheet domain. This generates a domain suitable for Stokes flow
calculations, but is labour intensive and does not scale well for multiscale domains with
complex fractal-like boundaries, where the calculation of three-dimensional object in-
tersections becomes excessively computationally expensive.

Extensions, such as the GSHHS (Lambrechts et al., 2008) plugin for Gmsh and
the GeoCUBIT (Casarotti et al., 2008) branch of CUBIT for seismic inversion, have
leveraged the steadfast meshing algorithms and implementations of these packages
to bring in support for geophysical domains. These, in combination with more ad hoc
case-specific scripts, have enabled the generation of high quality meshes in relatively
complex domains which have been successfully used in numerical simulation. This has
enabled the modelling of systems tackled by structured codes, and a good recent ex-
ample is the contribution of FESOM in the CORE (Griffies et al., 2009) model intercom-
parison studies (Wang et al., 2013). In particular, a significant amount of progress has
been made in unstructured mesh ocean modelling with domain discretisation achieved
through Gmsh (see for example White et al., 2008; van Scheltinga et al., 2010; Gour-
gue et al., 2013; Thomas et al., 2014). Such extensions are typically bespoke.
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The GSHHS plugin for Gmsh for example, supports the orientated vector paths avail-
able in the GSHHS dataset, developed by Wessel and Smith (1996). Standalone pack-
ages such as MeshGUI (Blain et al., 2008) and the River Simulation Tool (Blain et al.,
2009) are both built for the ADCIRC coastal model (Westerink et al., 2008). In order
to generate two-dimensional unstructured meshes of the Weser estuary of Northern
Germany, Zorndt et al. (2012) uses a Matlab tool that interfaces with the BatTri (Bilgili
et al., 2006) bathymetry-based grid generator. This approach is combined with Ar-
cGIS (ERSI ArcGIS Platform, 2014) tools for the detection of fixed structures, such as
summer dikes. The mature hydrological products from DHI (DHI Group, 2014) such as
the MIKE-URBAN, MIKE-FLOOD and MIKE 21 simulation suites contain initialisation
tools to import map data and allow editing of coastal and man-made structures. Sim-
ilarly, the TELEMAC (Galland et al., 1991) numerical shallow water code is initialised
with the MATISSE mesh generator program, specifically built as part of the TELEMAC
system. As is the case with the other cited examples however, these are limited to spe-
cific application scenarios, and also in their interoperability. With these tools it can also
be difficult to adjust the workflow in order to make edits or combine datasets, which
is often required to make the most of unstructured mesh simulations. Often bespoke
scripting is required. A more general tool is required, and ideally one that integrates
the two relatively mature fields of mesh generation and GIS.

The remainder of the paper is set out as follows. In Sect. 2, an overview of the chal-
lenges faced in the discretisation of geophysical domains is given. Those intrinsic to
unstructured mesh construction are described in further detail in Sect. 3. A descrip-
tion of GIS geospatial frameworks and how they are an appropriate platform to build
and extend to use in geophysical model initialisation is given in Sect. 4. A specific
case study with complex features is introduced here to give context to the described
challenges and requirements. Application of geometric constraints to both interfaces
and regions of the surface geoid are considered in Sect. 5. Manipulation of source
datasets is discussed in Sect. 6, with specific challenges in the assimilation of multi-
ple resources. Finally, we draw conclusions in Sect. 7 and give perspective on future
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outlook and demand for this approach. An open source implementation has also been
made available.

2 Challenges in domain discretisation for geophysical models

There are many inherent challenges in the preparation of domain boundary represen-
tations and element cell size specification in mesh generation. Under geometric con-
straints, the boundary representation should be orientated, non-intersecting, closed
and well-resolved with a smoothness appropriate to local dynamics. The shape and
size of mesh elements throughout the domain can be described by a metric tensor
field to allow complete generalisation. This should be complete, defined over the whole
domain and appropriately-graded to avoid excessive discretisation errors (Pain et al.,
2005; Piggott et al., 2005; Gorman et al., 2006).
Discretisation of the domain for a geophysical simulation requires the following:

1. Accurate representation of boundaries such that they are contour-following to
a degree prescribed by the metric size field, with aligned faces such that forc-
ing data is consistently applied.

2. Spatial mesh resolution to minimise error; with efficient aggregation of contributing
factors, ease of prototyping and experimentation of metric functions and contribut-
ing fields, over the entire extent of the bounded domain.

3. Accurate geometric specification of regions and boundary features; to provide for
appropriate interfacing of regions of differing physics, model coupling and param-
eterisation application.

4. Consistent pre-processing, such that all contributing source data is handled
equally.

5. Quick to draft and prototype, such that user time can be focused on high-level
development of the physics of the modelled system.
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6. Facilitate the easy manipulation and process integration of large datasets.

7. Hierarchy of automation, such that individual automated elements of the workflow
can be brought down to a lower-level for finer-scale adjustments.

8. Provenance to ensure the full workflow from initialisation to simulation and verifi-
cation diagnostics are reproducible.

9. Standardisation of interaction to enable interoperability between both tools and
scientists.

In the relatively disjoint field of GIS, techniques and tools for mapping and analysis
of geographic data have matured significantly. These tools continue to develop rapidly
due to their wide applicability. GIS platforms (see Steiniger and Bocher, 2009, for a de-
scription) offer a prototyping stage to combine and build up a range of features from
different digital elevation maps (DEMSs), contours and constructions. With the proposed
approach, these features can be quickly drafted in and the resulting mesh descriptions
updated with the rigour that established GIS tools provide. For geospatial data, these
tools already interact through established standardised data formats and syntax. These
are described and evaluated for open source GIS frameworks in Chen et al. (2010) and
under the CASCADOSS (2009) project.

The approach described here seeks to adopt this form of framework for handling
and processing information required in the construction of unstructured meshes. This
includes information such as the boundary representation, surface fields, region iden-
tification and mesh construction process; all of which share a degree of similarity with
data already handled by GIS platforms.

Geophysical bounding features are very complex, characterised by fractal-like ge-
ometries over a large range of scales. In ocean domains for example, these bound-
aries include shorelines, the grounding lines where ice meets bedrock, and ocean
bathymetry. The analysis of such features has been the focus of much effort in the GIS
community, and well-established techniques exist to competently handle the extraction
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and manipulation of boundaries and surface fields. These tools efficiently handle large
datasets, on a range of scales and prescribed resolutions. GIS tools manage the in-
teraction of multiple types of data, from morphology raster maps (DEMs created from
satellite imaging or plane-borne LiDAR surveys, for example), cloud point data, to vec-
tor paths (from port and coastline surveys). In addition, GIS tools allow for a repro-
ducible work flow to be established with relative ease, that provides a hierarchy of au-
tomation. With a standardisation of interaction it is possible to provide implementations
of new methods and interaction with other libraries, such as the geographic manipula-
tion tools provided by the GMT suite (Wessel and Smith, 1998), or those specifically
designed for efficient polygon manipulations (Murta, 2014), or general geometric algo-
rithms (The CGAL Project, 2013).

The subject of this paper is the integration of GIS tools into the meshing process
for geophysical domains in order to establish a rigorous and robust approach to the
constraint of model initialisation with the properties (1)—(9) summarised above. This
paper introduces an approach, together with a validated implementation, to bring to-
gether the technologies of geospatial analysis, unstructured meshing algorithms and
numerical simulation models. It is hoped this will encourage the convergence of a stan-
dardisation of interaction and promote the growth of shared tools in this area, where
ad hoc labour intensive implementations currently exist.

3 Unstructured mesh generation for geophysical model domains

Geophysical systems are characterised by processes strongly influenced by gravita-
tional acceleration. This leads to a divide in the dominant dynamics along orthogonal
directions: those aligned to the local geoid and those buoyancy-driven that act parallel
to gravitational acceleration. These processes occur over different spatial and tempo-
ral scales, and simulation approaches often leverage this to selectively treat processes,
implement parameterisations, optimise solvers (Kramer et al., 2010) and maintain nat-
ural force balances (Maddison et al., 2011).
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Similarly, this difference in scale motivates the discretisation of the domain in parts.
The approach taken to represent the three-dimensional domain is to describe the
bounding surfaces that enclose it, in the same way a B-rep method is used in CAD
models. This is in contrast to the CSG approach described above where the domain
is constrained in terms of Boolean operations on primitive objects. First the surface
geoid domain is constrained by a boundary representation contour parameterised in
two-dimensional space. The full three-dimensional domain is then constrained by two
fields defined on the surface geoid that mark the top and bottom domain surfaces. The
mesh metric and forcing fields can also be split in this manner. An outline of the pro-
cesses required to constrain unstructured meshes for geophysical models with regard
to the two fundamental components of the geoid boundary representation and fields
describing mesh resolution, surface height and forcings are described below.

3.1 Boundary representation

The generation of boundary representations for geophysical models requires:

1. An orientated vector path of the encompassing surface geoid bound defined in
two-dimensional parameter space.

2. Height maps defined in the surface geoid domain.

An example of the former for a region containing the British Isles, North Sea and coast-
line of northwest Continental Europe is shown in Fig. 1a, under a Universal Trans-
verse Mercator (UTM) projection, using the World Geodetic System (WGS) revision
84, EPSG:4326 ellipsoid, in zone 30U centred on 3°W 52° N. In this zone the central
meridian lies at 3°W, (5.00 x 10°m, 5.76 x 108 m) in the coordinates of the projec-
tion. The GIS package is used to project all source data to the projection intended
for numerical simulation, in order to construct the boundary representation, metric and
subsequently the mesh. This projection is applied in all results presented here, unless
otherwise noted.
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For unstructured meshes with conforming boundaries, one challenge is to generate
an orientated vector path to a required, spatially variable, level of accuracy in a rig-
orous and reproducible manner. The representation at the boundary under the freer
constraints of an unstructured mesh can be optimised to best represent it given its
shape and other local features or focus requirements. This is a relatively new problem,
and a challenge in taking full advantage of unstructured mesh models, such as Flu-
idity (Piggott et al., 2008; Pain et al., 2005), FESOM (Sidorenko et al., 2011) and the
ADCIRC coastal model (Westerink et al., 2008).

At initialisation, approaches have been investigated to optimise boundary represen-
tation, such as the shoreline optimisation of Gorman et al. (2007), and specific feature
treatments, such as the special consideration of channels in meshing highly irregular
oceanic archipelagos studied in van Scheltinga et al. (2012), and the modification of an
advancing front meshing algorithm to improve the representation of sharp bathymetric
features in Mazzolari et al. (2014). The GSHHS plugin (Lambrechts et al., 2008) com-
petently generates ocean coastline boundary representations (see also Legrand et al.,
2007) from the pre-prepared orientated GSHHS (Wessel and Smith, 1996) dataset in
the syntax of Gmsh (Geuzaine and Remacle, 2009). This process successfully handles
the domain initialisation for model problems where the boundaries defined by GSHHS
are appropriate. Domains containing modifications to GSHHS-defined boundary repre-
sentations, such as coastal domains including river estuaries, or tidal ocean simulations
including the water masses of the ice shelf cavities of Antarctica for example, are dif-
ficult to achieve in a rigorous and reproducible manner. The shoreline and bathymetry
optimisation approach implemented in Terreno, built on Gorman et al. (2006, 2007)
provides good, optimised constraint on unstructured mesh generation, but is limited by
its scope for a hierarchy of automation because it is not integrated into GIS.

These types of approaches are well-suited to a limited subset of geophysical prob-
lems, their development was motivated by specific modelling studies rather than an
integrated approach. These methods should form a part of the approach embracing
the defining points (1)—(9) above in Sect. 2.
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3.1.1 Use of vector illustration packages for path manipulation

Tools for manipulating paths (specifically polylines) have long been the focus of vec-
tor illustration packages. These now contain robust interfaces that can be applied to
boundary representation generation. Interfacing can be achieved by the conversion of
path data into a format such as the standardised Scalable Vector Graphics (SVG) data
type. This process is adopted in Gourgue et al. (2009), de Brye (2011) and Karna et al.
(2011), and described in more detail in Lambrechts and Seny (2011). These tools
were also used as part of the process of boundary and metric generation in Wells
et al. (2010) and further described in Gorman et al. (2008) to generate domains of an-
cient seas. It is also possible to trace contours in rasters using these vector illustration
tools, that can be used to develop boundary representations. Since these tools have
not been developed with geographic applications specifically in mind, this approach
does not take into account accompanying metadata nor consider the map projection of
the input. Care is required to ensure that multiple sources are brought in at the same
scaling and projection, and for format translation. Tools exist for path simplification, al-
though not in a geographic context, and not, for example, taking into account any map
projections made. Hence path simplification routines that take into account spatial dis-
tances will not act correctly in this case. Additionally, hand-editing is limited in its rigour
and reproducibility, and soon becomes limited for domains that include a multiscale
of features with complex boundaries. This problem will only become more acute as it
becomes possible to model more scales concurrently.

The data format most prevalent in vector illustration packages is SVG, which is a fully
open standard, making it easy to support interoperability, as opposed to the partly-
proprietary Environmental Systems Research Institute (ESRI) shapefile format also in
common use (defined by the ESRI, 1998). The suitability of the SVG data format in
an open architecture vector GIS tool is evaluated in Dunfey et al. (2006). The specific
handling of geospatial metadata alongside the SVG format is considered in Antoniou
and Tsoulos (2006) using Geography Markup Language (GML), an eXtensible Markup
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Language (XML) grammar tailored for the expression of geographical features and de-
fined by the Open Geospatial Consortium (OGC, 2014). GML is designed to describe
both vector and raster data together, and Antoniou and Tsoulos (2006) in particular
examine a contouring approach to embody raster types into SVG. The combination
is additionally applied to a real time web interface GIS platform in Xi and Wu (2008).
These proposals to develop a fully open geospatial vector data format, here through
the extension of SVG and XML, will ensure the future improvement of data provenance
and interoperability of geospatial tools. Approaches and implementations such as the
one described here, that are GIS-based, will be able to take advantage of these devel-
opments as they are adopted and integrated into GIS frameworks.

3.1.2 Suitability of GIS tools in establishing domain boundary representation

GIS packages have traditionally contained analysis tools to study raster maps. The
support for the generation, manipulation and import of vector paths has increased, and
the tools operate competently together with raster processing. Unlike vector illustration
packages described in Sect. 3.1.1, contouring of raster data by GIS tools (in extract-
ing boundaries from Admiralty Charts, UKHO, 2014, for example) takes into account
the geospatial metadata of the input and outputs. This is a much more satisfactory
method to manipulate and combine datasets (including both raster and vector types).
It is possible to generate the two datasets listed above that are required for a complete
description of the full boundary representation concurrently in a consistent way with
the rigorous tools available in the GIS framework.

3.2 Spatial resolution

Domain discretisations that are free to have an unstructured nature require additional
constraint compared to structured discretisations, and this constraint requires optimi-
sation for efficient simulation. The initialisation mesh should be optimised to adequately
represent the geoid bounds, surface features, regions of interest, boundary conditions
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and forcings. Like boundary representation generation, spatial resolution can be de-
fined in two components in the case of a geophysical domain. This allows the consid-
eration of the spatial metric of the surface geoid domain to be developed concurrently
with its bounds. The bathymetry field of Fig. 2a illustrates an example two-dimensional
field required for the surface geoid metric and height extrusion fields required in the
generation of the full boundary representation. In the generation of spatial metrics for
geophysical models outlined above, the fundamental data forms required are:

1. Two-dimensional fields complete within the surface geoid.
2. A description of variation of spatial vertical resolution.

The former specifies the spatial resolution horizontally in the surface geoid. The latter
could be a function of one-dimensional parameter space, a function of a derived or
prognostic variable (such as the density for isopycnic layers), or a full 3-D scalar field.

The meshing tool Gmsh (applied in the initialisation of many of the ocean models
introduced in Sect. 1) uses a nearest neighbour algorithm (Arya et al., 1998) to enable
metrics based on proximity to domain boundary to be applied. This permits a good ge-
ometric boundary representation whilst maintaining a reasonable number of degrees
of freedom. This metric is poor in some geometric regions however. In the case of
archipelagos, van Scheltinga et al. (2012) have developed a mesh size field which mod-
ifies the nearest neighbour algorithm to take into account domain boundaries which lie
close to each other. The application of GIS for geospatial analysis of surface water
and drainage processes has been extended from averaged bin-based models (such
as McKinney and Cai, 2002), to hydrodynamic models. The study of Merwade et al.
(2008) develops a domain discretisation of the Brazos River at a meandering bend
from airbourne LiDAR data and finds that existing GIS tools do not honour river flow
direction, provide an unrealistic interpolation of cross sections, and generate a poor
representation of the terrain as a result. This leads to the development of techniques
for channel-fitted coordinate systems for meshes of river systems.
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For accurate interfacing of regions in integrated hydrologic models, Heinzer et al.
(2012) embeds mesh generation software (Triangle; Shewchuk, 2002) into a GIS plat-
form (here the ERSI ArcGIS Platform, 2014) to implement a feature-constraint mesh
generation algorithm based on Douglas and Peucker (1973) with the aim of (like Gor-
man et al., 2007) optimising bounding line representation. The algorithms presented
in Gorman et al. (2006) optimise oceanic bathymetry representation based on metrics
of boundary curvature. An algorithm to enhance mesh quality based on an equilibrium
spring force balance is presented in Conroy et al. (2012) for improved matrix condi-
tioning during simulation. These techniques are exactly those that can be brought into
the generation of the spatial resolution metric, in combination with internal interfaces
to guide the positioning of mesh element faces.

In addition to metrics based on topological features, those based on physical prop-
erties of the system have also been developed. Gravity waves, for example, which
propagate at a speed of \/g_H with g the acceleration due to gravity and H the ocean
depth, can be well-captured with a spatial metric ensuring the Courant condition is
satisfied (see Dietrich et al., 2008, for a consideration of mesh refinement based on
physical properties).

This highlights that a combination of metrics are often required, particularly in multi-
scale multi-physics models, where complex boundaries and dynamics exist. Tools such
as those provided in the GMT suite (Wessel and Smith, 1998) can be used to rigorously
process and combine these datasets. Although these tools do interact with standard
data types and work efficiently on large datasets in a process that is reproducible,
manipulation in a GIS framework brings additional benefits. It is easier to manage all
model data, and it processes it concurrently in a consistent way. The interface, ma-
nipulation of metadata instead of the raw data and on-the-fly transformations (for map
projections, for example) make the process faster and more efficient for prototyping
and experimenting on initialisation scenarios. It is also possible to use raster fields with
a large disparity in resolution and spatial scales, e.g. a global bathymetry dataset with
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a spatial resolution of kilometres with a coastal dataset with a resolution on the order
of metres. This is demonstrated in the application shown later in Fig. 16.

4 Integration with Geographic Information Systems

In the preparation of maps and for the purpose of geospatial analysis, GIS tools have
been well-developed and are adept in the generation of contours from raster fields,
and subsequent operations on these. Due to the broad range of methods used to
capture and generate geospatial data, and that storage formats and standards have
evolved in time, GIS packages are built to handle a wide variety of inputs. Data often
requires processing to match formal standards, or editing to ensure it is consistent with
other sources; removing known errors, or adjustments to deal with jumps in the spatial
resolution in datasets, for example.

The data and associated processing tools in the case of vector types are signifi-
cantly more complex than the raster case. The latter is inherently structured, repre-
senting a surjective function from quadrilateral-based regions to an indexed range of
scalar values. Data can be constructed and stored as a matrix form, with processing
achieved through matrix operations. Errors introduced in observational measurements,
such as out of bound values, can be fixed by minimum and maximum operations on
a single cell, or local reconstruction techniques. To ensure data is represented appro-
priate to its resolution, subsampling, or local binning or smoothing operations on the
matrix are applied. Errors from the degradation of source materials may need to be re-
moved by hand, such as flaws in aged maps, or discoloured photographs. The process
of digitisation may itself introduce errors that need treatment, such as dirt on a camera
lens, or scanner glass. The processing in some of these cases can be automated, with
for example interference in remotely sensed data, which can be corrected by assimila-
tion of data from multiple sources. Generally, for raster data, these are relatively simple
operations on data in a relatively transparent format.
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Vector data is more complex than its raster counterpart; in its format, range of types,
required metadata and overall structure. Additionally, as well as ensuring the vector
paths are an accurate representation of geographic features, and optimised with pro-
cedures such as the Douglas and Peucker (1973) algorithm, vector data is required to
be topologically correct. Regions should be fully bounded by polylines that are closed,
appropriately oriented and form polygons that are disjoint. Networks should be prop-
erly linked, such as in the case of infrastructure and transportation planning, where
underground urban pipe systems or road networks must be located correctly to ensure
connections are established at junctions, for example. Here we find parallels with the
pre-processing steps required for geophysical model initialisation, where a hierarchy of
automation and levels of editing are required.

As computational models encompass a larger range of physics and tend towards
system models (CESM, 2014; Taylor et al., 2012), it is becoming more important to
develop and introduce consistent pre-processing approaches, that possess a hierar-
chy of automation and facilitate the easy manipulation of large datasets. There is the
opportunity to learn from observational science and the field of geospatial analysis, to
adopt approaches and technology such as GIS, where it is common to combine multi-
ple observational datasets to derive secondary fields for analysis. Working with raster
and vector paths in two-dimensional space is exactly what is required for the gener-
ation of boundary representations and spatial metrics for geophysical model domains
as highlighted above.

GIS tools provide a visual, interactive framework for editing geospatial data. Efficient
data management enables editing at a range of scales, to ensure coverage at the
large scale and continuity of contours at the fine scale. A visual representation of all
of the components contributing to the domain discretisation is essential in achieving
consistency, efficient prototyping and integration of large datasets, requirements (4),
(5), and (6) of Sect. 2. The projection that geospatial data is stored and presented in
is important, and GIS packages can interpret and transform these on-the-fly, so that all
components are presented and edited consistently.
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For model intercomparisons and validation on benchmarks, domains are often de-
scribed with closures along geometric features or references to particular coordinate
systems. For example, parts of domains not bounded by geophysical contours such as
a coastline, can be closed along meridians or parallels. A more complicated example
is shown in the boundary representation of Fig. 1a, where a function of bathymetry is
used to define the bound along the continental shelf break. This is relatively easily re-
produced within a GIS framework, where the function of bathymetry can be calculated
on a raster of bathymetry, contoured and connected to the coastline boundary which
characterises the curvature of the seabed surface.

For model intercomparisons with this approach, data provenance and a consistency
between model setups with regard to boundary definition can be achieved through
a distribution of shapefiles, or a similar standardised polyline data format accompanied
with graphical metadata. This is a physical description of the boundary, at an appropri-
ate fidelity to well-characterise its features for the problem it describes. The discretisa-
tion to form a mesh and identification is then up to individual modelling studies, taking
into account specific constraint requirements of the simulation approach in question.

Additionally, the standardised data formats used facilitate the distribution and inter-
pretation of this data to other scientists and researchers for comparative studies. The
conventions for climate and forecast (CF) metadata (Gregory, 2003a) are designed
to promote the processing and sharing of geophysical spatial data. The CF conven-
tions are increasingly gaining acceptance and have been adopted by a number of
projects and groups as a primary standard. The conventions define metadata that pro-
vide a definitive (“self-describing”) description of what the data in each variable rep-
resents, and the spatial and temporal properties of the data. This enables users of
data from different sources to decide which quantities are comparable, and facilitates
building applications with powerful extraction, re-gridding, diagnostic and display ca-
pabilities. These conventions are implemented on top of a storage layer data format,
such as the Network Common Data Form (NetCDF Rew et al., 2014), which is open,
platform-independent and an efficient format to access and process array-orientated
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scientific data (Eaton et al., 2008; Gregory, 2003b). The latest revision of the standard
netCDF-4, allows the use of the HDF5 (Hierarchical Data Format, HDF5, 2014) data
format, which is hierarchical with B-trees (Comer, 1979) for efficient indexing of both ar-
ray and non-array data. These standards form part of the Open Geospatial Consortium
(OGC, 2014) and build on older standards such as the GeoTIFF (Ritter and Ruth, 1997)
format commonly used by GIS tools. GeoTIFF extended the standard TIFF format to
allow georeferencing information to be embedded within the header, to include details
of the map projection, coordinate system, ellipsoid and datums, to provide a complete
description in order to establish the exact spatial reference for the data.

Vector data is standardised by the commonly-used Environmental Systems Re-
search Institute (ESRI) shapefile format (defined by ESRI, 1998). Shapefile versions
of the GSHHS datasets exist and make it possible that a GIS tool could replace the
function of the GSHHS Gmsh plugin, allowing the generation of boundary representa-
tions based on the prepared GSHHS coastlines, but also their editing and combination
with other data sources, as is demonstrated in Fig. 1a.

GIS tools offer a framework for geophysical model initialisation satisfying the required
points (1)—(9) listed above in Sect. 2. Treatments for specific cases such as the Gmsh
GSHHS plugin (Lambrechts et al., 2008), shoreline optimisation (Gorman et al., 2007),
archipelagos (van Scheltinga et al., 2012) can be integrated through the extensible
support in GIS packages, such as the PyQGIS Python interface (PyQGIS, 2014) avail-
able in the Quantum GIS (GIS Quantum GIS Development Team, 2012; Sherman,
2008) package. It is noteworthy that the Gmsh GSHHS plugin and the shoreline and
bathymetry optimisation code of the Terreno Project (2013) are no longer supported.
This highlights the need to integrate these features into community codes in order to
be sustainable. There is a demand for a general approach that supports a hierarchy of
automation, that importantly, invokes a standardisation of interaction, interfacing with
standard data formats to ensure interoperability.

The approach presented here has been facilitated by an implementation coupling
GIS, meshing and simulation tools. The QGIS package was chosen due to its adoption
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of open standards (Steiniger and Hunter, 2013), the evaluation of (Chen et al., 2010;
CASCADOSS, 2009), and access to internal functions though a comprehensive API.
Development of QGIS capability has been significantly driven by user contributions
through its plugin architecture. QGIS already relies on well-regarded libraries for ge-
ometric operations, such as GDAL (Geospatial Data Abstraction Library, 2014) and
GMT (Wessel and Smith, 1998) for raster manipulations, NetCDF (Rew et al., 2014)
for raster storage, shapefiles for vector storage, PROJ.4 (Cartographic Projections Li-
brary, 2014) for projections and GRASS (Neteler et al., 2012; Geographic Resources
Analysis Support System, 2014), a general GIS library. Several plugins have been
developed to implement the coupling. These are written in Python (Python Software
Foundation, 2011) and interact with QGIS though its plugin architecture and exposed
modules in PyQGIS. Additional algorithms from CGAL (The CGAL Project, 2013) are
also used to provide fast, efficient and accurate vector operations.

4.1 Application case study: Portland Harbour and Chesil Beach

We now focus on an application case within a GIS framework, choosing a familiar
environment for a GIS study, such that it is on a scale typically considered with GIS
tools, using data designed for GIS manipulation. Additional, less conventional datasets
are introduced and discussed in Sect. 6. The region of interest selected lies on the
south coast of the UK (highlighted in Fig. 4a), centred around Portland Harbour, the
town of Weymouth and the tied Isle of Portland. An image of the region is shown in
Fig. 4b with bounds [-2.71,-2.22] x [50.45,50.74], for longitude-latitude coordinates
(w,9). In this example, we will work towards a discretisation of the water-filled regions
of the domain, with the aim of preparing the initialisation data required for a simulation
code solving fluid dynamics equations such as the Navier—Stokes (e.g. Fluidity Piggott
et al., 2008) or shallow-water (e.g. Galland et al., 1991; White et al., 2008) systems.
Although the application is common in a GIS setting, the region contains a range
of interesting geological and man-made features that pose a challenge to mesh with
existing tools. It is not only a challenge to characterise the region accurately, without
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automated tools it is a slow, laborious and error-prone task. The site is part of the
Jurassic Coast, an UNESCO World Heritage Site, and is itself of great scientific inter-
est. In particular, it has been shown (in for example Bastos et al., 2003) that the shape
of the Isle of Portland coastline and bathymetric features in the region have a strong
influence on local tidal flow, the development of eddies and dispersion of sediment. In
Bastos et al. (2003), tidal flow around the headland is modelled and the distinct mor-
phology is found to generate transient tidal eddies which are responsible for the net
bedload transport of sand at the seabed. Sediment dispersion is dominated by these
ebbing flows rather than a background current. An accurate and appropriate represen-
tation of the characteristic morphology of the region is critical in order to model the
transient tidal flows and the resultant bed shear stress, if sediment dispersion is to be
captured well. This makes it exactly the type of problem that demands the initialisation
approach described here.

The high tidal stream velocities around the headland and relative close proximity to
population centres mean the region is a promising site for tidal stream energy exploita-
tion, which is investigated in Blunden and Bahaj (2006). Like the Bastos et al. (2003)
study, this develops a model of tidal flows using the TELEMAC (Galland et al., 1991)
numerical shallow water code. This is initialised with the MATISSE mesh generator
program, specifically built as part of the TELEMAC system.

The selected example domain contains the following range of characteristic features
in the two-dimensional geoid surface:

— A fractal-like coastline.

— Small-scale natural features along the coast, such as Lulworth Cove.
— An isle off of the mainland connected by a thin spit.

— A thin, steep-banked tombolo-like shingle barrier beach.

— A brackish coastal fleet lagoon.
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— The lagoon is connected to the open waters by a bridged thin channel.

— Portland Harbour, the second largest man-made harbour in the world.

— Many relatively small-scale man-made structures built around the harbour.
— Man-made coastal defences.

The shingle Chesil Beach (shown in Fig. 4 and seen in Fig. 17) is 29 km long, and
shelters the Fleet, a shallow tidal lagoon that runs from Abbotsbury in the northwest
down to the village of Chiswell at its eastern end, where it is connected to open waters
by a small channel under Ferry Bridge. The beach is 200 m wide and 15 m high and acts
as a natural defence from hurricanes and storm surges for Weymouth, Portland Har-
bour and the surrounding villages such as Chiswell. The material for the shingle beach
is largely debris from Upper Greensand chert from the erosion of cliffs at Lyme Bay to
the west. Human activity in West Bay of Bridport means there is now no resupply (Bray,
1992) and losses from the natural barrier can be seen in washover fans (see Fig. 17).
Without intervention, the beach will be eroded and destroyed in a similar process to
that of the smaller Hurst Spit to the east. Man-made defensive structures have been
build on the exposed western side of the beach to protect the populated regions. Chesil
Beach openly faces the Atlantic Ocean and is occasionally subject to large waves and
significant storm surges, the remnants of Atlantic hurricanes. These surges have over-
washed the bank in the past and flooded Chesil village, notably in 1703 (Defoe, 1703)
and 1824 (Le Pard, 1999) when there was huge destruction. In early 2014, the UK sus-
tained serious coastal damage, widespread and persistent flooding; the culmination of
an exceptional run of winter storms (Met Office, 2014). In Portland, sea defences were
overcome and residents evacuated. The natural barrier of Chesil Beach itself has been
reshaped by the huge waves (The Guardian, 2014), and will take years to recover.

Fig. 6 shows the region with data from Ordnance Survey (OS), the national mapping
agency of Great Britain. The underlying raster is the OS Street View product, publicly
available since April 2010 as part of the OS OpenData (2013) initiative, certified as
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open access by the Open Data Institute (ODI, 2014). This is a 1: 10000 scale, street-
level, colour, digital raster mapping (in a GeoTIFF, TIFF-LZW format), split into tiles that
have been specifically designed for manipulation with GIS tools. The tiles used in this
study are 5km x 5km in size and part of the National Grid Reference 100km x 100km
square “SY” collection. The outlined vector path defining the tidal water boundary is
provided by OS VectorMap District, another product available from OS OpenData. This
is an ESRI shapefile broken up into the same sized tiles, and again, the “SY” collection
is used here.

Using GIS tools for vector manipulation, the separate tiles of OS VectorMap District
are combined into a single layer, multi-part vector. The separate paths are first brought
into a single layer (and hence single shapefile) using a union operation. This is followed
by a “dissolve” to eliminate paths internal to the regions (e.g. including those following
tile boundaries). The result is a multi-part vector path marking the tidal boundary of
the mainland and individual bodies of land, such as part of the man-made harbour
constructs pictured in Fig. 14, more clearly seen in the zoomed in section of the domain
in Fig. 7b.

At this point, finer-scale operations to prepare the domain for the specific application
required are easily facilitated with a GIS interface. Here the fleet lagoon is a separate
body of water, and for simulation we require a continuous simply-connected domain
in the two-dimensional surface geoid. The tidal boundary in the OS VectorMap District
dataset has been closed by Ferry Bridge at the mouth of fleet Lagoon. The fleet can
be removed and the tidal boundary left extending up to the bridge by simply removing
the path enclosing the lagoon. Alternatively, to open up the lagoon, a contour of the
OS Street View raster is first taken in GIS, to identify the man-made structure of the
bridge. In order to remove the bridge, this contour is then used, through a polygon union
operation, to join up the two vector paths, and connect the waters. Finer-scale path
intersection tools and hand-editing of the joins are made in the GIS interface to ensure
the boundary representation is an accurate representation of the mapped boundary.
The result is shown in Fig. 7a, highlighted by a black circle. Using a GIS package
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facilitates this editing in a fast, easy-to-prototype and rigorous process; assimilating
data from various sources.

Combined with a vector drawn to outline the bounding box of the whole region, the
produced path defines a closed polygon that outlines the land, as defined by the tidal
boundary. Using the GIS interface and tools, it is trivial to produce a polygon defin-
ing the fluid-filled domain using a vector subtraction. The two developed vector layers
marking the land and sea are shown in Fig. 9.

4.2 Geometric constraint of boundary features

In order to apply boundary conditions and constrain geometric features on the bound-
ary representation, it is necessary to further divide the established paths. In the case
of a fluid dynamics simulation in the domain introduced above, it is common to ap-
ply different boundary conditions to the coastline and open ocean. These boundaries
originate from different vector sources. In the example case, the coastline boundary is
a modified OS VectorMap District polyline and the open boundary a bounding box en-
compassing the whole region. When the intersection is made, a point is placed at the
intersection, and it is then easy to mark the paths either side with different identification
labels. In other cases it is necessary to add points to the path to ensure the boundaries
are identified correcily.

In the boundary representation, the two distinct parts identified as coastline and open
boundaries respectively, are grouped separately and when meshed, their representa-
tion optimised independently in order to constrain this point of intersection that marks
a transition of physical properties along the path. This ensures the intersection ap-
pears and is maintained in the output mesh, for whichever metric is provided to guide
the optimisation of the mesh boundary representation.

This approach is also used to constrain geometric features in the boundary repre-
sentation. Key parts of man-made structures or key geometric features under study
can be forced to appear in the output mesh. For a flux prescribed for a river outflow at
the boundary, or a run-off model, the river opening can be ensured to have an accurate
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representation in the output mesh by ensuring the two points at either side of the river
opening appear in the output mesh boundary. These types of geometric constraints are
easy to introduce in a GIS framework, rigorously guided by mapping inputs.

5 Geometric constraint of internal interfaces and regions

Definition and identification of the boundary representation has been established above
using GIS tools, to give an accurate representation through a rigorous processing of
source datasets. This enables boundary conditions to be applied at the domain bound-
ary, and boundary features to be geometrically constrained in the meshing process. It
is also necessary to develop a geometric description of regions of the surface geoid,
identifying internal interfaces. This is potentially required for the application of:

1. Boundary conditions.

Body forcings.

Application of model parameterisations.

Model coupling.

Initialisation of multiple material phases with differing quantitative properties.
Specification of vertical layering.

To aid domain decomposition.

© N o o > w0 N

Accurate calculation of diagnostics.

The processing required is exactly that used for geospatial analysis with GIS tools,
where regions of a two-dimensional surface are accurately identified. The GIS frame-
work provides a method to approach the accurate identification of regions and their
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interfaces within the computational domain. These can then be used to apply bound-
ary conditions or body forcings to specific areas of the domain, for different coefficients
of surface friction for example. This could be used to apply the effect of different land
types on inundation flow in a flood model (Gallegos et al., 2009), or for the immersed
boundary method to flow over or around under-resolved fine-scale structures, such as
man-made sea defences (Viré et al., 2012), or complex networks of coral reefs (Chang
et al., 2004). It is also required for the accurate application of parameterisations such
as those that model the physics of surface melting from sea ice or ice shelf ocean
cavities, for example.

Additionally, identified regions can be used to guide the mesh metric generation for
further constraint to ensure an accurate geometric representation of identified features.
Further to this, it is possible to direct meshing algorithms to ensure a faithful representa-
tion of internal boundaries, including those of the prescribed regions, aligning element
faces along these interfaces. This is important to model coupling or the simulation
of multiple material phases concurrently, where the position and shape of interfaces
transferring information between these must be adequately prescribed.

In the case of ice shelf ocean cavities, for example, there are effectively two bounds
on the surface geoid: the coastline, where the ice meets the ocean; and the grounding
line, where ice meets bedrock. The union of these defines the fully encompassing
surface geoid, but the sub-regions are required to be defined accurately with element
faces aligned to those boundaries internal to the domain. This is mitigated to a degree
by conservative interpolation methods, such as that of Farrell et al. (2009) developed
for arbitrarily unstructured meshes, but there are gains in efficiency and simplifications
if the meshes of different regions align exactly at their interface.

Regions can also dictate computational aspects of simulations, such as how the ver-
tical mesh should be constructed (Griffies et al., 2000), with for example, z coordinates
or o layers. They can also guide domain decomposition, when, for example, there is ge-
ographic information pertinent to load partitioning. This could occur for regions that are
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known to incur a different level of computational expense due to coupling, or specific
input data requirements, for example.

GIS tools facilitate the accurate geometric specification of regions and their identifi-
cation, for multiple and complex forms; and this is the subject of this section.

5.1 Identification and geometric specification of beaches and
the fleet lagoon flats

As an example, we develop a geometric description of the beaches and flats in the
case study of the Isle of Portland introduced above, in Sect. 4. These regions lie within
the surface geoid domain defined by the boundary representation established above,
based on the tidal water boundary. Tidal flats, such as the East Fleet highlighted in
Fig. 10a, are important ecosystems that often support a large population of wildlife, and
are in particular, a vital habitat for migratory shorebirds. There is scientific motivation
for an accurate geometric representation of these regions. This includes an improve-
ment of models of tidal incursion into the lagoon with an inhomogeneous treatment
of bottom drag, in predictions of future sediment deposit, effects of the dispersion of
pollutants, and an accurate calculation of diagnostics, such as depth-integrated flow to
infer sediment transport over the flat regions. Identification of these regions also allow
for special treatment when wetting-and-drying schemes are applied, or for a specific
evaluation of flood risk.

The shape of the flats and beach around the East Fleet region behind Chesil Beach
are the focus of Fig. 10a, which contains a portion of the OS Street View SYB7NW tile.
In this case, we do not have a vector representation of the beaches or flats. To generate
an accurate boundary representation of the flats and beach edges the OS Street View
raster is contoured using a GIS raster operation. The contours are then cleaned up
in GIS, to remove paths related to text labels for example, which cross the regions in
places. The individual paths are then formed into polygons to create distinct regions.
In the case of the beaches, the land polygon generated earlier is subtracted from the
new polygon containing the beaches to pick out the beaches alone. The result of this
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GIS processing is shown in Fig. 10b, with the flats grouped into a single multi-part
polygon shapefile layer and highlighted in yellow and the beaches similarly grouped
and shown in red. Using this process we have been able to describe these regions
with a great amount of detail, down to very small scales at the accuracy of the source
data. This is the boundary representation provided to the meshing algorithm. It is up
to the characteristic element length scale metric to determine how well these regions
are represented in the discretised domain. It is important to provide a high resolution
representation at this stage, and this is competently handled by the GIS framework.

6 Materials: assimilation of source datasets

In the generation of a geometric specification of the external and internal boundaries
above, several sources of information were brought in to inform the process. The vec-
tor and raster formats used have been designed for geospatial analysis and the GIS
tool handles them competently together in a single interface. In the preparation of the
data required by the meshing tool, the boundary representation and metric need to be
developed so they are mutually consistent. For example, rasters may not be spatially-
complete over the required computational domain, or the domain may include regions
in the raster that are defined with a different use (e.g. land within an area defined as
ocean by the boundary representation, for an ocean simulation). This is typically fixed
using infill routines to fill in missing values by an interpolation using the solution to
a diffusion problem, for example; or using data only where it is available when a func-
tional of multiple datasets is used. This is easier to achieve in a GIS framework, where
the individual layers can be inspected in a spatially-consistent environment. This is
a prevalent problem in simulation initialisation, where an informed functional assimila-
tion of datasets is required.

This demands an approach similar to the process of cartographic modelling (Tomlin,
1990) where multiple thematic layers of an area are created, edited, operated on and
analysed. Models for simulation (e.g. flood models following hydrodynamic flow laws)
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and optimisation (e.g. of land use, transport network planning and data assimilation)
can be formed through operations on these map layers. The steps required in gen-
erating a suitable dataset for initialisation of a bathymetric height map from multiple
sources, and hence map layers, are described in detail in Bailly du Bois (2011), and an
approach to automate this suggested.

Algorithms to apply mesh gradation methods (Alauzet, 2010), metric regularisation
(as in van Scheltinga et al., 2012 to ensure adequate resolution within the channels
of archipelago networks), or shape-optimisation methods to ensure an adequate rep-
resentation of bathymetric (Gorman et al., 2006) and boundary (Gorman et al., 2007)
features based on surface curvature, are examples of a wealth of methods developed
to aid metric constraint. These are not accessible through an appropriate common in-
terface, and for geophysical models at least, GIS frameworks are a suitable platform to
integrate these tools.

We will now consider metric generation for the example case, that is consistent to the
boundary representation, and bring in further datasets, with a large disparity of scales
and resolution, and in dataset size.

6.1 Metric generation within a GIS framework

For geophysical models, the metric is one of several required fields defined on a two-
dimensional surface. A GIS framework is good stage for these to be developed and
prototyped within.

To ensure a good representation of the external boundary representation, it is com-
mon to focus the resolution of representation close to these boundaries (Heinzer et al.,
2012). This is achieved by a metric based on proximity to the boundary, typically calcu-
lated through the solution of a Laplacian diffusion problem. This is available as a GIS
tool, commonly provided by the GDAL (Geospatial Data Abstraction Library, 2014) li-
brary, and involves the conversion of a vector layer to a raster layer.

In the case under study, to calculate the proximity to the coastline, a multi-part vec-
tor layer is formed, with a binary split in identification references, with 0 for the ocean
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polygons and 1 for land. The resultant proximity metric is shown in Fig. 11. This form
of metric enables the mesh to well-represent bounding geometries, which can be par-
ticularly complex in ocean boundaries, where fractal-like coastlines bound the domain.

Within a GIS platform it is easy to interactively develop and combine multiple raster
fields to best spatially-optimise degrees of freedom that will appear in the resultant
mesh.

Through a similar process, the proximity to the internal boundaries defining geophys-
ical features such as the beeches and flats shown in Fig. 10b is established and com-
bined with the above coastline proximity metric, such that the overall proximity metric
M,, is given by

Mp(x) = max(min(aM,, M), M), (1)

for a position x € Q ¢ IR?, where Q defines the parametric space of the bounded sur-
face geoid. The metrics are such that M (x): Q R? x R? is the metric based on
coastline proximity, M;(x) : Q +— IR? x IR? on the proximity to internal region boundaries,
and M, € R% x R? an isotropic metric representing a constant minimum background
element length sizing. The minimum and maximum operators, denoted min and max
respectively, are defined pointwise in the domain Q, such that for example the min-
imum field M, = min(aM, BM;) is described by M, (x) = min(aM(x), BM;(x))
Vx € Q. The scalar coefficients a,( € R, with a,8 > 0, apply a scaling to the metrics
M, and M;, which here are purely a measure of proximity to a boundary. The ratio of
the scalar coefficients y = a/(3, prescribes the accuracy of geometric representation
of the internal region boundaries relative to the coastlines. The resulting metric, for the
case a =0.4and B =6.0, such thaty = 11—5 with the background isotropic length scale
in M, setto 10m, is shown in Fig. 12b.

The functional combination of metric fields is achieved with interactive GIS calcula-
tor tools. In the case of the QGIS implementation developed in conjunction with this
work, the raster calculator plugin was extended to sufficiently deal with the opera-
tions required on metric fields. This highlights the benefit of building on an established
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framework. Within this, it was easy to take an existing tool designed to work on stan-
dardised data and GIS layers and develop it further to extend its capabilities for the
application under consideration. These developments are now fed back into the com-
munity for use by others in similar applications, and potentially many other future works
not yet considered.

The metric developed so far ensures an accurate representation of the external
boundary representation and other interfaces on the surface geoid. To additionally en-
sure an accurate representation of the domain in the remaining dimension, locally per-
pendicular to this surface, the two height fields b: Q+— R and h: Q — R, for the top
(height-defined) and bottom (bathymetry-defined) surfaces are considered. To incor-
porate mesh constraints based on these surfaces, functions acting directly on the two-
dimensional raster fields are required, instead of the vector that describes the shape in
the other dimensions.

The GEBCO data used to represent bathymetry in the metric generation developed
in Fig. 1 is not of high enough resolution in this coastal region. A higher-resolution
dataset covering this coastal region is required. A section of the gridded Marine
Digimap Coastal Bathymetry (Marine Digimap, 2008) with a 1 arcsecond grid (approx-
imately 30 m cell size) is shown in Fig. 5. This data is in the ArcInfo Grid format (En-
vironmental Systems Research Institute, 2013), and the four tiles NW55000025,
NW55000030, NW55050025 and NW55050030 are required to include the region of
interest. This covers the region [-3.0,-2.0] x [50.0,51.0], for longitude-latitude coordi-
nates (y,®). Distributed as a standard format, the metadata describing this data notes
it is stored under the projection WGS 84, about major equatorial radius 6 378 137.0m
and flattening 1/298.257223563, which the GIS interprets automatically and projects
on-the-fly to the common projection selected for the GIS interface. In the process of
its preparation for the meshing algorithm, the first step is to combine the four distinct
datasets of the tiles into a single raster, which is trivial to achieve in the GIS frame-
work using a raster merge operation, which automatically takes into account metadata
on the projection, resolution and location. The resulting raster layer represents the
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function b(x) : Q — IR, from two-dimensional parameter space Q to IR, a description of
the bathymetry in Q. To generate a metric of appropriate characteristic edge length
sizes, the following functional is developed

M,(x) = max((-b(x) - 8.0) x 50.0, 100.0). )

This scales the bathymetry and also ensures a minimum length scale of 100 m in
shallow regions of 0—10 m, to allow the proximity metric to dictate behaviour there. The
resulting raster layer represents the functional My, : Q — IR x IRZ, from two-dimensional
parameter space Q to a tensor field in IR? x IR?, and is shown in Fig. 12a.

The metric shown in Fig. 12c, is a combination of three raster layers representing
M, M. and M;, combining the metric developed in Eq. (1) with the higher-resolution
bathymetry data introduced above, to give the following functional

M(x) = F (M, My, M),
= min(M,, My, M), 3)

where M, € R? x IR? is an isotropic metric representing a constant maximum back-
ground element length sizing.

The boundary representation of Figs. 9 and 10b, and domain-complete metric de-
veloped in Fig. 12c, together with boundary and region identifications, are sufficient to
fully constrain the discretisation of the two-dimensional geoid surface. The constraint
information is stored within a QGIS project in standard formats (ESRI shapefile for
boundary representation, and GeoTIFF or NetCDF for metric). With the help of GIS
tools, including the plugins in the implementation of the approach considered here, this
is converted into formats suitable for the meshing algorithm implementation chosen,
which here is Gmsh. In this case the boundary representation and identification infor-
mation is generated and stored using Gmsh syntax (i.e. in a .geo file format). The
gridded data of the raster layer is converted to a structured field format (Geuzaine and
Remacle, 2014, page 54) for Gmsh to read. There is no transformation of the data
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in this process, both the input and output data types are stored on regular structured
grids, and this process if purely for interoperability, necessary in this case because the
tools do not share a common format.

The interface with the meshing algorithms must ensure that description of the bound-
ary representation and metric are such that the meshing process takes place in an
appropriate map projection. This is typically the projection used in the simulation code.

In this case, since the horizontal extent is relatively small such that distortion due
to the curvature of the Earth is not significant, the geoid surface mesh is generated in
a flat two-dimensional plane from a projection in UTM zone 30U.

The result of meshing to these constraints on the two-dimensional surface geoid is
shown in Fig. 13. Both large-scale coastline features and the small-scale man-made
constructs in the harbour are captured in the boundary. The complex harbour struc-
tures seen in Fig. 14 are well-represented and have been accurately established in the
mesh using GIS tools under a common projection. The mesh also resolves shallower
features such as the Shambles Bank to the east of the southern tip of the isle (marked
in Fig. 5). This is the main eastern headland shelf deposit containing bioclastic sand
and gravel, due to the main offshore race from Portland (Bastos et al., 2003). An in-
crease in resolution close to the east side of the coast around the isle can be seen in
the element edge lengths too of Fig. 13a, as is the long shallow extent of Weymouth
beach. These mesh features have been driven by the contribution of bathymetry to the
overall edge length metric, shown in Fig. 12, and mirror the features observed in this
field.

In the case of multiple scales and resolutions of data required in the construction
of the metric, multiple fields are input into the meshing tool for combination at the
meshing stage. This is an approach to deal with datasets with a large disparity of
scales, a workaround for the limited flexibility of structured data types. This approach is
used with the Gmsh meshing tool in the generation of the Isle of Portland region nested
in the North Sea domain considered later, the result of which is presented in Fig. 16.

6024

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
R ] >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/5993/2014/gmdd-7-5993-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/5993/2014/gmdd-7-5993-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The mesh of the region centred around the East Flats is shown in Fig. 15, together
with the boundary representation generated with GIS. Figure 15a shows the mesh
that corresponds to the metric Eq. (3) with @ = 0.4 and G = 0.8, with y = % such that
proximity to the internal boundary of the flats is given half the weighting as the proximity
to the coastline. This gives a very accurate representation of the regions and their
boundaries, that closely follows the provided boundary representation. If this fidelity of
representation of these interfaces is relaxed by choosing 8 = 6.0, such that y = 11—5 as
shown in Fig. 15b, the regions are still well-represented, but without the concentration
of mesh nodes about the region interfaces. This is a compromise that can be easily
managed and prototyped using a GIS framework as a preprocessing stage for data
preparation for meshing algorithms.

6.2 Multi-scale discretisation

Integration of mesh initialisation into GIS makes it possible to easily interpret and com-
bine datasets, and further simulation efforts over a range of scales. For example, it
is now an easy progression to combine the two cases studied above, the large-scale
North Sea region and the smaller coastal scale region centred around the Isle of Port-
land. With a large scale model developed, the results can be used to initially force
the smaller coastal model, and with the GIS framework, the domains can be com-
bined. The shapefiles detailing the boundary representation are simply merged within
GIS, with possible corrections informed by map information in the same interface. The
raster fields are also merged to define a metric for the entire domain, including fine-
scale features in the small region of interest. As noted above, due to the limitations of
the structured raster fields, it may be more efficient to supply multiple metric fields to
the meshing algorithm. We consider this combination of domains over scales now.
The metric for the North Sea case presented in Fig. 3c, is generated from a function

of bathymetry ﬂb (shown in a), and of proximity to coastline ﬂc (shown in b), together
with an isotropic metric representing a constant maximum background element length
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sizing ﬂs. In a similar manner to the metric for the Portland Bill region M, these are
combined according to the functional

M(x) = F(My, Mg, M),
= min(My, M., My), (4)

where the bathymetry metric is developed according to

My (x) = 5.0 x 10% x 10(z7%60) . 5)
Here a limited bathymetry function is defined by

6(x) = max(min(max(—B(x),0.0),200.0),10.0),

for the bathymetry function b(x) of Fig. 2a, which focuses on the range of depths
6 €[10.0,200.0]. This gives a metric field with characteristic length scales ranging from
5km to 50 km. The form of the metric functional applied here has been chosen to iden-
tify shallow bathymetric features in this example case, with an appropriate gradation of
mesh size into deeper regions. It demonstrates that relatively complex functional forms
can be prototyped and developed in a straightforward manner using GIS raster layers
and tools.

The coastline proximity metric is generated from the proximity field p(x), shown in
Fig. 2b and follows

— p(x) - 10*

M, (x) = (10° - 2.5 x 10%) +2.5x%x 103, (6)
2.0x10°-10*

to give a range of characteristic length scales over 2.5 km to 100 km for p(x) from 10 km
to 200 km. The combined metric field M for the North Sea has been developed in GIS
together with its consistent boundary representation.
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The nesting of the Isle of Portland region within this North Sea domain is easy to
achieve within a GIS framework, which handles datasets of differing scales and resolu-
tion together competently. The fine scale boundary representation of Figs. 7, 9 and 10b
is joined to the larger scale boundary representation on the Northsea region of Fig. 1.
The metrics are combined, under a functional F, to give

M(X) =F(MbsMcsﬂbvﬂcyﬁs)y
= min(Mb5Mc,ﬁbiﬁcaﬁs): (7)

taking into account the bathymetry and coastline proximity of the two domains consid-
ered.

It is also worthy of note that the above considers a scalar-valued metric, where M :
R? — IR, for a given projection. Anisotropic metrics, where M : IR? — IR? x IR?, could
be achieved in GIS with two orthogonal component layers, or a Hessian calculation of
a scalar layer.

6.3 Full mesh generation

Much of the challenge in the generation of meshes for geophysical models is in the
development of a mesh of the surface geoid. This is all that is required for shallow
water modelling for example. A full three-dimensional mesh can be generated by an
advancing-front algorithm to extrude top and bottom bounds from the meshed surface
geoid. It is possible to generate these surface bounds within GIS, as raster layers with
coverage over the boundary representation. How the resolution varies vertically can
be described by a metric in full three-dimensional space, or simplified as a function of
height (for z coordinates) or as a function of proportional height (o-layers), and divided
spatially by regions over the geoid surface.
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7 Conclusions and perspectives

This paper successfully demonstrates the integration of technologies, bringing GIS,
meshing and numerical simulation models together, to develop an approach to accu-
rate, rigorous and efficient domain initialisation for geophysical models with complex
boundaries.

Model initialisation is becoming more of a challenge as the complexity of simulation
codes increases. The problem of specifying model options and parameters in multi-
physics models has been tackled through self-validating parameter-comprehensive
tools such as Spud (Ham et al., 2009). Similarly, another aspect of model initialisa-
tion, domain discretisation, is becoming more of a challenge as models simulate over
a larger range of scales in more realistic geometries. The problem of assimilating all
of the input data and defining an accurate description of the parameter space to fully-
constrain the domain discretisation presents a serious cost in model setup time, and
a significant barrier to the development of more complex domains generated consis-
tently and error-free from multiple sources of data.

The presented approach is a significant departure from existing practice in geoscien-
tific models. Through engaging with established GIS tools and adopting standardised
data formats and interfaces, we have developed a practical process for the rigorous
generation of meshes for geophysical models. The approach taken builds on stan-
dard tools, with a hierarchy of automation such that operations can be broken down to
finer low-level manipulations. For complex large vector paths, or high resolution raster
data, efficiency and memory demands mean it is sometimes necessary to identify the
process required and apply the operation outside of the GIS framework, potentially
in a parallel High Performance Computing setting. This is possible when standard-
ised libraries and methods are employed and such a hierarchy of automation exists.
This structure also allows for progressively lower-level operations to be made for finer
edits and in the example case here, made it possible to easily adjust the boundary
around Portland Harbour to open up Ferry Bridge using another contour and exposed
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lower-level GIS tools. This also facilitates the efficient processing of multiple datasets,
where a process can be developed in GIS in one instance and then applied efficiently
to other data or cases efficiently, or included in a test suite for automated verification.

Throughout the process, data is maintained in its fundamental form where possible,
with operations applied through the metadata. The boundary representation is estab-
lished as a relatively high-resolution vector path, and it is this parameterised line that
is then optimised under the constraint of the element edge length metric. There is
no intermediate interpolation, and no requirement to use traditional cell-masking tech-
niques.

Using standard interfaces, data formats and tools facilitates the sharing of initiali-
sation processes, and enables reproducibility, and even full accurate descriptions for
model intercomparisons. Further to this, it fosters a collaborative effort to improve
initialisation methods and establishes a common interface for this to take place. Re-
cently developed algorithms to improve metric quality for specific features, such as van
Scheltinga et al. (2012), to smoothly transition between the mesh size field developed
for meshing highly irregular oceanic archipelagos, the shoreline and bathymetry repre-
sentation optimisation algorithms of Gorman et al. (2006, 2007) can be integrated into
the suite of GIS tools for manipulating vector paths and raster layers, making the algo-
rithms easily accessible to users and open to extension by developers. Being a spatial
tool, the GIS interface makes it easier to selectively apply these methods, such that the
application of meshing algorithms and boundary operations can be limited to specific
features or regions. Domain representation can be optimised to represent boundary
shape, or position degrees of freedom to optimise the representation of boundary con-
ditions and forcings. These are developed as raster layers through field calculations
within GIS. Specific user-defined regions of interest are easy to add to the metric func-
tional within this framework.

Automatically interpreting geospatial metadata, and applying projections on-the-fly,
makes this a good framework to interactively build up the constraints required for mesh
generation for geophysical models. We have described the approach and its feasibility
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has been demonstrated in illustrative applications to coastal marine model initialisa-
tions, assimilating different datasets over a range of scales and resolutions.

This approach is not limited to the initialisation of ocean models and has applica-
tions in all areas of geophysical modelling where complex boundaries exist that have
a dominant influence on dynamics. This tool could be used to capture the fine struc-
tures of buildings of a city from accurate and openly-available geospatial products to
model atmospheric pollutant dispersal, or fluvial flood risk with an accurate source river
region and town description. In the case of flooding, this will facilitate the modelling of
solid building boundaries, or a parameterisation through accurate region specification
for example.

As source datasets grow in size and complexity, and the initialisation problem be-
comes more computationally-challenging, the processor-intensive tasks required can
be pushed to High Performance Computing machines. This problem is particularly
acute in this case where meshing algorithms can require a significant amount of pro-
cessing power and memory requirements, especially when solving optimisation prob-
lems for inhomogeneous anisotropic metric fields. The development of the boundary
representation too can be problematic where intersections are made, or methods to
smooth or optimise paths are required. External processing for the analysis and visual-
isation of simulation output (Ahrens et al., 2000) is a mature field, and a similar server-
client arrangement for large data processing exists for the QGIS and ArcGIS (ERSI
ArcGIS Platform, 2014) packages. To efficiently process and manage the throughput
of an increased amount of data, Shen et al. (2004) applies grid computing image pro-
cessing on grid (Hastings et al., 2003). Interacting with standard tools such as these
reduces development costs associated with integrating meshing into this separation of
server and client processing components.

Simplifying data management and model initialisation is increasingly important
for scientific research at all scales where computational models are employed. For
both individual researchers and large research groups, managing huge volumes
of complex data, accessing and sharing subsets of that data, and supporting the
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discipline-independent infrastructure that makes the data accessible for analysis and
visualization are vital to advancing insight into our world.

Appendix A: Code availability, distribution and licensing

The QGIS-Meshing plugins developed to enable this study are available from the Ap-
plied Modelling and Computation Group at Imperial College London, and further in-
formation can be found at http://www.gismeshing.org, with the source code hosted in
the repository located at http://github.com/gismeshing/QGIS-Meshing. Supplementary
data associated with this article can be found there also, which includes a manual to the
QGIS-Meshing plugins and details of obtaining them. The plugins are routinely verified
by a build engine (Farrell et al., 2011) and its status is available at the pages above,
together with source code, verification tests and examples.

All components of the package are free software, being released under the GNU
Lesser General Public License version 2.1. This combination of licenses ensures that
the plugins can legally be used with models which employ a wide range of licensing
schemes, both free and proprietary. Full details of the licenses, including the (compati-
ble) copyright notices of some third party routines included in the package, are included
in COPYING in the source distribution.
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Table 1. Summary of the different tasks and plugins developed. The latter two supplement
standard GIS tools to aid mesh generation by the boundary identification and mesh surface

processes.

Task

Description

Plugin developed

Identification of boundaries

Mesh generation

Field aggregation

Polygon rasterisation

Identifies physical boundaries and interfaces for ref-
erence in the numerical simulation code.
Generation of a mesh on the enclosed surface
defined by the boundary representation and con-
strained by a metric field. Additionally applies refer-
ence identification of the boundaries and interfaces
defined by the above.

For operations on, and the combination of, surface
fields.

Produces a surface field from a vector surface.

boundary identification

mesh surface

meshing raster calculator

rasterise polygons
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Figure 1. (a) The boundary representation on the surface geoid, constructed within a GIS
framework; containing the British Isles, North Sea and coastline of northwest Continental Eu-
rope (filled for clarity). This surface is defined by a boundary representation developed from the
intermediate resolution GSHHS contour, in combination with a bound marking the continen-
tal shelf-break. The latter is developed from an isobath of —300 m, shown in Fig. 2a. The two
polylines are connected by straight lines, with the joins highlighted by black triangular markers.
(b) The resultant mesh, generated by the Gmsh 2-D MeshAdapt algorithm, of the geoid sur-
face defined in (a) under a simple metric based on the proximity to coastline. The characteristic
element size ranges from 5km within 1 km of the coast, to 20 km at 100 km into open waters
to generate a mesh containing 24 794 nodes and 42 319 triangular elements. Both are plotted
under a UTM projection in zone 30U.
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Figure 2. Development of mesh size metric from multiple datasets including: (a) ocean
bathymetry, a raster surface map, and (b) proximity to coastline (i.e. the boundary representa-
tion identified as coastline and not open-ocean), a function from a parameterised vector path to
a scalar field defined on the geoid surface. The latter is generated using GIS tools and further
manipulated, in combination with (a), to give a field suitable to apply as a element edge length
metric presented in Fig. 3.
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Figure 3. Characteristic element length scale metrics from the source fields presented in
Fig. 2, generated with arithmetic operations within the GIS framework. The metric shown in
(a) is a function of the bathymetry raster field of Fig. 2a described by Eq. (5). Correspondingly,
(b) shows the function Eq. (6) of the proximity raster field Fig. 2b. These fields are combined
in (c) following Eq. (4), that together with the boundary representation in Fig. 1 and boundary
identification, are fed to the meshing tool to give the domain discretisation shown in Fig. 16.
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Figure 4. (a) The initial area of study is a small section of the south coast of the UK (presented
in a 30U UTM projection), centred around Portland Harbour and Weymouth, shown in (b).
Chesil Beach is located to the west and the man-made structures enclosing Portland Harbour
on the east side (see Fig. 5). The aerial image of the region is generated from an orthorectified
combination of Landsat (USGS-EROS, 2014) images from 20 January 2001, transformed under
a Mercator projection centred about 2.46° W 50.59° N. The white box in (b) outlines the region
shown in Fig. 6. Marked distance scales are approximate in these non-authalic projections.
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Figure 5. A bathymetry map of the region shown in Fig. 4b, under the same projection, with
geologic and geographic features marked. Data comes from four tiles of the gridded Marine
Digimap Coastal Bathymetry (Marine Digimap, 2008) with a 1 arcsecond grid (approximately
30 m cell size). The reference level of the depth data approximates to the lowest astronomical
tide.
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Figure 6. The OS Street View raster of the region identified by a white outline in Fig. 4b, under
the same projection, loaded into a GIS package overlaid with the tidal water boundary vector
path from OS VectorMap District outlined in black. The box marked in black outlines the regions

focused on in Fig. 7a.
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Figure 7. (a) Shows the OS Street View raster and OS VectorMap District tidal boundary of the
region identified in Fig. 6, and a further close up in (b). The developed boundary representation
is shown as a black line. Ferry Bridge, the road bridge close to the bottom of Chesil Beach,
circled in (a), has been opened to allow the domain to continue into the region behind the spit
(shown in Fig. 8). This was achieved using tools within the GIS package. Note also the relatively
fine structures of the man-made barriers marking the perimeter of Portland Harbour, with widths
on the order of metres, that it has been possible to include in the boundary representation, in
a rigorous and accurate manner using GIS tools.
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East Fleet

West Fleet

Figure 9. The resulting boundary representation developed in the GIS package, overlain on the
OS Street View raster. A polygon defining the water-filled domain is outlined in black and filled
blue, whilst the land polygon is green. The box marked in black outlines the East Fleet region

focused on in Fig. 10.
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Figure 10. (a) A portion of the OS Street View SYE67NW tile centred around the East Fleet re-
gion behind Chesil Beach, identified in Fig. 9. (b) The same region overlaid with vector polygon
layers containing generated contours of the beach and flat regions, marked in red and yellow

respectively.
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Figure 11. A metric field developed as a raster layer in GIS based on proximity to the main
tidal boundary representation, that excludes the beach and flat regions. This form of metric en-
ables the mesh to well-represent boundary representations, which can be particularly complex
in ocean boundaries, where fractal-like coastlines bound the domain. This represents M, of
Eq. (1). The box marked by * identifies the region shown in Fig. 12b.
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Figure 12. Development of the element edge length metric, constrained by multiple parameters
and datasets. (a) Oceanic bathymetry metric from the fine-scale Digimap hydrospatial data
shown in Fig. 5, following Eq. (2). (b) A metric based on a combination of proximity fields
developed in Fig. 10, defined by M, in Eq. (1). The region marked by « in Fig. 11 is shown to
highlight the proximity field in the vicinity of the East Flats. (¢) Combined metric, with constraints
from the fields derived from bathymetry and coastline location data.

6054

Jaded uoissnosiq

| Jadeq uoissnosiq | Jaded uoissnasiq

Jaded uoissnosiq

GMDD
7, 5993-6060, 2014

Integration of GIS
into meshing for
geophysical models

A. S. Candy et al.

(8
K ()


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/5993/2014/gmdd-7-5993-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/5993/2014/gmdd-7-5993-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

RN -
AVAY

S
,«v»""
\V4

Figure 13. The mesh that results from a discretisation of the domain defined by the bound-
ary representation defined in Figs. 7, 9 and 10b, combined with the metric field of Fig. 12c.
Characteristic element length scales range from 5m to 2km in the regions shown here.
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Figure 14. Photograph of the man-made structures of Portland Harbour, for comparison with
Fig. 13. Image courtesy of Portland Port (2014).
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Figure 15. The meshed flats region centred around the East Fleet shown in Fig. 10a. Both are
constrained by the metric Eq. (3), where y = % in (a) such that proximity to the internal boundary
of the flats is given a weighting equal to the proximity to the coastline and y = 11—5 in (b), with
less weighting given to the representation of region boundaries. The characteristic element size
ranges from 10 m at the coast to approximately 100 m inside the section of domain shown in
both cases.
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Figure 16. A combination of datasets combined within a GIS framework to incorporate a large
range of scales in a domain representation. The large-scale boundary representation shown in
(a) contains orientated path data from GSHHS and a raster field of bathymetry from GEBCO.
(b) and (c) contain data from OS Street View combined with a fine-scale edit to the bridge
at the southern point of Chisel beach. Element edge length scales range from 20 km in the
North Sea down to 5m in Portland Harbour. The extent of the large-scale domain is approxi-
mately 2000 km, and the domain includes features down to 5 m wide, such as the smaller jetties
resolved in Portland Harbour. Hand edits are limited, and easy to achieve within the GIS frame-
work. Notably in (a) the entrance to the Baltic Sea has been closed off, and the shelf-break
contour combined with the GSHHS coastline product. A fine-scale edit of (b) to modify the
bridge and connect the West and East Fleets behind chisel beach to the coastal seas has been
made by hand within GIS. The element edge length metric used to determine the mesh shown
(both one-dimensional edge and internal surface meshes) is a combination of the metric devel-
oped in Fig. 3 over the relatively large-scale North Sea domain with the coastal-scale metric in
Fig. 12. The presented mesh is generated by the meshing tool constrained by this metric, the
boundary representation of Fig. 1a.
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Figure 17. Comparative photograph of Chesil Beach and the Flats from 21 November 2010.

Image courtesy of West (2014).
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