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In contemporary ocean science, modeling systems that inte-
grate understanding of complex multiscale phenomena and
utilize efficient numerics are paramount. Many of today's
fundamental ocean science questions involve multiple scales
and multiple dynamics. A new generation of modeling sys-
tems would allow to study such questions quantitatively by
being less restrictive dynamically and more efficient numeri-
cally than more traditional systems.

Such multiscale ocean modeling is the theme of this topical
collection. Two large international workshops were organized
on this theme, one in Cambridge, USA (IMUM2010), and one
in Bremerhaven, Germany (IMUM2011). Contributions from
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the scientific community were encouraged on all aspects of
multiscale ocean modeling from ocean science and dynamics
to the development of new computational methods and sys-
tems. Building on previous meetings (e.g., Deleersnijder and
Lermusiaux 2008; Deleersnijder et al. 2010), the workshop
discussions and the final contributions to the topical collection
are summarized next.

The scientific application domains discussed and presented
ranged from estuaries to the global ocean, including coastal
regions and shelf seas. Multi-resolution modeling of physical,
biological, chemical, and sea ice processes as well as air—sea
interactions were described. The multiscale dynamics consid-
ered involved hydrostatic, non-hydrostatic, turbulent, and sea
surface processes.

Computational results and discussions emphasized multi-
resolution simulations using unstructured and structured
meshes, aiming to widen the range of resolved scales in space
and time. They included finite volume and finite element
spatial discretizations, high-order schemes, preconditioners,
solver issues, grid generation, adaptive modeling, data assim-
ilation, coupling with atmospheric or biogeochemical models,
and distributed computing. The advantages of using unstruc-
tured meshes and related approaches in particular multi-grid
embedding, nesting systems, wavelets, and other multiscale
decompositions were discussed. Techniques for the study of
multi-resolution results, visualization, optimization, model
evaluations, and uncertainty quantification were also examined.

1 Multiscale interdisciplinary dynamics

A number of manuscripts in the topical collection focus on
multiscale interdisciplinary dynamics, specifically ocean
physics and ice interactions, physical-biogeochemical inter-
actions, and physical-sediment—coast interactions.
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Two articles address the study of ocean circulations and
ice interactions utilizing unstructured finite element models.
Specifically, Wang et al. (2012) set up and evaluate the
performance of the Finite Element Sea—ice Ocean Model
(FESOM) in the North Atlantic and Arctic Ocean region in a
hindcast experiment. The authors argue that their simulations
indicate that variability of the Atlantic meridional overturning
circulation (AMOC) can be explained by variability of the
thermohaline forcing over deep convection sites. The authors
complete a water-hosing experiment to study the model sen-
sitivity to increased freshwater input from Greenland Ice Sheet
melting. This simulated experiment leads to changes in the
ocean circulation and local dynamical sea level. The authors
also compare their results to these of previous modeling
studies. In a companion global study, Scholz et al. (2013)
utilize FESOM to study inter-annual to decadal variability in
deep-water formation rates over the global ocean for the
period 1958-2004. Higher resolution is utilized in the known
deep-water formation areas. Comparing their multi-resolution
simulation to varied ocean data, the authors find that the
simulated sea—ice distributions and transport as well as the
hydrographic structures are in relatively good agreement with
observations. They find significant variability in the AMOC
as well as in the properties of the North Atlantic deep-water
formation areas.

Considering next physical-biogeochemical interac-
tions, Khangaonkar et al. (2012) combine the Finite
Volume Coastal Ocean Model with the Integrated
Compartment Model (CE-QUAL-ICM) water quality ki-
netics to characterize annual biogeochemical cycles and
nutrient balances in Puget Sound. Using this combined
system, the authors simulate phytoplankton biomass
growth and characterize the relative contributions from
natural and anthropogenic sources and from exchanges
with the Pacific Ocean. Results based on 2006 data indi-
cate that biogeochemical cycle properties are strongly
correlated with seasonal variations of physical properties.
Specifically, the authors discuss the effects of seasonal
and depth-dependent variability in the exchanges with the
Pacific Ocean. This work shows that unstructured grid
models can be applied to ecosystem assessment studies.

Considering ocean flows and seashore interactions,
Vousdoukas et al. (2012) calibrate a dune-erosion model,
XBeach, to predict beach-profile morphodynamic re-
sponses to storm events of the coast of Portugal and
discuss potential operational applications. Offshore wave
and tidal data are inputs to a SWAN wave model, which
provides wave conditions to XBeach. Simulations using
this nested SWAN/XBeach system are compared to data
and, after XBeach calibration, the performance is satisfac-
tory. Results highlight the fragility of the local dune field
in response to storms. To illustrate the potential for an
early warning system, the authors force the SWAN/
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XBeach models with an existing operational forecast
WAVEWATCH-III/SWAN model. Considering finer-
scales, Plomaritis and Collins (2013) study the small-
scale modifications of tidally driven flows caused by
hydro- and sediment dynamics in the near-field area of
offshore breakwaters. The offshore breakwaters are locat-
ed on the West Sussex coastline, south coast of England.
The computations concentrate on modifications caused by
the breakwater structures in the absence of waves using a
shallow water hydrodynamic modeling system.
Modifications of tidal currents and bedload transports
are linked to the obstruction of the main tidal flow and
to flow channelization between the structures and the
coastline. The authors argue that to predict the morpho-
logical evolution of coastlines protected by structures,
both tidal and wave processes have to be modeled.

Considering coastal ocean responses to storm events,
Otero et al. (2013) analyze the consequences of a stormy
winter period (2009/2010) on the dynamics off Northwest
Iberia, utilizing the Regional Oceanic Modeling System
with mesh refinement and a nesting procedure (AGRIF).
The multi-resolution results show how the frequent
weather storms forced river plumes in fast jet structures,
followed by offshore expansion of the plumes due to wind
reversal behind the storm. The authors compare simula-
tions and data and utilize Lagrangian modeling experi-
ments to predict a northward displacement of surface
particles after several wind events.

2 Multi-resolution meshes and unstructured modeling

A prerequisite to multi-resolution modeling is the creation of
high-quality unstructured meshes or nested grids that allow
the accurate representation of geometry-related dynamics.
Several manuscripts focus on such research.

Conroy et al. (2012) develop and illustrate an ad-
vanced, automatic, unstructured mesh generator for shal-
low water models. The two-dimensional mesh generator
automatically produces high-quality meshes from a mini-
mal set of inputs, specifically the points defining the
geometry and the target minimum and maximum element
sizes. Inspired by Persson and Strang (2004), local ele-
ment sizes are optimized for the local bathymetry, coast-
line, and expected solutions, ensuring consistency through
multiple iterations. Nodes are thought to be connected
with springs, and the system is integrated to spring-
based force quasi-equilibrium. Techniques used include a
signed distance function, the approximation of coastlines
by smooth cubic splines, and a mesh function to control
element sizes. In a complementary investigation,
Terwisscha van Scheltinga et al. (2012) present an effi-
cient mesh generation scheme designed for highly
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irregular oceanic domains such as archipelagos. The new
approach is based on a standard mesh size field that
depends only on the desired resolution and proximity to
the nearest coastline. Examples are provided for the
Aegean Sea, Indonesian Archipelago and Canadian
Arctic Archipelago.

Reckinger et al. (2012) develop several adaptive volume
penalization techniques to represent topographic effects in
ocean models that use a stair-step representation of the geom-
etry. Such stair-steps can cause accuracy and numerical sta-
bility problems. The authors utilize Brinkman penalization,
adding a term to the governing equations, to enforce no slip
boundary conditions. All governing equations are then solved
on temporally and spatially varying meshes using the adaptive
wavelet collocation method. The authors analyze their joint
use of Brinkman penalization and adaptive wavelet colloca-
tion for the shallow water equations and present preliminary
results for primitive equations.

Viré et al. (2012) model fluid—structure interactions by
coupling a finite element fluid/ocean model (Fluidity-ICOM)
with a combined finite—discrete element solid model (Y3D).
Different unstructured meshes are used for the fluids and
solids. A function super-space of these meshes is employed
to ensure conservative forces at the discrete level. Spatial
conservation is shown to be independent of the mesh resolu-
tions while accuracy is shown to require fine resolutions in
both meshes. The approach is evaluated on several examples.
The authors argue that it enables accurate simulations of fluid
loading and vortex-induced vibrations in ocean engineering
structures.

Finally, efficient finite element schemes for accurate four-
dimensional ocean simulations are presented. Aizinger et al.
(2013) apply a 3D-in-space discontinuous Galerkin finite
element model to simulate baroclinic circulations in Corpus
Christi Bay, Texas and the surrounding regions. The authors
describe their modeling system, the University of Texas Bays
and Estuaries 3D (UTBEST3D) simulator, which is based on a
discontinuous Galerkin scheme for unstructured prismatic
meshes. A new feature is the extension to baroclinic flows.
The authors show that simulations compare well with data sets
collected for the year 2000. They also describe their new
turbulence scheme and their localized vertical discretization.
Simulations are conducted on parallel clusters, and an evalu-
ation of parallel performance is provided.

3 Conclusions

This topical collection shows that much progress has been
made in the utilization of unstructured numerical techniques
for the multiscale modeling of physical, biological, seabed,
and sea—ice interactions. High-quality multi-resolution
meshes and grids are needed for accurate modeling and

methods for mesh generation have been developed and
applied. The significance of accurate multi-resolution model-
ing for four-dimensional multiscale ocean studies was
stressed. Directions for future progress include the utilization
of higher order schemes in time and space, as well as the
efficient adaptive discretization and distributed implementa-
tion of realistic unstructured modeling systems. Today, key
ocean science questions involve multiple scales and nonlinear
dynamics and such systems are most likely to answer them.
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