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Operational Oceanography is defined as the set of activities
for the generation of products and services providing infor-
mation on the marine and coastal environment. 00 is de-
signed to meet different societal, economical, scientific and
other user needs. As defined by the EuroGOOS, there are two
main pillars in 0O services: i) the monitoring element, which
focuses on the systematic and long-term routine measure-
ments of oceans and atmosphere, and their rapid interpre-
tation and dissemination; and ii) the prediction component,
which uses ocean models to generate a variety of products
that may be nowcasts (the most accurate description of the
present ocean state provided by the analyses), forecasts (the
future condition of the ocean for as far ahead as possible)
or hindcasts (the most complete description of past states,
provided by reanalysis).

Understanding the physical behavior of ocean and coastal
areas provides an important guidance to manage issues re-
lated to anthropic impacts and resource exploitation activi-
ties. A wide variety of operational ocean models have been
and are currently used to tackle different issues and to sup-
port various service purposes. These different types of ocean
model applications, specific for each problem to be solved,
are based on different computer codes and parameteriza-
tions. They resolve a range of spatial and temporal scales
(with different model resolutions) using a miscellany of data
sources (as forcing initial and boundary conditions) and can
rely or not on data assimilation methods to integrate obser-
vations (Schiller et al., 2018).

Wind, waves and sea-level traditionally were the most import-
ant met-ocean parameters for maritime activities due to their
implications for marine safety and impacts on operations and
navigation conditions. Therefore, these parameters have been
the most extensively monitored and forecasted since earlier
times and their forecasting has frequently been the responsi-
bility of meteorological services. The traditionally strong con-
nection between waves and weather prediction is reinforced
by the direct interaction between waves and winds, which
makes the waves a special case with specific models coupled
only with atmospheric models (see Chapter 10), resulting in
a separated development of ocean and wave models. Never-
theless, in the last decade the gap between ocean and wave
models is diminishing and they are being progressively in-
tegrated in more comprehensive operational ocean coupled
systems (in some cases also coupling with the atmosphere).

The sea level is the other key variable that counts with a long
tradition in operational services based on specific models.

Inl

Sea level prediction services have supported very different
human activities, mostly related to navigation in shallow
waters being harbors, estuaries and other coastal areas im-
pacted by tides and appreciably sub-tidal variability. Sea
level forecasting of storm surge is a key element in coastal
flooding warning systems. Originally, only astronomical tidal
predictions were used in the sea level forecasting but pro-
gressively this approach was augmented by the use of storm
surge models, which are based on single-layer homogeneous
density barotropic ocean models but include also very de-
tailed bathymetries with astronomical tidal forcing and a
meteorological residual contribution (see Chapter 7). Cur-
rently, storm surge forecasting is also benefiting from the sea
surface height products delivered by the available high-res-
olution 3D global and regional baroclinic models operated by
different ocean forecasting services (Pérez et al., 2012).

A recent overview of the current European capacity in terms
of operational modeling of marine and coastal systems
(Capet et al., 2020) provides a comprehensive panorama of
what are the essential ocean variables and phenomena of
most interest in relation to their relevance for regional en-
vironmental issues and their impact on different economic
sectors. An interesting output from the survey performed to
underpin this study reveals that nowadays a vast majority
of the identified 00 forecast services operate hydrodynam-
ic models (see info on them in Chapter 5), with waves and
biogeochemical models (see Chapters 8 and 9) also repre-
sented but to a lesser extent. Other specific models, such as
for particle drift prediction and sea ice (see Chapter 6), are
scarcer in the operational landscape. The study also reveals
how currents, salinity, temperature, and sea surface height
are resolved for almost all operational models. Instead,
basic variables of biogeochemistry (e.g., oxygen, nutrients,
phyto- and zooplankton biomasses, suspended, and organ-
ic matter) are much less represented in the ocean forecast-
ing services. To date, marine safety, oil spills and sea level
monitoring appear as the phenomena mostly addressed by
European operational models (with more than 40 implemen-
tations). Storm surges, water quality, and eutrophication are
well-considered at present (~ 15-25 implementations) and
will benefit from an extended coverage in the coming years
(~ +30-50 % within 5 years). Finally, it must be pointed out
that harmful algal blooms, shoreline/bathymetry changes,
and ocean acidification receive some attention but remain
limited in their coverage.

Biogeochemical models have a greater complexity, as they
involve many more state variables, parameters, uncertain
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processes, interactions and drivers, which means that they
may not have yet reached the level of maturity required for
accurate simulations and useful outputs; for these reasons
their adoption in operational applications is presently limit-
ed. This also applies to the use of data assimilation in coast-
al operational application or sea ice coupled models, even
though in the past decade substantial efforts have been
dedicated to developing and improving comprehensive glob-
al and regional operational forecasting services. An example
is the case of the service delivered by the marine component
of the Copernicus Program of the European Union (Coperni-

Numerical ocean models generate as output a substantial
number of variables and volume of data. The variety of vari-
ables dealt by such models depends on the type of model
applied, the processes included, and the systems involved
(for example, ocean models can be coupled to atmospheric
and surface wave models, as well as to sea ice models or
biogeochemical ones). On the monitoring side, the ability to
measure the ocean with new technologies and techniques
(related to both remote-sensed and in-situ device observa-
tions) has been continuously enhanced since the 1980s as
well, resulting in an extended range of ocean variables to
deal with.

This wide variety in terms of variables used to monitor and
model the ocean is reflected by the CF metadata conventions
(). These conventions are intended to be used with cli-
mate and forecast data derived from atmosphere, surface
and ocean models, and from comparable observational
datasets, and are designed to facilitate the processing and
sharing of data files via widely used formats (e.g. NetCDF
and ZARR) and web services (e.g. THREDDS and ERDDAP);
their use is supported by a wide range of software. The CF
Standard Names Table (&?) is a living document that is con-
tinuously expanded following requests for new variables. In
its version 77, dated 19 January 2021, there were 579 stan-
dard names that match a query for the strings “seawater” or
“ocean”. This number gives an idea of the broad panorama
existing in terms of ocean climate and forecast variables.

1. http://cfconventions.org/latest.html
2. http://cfconventions.org/standard-names
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cus Marine Service, 2021a) which provides free, regular and
systematic information on the state of the Blue (physical in-
cluding waves), White (sea ice) and Green (biogeochemical)
ocean at global and regional scales, on the basis of model
applications with the appropriate complexity suitable for
operational forecasting. Finally, it is to be noted that sus-
tained availability of global and regional scale core products,
such as the ones delivered by Copernicus Marine Service, has
fostered the development of specific “downstream” services
devoted to coastal forecasting, favoring synergies between
different existing services (Sotillo et al., 2021).

Due to this great breadth and differentiation of ocean vari-
ables, the need arose to agree on some common key vari-
ables to monitor the ocean. In the late 1990s, in part motivat-
ed by requirements to support activities and negotiations in
the framework of the UNFCCC and the IPCC, emerged the con-
cept of ECVs. An ECV is a physical, chemical or biological vari-
able (or a group of linked variables) that critically contrib-
utes to the characterization of Earth’s climate. Furthermore,
the ECV datasets progressively became also widely used in
the context of mitigation and adaptation measures, as well
as to assess risks and enable attribution of climate events to
underlie causes. This is the fundamental importance of ECVs
and the reason for which climate services focus resources
to monitor and forecast these minimal sets of “key vari-
ables”. Currently, there are 54 identified ECVs (GCOS, 2021).
Global expert panels, coordinated by GCOS, are responsible
for maintaining updated definitions of the ECVs required to
systematically observe the Earth’s changing climate. The ECV
specification sheets are intended to be observation platform
agnostic, not focusing on what any given existing or novel
observational technology can deliver, but on the ultimate
resolution and accuracy that the full network of coordinated
systems can achieve to meet user requirements.

The WMO defines the following ECVs specifically focused on
the ocean (WMO, 2021):

12 related to physics: Ocean Surface Heat Flux, Sea Ice
(including Concentration, Extent/Edge, Thickness and
Drift), Sea Level (Global Mean and Regional), Sea State
(Wave Height), Surface Stress, Temperature, Salinity and
Currents for both Sea Surface and Subsurface;
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Physical Ocean

Parameters:

Ocean Temperature (thetao)
Bottom Temperature (bottomT)
Salinity (so)

Sea Surface Height (zos)
Currents (uo, vo)

Barotropic Currents (ubar, vbar)

Mix Layer Depth (mlotst)

é Biogeochemical

Parameters:

Chlorophyll (chl)

Iron (fe)

Ammonium (nh4)

Nitrate (no3)

Disolved Molecular Oxygen (02)
Phosphate (po4)

Silicate (si)

Phytoplankton (phyc)

Net Primary Production of Biomass (nppv)
Surface Partial Pressure of Carbon Dioxide (spco2)
Dissolved Inorganic Carbon (dissic)

@ Wave state

Parameters:

Wave Significat Height (VHMO)
Wave Mean Period (VTPK, VTM10, VTMO2)
Wave Period at Peak (VTPK)

Wave Mean Direction (VDMR, VPED)
Wind Wave:

-Significant Height (VHMO_WW)
-Mean Period (VTMO1_WW)
-Direction (VMDR_WW)

Primary Swell Wave

-Significant Height (VHMO_SW1)
-Mean Period (VTMO01_SW1)

« Previous Chapter

Water ph (ph)
Zooplackton (zooc)

Sea lce

-Direction (VMDR_SW1)
Secondary Swell Wave:

Parameters:

Sea ice age (SIAGE )

Sea ice albedo (SIALB)

Sea ice concentration (SIC)
Sea ice thickness (SIT)

Sea ice velocity (SIUV)

Figure 3.1.

Essential Ocean Variables (EOVs)
List of ocean parameters delivered by:

Bl Coceric s

-Significant Height (VHMO_SW2)
-Mean Period (VTMO1_SW2)
-Direction (VMDR_SW2)

Stokes Drift Velocity (VSDX, VSDY)

Copernicus
— Marine Service

Essential Ocean Variables (EOVs): lists of parameters delivered by the Copernicus Marine Service

for the physical ocean (including sea wave state), biogeochemistry and sea ice.

6 biogeochemical: Inorganic Carbon, Nitrous Oxide
(including interior ocean N20 and N20 air-sea flux), Nu-
trients (including ocean concentrations of silicate, phos-
phate and nitrate), Ocean Colour (Chlorophyll-a Concen-
tration), Oxygen, and Transient Tracers (CFCs, etc.).

2 Biological/Ecosystems: Marine Habitat Properties
(Coral Reefs; Mangrove Forests, Seagrass Beds, Mac-
roalgal Communities) and Plankton (Phytoplankton
and Zooplankton).

Ocean monitoring and forecasting services focus their re-
sources on covering most of these ocean ECVs. Actually,
there is an expanded list of EOVs maintained by the GOOS
(Sloyan et al., 2019) in collaboration with panels provided
by the OOPC panel and the I0CCP. GOOS aims to periodi-
cally re-evaluate and update the EQVs list. Importantly, the
EOVs include observable ecosystem and biogeochemical
characteristics of the ocean that are needed for under-
standing the state and health of the marine environment,
currently under pressure by human stressors and climate
change. While networks that observe the physical ECVs/
EOVs are generally well established, those working on bio-
geochemical and ecosystem EQVs are in most cases still
in the concept or pilot phase. Nevertheless, acquisition
of these data by regional and global observing systems is
essential to the development of model-based forecasting
capabilities. For further details on the on-going actions and
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the path forward to extend operational monitoring of these
ocean variables see Muller-Karger et al. (2018).

Some marine services already go beyond the Ocean-ECV and
EOV lists, delivering model and observation products for a
broader set of variables. This is the case for the Copernicus
Marine Service , which monitors Ocean-ECVs (as described in
its “Ocean State Report (OSR)", Copernicus Marine Service,
2021b), but goes even further than the common list delivering
more variables and indicators of interest for a wide-ranging
end user community through its Product Portfolio (Coperni-
cus Marine Service, 2021c). A summary of EOVs and parame-
ters delivered by the Copernicus Marine Service is shown in
Figure 3.1. Copernicus Marine Service is a good example of
what occurs across most of the trans-national, national or
regional ocean monitoring and forecasting services.
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Ocean dynamics are described through equations of motion
(the Navier-Stokes equations) that are well established for
ocean physics (mass, momentum and heat). However, these
equations formally apply to the continuum level, whereas in
ocean forecasting they are solved on a computational grid
with a finite number of cells and discrete resolution. Fur-
thermore, in virtually all computational environmental fluid
dynamics fields approximations are made to the governing
equations to make their solution tractable. The trade-offs
between model resolution, ocean dynamical processes re-
solved, and computational effort are discussed elegantly by
Fox-Kemper (2018). At the outset, ocean modelers are con-
fronted with the key decision of choosing the appropriate
spatial resolution for each specific ocean model application.
In global operational model applications, relatively coarse
resolutions of the order 10s to 100s kilometers are common,
whereas in coastal models far higher spatial resolution is
needed (perhaps as little as hundreds of meters). The choice
of spatial resolution inevitably sacrifices sub-grid-scale dy-
namical processes that are impractical to explicitly resolve
and must instead be somehow parameterized.

Over the past 30 years there has been a steady evolution in
ocean model resolution, in a direct proportion with enhance-
ments and availability of computing resources. This resulted
in a finer spatial resolution that allowed significant improve-
ment in the simulation of oceanic flows. A major milestone
in the evolution of ocean modeling was the introduction of
eddy resolving models. This class of models, with spatial res-
olution (less than 1/42 in latitude and longitude; or around 25
km) sufficient to allow the spontaneous emergence of ocean
mesoscale eddies, was a major ocean model achievement,
improving the quality of global simulations and opening the
door to accurate regional ocean modeling. However, as de-
scribed in the next section, this resolution is now eclipsed in
global operational systems.

The continuous increase of resolution along with the pro-
gressive enhancement of models was also due to the more
explicit inclusion of higher frequency processes, such as the
representation of tidal motions and the better representation
of turbulence and mixing processes in shallow waters. These
improvements have pushed the use of ocean models into the
mesoscale resolved and sub-mesoscale-permitting regime,
allowing their uses also for coastal purposes. As a result of
this progressive evolution of ocean modeling, we have today
an ocean model landscape composed of global, regional and
local (coastal, littoral and estuarine) model applications.
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The traditional, though in some way artificial, partition be-
tween spatial domain extent and model resolution, has
been also favored by the fact that operational ocean fore-
casting centres generate their specific ocean model products
for coastal and regional seas following a typical dynamical
downscaling approach, which transfers information at large
scales from the global solutions to the interior of the nest-
ed regional domains (Kourafalou et al,, 2015). Spatial scales
are directly linked to temporal ones, and adequate tempo-
ral resolution is also needed to simulate ocean processes at
refined spatial resolution. Hydrodynamic model time steps
are always matched to spatial resolution by virtue of nu-
merical stability constraints, but consideration must be also
given to adding temporal resolution in external inputs, such
as specifying river inflow data at daily or shorter intervals,
and resolving in this way the diurnal cycle of solar heating. It
should be emphasized that temporal and spatial scales play
important roles in ocean model performance, and inappro-
priate decisions on the spatial-temporal scales to be solved
may result in modeling errors.

As pointed out by Holt et al. (2017), one of the greater chal-
lenges in Earth System Modeling science is to get an accu-
rate representation of coastal and shelf seas in global ocean
models. Furthermore, applying cutting-edge scientific prog-
ress in ocean model systems, which aim at solving the ocean
state in the climate system or at supporting monitoring and
forecasting systems, is another challenge of the operational
ocean services.

Next sections describe ocean forecasting at the global, re-
gional and coastal scales:

3.3.1. Global monitoring and
forecasting systems

Numerous ocean modeling groups and individual research-
ers operate near real-time systems for the analysis and
forecast of ocean mesoscale circulation in global and basin
scale domains. They are gathered under the umbrella of the
OceanPredict science network (&) that evolved from the
GODAE group established in 1999 at the behest of the GOOS
sponsored OOPC panel. As a forum for knowledge exchange,
OceanPredict fosters communication on best practices and
new developments in global ocean modeling, engaging also
with regional domain activities and the generation of mod-

3. https://oceanpredict.org
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el-based information products. A component of these ac-
tivities is the annual reporting on forecast systems run by
national centers and multi-national consortia, which main-
tain a very high level of operational stability and reliability
akin to national weather services. In many instances these
ocean systems increasingly operate in strict collaboration
with weather services, a trend that is strengthening with the
emergence of seasonal to sub-seasonal prediction efforts.
From OceanPredict ¢* annual reports and system descrip-
tions, it can be noted that horizontal resolutions of order
1/12°, or roughly 9 km at mid-latitudes, are widely considered
adequate for delivering forecasts useful to numerous stake-
holders and users, and to inform subsequent down-scaling
efforts. Running global simulations at much higher reso-
lution, such as the 1/482 (~2-3 km) MITgcm LLC4320 model
(Su et al, 2020), has proven feasible, and this resolution
improves the representation of processes such as the me-
soscale to submesoscale turbulent cascade and submeso-
scale modulated vertical mixing. However, for global forecast
systems, the substantial additional cost of advanced DA in-
creases the computational demand of the analysis/forecast
cycle by roughly an order of magnitude, making higher res-
olutions impractical at present. Moreover, there is evidence
that existing global observing networks are not able to con-
strain higher resolutions. Jacobs et al. (2019) suggest that the
horizontal scales of motion that are effectively constrained
by available sustained observations is of order 36 to 54 km or
larger, depending on the metric. When shorter length scales
that were notionally resolved by their model (~5 to 10 times
the grid resolution) but unconstrained by observation were
filtered out of the model prior to computing Lagrangian drift-
er trajectories, the ensemble trajectory forecast error actu-
ally decreased.

3.3.2. Regional monitoring and
forecasting systems

Many groups in the OceanPredict network also operate re-
gional domain models encompassing single ocean basins
or large marginal seas with enhanced resolutions of about
4 km or even finer, using output from global analysis/fore-
cast systems as open boundary conditions. There are many
reasons for this downscaling approach. The familiarity of
local experts with regional ocean dynamics allows them to
make choices in model configuration that yield more skill-
ful results. For data assimilative systems, there is also the
opportunity to incorporate local observations that were not
utilized by the parent model operators. Furthermore, region-
al operators are often better acquainted with, and can be
more responsive to, the information product requirements
of regional stakeholders.

4, https://oceanpredict.org/science/operation-
al-ocean-forecasting-systems/system-descriptions
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The nominal resolutions of some typical regional systems
within OceanPredict ¢° are for the seas around Korea of 1
to 3 km and ports at 300 m, the MedFS at 1/24° (~3.5 km),
and the JMA at ~2.5 km. Numerous sub-domains in the Indian
Ocean run by the INCOIS operate at similar resolutions.

Some of these systems include advanced DA in the forecast
cycle initialization, such as the JMA regional model that uses
4-dimensional variational (4D-Var) assimilation, although this
is not the norm. Several Regional Associations of the US I00S
operate down-scaling forecast systems using 4D-Var to incor-
porate local high-resolution data from autonomous vehicles
and surface current measuring HF-radar in domains of several
hundred kilometers in extent, but model resolution is in the
range 4 to 10 km. The WCOFS operated by the US NOAA CO-OPS
is an ambitious regional forecast system covering over 3000
km of the US west coast. Originally conceived as a 2-km model
(Kurapov et al., 2017), this proved impractical for real-time DA.
Operational WCOFS uses a 4 km grid, for which a complete cy-
cle of 4D-Var takes 5 wall clock hours each day on 480 cores
of the National Weather Service high performance computer.

However, computational cost remains a major constraint
on regional model resolution, and the question of whether
coastal ocean observing systems have sufficient resolution
to inform finer scales remains open. Mixed resolution sys-
tems are in development, wherein the forecast model is run
at a higher resolution than the DA analysis. In experimental
systems there is evidence (Levin et al., 2021) that submeso-
scale resolving nested models can extract added informa-
tion from closely spaced observing platforms that capture
the unbalanced ageostrophic submesoscale.

Sotillo et al. (2021) describe an operational system with
a model grid downscaling approach. It employs regional
downscaling to order 4 km with the purpose of delivering
improved resolution for continental shelf seas of the Ibe-
rian Peninsula, with subsequent downscaling to ~350 m on
selected coastal sectors and further to ~70 m in ports. This
hierarchical approach, using similar models at each level of
refinement raises a question: what are the differences be-
tween a coastal and a regional model?

The regional forecasting system examples mentioned above
mostly use model codes that solve the hydrostatic primitive
equations on a structured grid. While the transition to very
high-resolution might admit submesoscale stratified dynam-
ics, shallow coastal waters are often well mixed vertically
and the processes relevant to ocean prediction for maritime
operations have horizontal scales that are long relative to
the depth, and consequently the hydrostatic approximation
remains valid (Fringer et al., 2019).

5. https://oceanpredict.org/science/operational-ocean-fore-
casting-systems/system-reports
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The distinction we have made in structuring this section is

that coastal models differ from regional models in that sub-
mesoscale processes are dramatically constrained by ba- 40
thymetry while coastline scales are smaller than the Rossby
deformation scale. Such processes include lateral and verti-

cal flow separation, secondary flows, headland eddies, wakes,

and frontal convergences. Resolution of topographic features 39.5
that impact such processes is of paramount importance.

3.3.3. Coastal monitoring and
forecasting systems 39

As previously noted, Sotillo et al. (2021) used a set of struc-

tured grids in their limited area one-way downscaled nested

coastal models for selected ports and coastal segments. One 38.5
advantage of this strategy is that the computational burden

of short time steps demanded by high resolution is limited

to the finest grid nests and does not impact the efficiency of

the coarse parent grid. 38

More complex nested systems employ full coupling of parent
and child nests on each time step, including two-way commu-
nication of fine scale variability back to the parent, a feature
supported in some models such as the Coastal and Region-
al Ocean COmmunity model (CROCO; &°). A similar nesting
framework has been used in the Regional Ocean Modeling
System (ROMS; ¢”7) model within the Coupled Ocean-Atmo- 40
sphere-Wave-Sediment Transport system (COAWST; Warner
et al. 2008) to perform numerous research studies of coastal
and nearshore circulation and geomorphology, though im-
plementation of this approach in operational systems is rare. 39.5

NOAA CO-OPS use the orthogonal curvilinear coordinate fa-
cility in ROMS to better represent details of irregular coast-
line shape and variable bathymetry in a number of estuaries 39
of the U.S. coastal zone. For example, the Delaware Bay Oper-
ational Forecast System (DBOFS; &%) uses a curvilinear grid
that adapts the model domain to the general shape of the
estuary (Figure 3.2) and stretches the grid resolution from 4 38.5 |
km offshore to 40 m within the tidal river.

However, there are clear limits to the abilities and efficien-
cies of curvilinear structured grid models for coastal applica- 38
tions. By contrast, unstructured grid models (e.g. FVCOM, AD-
CIRC, SELFE, SUNTANS; see Fringer et al. (2019) for references
on these models) have enormous flexibility to resolve com-
plex bathymetric features. They efficiently resolve multiscale
features by adapting grid orientation to follow the coastline

or the isobaths, telescoping the resolution to match antici- Figure3.2.  NOAA CO-OPS Delaware Bay Oper-
pated scales in the circulation. ational Forecast System (DBOFS) curvilinear grid

domain and bathymetry (top) and enlarged view

of inset area (bottom) showing the stretch mesh
6. https://www.croco-ocean.org ~40 m resolution in the vicinity of the estuarine
salt wedge and tidal river.

-75.6 -75.5 -75.4 -75.3

7. https://www.myroms.org
8. https://tidesandcurrents.noaa.gov/ofs/dbofs/dbofs_info.html
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Conventional unstructured grid model configurations use the
same time step throughout the domain, so regions of coarse
resolution are often integrated with a time step vastly less
than necessary for accuracy or stability, incurring in a loss
of efficiency. But a well-crafted mesh will have a relative-
ly small proportion of cells where the resolution is coarse.
For example, the Great Barrier Reef model of Legrand et al.
(2006) has 82% of the cells concentrated close to reefs and
islands, whereas 25% of the area of the domain far from the
coast is captured by less than 1% of cells.

As its name suggests, the SURF described by Trotta et al.
(2021) demonstrates that both approaches to grid design can
be implemented within a single system taking advantage of
their respective strengths.

The ability of unstructured grids to resolve exceptional de-
tail locally is illustrated by the application of the Stanford
unstructured-grid, nonhydrostatic, parallel coastal ocean
model (SUNTANS) to achieve ~1 m horizontal resolution at a
convergence zone between tidal channels in the Snohom-
ish River Estuary (Giddings et al., 2012). At this resolution,
non-hydrostatic dynamics that are incorporated in the SUN-
TANS computational kernel can become important. However,
in operational settings that encompass much larger domains,
fully resolving such coastal submesoscale detail is not feasi-
ble, and some attempt at parameterization is necessary.

Approaches to parameterizing very high-resolution bathym-
etry in lower resolution models are discussed by Fringer et
al. (2019), who draw particular attention to the sub-grid ba-
thymetry method of Casulli (2009) for improved representa-
tion of wetting and drying processes for coastal sea level in-
undation. This approach, which preserves the cross-section
area of cell faces on the basis of bathymetric data available
at resolution finer than the model mesh, was used to great
effect by MacWilliams et al. (2016) in simulations with the
UnTRIM model (Casulli and Zanoli, 2005) of the San Francisco
Estuary (Figure 3.3). Accuracy similar to the high-resolution
(~10 m) version of the model was achieved with an order of
magnitude fewer cells and a 40-fold speed-up in run time.
For coastal inundation forecasting - an important applica-
tion of operational coastal ocean modeling - is essential to
follow these careful steps to represent coastal submesoscale
bathymetric detail, as well as to achieve acceptable run-time
for the timely delivery of forecast guidance.

The meaningful configuration of an operational system at
such high resolution clearly requires the existence of compa-
rable resolution bathymetric data. These are becoming more
widely available with the increasing use of airborne LIDAR
and concerted efforts to merge independently acquired data
sets into unified gridded products with harmonized vertical
datum. For example, coastal relief (both water and adjacent
land) is digitized at 1/3 arc seconds (~10 m) for many sectors
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Figure3.3.  Comparison between high-resolu-
tion (left) and coarse-resolution (right) from the
Bay-Delta model grids by the UnTRIM model in
the region of Mildred Island, San Francisco Estu-
ary, U.S., showing the savings in resolution with
little loss in accuracy by the application of sub-
grid-scale bathymetry parameterization - from
MacWilliams et al. (2016).

of the US East coast that are subject to frequent storm surge
inundation or at tsunami risk, and for most estuaries bathy-
metric data at 30 m resolution are available.

In contrast to the great challenge of adequately representing
horizontal detail in coastal ocean models, vertical resolution
is seldom a limitation in operational models. The widespread
use in coastal models of terrain following coordinates retains
vertical resolution in shallow water; in ROMS and CROCO this
can be further stretched toward the surface or seafloor to
give added resolution in frictional boundary layers.

Vertical turbulence closure schemes for operational coast-
al models are mature, including the parameterization of
wave-current interaction processes that modify bed stress,
wave radiation stress and Stokes drift, and models can exploit
wave data or a wave model if they are available in conjunction
with the circulation model. In this topic, there is active re-
search and development on parameterizing the roles of sub-
aquatic vegetation (Kalra et al. 2020) and semi-porous reefs
on drag and circulation to adequately represent the drag in
flooded areas during unusually severe inundation events.

Summarizing, the current best practices for multi-scale model-

ing from global to regional to coastal scales favor global and
basin resolutions of order 1/12°, with downscaling to ~4 km in
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regional seas and sub-kilometer scale in coastal applications,
estuaries and ports. This hierarchy of scales in typical applica-
tions was corroborated also in reviews such as Holt et al. (2017).

For coastal domains, unstructured grid models remain pop-
ular for the substantial flexibility they offer in representing
complex topographic regimes. At regional scales, the choice
for the appropriate model is wide and this is reflected in the
diversity of model codes used by operational agencies. It
should be kept in mind that resolution is only one constraint
on model fidelity. Forecast systems benefit from advanced
data assimilation in the analysis step that informs the initial
conditions of a forecast. While advanced data assimilation
at global and basin scales is mature and widely employed in
operational systems, these methods have yet to be applied
seriously in operational coastal and estuarine environments.

The ocean displays variability of physical parameters across
a very wide range of spatial and temporal scales, from min-
utes to centuries and millennia and from centimeters to the
dimension of ocean basins (Benway et al., 2019). As shown
in Figure 3.4, this feature makes the ocean a greatly complex
system, characterized by interactions between a great deal
of processes at many different time/space scales (in which
small scales can affect large ones and vice versa).

Operational forecasting services, as defined in Section 31,
typically deal with problems with a forecast horizon from
hours to days, and time intervals at which the solutions are
presented to users can vary from hours to minutes. Neverthe-
less, ocean models can be used for other purposes at longer
time scales, such as seasonal prediction and climate model-
ing. Climate models are based on well-established physical
principles, and it has been shown that they can reproduce ob-
served features of recent climate and past climate changes.

There is considerable confidence that AOGCMs provide cred-
ible quantitative estimates of future climate change, partic-
ularly at large scales, although uncertainties still remain. As
stated in the Randall et al. (2007) contribution to the Physical
Science Basis Contribution of Working Group | to the Fourth
Assessment Report of the IPCC, there are different levels of
skill in simulating the various ECVs.
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When this happens, aided by the emergence of comprehen-
sive high-resolution coastal observing networks, they place
an added burden on computational effort and may demand
reassessment of the resolution necessary to meet the infor-
mation requirements of stakeholders.

While it seems unlikely that very small scale nonhydrostatic
vertical processes will be resolved in operational systems in
the near future, there is progress on their parameterization
within conventional primitive equation models (e.g. Dong et
al,, 2021). There is further ongoing research in both coastal
modeling techniques and parameterization of other process-
es (Fringer et al,, 2019) for a comprehensive overview) and
many of these developments are expected to advance from
research to operations in due course.

Long-term climate change projections reflect how human activ-
ities and/or natural effects can alter the climate over decades
and centuries. The principal driver of long-term warming is the
large cumulative emission of CO, over time from many an-
thropogenic sources. In this context, it is important defin-
ing scenarios, using specific time series of emissions, land
use, atmospheric concentrations or radiative forcing across
multiple models, which allows for coherent climate model
intercomparisons and synthesis. As stated by Collins et al.
(2013), for the above purpose is used information from a
range of different modeling tools, from simple energy bal-
ance models to the highly complex Earth System dynamical
climate models. The CMIP Phase 5 utilizes an unprecedented
level of information on base projections, including the more
complete representation of forcings, and has produced new
RCP scenarios (i.e. RCP2.6, RCP4.5, RCP6, and RCP8.5). Thanks
to the coordination of model experiments and outputs by
the CMIP5 group, the World Climate Research Program and
its Working Group on Climate Models have been able to step
up efforts to evaluate the ability of models to simulate past
and current climate and to compare future climate change
projections. This ‘multi-model’ approach is now a standard
technique used by the climate science community to gen-
erate and assess projections of a specific climate variable.

Substantial progress has been made in understanding the
climate scales, as well as in simulating important modes of
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CHAPTER 3. DEFINITION OF OCEAN FORECASTING SYSTEMS: TEMPORAL AND SPATIAL SCALES SOLVED BY MARINE MODELING SYSTEMS
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Figure 3.4.

climate variability; as a consequence, the overall confidence
in the capacity of models to represent important climate pro-
cesses has increased. These improvements in AOGCMs are
due in large part to the continuous development of the oce-
anic model component in recent years. There have been im-
provements in terms of resolution, computational methods,
and parametrizations; furthermore, additional new processes
have been progressively added to the ocean models used to
simulate multi-year periods and climate projections, enhanc-
ing the complexity of the ocean climate model component.

As previously mentioned, ocean model resolution has in-
creased (currently, the state-of-the-art is eddy-resolving
models) and ocean climate models, especially regional mod-
els, are abandoning the ‘rigid lid" treatment of the ocean
surface that filters out some high frequency processes. New
physical numerical parametrizations, including true freshwa-
ter fluxes, and/or improved river and estuary mixing schemes,
better advection and mixing schemes are now widely used.
All these improvements have led to the reduction of the
uncertainty associated with the use of less sophisticated
parametrizations. Finally, it should be mentioned that there
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Source: modified from Dickey, 1991.

Temporal and spatial scales of selected ocean processes.

has been substantial progress in developing the cryospheric
components of AOGCMs. Almost all state-of-the-art AOGCMs
now include sea ice, with more elaborate sea ice dynamics,
while many also include several sea ice thickness categories
with relatively advanced thermodynamics and rheology.

Efforts to enhance the quality of climate projections are al-
ways related to the computational resources dedicated to
the ocean modeling component, but currently there is no
consensus on the optimal way to divide computer resources
among the following components: i) finer numerical grids,
which allow for better simulations; ii) greater numbers of
ensemble members, which allow for better statistical esti-
mates of uncertainty; and iii) inclusion of a more complete
set of processes (e.g. carbon feedbacks). Finally, it has to be
mentioned that there is also an important ongoing activity in
terms of ocean climate regionalization, which has been de-
veloped in the framework of national and regional climate
services initiatives with special emphasis on coastal climate
impacts and applications.
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