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Abstract

During the life of GODAE, numerical modeling and prediction in coastal and shelf seas have greatly benefited from the development of state-of-the-art, data-assimilative and data-validated large-scale models that can supply initial and boundary conditions to nested domains, allowing the resolution of fine spatial and temporal scales. Marine safety, search and rescue, swimming water quality, oil and nuclear industries, ship routing, fisheries, aquaculture, Navy applications, management of coastal and shelf seas, local air/sea coupled modelling, and last but not least scientific research, are among the potential beneficiaries from such a downscaling approach. 

In order to illustrate such a concept, we will take advantage of discussions and activities of the past two years within the GODAE Coastal and Shelf Seas Working Group community, gathering 38 systems using GODAE products for coastal applications, and in particular the CSSWG White Paper, the 2006 Beijing symposium and the 2007 Liverpool workshop.  We will first focus on coastal modelling and its links with applications and with large-scale modelling.  Following the lead of the White Paper, we will then consider important issues and ongoing research related to downscaling, giving a few examples along the way: specificity of ocean physics and processes; multi-scale modelling; enhancements to predictability; and array design.  The next section will examine how we can measure the value of coastal ocean products and of downscaling, and in particular examine the added value over the large-scale products, both in terms of science and in terms of utility for applications. We will conclude by addressing how we can bring those ideas forward in the future, and in particular which new research topics should be considered, and which existing topics should be expanded.

1. Introduction

Coastal ecosystems have been subject to unprecedented stresses in recent decades. The main stressors are the increasing activity the coastal zone (e.g. Nicholls and Small, 2002), and climate variability and change. The resulting issues are diverse. They include changes in shorelines and near-shore bathymetry, increased coastal flooding, habitat modification, loss of biodiversity, eutrophication, increased probability of harmful algal blooms and chemical contamination, reductions in the abundance of exploitable living marine resources, and public health problems associated with water quality, beach and storm-water pollution, and increased seafood contamination. In parallel, there are increasing requirements for monitoring and forecasting of currents and marine parameters in shelf seas, over the shelf slope and beyond, in support of offshore oil industry operations, fish stock management, and water quality modelling (e.g. Holt, 2002).  

Coastal modelling and forecasting are expected to play an increasingly central role at meeting those needs.  Numerical modelling of the coastal ocean is in itself a major challenge for the scientific community because of the specific and rich dynamics of coastal regions, and because of the various couplings with the lower atmosphere and exchanges with the near-shore and open-ocean regions. For a realistic simulation, coastal ocean models need to be initialized and constrained at their lateral boundaries. Extrapolating from our somewhat limited experience (e.g. Robinson and Lermusiaux, 2002; Pinardi et al., 2003), it seems reasonable to think that specifying the offshore boundary conditions of physical coastal models by using forecasts from a hydrodynamical large-scale ocean model such as a GODAE system is the way to go to provide better local estimates, extend predictability on shelves, and enhance the usability and representativeness of local observations. Given the central importance of the physical variables in coastal prediction, this would have the potential to extend the predictability of several other types of multidisciplinary variables.

According to the GODAE Strategic Plan (IGST, 2000), the first objective of the project is to “apply state-of-the-art ocean models and assimilation methods to produce short-range open-ocean forecasts, boundary conditions to extend predictability of coastal and regional subsystems, and initial conditions for climate forecast models.”  The 2002 GODAE Development and Implementation Plan states: “Climate and seasonal forecasting, navy applications, marine safety, fisheries, the offshore industry and management of shelf/coastal areas are among the expected beneficiaries of GODAE.” The usefulness of the basin-scale systems to coastal and shelf seas forecasting is therefore be one of the measures of the success of such a project.  

Within the time frame of GODAE, it was not attempted to develop the large-scale coordination effort that would have been required to comprehensively meet the needs of a very wide range of coastal modellers and users.  Instead, it was felt that exploring the application of GODAE core systems to a relatively small number of coastal ocean models in the countries involved in GODAE was within reach. An ad hoc working group, the GODAE Coastal and Shelf Seas Working Group (CSSWG), was  created at the beginning of 2006 to that end – the working group members are co-authors of this article.  A total of 38 coastal ocean systems nested in larger-scale systems in many coastal regions of the world ocean were examined.  Results from those and other systems, in particular regarding the suitability of the existing large-scale estimates, as well as more general issues and requirements related to downscaling, were discussed at three events: a session at the GODAE Symposium on Ocean Data Assimilation and Prediction in Asia-Oceania in Beijing in 2006, a workshop held in Liverpool in October 2007, and a special session at the American Geophysical Union Fall Meeting in San Francisco in December 2008.  Some of the questions reviewed in Liverpool were the following: What is the respective sensitivity of coastal ocean systems to initial and boundary conditions?  What is the best type of GODAE product for one particular type of application? Does downscaling add value to large-scale products? Does using large-scale boundary conditions improve coastal forecasts?  Does assimilation of local observations add further value to coastal products?  The GODAE CSSWG White Paper (De Mey et al., 2007) lists the coastal systems and provides background on these issues with the contributors of specialists of some key techniques; this article will largely borrow from it.  Contributors to the WP are acknowledged at the end of this paper.

We will first focus on coastal modelling and its links with applications and with large-scale modelling.  Following the lead of the WP, we will then consider important issues and ongoing research related to downscaling, giving a few examples along the way: specificity of ocean physics and processes; multi-scale modelling; enhancements to predictability; and array design.  The next section will examine how we can measure the value of coastal ocean products and of downscaling, and in particular examine the added value over the large-scale products, both in terms of science and in terms of utility for applications. We will conclude by addressing how we can bring those ideas forward in the future, and in particular which new research topics should be considered, and which existing topics should be expanded.

2. Coastal modelling, applications, and links with large-scale modelling

The specific needs of the coastal ocean have led to the development of a wide range of models of various types, only part of them being operated by scientists. The most advanced models are based on physical principles and are used to mitigate the effect of coastal hazards and facilitate marine management. Phenomena of interest include tides and storm surges, tsunamis, shoreline change, coastal currents and hydrography, coastal upwellings, river plumes and regions of freshwater influence, atmosphere-driven processes, surface waves, and sea ice. The specific models used to manage living marine resources, and also help maintain ecosystem and public health, are often based on empirical relationships and statistical constructs (e.g. sequential population analysis, multi-species production and ecosystem models, dose-response relationships for ecotoxicology applications). 

Coastal models cover variability on time-scales of minutes (e.g. tsunamis) to centuries (e.g. global sea level rise, vertical crustal movement and their combined effect on coastal flooding). The space-scales of interest range from tens of meters (e.g. water quality predictions in a specific harbor) to global (e.g. storm surge predictions by NCOM).

The models are used to help understand how coastal systems work (often in conjunction with specifically designed field programs), to reproduce specific situations and scenarios, to forecast marine parameters, and to design observing systems. The most important practical applications include reconstructing changes over recent decades (hindcasts), generating climatologies and spatial maps of the occurrence of extreme events, nowcasting of the present state of the coastal ocean in support of adaptive biological sampling and safe navigation, and finally short-term forecasting (e.g. sea level, currents and sea-state). The models are sometimes used to provide “what-if” scenarios, looking at the implications, mostly, of climate change and variability, and coastal development. For instance a dynamical model can be run in conjunction with biogeochemical models to explore potential changes in nearshore primary productivity (e.g. Craig, pers. comm., 2006) and assess  the effect of increased water temperature associated with climate change on the probability of occurrence of harmful algal blooms.

Given the large number of variables to be predicted, and the scales of interest, it is not surprising that many types of shelf models have been developed over the years, e.g. nested finite difference and unstructured grid, sigma coordinate and spectral in the vertical, barotropic and baroclinic, hydrostatic and non-hydrostatic, advection-diffusion and individual based (Lagrangian) models for biological variables. 

Although the coastal models are quite diverse in terms of their structure and application, the quality of their results is almost always critically dependent on the quality of the physical/dynamical component that is used to model the thermohaline and hydrodynamic variability. To illustrate, transport and dispersion are critical physical processes in determining the spatial distribution of harmful algal blooms indicators. Similarly interannual changes in water temperature and depth are critical determinants of the health of coral reefs. This point of view is consistent with the conclusions of the Coastal Ocean Observations Panel of the Global Ocean Observing System. After objectively assessing the importance of a large number of physical, chemical and biological variables in terms of predicting and detecting change in coastal ecosystems, the panel concluded that the top 5 variables were sea level, water temperature, currents, changes in bathymetry and salinity (see Table 4.2 of The Integrated Strategic Design Plan for the Coastal Ocean Observations Module of  the Global Ocean Observing System, 2003). 

Apart from the applications linked to global climate change monitoring, most of the practical applications to which ocean forecasting, and GODAE in particular, can contribute are in the coastal zone.  Most of these applications have been listed above; other important applications are related to the regional impact and sources of global change.  The GODAE systems are targeted at estimating the global ocean, but they also provide solutions in coastal and shelf seas, in particular due to recent advances in ocean modelling (e.g. Griffies et al., 2000).  

However, even though the coastal and deep ocean are components of the same coupled system, and the fundamental equations governing their physical evolution are identical, models of the coastal ocean have specific requirements which are almost never met by the global open-ocean systems in their present state. One important reason is that the spatial and temporal resolution required to make realistic predictions of coastal conditions are generally much higher than the resolution required for the adjacent deep ocean. For example tides, internal waves breaking, and the barotropic response to high-frequency atmospheric forcing, often dominate sea level and current variability on shelves and can control mixing and transport; these processes have time scales of hours and horizontal scales that can be of order 100 m or less. Also most large-scale ocean models have poor representation of shelves in addition to poor cross-shelf exchanges. Another reason is that some of the phenomena important on shelves may require special numerical treatment (e.g. non-hydrostatic motion on small spatial scales, tidally generated solitons, upwelling and downwelling coastal fronts, jets, strong buoyancy input and regions of freshwater influence).

On the other hand, we are witnessing a slow convergence between global and coastal models.  This can take the form of unique models for both classes of scales, or on-line integration of both types of models.  The NCOM model (e.g. Barron et al., 2006), as a "global coastal model", is an example of a unique code, although it does not address all coastal processes. Also, depending on availability of appropriate resources, some GODAE groups plan to further increase the horizontal (and vertical) resolution of their models while adapting the mixing parameterizations.  Two-way coupling (described later in this paper), mesh refinement techniques (e.g. AGRIF; Blayo and Debreu, 2005b) as well as unstructured-grid models (finite-element, finite-volume models; described later), are also being developed by several groups worldwide, but are not yet part of a GODAE core system. Two-way coupling may lead to a better scientific understanding of the scale interactions and possibly better parameterizations of coastal processes in open-ocean models.  It may also lead to more effective ways of assimilating coastal data (such as coastal sea level) into ocean models by allowing for more accurate model representations of the observations. A specific advantage of the feedback onto the large-scale model is that many large-scale models have a poor representation of shelf seas even though coastal buoyancy fluxes and cross shelf exchange can have a significant effect on conditions over the slope and adjacent deep ocean (in particular its thermohaline structure).

Although coastal ocean and open-ocean models are likely to continue to evolve separately in the near future, there are several reasons for adopting a "downscaling" approach. It is becoming increasingly clear that specifying the offshore boundary conditions of coastal models by using forecasts from a hydrodynamical large-scale ocean model is the way to go (1) to provide better local estimates by adding value to the large-scale products, (2) to extend predictability on shelves, and (3) to enhance the usability and representativeness of local observations. Given the central importance of the physical variables in coastal prediction, this approach has the potential to extend the predictability of several other types of multidisciplinary systems. 

In the short term, one-way coupling is a realistic starting point for this type of activity and provides the large-scale systems with a very direct way of demonstrating the value of their products for coastal applications.  Besides, one-way coupling has its own advantages in an operational context: flexibility in the selection of the most appropriate model physics and of the best locally available atmospheric products; ad hoc validation by teams knowledgeable about the local physical oceanography; functional links to end users permitting more effective feedback; experience with specific locally-validated numerical schemes which can then be ported to larger-scale systems.

3. Issues and research related to downscaling

3.1. Coastal ocean physics

The specific coastal ocean physics is a constraint and a difficulty when downscaling from a larger-scale system. An important issue arises with the rapid change in dominant physical processes moving from the open ocean into the coastal areas, and the corresponding requirements concerning the required model forcing functions.  The coastal ocean differs from the open ocean in the presence of the coast, strong bathymetry gradients, inputs from rivers, and shallower water in shelf areas.  Coastal trapped waves propagate cyclonically around the ocean basin, on the gradient of potential vorticity caused by this depth change (Huthnance et al., 1986).  Shelf-scale responses to forcing are transmitted along the shelf in this sense.  Flows in these shallower seas are forced in particular by pressure and current fields from ocean-scale mass balances, circulation, tides and eddies, winds and air pressure variations, non-uniform density (due to solar heating, river inputs, precipitation-evaporation, latent and sensible heat fluxes). For all these, responses differ between the deep ocean and shallower shelf as follows.

Along-slope currents can be forced by an along-shelf pressure gradient from the oceanic density field.  The barotropic pressure gradient can be larger in shallower shelf and slope waters, with only part of the steric gradient, than in the deep ocean where steric and surface-elevation contributions nearly cancel.  Other agents of along-slope flow are: steady wind stress; a response to fluctuating winds that is biased because coastal-trapped waves only cause form drag on flow that is anti-cyclonic around the ocean basin; rectified tides and other waves; geostrophic balance in a front along the shelf-break (Gawarkiewicz and Chapman, 1992), e.g. significant fresh-water input on a narrow shelf.

Tides in the open ocean often have amplitudes O(0.2 m) that scale with the equilibrium tide. (The near-resonant Atlantic has larger tides).  However, wave dynamics and energy convergence often amplify the response in shelf seas, by a factor as large as 10 or more.  Shelf-sea currents filling the volume between high and low tide are shallow and correspondingly strong.  Tides carry momentum-flux and sharp spatial gradients (e.g. headlands and the shelf edge) give rise to tidal residual currents, along depth contours if friction is weak (e.g. Huthnance, 1981).  Tsunamis also amplify on the shelf for similar reasons; their shorter period favors a progressive form and continued run-up at the coast.

Internal waves are ubiquitous in the ocean.  The continental shelf edge in particular generates internal tides where vertical (possibly non-hydrostatic) displacements are induced by tidal flow across the steep slope.  Then non-linear interactions distribute the energy over a spectrum between the Coriolis and buoyancy frequencies.  Internal tides often propagate onto (and off) the shelf, and may be generated at banks on the shelf.

Storm surges are driven by winds and air pressure of large spatial scale 100 – 1000 km to which shallow shelf seas respond quickly (hours) with the coast acting as a barrier and setting up pressure gradients.  A layer below stratification may be 180° out of phase with the surface layer (Rippeth et al., 2002).  

Upwelling and downwelling are induced by (respectively) offshore or onshore transport of surface water, forced by the wind and diverging or converging towards the coast.  Spatial gradients of wind stress in the land-sea transition (effects of vegetation versus waves, topography, sea breezes) also cause surface transport gradients and sheltering in various configurations (e.g. Huthnance, 2002).  Divergent transport requires surface-water replacement by upwelling; downwelling is the reverse. Capes tend to favor upwelling, through topographic effects and because a wider range of wind directions causes offshore transport somewhere.  Upwelling may raise a seasonal thermocline to the surface as a front, which may further develop instabilities and filaments.

Surface-wave currents reach the bottom in shallow shelf seas, causing sediment suspension, mixing and increased wave breaking, a source of near-surface turbulence. 

(Seasonal) heating and cooling are affected by mixing: by bottom turbulence from tidal currents and from the surface by winds and waves.  Dense water, formed by heat removal from shallow shelf seas in winter, may cascade down the continental slope (Shapiro et al., 2003).  Seasonal fronts occur between summer-stratified areas and (usually shallow) areas where the water column is well-mixed (Simpson and Hunter, 1974).  Fronts may also occur between oceanic waters and coastal waters freshened by river inputs.  Frontal density fields imply pressure gradients, typically in near-geostrophic balance with along-front or coastal currents (which may be baroclinically unstable).

A close relationship with the topography is common to all these features.  Hence good predictions require bathymetry on the predominant scales of a few kilometers at the shelf break and coast.  

Near-coast predictions also require winds, air pressure and waves resolved on similar scales, and well-resolved in time; Warrach (1998) found that monthly-, daily-averaged and hourly winds gave successive improvements in shelf-sea seasonal thermocline prediction, and that local winds were needed. Obtaining local meteorology which resolves the effects of coastal features, such as exposed sandbanks/mudflats or cliffs/steep coastal topography is usually not possible. An example of its impact was demonstrated in the German Kustos experiment, where a local high resolution atmospheric model was coupled to a coastal ocean model of the German Bight thereby better resolving the processes at the sea/land interface (see Ocean Dynamics, 51 (2/3), 1999 for a selection of papers on Kustos); also see results from the MEAD experiment in the Kattegat (Spokes et al, 2005). 

River inputs are important to near-coast salinity and dynamics, but are often not readily available as time series; un-gauged inputs are often significant.

3.2. The particular case of the tides and barotropic dynamics

The tides are the dynamical process with the largest amplitude in shelf/coastal seas. During severe meteorological events, storm surges can match the tidal elevation and currents, especially close to shore. In contrast to the open ocean, high frequency dynamics (HFD) can impact the lower frequency coastal processes (LFD) for several reasons e.g. vertical mixing (bottom layer, internal waves along the shelf break), horizontal exchange across the shelf break, residual transport along shelf edges and shorelines. Two sensible choices can be made when modelling the effect of tides in coastal circulation models.  They are now discussed.

The tides and storm surges may not be taken into account in the external forcing (open boundary conditions), body forcing (astronomical and loading/self-attraction potential) or surface forcing (HF wind and pressure). In that case any assimilated data are carefully detided and lowpass-filtered.  When such a choice is made, all the possible interactions between HFD and LFD must be parameterized. The parameterizations would preferably be fed with dedicated HF models (e.g. Lyard et al., 2006; Pairaud et al., 2008). The advantage of this choice is to keep the time step and disk usage at reasonable levels. However, nothing can guarantee today that such parameterizations will be accurate enough to meet the requirements of realism of the applications. 

The full HFD may be taken into account. Providing that proper numerical schemes are used for the external mode, the advantages of this choice are obvious: improved state vector representativity (when assimilating or comparing to data), less parameterization hassles. In the other hand, such an approach will require time splitting capabilities in the numerical schemes to limit the computational cost of the fast barotropic modes. More annoyingly, the vertical current generated by the tides at the shelf edges might limit the internal time step (Courant-Friedrichs-Levy condition on the vertical, although there are numerical treatments to overcome this, e.g. James, pers. comm., 2000). Also the periodic variation of the ocean surface layers due to the internal waves can interact with some turbulence closure schemes. Last but not least, the model archive will need a built-in post processing module to filter out the HF signal, especially tides. This can be performed by the means of harmonic analysis. 

3.3. Multi-scale modelling

As said above, the conceptual separation of open-ocean and coastal-ocean processes is in many cases artificial, and their separate modelling potentially counterproductive.  For instance the Rossby wave dynamics in the Indian Ocean is dependent upon elements of the Leeuwin coastal current dynamics (Birol and Morrow, 2003); another example is the impact of a frontal wave in East China Sea on the Kuroshio path variation (Usui, pers. comm., 2007).  The recent progress in modelling has also highlighted the need to solve for the short scales of the coastal ocean dynamics. Among others, the most demanding processes in terms of space resolution are the ocean fronts, deep convection and internal waves. 

In this section, we will first look at how we could solve those multi-scale problems by using two-way coupling.  In a second step, we will examine unstructured grid modelling, a powerful approach to extend the model resolution range at a reasonable computational cost, while eliminating the need for nesting.

Let us first turn to two-way coupling (e.g. Blayo and Debreu, 2005a,b).  The quality of the results of one-way downscaling mainly depends on two aspects :

· The quality of the “external data”, i.e. the data from the large-scale (coarse) model used to force the coastal-ocean model at its open boundaries. This quality is directly linked to the quality of the coarse model, its resolution, the frequency of the sampling used to force the local model as well as the interpolation methods used to downscale the fields.

· The open boundary condition, i.e. the mathematical operator used at the open boundary of the local model to radiate the outgoing information and to take into account the incoming information. For atmospheric and oceanic flows, the best results are given by conditions based on characteristic variables.

A two-way interaction differs from the one-way method by the addition of an update procedure. The goal of this additional step is to improve the external solution by modifying it locally using the local solution. This feedback from the local model onto the external model is performed every external model time step, or less frequently. The update operator generally replaces the values of the external solution  at grid points located in the local region by the corresponding values of the local solution, possibly after some time and space averaging. A flux correction step must then be added to ensure the balance of mass and tracers fluxes through the interface between both models unless the interpolation methods are designed to conserve the fluxes.

Thus the two-way method allows the coarse model to "see" the high-resolution local solution, and allows some partial propagation in the coarse model of the outgoing information generated in the local one. Globally, this better coupling between both models generally decreases the difficulties that can be encountered by the one-way method (e.g. instabilities in the vicinity of the interface), and improves the model solutions (Cailleau et al., 2008).  The improvement can even be significant in remote parts of the coarse-resolution model because of better representation of crucial dynamic features (e.g. a shelf break front resolved in the local model) that may control dynamics elsewhere (Barth et al., 2005). 

Data assimilation also potentially benefits from the bi-directional nesting, but the coupling frequency can be decreased in some cases (e.g. when data assimilation is performed over a state vector regrouping all models variables, the assimilation step updates fields everywhere, not only at the interface, hence relaxing the need for perfectly matched interface values, see Barth et al., 2006).

Let us now discuss unstructured grid modelling.  The inherent geometric flexibility of unstructured mesh numerical models offers distinct advantages for oceanic simulations at various spatial and temporal scales. Chief among these are a faithful and efficient representation of the complex coastlines and topography, and a variable resolution grid that can be adapted to capture critical evolving dynamical features. Vertical coordinate specifications are also much more flexible when using the unstructured discretization.

The unstructured mesh approach can easily accommodate a vast variety of numerical schemes, such as the finite elements with Continuous Galerkin or Discontinuous Galerkin schemes, finite volumes schemes, as well as an unlimited range of higher order schemes. Moreover, it allows the flexibility of mixing different numerical schemes and their orders in the same model, hence offering to the modellers an unprecedented flexibility in picking the optimal scheme for a given dynamical problem to solve. The geometric and numerical flexibility of the unstructured mesh approach is illustrated by the present developments, such as the mesh adaptivity and the temporal sub-cycling. A wide range of new techniques are being assessed and used, both with respect to hydrodynamic modelling as well as for data assimilation. At the price of a higher preliminary complexity, the unstructured mesh approach offers the modellers a nearly unlimited flexibility and the ability to select numerical solutions appropriate for different classes of problems, and reduces the need for multi-level nesting in mixed open ocean and shelf applications.

Building on the recent progress in finite-element and finite-volume flow solvers, a number of research groups have embarked on a journey to develop unstructured mesh ocean models aimed at simulating basin, coastal and estuarine flows (e.g. Chen et al., 2007; Wang et al., 2008; Lyard et al., pers. comm., 2008).

3.4. Enhancements to predictability

Several types of applications in the coastal ocean require forecasting the ocean variables at a later date, with the sought forecast range depending on the application. These applications include marine search and rescue, pollution control, mitigating the effect of coastal flooding, harmful algal blooms, etc.  In this section, we address two categories of techniques which can help keeping a numerical model on a realistic trajectory, therefore potentially enhancing its predictability performance and range: initialization and data assimilation.  The question of adequate atmospheric forcings is also reviewed along the way.

Care must be exercised when controlling the initial and boundary values of an embedded free-surface 3D model from a large-scale solution or an assimilated solution in order to avoid that unphysical gravity transients be triggered.  This is because the large-scale solution is unbalanced with respect to the local physics, due to the different resolution and bathymetry, numerical boundary conditions, etc.  Therefore simple interpolation may lead to problems, and a specific initialization procedure must be applied. One mistake would be to apply a similar procedure as for large-scale initialization. Let us look at the differences between the initializations of both types of models.

Based on the spectral gap between surface gravity waves and basin scale circulation, the very popular, low cost, rigid lid assumption used in most OGCMs filters out the most rapidly propagating waves. In the coastal areas, surface waves (associated for instance with barotropic tides or storm surges) have a strong impact on the shelf hydrodynamics, mixing, etc., and free-surface models must be used to propagate these waves. A drawback of such modelling is that any initialization mismatch leads to spurious unphysical transients. 

At the basin scale, the impact of bathymetry gradients can most often be neglected, and over the flat-bottom ocean, the geostrophic currents are parallel to the isobars. This is not true in the coastal areas where we are close to a solid boundary condition, and where strong bathymetry gradients (shelf break etc.) are often found. Any canyon cutting through the shelf break, and which cannot be resolved by the large-scale model, will lead to violation of dynamical balances in the nested model when the large-scale fields are interpolated onto the nested model’s high-resolution grid. Any surface elevation or density structure leads to an equilibrium state within the corresponding geostrophic adjustment time scale. Due to bathymetry constraints, geostrophic currents in the coastal area are often observed to flow along lines of constant f/h ratio, where h is the depth and f the Coriolis parameter, which in many cases is equivalent to isobath flow. The density stratification partly relaxes this constraint based on the Joint Effect of Baroclinicity and Relief term (JEBAR).

Problems may also arise when downscaling from an OGCM with a different vertical coordinate system, in particular when the open boundary is located in steep bottom topography regions; this situation should be avoided but there are cases where this is not possible.

To optimally solve for such difficulties, a variational balanced analysis code (Auclair et al., 2006) has been proposed, and used by the operational Mediterranean Forecasting System and several other projects involving nested modelling.  It is based on the minimization of a cost function involving data constraints (including the OGCM solution used as “data” with its error characteristics, if available) as well as a dynamical penalty involving the tangent linear model. This approach, close to data assimilation in implementation, leads to several improvements of the free-surface coastal model solution such as a drastic decrease of the spurious numerically generated external gravity waves and a decrease of the amplitude some of the model biases such as the horizontal pressure gradient truncation errors.  The variational method has been set up for several free-surface models including SYMPHONIE and POM in the Gulf of Lions, in the Northern Adriatic, in the Bay of Biscay and in several other areas.

Data assimilation has the potential to enhance the realism of ocean models and to extend their predictability range.  As in the open ocean, the most important practical use of coastal data assimilation is in the estimation of past, present and future conditions, and also in providing associated measures of uncertainty. It is typically used to sequentially update initial conditions and sometimes the open boundary conditions. Beyond forecasting, estimation of past changes (also called hindcasts) can for instance be used to generate maps of the return period of extreme events (e.g. Bernier and Thompson, 2006). Such statistics are essential when designing coastal infrastructure or assessing, for example, the risk of coastal flooding. Maps of the present state (i.e. nowcasts) are used in adaptive sampling of the coastal ocean (e.g. Robinson and Lermusiaux, 2006). Along the lines of the previous discussion in initialization, data assimilation can be used to suppress the unrealistic transients that can be generated by the change in model physics, forcing and resolution at the coastal model’s open boundary. Data assimilation is also used to test dynamical hypotheses and make inferences about ocean processes. This is particularly important when developing biogeochemical models because the parameterizations of many biogeochemical processes is highly uncertain (e.g. Robinson and Lermusiaux, 2002 and references therein).  Finally data assimilation provides a rigorous framework suited for designing objective figures of merit to make decisions on future observing systems (this is discussed in more details later).

A range of methods are presently used to assimilate data in coastal ocean models and for parameter identification. Because of the non-stationary, non-homogeneous error statistics characterizing coastal ocean processes, the successful approaches include at least some degree of built-in physical consistency of the error subspace, such as Ensemble Optimal Interpolation (EnOI), Ensemble Kalman filter (EnKF, e.g. Mourre et al., 2004, 2006), and adjoint-based approaches (Taillandier et al., 2008; Kurapov et al., 2005). Ensemble-based methods are also being used to explore the model error subspace and help specify assimilation statistics e.g. forecast error covariances (e.g.. Echevin et al., 2000; Auclair et al., 2003; Lamouroux et al., 2006).

The diversity of assimilation methods reflects the complexity of coastal processes and the large number of coastal modeling applications. Although some relatively simple assimilation schemes have proved remarkably useful in open ocean modeling, such schemes are based on relatively simple and robust dynamical balances that hold over wide regions of the ocean, and do not work in the more complex coastal zone. 

Data assimilation in coastal models offers the possibility to incorporate information not or improperly incorporated in the OGCMs.  Depending on the location, a variety of observations can be available for assimilation, e.g. sea level from coastal tide gauges and bottom pressure gauges, currents from land-based radars and acoustic Doppler current profilers mounted on moorings and moving vessels, water properties from fixed moorings and ferries, multi-frequency acoustics and multi-spectral optics for biological state estimation, satellite observations of sea surface roughness, height, temperature and color, measurements from Lagrangian profilers (ARGO), gliders and Autonomous Underwater Vehicles (AUVs).  The assimilation of altimetry must correct for the aliasing of the strong tidal signals evident in many coastal regions as well as for inertial oscillations.  In addition the sampling configuration of nadir altimetry is not well adapted to constraining the high spatial and temporal frequencies characterizing the coastal processes.  Projects using wide-swath altimeters such as WATER, or constellations of nadir altimeters, are of great interest to coastal forecasters. The economic implications of coastal forecasting could provide a strong argument for pushing global coastal observing systems such as these.

The characterization and specification of model error is critical in any assimilation scheme but extremely challenging in the coastal ocean.  First of all, one has to deal with many factors there that can complicate the assimilation of data compared to the open ocean, e.g. high-frequency free-surface variations (tides, storm surges), anisotropy (offshore scales are generally shorter than alongshore scales), statistical non-homogeneity, non-separable covariance functions in space, non-hydrostatic motion, etc. To further complicate the situation, complex nonlinear processes can couple the variability at different frequencies. This means that it is often not possible to model the error subspace in one frequency band in isolation (e.g. a realistic estimate of the seasonal mean state must include the effect of the tides and rapidly evolving storms). This argues in favor of "advanced" assimilation methods (including dynamically-consistent error prediction schemes, as in the EnKF). As a first step, one must characterize the forecast errors under various error regimes by methods which include realistic error dynamics such as stochastic modelling (e.g., Echevin et al., 2000; Auclair et al., 2003).

Most existing assimilation schemes are based on the Kalman Filter which is optimal for linear systems and unbiased Gaussian observation and model errors. For many physical processes the Gaussian assumption is open to question (e.g. penetration of slope currents onto the shelf) and the situation is even less clear for biogeochemical processes (e.g. eutrophication). Bertino et al. (2003) address that question. Similarly, biases can be a major problem in limited-area coastal models that are strongly influenced by imperfectly known fluxes across the air-sea interface and lateral boundaries.  Eventually it will be necessary to allow for non-Gaussian observation and model errors and use bias-aware approaches as in Drécourt et al. (2006). 

Downscaling allows the changes on the coarser deep-ocean model grid to influence the higher resolution shelf model through its open boundary condition. Ideally one would like the shelf model, into which all available coastal data on the finer shelf model grid has been assimilated, including inputs from terrestrial sources, to similarly influence the deep-ocean model (upscaling). The most effective way to achieve this, as we saw earlier in this article, is by assimilating in a coupled shelf-deep ocean model or in an unstructured-grid model representing both types of scales. A good example of a measurement that would benefit from such an approach is coastal sea level which, as mentioned above, is influenced by both shelf and open-ocean processes.

An important topic is the predictability range of coastal models, and how it is impacted by data assimilation (e.g. Andreu-Burillo et al, 2007) and the downscaling from GODAE-type models. The forecasting range in the coastal ocean is usually very dependent on the quality of atmospheric products (e.g. comparison of the merits of NOGAPS vs. COAMPS in forcing a nested model: Kourafalou et al., pers. comm., 2008).  Special high-resolution forcing products are expected to have a positive impact (e.g. Papadopoulos et al., 2002 and subsequent MFSTEP papers).  Data assimilation could in some cases compensate for deficiencies in the forcing fields: Lamouroux and De Mey (pers. comm. 2006; Figure 1) illustrate the positive impact of including the surface atmospheric variables in the assimilation state vector onto the short-term forecast range in the Bay of Biscay.  
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Figure 1: Impact of including the surface atmospheric variables in the state vector in the assimilation of coastal tide gauge data (Lamouroux and De Mey, pers. comm., 2006). X-axis: days.  Y-axes: normalized rms error for sea-level anomaly (top) and barotropic velocity (bottom).  Green: no control of atmospheric variables.  Red: control of surface pressure.  Blue: control of surface pressure and surface wind stress.

3.5. Array design

The design of sustained coastal ocean observing systems, and adaptive/targeted field programs, are topics of considerable interest. The design of future satellite missions is of critical importance to oceanography at the present time (e.g. ESA and NASA are currently trying to jointly support WATER  as an offspring to Wide Swath Ocean Altimeter in order to make interferometer-based altimetric measurements). Data assimilation can help with Observing System Simulation Experiments (OSSEs), and can provide useful design tools and concepts such as adjoint models, representers, ensemble spread in EnKF (Mourre et al., 2004, 2006), and singular value decomposition of representer matrices approximated using ensembles. After an observing system is operational, data assimilation can help with near real-time quality control of observations and the ongoing assessment of the observing system’s performance.

The development of coastal ocean modelling in the recent years has allowed an improved representation of the associated complex physics. Such models are probably mature enough be used to design observation networks in coastal areas, with the idea that a “good” network is a network that controls model error. While OSEs and OSSEs provide an integrated, but methodology-dependent, performance assessment of an observational array, recently proposed approaches based on the representer matrix spectrum (e.g. Le Hénaff et al., 2008; Figure 2) focus on the capacity of a given array to detect model errors.  This can be achieved independently of any data assimilation method, e.g. from stochastic modelling, or as part of an Ensemble Kalman Filter.  Composite arrays with complex space-time sampling schemes can be compared on the grounds of their ability to detect the dominant error-space processes. Using joint probability analysis and ensemble forecast scores (e.g. Jolliffe and Stephenson, 2003), the approach can be extended to the testing of numerical models once data become available.
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Figure 2: Assessment of SPRAY glider measurements above the Bay of Biscay shelf break (Le Hénaff, pers. comm., 2008): (a) Location of the section with shelf break bathymetry lines, (b) associated Representer Matrix spectrum (the measurement error variance is 100 here), and (c) associated mode 3 100 m velocity modal representer.

4. Adding value to large-scale estimates in the coastal ocean

4.1. Measuring the value of coastal ocean systems

Previous sections list critical issues and requirements which must be taken in consideration when designing or maintaining a coastal ocean forecasting system.  When implementing new features, two basic questions will be asked by coastal ocean modelling groups: How good is my (new) system B? How good is B compared to my old system A?

In the framework of this article, these two questions translate as: How good is my coastal system when properly downscaled from a larger-scale solution?  And how good is it in comparison to a system that ignores the existence of large-scale products and procedures, or a system downscaled from another large-scale solution?

Absolute and relative measures of “goodness” of hindcasts and forecasts have been the subject of many papers, in particular in the meteorological literature.  The MERSEA, GODAE and CLIVAR communities have put a lot of effort into defining and applying “metrics” for basin-scale and global models (Le Provost, 2002; Stammer, pers. comm., 2006).  The aim of that approach was to propose a strategy to be shared between the GODAE Assimilation Centers for model and data assimilation validation and performance evaluation.  Agreed products in four “classes”, such as interpolated 3D and 2D fields, time series, transports, and innovation statistics, were to be output by the assimilation centers and fed to a central facility where intercomparison material would be prepared.  The exercise has been carried out during the European MERSEA Strand-1 project, but the metrics have only been implemented in part of the GODAE systems.

Pinardi and Tonani (2005) are among the few who have attempted to adapt those metrics to the specific requirements of coastal and shelf forecasting models.  Their version of the diagnostics is specific to Mediterranean models (e.g., choice of standard levels, choice of mixed-layer depth criterion) although some adaptations would have to be done in any coastal region (e.g., addition of sea level time series, instantaneous fields instead of daily averages, sections along open boundaries, etc.).  This illustrates the fact that the local metrics, and therefore our measures of performance, will be partly but strongly problem-dependent.  Therefore, estimates of value of large-scale ocean products for coastal ocean systems will be also problem-dependent.

An important issue is skill assessment i.e. how we assess the effectiveness of data assimilation schemes in the coastal zone. Assimilation metrics (GODAE Class 4) are still uncommon in coastal ocean systems. Two categories of indicators can be considered to that end: skill assessment metrics (see above) and internal consistency (cross-validation, minimum value of the cost function).  

Two categories of assessment approaches are involved :

1. Hindcast and forecast quality assessment (“validation”) of coastal ocean systems using large-scale ocean products; assessment procedures are included in every forecasting system and are usually very specific to the problem studied; following Murphy (1993), the authors cited above, and many others, there are three to four types of metrics:

· Consistency: verify that the system outputs are consistent with current understanding of the ocean circulation.  This type is for instance about comparing mean, statistically steady-state marine parameters with climatological products (e.g. World Ocean Atlas, position of major fronts and currents).  The approach is complicated in the coastal areas by the difficulty in defining the “statistical mean” in an open system, subject to low- and high-frequency variations of its forcing functions.  However one can in general characterize the transports of coastal currents, “mean” stratification (Rossby radii), -S census, characteristics of winter water formed over the shelf, etc.

· Analysis quality: quantify the differences between the system’s “best results” (simulations, analyses) and non-assimilated observations.  The corresponding GODAE metrics are Class 1 (fields), Class 2 (sections/moorings) and Class 3 (integrated quantities such as transports), but one really only needs to look at statistics at observation locations.  It is recommended that systems which assimilate data be evaluated first without assimilation, but with boundary conditions from the larger-scale model; a realistic model is a prerequisite to the success of assimilation anyway. One of the approaches is to calculate rms error normalized by the standard deviation of the data (which should be small), and the ratio of the standard deviation of the model to the standard deviation of the data (which should be close to 1). Another attractive approach is the “Brier skill score” (BSS), given by BSS = 1 - Σ (model – obs)2 / Σ (baseline – obs)2  where the baseline can be climatology or, in this case, the prediction by the “mother” global simulation.  BSS of 1 means that the model is predicting the observations perfectly, 0 means that it is the same as the baseline, < 1 that it is worse.

· Forecast quality: for systems providing forecasts, quantify the forecasting capabilities of each system with respect to back-up products (typically persistence, larger-scale solution, and climatology), as a function of forecast range and across variables of interest for the problem at hand. This will be done with the assimilating system, when available. One example in the European North West shelf is the slope current intrusion into the northern North Sea (Proctor, pers. comm., 2006).  The corresponding GODAE metrics are Class 4 (innovation & residual statistics).  Forecasting skill analysis, if not overly dependent on the quality of forcing forecasts (atmosphere, boundaries), is a good synthetic test of the overall system performance (model + assimilation).  It is also able to detect the spurious effects of unbalanced assimilation (e.g. spurious tracer fluxes).

· Value: the incremental economic and/or other benefits realized by end users and decision makers through the use of products.  This is very useful whenever available, although in the case of GODAE it is still about “potential” benefits.  Two interesting approaches would be: (1) elements of cost-benefit analyses of using large-scale ocean products; (2) illustrations of goodness of derived parameters (e.g. surface currents, etc.) for quantitative purposes (oil slick or objects drift, etc.).

2. Assessment of the impact of using large-scale products.  This is performed as above in each case, and is clearly only possible for systems which have another choice than using those products, or which have different alternatives among several such products. As an example, the Kuroshio intrusion and its variations have important impacts on circulation patterns and coastal processes in the China Sea and Yellow Sea; You et al. (2001) performed simulation experiments in the South China Sea (SCS) with closed and open boundary conditions; the results show that the Kuroshio inflow has significant impact on the circulation pattern of the north SCS and the intensity and path of the SCS Warm Current.  Such studies can be extended to use various large scale ocean products; comparing results using the diagnostics defined above could help discriminate between the solutions.

Finally, there are rare examples of applying the consistency and analysis quality diagnostics defined for the nested systems to the external, large-scale solution, in order to evaluate the added value of downscaling.

4.2. Scientific added value

The scientific value, and scientific added value, of models and systems downscaled from a larger-scale simulation can be evaluated using some of the assessment approaches listed above.  The White Paper, Beijing symposium and Liverpool workshop provide examples of such evaluations:

· Consistency: better coupling of coastal-ocean and open-ocean problems dynamics, better property exchanges, sensitivity to boundary conditions (Craig, CSIRO; Backeberg, NERSC/U.Capetown; Kourafalou, RSMAS; Samelson, OSU; Usui, JMA/MRI; Kindle, NRL);

· Consistency: addition or better representation of small-scale features: mesoscale, submesoscale, fronts (Morel, SHOM; Ishikawa, U.Kyoto; Hacker, U.Hawai’i; You, IAP);

· Consistency: addition of tides and high frequencies, tidal mixing (Obaton, MERCATOR; Le Hénaff, LEGOS);

· Analysis quality: validation with respect to altimetry products (Backeberg), local cruise data (Davidson, DFO; Edwards, UCSC), moorings (Kourafalou; Alvarez, Puertos del Estado), drifters (Gan, Hong Kong UST), climatological profiles (Obaton; Xiao, SCSIO), marine mammals (Davidson);

· Forecast quality: forecasting of the mode of the Kuroshio current (Fujii, JMA/MRI);

· Relative impact of several large-scale products: tracers (Proctor, POL), sensitivity to b.c.s from various external solutions (Samelson), model/data comparisons applied to both the nested systems and the external solution using Taylor diagrams (Kindle, NRL).

In all examples, minor or major positive impact of downscaling could be seen, although much work remains to be done.  In those studies, validation was used a posteriori to evidence problems and to refine the initial strategy.  However in other cases studied by the WG an engineering, ad hoc approach was adopted with little assessment.  It is important to realize that even for practical applications a system must be built on a sound basis to be useful.  Scientific expertise should be part of the risk management.

4.3. Utility 

Utility for applications is another type of useful metric when assessing the added value of downscaling.  Ideally a cost to utility value ratio should be used in order to help decisions.  However, the studies reviewed by the Working Group were not finalized, in the sense that applications were still in exploration/feasibility phase.  Here is a list of potential applications of coastal ocean models, with examples given when reviewed by the WG:

· Local air/sea interaction, tropical cyclones (Craig; Hirose, Kyushu U.);

· Military: sonar prediction;

· Oil industry: platform maintenance, oil spills;

· Nuclear industry: radionuclide spills (In, JMSF);

· Biophysical parameters: primary production (Peter, Cochin U.), fisheries (anchovies: Simoncelli, U. Bologna; jellyfish: Miyazawa, JAMSTEC, and Hirose, Kyushu U.; lobster larvae: Griffin, CSIRO), aquaculture, swimming water quality, sewage spills, park management (Kourafalou);

· Sediment transport, beaches;

· Maritime safety: iceberg drift (Keghouche, NERSC), search & rescue;

· Ship routing.

5. Discussion and perspective

During the life of GODAE, numerical modeling and prediction in coastal and shelf seas have greatly benefited from the development of state-of-the-art, data-assimilative and data-validated large-scale models that can supply initial and boundary conditions to nested domains, allowing the resolution of fine spatial and temporal scales. Marine safety, search and rescue, swimming water quality, oil and nuclear industries, ship routing, fisheries, aquaculture, Navy applications, management of coastal and shelf seas, local air/sea coupled modelling, and last but not least scientific research, are among the potential beneficiaries from such a downscaling approach. 

In order to illustrate such a concept, we took advantage of discussions and activities of the past two years within the GODAE Coastal and Shelf Seas Working Group community, gathering 38 systems using GODAE products for coastal applications, and in particular the CSSWG White Paper, the 2006 Beijing symposium and the 2007 Liverpool workshop.  We focussed on coastal modelling and its links with applications and with large-scale modelling.  We then considered important issues and ongoing research related to downscaling: specificity of ocean physics and processes; multi-scale modelling; enhancements to predictability, including data assimilation; array design. 

We finally illustrated the clear added value of nested coastal ocean systems and of downscaling, both in terms of science and in terms of utility for applications, although these applications are not yet finalized and will require much science and engineering to become operational. It was also found that geographic intercomparison efforts were still almost nonexistent among the systems examined, although overlaps do exist.

We now conclude by addressing how we can bring those ideas forward in the future, and in particular which new research topics should be considered, and which existing topics should be expanded.  

First of all we must further develop the notion of a critical path from routinely-available information (satellite, in situ, basin-scale estimates) to the coastal and littoral applications, and better define the role of the coastal ocean link on this path. It is particularly important to examine how the suitability of the existing large-scale estimates to coastal downscaling can be improved.  Research on coastal ocean processes should be continued in several areas, for instance studies of the signature of storms and extreme meteorological events in observed variables (including sea level), as well as in poorly-observed or non-observed ones (surface layer, thermohaline structure, HF transients).  Enhancements to existing systems and the development of new coastal ocean forecasting systems that downscale the global basin-wide model estimates as part of the local data assimilation problem should be sought, resolving the rich scale interactions, tides and high frequencies, and experimenting novel approaches such as coupled modelling and unstructured grid modelling.  Coastal modelling has a central contribution to bring to the objective design of observing systems for the coastal ocean, such as new satellite sensors (SWOT, AltiKa/SARAL) and coastal observatories, to be used in the local forecasting systems and whenever possible in the large-scale systems in such a way as to facilitate downscaling.  Objective model testing, also using advanced approaches, is a natural complement.

While its use is critical for many applications demanding realistic estimates and forecasts, data assimilation is a difficult endeavor in the coastal ocean because of the non-homogeneous, non-isotropic, non-stationary, non-Gaussian character of model errors in coastal ocean models, and because of the inherent limitations to predictability linked to the “open” character of coastal ocean systems forced by lateral and surface boundary conditions.  Advanced schemes with error prediction are probably needed, along with ad hoc definitions of the state vector – i.e. including surface atmospheric variables and possibly open parameters, for instance those related to vertical turbulence. A coordinated and sustained effort will be required to adapt the coastal assimilation schemes developed in the scientific community for operational/applications-relate use. Assimilation of data into multi-scale (coupled grid, unstructured grid) models will be a potentially important issue. It should be noted that although nadir altimetry provides a critical direct constraint in large-scale systems, it is of more indirect use in coastal systems, where direct assimilation of altimetry is perhaps secondary, but which critically need good initial and boundary conditions from larger-scale systems assimilating altimetry.

Finally let us mention the perspective of probabilistic prediction, i.e. methods which do not provide a single estimate but a posterior distribution of the ocean state given the prior distribution the state and the observations. Such methods provide error statistics which are useful for science as well as for applications.  On the "elementary" end of the spectrum, ensemble filters and multi-model ensembles could be very useful for practical applications.  On the "advanced" (and expensive) end, one could consider Particle Filters and Markov Chain/Monte-Carlo (MCMC).  In particular, such methods have the potential to significantly advance data assimilation in coupled physical-biogeochemical models.

On an organizational and international level, there is a clear need to establish a mutually-satisfying approach involving large-scale forecasting systems, coastal applications, and the scientific community.  The development of regional/coastal observing networks and facilities could provide an exciting common ground for all three types of activities. In parallel to more operational or commercial instances, key objectives of a post-GODAE science coordination regarding coastal ocean models could include:

· A structure to facilitate sharing on cross-cutting science issues (some old, some new) and promote networking between coastal ocean groups and systems: downscaling-related (modelling, observing system e.g. SWOT, usability of large-scale products, high-resolution bathymetry); interdisciplinary (circulation, tides, probably ecosystem); science issues (data assimilation, ensembles, coupled grids, upscaling, unstructured grids, small-scale features, atmospheric forcing issues, high frequencies, tidal mixing); metrics for assessment and intercomparison;

· The establishment of pilot regional focus groups in physically-meaningful regional ocean domains, with specific objectives: help bring focus and weight to science discussions; define geographically-meaningful metrics and intercomparison; take final users demand into account and relay to supplying groups.  
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