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INTRODUCTION TO WAVE MODEL FORMULATION

Igor Lavrenov 

Arctic and Antarctic Research Institute, Russian Federation

lavren@aari.nw.ru

Study of sea waves has always been in the focus of mankind’s attention. It is attributed not only to understanding of their behavior in seas and oceans, but also it has some practical necessity. Elaborating up-to-date wind wave numerical methods requires detailed mathematical modeling, describing wave generation, development, propagation and transformation in the surface of different water areas. Nowadays wind waves are considered to be a probable hydrodynamic process with a wide spatial-temporal variability. It ranges between a global scale of the oceans which typical size is comparable with the Earth's radius, regional and local scales of the seas, including local water areas with non-uniform currents or depth variations in the coastal zone, where waves cease their existence having propagated tens of thousand miles. Utilization of such approach is due to the stricter requirements for destabilization, completeness and reliability of wave characteristic data. It is necessary for improving the wave forecasting, elaborating principally new ocean diagnostic methods and means, expanding areas of resource exploration of the World Ocean and its shelves. It is also important for increasing tasks concerning special hydrometeorological services for marine and oceanic operations. 

Numerical simulations of wind waves are based on the wave action balance equation written in a spectral form [1,2]. Its left hand side describes wave action evolution due to wave advection in space and time. The right hand side is the so-called source function describing different physical mechanisms forming wind wave spectrum. 

According to the wind wave theory [1,2] it is assumed that the source function should include, at least, the following components: the mechanism describing a wind-to-wave energy flux due to influence of turbulent pressure variation field; the energy flux to waves due to wave interaction with averaged air flow and atmospheric turbulence; the energy exchange due to wave interaction with water turbulence; the energy dissipation due to bottom friction; the energy dissipation due to wave breaking and the nonlinear energy transfer in wind wave spectrum. Thus, the problem of determining the spectral density of wind wave action is reduced tosolving the wave action balance equation under the given initial (or boundary) conditions. It should be noted that the equation system contains functions depending on the variable parameters such as: the water depth, the current velocity and also the wind speed field dependent on spatial coordinates and time. The latter are included in the source function, forming wind wave spectrum.

In general case a process of obtaining a numerical solution of the problem is a complicated task, as it should be solved in time for every spectral component and in every point of a spatial grid. It demands utilizing of optimal numerical schemes. Such a scheme has been developed on the basis of separating wave energy propagation and numerical integration of a source function [2]. It allows obtaining wind wave hindcasting and forecasting results with a high accuracy. Such wind wave models are used by Weather Prediction Centers with the help of powerful computers.
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NUMERICAL TECHNIQUES FOR WAVE MODEL IMPLEMENTATION

Hendrik TOLMAN 

NOAA/ National Weather Service, USA

Hendrik.Tolman@NOAA.gov

A brief review will be given of different techniques used for large scale wave model forecasting (that is, outside the surf zone). Different model approaches are described briefly, after which many numerical problems of popular wave models are discussed. Main topics are model resolution (including unresolved islands), source term integration, pagation wave models on advanced computer hardware.
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WAVE MODEL OPERATIONS AT NCEP

Hendrik TOLMAN

NOAA/National Weather Service, USA
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The presentation will start with a brief historical overview of wave models at the National Centers for Environmental Prediction (NCEP), culmination in the development and implementation of WAVEWATCH III. After this, a brief review of the operational model suite is given, with an in-depth review of recent upgrades. The last part of the presentation will deal with our plans for the near future.
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DESCRIPTION OF THE CMC OCEAN WAVE MODEL AND VERIFICATION SYSTEM 

Roop Lalbeharry 

Meteorological Service of Canada
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OUTLINE
· Introduction
· CMC ocean wave model system

· Atlantic WAM, Pacific WAM and Great Lakes WAM (LAKWAM)

· Model formulation
· Wave spectral action density balance equation

· Model physics

· Wind forcing
· Model validation

· Validation of CMC operational model against buoy data

· Validation of the WAM in Lake Erie

· Validation of WAM in selected extreme storm cases

· Intercomparison of international operational ocean wave models

· Two-way coupling of WAM and CMC GEM  model
· Conclusions

Future Work 
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SWELL WAVES: CONCEPTS AND BASIS

Jean-Michèl Lefèvre 
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Linear wave theory

The governing differential equation. Boundary conditions. Bernouilli equation. Capillarity waves. Solving the Laplace equation for a horizontal bottom. Standing waves. Dispersion relationship. Wave parameter variation. Water surface displacement in a standing wave. Progressive wave. Shallow water waves. Deep water waves. Contribution of capillarity and gravitational component.  Streamlines and potential lines in waves system. Particle Kinematics progressive waves. Horizontal and vertical velocities and accelerations. Water particle trajectories in progressive waves. Potential energy , kinetic energy. Total energy. Energy flux. Group velocity

Wave spectrum concept

Determination of wave spectra. Fourier Analysis. Analytical expressions. Pierson-Moskowitz Spectrum. JONSWAP spectrum. Wind sea spectrum. List of sea state parameters. Waves statistics. Narrow banded spectrum.

Ocean Swell

Generation of wind waves. Transformation, propagation and decay processes. Swell Steepness and Swell age. Swell Great Circle Tracks, Swell travel time and dispersion effect. Swell decay factors.
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REGIONAL/LOCAL WAVE MODELLING

María Paula Etala
Naval Hydrographical Service, Argentina

etala@ara.mil.ar

The current accuracy, resolution and availability of operational global wave models push local / regional wave modelling towards an scenario of specific problem-oriented applications under a national / regional scope. This is not an easy task for services with limited capabilities and technology. Sophisticated meteorological and oceanographic high resolution models are available for local implementation, satisfying a wide variety of requirements. The answer to the problem may seem straightforward. Nevertheless, a number of new questions arise for national services that intend to follow the approach. This lecture will make an attempt to identify such problems and clarify possible ways to the construction of a marine forecasting system, as comes up from participants’ projects.


Due to its extension in latitude and morphological characteristics, the argentine coast presents a wide variety of phenomena that modeling should account for. A set of regional and local implementations of WAM model Cycle 4.0 will be discussed as an example to illustrate the points mentioned above. They are complemented by another set of economical but practical storm-surge models that provide, apart from their own products for water level and currents, the basis for coupled applications. A coarse version of WAM4 for Southwestern South Atlantic meets requirements for Metarea VI marine forecasts in a timely fashion. Specific graphic facilities have been developed for NOAA WW3 outputs as well. A nested grid covers the shelf sea including wave refraction due to depth. Tides and surge generation on the shelf sea are taken into account by a depth-averaged tide-surge model. The latter two models experimentally consider the possibility of coupling through both wave stress and wave refraction due to currents. Strong currents in Patagonia are well known among sea men for their effect on wind waves. Forecasters take that information from the tidal shelf model and include it in the off-shore wave forecasts. In a smaller scale, two estuaries which present completely different features each other, are considered. On the one hand, a large and extremely shallow estuary with a rather long possible fetch for wave shallow water generation and a 12-hour surge propagation and, on the other hand, a small estuary with a deep main channel and extensive intertidal flats where circulation is dealt with by a moving boundaries approach in a very high resolution (1/180º lat.,1/120º lon) model. In the first estuary the benefits of surge generation coupling through the wave stress are clearly seen and the basis for that will be stated. The second estuary will help us to understand the relevance of tide - surge interactions in a complex topography domain. 


As in NWP regional modelling, and hand in hand with it, a gap between these incipient new technologies and ordinary communication channels to the public currently exists in practice. Usually, due to the timing inadequacy for the usefulness of forecasts. Sophisticated local applications are in most cases still on a quasi-experimental state in this aspect. Global NWP (and consequently ftp) dependence appears to be the new counterpart to data assimilation ability and NWP stand-alone capacity. Although increasing communications reliability and computer facilities can make it possible, operability is still a challenge for regional services that have decided to give a step in benefit of product quality and specialization, while maintaining the  equilibrium with the real user needs.
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WAVES IN SHALLOW WATER

Jean-Michèl Lefèvre 

Météo-France

jean-michel.lefevre@meteo.fr

Conservation of waves. Scalar phase function. Wave number vector. Conservation of waves. Refraction. Snell’s law. Conservation of Energy. Shoaling coefficient. Refraction coefficient. Wave rays with idealized bathymetry. Refraction parallel contours. Type of wave breaking. Wave breaking dimensionless parameters. Laplace equation. Helmhotz equation. The action density spectrum. The balance equation. The dispersion relation. The propagation equation. Current refraction. Wave diffraction. Wave Growth in Shallow water. Bottom dissipation. Bottom friction. Percolation. Non linear interactions. Bottom Scattering. Wave breaking. Long shore currents. Rip currents. 

Wednesday 18 June, 13.30-14.00

FORECASTING IN REAL-TIME WAVES AND SURGE IN TROPICAL CYCLONES

Hans C. Graber

University of Miami, USA

hans@rsmas.miami.edu
The long-term goal of this project is to establish an operational forecasting system of the wind field and resulting waves and surge impacting the coastline during the approach and landfall of tropical cyclones. The results of this forecasting system would provide real-time information and predictions several days in advance to the National Hurricane Center (NHC) during the tropical cyclone season in the Atlantic for establishing improved advisories for the general public and federal agencies including military and civil emergency response teams. The forecasts of waves and surge along an ensemble of track and intensity predictions provided by the NHC will be both of deterministic and stochastic nature. In particular, this approach seeks to determine the maximum and average conditions of the ensemble tracks and provide statistical parameters and measures of risk for waves and surge to exceed threshold value as a function of coastline. The feasibility of such a forecast system has been demonstrated with a test case of “Hurricane Georges”. Over the past decade individual modules comprising the forecasting system have been developed and independently tested for years and are now ready to be coupled in a complete forecasting system. 
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GLOBAL STORM SURGES

Tad.S.Murty

 Baird & Associates Coastal Engineers, Canada
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TABLE OF CONTENTS

· Three types of Wave Motion in the Oceans

· Ocean Wave Spectrum – Gravity Waves

· Short Waves, Long Waves

· Storm Surge Equations

· Static Sea Level Response

· Dynamic Sea Level Response

· Amplification Factor, Resonance

· Surge Build-up on Continental Shelves

· Long Wave Run-up – Tide Gauges

· Surge Crest Gauges, Chemically Treated Ribbons

· Paleo Data – Tsunamis vs. Surges

· Hazard as a Resource

· Hydrologic Cycle

· Contamination of Fresh Water Lens under Small Islands by Surges

· Extra Tropical Cyclones (ETC’s) and Tropical Cyclones (TC’s) on the Globe

· Tracks of ETC’s, Latitudinal Shifts

· Increased Frequency of ETC Generated Surges in the German Bight of the North Sea

· Decadal Variations of Cyclone Tracks over the Great Lakes of North America

· Meteorological Forcing from Meso Scale Systems

· Tropical Cyclones, Genesis Areas on the Globe

· Frequencies, Tracks

· Saffir-Simpson Hurricane Scale – Not Useful for Surges

· Estimation of Wind Speed

· Typhoon Tip – The Most Intense Observed

· Possible Impact on Global Warming on Hurricane Intensification

· Observed Trends in Weather Systems

· Harbors as Typhoon Havens

· Numerical Modelling of Surges

· Finite Difference vs. Finite Element Models

· Peak Surge to the Right of the Track in the Northern Hemisphere and to the Left in the Southern Hemisphere

· Interaction of Surges with River Flow

· Effects of ENSO events on Storm Surges

· Monsoons – Do they have any influence on Storm Surges?

· Effects of Ice Layer on Storm Surges

· Tides in the Oceans, Tide – Surge Interactions

· Sea Level Rise, Tectonics

· Continental Shelf Waves

· High Water and Low Water Levels

· Wind Wave-Surge Interaction

· Storm Surge Mitigation

· Case Studies:

· Orissa (India) TC Generated Surges

· Andhra (India) TC Generated Surges

· Barbados (Caribbean) TC Generated Surges

· Mauritius (Indian Ocean) TC Generated Surges

· Lake Winnipeg (Canada) ETC Generated Surges

· Lake Erie (USA, Canada) ETC Generated Surges
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SPECIFICATION OF MARINE WIND FIELDS FOR OCEAN RESPONSE MODELING

Vince Cardone 

Oceanweather, Inc., USA

vincec@oceanweather.com
Alternative sources of marine surface wind fields in non-tropical cyclone regimes and error characteristics thereof are described (specification of wind fields in tropical cyclones is addressed in the companion lecture).   First, the structure of the marine planetary boundary layer is reviewed with emphasis on remaining uncertainties in wind profile and air-sea momentum transfer formulations.  Next, we describe the accuracy and suitability for wind field analysis of wind measurements from in-situ (ships, buoys, platforms, coastal stations) and remotely sensed (satellite altimeters and scatterometers)  sources.  Then we describe the accuracy and suitability for ocean response modeling of winds produced by objective analysis techniques or as byproducts of operations of numerical weather prediction (NWP) centers, with emphasis on products of the recent global “reanalysis” projects. Finally, we describe an optimum method for wind field analysis which combines wind measurements, after they are properly adjusted for reference height, boundary layer stratification, marine exposure and averaging interval, NWP products, after minimization of systematic errors in same using the QuikSCAT data base, and analyst expertise, in an “interactive objective kinematic analysis (IOKA)” approach.  The application of this approach to forecasting is also described. Examples are given of the maximum skill achievable in ocean response modeling when such models are forced by accurate winds.




 Friday, 20 June     1045-1130

CASE STUDY:   HINDCASTING WAVE STATISTICS FOR THE CARIBBEAN SEA  (CARIMOS)

Vince Cardone 

Oceanweather, Inc., USA

vincec@oceanweather.com
The need for reliable normal and extreme wave climate data in the Caribbean Sea (CS) has increased significantly within the past decade in response to increased offshore and coastal development in many areas.  This paper describes a comprehensive hindcast study of the basin (CARIMOS, for CARIbbean Sea Metocean Statistics), which utilized a third generation (3G) wave model adapted on a nested grid system and a two-dimensional (2-D) hydrodynamic model to describe storm generated currents and water level anomalies.    The wave hindcast extended to all significant tropical cyclones over the 79-year period 1921-1999 and to the 15-year continuous period 1981-1995.  The project depended critically on accurate specification of wind fields in tropical cyclones as well as day-day conditions. The methods used to develop the wind fields are described. There is a conspicuous lack of public domain measured data in the Caribbean Sea against which to validate the hindcast methodology.  We show a validation of the continuous wave hindcast against NOAA data buoy sea state measurements at one location and TOPEX and ERS satellite altimeter wave height data basin-wide.  Verification was carried out on paired data and probability distributions.  We show how the wave model results were manipulated to provide statistics of normal and extreme sea state regimes, in terms of variables including significant wave height, maximum wave height, maximum crest height and peak wave period.   The hindcast results are used to show the implications on extreme wave design criteria estimation of a recently published hypothesis that the frequency of intense tropical cyclones in the basin is modulated significantly by large scale North Atlantic sea surface temperature anomalies which vary on a multi-decadal time scale.  This analysis demonstrates the importance of very long term (at least 50 years) wave time series in the Caribbean for reliable estimation of extreme design data.  Finally, some normal and extreme metocean design data provided by CARIMOS are given for a sample location.


































