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Executive Summary
The Office of Naval Research sponsored a two day workshop on the spatial coherence of surface ocean gravity waves in Arlington, Virginia on 19-20 August 1997. The purpose of the workshop was to explore whether the scientific understanding of the spatial coherence structure of ocean wave fields was adequate for evaluation of conceptual Mobile Offshore Bases (MOBs). A MOB will be a floating structure up to 1 mile long having limited maneuverability and an inability to out-run a storm. Forty scientists and engineers attended the workshop including representatives from academia, private industry and government with expertise spanning the scientific and engineering disciplines pertinent to the MOB/wave environment problem.

The workshop concluded that (1) there were few measurements of sea surface coherence at the scale appropriate to a MOB; (2) numerical and theoretical models were two dimensional, asymptotic and untested; (3) laboratory basin studies would be helpful to the extent that field observations could confirm the fidelity of scaled simulations; and (4) emerging technologies in remote sensing and numerical simulation now offered the opportunity to address the coherence problem in a fundamental way inexpensively. Spatial coherence is relevant to almost all ocean and marine design. Hence new research in this area is of value beyond the MOB project. The workshop suggested a balanced 3-5 year program of modeling, field measurements and analysis/simulation. The workshop assessed the state of knowledge of the space-time properties of the ocean wave field on scales of a 1 mile or less. The workshop did not consider sea state climatology (design wave heights for example) or MOB structure-wave interaction. 

The workshop concluded that the unprecedented length of a MOB required an assessment of three aspects of the wave coherence: wave grouping, long-crestedness and nonlinearity. The state of the art is based on a linear Fourier analysis which may be inadequate to describe spatial coherence of steep storm waves. The problem has not been adequately addressed because of the difficulty in making spatial measurements on a square-mile scale in deep water. Moreover, theoretical and numerical analyses do not yet treat the full three dimensional nonlinear problem. Emerging technologies in remote sensing and ocean measurements and in numerical and physical model simulation now present an opportunity to address the coherence issue. 

The workshop made recommendations in three areas:

Modeling [analytical, numerical, laboratory]. Accelerate development of three dimensional, nonlinear wave models as well as the simpler approximations such as two dimensional, asymptotic approaches. Laboratory simulations can provide significant insight into the spatial structure of waves and the laboratory data can be very useful in testing analysis routines and numerical models. 

Data Analysis and Array Designs. Include more aspects of nonlinearity and nonstationarity into existing analysis and simulation packages. Considerable technology exists for analysis and simulation of the time/space patterns. Techniques also exist for instrument array design. Testing of the analysis routines with laboratory data or limited observations is needed.

Observations. Take advantage of emerging remote sensing technology and the technology for mooring and locating sensors and conduct a field observation experiment. Both existing and experimental instrumentation are now available to conduct an experiment to measure the characteristics of the wave field on the scales of interest. Instruments include radars such as x-band, FOPAIR; scanning lidars and radar altimeters; and traditional in situ devices ( wires, pressure gages, current meters) and new acoustic and laser based technologies. The workshop recommended developing an experiment using a multiplicity of sensors on a deep water offshore oil rig. Airborne sensors deployed on hurricane hunter aircraft can also provide valuable data.

The workshop urged a balanced approach. It is clear that field observations are required. However the workshop felt that careful improvement of theory, modeling and data analysis techniques coupled with exploratory laboratory runs and data analysis from some existing data sets can provide important insight into the design of the field experiment. The field experiment will yield a vast amount of data and it is necessary to have theory, models and analysis techniques to assist in hypothesis testing, extension and synthesis. Such a program could be conducted in a 3-5 year time frame.

The organization of this report includes: a general description of the workshop; details of the three technical topics; overall workshop summary; a brief description of the Mobile Offshore Base (MOB) S&T project; and a list of attendees.
Introduction
The Office of Naval Research (ONR) has been tasked to evaluate the feasibility of various conceptual Mobile Offshore Bases (MOB) which would provide the Navy with a very large platform (order 1 mile long, 500 feet wide) from which flight, logistics, maintenance, supply and forward naval support operations might be conducted. The MOB would be a floating base that could be moved to areas of national defense interest and then removed when not required. A MOB would be a floating structure much larger than has been ever built. Although the MOB can move, present ideas propose that it will be slow; as a consequence the MOB will not be able to out run major storms such as hurricanes. Thus, the MOB is may be subject to larger extreme environmental effects than typical ships. Appendix I provides a more detailed description of the MOB program. 

A significant aspect of concept evaluation will be specification of the physical oceanographic and meteorologic environment in which the MOB is expected to operate and survive. Given the MOB’s extraordinary size, the Navy is reviewing the procedures and design data bases that are available in order to develop design criteria for the MOB. One area of particular concern that has surfaced is the effect that spatial patterns of extreme waves, grouped in time and space, would have on a long, thin (possibly articulated) floating structure. 

ONR organized a two day workshop in Arlington, Virginia 19-20 August 1997 to address the state of knowledge and availability of data about the spatial coherence of oceanic wave fields. A panel of 13 experts on wave mechanics, wave modeling, wave analysis, wave measurements and field measurement were convened and charged with providing an assessment of understanding of the spatial coherence properties of the ocean relative to MOB design issues and recommendations to ONR on what steps might be taken to improve our understanding.

The invited experts included:

· Professor Leon Borgman, Professor Emeritus, University of Wyoming and Leon Borgman, Inc.

· Professor Tony Dalrymple, Director, Center for Applied Coastal Research, University of Delaware

· Professor Mark Donelan, Rosentiel School of Marine and Atmospheric Sciences , University of Miami

· Dr. George Forristall, Metocean Engineer, Shell International Exploration & Production

· Professor Hans Graber, Rosentiel School of Marine and Atmospheric Sciences, University of Miami

· Professor Joseph Hammack, Department of Mathematics, Pennsylvania State University

· Dr. Chang-Ho Lee, Research Assistant, Massachusetts Institute of Technology

· Professor Robert McIntosh, Electrical & Computer Engineering Department, University of Massachusetts

· Professor Chiang C. Mei, Department of Civil and Environmental Engineering, Massachusetts Institute of Technology

· Professor Jerry Milgram, Department of Ocean Engineering, Massachusetts Institute of Technology,

· Research Professor Willard (Bill) Pierson, Remote Sensing Laboratory (Professor Emeritus), New York University

· Dr. Gene Terray, Research Specialist, Department of Applied Ocean Physics & Engineering, Woods Hole Oceanographic Institute

· Research Professor Marshall Tulin, University of California at Santa Barbara, (Professor Emeritus)

· Twenty-six other technical specialists from the Navy, government and industry also participated. A list of attendees with address information is provided in Appendix II.

Professor Mark Donelan of the University of Miami, Dr. Paul Palo and Mr. Bob Taylor of the Naval Facilities Engineering Services Center and Dr. Linwood Vincent of ONR Code 321CD organized the workshop. Program support was provided by Mr. Gene Remmers (ONR Code 334) and Dr. Thomas Kinder (ONR Code 321CD).

Workshop Background

The MOB is envisioned to be a prepositioned logistics facility capable of simultaneously accepting cargo from sea and air for storage and later disbursement to a foreign shore. The objective of the ONR MOB S&T project is to establish technical feasibility and approximate cost estimates for such platforms. While there is a wide range of implementation strategies among the industry concepts proposed to date for the configuration of a MOB platform, they all share three common characteristics relevant to this workshop topic: (1) the unprecedented one mile length necessary to operate C-17 cargo planes; (2) platforms comprised of a small number of "modules" (e.g., semi-submersibles), typically with flexible connections; and (3) a large total displacement necessary to store bulk cargo and fuel and support several thousand troops. There is no experience or design procedures regarding either this 1 mile long elastic structure nor the mission requirement to operate anywhere in the open ocean over a 40-year life. The MOB project has selected development of a draft MOB certification process as the primary focus of the S&T effort. This process will serve two vital purposes: (1) provide a realistic measure for platform designers, and (2) establish a common reference for government comparison of candidate platform configurations.

The long life and mission for a MOB platform will require careful definition of the fatigue, operating, and survival environmental specifications. For example, the extreme size of the MOB platforms leads to the immediate conclusion that a MOB platform cannot "outrun" extreme events, so the survival specification must realistically describe these events at the MOB scale. But, such descriptors do not exist. Studies to date of generic MOB platforms have shown that most of these platforms would suffer from large quasi-static torque loads associated with waves where the crest runs parallel to the platform major diagonal (and the opposing bow and stern corners induce a "hogging" gravity load). Assuming MOB structural (torque) stresses are sensitive to the crest length, what are appropriate statistical descriptors for crest lengths (i.e., spatial correlations) for open ocean waves as a function of appropriate parameters? There are other questions for an overall MOB environmental specification beyond the wave coherence question. However, this single question was felt to be of sufficient importance to merit separate treatment.

Workshop Goals and Organization

The goals of the workshop were: (1) to summarize the current state of understanding of the spatial coherence structure of the surface wind waves on the scale of the MOB (about 1 mile) and to address what data and technology are available to the MOB project relative to the spatial coherence issue; and (2) if data or well accepted theory is not available, the workshop was to suggest approaches for improving the understanding including specification of a field study if required.

The first part of the workshop consisted of a plenary session in which each invited expert was invited to speak for 30 minutes providing general input on the MOB/wave coherence issue followed by a general discussion. The workshop then divided into three sections devoted to Modeling Waves [numerically, physically, theoretically], Analyzing and Simulating Wave Data, and Measuring Waves. The workshop reconvened and developed consensus recommendations. 

A synopsis of the experts presentation and discussion will be presented, followed by summary reports of each working group. The workshop recommendations will then be summarized.

Synopsis of Expert’s Presentations

The following is a summary of points made by the experts that are not covered elsewhere in the report.

Prof. Mei reviewed linear and nonlinear theories for wave-large body interaction. From theory and observation it is clear that wave trains can have amplitude modulations so that a long body would possibly see nearly repetitive grouping of waves along the length of the structure. Moreover a long structure with pontoon like legs of the semi-submersible type discussed in some MOB concepts may well trap wave energy along the structure. Prof. Mei strongly emphasized the need to study the wave-MOB interaction because it may well modify the local wave climate.

Dr. Lee discussed the hydroelastic response of floating plates based on theoretical analyses. Dr. Lee indicated that for plates waves do not penetrate far underneath the plate, but still excite modes in the plate. For the MOB it will be important to consider the elastic property of the structure under wave loading for which the wave length and relative heading initially seem most important.

Prof. Pierson indicated that linear analysis of wave trains and computation of spectra were inadequate for the description of extreme sea states. The extreme waves tend to be a combination of modulated Stoke’s waves with perhaps two thirds of the wave crests above the mean water. No information was available for crest lengths.

Prof. Tulin also emphasized that conventional linear descriptions of sea states had many shortcomings: not predicting maximum crest heights, loading, or fatigue. Waves in the ocean have structure due to their nonlinear nature and had grouping on the order of five times the wave length. Wave breaking on a structure creates a ringing in the acceleration which may be very important for fatigue.

Dr. Forristall presented information on the directional spreading of waves. For fetch limited conditions the directional spectrum is bimodal at high frequencies. In storm areas, the further you are from the storm the narrower spread will be. Oil industry data tended to support a concept that the largest wave was approximately shaped like the shape of the autocorrelation function. Dr. Forristall’s experience was that linear theory provided good approximations for many cases. He suggested that stereo imagery be used to investigate crest lengths.

Prof. Hammack showed that in shallow water there can be a strong spatial structure (hexagonal) to the wave field and that it can be well described the Kadomtsev-Petviashili equations. Although wave tank data and some visual observations support cases where long ocean waves have a spatial structure there is no deep water equivalent theory for the KP-equations. 

Prof. Dalrymple reviewed numerical and physical modeling of waves. Physical models would be a useful place to study spatial coherence of wave phenomena, but it is not clear that any of the major three dimensional basins in the world are large enough to do studies at a reasonable scale. Numerical models are advancing but there is no general three dimensional nonlinear theory for waves although early versions are under testing. Approximate theories exist at varying dimensions, but it is not clear how these match observations (as there are few).

Prof. Graber presented results from the Miami OSCR High Frequency (HF) radar. The OSCR is capable of measuring currents, wave heights, and winds down to a resolution of 250 m. The wave height produced however is the equivalent to the zero-moment wave height obtained from a linear spectral analysis. Thus the technique can get patterns of high and low surface variance, but not individual waves.

Prof. Borgman discussed statistical techniques for analyzing nonstationary ocean processes. He recommended that the approach be to assume nonstationarity and then see if the results can be simplified to stationarity. He reviewed technology such as SIMBAT for simulating the ocean surface based on linear theory and then noted that it could be extended to include weak nonlinearity. He also described Empirical Simulation Techniques for using nonlinear models in simulation studies and described a method for Evolutionary Fourier Analysis for study of stationary data.

Prof. McIntosh described a new radar for ocean wave measurements being developed for ONR called FOPAIR; a focused phase array radar. The FOPAIR uses digital beam forming to map the surface velocities over the wave field. The FOPAIR appears capable of measuring ocean waves on the order of several hundred meters in crest length (depends upon height). It produces a vast amount of data and can produce wave frequency-number spectra. 

Summary of Initial Discussions

The attendees discussed the spatial coherence in terms of wave grouping, "long or short crested-ness", and nonlinearity. Wave grouping represents the observation that waves passing a point can often appear very non-random with groups of high waves occurring together separated by spells of low waves. In swell the wave crests appear very long-crested. Likewise many observations exist in which the sea state during a storm appears very short crested. The primary difficulty is that in the past measurement of crest length either required stereo imaging or an array of instruments-- hence there is to be very little data of definitive use at the scales relevant to the MOB. Nonlinearity expresses the observation that very steep waves tend to have a shape different from a sine wave and therefore have important properties not well described by linear theory.

Wave grouping and "long versus short crested-ness" express the observation that the wave field amplitude can be modulated in time and both in the direction of and the direction orthogonal to wave propagation. The times when this is important are thought, from simple theories, to be cases when the wave field has moderate to strong nonlinearities. When the waves have strong nonlinearities, the larger waves have steep crest and flat troughs with the height of the wave crest above the mean water level much higher than that expected for a sine wave. The problem for the MOB project is that:

A. No general, well accepted theory describing the space time modulations in deep water exists.
B. Widely accepted analysis procedures and descriptions of sea states that represent these features do not exist.
C. Robust data sets ( wide range of directional spectra, wave height and periods, wind conditions) in which the important parameters have been measured do not exist.

Subgroup Report: Modeling Waves: Numerically, Physically, and Theoretically (Prof. Dalrymple)

Due to the large size of the MOB, many physical and engineering factors can not be extrapolated from existing experience, design practice, or data sets. The response of a particular MOB concept to a given directional spectrum requires the simulation of the sea state and the structure itself. The interaction between the motion of the MOB and the sea must also be considered. Many different sea states have to be examined: various realizations of a given directional spectrum, and different directional spectra (perhaps representing different geographical areas or storm types). 

These problems can be addressed by simulating the behavior of MOB, either by computer modeling (using numerical representations of the equations representing environmental processes and the ship response) or physical modeling (which requires a scale model of the MOB, operating in a test facility, where nature integrates the exact governing equations). Theoretical approaches can also provide the signposts for developing new appropriate numerical models by improving the governing equations.

Modeling provides the ability to:

· examine numerous realizations of the sea state and seakeeping of the MOB to examine the normal and extreme conditions and to generate life-cycle statistics

· provide a means to examine the importance of individual parameters and physical mechanisms, by conducting numerous tests varying a single parameter. One of these factors is the water depth.

· obtain results with as much spatial coverage of as many physical variables as desired.

· discover new unanticipated responses.

Physical Modeling

There are two types of physical modeling discussed. The first is the physical modeling of the MOB in a testing facility using some scale relationship between model and prototype. The second is to model the behavior of the sea state to which the MOB will be subjected.

To physically model the MOB, a scale must be selected and a decision made about geometric similitude. If existing ocean test basins are to be used, then the sheer size of the MOB dictates a small scale be used. Table 1 is a sample of some of the multidirectional wave basins that exist in the US and in other countries. These facilities all have the ability to generate directional spectra through the use of multi-element wavemakers.

Using the largest of these facilities indicates that the scale of the model MOB must be on the order of 1/40 or 1/50, which is a small scale: 4 or 5 times smaller than most tests. However, the size of the model will be such that the types of force loading (principally inertial as opposed to drag) and the sea states will be realistically modeled, up to breaking. A larger scale model will require the construction of a new testing facility or testing the model in the field.

To test directional spectra and the evolution of wave field, or to validated numerical models of sea states, many existing facilities will serve. Numerous factors must be taken into account for these tests: 

· how to specify input wave conditions at the wave paddles and the side walls. This is an especially difficult problem if comparisons to field data are to be made.

· wavemakers can be designed to (1) correct for the waves created due to the finite paddle displacement, (2) absorb waves reflected back to them, and (3) to generate appropriate long bound waves for wave groups. 

· Currents must be considered. Ocean circulation, wind drift, mass transport all occur in nature and affect the performance of a large structure. Most wave basins do not account for all of these factors. There will likely be a certain amount of retrofitting necessary for any facility.

Spatial (in)coherence of the wave field in a given direction can arise due to several factors:

· directionality of the sea state. The simple addition of two unidirectional wave trains traveling in different directions creates a short-crested sea state. Most often at sea the water surface is comprised of numerous wave trains.

· nonlinear effects (which account for most of the above) will often cause a single wave train to decompose in sidebands (Benjamin-Feir (1967) instability) that travel in different directions.

· highly nonlinear waves in shallow water can 'tile' the water surface leading to "honeycomb" patterns. This may also occur in deep water.

· wave groups, which are regions of high and low waves. Groups can travel in different directions.

· wave breaking that causes, at least, local decreases in wave height.

Some of the important problem areas for studying spatial coherence are the importance of nonlinearity in leading to the instability of a wave train or tiling of the water surface. There is a considerable body of knowledge on the Benjamin-Feir instability, both theoretical and experimental (in wave tanks); however very few tests (Su, 1982) have been carried out on the 3-D evolution of these waves (in wave basins).

Numerical Modeling:

The ultimate aim of all numerical modeling is to develop reliable codes for the design use. At the present time, linear representations of directional sea states can be readily generated from directional spectra. Numerous realizations of the sea state can be created quickly. 

There are two basic types of numerical models being developed in this area. The first is the wave generation model that predicts directional sea state due to the input wind fields. These wave spectra models include WAM 3D, which is quite sophisticated and has wide acceptability, but it is not a hydrodynamic model (that is, it doesn't provide velocities and accelerations of the wave motions). 

The second type of model is the hydrodynamic model of the waves, which would be a 3-D fully nonlinear model that can handle a large area (on the scale of a few square miles). It is not believed that such a model exists in an operational form, but there are numerous groups working on such codes, using a variety of numerical methods, such as boundary element, finite element, spectral methods, and others. Three-dimensional codes, correct to second order, are presently or could be available in short order.

In the future, the nonlinear 3-D wave-structure interaction numerical model is desirable. This would account for any hydrodynamic affects created by the unique interaction between the waves and the structure, including unforeseen interactions, such as wave resonances or wave-trapping at the structure, leading to large dynamic forces.

Recommendations:

· Examine the problem of predicting the sea state over a large area (square miles) given data from a few sensors. This problem involves numerous research problems, such as extrapolating field data to numerous additional points (either wave paddles in a physical model or boundary points in a numerical model) to determine initial and boundary conditions

· Carry out a theoretical analysis of nonlinear wave propagation of a spectrum, developing robust computer codes for large areas.

· Examine the effect of nonlinearity on a directional spectrum in a wave basin, by picking a single directional spectral shape and then increasing the energy of the spectrum, up to maximum wave heights. Search for any tiling effects, types of breaking etc.

· Conduct a literature survey on existing numerical modeling codes and the ability to predict the wave field over large areas. 

· Accelerate the development of fully nonlinear 3-D codes. The Navy could support several ongoing 3-D model development efforts. 

· Include a numerical modeler in any proposed field experiments. As field experiments provide the basis to discover new knowledge or provide for greater range in environmental parameters, they also provide data to use to verify numerical models. In view of the difficulty in providing appropriate modeling initial and boundary conditions, it is recommended that any field modeling effort associated with this effort have a numerical modeler as a member of the steering committee. This person could provide guidance as to instrument placement and analysis. Further, this individual would have a greater familiarity with the data set, making it easier to use at a subsequent time.

Table 1
Directional Wave Basins

(Partial List)
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Subgroup Report: Analyzing and Simulating Wave Data (Prof. Borgman)

Three levels of statistical information about the environment are needed for design of a MOB. These are long term data (storm event statistics), short term data (sea state parameters, significant wave height, directional spectra, etc., and their statistics), and geometry/kinematics data (fluid flow statistics for a given sea state parameter set). Combinations of waves/currents/winds/tides/internal waves and their nonlinear interactions may be more significant than the statistics of each component accumulated separately. This suggests that a study of design scenarios may be more important than separate individual studies of each phenomenon.

Data Sources:

There are a variety of different possible types and sources of data. These include in-situ instruments, radar, airplane or satellite based remote sense, ship mounted instruments, wave tank studies, and scaled down environmental in-situ studies. There is a need for sources and arrays to collect operational environmental statistics. Other devices and arrays are needed to seek data on the extremes of sea processes.

A spatial array of in-situ instrument triples (heave, pitch, and roll buoys; water level elevation plus horizontal components of velocity; etc.), coincident with shore- or platform-based radar appears to offer many advantages. The data would tie in with many similar studies in the past (e.g., Allender at al. (1989) in the north sea for buoys) and would allow the two types of data source to be cross compared for accuracy and relevance. Each triple in-situ instrument set would provide separate estimates of the directional wave spectra and other characterizing functions. Collectively, the array of triples could be used to evaluate nonstationarity in space, and give an overall improved estimate of the directional wave spectrum. It appears important to include GPS in the design of the in-situ instruments so that an accurate time history of location can be recorded for each.

It may be desirable to develop further ship board instrumentation. This could include study of the use of ship-based radar in environmental assessment on a one-mile scale. Other possibilities are the design and placement of multiple in-situ recorders in an array (e.g., bow, both sides midships, and stern). It is intriguing to consider "swarms" of ships (main ship plus escorts, or a convoy), each with on board recorders, to obtain an array of wave information on a one mile scale. The relative position of the instrumented ships would need to be recorded by GPS or other devices, and an analysis method for an array with moving elements would need to be developed. The use of aerial photographs may be a useful option for acquiring data. Wave crest length statistics may be obtainable from aerial photographs. Some of the past methods for working with photos, such as slope spectra from sun glitter, may deserve re-examination. Stereo studies with new current software may simplify the analysis which was so laborious in the photo analyses several decades ago. Software for study of lineation (linears) in aerial photos is now available, and from one perspective, wave crest lines are just a linear pattern on the aerial photographs.

Analysis Procedures:

There is a need for mathematical or statistical techniques that can detect nonlinearity and nonstationarity, and evaluate their importance in engineering design. The procedures should analyze, as much as possible under assumption that nonlinear and nonstationarity effects are present, and then test to determine whether a reduction to linear and/or stationary assumptions is reasonably acceptable. It is not a question of whether waves have nonlinear and/or nonstationary features. There is general agreement that they do. The real question is whether these features seriously affect the design procedures for a MOB, and, if they do, what are adequate approximate techniques to include their effect in the design evaluation.

Accordingly, it is important to evaluate the sufficiency of linear wave theory for design purposes, since many design procedures are based linear assumptions. When it is adequate as a fair approximation of structure response behavior? When is it really necessary to introduce the usually much more complicated nonlinear assumptions?

The statistics of length of crest and coherence relations may be computed from the directional spectrum, when the wave field is nearly linear. If nonlinearities are present, further characterization with bispectra, etc., or computation with some of the directional nonlinear wave theories may be needed. However, it appears that the global characterization functions (spectra, etc.) can be used to estimate crest length statistics under many conditions. Although direct crest length measurements and statistics are interesting in their own right, what is needed is a way of computing the crest length statistics from more general sea state characterization functions, especially under nonlinear conditions. These functions might be available from previous studies.

It was suggested that a spatial patch-work of wave packets could lead to the same directional spectra as a homogeneous superposition of cosine waves, when averaged over time. Some evidence was presented for such an aerial patch-work in limited data. It seems desirable that the measurement and analysis methods be organized, if possible, so that such patterning could be detected if it is present. The effect on a MOB response might be quite different for the two schemes. 

Design Tools:

Since the ability to analyze environmental measurements and use the results in the design process is very important to the MOB investigations, it appears desirable that the development of tools for design with environmental processes proceed as part of the MOB studies. Existing software could be collected and extended as needed for MOB-scale studies. New software could be prepared for those situations which the existing software is inadequate. 

Simulation techniques (as contrasted with "design wave" methods) seem most applicable in the MOB design. These uniquely allow evaluation of confidence intervals and damage related to time sequencing of large waves (if correlated time series are being simulated). Histograms of response variables, damage costs, down time, etc. can be obtained in a natural way from the simulation output.

Some available existing software are:

a. SIMBAT software (developed at the Naval Facilities Engineering Service Center, NFESC) for wave kinematics and geometry. This would need extension to the one-mile MOB scale, and possibly an introduction of nonstationarity and weak nonlinearity into the code.

b. HPD software (developed at the U. S. Army Coastal Engineering Research Center, CERC) for simulation of the wave parameters: significant wave height, peak spectral period, and dominant wave direction of travel. The input is a multi year hourly sequence of wave hindcasts such as is available from the Waterways Experiment Station’s Wave Information System (WIS). Since such long term hindcast sequences might be prepared for the various likely MOB sites, this software should be directly applicable to the MOB studies in current form, or with minor modifications.

c. EST software (also developed at CERC) for storm by storm empirical, nonparametric statistical simulation of nonlinear response variables. The method is generic, and although it is currently configured for coastal flooding by hurricanes and extra tropical storms, this could be modified for application to MOB studies. 

There are likely other software available which should be collected for use with MOB. One category that deserves review is that of nonlinear, directional wave modeling. Several investigators have made studies in this area and have published results. If their software can be modified to be useful in general engineering studies, it would certainly be helpful for comparison with measurements from the ocean.

Subgroup report: Measuring Waves (Prof. Graber)

The group consensus was that presently no wave data sets exist to study "spatial coherence", "long-crestedness" and "nonlinearity" in the wave field to the degree required for the MOB project. Limited data sets may exist but they may be in shallow water or from a very limited range of sea states. In order to gather data about the spatial coherence of the sea surface (at MOB relevant scales) traditional approaches require the emplacement of an extensive array of instruments, very precisely located, capable of measuring surface elevation. This is very difficult to accomplish in relatively deep water. Another approach is stereo imagery. However this requires either an aircraft or a balloon or a very tall tower, as well as good visibility. Analysis of stereo imagery has in the past been very expensive. 

The working group felt that recent advances in remote sensing offered a real opportunity to gather information on the correct time-space scale to address the MOB problem. Because some of the suggested remote sensing techniques are still experimental and/or are currently under development, the wisest course is a measurement program in which a variety of remote sensing devices were fielded along with more traditional instrumentation (e.g., pressure gauge arrays, wire wave gauge arrays, stereo-video). These traditional wave measurements could be used to validate integral and directional wave properties of the remotely sensed measurements.

In principal, the most ideal set of measurements would be a series of topographic maps of the surface taken on the order of every second at a sufficiently fine resolution to resolve the crests of the individual waves (spot size order one meter). A corresponding set of horizontal and vertical velocities would complete the picture at the surface. Moreover, we expect that the coherence properties will change depending upon sea state, water depth, presence of currents, type of wave generation condition, wave age, etc. So a sufficiently large set of observations must be gathered to either characterize this variation or link it to some other property of the sea state that can be measured or forecast. It must be noted at this stage, the problems of coherence have either been expressed in terms of traditional measures or in terms of vague descriptors such as groupiness, nonlinearity, or short-crestedness. For a good measurement program to be developed, an improved description of what must be measured is required. 

In any case, at the present time there is no one or two instruments that can provide the "ideal" observations. Emerging technology however offers very exciting capabilities to measure aspects of the wave field over space on the order of a few square miles. Some of these will be discussed below. In principle, we need to measure the spatial variation of the wave field over time with sufficient resolution ( spot size) to be able to distinguish the shape of individual waves and derive some measure of crest-length (once this is defined). Many of these instruments have resolutions and fields of view that vary based on flight altitude and speed, etc. so the values given should be taken as approximate. Low resolution will imply a spot size larger than 10 m, high resolution will imply a spot size of 2-10 m and very high resolution will imply a resolution of less than 2 m. 

The following remote sensing systems are suggested as potential approaches to obtain measurements to estimate the spatial coherence, long-crestedness and nonlinearity of the wave field:

1. Interferometric Synthetic Aperture Radar (INSAR). Several INSAR systems exist (NASA/JPL - L-band, ERIM - X-band) which are deployed onboard an aircraft. Two antennas separated a fixed distance along the aircraft fuselage measure independent images of the sea surface from either one of the antennas or both. Individual complex SAR images are formed using both antennas. The INSAR image then produces a map of the surface current field with a spot size that can be less than 10 m up to 10 km to the side of an aircraft along the path of flight. This surface current map is not a frozen image of the surface because the data at the first part of the image may be collected minutes before the data at the terminal end of the path (that is many wave periods later)-- it is a time smeared imaged. 

Pros: high spatial resolution imagery, relatively large areal coverage

Cons: individual time snapshots, no long time series at a fixed site, potentially no coverage during high sea states (aircraft may not fly), imaging mechanism may be nonlinear, large correction at high turbulence levels

2. Scanning Radar Altimeter (SRA). The SRA (36 GHz) scans a narrow beam (order a meter or so) across the aircraft ground track measuring the slant ranges to the ocean surface at evenly spaced locations across the swath. These range measurements are converted to surface elevations and displayed as a surface topography map. One system exists and is operated by NASA/GSFC on various aircraft (typically P-3s from NASA, NOAA or NRL). Again it provides a time smeared image like the INSAR.

Pros: high spatial resolution

Cons: limited swath width, no absolute calibration, scanning versus pushbroom approach, individual time snapshots, no long time series, potentially no coverage during high sea states

3. Scanning LIDAR . The scanning LIDAR is called an airborne topographic mapper and is operated by NASA/GSFC. It works similarly to the SRA but uses a LIDAR rather than a RADAR. It has a much smaller footprint on the surface (less than a meter). Pros and Cons are similar to the SRA. It may be limited by low visibility,

4. Focused Array Imaging Radar (FOPAIR). A ground-based radar system (typically deployed on a tower or pier) to measure high resolution (time and space) X-band images of the ocean surface. The principal system has been developed, but extensive applications and validations have been limited. On an offshore tower it may not be possible to get the radar high enough and large enough to image the 1 mile range. However, it provides an opportunity to characterized the surface in a much more detailed way than most any other system and is possible of getting the time sequence of snap shots.

Pros: provides high-resolution spatio-temporal images, suitable data for coherence and long-crestedness analysis, no need for MTF

Cons: small areal coverage, need tower or pier

5. Stereo-Video Imagery (SVI). This approach is based on the stereo photography concept developed in the sixties and seventies. The system would be tower or offshore platform based. Both cameras would require good time synchronization. However, further information is needed on the robustness and ease of use of the processing algorithm. Unless the tower is very high tilt corrections are needed. Could be flown in an aircraft. 

Pros: provides high-resolution spatio-temporal optical images, could extract wave patterns, wave number distribution

Cons: processing algorithm, calibration, maintenance, data limited

6. Marine Radar. Using the sea clutter of a commercial navigation radar, a time series of radar images are used to infer the directional wave spectrum (180 deg ambiguity is unresolved) and the underlying current vector. Like the FOPAIR system, the marine radar images can be used to look at individual waves. The most advanced and complete system was developed at GKSS in Germany and has been implemented for routine operation at a Norwegian oil platform and in a lighthouse on the Spanish coast. The GKSS system has also been used extensively on ships. A similar system exists at NRL, but has not been used routinely. A large data set may be available. The radar produces a measure of backscatter that appears correlated to the waves, but a complete theory and a transfer function to either elevation or velocity does not exist.

Pros: provides high-resolution spatio-temporal radar images, a complete, integrated processing system exists, commercially available, inexpensive

Cons: small areal coverage, need tower or pier, not clear how to interpret the images, Sampling speed depends upon rotation of antenna.

Because of the untested nature of many of the remote sensing systems, the working group suggested that one or more calibration/validation field experiment(s) should be carried out where some or all of the potentially promising systems could be placed side by side and compared to measurements from conventional in-situ systems such as pressure gauge arrays, wire wave gauge arrays. It was stressed that redundancy in the measurements are needed as well as a host of ambient meteorological and oceanographic (currents) measurements are necessary and desirable.

Many of these systems appear to be provide very useful information about the sea surface but in some cases how the data are analyzed or compared to existing in situ data needs further exploration. However a concurrent experimental design question is what information is sufficient. For example, the Marine radar may well define the spatial extent of individual waves in time and space simply by means of backscatter intensity and this may be sufficient to define crest length, no linearity and grouping but is completely inadequate to describe the exact elevations or velocities. The SRA/LIDAR/INSAR give good maps of the surface in a time smeared sense. How the information is analyzed is not yet clear. 

Possible sites for a field experiment are:

1. Harvest Platform off Point Conception, CA

2. Oil Platform (Bullwinkle) in Gulf of Mexico

3. Navy TACTS Towers off the North Carolina coast (near Duck, NC)

4. Oil Platform in the North Sea

5. Navy ships such as aircraft carriers, cruisers

From this set of sites the first two options seemed to be feasible, because of accessibility, power availability, deeper water location, exposure to a dynamically wide range of ocean wave conditions, existing measurements. Option three is less desirable because of its rather shallow (30m) coastal location, possibly power limitations, however use of mooring technologies for in situ instrumentation is possible. Option four is desirable because of exposure to high sea states, but may be infeasible because of strict safety regulations. Option five has only a small chance for implementation and may not have concurrent data for validation/calibration.

NASA and NOAA may have a data base of SRA/LIDAR flights whose data would be useful in checking algorithms and getting preliminary data. Often the flights are not under severe storm conditions. At times the SRA has been placed on hurricane hunter aircraft. A program of having the SRA routinely run on hurricane flights over a year could yield a significant data set.

Workshop Recommendations

The workshop concluded that there is an inadequate data base of observations in the deep ocean at the scale of interest on spatial patterns of waves. Limited data may exist but it is not sufficiently comprehensive to answer the general questions posed by the need to have the MOB operate in a wide range of sea states and locales. Confirmed theoretical and numerical models of the fully three dimensional, nonlinear problem do not exist and the suitability of lower dimensional or order approximations is unknown. Furthermore, data analysis and statistical techniques must be extended beyond the typically linear, stationary approaches and then proven to be effective in providing useful results. Physical model basins may be of use in understanding the relationships between features of the wave grouping/crestedness/nonlinearity aspects of the wave field and other parameters such as the directional spectrum of the wave field. However, physical modeling without corresponding ocean observations or theory may be misleading. New types of remote sensing systems and the use of GPS locators with traditional in situ devices offer new opportunities to collect the needed observations.

The workshop recommended the following approaches to gathering the information needed for MOB design:

A. Find any existing observational data sets that may provide initial guidance and data for testing analysis routines. One possible data source are the SCR/SRA and LIDAR data sets obtained by NASA overflights.
B. Develop improved signal processing analysis and simulation techniques for characterizing the properties of spatial coherence important to MOB design. Exercise the analysis routines on physical model data or observations. Develop an understanding of which techniques provide useful, readily interpreted results. 

C. Conduct simple physical model tests to develop data sets on short vs long crestedness, grouping and nonlinearity as a function of directional spectrum. Use the data to test the analysis routines and numerical/theoretical models. 

D. Continue development of nonlinear wave models and test them with the observations and physical model data. 

E. Develop a field observation program of about a year duration in relatively deep water to collect needed data with the space-time resolution needed to answer the technical questions outstanding. A full field program should be initiated only after some pilot efforts to assure that we understand how the new sensor arrays or platforms operate and that we can reliably interpret the results. Suggested sites included the Harvest and Bullwinkle Platforms and the area off Duck, NC as potential sites. Simpler field programs at other than the main site would be desirable to assure robustness of the program. 

F. Encourage the use of the SRA on the NOAA’s hurricane planes and obtain and analyze the data in context of wave prediction models. Use the data to help understand the value of the physical model tests. 

G. Investigate the feasibility of deploying some of the instrument suites aboard Naval vessels in order to collect data over a range of oceanographical settings. 

These efforts could be accomplished in a 3-5 year program.

The workshop participants strongly urged that the program should have a good balance between numerical and physical modeling, data analysis and simulation, and ocean observations. Attendees were concerned that an observational program without a corresponding set of well understood analysis tools or any theoretical or model guidance might well miss key elements which could make the results extendable to other environments and conditions.

The workshop recommended the program understand sea state coherence in terms of the departure of the sea state from the linear condition. It is also important to discover the process linkage between coherence descriptors such as long or short-crestedness and other meteorological and oceanographic parameters so that the results of the research program can be extended to other sites/conditions. 

The workshop recognized that wave coherence is one of the large uncertainties in developing MOB design guidance since little understanding is available. However it is important that this work be conducted in cognizance of the other important aspects of environmental specification not treated in this workshop. It is important also to recognize that the uniqueness of some of the MOB concepts may make interaction of the MOB with the wave field a very complex feedback phenomena-- the MOB may change the local wave environment.
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Appendix I

MOBILE OFFSHORE BASES (MOB) &

ONR MOB PROGRAM

1.0 INTRODUCTION

In FY96 the Office of Naval Research (ONR) assumed leadership to conduct a Science and Technology (S&T) Program to advance critical design technologies for Mobile Offshore Bases (MOB) utilizing commercial design procedures and standards. This program follows a FY93-95 Defense Advanced Research Projects Agency program which investigated enabling MOB technologies as one part of the Maritime Platform Technology Program. The earlier objective of conducting a MOB Advanced Concept Technology Demonstration (ACTD) was redirected to this S&T objective by Chief of Naval Operations in Spring 1996.

Both the functions and size of a MOB platform make it unique compared to any floating structure ever built. There is no precedent, no validated design capability, no fabrication or operational experience, and no industry standard for such a structure. This uniqueness translates to unacceptably high risks if a MOB platform was built to present-day technology and standards, and justifies the S&T-oriented ONR program. Of the concepts proposed to date, the only commonality is the long length (5,000 ft) and the use of independent modules that are assembled into the MOB platform. 

2.0 OBJECTIVE AND PRODUCT AREAS

The objective of the ONR S&T Program is to evaluate MOB technical feasibility with initial construction cost estimates. This program will not recommend any one "best" concept, but will instead deliver generic analysis tools and a design methodology useful for industry and government relative to a future acquisition phase. The three technical product areas identified to accomplish this feasibility objective are: (1) Mission Requirements and Performance Measures, (2) Design Standards and Criteria, (3) Design Tools, and (4) Alternative Concepts. Technology advances in each of these areas are necessary to meet the objective of establishing the feasibility and cost of building and operating a MOB. A brief overview of each product area follows. 

2.1 Mission Requirements and Performance Measures

· Examination of conceptual operations, and quantification of the mission objectives into weight, volume, and other requirements.

· Development of an operational availability model to allow for relative assessment of performance for any given platform configuration and site.

· Develop a methodology to assess the rate that cargo can be transferred between the MOB and various types of ships and lighterage over a range of environmental conditions.

· Establish the functional requirements for Air Operations to be conducted from a MOB.

· Establish the functional requirements and identify technology caps for crane related cargo handling.

2.2 Design Standards & Criteria

2.2.1 Development of a draft MOB Classification Guide addressing hydrodynamic/hydroelastic wave loads, survival and fatigue structural responses, stability, and stationkeeping. The emphasis will be on platform integrity, as defined by a variety of fatigue, operating, and survival scenarios, at arbitrary worldwide sites. 

2.2.2 Define realistic environmental descriptors for survival, operational, and fatigue analyses, including wind, waves, and current. Directional, temporal, spatial, and joint probabilities will be included based on a critical examination of known physical ocean processes (e.g., hurricanes). This task is complicated by the 40 year design life for the MOB platform, the need to operate at any site worldwide, and the inability of the large MOB platform to outrun extreme storms. This information will be used to provide for a realistic and consistent evaluation of all MOB configurations.

2.2.3 Develop a quantification tool to translate mission requirements into corresponding weight and storage requirements.

2.3 Design Tools

2.3.1 Evaluate the utility of existing hydrodynamic and hydroelastic models for simulating the dynamic responses of a representative set of MOB platform configurations. This category also includes second-order system drift forces on the platform and relative motions and interactions between a cargo vessel and a MOB module.

2.3.2 Advance state-of-the-art capabilities in hydroelastic/structural modeling. The first task will develop a new numerical hydroelasticity model by incorporating higher-order diffraction elements into an existing hydroelastic model to make it numerically feasible to model very large coupled platforms such as MOB. A related task to that effort is a translation program to convert the hydrodynamic excitation and reaction panel pressure forces from this new hydroelastic model, along with a stochastic description of a random sea, into pressures over a comparable set of surface elements in a widely-used (time domain) finite element structural model. A second task to advance hydroelastic capabilities is developing an analytical complement to the above numerical model.

2.3.3 Conduct an experiment of hydroelastic behavior of floating structures to validate the various analysis models.

2.4 Alternative Concepts

2.4.1 Explore and evaluate new system (platform) concepts, either as point designs or in a parametric sense as they relate to feasibility. Several point designs will be developed through the preliminary design stage. Parameters in this study include: number of modules; module hull type; connector type: discrete, continuous, non-loadbearing (i.e., rely on module DP); stationkeeping (mooring, dynamic positioning); and module distribution: serially connected, large main unit with thin, expendable runway, etc. Four system concepts have or are being developed, illustrated in Figure 1. Listed in order from structurally rigid to structurally flexible, they include: 

2.4.1.1 Rigidly Connected Semisubmersible Modules 

Description: Up to six rectangular semisubmersible steel modules (each 600 ft long) connected rigidly to effectively form one long semisubmersible.

Key Issues: Connector forces and hull stresses near connectors were considered unworkably large.

2.4.1.2 Hinged Semisubmersible 

Description: Up to five rectangular semisubmersible steel modules (each 985 ft long), hinge-connected with compliant connectors (collapsible rubber cones).

Key Issues: Oblique waves induce large horizontal bending and torsional stresses in the hinge connectors. May require disconnection to survive in high sea states.

2.4.1.3 Semisubmersible Modules with Flexible Bridges

Description: Three rectangular semisubmersible steel modules (each about 770 ft long) connected by flexible bridges (each about 1350 ft long) to form the continuous flight deck.

Key Issues: Fatigue life of steel in flexible bridges. May require disconnection to survive in high sea states. Cargo storage capability less than equivalent length semisubmersible systems. 

2.4.1.4 Independent Semisubmersible Modules 

Description: Three rectangular semisubmersible steel modules (each about 1600 ft long) that are not structurally connected but instead rely on dynamic positioning will maintain overall orientation and relative position between modules. A draw-bridge will span the gap and create a continuous airplane runway. 

Key Issues: Requires yet unproven capability for coordinated dynamic positioning of independent modules. 

2.4.2 Explore and evaluate connectors and subsystems as they relate to feasibility. Examples include: connector geometries; connector to module load transfer; deep water mooring; cargo handling, and dynamic positioning.
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