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INTRODUCTION

UNITES is an interdisciplinary team with expertise spanning the environment (physical oceanography and bottom geology), ocean acoustics (propagation, ambient noise, reverberation and signal processing), and tactical sonar systems.  The overall goals of the research were to enhance the understanding of the uncertainty in the ocean environment (including the sea bottom), characterize its impact on sonar system performance, and provide the Navy with guidance for understanding sonar system performance in the littoral.

This is the final report as required under the contract and is based on the three-year level of effort under the ONR Capturing Uncertainty DRI.  

UNITES TEAM OBJECTIVES

Specific objectives of the UNITES Team efforts were to:

1)
Develop generic methods to efficiently and simply characterize, parameterize, and prioritize sonar system variabilities and uncertainties arising from regional scales (spatial and temporal) and processes.

2)
Construct, calibrate and evaluate uncertainty and variability models for sonar systems and their components, addressing forward and backward transfer of uncertainties.

3)
Transfer uncertainties from the acoustic environment to the sonar system in order to effectively characterize and understand sonar performance and predictions.

TECHNICAL APPROACH

The UNITES Team’s strategy for the characterization and transfer of uncertainty begins with an understanding of the environment, including the spatial and temporal variability in the physical oceanography, and the spatial variability of the bottom characteristics. This environmental uncertainty is reflected in the resulting acoustics, causing uncertainty in predictions of acoustic propagation, reverberation and ambient noise. These uncertainties impact overall sonar system performance.  Our technical approach is based on utilizing environmental uncertainty estimates, i.e. environmental probability density functions (PDF), to provide a probabilistic representation of sonar performance.   The PDFs were determined for spatial and temporal scales that were dictated by the systems under consideration.  In particular, PDFs were determined for: meso- and sub-mesoscale fronts and eddies, tides, internal tides, waves and solitons, interference variability (ambient noise and reverberation) and spatially variable bottoms.  

UNITES TEAM MEMBERS

Over the course of the project, Phil Abbot has served as the overall team leader, while Professor Allan Robinson has served as the scientific team leader.  In addition, the following key individuals (ONR Principal Investigators [PI], listed below with their organizations and team roles), made significant contributions to the overall team effort:

Allan Robinson and Pierre Lermusiaux, Harvard University (HU) -- ocean modeling and end-to-end data assimilation

Glen Gawarkiewicz, Woods Hole Oceanographic Institution (WHOI) - physical oceanography measurements and modeling

Jim Lynch and Tim Duda, WHOI - acoustic fluctuations; Shelfbreak PRIMER and ASIAEX

Ching Sang Chiu, Naval Post Graduate School - TL estimates and statistics

Peter Cable , BBN Technologies - bottom reverberation and noise statistics, signal statistics, and processing-induced variability

Jim Fulford, Naval Research Laboratory - bottom inversion and uncertainty

Lou Bartec, University of North Carolina - East China Sea bottom uncertainty

Bob Miller, Oregon State University - stochastic modeling of uncertainty

Phil Abbot, OASIS Inc. - sonar performance incorporating environmental variability

SUMMARY OF KEY RESULTS and ACCOMPLISHMENTS 
As summarized in this final report, significant progress has been made as a result of the efforts of the UNITES Team.  In this section, several of the key results, accomplishments and successes are briefly summarized, with links provided to documents containing more detailed discussions of each.  (Refer to Table 1 for the links to the team member documents).  These documents are summary reports that have been prepared and submitted by each of the team PIs.  Note that it is likely that results will be presented in the individual PIs sections that are not mentioned in the general summary below.

The first Team results to be discussed below concern the refinement of the Methodology for characterizing and quantifying uncertainty, and transferring it through the E/E (end-to-end) system.  Here, the probabilistic sonar equation was used to predict a sonar system’s probability of detection as a function of range using appropriate environment- and system-based PDFs as input.  The Team also used advanced Data Assimilation, combining measured data and competent models to apply uncertainty methods to the ocean and acoustics. This included a coupled ocean-acoustic model.  The next two categories of Team results to be discussed below are Operational and Scientific areas. These resulted from the enthusiastic and productive Inter-Disciplinary exchange that occurred among Team members. The overall successes discussed in these areas are an amalgam of individual Team member efforts.  The Inter-Disciplinary Team effort has been very successful in applying uncertainty to the E/E system, leading to many potential solutions to current Navy sonar uncertainty problems.

The Team’s uncertainty Methodology, which uses probabilistic performance prediction for E/E system(s), is mandated by the present inability to predict acoustics deterministically due to the often unknown aspects of the ocean state (including the bottom).  The result of this Methodology is a 

Table 1. UNITES Team Document Summary, with links to Files

(Click on the name to access any document)
	Team
	Executive Summary
	Annual Report(s)
	Special Presentations
	Publications

	OASIS
	EX_Summary_UNITES
	OASIS_Annual_Report02
OASIS_Annual_Report03
OASIS_Annual_Report04
	Chantilly_Abbot        

Navy Day_Abbot
Chantilly_Dyer
	OASIS_Pubs

	Harvard U.
	EX_Summary_ Lermusiaux
	HU_ Annual_Report04
	Chantilly Lermusiaux_Robinson
	Harvard_Pubs

	WHOI
	EX_Summary_Duda_Lynch


EX_Summary_Gawarkiewicz
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	Chantilly_Fulford
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	EX_Summary_Bartek
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	OSU_Annual_Report03
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predictive probability of detection (PPD). This PPD is at a minimum controlled by 3 parameters: (t, (t and n (the resultant system mean, standard deviation and the local slope of the TL curve, respectively).  The PPD tails are controlled by the PDF of each uncertainty component, when taken in total (through convolution of the PDFs).   It was found that the TL mean ((TL) is set primarily by the macro-state of the ocean (including the bottom). This value can be effectively determined either from numerous TL measurements (or from accurate estimates of the ocean macro-sate) or from fewer TL measurements that are assimilated with a competent TL model.  A 4-D data assimilation method for coupled ocean dynamical-acoustical fields was demonstrated to be effective for the reduction and competent forecasting of (TL. It was found that the TL standard deviation ((TL) and PDF are primarily determined by the micro-state of ocean (its temporal/spatial “graininess”).  

The UNITES Team’s Operational efforts led to a study of a passive broad-band E/E sonar system operating in the East China Sea (ECS).  The PPD method reasonably represented the sonar/target system and was shown to be relevant to operational Navy needs.  The relevance to the Navy is now under study and the method is being applied to sonar systems using fleet data.  Ocean and acoustic (TL) uncertainty maps generated for the New York Bite and ECS have generated significant interest from the fleet.  These maps provide a basis for early stage elements of improved performance prediction.  Finally, the Team has shown that in a shallow water environment, probabilistic measurements that supplement propagation and environmental models (i.e. data assimilation), rather than models alone, are necessary for competent sonar performance predictions.  This is a very import operational result.

There have been extensive Scientific results from the UNITES Team efforts.  These are briefly summarized below.  (For additional information, follow the links to the individual PI summaries).  Temporal variability in TL distributions resulting from internal waves, internal tides (from SWARM, PRIMER and ASIAEX/South China Seas) and other PO “hot spots” have been quantified, as well as other bottom and oceanographic spatial effects (from ASIAEX/ECS).  The statistical dependence/independence of TL fluctuation has been studied and a partial correlation of signal and noise has been shown to be caused by internal waves.  Ambient noise and reverberation PDFs were measured from the PRIMER, ECS and ACT experiments.  Model sensitivity studies were performed that evaluated the effects of IW scattering on (TL. The TL PDF dependence on signal bandwidth (short time scales) was evaluated and the sensitivity of (TL to ocean sound speed estimate resolution was examined (when limited by mesoscale variability). The optimum resolution was found to be 20 m in vertical and 4 km in the horizontal. Analysis of PRIMER mesoscale physics found that atmospheric forcing controls summer variability more than was previously expected.  Ocean models and measurements were used to calibrate fleet oceanographic models.  These results showed that, in the case of PRIMER, the horizontal gradient in coastal fronts is not predicted.  For the SCS, the fleet model did not estimate the energy in currents and eddies.  It was also shown that the seasonal climatology of the shelfbreak is improved by including wind forcing.  Studies of data assimilation with physical-acoustical coupling applied to the PRIMER measured data show effective reduction of uncertainty in the (TL.  

POSSIBLE TRANSITIONS

OASIS has been working with the Sensor Optimization Working Group (SOWG) to transition the use of the probabilistic method for improved sonar performance predictions.  First, a study was conducted for a broad-band sonar operating in the East China Sea, during summertime downward refracting profiles.  The study then considered a narrow-band sonar system with actual operator detection calls.  This is presently under evaluation.  Preliminary results are encouraging and suggest that the probabilistic method reasonably represents the operator detection calls and may be intuitively useful to the operator in judging the performance of his system.  

OASIS, NPS and WHOI have been working with CNMOC and NAVOCEANO scientists to transition the probabilistic method to NAVO for reducing uncertainty in fleet ocean surveys and for developing adaptive sampling tools that reduce uncertainty in fleet ocean and acoustic models.  Rules-of-thumb, lessons learned, technical implications for effective environmental sampling strategies for the fleet and other tactical insights have been also discussed.  The uncertainty group is applying these methods to the TASWEX04 data set, an operational exercise recently conducted.   

UNITES Team Publications

· Abbot and Dyer, “Sonar performance predictions based on environmental variability,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Robinson, Abbot, Lermusiaux, and Dillman, “Transfer of uncertainties through physical-acoustical-sonar end-to-end systems: a conceptual basis,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Lynch, Fredricks, Colosi, Gawarkiewicz, Newhall, Chiu and Orr, “Acoustic effects of environmental variability in the SWARM, PRIMER and ASIAEX experiments,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Lermusiaux and Chiu, “Four-dimensional data assimilation for coupled physical-acoustical fields,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Duda, “Relative influences of various environmental factors on 50-1000 Hz sound propagation in shelf and slope areas,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Abbot, Gedney, Dyer and Chiu, “Ambient noise and signal uncertainties during the Summer shelfbreak Primer Exercise,” Impact of Littoral Environmental Variability on Acoustic Predictions and Sonar Performance, Ed. By Pace and Jensen, Kluwer Academic Publishers, 2002

· Abbot, Celuzza, Dyer, Gomes, Fulford and Lynch, “Effects of East China Sea shallow water environment on acoustic propagation,” IEEE J. Ocean Eng., April 2003

· Lynch, Newhall, Sperry, Gawarkiewicz, Fredricks, Tyack, Chiu and Abbot, “Spatial and temporal variations in acoustic propagation characteristics at the New England Shelfbreak front,” IEEE J. Ocean Eng., Jan. 2003

· Fredericks, Colosi, and Lynch (2003). “Analysis of multipath scintillations observed during the summer 1996 New England shelfbreak PRIMER study,” Submitted to IEEE J. Ocean Eng 

· Duda, Lynch, Newhall, Wu, and Chiu (2003). “Fluctuation of 400 Hz sound intensity in the 2001 ASIAEX South China Sea Experiment,” Submitted to IEEE J. Ocean Eng  

· Chiu, Ramp, Miller, Lynch, Duda and Tang (2003). “Acoustic intensity fluctuations induced by South China Sea internal tides and solitons,” Sub. to IEEE J. Ocean Eng

· G. Gawarkiewicz, F. Bahr, K. Brink, R. Beardsley, M. Caruso, J. Lynch, C.-S. Chiu, A large amplitude meander of the shelfbreak front in the Middle Atlantic Bight: Observations from the Summer PRIMER Experiment, J. Geophys. Res.-Oceans, (2003) [submitted]

· Sperry, B., J. Lynch, G. Gawarkiewicz, C.-S. Chiu, A. Newhall, “Characteristics of acoustic propagation to the eastern vertical line array receiver during the summer 1996 Shelfbreak PRIMER experiment,” IEEE J. Oceanic Eng. (2003). [in press, refereed]

· A. Fredricks, J. Colosi, J. Lynch, G. Gawarkiewicz, C.S.Chiu, and P. Abbot, 2003. Analysis of multipath scintillations observed during the summer 1996 New England shelfbreak PRIMER study. J. Acoust. Soc. Am.  

· Lermusiaux P.F.J., C.-S. Chiu and A.R. Robinson (2002). Modeling Uncertainties in the Prediction of the Acoustic Wavefield in a Shelfbreak Environment. Proceedings of the 5th ICTCA, May 21-25, 2001, in “Theoretical and Computational Acoustics 2001”, E.-C. Shang, Q. Li and T.F. Gao (Eds.), World Scientific Publishing Co., 191-200. 

· Lermusiaux, P.F.J., A.R. Robinson, P.J. Haley, Jr. and W.G. Leslie (2002) Advanced Interdisciplinary Data Assimilation: Filtering and Smoothing via Error Subspace Statistical Estimation.  Proceedings of Oceans 2002 IEEE/MITS Conference, 795-802. 

·  Robinson, A.R., P.F.J. Lermusiaux, P.J. Haley, Jr. and W.G. Leslie (2002). Predictive Skill, Predictive Capability and Predictability in Ocean Forecasting. Proceedings of Oceans 2002 IEEE/MITS Conference, 787-794. 

· Robinson, A.R. and W.G. Leslie (2003). Advanced Systems for Operational Ocean Forecasting of Interdisciplinary Fields and Uncertainties, in “Proceedings of the MREP2003 Conference”, R. Tyce (editor), SACLANTCEN. [In Press]

· Robinson, A.R. and P.F.J. Lermusiaux (2003). Prediction Systems with Data Assimilation for Coupled Ocean Science and Ocean Acoustics, Proceedings of the Sixth International Conference on Theoretical and Computational Acoustics (A. Tolstoy, et al., editors), World Scientific Publishing. [In press]. 

· Chiu et al., "Bandwidth dependence of shelf-slope TL statistics," to be
submitted to IEEE Journal of Ocean Engineering.

· Lermusiaux and Chiu et al., "Four-Dimensional data assimilation for coupled
physical-acoustical fields: Methodology and computational aspects," to be
submitted to Journal of Computational Acoustics.

· Lermusiaux and Chiu et al., "Four-Dimensional data assimilation for coupled physical-acoustical fields: Application to Shelfbreak PRIMER data," to be submitted to IEEE Journal of Ocean Engineering.

IEEE Capturing Uncertainty Special Issue Publications Submitted (and in Review at the time of this writing)

· Abbot, Dyer and Emerson, “Stochastics of Transmission Loss in the Shallow East China Sea”

· Abbot, Chiu, Lynch, “Acoustic Signal and Noise Level Variability Measurements From 1996 Summer Shelfbreak PRIMER Tests”

· Fulford, “Estimate of Uncertainty in Acoustic Propagation adjacent to the Strait of Korea

· Lin, Chen, and Lynch, “An equivalent transform method for evaluating the effect of the water column mismatch on geoacoustic inversion”

· Linder, C., G. Gawarkiewicz, and M. Taylor, 2004:  Climatological estimation of environmental uncertainty over the Middle Atlantic Bight shelf and slope.  



