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Abstract

The Autonomous Ocean Sampling Network (AOSN) paradigm provides a nested ocean observation capability through the coordinated use of many mobile, networked sensor platforms [Curtin et al., 1993].  The concept closely couples observational tools with operational modeling capabilities.  A concerted effort over the last half-decade has developed and demonstrated key elements of AOSN.  Small, low cost Autonomous Underwater Vehicles (AUVs) supported by a communication and power infrastructure comprise the basic observation system.  To provide the dynamic range for observing the spatial and temporal scales of ocean processes, a variety of vehicle capabilities have been developed.  Slow-moving buoyancy driven vehicles are employed for monitoring large scale, slowly evolving processes.  These vehicles, also called gliders, were largely conceptual when AOSN was first proposed, but have now been fielded by a number of institutions.  Faster, propeller driven vehicles enable observation of smaller scale, rapidly evolving processes.  Propeller driven vehicles have been proven in numerous field experiments, and have matured to the point of commercial availability.  To enable an extended deployment capability for propeller driven vehicles, a variety of docking systems have been fielded, although these remain experimental.  The AOSN concept uses fleets of vehicles for coordinated sampling, thus demanding the development of such complex capabilities as autonomous identification of oceanographic processes and adaptive sampling.  Both are active research areas.  Furthermore, a combination of acoustic, line-of-sight radio, and satellite communications is desired to provide the means to link observational tools to modeling systems and to enable coordinated control of operational assets.  Command and data retrieval of AUVs across trans-continental distances has been demonstrated using a combination of Internet and radio modem connections.  AOSN has had an impact beyond the original scope of oceanographic application.  The capabilities developed have been adapted to applications ranging from mine counter-measures to oil industry surveys, and are changing how we work in the ocean.

Introduction

The proposition that the ocean is under-observed is one with which most oceanographers would instantly agree.  However, aside from simply throwing more money and more ships at the problem, how can we do better?  The autonomous ocean sampling network concept is an approach that seeks to bring a host of new technologies to bear on the observation problem, from AUVs to gliders to acoustic communications.  By linking these systems to assimilation and modeling systems, the hope is to both provide a more effective tool for combining measurements into a single ‘picture’ of the ocean, or part of the ocean, and to develop some quantitative methods to plan more effective sampling strategies.  Work towards this goal of integrating an adaptive, mobile observation system with assimilation-modeling tools has now been underway for over seven years.  This paper summarizes some results, and highlights opportunities to link the infant AOSN capability with other emerging observational paradigms.

The strategy employed for developing AOSN has been to couple incremental technology developments to science-driven field programs.  Science experiments have been chosen to exploit new capabilities as they are available.  This serves a variety of goals, providing:  near-term focus for technology development, field verification of technology, opportunity for testing new operational techniques, feedback on the scientific utility of the technology, and exposure of new technology to the scientific community. The experience gained though these field programs has had the benefit of allowing the identification of new scientific opportunities, and providing important results necessary for the system-level engineering of AOSN.

Haro Strait Primer (1996) – The Haro Strait experiment focused on studying the dynamics of tidally driven mixing in Haro Strait, British Columbia.  Here fresh water from the Fraser river mixes with salt water carried north from the Strait of Juan de Fuca.  The AUV component of this experiment focused on characterization of frontal processes via a variety of techniques:  multi-vehicle operations, vehicle-drifter operations, model-guided sampling, and moving-source tomography.

Labrador Sea Deep Oceanic Convection (1998) – This experiment was an ambitious effort to characterize small-scale structure of deep convection processes during winter in the Labrador Sea. Two types of AUVs operations were attempted:  ship attended operations from the R/V Knorr, and docking station based operations from a deep-water mooring.  Ship-based Odyssey operations detected and mapped convection processes [Zhang, 2001].  Critical elements of a fully autonomous docking capability were demonstrated in extremely demanding conditions, although the full system functionality remains a work in progress.  

Littoral Ocean Observation and Prediction System (1998) – The LOOPS experiment focused on understanding horizontal scales of variability of the biology of Massachusetts Bay.  Odyssey class vehicles were employed as an element of a multi-ship, multi-AUV, coupled observation-modeling system.  Concurrent operation of the Harvard Ocean Prediction System (HOPS) provided the assimilation and modeling component.  Numerous vertical oceanographic sections characterizing horizontal and vertical extents of plankton patchiness were obtained [Yu et al., 2002].  Acoustic communications were employed to control AUVs during survey operations.  Model directed sampling guided AUV observations of upwelling processes.

Generic Oceanographic Array Technology (1998) – The GOATS experiment used an Odyssey class vehicle to test the viability of multi-static sonar techniques for sensing buried mines.  Results of this experiment are in part the subject of this book.

Synoptic Internal Tide Experiment (1999) – SITE used a variety of autonomous platforms in an attempt to characterize interactions of internal tides with the Monterey Canyon.  The first multi-day deployment of glider vehicles (Spray) was demonstrated.  Acoustically controlled operations of AUVs from shore via moorings equipped with radio and acoustic modems were also demonstrated.

Monterey Upper-water column Science Experiment (2000) – In summer of 2000, MUSE was carried out in Monterey Bay, employing a variety of systems developed for AOSN application.  This experiment was designed to understand the bio-geo-chemical response of Monterey Bay to episodic iron fertilization driven by coastal upwelling [Matthews and Johnson, 2001].  MUSE was characterized by a large number of autonomous platforms, ships, aircraft, and satellite systems, all linked by various communications systems (see figure 1).  Coordinated operations with these platforms generated a highly interdisciplinary, multi-scale data set.

While all of these experiments provided valuable lessons, MUSE provides a particularly interesting example as it was both the most observation intensive and inter-disciplinary field experiment of the AOSN series.  MUSE focused on the response of Monterey Bay to an impulsive injection of iron-bearing sediments.  Wind events in late summer drive upwelling to the north of Santa Cruz, bringing sediment-bearing water from the seafloor to the surface. This iron-rich water enables the growth of various phytoplankton species that in turn providing grazing for organisms higher in the food chain.  The needs of MUSE for observational capability were great.  Not only are nutrients introduced through the interaction a host of physical processes acting on different time and space scales, but the nutrients trigger a cascade of transformations through the ecosystem.

To answer the demands of the MUSE experiment, a very large number of assets were employed, including:

· R/V New Horizon:  continuous measurement of physical, chemical, and biological parameters.

· R/V Pt Sur: AUV operational platform.

· R/V Pt Lobos:  ROV Ventana operational platform.

· R/V Shana Rae, R/V John Martin, and R/V Ed Ricketts for mooring deployments, logistical support, and some near-shore sampling.

· 2 Odyssey IIb AUVs:  CTD, fluorescence, bioluminescence, oxygen, optical backscatter .

· 4 gliders (‘Seaglider’)from University of Washington and 2 gliders (‘Spray’) from SIO/WHOI (2 UW vehicles deployed):  CTD.

· 2 instrumented drifters:  temperature, salinity, pCO2, optical backscatter, fluorescence, and irradiance.

· 6 moorings:  wide range of physical, optical, meteorological, and biological sensors.

· Twin engine Navaho aircraft:  sea-surface temperature and meteorological measurements.

· C-130 aircraft:  sea-surface salinity.

· HF Radar:  surface winds and currents.

The large number of platforms and complementary nature of their instrument suites provided opportunity for synergistic sampling programs.  However, the evolving nature of the iron fertilization event and its aftermath imposed the requirement that survey plans be rapidly adapted to changing.  During the MUSE experiment a wide range of combined operations were carried out, including multiple ships, ships and AUVs, ship and AUVs and aircraft, and ships and AUVs and drifters.  Many of these operations focused on frontal processes, which evolved significantly in the course of a single day.  Planning for the coordinated operations therefore occurred on a short time-scale, and imposed heavy demands on rapid data processing, communication systems, and manpower.

Thus for an 
AOSN to be more than the sum of its parts, the elements must function as integral elements of a larger system.  Since these elements are complex devices like in their own right, creating a fully implemented AOSN is a demanding engineering problem.  The number of survey system permutations is large.  The number and type of platforms, how they are instrumented, what communications systems are put in place, and the degree of real-time data processing all contribute to creating a large number of AOSN options.  Thus one of the greatest challenges revolves around learning to use the growing number of platforms to best effect.  To enable this, an important focus of AOSN development has been the creation of tools for quantifying survey system performance.

Sampling with Mobile Platforms

How can one best observe the internal state of the ocean, or at least a small part of the ocean, with mobile platforms?  In practical terms, the problem is difficult because the ocean changes even as it is being sampled.   A notional diagram (figure 2) depicts characteristic spatial and temporal extents of some representative ocean processes [Dickey, 1991]. Variability on the time and space axes span nine and eleven orders of magnitude, respectively, emphasizing the magnitude of the ocean sampling problem.  The dynamic range required to observe the full scale of ocean phenomena is beyond present capabilities, and in any case, most studies attempt to isolate a process to the degree possible.  Thus the strategy is to optimize a survey for a particular process, or at least for a selected range of spatial and temporal variability.

The fundamental trade-off for a survey with a mobile platform of limited speed is between completing the survey rapidly and obtaining a high resolution.  For a two-dimensional survey, geometry dictates that the distance the sampling platform must travel is inversely proportional to survey resolution.  If the survey resolution is too low, then high spatial frequency information is not only lost; it corrupts the obtained low-resolution image via the process of aliasing.  If the survey takes too long to complete, then the process looks different at the end of the survey than it did at the beginning, which is called 
temporal smearing.  Although figure 2 provides an enlightening depiction of the range of spatial and temporal scales encountered in oceanographic processes, it does not convey sufficient information to design a survey or survey system.  

Survey Error

Willcox et al. (2001) approached the two-dimensional survey problem through addressing the following question:  if one uniformly samples an area A containing a given process with resolution  in time , how well does the resulting image correspond to the actual process?  In their treatment, the measure of the survey quality is given by an error parameter total, which describes the degree to which the sampled field corresponds to the actual field.  The range of values is:
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depending on whether the field has been sampled completely (total=0) or not at all (total=1).  

The error parameter is determined by obtaining the contributing errors from temporal smearing and spatial aliasing separately, then combining them as though they statistically independent.   The temporal error contribution, , is given by integrating the temporal autocorrelation function R(t) across the survey internal (- to ).  The spatial error contribution, , is determined by the fraction of the spatial energy density spectrum P(k) sampled by the vehicle survey pattern, where the sampled space is and the entire frequency space is +.  
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The total error for the survey is given by:
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To make use of this approach, one must be able to obtain the statistical characteristics of the process in question.  Sometimes this can be obtained from theoretical treatments of oceanographic processes, for example the Garrett-Munk spectrum for internal waves
. Alternatively, the statistics might be obtained from numerical circulation models.  It may also be possible to obtain the necessary information from field data, for example obtaining temporal autocorrelation numbers from mooring measurements, and spatial energy spectrum from ship, towed vehicle, AUV, or satellite data.  

Figure 3 illustrates an error field for an evolving wave-like process.  The result that the best survey is obtained by sampling very rapidly and with very fine resolution is not surprising.  However, the plot also clearly depicts the diminishing value of more lengthy surveys.  This approach provides a tool whereby the performance of a given survey capability can be quantified or even compared against alternatives. 

Survey System Performance

To use the error parameterization to optimize a survey, we need to compute the portion of the error domain accessible by a given observation system.  This is referred to as the survey domain.  For a mobile platform, the domain is primarily defined by the fundamental limitations of speed and energy.  The optimum survey for a given platform is that location in the survey domain where totalis minimum.

In the outlined scheme, vehicles occupy a grid of points, where the grid spacing is .  One can approximate total distance traveled by one or more vehicles with the approximate relationship: 
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If the survey is completed in time , then the survey platforms must operate at an effective survey velocity of V = d/.  

Energy is a limiting factor in vehicle survey endurance and speed.  Existing AUVs draw their power from onboard batteries to supply power to computers, sensors, and propulsion.  A vehicle operating in a fluid of density , with a frontal area of S, drag coefficient of Cd, propulsion efficiency of  , and hotel load of H, will consume power as a function of speed (V) approximately as follows:
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By using the relationship for the survey velocity for a single platform, and establishing an upper bound for the energy carried by a vehicle, one can compute the region of the domain accessibly on purely energetic considerations (figure 4a).  Figure 4b shows the more limited survey domain resulting from factoring in practical consideration of a minimum and maximum speed for a survey platform. By overlaying the survey domain on the survey error parameterization of figure 3, one can locate the region in the survey domain in which the error parameter is least.  Note that the optimum survey is obtained by trading survey completion speed for resolution, ending the survey before using more than a fraction of the AUV endurance.  

The ability to overlay the survey domain on error parameter provides a tool to compare performance of different survey system options as well.  Figure 5 illustrates the survey domains for a variety of sampling platforms,

Implications for Survey System Design

There are three important implications that can be gleaned from applying these new tools:

1) Multiple vehicle survey strategies are extremely attractive.  An analysis of various investments in vehicle technology [Willcox et al., 2001] compared the consequences for survey effectiveness of improved battery capacity, improving propulsion efficiency, reducing hotel load, and operating multiple AUVs.  The results unambiguously demonstrated the greatest reduction of survey error comes from increasing the number of platforms.

2) Survey strategies that reduce the distance traveled to achieve a given spatial resolution greatly leverage existing platforms.  In other words, if the relationship between resolution and survey distance is d = f A/2 , where f is less than one, then the effective survey speed increases by 1/f, for no additional cost of energy.  Achieving the same acceleration of the survey by increasing vehicle speed would raise power consumed by propulsion (usually the dominant power draw) by 1/f3.  This observation strongly motivates the development of adaptive sampling techniques [Bellingham et al., 1996].  

Reduction of survey distance can be even more dramatic if the fundamental scaling relationship between survey distance and area can be modified.  Acoustic tomography techniques, in which the AUV functions as either a moving source or a moving receiver, provide the potential for modifying the relationship dA to dA [Willcox, 1999].  The much more benign scaling law is possible because the path for a tomography survey encloses an area rather than physically interrogating each point in the interior.  The consequences are particularly important for large areas.  The modified scaling relationship explains the different shape and higher performance of the survey domain for the moving source AUV survey depicted in figure 5.

3) Techniques that employ models to assimilate data provide the potential for ameliorating the decorrelation of survey data that otherwise occurs as a survey proceeds.  If a process has a temporal correlation interval of , then surveys longer than  effectively provide no additional useful information.  However, if by assimilating the data into a model one can effectively ‘propagate’ measurements forwards or backwards in time, then the time constraint on survey completion can be relaxed.  This in turn can be leveraged to achieve high resolutions or reduce energy demands by reducing vehicle speed.  

AUVs

At the heart of AOSN are mobile platforms
.  Two classes of systems have been the focus of development: faster propeller driven AUVs, and longer endurance buoyancy driven ‘gliders’ (figure 6).  The focus has been on creating small, high-performance systems to support multiple vehicle operations.  Small systems can be operated with less support equipment, by fewer people and from smaller ships. Simplified handling and robustness to mishandling makes small vehicles more amenable to deployment and recovery in rough surface conditions.  They are also more maneuverable.  Finally, manufacturing costs are lower, since small vehicles can make use of materials and manufacturing techniques, such as plastics and vacuum forming, not practical for larger platforms.  Cumulatively, these factors strongly enable multi-vehicle operations by reducing operational and hardware costs.

The Odyssey series of AUVs [Bellingham et al., 1992, 1994] have been heavily employed for developing and demonstrating AOSN capabilities (figure 6b). These are representative of the most common AUV configuration:  a torpedo-like vehicle consisting of a streamlined body with propeller and control surfaces at the stern.  A variant of this approach is shown in figure 6c, where the propeller is shrouded in a duct, and the entire tail articulated.  The articulated tail, shown on MBARI’s Dorado AUV, offers a higher degree of robustness to impact, a useful characteristic for launch and recovery.  

In order to remain controllable, torpedo-like AUVs must move forward at some minimum speed in order to maintain flow over control surfaces, and therefore are not capable of station keeping.  Operational speeds for small propeller-driven vehicles range from 0.5 to 2 meters per second, with most vehicle operating at roughly 1.5 meters per second.  A higher degree of control over vehicle attitude and trajectory, for example enabling station-keeping, can be achieved by vehicles with multiple thrusters.  These AUVs obtain greater maneuverability, but at a cost of reduced range.  Since coverage rate is an importance performance metric for AOSN survey platforms, the focus has remained on torpedo-like platforms.

Depth ratings for propeller-driven AUVs fall primarily into two classes:  deep (3000 meters or greater) or shallow (300 meters or less).  Drivers for these two depth ratings stem from applications in the commercial and military domains, respectively.  Offshore drilling is moving into progressively deeper water, and AUVs provide both higher quality data and more economical operations than traditional deep-tow systems for seafloor mapping.  Consequently, significant AUV system development is motivated by the emerging deep-water survey market.  Shallow-rated systems are heavily driven by a naval need for a robust mine hunting capability preparatory to amphibious assault.  The trend in the mine-countermeasures market is towards smaller vehicles.  Current development activity for mine-countermeasure AUVs is focusing on multi-AUV strategies that have much in common with AOSN (http://www.onr.navy.mil/02/baa/baa01_012/PIP/uuvmp.pdf).  

Gliders are vehicles capable of varying their buoyancy, and using wings to translate vertical into forward motion (see figure 6a). The Spray glider was operated in the SITE 99 experiment [Sherman et al., 2001] while several Seaglider vehicles were operated during MUSE [Eriksen et al., 2001].  Gliders typically operate at low speeds (under 0.5 m/s) and consequently expend little power on propulsion. They are constrained to profiling trajectories, and typically fly saw-tooth trajectories to obtain vertical sections.  The 50 kg Spray has a theoretical range in excess of 6000 km at about 0.2 m/s carrying CTD instrumentation.  Relatively few sensors have been integrated on gliders, in part because of the relative newness of the platforms, but also because of the extremely limited power available for sensors generated by the desire to achieve great endurance and range.

Propeller-driven AUVs have been used to carry a wide variety of sensor systems.  Bottom mapping sensors include side-scan sonar, mechanically scanned sonar, multi-beam bathymetric sonar, laser-linescan imaging systems, still and video imaging, and sub-bottom profilers.  Measurements made in the water column include temperature, salinity, chlorophyll fluorescence, optical backscatter, pH, oxygen, bioluminescence, and a wide range of inherent optical properties.  Specialized uses of AUVs include use as mobile acoustic arrays, and mobile sources for acoustic tomography.  This list covers just a portion of the sensor systems run about AUVs, and given the rapid increase in organizations operating and employing AUVs, the variety of sensor is likely to increase for some time to come.

Critical Technologies

Rapid adoption of AUVs by the military, commercial, and oceanographic communities is spurring significant investment on the part of AUV manufacturers and component suppliers. The combined demands of low power, small size, low weight, and robust autonomous operation impose demanding constraints for AUV subsystems that do not overlap previously existing markets.  Just a few years ago, very few systems designed specifically for AUVs were commercially available.  AUV designers were forced to either design component subsystems from scratch, or employ compromise solutions. The situation as of this writing is very different, as many manufactures are revamping existing product lines to better satisfy AUV needs, and in many cases, designing systems specifically for AUV application.

While expanding AUV markets encourage significant technical innovation, forces outside of the marine market drive research and development in foundation technologies.  For example, low-power electronics and high-energy density batteries are critical enabling technologies for AUVs.  Portable consumer electronics markets dwarfing the more specialized undersea systems marketplace provide the required financial incentive for investors to fund development in these technologies.  In a similar vein, inertial navigation technologies are driven by non-undersea applications, despite their growing importance for AUV navigation.

Control and Autonomy

In contrast to many land robot applications, in which robots are dedicated to a single application, 
AUVs are expected to be capable of supporting a broad range of missions. The need for flexibility ranges from simple modification of flight profiles, to more redefinition of mission objectives including changing vehicle sensor suites.  Autonomous operations are enabled by software architectures that provide mission level control, navigation, subsystem management, and dynamic control while supporting reconfigurability.  Such software approaches have enabled a large range of autonomous capabilities, although opportunities for future advances remain great.

Most autonomous robot architectures have converged on so-called three-level architectures in recent years.  Three-level architectures arrange control functionality and mission abstraction hierarchically.  One example is the variant of layered control employed in the Odyssey AUVs.  The lowest level is employed for dynamic control loops that command and achieve basic vehicle functions such as heading, depth, and speed.  The next level of control revolves around discrete tasks, for example attaining waypoints, flying vertical profiling patterns, and homing on a docking system.  Basic aspects of vehicle safety, like bottom avoidance and depth envelopes, are often handled at this level as well.  The third level selects tasks to achieve overall mission goals.  This can be as simple as sequencing through a series of tasks, or as complex as autonomously configuring and invoking tasks to respond to high-level goals.

Straightforward capabilities include tasks like navigating to waypoints, flying grid surveys, flying saw-tooth vertical profiles, and maintaining constant altitude over bottom.  In Odyssey vehicles, such capabilities are encompassed in behaviors.  Several dozen behaviors have 
been developed and demonstrated, and missions are constructed by activating behaviors, setting their relative priorities, and providing values to behavior arguments.  To achieve more complex tasks, behaviors can be combined, for example using a grid survey behavior with a bottom following behavior creates a bottom-following grid survey.  Other examples of creating more complex behaviors from simple building blocks include demonstrating formation flight of two vehicles by using a homing behavior to cause one vehicle to follow another, while constraining depth. 


Docking is an example of a more complex activity that has been demonstrated.  It
 is difficult because it involves a large number of tasks, and also because there are a variety of failure modes that must be detected and from which the AUV must recover.  For example, when attempting to dock, currents can cause a vehicle to miss the structure on the first pass.  The AUV must detect that it has missed the dock, and initiate a procedure to set-up for another attempt, this time from a more favorable direction.  In general, failure detection and recovery is both an important requirement for robust autonomy, and creates significant challenges both architecturally and operationally.  As the number of individual tasks to achieve a mission objective multiply, the need for detecting and correctly responding to anomalies increases for achieving overall success.

Communications:

The AOSN paradigm demands that mobile systems at sea operate as elements of a networked observation system.  For this and other reasons, communications play a central role in AOSN.  Communication is essential for connecting observational assets to modeling and assimilation systems.  Communications is also highly useful as a mechanism for enabling coordinated sampling strategies by mobile systems. The ideal is the extension of Internet to instruments and vehicles deployed in remote regions of the ocean.  

Although designed for complete autonomy, experience has demonstrated that the ability to interact with human operators during a mission greatly increases practical functionality of AUVs.  Once a vehicle is underway, if communications are possible, a range of interactions is desirable.  If high bandwidth, low delay communications exist, an operator might take direct control of the dynamic control level, bypassing high level control functionality partially or completely.  This is particularly useful for tasks such as launch and recovery.  A more supervisory control approach involves changing a mission parameter, for example to cause a vehicle to operate more closely to the seafloor or terminate a certain task within a mission.  At the extreme, an operator might change the mission profile of the vehicle altogether by downloading a new mission to the vehicle.  

A variety of communications technologies are relevant to AOSN.  Above water, radio communications are employed in both line-of-sight and satellite communications schemes.  Below water, acoustic communications can be used, although the performance depends greatly on the complexity and variability of the acoustic environment. 

Commercial radio modems have been used with great success for line-of-sight communications.  Links between ship and shore, ship and surfaced AUV, ship and mooring, and shore and mooring are routine.  Range is largely a function of the height of the antennas and sea-state.  These pose problems for AUVs, which have very little freeboard, and consequently have difficulty maintaining an antenna at any appreciable height.  However, radio modems are routinely used as a means of communicating with surfaces AUVs to command missions, extract mission data, and determine AUV position for recovery.

Satellite communication has not progressed as rapidly as was envisioned when AOSN was initially proposed. The combination of rapidly increasing sub-sea cable capacity and expansion of local cell phone networks undermined the economic competitiveness of the satellite communications market.  Furthermore, many satellite systems focus on land-based markets and do not provide coverage over much of the worlds oceans.  Finally, requirements such as small size, rapid connect, and omni-directional antennas limit choices to systems with relatively low bandwidth.  

Acoustic communications capabilities have progressed substantially in the last decade.  Ship to AUV, mooring to AUV, and AUV to AUV communications have all been demonstrated.  Of these capabilities, the first remains the most commonly used.  Acoustic communication is strongly dependent on acoustic propagation conditions.  Situations in which a single path dominates sound transmission between source and receiver, for example when a ship is directly over an AUV (a so-called vertical channel), allow data rates of tens of kilobits per second over distances of kilometers.  However, acoustic communication is much more difficult for environments exhibiting high multipath, for example between two AUVs separated by a distance much greater than the water depth. Robust communications in shallow water might require dropping communications rates to tens of bits per second to achieve ranges greater than a kilometer, or might not be possible at all.  

Navigation:

Navigation remains an outstanding challenge for undersea vehicles.  No single solution satisfies all, or even most applications.  Instead, AUV operations draw from a range of navigation techniques, each sufficient for a limited range of applications.  Capabilities are roughly divided into those that operate near the surface, those that operate near the bottom, and those that must function in mid-water column in deep water.

For vehicles whose operations take them to the top of the water column periodically, the Global Positioning System (GPS) provides a means of obtaining a position fix with an accuracy of approximately 5 meters via satellite.  To obtain a GPS position fix, a vehicle must deploy an antenna clear of the water.  Obtaining an update can take several minutes, during which time the vehicle is at risk of being run over by surface traffic.  While GPS is standard equipment for most AUVs, there are strong reasons to create navigation solutions that minimize the number of times a vehicle must surface, even for AUVs that operate at shallow depths.

Inertial navigation systems compatible with small AUVs develop errors at the rate of a kilometer per hour or greater.  This is unacceptable for nearly all applications, since it is of the same order as the operating speed of most AUVs.  Performance can be substantially improved by aiding the INS with additional navigation devices.  Typically an INS is supplemented with a Global Positioning System (GPS) for initialization and position update, and a Doppler Velocity Log (DVL) for bounding velocity errors.  State-of-art performance for an INS aided by a DVL provides position error growth of less than 0.1% of distance traveled.  However, the precise performance depends on a variety of factors such as the shape of the path followed and latitude of operations.  

Long-baseline acoustic navigation (LBL) is a well-established underwater navigation technique that is used successfully for AUV operations.  LBL navigation involves the use acoustic beacons as navigation references.  While these are usually moored on the seafloor, they can also be attached to ice cover or even allowed to drift on the surface.  In the most common LBL implementation, a vehicle interrogates the beacons, and from the time-of-flight measurement, infers range to the beacons and therefore position.  To do this, the vehicle must know the beacon’s positions.  The advantage is a comparatively high-accuracy navigation system.  Position fixes accurate to a few meters over areas of tens of square kilometers are routinely obtained in deep water.  

There are a number of disadvantages to LBL navigation, including high setup costs and poor performance in shallow water. The requirement that a number of acoustic beacons be placed on the seafloor, and their positions determined, imposes significant logistical demands.  Establishing the array also requires significant operator expertise.  However, when AOSN surveys are to be concentrated in a specific area over an extended period, the costs of establishing a long-baseline array can be amortized over many individual surveys, making this technique more attractive than is typically the case for ship-based operations. In shallow water, the complexity of the acoustic environment leads to multipath and fading, which limit both the range and accuracy of acoustic navigation techniques.

When a surface vessel will be attending the operation of an AUV, navigation is often provided remotely, through the use of an ultra-short baseline (USBL) acoustic navigation system.  USBL is used to track a vehicle’s position from the ship.  Beyond the requiring a surface vessel, problems with this technique include the deterioration of positioning accuracy with distance of the AUV from the support vessel, and the fact that position is determined on the surface vessel and must be transmitted to the AUV.  USBL is usually employed when a ship is required for AUV operations for logistical reasons.

Energy Storage

A variety of energy sources are available for AUVs. Commercially available systems have energy storage performances ranging from 30 to nearly 400 W-hr-kg.  Battery technologies vary widely as to their cost, discharge rates, ability to be recharged, robustness, failure modes, and requirement for supporting equipment. The specific technology employed for a given application is driven considerations such as safety, energy requirements of a given mission, economic factors, and logistical constraints. 

When the paramount factor in a given AUV operation is achieving the maximum vehicle endurance, high energy density primary cells may prove most attractive.  Commercially available primary batteries, such as those employing lithium metal-based chemistries, are capable of supplying in excess of 300 W-hr/kg, but for a premium in cost.  They are particularly likely to be employed for vehicle operations that do not have high rates of turn-around.  In usage scenarios entailing few deployments, hardware and logistical expenses can dominate the cost per deployment.  Consequently, such operations are often relatively insensitive to battery costs, and place much higher emphasis on achieving maximum vehicle utility. Glider systems that are deployed for relatively long periods are examples of systems where economics drive designers towards the choice of primary battery systems.

When high turn-around operations are envisioned, the economics of the energy system rises in importance.  In these scenarios, equipment costs are spread over a larger number of missions, while energy consumption increases with usage.  For high turn-around operations, rechargeable batteries are usually attractive, as the energy system’s cost can be amortized across its recharge life. However, the recharge of batteries can impose operational and design compromises.  For example, virtually every existing battery system has failure modes in which potentially explosive mixtures of gas can be evolved.  This creates the requirement for additional safety measures, especially during recharge when the vehicle is on deck, entailing additional handling and hardware.  For example, for some battery types, it is prudent to open pressure vessels during recharge to mitigate gas accumulation, and monitor individual cell voltages.  Thus the savings realized on the batteries themselves is at least somewhat offset by increased logistical costs.

Many batteries require pressure cases to maintain near atmospheric pressure for safe operation.  This creates a number of problems.  Perhaps most obvious, the pressure casing can increase the effective weight required for the vehicle energy system.  For a shallow vehicle, for example a few hundred meters, the casing may be sufficiently light to provide efficient floatation and thus not incur significant weight penalties.  However, for deep-rated vehicles, the weight penalty can be severe.  A more ominous problem is that by sealing batteries in a confined space, one creates the potential for an explosion should batteries fail catastrophically.   Thus a highly attractive feature of any battery system, from the perspective of AUV design, is the ability to operate at high hydrostatic pressures.  

Semi-fuel cells offer a promising technology for providing power to underwater vehicle.  The version of this technology currently in development for AUVs reacts hydrogen peroxide with metal anodes, usually aluminum, to create electrical power.  One particularly interesting aspect of this approach is the ability to operate with the bulk of the system at ambient pressure. Comparatively routine operations have been demonstrated with lower energy density, and deep-rated systems with performances in excess of 300 W-hr/kg are in development [Adams, ]  A prototype of that system is shown in figure 6c.

Development of rechargeable batteries has accelerated in the last decade, driven by rapid growth of the cellular phone and portable computer markets.  Batteries employing older chemistries such as lead-acid, silver-zinc, and nickel-cadmium are being joined by a newer lithium-ion, and lithium-polymer based systems.  Initial pressure testing of some of these systems offers hope that pressure-compensated, high-energy density batteries might be available in the not-so-distant future.

One method of surmounting the limited energy capacity of an underwater vehicle is to employ a docking system to recharge AUV batteries (see below).  This transfers the energy storage problem to a platform less constrained than that of an AUV.  Not only is it possible to place a larger number of batteries on a buoy or mooring without incurring drag penalties, but alternative sources of energy are available as well.  For example, development work on extracting energy from waves or currents could provide a source of power limited only by environmental conditions and the longevity of the power generating hardware.  

Docking:

The present generation propeller driven AUVs have endurances on the order one day.  To provide extended deployment capability, docking systems are in development.  These docking systems allow a vehicle to attach to a mooring or cabled instrumentation node for the purposes of recharging batteries, dumping data, uploading missions, and generally parking until the next mission.  

From a scientific perspective, docking systems open a new window into the ocean.  The AUV provides a capability for establishing the spatial context of mooring-bound measurements. Sequential spatial snapshots of a given environment can be obtained to trace the evolution of small-scale oceanographic features.  Perhaps most important, docking creates a powerful new capability for studying episodic ocean processes such as weather driven events, biological blooms, or volcanic eruptions.  However, docking is also quite complex, and the new capability comes at a price of added complexity of the overall system.

Docking implies a diverse set of capabilities, including:  

· the ability to navigate to the general vicinity of the dock,

· a homing capability to bring the vehicle in contact with the dock

· a method to mechanically capture the vehicle to the dock or visa versa

· methods to establish data and power connectivity between the AUV and dock

· in situ battery recharge capability

· data download/mission upload connectivity

· the ability of the AUV to sleep

· the ability to initiate new missions and undock

A variety of homing systems have been tested on Odyssey (see figure 7).  A commercial ultra-short baseline system {ORE] was used to interrogate and home on a transponder, located in a recovery net to enable under-ice Arctic operations.  This system was attractive in that it had an acquisition range on the order of a kilometer and provided adequate homing up to net capture, although the update rate was limited.  A more sophisticated ultra-short baseline system provided homing for a docking system developed by Singh et al. [2001].  This system used a transponder on the dock that responded with a train of spread-spectrum pulses to each interrogate, thus providing a higher update rate, and an ability to determine closure rates by time-differencing arrivals. 

Optical homing techniques, although intrinsically short range, provide a simple yet robust solution for homing.  A technique developed by NRaD and tested on an Odyssey used a modulated light source on the dock, and a phase-locked-loop for detection on the vehicle [Cowen et al., 1997].  This scheme allowed detection of the light source at ranges of 20 meters, even in the relatively murky water of Buzzards Bay, Massachusetts.  A quadrant detector yielded right-left and up-down indications to the vehicle, providing simple homing commands.  The field of view of the detector was relatively small, just a few tens of degrees.  Consequently, to initiate homing, another navigation system was required to position and orient the vehicle for homing.  Given a good set-up, the optical homing system proved very reliable in bringing a vehicle into the docking cone.

A magnetic homing system has also been tested with Odyssey vehicles [Feezor et al., 2001].  This system generated oscillating magnetic dipole fields with two magnetic coils mounted on the dock.  One coil generated a vertical dipole, while the second generated a dipole aligned with a cone-shaped dock.  A three axis magnetic sensor on the AUV was employed to detect the magnetic signal, measuring both amplitude and direction.  By following the magnetic field lines, the vehicle was able to approach and enter a cone-shaped dock, without requiring any prior knowledge or communication of the cone’s orientation.

While the various capabilities have all been demonstrated to one degree or another, docking remains a developmental activity. 
Sampling with Mobile Platforms - Practice

The field programs outlined above have illustrated a number of operational techniques that employ elements of AOSN to more effectively characterize oceanographic processes.  

Multiple AUVs:

Multiple vehicle operations offer a variety of opportunities, beyond the straightforward multiplication of coverage rate.   One set of advantages stem from the fact that some observations are best made by systems that are NOT collocated.  The GOATS concept in which AUVs are employed to obtain source-receiver separation for multi-static sonar sensing offers one example [Edwards et al., 2001].  Multi-vehicle adaptive sampling, where one platform is used to assist another to survey a process more efficiently, provides another example.

Obtaining co-located water column T-S sections and acoustic Doppler current profiler (ADCP) sections is difficult from a single platform.  The ADCP functions best from a level, stable platform, while the T-S section demands the vehicle fly a steep trajectory.  Employing two vehicles to obtain the respective sections provides a solution.  Figure 8 shows the flight profiles of two Odyssey vehicles cooperatively obtaining a simultaneous CTD/ADCP section in Haro Strait, British Columbia [Bellingham, 1998].  For this operation, a human operator monitored and commanded vehicles from an attending surface vessel. Navigation was provided by an acoustic tracking system that gave positions to the operator.  A simple acoustic communication system allowed heading commands to be sent to the vehicle.

Significant current shears driven by tidal mixing made the Haro Strait multi-AUV survey experiments particularly challenging.  Horizontal currents varied up to knot across a few tens of meters.  The CTD profiling vehicle, with an effective speed through the water of less than three knots, was significantly affected by the current shear, and required constant updates of heading to retain a course parallel to and under the ADCP vehicle.  A more attractive solution is to provide the vehicles with the capability to navigate relative to each other.

An early example of coordinated AUV operations without human operator intervention was given in Singh et al [1996].  In this example, two Odyssey vehicles flew in formation in Buzzards Bay (figure 9).  One vehicle was designated the lead and equipped with an acoustic pinger.  The following vehicle used an ultra-short baseline homing system to measure bearing and elevation to the pinger on the lead vehicle. The lead vehicle positions plotted in figure 9 are dead reckoned.  The positions for the following vehicle were computed by employing the acoustic bearing measurements to the lead vehicle to improve dead reckoned estimates.

A notable feature of the coordinated survey was its small size, which made formation flight more challenging.  The grid survey pattern flown by the lead vehicle involved a number of course reversals that the following vehicle was unable to reproduce precisely.  This was a direct consequence of the algorithm employed for formation flight, which was to simply stay pointed at the lead vehicle.  When the lead vehicle reversed course, the following vehicle continued to steer directly at the lead.  This resulted in the following vehicle passing the lead vehicle headed in almost the opposite direction (to avoid a collision, the vehicles were commanded to fly at different depths).  The following vehicle then had to reverse course, in the process deviating significantly from the lead vehicle flight path. A more sophisticated algorithm might involve estimating the path of the lead vehicle, and maneuver to optimize relative heading as well as relative location.

Use of relative navigation of multiple vehicles for formation surveys has benefits beyond simplifying multiple vehicle operations.  Significant economies can be realize as well, since geo-referenced navigation can be propagated from a single AUV with a highly-capable navigation system to simpler vehicles with relative navigation capability. 

Remote Operation of AUVs:

While most AUV operations to date are attended by a surface vessel, experiments with remote operation of AUVs have provided insight into the challenges and opportunities of operating AUVs from a distance.  A functional communication infrastructure is a prerequisite for such activities.  In practice, such an infrastructure has been established for demonstration purposes, at significant expense, during a field program.  The Haro Strait Primer, LOOPS, and SITE 99 experiments both deployed moorings with radio and acoustic links. 

Use of Internet as a medium for remotely interacting with an AUV was demonstrated to a Ocean Studies Board meeting in June, 1996.  For the demonstration, an Odyssey AUV in Haro Strait was equipped with a radio modem, allowing communication with the vehicle while it was on the surface.  A shore-side computer in Sidney, British Columbia equipped with a complementary radio modem, provided Internet connectivity.  For the demonstration, the vehicle was launched from a small boat.  The mission controller, in Massachusetts, used telnet to connect to the vehicle, configure a survey, and start the mission. On completion of the survey, the operator downloaded the mission data from the AUV to the conference room in Massachusetts, and a series of plots of the mission flight pattern and science data were created.  This was an early example of a remote operations capability.  

In routine AUV operations, Internet connectivity has been used primarily to allow a small group of experienced AUV operators to support operations in widely separated geographic locations. For example, during preparations for the GOATS 98 experiment, the lead software engineer for the Odyssey team had deployed to Italy.  When problems were encountered with a reconfigured AUV undergoing testing in Massachusetts, the software engineer was able to debug the problem from Italy in a matter of minutes.  As the number of systems in the field multiple, strategies for supporting these systems without a corresponding number of expert operators is critical for to achieving economy of operations.

Remote interaction with AUVs during submerged operations requires a complex communication infrastructure.  A two-tier system has been developed:  radio communications provides a long-range link with a communication mooring, which in turn acoustically communicates with underwater platforms [Frye et al., 2001].  In SITE 99, an array of communications moorings were deployed in the upper Monterey Canyon and employed to control submerged AUVs in real-time.  The moorings allowed an operator, sitting at MBARI, to receive data from and send commands to AUVs operating in the Monterey Canyon [Kreamer, 2000].  While remote command and control is attractive, the mooring infrastructure required to support such operations adds to the logistical and technical burden of an experiment.  The longer the experiment, the greater the benefit can be realized.  In the future, permanently deployed ocean observatories offer an extremely attractive mechanism to provide a communication infrastructure for AUV operations. 

Complementary Assets:


In many occasions, remote sensing assets provide valuable information for designing surveys.  For example, sea surface temperature (SST) provides an important indicator of frontal location.  In the MUSE experiment, aircraft-born SST was used to map Monterey Bay on a daily basis [Paduan et al., 2001].  The resulting maps (see figure 10) were extremely useful for planning survey operations.  Since the aircraft can fly under the cloud cover typically found over Monterey Bay in late summer and early fall, the aircraft surveys provided a much more reliable and high-resolution SST than could have been obtained from satellite remote sensing.  

To be useful for survey planning, rapid data processing and robust communications is essential.  Even with overnight turn-around, the locations of a front could move many kilometers during the 18 or more hours between an aircraft SST mapping flight and AUV survey operations.  Consequently, in the MUSE experiment, the AUV deployment was preceded by an assessment of the new front location and orientation using the R/V Pt Sur’s underway CTD system.  Once the surface manifestation of the front was understood, the AUV was deployed in a position to obtain a frontal section.

Finding convergence fronts is straightforward with drifters.  Convergence fronts tend to concentrate floating debris.  In the Haro Straits experiment, a large sonar-equipped drifter was used as a reference location around which Odyssey surveys were conducted.  The ability to track the location of both the drifter and the AUV via the same tracking system, and the ability to command AUV heading acoustically, provided a power tool for mapping frontal processes with comparatively high resolution.

The MUSE experiment made heavy use of drifters, and several Odyssey frontal surveys were centered on drifter locations.  Since the drifters were equipped with GPS and were in constant radio contact, the path of drifter motion was known in real-time.  AUV surveys were set up to run roughly orthogonal to the direction of drifter motion, and to intersect the drifter location. As the motion of the drifter was not constant, and the AUV surveys could be last many hours, the AUV was commanded to surface approximately every hour and a half.  During these surfacing, the vehicle course could be adjusted to better intersect drifter location (acoustic communications was not available during this experiment).  Figure 11 shows the tracks of a drifter and AUV during one such frontal survey, and the resulting vertical sections of temperature, salinity, and fluorometer signal (Ryan, 2001).  The front is clearly evident in the salinity signal.  Evidence for downwelling (expected for a convergence front) is visible in the fluorometer section, which shows fluorescing material from the surface being carried to greater depths.

Adaptive Sampling:

Following a thermocline offers a simple example of adaptive sampling.  Figure 13 shows an Odyssey survey of biological layers in Massachusetts Bay, in which the objective was to characterize plankton patchiness.  For this survey, three separate activities are evident in the vertical plane trajectory of the vehicle.  The vehicle obtained full water-column profiles periodically, to capture the full picture of vertical variability.  At the deepest portion of the full water-column profile, the vehicle trajectory tracked the bottom for a brief period.  This segment of the mission enabled long distance acoustic communications between the supporting ship (the R/V Oceanus) and the AUV.  This was necessary because the acoustic propagation conditions precluded communication over distances of more than a kilometer above the thermocline, but supported communications out to ten kilometers near the bottom.  High-resolution measurement of plankton patchiness was obtained by having the vehicle yo-yo trajectory trigger off of temperature.  Since the plankton layer was concentrated at the thermocline, this provided a straightforward method of obtaining better horizontal coverage. 

Modeling System-Assisted Sampling:

Mechanisms for models to influence survey operations include:  as an advance-planning tool, as an operational prediction tool, and as part of an integrated observational-modeling system.  Advance planning is particularly important for process-oriented experiments that incorporate fixed instrument platforms such as moorings or benthic instrumentation.  If these systems are placed incorrectly, the entire experiment may be compromised.  However, determining the optimum location for these systems can pose a difficult problem, as historical data are usually either unobtainable or very sparse.  For example, in the Haro Strait frontal experiment one element of the observation system was an acoustic tomography array.  The objective was to center the array on the most likely location for a tidal front.  Furthermore, the buoy designers needed to understand the maximum currents likely to be encountered.  Both of these issues were addressed by employing a tidal model [Foreman et al., 1995] to develop an understanding of currents likely to be encountered in Haro Strait.

Coupling models directly to observation systems is a cornerstone of AOSN.  Figure 13 shows a sequence of prediction, survey paths, survey data, and assimilated data for coupled observation-modeling system experiment during the Haro Strait experiment [Bellingham, 1997].  The predictions were generated by an implementation of the Harvard Oceanographic Prediction System (HOPS) and delivered to the AUV operations team at 6am. The AUV team used the predictions to identify frontal locations, and the resulting surveys are shown in plan view.  The AUV vertical section is shown for a survey that ran across the front and back again.  Finally, the result of assimilating AUV back into the model is shown in the final panel.  This example demonstrated the two great strengths of an intimate integration of modeling with the observation system:  more efficient surveys, and improved estimates of the environment.

Bringing the Elements Together

The outstanding challenge for future AOSN development is to forge the individual elements into an integrated system.  Great progress has been made on technical elements such as AUVs, gliders, and acoustic communications.  Field operations have demonstrated the proof-of-concept for joint 
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For the full power of the multi-platform sampling system to be realized, the observational assets must function within a fast-turn around cycle of activities that carries observations through analysis to the planning of the subsequent survey again and again (figure 14).  Minimizing the cycle time of this loop is critical since the value of the measurements accomplished in the early phase of the cycle deteriorate with time for the purposes of survey planning due to temporal evolution of the process.  Anyone who has attempted to work up a CTD plan while the ship’s crew tap their shoes in collective impatience knows the difficulty of managing rapid environmental assessment – and this is with just one platform.  AOSN, by integrating the use of a wide range of operational tools, increases this complexity dramatically.  

Field programs utilizing AOSN capabilities have been carried out by confederations of individual projects, each of which supplies a portion of the observational capability.  An investigator who is, more often than not, motivated primarily by pursuing specific scientific questions guides each of these projects.  In the months leading up to the experiment, the individual projects are typically focused on testing their elements in isolation of the other components of the system.  The opportunity to integrate the individual platforms into an integrated system typically does not occur until the experiment itself.  Not only does this greatly limit the time available for the engineering work required for system integration, but it also creates the necessity to trade the scientific objectives of the field program against technical objectives that could only be addressed in the field.  Since individual investigators typically upgrade their technology between field deployments, actual field performance plateaus because a fraction of a field program is spent solving problems that had already been solved for earlier implementations.  

What is an ocean observatory?  The NRC report, “Illuminating the Hidden Planet,” designates as observatories systems that “have power and communication capabilities and will provide for spatially distributed sensing systems and mobile platforms.”  However, there are many examples of systems designated as observatories that do not satisfy these criteria, even in part.  

While observatories have been with the oceanographic community for some time – SOSUS and TOGA/TAO are early examples of systems that provided the ability to make simultaneous spatially distributed measurements in the ocean and return those measurements to users in real time.  In recent years, the success of these early efforts has been recognized in though the proposal and demonstration of a series of new observatory concept.  
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Figure Captions

Figure 1:  Monterey Upper-water column Science Experiment carried out in late summer-fall of 2000.  This experiment used a wide variety of autonomous platforms, ships, and remote sensing to study the bio-geo-chemical response of Monterey Bay to an injection of iron-bearing sediments.

Figure 2:  Characteristic spatial and temporal scales of some oceanographic processes [Dickey, 1991].

Figure 3:  Survey error parameter plotted against survey resolution and total time for an evolving wave-like process.

Figure 4:  a) Total survey energy required for an Odyssey class vehicle achieve a given survey resolution and total survey time.  The dark portion of the domain is inaccessible to the vehicle under a total energy constraint of 50 kW-hr.  b)  Survey domain with maximum and minimum speed constraints imposed, and with survey error parameter plotted.  Note that the 50 kW-hr battery used for the Odyssey, while possible, has never been employed in practice.  This example demonstrates that great endurance is not always the driving factor in survey quality.

Figure 5:  Survey domain for various survey methods plotted for a nine square kilometer area.  For the ship, CTD casts to 200 meter water depth were assumed.

Figure 6:  Pictures of various Autonomous underwater vehicles.  Starting with upper left and going counter clockwise:  a) Seaglider buoyancy-driven AUVs developed at University of Washington, b) Odyssey IIb class AUV being deployed during the LOOPS experiment in MA Bay, c) Dorado AUV, developed at the Monterey Bay Aquarium Research Institute, shown here in an ALTEX configuration with a 60 kW-hr semi-fuel cell, and d) Dorado AUV operating underwater in Monterey Bay.

Figure 7:  Docking and homing systems used with Odyssey AUVs.  From upper right panel, counter-clockwise:  a)  Odyssey II homing on recovery beacon under-ice in the Arctic (Beaufort Sea) b) cone dock with electromagnetic homing system [Feezor et al., 2001], c) cone dock with optical homing system [Cowen et al., 1997], and d)  the WHOI docking system deployed in the Labrador Sea [Singh et al., 2001].

Figure 8:  Coordinated AUV surveys in Haro Strait, British Columbia. a) Vertical water velocity measured by a high-flying AUV.  b) Temperature measured by an AUV flying a yo-yo profile under the ADCP equipped vehicle [Bellingham, 1997]. 

Figure 9:  Formation flight of two Odyssey AUVs.  The lead AUV flew a fine-scale grid survey.  The following AUV was equipped with an ultra-short baseline tracking system for tracking the lead vehicle, and attempted to follow directly behind and slightly above. 

Figure 10:  Aircraft SST map with HF Radar surface velocities superimposed obtained during the MUSE experiment.  This map shows a cold-water plume drifting across Monterey Bay resulting from upwelling favorable winds along the coast to the north [Paduan et al., 2001].  

Figure 11:  Survey of convergent front located by a drifter during MUSE experiment.  Upper panel shows the track of a drifter deployed in upwelling, and the path of an Odyssey, which crossed the front at the drifter location.  The vertical sections below were obtained by the Odyssey.  The chlorophyll signal shows evidence of organic matter being pulled to greater depths by frontal processes at the drifter location.

Figure 12:  Vertical plane trajectory of an Odyssey survey in Massachusetts Bay.  Periodic profiles of the full water column intersperse high-resolution sampling of the biological layer.  The high-resolution portion of the survey was achieved by triggering the yo-yo off temperature.  Flat segments of the trajectory are near the bottom, and allowed the acoustic communication system to take advantage of improved acoustic conditions at depth.

Figure 13:  Coupled observation/modeling system operations during the Haro Strait experiment.  HOPS predictions, shown for 10 meter depth at upper left, were employed to predict frontal locations.  The front was clearly observed by the AUV, as demonstrated by the vertical plane section obtained by a run that crossed the front twice:  once outbound and once returning.  Finally, AUV observations were assimilated into the model to generate the resulting hindcast.

Figure 14:  Activity-Time Diagram (caption already embedded in text file with figure…)













































































































































































































































































































































































































Figure 14:  Activity cycle for coordinating surveys of an evolving process.
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