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Abstract – Over the past decade, many autonomous underwater vehicles (AUVs) have been deployed for the collection of oceanographic data. During these operations AUVs were used on a short-term basis, on the order of several hours at a time. In this paper, we present the technological development of an AUV docking system motivated by long-term science requirements. Twenty-seven case studies were drafted after having elaborate discussions with twelve senior marine scientists from a wide range of oceanographic fields, working in coastal ocean, deep-ocean, mid-ocean ridge, and polar environments. All of these science missions can significantly benefit from the improved data sets that can be collected with the use of docked AUVs. These case studies are organized by the scientific mission, the data required to address this mission, a non-docked method for acquiring data, and the benefit of using a docked AUV. Twenty-two science instruments (in addition to navigation sensors) are identified and evaluated for these science missions. Science payloads for the AUV and the docking system are discussed in detail. Functional requirements for a general purpose docking system are identified, and pros & cons of various docking subsystems are explained. Some solution approaches for an autonomous docking system design and development are also proposed in this paper.

I.  INTRODUCTION

More than two-third of the earth’s surface is covered with water. This vast oceanic environment contains many important natural resources and also plays a significant role in global climate and biogeochemical cycles. The economic and social impacts reflect how natural marine, atmospheric, and coastal phenomena affect us. For instance, industries affected by weather and climate account for nearly 30% of the gross domestic product (GDP) of the United States (NOAA, 2003). The need and desire to explore the vast oceanic environment for better scientific understanding, extraction of resources, and preservation of global environment have provided significant momentum in the deployment of advanced oceanographic systems. Conventional systems such as smart moorings, drifters, towed-instruments, ships, etc., and robotic systems such as gliders, remotely operated vehicles (ROV), human occupied vehicles (HOV), autonomous underwater vehicles (AUV), and underwater vehicle-manipulator systems (UVMS) are being developed to enable and enhance the exploration. 

However, the oceanic environment is unstructured, uncertain, and dynamic in nature, causing every system to encounter limitations when deployed in this environment. These limitations include poor sensing capability, poor maneuverability and mobility, poor spatial and temporal resolution, susceptibility to weather, hazards in frequent deployments and recoveries, inability to perform long-term operations, poor event response, lack of flexibility and availability, and high operating costs. Moreover, some science missions, like mid-ocean ridge observations, studies of canyon dynamics, and event responses, require both continuous monitoring and prompt deployment. Consequently, there is a need for prolonged operations of robotic systems (such as AUV) that avoid frequent and risky deployment and recovery and can respond to any event promptly. Another vital issue is the cost involved; the approximate daily operating cost of a ship for AUV operations ranges between $20K-$30K. Next question that comes into mind is – whether the weather conditions, availability of operators and ships, etc. will allow for daily operation of an ROV or a non-docking AUV for an extended period of time. Many of the important scientific data and samples must be collected during rough weather conditions and at odd working hours. For example, observation and measurement of changes in mixed layer and air-sea interactions during hurricanes are important (D’Asaro, 2003). These are now achieved by deploying expandable probes from aircrafts.  On the other hand, a docked AUV allows for continuous and extended presence eliminating expensive support vessels and skilled operators that are required for ROV operation. Time series data sets could easily be obtained to characterize spatial variability and provide context for point measurements.  Episodic events, like eruptions, landslides, storms, or algal blooms could be surveyed promptly. Docking adds the capability for extended, interactive surveys. Surveys could occur over a period of months or years versus hours to days for AUVs deployed from ships. The dock decouples science and ship schedules, so fewer ship days are required per mission. It also allows for rapid response without the mobilization effort and transit time of a ship. Docked AUVs are similar to gliders in the sense of extended presence, but AUVs are more controllable and can provide much more power for large payloads (10s to 100s W versus 0.1 to 1 W). Thus, a docked AUV appears to be the one of best feasible solutions to address most of the challenging problems that are faced by other platforms in the oceanic environment. A wide range of the science missions can significantly benefit from improved sets of data and samples that will be collected by using a docked AUV. Therefore, an AUV docking system that allows an AUV to home, transfer data, recharge battery, and communicate remotely, as required for long-term underwater operations, is a useful research platform to marine scientists. 

In the past several years, various research groups have designed, developed and tested different types of underwater docking systems for AUVs. These docking systems include the following: (1) WHOI-MIT-EDC-AOSN dock (Singh, 1998, 2001; Feezor, 1997), (2) WHOI-REMUS dock (Stokey, 1997, 2001; Purcell, 1998), (3) NRaD-Flying Plug (Cowen, 1997), (4) FAU-Morpheus dock (Lambiotte, 2002), (5) EURODOCKER (Brighenti, 1998), (6) ALIVE dock (Evans, 2003), (7) KRISO-KORDI dock (Lee, 2003), and (8) Kawasaki docking system (Fukasawa, 2003). Some of these are intended for intervention missions.  To the best of our knowledge, not a single autonomous docking system is currently available for sustainable science missions.  In this paper we discuss in details the importance of a docked AUV for science missions as an effort to bridge the gap between the science requirements and the technical development. This, in turn, provides us with the real motivation for designing and developing a sustainable autonomous docking system to fulfill various mission objectives of marine scientists. During the recent Autonomous Ocean Sampling Network (AOSN2, August 2003) it was realized that sustainable measurement throughout the year could be valuable for data assimilation in various ocean models for better prediction of various oceanic phenomena and the climate.

The rest of this paper is arranged as follows: in the next section, Section II, we present various science missions and their distribution where docked AUV can make significant contribution in terms of quality and quantity of scientific data collection. In Section III we discuss different science sensors that are required for the science missions and we also compute mission-wise science payload on the AUV. Then in Section IV, we present the docking subsystems and its functional requirements. Some of the main challenges for long-term docking systems are highlighted in Section V. In Section VI, we suggest some solution approaches for general purpose docking system and finally we summarize the contribution of this paper in Section VII.  

II.  SCIENCE MISSIONS

 Marine scientists from the fields of Physical Oceanography, Biological Oceanography, Molecular Biology, Marine Microbiology, Midwater Ecology, Geology, Ocean Chemistry, Evolutionary Biology, and Benthic Ecology were interviewed to assess how their science missions can be enhanced and fulfilled by using docked AUVs. As a result, we have come up with twenty-seven cases where docked AUVs can significantly enhance the quality and the quantity of data compared to other oceanographic platforms like moorings, ships, towed instruments, drifters, gliders, and ROVs.   

These science missions are listed in Table 1. They encompass three oceanic regions namely: (1) the coastal regions, (2) the offshore regions, and (3) the polar regions. On the basis of methodology, the science missions can broadly be classified into two categories: (1) Data Collection (survey) - in situ data collection such as temperature, salinity, depth, current, chlorophyll density, bioluminescence, etc., and (2) Sample Collection – collect samples quickly and then analyze the samples in a laboratory, process the data and archive it; examples are microbial organisms, HABs (Harmful Algal Blooms), larvae, sediment, and rock sample collection.  Here, we present the case studies that cover both the above-mentioned categories excluding the force contact type sample collection such as sediment or rock samples.  

Table 1: Science missions using docked AUVs

	Use Case
	Science Issue 


	Science Parameter
	Range and Resolution of Measurement
	Science Instrument Required
	Current Method and Docked AUV Comparison 

	CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean.
	What processes control exchange between canyon and continental shelf?  What are the magnitudes of these transports?

What are the horizontal and vertical exchange processes involved in upwelling filaments and fronts?  What are the magnitudes of these transports?

How do these exchange processes influence coastal ecology?

What is the role of uppers ocean layer during any event like storm?
	Temperature, salinity, chlorophyll fluorescence, optical backscatter, nitrate, ocean current velocity, and dissolved O2.
	Range: horizontal ~20-100km2; vertical ~0-300m (or near-bottom on the shelf). Resolution: horizontal sub-kilometer; vertical sub-meter. Others: synopticity <1day, at least twice in a week in different seasons.
	CTD, ADCP, fluorometer, BBD/ OBS, O2 sensor, ISUS.
	Presently, ship-deployed AUVs, ship-towed undulating vehicles and aircraft-deployed floats are in use. Presence of ship (or aircraft) makes operations expensive and deployment from ship (or aircraft) is weather dependent. Towed vehicle has limited depth capability and requires large turning radius. Docked AUVs are capable of collecting high-resolution (spatial and temporal) data in any weather in an economic way.

	CASE 2: Long-term observation of benthic animals; mapping of vents, seeps, and clam beds (shellfish).


	What are the different types of benthic animals present in deep-ocean? How are their behavioral patterns? What is their seasonal variability? 

How do the benthic animals respond after injection of CO2 or in the presence of other chemical agents in the environment?

Where are the vents, cold seeps and clam beds located in Monterey Bay area?
	Temperature, salinity, ocean current velocity, sulfide, methane, nutrients, dissolved O2, bottom survey and observation, digital images.
	Range: horizontal ~100-2500 km2; vertical 3-100m off the seafloor. Resolution: horizontal ≤200m (for survey), ≤1km (for observation); vertical ≤100m (for observation) up to ~500m off the seafloor. Others: once in 1-3 months for 2-3 years.
	CTD, BBD/ OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor.

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence) 
	Currently available platforms are ship-deployed ROVs and AUVs.

Presence of ship makes operations expensive and AUV deployment from ship is weather dependent, difficult to cover large area with a ROV. For long-term periodic observation, docked AUVs will be more effective.

	CASE 3: Data and power transfer between a Benthic Interconnected Node (BIN) and a Remote Instrument Node (RIN).
	How to monitor health of different benthic instruments deployed for long-term?

How to download data frequently from non-cabled RIN to BIN? 

How to transfer power to the non-cabled RIN?
	Temperature, salinity, ocean current velocity, sensor’s/instrument’s health monitoring, visual inspection (digital images).
	Range: horizontal ~50-100km; vertical ≤4500m. Resolution: N.A. Others: once in 1-2 weeks (or months) for 3-6 months to 1 year.
	Digital imager

(Optional - CTD, BBD/OBS, O2 sensor, fluorometer). 
	Ship-deployed instruments and ROVs can be used for data collection. Docked AUV will be cost effective for long-term operation and it is also weather independent. Power transfer using AUV is a very challenging issue, if not impossible.

	CASE 4: Periodic and long-term monitoring of physical and biological processes in and around Monterey Bay Canyon System.


	What is the transportation rate through Monterey Canyon? What are the compositions of canyon flow during different events? 

How far do the transported materials spread in ocean? 

How do different processes in and around canyon change during episodic events?

How do the different processes in this zone vary seasonally?

What are the short-term and long-term effects of material transportation on marine biology, chemistry and ecology in this oceanic zone?
	Temperature, salinity, ocean current velocity, particle abundance, seafloor surveying, visual observation (digital images), and dissolved O2.


	Range: horizontal ~50-100km2; vertical 3-5m above the seafloor for observation, and up to ~300-500m above seafloor for benthic boundary layer observation. Resolution: horizontal ≤100m (for survey), ≤250m (for observation); vertical ≤50m (for observation). Others: once/twice a week for 2-3 years.
	CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer.  
	Some instruments have been deployed in and around canyon as small moorings, they basically provide point measurements. Ship-deployed ROVs and AUVs are also used. Ship-deployed platforms are cost prohibitive for regular and long-term use and slow to response some events in canyon  which may last less than one hour.  During event the current in the main canyon channel may be too strong (>8kt, some instruments were damaged and lost), AUV might have to be operated above the main channel.

	CASE 5: 3D Time-series study of California Current System (CCS).
	How to predict 3D California Current System throughout the year?

How to improve CCS prediction model?

How to improve the NPZ (nitrogen-phytoplankton-zooplankton) model?

How to develop/improve a coupled model for CCS and ecosystem?
	Temperature, salinity, ocean current velocity, chlorophyll fluorescence, nutrients, and dissolved O2.
	Range: horizontal ~400km x 400km; vertical 0-4000m. 

Resolution: horizontal few kilometers; vertical few meters.

Others: at least once a week for one year (if possible for several years)
	CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, O2 sensor. Alternatively BiOSA for (O2, pCO2, pH, Fluorescence)
	Presently moorings and ship-casts at predetermined hydrographic stations are used. These are fixed-point measurements with low spatial and temporal resolution. A well-distributed AUV docking grid will be more effective in collecting the data with high-resolution.

	CASE 6: High-resolution 3D tracking of a particular volume of upwelling water in Monterey Bay (study of its dynamics, subduction at the edge of California Current, impacts on ecosystem and climate).
	What and where are the major sources and sinks of nutrients, primary production, and zooplankton in Monterey Bay area?

What are the processes involved in the movement, subduction, and merging of upwelling water at the edge of CCS? What is the dynamic pattern associated with it?

What are their effects on climate?

How do the biology and ecology respond as the upwelling water moves? 

Can an effective model be developed to predict the biological and ecological dynamics during upwelling and relaxation in Monterey Bay area?
	Temperature, salinity, ocean current velocity, chlorophyll fluorescence, optical backscatter, nutrients, CO2 and dissolved O2.
	Range: horizontal ~10km x 200km; vertical 0-200m. 

Resolution: horizontal 1-10km; vertical 2m (for 0-30m depth), 10-25m (for 30-200m depth).

Others: 1km per 4 hours, synopticity <1day, for 2-4 week time series at a single location within the trajectory of upwelling plume. 
	CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor. 

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence).
	Drifters are deployed for this type of measurement. But they move with current and remain in touch with water just surrounding them and they may suffer from wind-induced slippage. Ship-deployed AUVs and gliders may be also be used. Presence of ship is expensive; drifters are slow, poorly controlled and cannot carry large payloads. But within the range, a docked AUV will be more efficient, economic and flexible while improves data collection.

	CASE 7: Iron-Fertilization experiment, its short-term and long-term effects on oceanic environment (physical, biological, and ecological) as well as effects on global climate.
	What are the short-term effects of iron-fertilization on marine ecosystem?

What are the long-term effects of iron-fertilization on oceanic environment?

How does the iron-fertilization affect/ improve the global climate?
	Temperature, salinity, current, Fe, SF6, CO2, dimethyl sulphide and its algal precursor, nutrients, primary productivity, trace elements, plant pigments including chlorophyll, grazing pressure, phytoplankton, zooplankton and heterotrophic bacteria abundance, and isotopes.
	Range: horizontal ~1000-1500km2; vertical~0-1000m. 

Resolution: horizontal ~2-5km; vertical ~10-50m (for 0-200m depth), 100-250m (for 200-1000m depth). Others: synopticity < 1-2 day for 3-4week time series (may be extended for 2-3 months).
	CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor.

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence).
	Presently drifters are used – one inside the fertilized area and another outside the area.  AUV docking system (hanging from a ship or from a drifter) can be more effective in collecting high-resolution data.

	CASE 8: Enhancement of CalCOFI time-series measurements.
	How to collect high-resolution spatial and temporal data for a large oceanic volume (dynamics of CCS) along the coast of California effectively and economically?

How to predict the fish population accurately?

How to enhance the understanding of CCS and associated biological and ecological processes?

How to couple ecosystem model to CCS model to develop an improved integrated model for better prediction?
	Temperature, salinity, ocean current velocity, chlorophyll fluorescence, nutrients, fish eggs, fish abundance, CO2, and dissolved O2.
	Range: horizontal ~50km x 50km; vertical 0-3000m. 

Resolution: horizontal ~5-10km; vertical few meters. Others: at least once in 1-2 week throughout the year, for several years.
	CTD, ADCP, BBD/OBS, ISUS, low-light imager, pH sensor, fluorometer, O2 sensor, pCO2 sensor.


	Ship-deployed vertical casting (underway observation) is the primary mode of present CalCOFI measurement. Data are collected only four-times in a year at ~70km square grids, takes more than three week to collect each set of data. An AUV docking grid may be more effective and economic in collecting data with higher resolution (spatial and temporal). However, sample collection with AUV is a challenging task.

	CASE 9: High-resolution spatial and temporal sample collection for monitoring and research of Harmful Algal Blooms (HABs).
	How to detect event like HABs?

How to monitor and sample HABs?

How do HABs vary with space and time (in hours/ days/ weeks /months/ seasons/ years)?

How severe are the impacts of HABs on ecosystem, public health and economy?
	Temperature, salinity, ocean current velocity, nutrients, phytoplankton, zooplankton, particle scattering, and water sample.
	Range: horizontal ~10km x 10km; vertical ~0-200m. Resolution: horizontal ~0.5-1.0km; vertical few meters. Others: regular observation, once HAB is detected then daily sampling for several weeks.
	CTD, ADCP, OBS/BBD, ESP, fluorometer, pH sensor, O2 sensor.
	The ESP is the most commonly deployed system for MBARI to detect and monitor HABS. It is attached to a stationary mooring. Thus a narrow band HABs may be missed if it does not flow passed the mooring. A docked AUV fitted with ESP will enhance the event detection and monitoring of HABs – because a docked AUV can provide mobility, high-resolution measurement, and on-demand operation capability.  However, high number HABs sample collection using an AUV is still a challenging task.

	CASE 10: Mapping and monitoring of trace elements in coastal water for developing a regional scale model for prediction of HABs.
	What are the trace elements responsible for triggering HABs?

What are the degrees of impacts of various trace elements on HABs?

How do these trace elements vary with time and space?

How to develop a regional scale predictive model for HABs?
	Temperature, salinity, ocean current, nutrients, iron, phytoplankton, zooplankton, particle scattering, trace element (Fe, Mn, Zn, Co, Cu, Cd, Se) concentration, and water sample.
	Range: horizontal ~10km x 10km; vertical ~ 0-200m. 

Resolution: horizontal ~0.5-1.0km; vertical few meters.

Others: regular observation, once HAB is detected then daily sampling for several weeks. This is to be repeated for several seasons and several years to develop and refine a reliable prediction model. 
	CTD, ADCP, transmissometer (or OBS/BBD), ISUS, fluorometer, pH sensor, O2 sensor, [trace element sensors to be identified].

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence).
	A very few platforms (mainly moorings) are in use for this purpose. But for long-term high-resolution measurement, a docked AUV will be more effective and economic.

	CASE 11: High-resolution (spatial and temporal) Eulerian survey and sample collection for microbial organisms (0.2-2.0 micron) in upwelling water in Monterey Bay.
	What are the microbial organisms present in nutrient rich upwelling water in Monterey Bay?

How are they distributed in ocean in both spatial and temporal scales?

How does their variability correlate to water column physics, chemistry and biology?

How do they vary in different seasons (seasonal variability in terms of presence and activity)?

What are their roles in marine ecosystem?

What are the optimal and minimum sample sizes for quantitative or near real time studies?

How to collect high-resolution samples quickly?
	Temperature, salinity, current, chlorophyll-a, nutrients, picoplankton, trace elements, and water sample.
	Range: horizontal ~50km x 50km; vertical ~0-250m. 

Resolution: horizontal ~5km; vertical~5m. Others: once/twice a week for entire upwelling and relaxation period.
	CTD, BBD/ OBS, ISUS, ESP, pH sensor, fluorometer, O2 sensor.

Alternatively BiOSA for (Fluorescence, O2, pCO2, pH).
	Presently, ship-deployed ROVs are used. Operations are very expensive, difficult to have on-demand operation, deployment depends on many other factors (availability, weather, cost, etc.). A docked AUV in a particular area will be more effective in collecting sample and data; specially if any event is required to be responded promptly.

	CASE 12: High-resolution (spatial and temporal) Lagrangian survey and sample collection for microbial organisms (0.2-2.0 micron bacterioplankton/ picoplankton) in Monterey Bay.
	What is the variability of the microbial organisms (in terms of presence, behavior, and effects) as a volume of water moves?
	Temperature, salinity, current, chlorophyll-a, nutrients, picoplankton, trace elements, and water sample.
	Range: horizontal ~10km x 200km; vertical ~0-250m. 

Resolution: horizontal ~5km; vertical~5m. Others: synopticity <1day, for 2-4week time series at a single location within the trajectory of upwelling plume.
	CTD, ADCP, OBS/ BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor.

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence).
	Most probably no such study has been tried in the past. Drifters and ship-deployed AUVs or gliders can be used for this case. See Case 6 for advantages of docked AUVs as compared to drifters and ship-deployed AUVs or gliders.

	CASE 13: Detection of submarine earthquake’s epicenter, vent and eruption; and collection of microbial (0.2-2.0 micron) organism (archaea and bacteria) samples in the vicinity of the epicenter, vents, and eruption zones.
	What are the microbial organisms present in the vicinity of earthquake/hot vent region? What are the microbial organisms coming out of vents?

How does the chemical concentration disperse with time and space? What are their effects on microbial biology and ecosystem? 

What is the succession of these microbial organisms over time during spatial dispersal of the plume?

What are the biogeochemical effects of microbial growth and succession in the hydrothermal plume?

Understanding the coupling between microbiology and geology/chemistry in and around venting and seismic zones.
	Temperature, salinity, ocean current, dissolved O2, nutrients, trace elements, microbial organisms, and water sample.
	Range: for continuous observation - horizontal ~10km x 20km; vertical ~50-200m off the seafloor. After events detection - horizontal ~ 20km x 60km; vertical ~50-1000m off the seafloor at 250m, 500m, 750m and 1000m layers off the seafloor. Resolution: horizontal ~5km; vertical ≤ 250m. Others: synopticity <1day, for 2-4week time series after events.
	CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor.

Alternatively BiOSA for (O2, pCO2, pH, Fluorescence)
	Presently, after detecting the event by getting information from seismic instruments, ship-casts and ship-deployed ROVs are used for data and sample collection.  For this type of episodic event detection, a continuous observation is required, once event is detected a high-resolution fast measurement is important. Therefore, docked AUVs will be very effective in these regards to cover a larger area.

	CASE 14: Bioluminescence measurement and sample collection in upper-water column (5m-50m).


	What are the bioluminescence species available in coastal region (in Monterey Bay) throughout the year?

How are they distributed in time and space? How do they respond in episodic events?

What is their chemistry? What are their roles in the ecosystem?

How can a model be developed to predict plankton distribution, biomass, and harmful algal blooms based on bioluminescence knowledge?
	Temperature, salinity, ocean current velocity, bioluminescence, plankton abundance, grazing community, particle abundance, nutrients. 
	Range: horizontal about (25km x 5) x 2=250km to cover all the five-spokes; vertical ~0-50m. 

Resolution: horizontal ~5 spokes at ~80-1000 spacing; vertical~5-10m. Others: sampling and measurement to be repeated once/twice a month, throughout the year.
	CTD, ADCP, MBBP, BBD/OBS, low light imager, ISUS.


	Ship-deployed AUVs and tow-instruments are presently in use. The main deficiencies of these systems are high operating cost, weather dependency, lack of prompt event response, and on-demand availability. A docked AUV will be able to collect high-resolution data at any time in an economic way with enhanced event response capability.

	CASE 15: Biolum measurement in midwater column 500m – 1500m depth.
	In addition to the above issues (see Case 14) another main interest is to know the differences in bioluminescence activities between shallow layer (<50m) and deep layer (>500m). 

Is there any other layer active in bioluminescence?
	Same as CASE 14 above.
	Range: horizontal about 25km x 10km; vertical ~500-1500m. 

Resolution: horizontal ~0.5-1km; vertical~50-200m. Others: sampling and measurement to be repeated once/twice a month, throughout the year.
	Same as CASE 14 above.
	Out of two layers of biolums, the deeper layer has hardly been explored because of two main reasons: (1) max. depth rating for MBBP is <500m, and (2) currently available tow-instruments are rated for shallow water. Once deep rated MBBP is available, it will be attached to an AUV which will be docked in a suitable location for long-term high-resolution measurement.

	CASE 16: Continuous and long-term observation of active mid-ocean ridge segment.
	How do the volcanic, tectonic, and hydrothermal processes contribute to the formation of the oceanic lithosphere formation?

What are the biological organisms and processes coupled with this phenomenon?

How do the event plumes spread? 

What are the chemical agents present in the plumes? What are their effects on ocean biogeochemistry, ecosystem, and global climate?
	Temperature, salinity, ocean current, dissolved O2, nutrients, microbial organisms, and water sample.
	Same as CASE 13 above. 
	CTD, ADCP, BBD/ OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor.


	Presently, ship-deployed ROVs and tow-instruments are used after the event is detected. But they cannot be used for event detection; they need long mobilization time; long-term operation is also extremely difficult.  Docked AUVs can be used for event detection with long-term regular monitoring; once event is detected the measurement can be intensified.

	CASE 17: Continuous long-term observation and event response in Monterey Canyon.
	What are the processes responsible in creating ephemeral events in Monterey Canyon? What triggers these events?

How far into the canyon do the events penetrate?

What is the transportation rate through the Canyon throughout the year?

What is the carbon (organic) flux in the canyon?

What are the roles Monterey Canyon plays in the change of physics, chemistry, and biogeoecology in Monterey Bay area?

How to respond ephemeral events quickly and perform measurement/sampling/ surveying in the canyon?
	Temperature, salinity, carbon flux, particle scattering, canyon bottom profiling, trace elements and dissolved oxygen.
	Range: horizontal~ 100km along the canyon; vertical ~500-3500m (2-5m off the canyon floor). 

Resolution: horizontal – few meter along the canyon; vertical <50m. Others: surveying to be repeated once/ twice a week, throughout the year, events are to be responded immediately.
	CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor. 
	For event detection and response omnipresent mobile platform is essential; only a docked AUV can satisfy these is an effective way. However, the current during events can be too strong (>8kt) for any moored instrument package or AUV operation. Instruments deployed in canyon sometimes destroyed and lost during some ephemeral events. During any event in canyon, the AUV might have to be operated in a safe layers above the main channel.

	CASE 18: Periodic and long-term survey and tracking of export beyond photic zone.
	What is the fate of the huge amount of coastal chlorophyll that is transported by the relaxation water merging with California Current?

How much chlorophyll is transported and subducted offshore? 

How does this carbon transport affect the total carbon budgets? What are its effects on the oceanic ecosystem as well as on the global climate?
	Temperature, salinity, chlorophyll, nutrients, particle scattering. 
	Range: horizontal~500km x 500km; vertical ~ 0-350m. 

Resolution: horizontal <10km; vertical<50m. Others: temporal scale will be once in 1-2week for 2-3 months (covering upwelling and down-welling seasons) 
	CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light).
	Ship-deployed instrument packages and AUVs are presently in use. These platforms are difficult to use for long-term operations mainly because of cost, weather, and availability.  Docked AUV will be more effective and economic is collecting data with greater flexibility.

	CASE 19: Periodic and long-term observation/ monitoring of ecosystem parameter in oceanic environment.
	What are the different chemical agents present in oceanic environment?

How do they vary with time and space?

What are their effects on biogeochemistry and ecosystem? 

How do they contribute to the global climate changes?

What are the physical, chemical and biological processes responsible for the mean and fluctuating nutrient components on time scales ranging from days to years?
	Temperature, salinity, ocean current, particle scattering, trace elements and chemical agents.
	Range: horizontal~10km x 10km; vertical ~0-1500m. 

Resolution: horizontal <1km; vertical<100m. Others: continuous monitoring, once in 1-2week, throughout the year.
	CTD, ADCP, BBD/ transmissometer, O2 sensor, and pH sensor.
	Mooring stations are mainly used for this type of measurements. They provide point measurements which will not be effective if the flows do not get passed the moorings. To cover a reasonably large area with better spatial and temporal resolution, a docked AUV is more suitable; it also has the capability of tracking the interesting chemical or biological signatures. 

	CASE 20: Episodic event response and tracking and monitoring hydrothermal plume and associated organism spreading.
	How do the event plumes spread? What are the chemical agents present in the plumes? What are their effects on ocean biology and ecosystem?

What are the biological organisms and processes coupled with this phenomenon?

How do the organisms transport, settle or die? What are their genetic signatures?
	Temperature, salinity, and transmissibility anomalies; ocean current, chemical agents, larva and organism sample collection.
	Range: horizontal~10km x 20km; vertical ~50-200m off the seafloor; after event detection the vertical range will be extended up to 250m, 500m, 750m and 1000m off the seafloor.

Resolution: horizontal ~3.3km; vertical – single lawn mower pattern. Others: continuous monitoring, once in 1-2 week, throughout the year.
	CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging).
	Ship-deployed ROVs and AUVs are used for surveying and observing underwater habitat oasis. The frequency and flexibility of these types of monitoring is severely contained by the availability, flexibility and cost of operations; they cannot be used for event detection and prompt response.  A docked AUV with adaptive surveying and sampling capability will improve the quality and quantity of data collection in addition to the capability of event detection and prompt response.  

	CASE 21: Mapping of seeps and vents and its habitats in Monterey Bay (or other places).
	Where are the hydrothermal vents and cold seeps located in Monterey Bay?

What are the communities living there? What are their birth rate and death rate?

What are their genetic signature and evolution pattern/history? What is their biogeography?

What are roles they play in the ecosystem?
	Temperature, salinity, and transmissibility anomalies; ocean current, mapping of seeps and vents; habitat monitoring; chemical agent detection, larva and organism sample collection.
	Range: horizontal~200km x 200km; vertical ~50-200m off the seafloor. Resolution: horizontal ~5-10km; vertical – single lawn mower pattern. Others: continuous monitoring, once in 1-2 week, throughout the year for several years.
	CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor.
	So far ROVs are used for this type of case in Monterey Bay area. Hopefully, ship-deployed AUV will be used in near future (once the multibean AUV is ready by the end of 2004). But a docked AUV (while covering other science cases) will be more effective for biweekly/ monthly observation for long-term operations.

	CASE 22: Integration of ESP with AUV for in-situ measurement of microbial organisms, HABs, and larvae.
	How to detect and analyze (in-situ) microbial organisms, HABs, and larvae?
	Temperature, salinity, and transmissibility anomalies; ocean current, in-situ analysis of organisms, sample collection.
	Range: horizontal ~10km x 10km; vertical ~entire water column. Resolution: horizontal ~5km; vertical~50-100m. Others: once in 1-2 week through out the year.
	CTD, ADCP and ISUS along with the ESP.
	When ESP will be available for in-situ analysis, a docked AUV with ESP will be very useful to detect events, analyze microbs and to send digital data to the lab on shore.

	CASE 23: Regular and long-term video transecting and low-light imaging in the water column.
	What is the abundance of animals in the oceanic water column? How are they distributed? What is their seasonal variability? 

What are their food habits, reproductive processes, and behavioral patterns?

What are their roles in the ecosystem?
	Temperature, salinity, ocean current, dissolved oxygen, particle distribution, abundance and distribution of midwater animal.
	Range: horizontal ~2km circle; vertical ~entire water column (0-4000m). Resolution: horizontal <200m; vertical~50-100m. Others: once in 1-2 week through out the year.
	CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, high-resolution low-light color camera.
	ROVs are now used for video-transects; main drawbacks are: nighttime data, low vertical transect resolution, relatively small transect length (~400m with Tiburon ROV), shallow transect are not possible (less than 50m and 100m are not possible with Ventana and Tiburon, respectively), and transect deeper than 700m is a real struggle. Low-light imaging instruments are under development; a docked AUV with low-light imaging capability will improve the data collection quality and quantity eliminating the above mentioned difficulties.

	CASE 24: Study the effects on midwater animals due to re-suspension of materials from turbid flow caused by Monterey Canyon system. 
	What are the midwater animals present in the Monterey Canyon system? What is their abundance? What are their vertical distribution, food habits, and behavioral patterns? How do they vary seasonally?

How are these animals affected by the re-suspended materials from turbid flows in and around Monterey Canyon? What are the long-term ecological effects?
	Temperature, salinity, ocean current, dissolved oxygen, particle distribution, chemical agents, abundance and midwater animal distribution.
	Range: horizontal ~25km x 2km; vertical ~entire water column (0-4000m). Resolution: horizontal ~500m; vertical <50m. Others: once/twice per week, through out the year for several years.
	CTD, ADCP, dissolve O2 sensor, transmissometer, CO2 sensor, color digital camera (or high-resolution low-light camera).
	Same as CASE 23.

	CASE 25: Midwater surveying and monitoring in ice-covered Arctic or Antarctic regions using Lagrangian and Eulerian platforms.
	What zooplankton occur in polar regions? What is their abundance? How are they distributed? What are their diel vertical migration patterns, food habits, and behavioral patterns? 

What is their seasonal variability?

How do they contribute to the ecosystem?
	Temperature, salinity, ocean current, dissolved O2, ice-thickness, particle distribution, chemical agents, abundance and distribution of midwater animal.
	Range: horizontal ~5km-10km circle; vertical ~entire water column. Resolution: horizontal <200m; vertical<50m. Others: twice/thrice per week throughout the year.
	CTD, ADCP, dissolve O2 sensor, BBD/ OBS, color digital camera, (or high-resolution low-light camera).
	Most probably a very few attempts were made so far using ship-deployed instrument with very limited success.  Operation in ice-covered polar region is extremely challenging, some regions even may not possible to reach with ships. Thus an AUV operated from a dock locked in ice will be very important tool to collect data in Arctic or Antarctic. 

	CASE 26: Continuous recording of plankton using AUV.
	How to avoid misleading data because of patchiness of zooplankton abundance and distribution?

How to collect large number of continuous samples of zooplankton in midwater?
	Continuous sampling of plankton, ocean current, temperature, salinity and depth.
	Range: horizontal ~5km x 5km; vertical ~entire water column. 

Resolution: horizontal <200m; vertical<50m. Others: once in week/month through out the year.
	LHPR type instrument along with CTD, ADCP, and O2 sensor.
	Ship-towed instrument package is used with limited spatial and temporal resolution. It is difficult to capture the patchiness of plankton distribution. A docked AUV with plankton recorder will enhance data collection in terms of both quality and quantity. 

	CASE 27: Hand-off assignment to multiple vehicles for tracking and monitoring particular targets.
	How to monitor a particular animal of interest for a prolonged period of time (ranging from hours to days and eventually to weeks) for in- situ study?
	Temperature, salinity, ocean current, dissolved oxygen, transmissibility anomaly; tracking and monitoring of midwater animal target 
	Range: horizontal about 25km x 25km area, vertical ~ entire water column. However, will depend on the behavior of the target animal.
	CTD, ADCP, transmissometer, sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera).
	This type of case has never been tried because of non-availability of appropriate platforms; ship-deployed AUVs are not only cost prohibitive but also weather dependent. Thus, docked AUVs can be very useful for this type of ambitious mission.


From these case studies it is apparent that many missions require similar instruments. This commonality will help to force the design of the AUV to include most, if not all, of the similar instruments, which in turn will widen the window for a variety of science missions. The type of data collection, range, and resolution of measurements vary significantly for each science mission.  However, parameters like temperature, salinity and depth appear to be common for all cases. On the other hand, parameters like CH4, pH, imaging, nutrients, etc. are mission dependent. The range of the AUV operations may vary from a few kilometers to hundreds of kilometers. The spatial and the temporal resolutions also vary widely depending on the mission.  Additionally, the deployment duration of the docking system depends significantly on the science missions – it may range from a few weeks to months to years (see Table 2). 

Responding to episodic events is one of the most important issues that can best be addressed with docked AUVs. We have several cases such as Case #4, 9, 10, 16, 17, 20, and 22 where event response is very significant for the success of the science studies. An episodic event requires continuous monitoring of an oceanic region, and once detected, data and/or samples need to be collected at high spatial and temporal resolution. Some science missions, such as Case 8 (CalCOFI time-series), may require multiple docking systems to cover a large oceanic area. Multiple AUVs will be required to pursue the science mission mentioned in Case 27; that is to track any midwater animal. Some of the representative science missions are highlighted (in red color and bold fonts) in Table 1 above. They are cases numbering 1, 4, 9, 16 and 25 – covering all three types of oceanic regions, i.e., coastal (1, 4 & 9), offshore (4 & 9), and polar regions (25). The case studies revealed some of the important issues like the necessity of extended/omni presence in the ocean, elimination of a support ship, on-demand operation, and prompt event response.

Table 2: Categorization of Use Cases
	
	Event Response
	Regular (short term, 2-6 per week for 1-4 months)
	Periodic (long-term, 1-4 per month for 1-3 years)
	Time-Series (10-50 years or more)

	Monterey Bay Region
	Case: 4, 9, 10, 17, 22
	Case: 1, 3, 6, 9, 10, 11, 12, 22, 27
	Case: 2, 4, 14, 15, 17, 18, 19, 21, 23, 24, 26
	

	Mid-oceanic Ridge Region
	Case: 13, 16, 20
	
	Case: 13, 16, 20
	Case: 16

	Polar Region
	
	Case: 2, 25
	Case: 2, 23, 25
	

	Other Regions
	Case: 9, 10
	Case: 1, 3, 6, 7, 9, 10, 22, 27
	Case: 1, 2, 5, 14, 15, 18, 19, 21, 23, 26
	Case: 5, 8


Based on the operational zone of the AUV, the above-mentioned science cases can be categorized into two ways: (1) By oceanic region (coastal, offshore & polar) and (2) By position in the water column (upper water column, midwater & benthic). The range, resolution, and type of data collection vary in the different regions as well as with water depth. Collecting good quality data in a polar region for a long period of time is a challenging task. Many onboard instruments of the AUV are not deep-water rated; moreover, the size and the weight increase significantly with increased depth rating. However, in the past several years, much significant data has been collected by AUVs. A sample data set (for the Case 1 type science mission – coastal upper water column) collected by MBARI’s Dorado AUV is presented in Figure 1 and Figure 2 below. Here, notice that some phenomenon like a thin particle layer has been nicely captured (see Fig. 1(g), 1(h) & Fig. 2). From the case studies it is observed that many interesting science missions take place in the upper water column. But this highly productive upper water column poses a lot of problems for the operation and docking of any AUV for long-term – even for a few weeks. During the AOSN-II experiment in 2003, the sensors on the gliders suffered severely from biofouling (Davis 2004) after only five weeks of operation at sea.  The optical (backscatter/fluorometer) sensors failed, and the CTDs were erratic as a result of biofouling. It is important to prevent biofouling on both the AUV and docking structure. 

Four AUV docking system concepts are: (1) attached to a ship, (2) attached to a cabled observatory (Figure 3), (3) attached to a moored system (Figure 4), and (4) attached to an ice-floe (Figure 5).  For a cabled observatory like MARS (Monterey Accelerated Research Systems) which is a test-bed for NEPTUNE (North East Pacific Time-series Undersea Networked Experiments), the AUV docking concept uses a dedicated structure like a remote instrument node (RIN) to attach to the seafloor (see Figure 3). The RIN is connected to the main node through a cable laid on the seafloor, and a riser cable can be connected from the RIN to the dock. A subsurface float may be attached to the top of the riser cable to keep it vertical. This cabled system can provide on demand power to the dock for battery charging. It can also provide high bandwidth data communications. Figure 4 shows a mooring with an instrumented surface buoy, a benthic interconnect node (BIN), a remote instrument node (RIN) with instruments, and a RIN with an AUV dock attached to a riser cable. As opposed to a cabled observatory, the mooring system is more constrained in power and data transmission. The power is to be generated using solar/wind/tide or supplied from a storage battery at the dock. The data is transmitted from and to the dock via satellite, which is quite slow and expensive. Ice covered Arctic and the Antarctic are two of the most unexplored oceanic regions that pose extreme challenges to oceanographers. We know very little about what is going on under the ice, thus it is important to survey those regions. One of the concepts of operation in the Arctic is termed as Robo-Fram (see Figure 5). The Norwegian Polarship Fram was designed to be locked into Arctic ice and carried with the circumpolar drift from Siberia to Greenland over a two-year period, passing near the North Pole in 1893. It was a successful trip, and now we have AUV technology which could repeat the trip with a dock anchored to an ice floe providing unprecedented oceanographic measurements of the Arctic basin.
III. SCIENCE PAYLOADS

During this study, we have identified twenty-two different types of science sensors that are required to cover the twenty- seven cases. It does not include the sensors required for the AUV’s navigation, guidance and control. Dorado’s, MBARI’s AUV, tail section with navigational sensors is shown in Figure 6 and a set of science instruments in the nose section is shown in Figure 7. Note that the terms “sensor” and “instrument” have been used interchangeably throughout this paper.  A detailed list of the 22 science sensors is provided in Table 3.  It is observed that the size, shape, weight, data collection and power consumption of these instruments vary quite significantly. The operating depth rating of these sensors ranges from 200m to 7000m. Therefore, one should be careful to select a suitable sensor suite for a docked AUV, which may dive deeper for some other science missions even in a particular oceanic region. 

Table 3: Science instruments
	Science sensor
	Size (mm)
	Volume (cc)
	Weight in air (kg)
	Weight in water (kg)
	Power consumption (W)
	Average data/km @3kt (MB)
	Average data/hour (MB)
	Max. depth rating (m)

	CTD (SBE 37)
	67.3x526.5
	1872
	4
	2.4
	3.5
	0.083
	0.456
	7000

	ADCP-DVL  unit (RDI)
	225.3x218
	8687
	11.6
	6.7
	8
	0.92
	5.051
	6000

	OBS (Chlorophyll fluorescence and particle backscattering-HS2)
	117x230 
	2472
	4
	1.5
	1
	0.648
	3.558
	4000

	Transmissometer (Particle size distribution, backscattering; C-Star)
	93x64x490
	2916
	2.2
	0.9
	0.5
	0.173
	0.950
	6000

	ECO-BBD (Optical backscattering)
	63x170
	530
	1.3
	0.75
	0.5
	0.079
	0.434
	6000

	LISST (Particle size distribution)
	125.7x955
	11845
	16.3
	9
	2
	0.201
	1.103
	5000

	FRR Fluorometer (Phytoplankton photo-efficiency)
	160x990
	19895
	23
	15
	9.1
	0.154
	0.845
	500

	Dissolved O2 sensor (SBE 43)
	52x295
	626
	1.5
	0.7
	1.4
	0.083
	0.456
	7000

	ISUS (Nitrite, Nitrate, Bi-sulphide, Bromide, Dissolved Carbon)*
	127x508
	6432
	8.3
	1.5
	8
	0.331
	1.817
	4000

	BiOSA sensor package (O2, pCO2, pH, Fluorescence)*
	70x500
	1923
	10
	5
	10
	0.066
	0.362
	4000

	pH sensor (SBE 18)
	48x294
	532
	1.5
	0.7
	0.2
	0.083
	0.456
	1200

	CH4 sensor
	50x162
	318
	1.5
	0.5
	9
	0.036
	0.198
	2000

	pCO2 sensor 
	127x635
	8040
	8.3
	2
	10
	0.331
	1.817
	4000

	 MBBP (Bioluminescence)
	102x165x305
	5133
	3.5
	1
	6
	0.291
	1.598
	500

	Splat screen (Bioluminescence)*
	225x650
	25831
	19
	10
	145
	182
	999.18
	4000

	B&W Low-light Imager 
	220x650
	24696
	18.5
	10
	145
	182
	999.18
	4000

	Color digital Imager
	220x650
	24696
	19.5
	10
	155
	183
	1004.67
	4000

	Multibeam sonar system*
	533x1829
	407885
	317.5
	-1.4
	240
	600
	3294.00
	6000

	ESP sampler (Phytoplankton species, HABs, microbials, larvae)*
	300x1000
	70650
	25
	8
	8
	0.91
	4.996
	4000

	LHPR/ASP  (Plankton recorder)
	140x235x291
	9574
	12.75
	4
	45
	0.75
	4.118
	200

	Water sampler (>2500m on request)
	146x623
	10425
	8
	0
	0.5
	0.3
	1.647
	2500

	LOPC (Plankton counter)
	533x252x101
	13565
	22
	16
	11
	0.546
	3.0
	6000


	ADCP – Acoustic Doppler Current Profiler

ASP – Autonomous Plankton Recorder

BBD – Bio-optical Backscattering (Deep) 

CTD – Conductivity Temperature Depth

DVL – Doppler Velocity Logger

ECO – Environmental Characteristic Optics 

ESP – Environmental Sample Processor

FRR – Fast Rate Repetition
	BiOSA – Biophysical Oceanographic Sensor Array

ISUS – In Situ Ultraviolet Spectrophotometer
LHPR – Longhurst Hardy Plankton Recorder
LISST – Laser In Situ Scattering and Transmissometer

LOPC – Laser Optical Plankton Counter

MBBP – Multipurpose Bioluminescence BathyPhotometer

OBS – Optical Backscattering Sensor

* Sensors are being developed at MBARI (www.mbari.org)


Some of the instruments such as multibeam sonar, low-light imager, and digital color camera not only consume enormous amounts of power but also gather huge amounts of data. They are also significantly bulky. It is to be noted that one of the main bottlenecks in underwater technology is the high-density rechargeable energy storage system for the AUVs. As a matter of fact, the multibeam sonar array is quite expensive and dedicated for some special deployments, thus, it will not be considered for science payload analysis in this work (see cases numbering 2, 4, 16, 20 & 21). Since ESP (gen-2), BiOSA, Splat screen, and Multibeam sonar are in final development phase, some of the data for these instruments are approximated. Moreover, dimensions and capabilities of various sensors will keep on changing with the advancement of science and technology. However, the list in Table 3 provides us with a very good idea about the currently available instruments that can be mounted on an AUV for various science missions. 
The major issues regarding the science payloads are the total sensor suite’s volume, weight (in water), data collection, and power consumption. Bar charts of the science payloads are provided in Figure 8(a)-(d) (excluding the multibeam sonar). From these plots it is noticed that case-wise sensor suite’s volume varies from 0.011m3 to 0.11m3, and weight (in water) varies from 10kg to 34.35kg (weight in air varies from ~20kg to ~80kg, excluding multibeam, see Table 5). But additional space will be required for sensor mounting arrangements, which will also increase weight to the system. A majority of the science cases has volume less than 0.06m3. Increase in AUV volume due to science payload does not have big impact on docking system (unless the AUV volume increases significantly and the dock has to engulf the AUV, like cone type dock) as compared to weight, data transfer and power consumption. But increase in weight has significant impact on any type of dock design. Because to stop a non-hovering AUV with larger weight (mass) requires the dock to absorb more kinetic energy, which will not only increase the dock size and weight but also demand for rigidity and reliability. Case wise, science payload weight in air (excluding multibeam) has roughly three groups: 20kg-40kg, 40kg-60kg, and 60kg-80kg (see Table 4). A large number of cases have weight in lower group, i.e. 20kg-40kg. From Fig 8(c), it is observed that power consumption ranges from 13.4W to 183W having two distinct groups: (1) less than 40W, and (2) more than 40W (actually 145W-183W, only Case-26 has ~54W power consumption). Power consumption is very important for AUV’s operation because power is supplied from batteries, which need to be carried with the AUV. This has also impact on mission duration, battery charging time, and availability of energy source for charging.  The average data collection for the use cases ranges from 1.17 MB/km to 184.59 MB/km (see Fig 8(d)). It has also two very distinct groups: (1) ~1.2MB/km to ~2.4MB/km, and (2) ~180MB/km to ~185MB/km.  This will provide a good guideline for designing the data storage and transfer systems for the AUV and the dock. However, the size of data collection may vary significantly depending on the mission plan of the scientist. It may not be possible to accommodate all the sensors into a single AUV. Thus, it is evident that a significant amount of trade off studies is required to decide how many different science instruments would be optimal to be on an AUV. However, it will depend upon the importance of the science missions in a particular oceanic region and the scientists involved.  A detailed case wise science payload has been presented in Table 4 (including the multibeam sonar, see Appendix II). 
IV. AUV DOCKING SYSTEM

One of the main obstacles in oceanographic research is the shortcoming of the present technology, i.e., the lack of affordable and suitable Lagrangian platforms that can be deployed on a long-term basis for various science missions. For the last several decades marine scientists have been using different moving platforms such as ships, towed instrument packages, and drifters, however, they have many limitations.  Recently, platforms such as gliders, ROVs, and AUVs have been developed to enhance the capability of underwater exploration and data collection. However, it is necessary to develop affordable platforms from which the scientists will be able to perform high spatial and temporal resolution surveys and sample collections for a prolonged period of time under any oceanic conditions. Most importantly these platforms should be able to respond any episodic event promptly. This leads toward the development of AUV docking systems which can be deployed for extended periods of time ranging from months to years with a dock, data can be uploaded, instructions can be downloaded and the battery can be recharged between missions. 

Considerable effort has been expended by government agencies and academic institutions over many years of research in autonomous docking for submarines, remotely operated vehicles and, more recently, for autonomous underwater vehicles. In the past decade, several types of AUV docking systems have been designed, developed and tested by researchers, see Figure 11 in Appendix I. However, none of these docking systems were deployed or tested for prolonged operation. Very few of them have been tested for capabilities such as data and instruction transfer and battery charging. Moreover, hardly any of these docks have been tested for reliability, survival in harsh oceanic environments, or ability to be deployed for prolonged science missions. Even the most successful docking system had a reported success rate of only 85%, which is far from what is required for sustainable science missions with minimal supervision from the shore. However, knowledge gained from reviewing these systems is being applied to the challenging task of long-term underwater docking for MBARI's AUVs and science programs.

A docking system is consisted of several subsystems: (1) the AUV, (2) the homing & terminal guidance system, (3) the mechanical structure, (4) the capturing & latching arrangement, (5) the data & instruction transferring system, (6) the battery recharging system, and (7) the surface expressions or cable for communication to the shore. The relative merits and demerits of these subsystems are discussed below.

Mechanical System and Structure


The mechanical design of the dock derives the requirements of the other subsystems. It consists of an AUV capturing system, a latching/clamping mechanism, connection for data and power transfer system, and an AUV releasing unit. It might also have an additional unit for providing protection for the docked AUV. The design or configuration of the dock also sets constraints on the homing system. Generally, there are two main types of docks – one is a conical system which requires the AUV to enter into the dock from a single direction; the other is a omni-directional system where the AUV can approach the dock from any direction. However, we can consider other types of docks such as multi-directional docks and hook & wire type docks. If the dock is conical and not weathervaned, the AUV may have to face a crosscurrent during docking which may be quite challenging. But a weathervaned dock may experience cable wind-up problem. The dock supporting structure including the riser cable may also play a critical role in docking – a dock suspended by a long riser cable may create a large watch-circle increasing the homing and terminal guidance complexity. A seafloor mounted dock’s infrastructure including an anchor presents an obstacle that the AUV needs to avoid.

Homing and Terminal Guidance

The primary requirement of the homing system is that it must provide guidance for the AUV to return to, and maneuver into the dock. This system must be consistent with the AUV’s dynamic response capabilities. Homing on the dock can be broken into a number of phases:  acquisition of dock signal, homing, and physical engagement.  While the AUV knows the rough location of the dock in world coordinates, this knowledge is unlikely to be good enough for docking since the AUV’s navigation degrades over time.  Consequently, most schemes involve the dock emitting some signal by which the AUV can somehow locate the dock.  Note that virtually all of these systems are designed to provide information to the vehicle rather than the dock. There are a number of available technologies for underwater guidance including optical, acoustic, and electromagnetic (EM) systems. The criteria that are important for docking purpose are: acquisition distance, update rate, latency, power consumption, accuracy, type and location of information provided, and susceptibility to environmental changes. Optical systems provide good response in non-turbid environments, but may be limited over a wide range of background lighting and water turbidity conditions; it must have “line of sight” access before homing can be initiated. Acoustics are proven for range finding at great distances under a wide variety of oceanographic conditions. However, the bearing measurement to the acoustic signal is generally less accurate than range measurement. Moreover, successfully homing when the AUV is very close to the dock, requires precise spatial measurements with fairly rapid temporal resolution. It is the last stage of docking, where the AUV is close to and approaching the dock, that is the most critical and difficult in the docking operation. For an acoustic system, this translates into one with a high update rate. Sonar system may suffer from ray bending problems at different physical oceanographic conditions such as varying depth, temperature, salinity, density, etc. Finally, an acoustic system will have increased complexity if it has to operate near the surface (air/sea), bottom (bottom/sea) or other surfaces of reflecting acoustic signals. The reflections from surface (air/sea) are more difficult to identify as compared to those of from the bottom.  The EM (electromagnetic) system provides desirable sensing of the bearing to the dock as well as orientation of the AUV relative to the entrance of the dock. Most of the fouling substances in the ocean having nearly the same magnetic permeability as seawater; fouling does not change the magnetic field distribution. The EM homing system is not significantly perturbed by some of the factors that affect other systems, such as mists or clusters of bubbles, floating organic matter, or air/sea and/or bottom/sea boundaries. However, there is a possibility of a sharp salinity gradient, with corresponding gradient in conductivity, altering the magnetic field distribution; but it rarely occurs in normal oceanic condition. In a conductive medium, such as salt water, the differential attenuation of the magnetic dipole field signals caused by skin effect reduces the useful range of the EM homing system. This is in addition to a differential phase shift. The differential phase shift causes the authority of the directional control to weaken with distance from the dock, and to eventually reach a null. 

Data Transfer

Communication, i.e. data transfer between the AUV and the dock is employed for a variety of reasons including: uploading mission data from the vehicle to the dock, downloading mission scripts from the dock to the vehicle, commanding the vehicle to start a mission, and modifying the vehicle configuration. Communication techniques that have been employed for connecting an AUV and a dock include optical, inductive, and direct electrical connection. The advantage of both optical and inductive is that no electrical connection need be exposed to seawater or mated via a glanded underwater connect.  The advantage of the direct electrical system is that it appears relatively simple and is the most efficient, once connected.  


 
Battery Charging

Underwater battery charging is a challenging task. Historically, the battery is one of the least reliable components in an AUV; on top of that the charging system makes things more complex resulting in reduced reliability. Therefore, additional caution must be taken while designing and developing a battery charging system for the dock that is supposed to be deployed for long-term basis.  Gas venting is the most critical problem of the rechargeable batteries, such as lead-acid, nickel-cadmium, silver-zinc, etc. However, hermetically sealed lithium-ion batteries can be charged indefinitely without opening a pressure housing. Two main power transfer methods for battery charging are (1) direct electrical connection, and (2) inductive coupling. Although direct electrical connection appears to be relatively simple and more efficient, making the proper connection in water can be quite challenging. On the other hand inductive coupling does not require physical contact but the charging efficiency depends on the accuracy of the core alignment.

V.  CHALLENGES

Underwater exploration efforts are heavily constrained by technological and environmental issues, as well as additional factors. Some of the technological issues are limited sensor capabilities (range, update rate, accuracy, availability, sensitivity), lack of pressure tolerant electronics, dense medium (water), continuous change in physical parameters (temperature, conductivity, pressure, visibility, current, drag), and slow progress in sensor development. Environmental problems include biofouling, corrosion, salinity, hydrostatic pressure, high sea-state, and environmental variability. Some of the other compelling issues are insufficient funding, lack of public awareness, and sharing deployment areas with fisheries and other commercial industries.  Due to the combination of these factors, it is highly challenging to design and develop a general purpose docking system that can reliably serve the purpose of a broad range of marine scientists for the long-term.  The AUV docking system is one-of-a-kind type product like a space satellite. One of the main issues with the development and operation of such a complex system is the prediction and assurance of the system reliability and maintainability. 

VI.  SOLUTION APPROACH

In the conceptual phase of the docking system design, we need to keep three main things in mind. They are: (1) future science missions, (2) technology that is presently available, and (3) the environments that the AUV and the dock will operate in.  From the case studies (Table 1) we gathered a lot of important information regarding science missions that will benefit from the deployment of AUV docking systems including the region, range, resolution of data collection, event response requirements, etc. AUV docks that will be deployed for science missions in regions like mid-oceanic ridges, polar areas or offshore might have to depend upon renewable energy sources or batteries. The design of these types of docks can be quite different from that of the docks that will be connected to cable observatories. Data collection volume, power consumption, size and weight of onboard instruments can significantly modify the design of the docking system. Another vital question is – where to mount the dock in the water column, i.e. in upper water column, at midwater in benthic zone (close to seafloor). A lot of criteria such as promptness of event response, ease of homing & terminal guidance, biofouling, energy consumption for extra travel, winding-up problem, tilt-over problem, science missions in next few years, etc. (see Table 4 for details) need to be satisfied. Docks in the highly productive upper water column will be more susceptible to biofouling in addition to other problems like big watch circles, winding-up, tilt over, etc. On the other hand, if the dock is located in less productive bottom layer (close to seafloor) the biofouling will be less, however, the power consumption and time taken to reach the upper water column will be considerably high. Therefore, we need to be very careful while making a decision regarding the position of the AUV dock, which in turn, can be an important driver for the dock design. 

So many criteria need to be considered and so many different options are available (or can be thought of) for various subsystems that there is no analytical or straight-forward solution to this complex problem. A detailed list of various criteria and options for docking systems are provided in Table 4. However, in-depth analysis and careful tradeoff studies along with incremental technological advancement can help us in designing and developing a sustainable docking system. In the foregoing discussion, we have observed various facets of the science, technology and environment regarding the development of a state-of-the-art docking system for science missions in the vast and unstructured oceanic environment. These aspects are posing a daunting task to decide which zone is the most suitable to mount the dock, how reliably the AUV can be docked, how data and power can be transferred, and what are the most appropriate subsystems required to satisfy numerous requirements of the scientific community considering the technology, the harsh oceanic environment and other challenges. Unfortunately, there is no clear-cut or rule based solution to this complex problem. Therefore, it seems better to pursue a fuzzy logic based approach that might be able to produce a prudent solution converging to a suitable decision quickly (Barlow, 2001). In this approach one needs to identify the all the important criteria for the subsystems, various possible options, and appropriate weights. Another important issue is the analysis and prediction of the reliability and maintainability of such a one-of-a-kind product, the AUV docking system, can be difficult to perform because of the lack of data. Thus, FMEA (Failure Mode and Effect Analysis) could be one of the best methods to apply for this type of complex system during design and development phases. However, some statistical analysis can be done with AUVs that are in operation today. 
VII.  SUMMARY

In this paper, we have discussed various marine science missions that can be accomplished and enhanced using a docked AUV system. An effort has been made to project how the science requirements motivate the technological development for a daunting task like AUV docking system development. A list of science sensors and case wise detailed analysis of science payloads are presented for the science missions which in turn help us in driving functional requirements for the docking system. A brief discussion on available docking systems and various subsystems have been included. We have also highlighted the technological, environmental and other challenges. A detailed list of criteria and options for dock subsystem has been provided to guide engineering design. Finally, we have discussed about possible solution approaches.
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Table 4: Criteria and options for docking system.

	Dock Subsystems
	Criteria
	Options

	Mechanical structure (capturing, latching, releasing mechanisms)
	Shape, size, weight, robustness, buoyancy, drag, biofouling, weathervaning, cable wind-up, tilt-over, 3D movement (position & orientation in 3D space), approach direction, capturing, latching, releasing, homing & terminal guidance, connection for data & power transfer, accommodation of different type of AUVs, protection of AUV, deployment & recovery, maintenance, manufacturability, portability, reliability, cost.   
	Small cone & tube (Flying Plug); Large cone & tube (REMUS); Large cone & cage (EuroDocker; Front latch & pole/wire (WHOI/ AOSN); Side latch & wire; ball-hitch (WHOI/AOSN new dock); Bottom stinger & pyramidal structure (FAU); Hook docking (Kawasaki); Cone-tube and front stinger (NRaD); Smart dock with robotic arm; No structure (sitting at the ocean bottom), Any combination of above or something else. Question – whether the dock will capture the AUV or the AUV will capture the dock.



	Homing and terminal guidance
	Acquisition distance, update rate, latency, power consumption, type of information provided, information location, docking confirmation, accuracy, susceptibility to environmental changes, portability, biofouling, reliability, maintenance, cost.
	Acoustic (modem, USBL, SBL, LBL), optical (beacon following, video image), electromagnetic (inductive); along with effective control algorithms.  

	Data transfer
	Protocol, transfer rate, frequency band, range & direction, transfer media, contact point, protection, quality & reliability, biofouling, communication with AUV, electrical  & electronic noise, power consumption, maintenance, ease of use, portability, cost.  
	Inductive (electromagnetic induction coupling), conductive (direct electrical connection), optical (laser), acoustic (acoustic modem), get data with  final recovery of the dock.

	Power (energy) transfer
	Transfer (charging) rate, efficiency, power supply/source, AC-DC/DC-AC converter, efficiency, safety, contact point, operating life, biofouling, reliability, maintenance, cost.  
	Inductive (electromagnetic induction coupling), conductive (direct electrical connection).

	Communications to the lab (surface expression or cable) 
	Protocol, media, range, transfer rate, data quality, power consumption, connectivity, robustness, susceptibility to marine environment, maintenance, reliability, cost. 
	Satellite communication, RF communication, cable to shore, ship, underwater acoustic network.

	Dock control module
	Assistance to homing, health diagnostic (for both dock & AUV), information about self position & orientation, power consumption, reliability, maintenance, cost. Software standards based on object oriented, portability, user friendliness, ease of modification & maintenance, robustness, fault-tolerant.
	Question – how smart should the dock be? A smart dock needs a lot of sensors, actuators, and smart software. It may be better to have a smart AUV and a dumb dock. 

	AUV (to be docked)
	Type/shape of vehicle, degree-of-freedom, size and weight, speed, tracking precision & accuracy, turning radius, crab angle, power budget, reliability, endurance, propulsion efficiency, maintenance, enemy avoidance, obstacle avoidance, deployment & recovery, biofouling, loss of vehicle, cost of the vehicle.
	Although majority of the AUVs are designed and developed by the users, some vendors are offering customized AUVs. 

	Dock mounting location (upper water column, midwater, close to seafloor)
	Dock movement (homing/ docking problem – large watch circle), time & energy consumed for extra travel of AUV, promptness to event response, navigational hazards, hydrostatic forces on sensors, cable/wire wind-up problem, data & energy transfer efficiency, biofouling, maintenance/ serviceability, parts & installation cost, use of the AUV in next few years for science mission.
	In a particular location the dock can be in upper water column (within top 250m of water – zone#1), midwater (between 250m from the surface to 250m off the seafloor –zone#2), close to seafloor (within 250m from seafloor – zone#3). Dock can be hanging from a cable/wire, rigidly mounted on the seafloor.  
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Table 5:  Science payload for docked AUV

	
	Science sensors
	Volume (m^3)
	Weight in air (kg)
	Weight in water (kg)
	Power consumption (W)
	Average data/km @3kt (MB)
	Average data/h (MB)

	CASE 1
	CTD, ADCP, fluorometer, BBD/OBS, O2 sensor, ISUS
	0.0200
	29.20
	12.85
	21.00
	2.06
	11.31

	CASE 2
	CTD, BBD/OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor [BiOSA]
	0.4437
	361.12
	18.79
	416.00
	782.60
	4296.8

	CASE 3
	Digital imager [Optional - CTD, BBD/OBS, O2 sensor, fluorometer] 
	0.0247
	18.50
	10.00
	145.00
	182.00
	999.2

	CASE 4
	CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer [BiOSA] 
	0.4456
	362.92
	23.49
	407.00
	783.15
	4299.5

	CASE 5
	CTD, ADCP, BBD/OBS, ISUS  fluorometer, pH sensor, O2 sensor [BiOSA]
	0.0194
	35.20
	16.35
	30.00
	1.48
	8.12

	CASE 6
	CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor [BiOSA]
	0.0194
	35.20
	16.35
	30.00
	1.48
	8.12

	CASE 7
	CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor [BiOSA]
	0.0194
	35.20
	16.35
	30.00
	1.48
	8.12

	CASE 8
	CTD, ADCP, BBD/OBS, ISUS, low-light imager, fluorometer, pH sensor, pCO2 sensor, O2 sensor [BiOSA]
	0.0441
	53.70
	26.35
	175.00
	183.48
	1007.3

	CASE 9
	CTD, ADCP, transmissometer (or OBS/BBD), ESP, water sampler, fluorometer, pH sensor, O2 sensor [BiOSA ]
	0.0941
	59.90
	22.85
	30.50
	2.36
	12.95

	CASE 10
	CTD, ADCP, OBS/BBD, ISUS, fluorometer, pH sensor, O2 sensor, [BiOSA ]
	0.0194
	35.20
	16.35
	30.00
	1.48
	8.12

	CASE 11
	CTD,  BBD/ OBS, ISUS, ESP, fluorometer, pH sensor, O2 sensor [BiOSA]
	0.0814
	48.60
	17.65
	30.00
	1.47
	8.06

	CASE 12
	CTD, ADCP, OBS/BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor  [BiOSA]
	0.0901
	60.20
	24.35
	38.00
	2.39
	13.12

	CASE 13
	CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor [BiOSA]
	0.0901
	60.20
	24.35
	38.00
	2.39
	13.12

	CASE 14
	CTD, ADCP, MBBP, LISST, low light imager, ISUS
	0.0587
	62.20
	30.60
	172.50
	183.83
	1009.2

	CASE 15
	CTD, ADCP, MBBP, LISST, low light imager, ISUS
	0.0587
	62.20
	30.60
	172.50
	183.83
	1009.2

	CASE 16
	CTD, ADCP, BBD/OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor
	0.5213
	387.72
	28.69
	413.20
	784.41
	4306.3

	CASE 17
	CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor. 
	0.4196
	335.92
	9.19
	253.40
	601.17
	3300.4

	CASE 18
	CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light)
	0.0447
	47.70
	22.85
	166.00
	184.06
	1010.5

	CASE 19
	CTD, ADCP, BBD/ OBS, O2 sensor, and pH sensor
	0.0122
	19.90
	11.25
	13.60
	1.25
	6.85

	CASE 20
	CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging)
	0.5227
	396.22
	32.99
	423.00
	784.39
	4306.3

	CASE 21
	CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor
	0.5182
	383.32
	28.54
	415.60
	784.29
	4305.7

	CASE 22
	CTD, ADCP and ISUS along with the ESP
	0.0876
	48.90
	18.60
	27.50
	2.24
	12.32

	CASE 23
	CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer,  high-resolution color camera, (or low-light camera)
	0.0364
	36.90
	20.55
	158.40
	183.17
	1005.6

	CASE 24
	CTD, ADCP, dissolve O2 sensor, transmissometer, pCO2 sensor, color digital camera (or low-light camera)
	0.0468
	47.10
	22.70
	178.40
	184.59
	1013.4

	CASE 25
	CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, sonar array, color digital camera, (or low-light camera)
	0.0364
	37.90
	20.55
	168.40
	184.17
	1011.1

	CASE 26
	LHPR (or LOPC) type instrument along with CTD, ADCP, and O2 sensor
	0.0189
	25.85
	11.40
	54.40
	1.75
	9.62

	CASE 27
	CTD, ADCP, transmissometer, sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera)
	0.0388
	38.80
	20.70
	168.40
	184.26
	1011.6
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Note: BiOSA sensor package has been included instead of Fluorometer, O2, pCO2, pH sensors and multibeam sonar has been included during computation in Table 4. Sensor data are taken from Table 3. BBD is considered where appeared as an option for OBS or transmissometer.







































































Figure 9: AUV docking systems that are developed and are being developed worldwide. (Courtesy – WHOI, MIT, FAU, Eurodocker group, ALIVE group, Kawasaki, KRISO-KORDI, NRad, and EDC).
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Figure 8: Science payloads for docked AUV. The bars in RED color indicate five representative science cases (Case #1, 4, 9, 16 & 25). Here multibeam sonar has been excluded.
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Figure 7: Nose section of Dorado AUV with science payload for Arctic mission.
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Figure 6: Tail section of Dorado AUV with navigational instruments.
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Figure 5: Robo-Fram concept of AUV docking.





Figure 4: AUV docking system with MOOS mooring.
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Figure 3: MARS/NEPTUNE Concept – This is the concept for a cabled observatory which shows an AUV dock on its own sub-node from the main node.





Figure 2: High-resolution 4-D data set collected by Dorado AUV. (Courtesy – John Ryan, MBARI)
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Figure 1: MBARI AUV CTD time series survey - (a) Monterey Bay & Canyon bathymetry, (b) water density, (c) temperature, (d) salinity, (e) nitrate, (f) dissolved oxygen, (g) particle backscattering @ 470 nm wave length, (h) particle backscattering @ 676 nm wave length, and (i) chlorophyll fluorescence. (Courtesy – John Ryan, MBARI).
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						Science sensor		Size (dia. x length, mm)		Volume (cc)		Weight in air (kg)		Weight in water (kg)		Power consumption (W)		Average data/km @3kt (MB)		Average data/hour (MB)		Max. depth rating (m)

				1		CTD (SBE 37)		67.3x526.5		1872		4		2.4		3.5		0.083		0.45567		7000		5.49

				2		ADCP & DVL (ADCP for current, DVL for Nav.)		225.3x218		8687		11.6		6.7		8		0.92		5.0508		6000		5.49

				3		Chlorophyll fluorescence and particle backscattering (HS2)		117x230		2472		4		1.5		1		0.648		3.55752		4000		5.49

				4		Transmissometer (Particle size distribution, backscattering; C-Star)		93x64x490		2916		2.2		0.9		0.5		0.173		0.94977		6000		5.49

				5		BBD (Optical backscattering/ OBS)		63x170		530		1.3		0.75		0.5		0.079		0.43371		6000		5.49

				6		LISST (Particle size distribution)		125.7x955		11845		16.3		9		2		0.201		1.10349		5000		5.49

				7		FRR Fluorometer (Phytoplankton photo-efficiency)		160x990		19895		23		15		9.1		0.154		0.84546		500		5.49

				8		Dissolved O2 sensor (SBE 43)		52x295		626		1.5		0.7		1.4		0.083		0.45567		7000		5.49

				9		ISUS (Nitrite, Nitrate, Bi-sulphide, Bromide, Organic/dissolved Carbon)		127x508		6432		8.3		1.5		8		0.331		1.81719		4000		5.49

				10		BiOSA (Fluorescence, O2, pCO2, pH)		70x500		1923		10		5		10		0.066		0.36234		4000		5.49

				11		pH sensor (SBE 18)		48x294		532		1.5		0.7		0.2		0.083		0.45567		1200		5.49

				12		CH4 sensor		50x162		318		1.5		0.5		9		0.036		0.19764		2000		5.49

				13		pCO2 sensor (Like ISUS + Pump)		127x635		8040		8.3		2		10		0.331		1.81719		4000		5.49

				14		Bathyphotometer/ MBBP (Bioluminescence)		102x165x305		5133		3.5		1		6		0.291		1.59759		~200		5.49

				15		SPLAT screen (Bioluminescence)		225x650		25831		19		10		145		182		999.18		4000		5.49

				16		B&W Low-light Imaging		220x650		24696		18.5		10		145		182		999.18		4000		5.49

				17		Color digital imaging (low-light camera)		220x650		24696		19.5		10		155		183		1004.67		4000		5.49

				18		Multibeam sonar system		533x1829		407885		317.5		-1.4		240		600		3294		6000		5.49

				19		ESP - sampler (Phytoplankton species, HABs, microbials, larvae)		300x1000		70650		25		8		8		0.91		4.9959		4000		5.49

				20		Chemical sensor (or trace element sensor)														0

				21		LHPR/CPR  (Plankton recorder)		140x235x291		9574		12.75		4		45		0.75		4.1175		200

				22		Water sampler (>2500m on request)		146x623		10425		8		0		0.5		0.3		1.647		2500

				23		Fish egg sampler														0

								kt		km/h

								3		5.49		455.67		1457.1948998179				0.0364298725		0.29143898

												1817.19

								0.0655737705				3557.52

												3294

														0.1730418944

								0.0910746812

										1297612800

																2.66814

										432000		0.0786885246

										1.6		0.29143898

										69.85
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						Case Description		Science sensors		Volume (m^3)						Weight in air (kg)						Weight in water (kg)						Power consumption (W)						Average data/km @3kt (MB)						Average data/h (MB)		Total distance (km)		Total time (h)		Total energy/power (kWh)		Total data (MB)

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		CTD, ADCP, fluorometer, BBD/OBS, O2 sensor, ISUS.		0.0200		0.0000		0.0200		29.20		0.00		29.20		12.85		0.00		12.85		21.00		0.00		21.00		2.06		0.00		2.06		11.31		5.49

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)		CTD, BBD/OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor.                      [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4190		0.4079		0.0111		361.12		317.52		43.60		18.79		-1.36		20.15		416.00		240.00		176.00		782.60		600.00		182.60		4296.45		5.49

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer		Digital imager [Optional - CTD, BBD/OBS, O2 sensor, fluorometer].		0.0247		0.0000		0.0247		18.50		0.00		18.50		10.00		0.00		10.00		145.00		0.00		145.00		182.00		0.00		182.00		999.18		5.49

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system		CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer.                            [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4456		0.4079		0.0377		362.92		317.52		45.40		23.49		-1.36		24.85		407.00		240.00		167.00		783.15		600.00		183.15		4299.48		5.49

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		CTD, ADCP, BBD/OBS, ISUS  fluorometer, pH sensor, O2 sensor.                                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                          [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor.                                        [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		CTD, ADCP, BBD/OBS, ISUS, low-light imager, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0441		0.0000		0.0441		53.70		0.00		53.70		26.35		0.00		26.35		175.00		0.00		175.00		183.48		0.00		183.48		1007.30		5.49

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		CTD, ADCP, transmissometer (or OBS/BBD), ESP, fluorometer, pH sensor, O2 sensor.                                 [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0941		0.0000		0.0941		59.90		0.00		59.90		22.85		0.00		22.85		30.50		0.00		30.50		2.36		0.00		2.36		12.95		5.49

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		CTD, ADCP, OBS/BBD, ISUS, fluorometer, pH sensor, O2 sensor, [any trace element sensor?].                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		CTD,  BBD/ OBS, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                                                                [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0814		0.0000		0.0814		48.60		0.00		48.60		17.65		0.00		17.65		30.00		0.00		30.00		1.47		0.00		1.47		8.06		5.49

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		CTD, ADCP, OBS/BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones		CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor.                                                    [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment		CTD, ADCP, BBD/OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor.		0.5213		0.4079		0.1134		387.72		317.52		70.20		28.69		-1.36		30.05		413.20		240.00		173.20		784.41		600.00		184.41		4306.39		5.49

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon		CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor.		0.4196		0.4079		0.0117		335.92		317.52		18.40		9.19		-1.36		10.55		253.40		240.00		13.40		601.17		600.00		1.16		3300.40		5.49

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light).		0.0447		0.0000		0.0447		47.70		0.00		47.70		22.85		0.00		22.85		166.00		0.00		166.00		184.06		0.00		184.06		1010.49		5.49

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		CTD, ADCP, BBD/ transmissometer, O2 sensor, and pH sensor.		0.0122461231		0.0000		0.0122		19.90		0.00		19.90		11.25		0.00		11.25		13.60		0.00		13.60		1.25		0.00		1.25		6.85		5.49

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading		CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging).		0.5227		0.4079		0.1148		396.22		317.52		78.70		32.99		-1.36		34.35		423.00		240.00		183.00		784.39		600.00		184.39		4306.30		5.49

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)		CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor.		0.5182		0.4079		0.1103		383.32		317.52		65.80		28.54		-1.36		29.90		415.60		240.00		175.60		784.29		600.00		184.29		4305.74		5.49

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		CTD, ADCP and ISUS along with the ESP.		0.0876		0.0000		0.0876		48.90		0.00		48.90		18.60		0.00		18.60		27.50		0.00		27.50		2.24		0.00		2.24		12.32		5.49

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer,  high-resolution color camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		36.90		0.00		36.90		20.55		0.00		20.55		158.40		0.00		158.40		183.17		0.00		183.17		1005.58		5.49

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		CTD, ADCP, dissolve O2 sensor, transmissometer,  CO2 sensor, color digital camera (or high-resolution low-light camera).		0.0468		0.0000		0.0468		47.10		0.00		47.10		22.70		0.00		22.70		178.40		0.00		178.40		184.59		0.00		184.59		1013.40		5.49

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (Lagrangian and Eulerian Platforms)		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, sonar array, color digital camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		37.90		0.00		37.90		20.55		0.00		20.55		168.40		0.00		168.40		184.17		0.00		184.17		1011.07		5.49

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		LHPR (comes with CTD & Chlorophyll-a sensors)  ADCP, and O2 sensor.		0.0189		0.0000		0.0189		25.85		0.00		25.85		11.40		0.00		11.40		54.40		0.00		54.40		1.75		0.00		1.75		9.62		5.49

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		CTD, ADCP, transmissometer,  sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera).		0.0388		0.0000		0.0388		38.80		0.00		38.80		20.70		0.00		20.70		168.40		0.00		168.40		184.26		0.00		184.26		1011.58		5.49

														0.0110751731												10						13.40						1.16

														0.1148												34.35						183.00						184.59
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						Case Description		Zone #1 (Upper water column: 0m-500m)		Zone #2 (Midwater column: 500m-250m off the seafloor)		Zone #3 (Benthic: 250m off the seafloor)		Case Total

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		100%						100%

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)						100%		100%

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer				20%		80%		100%

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system				20%		80%		100%

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		60%		40%				100%

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		90%		10%				100%

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		90%		10%				100%

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		70%		30%				100%

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		100%						100%

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		90%		10%				100%

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		100%						100%

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		90%		10%				100%

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones				25%		75%		100%

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		100%						100%

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)				100%				100%

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment						100%		100%

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon						100%		100%

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		100%						100%

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		60%		25%		15%		100%

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading				70%		30%		100%

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)						100%		100%

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		70%		20%		10%		100%

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		30%		70%				100%

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		20%		80%				100%

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (concept of Robo-Fram)		50%		50%				100%

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		50%		50%				100%

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		40%		60%				100%

						Zonal Total		1310		700		690		2700

						Zonal %		48.5%		27.8%		23.7%		100.0%
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						Science sensor		Size (dia. x length, mm)		Volume (cc)		Weight in air (kg)		Weight in water (kg)		Power consumption (W)		Average data/km @3kt (MB)		Average data/hour (MB)		Max. depth rating (m)

				1		CTD (SBE 37)		67.3x526.5		1872		4		2.4		3.5		0.083		0.45567		7000		5.49

				2		ADCP & DVL (ADCP for current, DVL for Nav.)		225.3x218		8687		11.6		6.7		8		0.92		5.0508		6000		5.49

				3		Chlorophyll fluorescence and particle backscattering (HS2)		117x230		2472		4		1.5		1		0.648		3.55752		4000		5.49

				4		Transmissometer (Particle size distribution, backscattering; C-Star)		93x64x490		2916		2.2		0.9		0.5		0.173		0.94977		6000		5.49

				5		BBD (Optical backscattering/ OBS)		63x170		530		1.3		0.75		0.5		0.079		0.43371		6000		5.49

				6		LISST (Particle size distribution)		125.7x955		11845		16.3		9		2		0.201		1.10349		5000		5.49

				7		FRR Fluorometer (Phytoplankton photo-efficiency)		160x990		19895		23		15		9.1		0.154		0.84546		500		5.49

				8		Dissolved O2 sensor (SBE 43)		52x295		626		1.5		0.7		1.4		0.083		0.45567		7000		5.49

				9		ISUS (Nitrite, Nitrate, Bi-sulphide, Bromide, Organic/dissolved Carbon)		127x508		6432		8.3		1.5		8		0.331		1.81719		4000		5.49

				10		BiOSA (Fluorescence, O2, pCO2, pH)		70x500		1923		10		5		10		0.066		0.36234		4000		5.49

				11		pH sensor (SBE 18)		48x294		532		1.5		0.7		0.2		0.083		0.45567		1200		5.49

				12		CH4 sensor		50x162		318		1.5		0.5		9		0.036		0.19764		2000		5.49

				13		pCO2 sensor (Like ISUS + Pump)		127x635		8040		8.3		2		10		0.331		1.81719		4000		5.49

				14		Bathyphotometer/ MBBP (Bioluminescence)		102x165x305		5133		3.5		1		6		0.291		1.59759		~200		5.49

				15		SPLAT screen (Bioluminescence)		225x650		25831		19		10		145		182		999.18		4000		5.49

				16		B&W Low-light Imaging		220x650		24696		18.5		10		145		182		999.18		4000		5.49

				17		Color digital imaging (low-light camera)		220x650		24696		19.5		10		155		183		1004.67		4000		5.49

				18		Multibeam sonar system		533x1829		407885		317.5		-1.4		240		600		3294		6000		5.49

				19		ESP - sampler (Phytoplankton species, HABs, microbials, larvae)		300x1000		70650		25		8		8		0.91		4.9959		4000		5.49

				20		Chemical sensor (or trace element sensor)														0

				21		LHPR/CPR  (Plankton recorder)		140x235x291		9574		12.75		4		45		0.75		4.1175		200

				22		Water sampler (>2500m on request)		146x623		10425		8		0		0.5		0.3		1.647		2500

				23		Fish egg sampler														0

								kt		km/h

								3		5.49		455.67		1457.1948998179				0.0364298725		0.29143898

												1817.19

								0.0655737705				3557.52

												3294

														0.1730418944

								0.0910746812

										1297612800

																2.66814

										432000		0.0786885246

										1.6		0.29143898

										69.85
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						Case Description		Science sensors		Volume (m^3)						Weight in air (kg)						Weight in water (kg)						Power consumption (W)						Average data/km @3kt (MB)						Average data/h (MB)		Total distance (km)		Total time (h)		Total energy/power (kWh)		Total data (MB)

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		CTD, ADCP, fluorometer, BBD/OBS, O2 sensor, ISUS.		0.0200		0.0000		0.0200		29.20		0.00		29.20		12.85		0.00		12.85		21.00		0.00		21.00		2.06		0.00		2.06		11.31		5.49

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)		CTD, BBD/OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor.                      [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4190		0.4079		0.0111		361.12		317.52		43.60		18.79		-1.36		20.15		416.00		240.00		176.00		782.60		600.00		182.60		4296.45		5.49

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer		Digital imager [Optional - CTD, BBD/OBS, O2 sensor, fluorometer].		0.0247		0.0000		0.0247		18.50		0.00		18.50		10.00		0.00		10.00		145.00		0.00		145.00		182.00		0.00		182.00		999.18		5.49

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system		CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer.                            [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4456		0.4079		0.0377		362.92		317.52		45.40		23.49		-1.36		24.85		407.00		240.00		167.00		783.15		600.00		183.15		4299.48		5.49

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		CTD, ADCP, BBD/OBS, ISUS  fluorometer, pH sensor, O2 sensor.                                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                          [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor.                                        [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		CTD, ADCP, BBD/OBS, ISUS, low-light imager, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0441		0.0000		0.0441		53.70		0.00		53.70		26.35		0.00		26.35		175.00		0.00		175.00		183.48		0.00		183.48		1007.30		5.49

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		CTD, ADCP, transmissometer (or OBS/BBD), ESP, fluorometer, pH sensor, O2 sensor.                                 [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0941		0.0000		0.0941		59.90		0.00		59.90		22.85		0.00		22.85		30.50		0.00		30.50		2.36		0.00		2.36		12.95		5.49

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		CTD, ADCP, OBS/BBD, ISUS, fluorometer, pH sensor, O2 sensor, [any trace element sensor?].                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		CTD,  BBD/ OBS, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                                                                [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0814		0.0000		0.0814		48.60		0.00		48.60		17.65		0.00		17.65		30.00		0.00		30.00		1.47		0.00		1.47		8.06		5.49

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		CTD, ADCP, OBS/BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones		CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor.                                                    [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment		CTD, ADCP, BBD/OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor.		0.5213		0.4079		0.1134		387.72		317.52		70.20		28.69		-1.36		30.05		413.20		240.00		173.20		784.41		600.00		184.41		4306.39		5.49

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon		CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor.		0.4196		0.4079		0.0117		335.92		317.52		18.40		9.19		-1.36		10.55		253.40		240.00		13.40		601.17		600.00		1.16		3300.40		5.49

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light).		0.0447		0.0000		0.0447		47.70		0.00		47.70		22.85		0.00		22.85		166.00		0.00		166.00		184.06		0.00		184.06		1010.49		5.49

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		CTD, ADCP, BBD/ transmissometer, O2 sensor, and pH sensor.		0.0122461231		0.0000		0.0122		19.90		0.00		19.90		11.25		0.00		11.25		13.60		0.00		13.60		1.25		0.00		1.25		6.85		5.49

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading		CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging).		0.5227		0.4079		0.1148		396.22		317.52		78.70		32.99		-1.36		34.35		423.00		240.00		183.00		784.39		600.00		184.39		4306.30		5.49

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)		CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor.		0.5182		0.4079		0.1103		383.32		317.52		65.80		28.54		-1.36		29.90		415.60		240.00		175.60		784.29		600.00		184.29		4305.74		5.49

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		CTD, ADCP and ISUS along with the ESP.		0.0876		0.0000		0.0876		48.90		0.00		48.90		18.60		0.00		18.60		27.50		0.00		27.50		2.24		0.00		2.24		12.32		5.49

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer,  high-resolution color camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		36.90		0.00		36.90		20.55		0.00		20.55		158.40		0.00		158.40		183.17		0.00		183.17		1005.58		5.49

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		CTD, ADCP, dissolve O2 sensor, transmissometer,  CO2 sensor, color digital camera (or high-resolution low-light camera).		0.0468		0.0000		0.0468		47.10		0.00		47.10		22.70		0.00		22.70		178.40		0.00		178.40		184.59		0.00		184.59		1013.40		5.49

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (Lagrangian and Eulerian Platforms)		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, sonar array, color digital camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		37.90		0.00		37.90		20.55		0.00		20.55		168.40		0.00		168.40		184.17		0.00		184.17		1011.07		5.49

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		LHPR (comes with CTD & Chlorophyll-a sensors)  ADCP, and O2 sensor.		0.0189		0.0000		0.0189		25.85		0.00		25.85		11.40		0.00		11.40		54.40		0.00		54.40		1.75		0.00		1.75		9.62		5.49

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		CTD, ADCP, transmissometer,  sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera).		0.0388		0.0000		0.0388		38.80		0.00		38.80		20.70		0.00		20.70		168.40		0.00		168.40		184.26		0.00		184.26		1011.58		5.49

														0.0110751731												10						13.40						1.16

														0.1148												34.35						183.00						184.59
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						Case Description		Zone #1 (Upper water column: 0m-500m)		Zone #2 (Midwater column: 500m-250m off the seafloor)		Zone #3 (Benthic: 250m off the seafloor)		Case Total

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		100%						100%

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)						100%		100%

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer				20%		80%		100%

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system				20%		80%		100%

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		60%		40%				100%

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		90%		10%				100%

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		90%		10%				100%

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		70%		30%				100%

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		100%						100%

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		90%		10%				100%

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		100%						100%

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		90%		10%				100%

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones				25%		75%		100%

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		100%						100%

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)				100%				100%

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment						100%		100%

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon						100%		100%

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		100%						100%

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		60%		25%		15%		100%

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading				70%		30%		100%

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)						100%		100%

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		70%		20%		10%		100%

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		30%		70%				100%

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		20%		80%				100%

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (concept of Robo-Fram)		50%		50%				100%

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		50%		50%				100%

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		40%		60%				100%

						Zonal Total		1310		700		690		2700

						Zonal %		48.5%		27.8%		23.7%		100.0%
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						Science sensor		Size (dia. x length, mm)		Volume (cc)		Weight in air (kg)		Weight in water (kg)		Power consumption (W)		Average data/km @3kt (MB)		Average data/hour (MB)		Max. depth rating (m)

				1		CTD (SBE 37)		67.3x526.5		1872		4		2.4		3.5		0.083		0.45567		7000

				2		ADCP & DVL (ADCP for current, DVL for Nav.)		225.3x218		8687		11.6		6.7		8		0.92		5.0508		6000

				3		Chlorophyll fluorescence and particle backscattering (HS2)		117x230		2472		4		1.5		1		0.648		3.55752		4000

				4		Transmissometer (Particle size distribution, backscattering; C-Star)		93x64x490		2916		2.2		0.9		0.5		0.173		0.94977		6000

				5		BBD (Optical backscattering/ OBS)		63x170		530		1.3		0.75		0.5		0.079		0.43371		6000

				6		LISST (Particle size distribution)		125.7x955		11845		16.3		9		2		0.201		1.10349		5000

				7		FRR Fluorometer (Phytoplankton photo-efficiency)		160x990		19895		23		15		9.1		0.154		0.84546		500

				8		Dissolved O2 sensor (SBE 43)		52x295		626		1.5		0.7		1.4		0.083		0.45567		7000

				9		ISUS (Nitrite, Nitrate, Bi-sulphide, Bromide, Organic/dissolved Carbon)		127x508		6432		8.3		1.5		8		0.331		1.81719		4000

				10		BiOSA (Fluorescence, O2, pCO2, pH)		70x500		1923		10		5		10		0.066		0.36234		4000

				11		pH sensor (SBE 18)		48x294		532		1.5		0.7		0.2		0.083		0.45567		1200

				12		CH4 sensor		50x162		318		1.5		0.5		9		0.036		0.19764		2000

				13		pCO2 sensor (Like ISUS + Pump)		127x635		8040		8.3		2		10		0.331		1.81719		4000

				14		Bathyphotometer/ MBBP (Bioluminescence)		102x165x305		5133		3.5		1		6		0.291		1.59759		~200

				15		SPLAT screen (Bioluminescence)		225x650		25831		19		10		145		182		999.18		4000

				16		B&W Low-light Imaging		220x650		24696		18.5		10		145		182		999.18		4000

				17		Color digital imaging (low-light camera)		220x650		24696		19.5		10		155		183		1004.67		4000

				18		Multibeam sonar system		533x1829		407885		317.5		-1.4		240		600		3294		6000

				19		ESP - sampler (Phytoplankton species, HABs, microbials, larvae)		300x1000		70650		25		8		8		0.91		4.9959		4000

				20		Chemical sensor (or trace element sensor)														0

				21		LHPR/CPR  (Plankton recorder)		140x235x291		9574		12.75		4		45		0.75		4.1175		200

				22		Water sampler (>2500m on request)		146x623		10425		8		0		0.5		0.3		1.647		2500

				23		Fish egg sampler														0
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						Case Description		Science sensors		Volume (m^3)		Vol. of multibeam		w/o multibeam		Weight in air (kg)		Vol. of multibeam		w/o multibeam		Weight in water (kg)		Wt. of multibeam		w/o multibeam		Power consumption (W)		Pwr of multibeam		w/o multibeam		Average data/km @3kt (MB)		Data of multibeam		w/o multibeam		Average data/h (MB)		Total distance (km)		Total time (h)		Total energy/power (kWh)		Total data (MB)

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		CTD, ADCP, fluorometer, BBD/OBS, O2 sensor, ISUS.		0.0200		0.0000		0.0200		29.20		0.00		29.20		12.85		0.00		12.85		21.00		0.00		21.00		2.06		0.00		2.06		11.31		5.49

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)		CTD, BBD/OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor.                      [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4190		0.4079		0.0111		361.12		317.52		43.60		18.79		-1.36		20.15		416.00		240.00		176.00		782.60		600.00		182.60		4296.45		5.49

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer		Digital imager [Optional - CTD, BBD/OBS, O2 sensor, fluorometer].		0.0247		0.0000		0.0247		18.50		0.00		18.50		10.00		0.00		10.00		145.00		0.00		145.00		182.00		0.00		182.00		999.18		5.49

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system		CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer.                            [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4456		0.4079		0.0377		362.92		317.52		45.40		23.49		-1.36		24.85		407.00		240.00		167.00		783.15		600.00		183.15		4299.48		5.49

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		CTD, ADCP, BBD/OBS, ISUS  fluorometer, pH sensor, O2 sensor.                                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                          [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor.                                        [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		CTD, ADCP, BBD/OBS, ISUS, low-light imager, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0441		0.0000		0.0441		53.70		0.00		53.70		26.35		0.00		26.35		175.00		0.00		175.00		183.48		0.00		183.48		1007.30		5.49

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		CTD, ADCP, transmissometer (or OBS/BBD), ESP, fluorometer, pH sensor, O2 sensor.                                 [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0941		0.0000		0.0941		59.90		0.00		59.90		22.85		0.00		22.85		30.50		0.00		30.50		2.36		0.00		2.36		12.95		5.49

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		CTD, ADCP, OBS/BBD, ISUS, fluorometer, pH sensor, O2 sensor, [any trace element sensor?].                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		CTD,  BBD/ OBS, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                                                                [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0814		0.0000		0.0814		48.60		0.00		48.60		17.65		0.00		17.65		30.00		0.00		30.00		1.47		0.00		1.47		8.06		5.49

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		CTD, ADCP, OBS/BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones		CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor.                                                    [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment		CTD, ADCP, BBD/OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor.		0.5213		0.4079		0.1134		387.72		317.52		70.20		28.69		-1.36		30.05		413.20		240.00		173.20		784.41		600.00		184.41		4306.39		5.49

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon		CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor.		0.4196		0.4079		0.0117		335.92		317.52		18.40		9.19		-1.36		10.55		253.40		240.00		13.40		601.17		600.00		1.16		3300.40		5.49

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light).		0.0447		0.0000		0.0447		47.70		0.00		47.70		22.85		0.00		22.85		166.00		0.00		166.00		184.06		0.00		184.06		1010.49		5.49

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		CTD, ADCP, BBD/ transmissometer, O2 sensor, and pH sensor.		0.0122461231		0.0000		0.0122		19.90		0.00		19.90		11.25		0.00		11.25		13.60		0.00		13.60		1.25		0.00		1.25		6.85		5.49

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading		CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging).		0.5227		0.4079		0.1148		396.22		317.52		78.70		32.99		-1.36		34.35		423.00		240.00		183.00		784.39		600.00		184.39		4306.30		5.49

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)		CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor.		0.5182		0.4079		0.1103		383.32		317.52		65.80		28.54		-1.36		29.90		415.60		240.00		175.60		784.29		600.00		184.29		4305.74		5.49

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		CTD, ADCP and ISUS along with the ESP.		0.0876		0.0000		0.0876		48.90		0.00		48.90		18.60		0.00		18.60		27.50		0.00		27.50		2.24		0.00		2.24		12.32		5.49

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer,  high-resolution color camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		36.90		0.00		36.90		20.55		0.00		20.55		158.40		0.00		158.40		183.17		0.00		183.17		1005.58		5.49

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		CTD, ADCP, dissolve O2 sensor, transmissometer,  CO2 sensor, color digital camera (or high-resolution low-light camera).		0.0468		0.0000		0.0468		47.10		0.00		47.10		22.70		0.00		22.70		178.40		0.00		178.40		184.59		0.00		184.59		1013.40		5.49

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (Lagrangian and Eulerian Platforms)		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, sonar array, color digital camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		37.90		0.00		37.90		20.55		0.00		20.55		168.40		0.00		168.40		184.17		0.00		184.17		1011.07		5.49

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		LHPR (comes with CTD & Chlorophyll-a sensors)  ADCP, and O2 sensor.		0.0189		0.0000		0.0189		25.85		0.00		25.85		11.40		0.00		11.40		54.40		0.00		54.40		1.75		0.00		1.75		9.62		5.49

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		CTD, ADCP, transmissometer,  sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera).		0.0388		0.0000		0.0388		38.80		0.00		38.80		20.70		0.00		20.70		168.40		0.00		168.40		184.26		0.00		184.26		1011.58		5.49

												Min.		0.0110751731												10						13.40						1.16

												Max.		0.1148												34.35						183.00						184.59
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						Case Description		Zone #1 (Upper water column: 0m-500m)		Zone #2 (Midwater column: 500m-250m off the seafloor)		Zone #3 (Benthic: 250m off the seafloor)		Case Total

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		100%						100%

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)						100%		100%

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer				20%		80%		100%

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system				20%		80%		100%

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		60%		40%				100%

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		90%		10%				100%

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		90%		10%				100%

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		70%		30%				100%

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		100%						100%

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		90%		10%				100%

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		100%						100%

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		90%		10%				100%

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones				25%		75%		100%

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		100%						100%

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)				100%				100%

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment				15%		85%		100%

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon						100%		100%

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		100%						100%

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		60%		25%		15%		100%

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading				70%		30%		100%

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)						100%		100%

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		70%		20%		10%		100%

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		30%		70%				100%

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		20%		80%				100%

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (concept of Robo-Fram)		40%		40%		20%		100%

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		50%		50%				100%

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		40%		60%				100%

						Zonal Total		1300		705		695		2700

						Zonal %		48.1%		26.1%		25.7%		100%

								48.1%		26.1%		25.7%		100%
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Volume (m^3)

Science Payload - Volume



Sheet1

		

						Science sensor		Size (dia. x length, mm)		Volume (cc)		Weight in air (kg)		Weight in water (kg)		Power consumption (W)		Average data/km @3kt (MB)		Average data/hour (MB)		Max. depth rating (m)

				1		CTD (SBE 37)		67.3x526.5		1872		4		2.4		3.5		0.083		0.45567		7000		5.49

				2		ADCP & DVL (ADCP for current, DVL for Nav.)		225.3x218		8687		11.6		6.7		8		0.92		5.0508		6000		5.49

				3		Chlorophyll fluorescence and particle backscattering (HS2)		117x230		2472		4		1.5		1		0.648		3.55752		4000		5.49

				4		Transmissometer (Particle size distribution, backscattering; C-Star)		93x64x490		2916		2.2		0.9		0.5		0.173		0.94977		6000		5.49

				5		BBD (Optical backscattering/ OBS)		63x170		530		1.3		0.75		0.5		0.079		0.43371		6000		5.49

				6		LISST (Particle size distribution)		125.7x955		11845		16.3		9		2		0.201		1.10349		5000		5.49

				7		FRR Fluorometer (Phytoplankton photo-efficiency)		160x990		19895		23		15		9.1		0.154		0.84546		500		5.49

				8		Dissolved O2 sensor (SBE 43)		52x295		626		1.5		0.7		1.4		0.083		0.45567		7000		5.49

				9		ISUS (Nitrite, Nitrate, Bi-sulphide, Bromide, Organic/dissolved Carbon)		127x508		6432		8.3		1.5		8		0.331		1.81719		4000		5.49

				10		BiOSA (Fluorescence, O2, pCO2, pH)		70x500		1923		10		5		10		0.066		0.36234		4000		5.49

				11		pH sensor (SBE 18)		48x294		532		1.5		0.7		0.2		0.083		0.45567		1200		5.49

				12		CH4 sensor		50x162		318		1.5		0.5		9		0.036		0.19764		2000		5.49

				13		pCO2 sensor (Like ISUS + Pump)		127x635		8040		8.3		2		10		0.331		1.81719		4000		5.49

				14		Bathyphotometer/ MBBP (Bioluminescence)		102x165x305		5133		3.5		1		6		0.291		1.59759		~200		5.49

				15		SPLAT screen (Bioluminescence)		225x650		25831		19		10		145		182		999.18		4000		5.49

				16		B&W Low-light Imaging		220x650		24696		18.5		10		145		182		999.18		4000		5.49

				17		Color digital imaging (low-light camera)		220x650		24696		19.5		10		155		183		1004.67		4000		5.49

				18		Multibeam sonar system		533x1829		407885		317.5		-1.4		240		600		3294		6000		5.49

				19		ESP - sampler (Phytoplankton species, HABs, microbials, larvae)		300x1000		70650		25		8		8		0.91		4.9959		4000		5.49

				20		Chemical sensor (or trace element sensor)														0

				21		LHPR/CPR  (Plankton recorder)		140x235x291		9574		12.75		4		45		0.75		4.1175		200

				22		Water sampler (>2500m on request)		146x623		10425		8		0		0.5		0.3		1.647		2500

				23		Fish egg sampler														0

								kt		km/h

								3		5.49		455.67		1457.1948998179				0.0364298725		0.29143898

												1817.19

								0.0655737705				3557.52

												3294

														0.1730418944

								0.0910746812

										1297612800

																2.66814

										432000		0.0786885246

										1.6		0.29143898

										69.85





Sheet2

		

						Case Description		Science sensors		Volume (m^3)						Weight in air (kg)						Weight in water (kg)						Power consumption (W)						Average data/km @3kt (MB)						Average data/h (MB)		Total distance (km)		Total time (h)		Total energy/power (kWh)		Total data (MB)

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		CTD, ADCP, fluorometer, BBD/OBS, O2 sensor, ISUS.		0.0200		0.0000		0.0200		29.20		0.00		29.20		12.85		0.00		12.85		21.00		0.00		21.00		2.06		0.00		2.06		11.31		5.49

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)		CTD, BBD/OBS, ISUS, multibeam sonar, low-light imager, pH sensor, O2 sensor, CH4 sensor.                      [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4190		0.4079		0.0111		361.12		317.52		43.60		18.79		-1.36		20.15		416.00		240.00		176.00		782.60		600.00		182.60		4296.45		5.49

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer		Digital imager [Optional - CTD, BBD/OBS, O2 sensor, fluorometer].		0.0247		0.0000		0.0247		18.50		0.00		18.50		10.00		0.00		10.00		145.00		0.00		145.00		182.00		0.00		182.00		999.18		5.49

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system		CTD, ADCP, BBD/OBS, multibeam sonar, low-light imager, O2 sensor, fluorometer.                            [BiOSA (Fluorescence, O2, pCO2, pH)]		0.4456		0.4079		0.0377		362.92		317.52		45.40		23.49		-1.36		24.85		407.00		240.00		167.00		783.15		600.00		183.15		4299.48		5.49

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		CTD, ADCP, BBD/OBS, ISUS  fluorometer, pH sensor, O2 sensor.                                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		CTD, ADCP, BBD/OBS, ISUS, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                          [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		CTD, ADCP, BBD/OBS, ISUS fluorometer, pCO2 sensor, pH sensor, O2 sensor.                                        [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		CTD, ADCP, BBD/OBS, ISUS, low-light imager, fluorometer, pH sensor, pCO2 sensor, O2 sensor.                               [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0441		0.0000		0.0441		53.70		0.00		53.70		26.35		0.00		26.35		175.00		0.00		175.00		183.48		0.00		183.48		1007.30		5.49

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		CTD, ADCP, transmissometer (or OBS/BBD), ESP, fluorometer, pH sensor, O2 sensor.                                 [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0941		0.0000		0.0941		59.90		0.00		59.90		22.85		0.00		22.85		30.50		0.00		30.50		2.36		0.00		2.36		12.95		5.49

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		CTD, ADCP, OBS/BBD, ISUS, fluorometer, pH sensor, O2 sensor, [any trace element sensor?].                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0194		0.0000		0.0194		35.20		0.00		35.20		16.35		0.00		16.35		30.00		0.00		30.00		1.48		0.00		1.48		8.12		5.49

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		CTD,  BBD/ OBS, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                                                                [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0814		0.0000		0.0814		48.60		0.00		48.60		17.65		0.00		17.65		30.00		0.00		30.00		1.47		0.00		1.47		8.06		5.49

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		CTD, ADCP, OBS/BBD, ISUS, ESP, fluorometer, pH sensor, O2 sensor.                                              [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones		CTD, ADCP, BBD/ OBS ISUS, ESP, pH sensor, O2 sensor, pCO2 sensor.                                                    [BiOSA (Fluorescence, O2, pCO2, pH)]		0.0901		0.0000		0.0901		60.20		0.00		60.20		24.35		0.00		24.35		38.00		0.00		38.00		2.39		0.00		2.39		13.12		5.49

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)		CTD, ADCP, MBBP, LISST, low light imager, ISUS.		0.0587		0.0000		0.0587		62.20		0.00		62.20		30.60		0.00		30.60		172.50		0.00		172.50		183.83		0.00		183.83		1009.20		5.49

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment		CTD, ADCP, BBD/OBS, ISUS, ESP, multibeam sonar, digiscanner, pH sensor, O2 sensor.		0.5213		0.4079		0.1134		387.72		317.52		70.20		28.69		-1.36		30.05		413.20		240.00		173.20		784.41		600.00		184.41		4306.39		5.49

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon		CTD, ADCP, OBS/ BBD (or transmissometer), multibeam sonar, O2 sensor.		0.4196		0.4079		0.0117		335.92		317.52		18.40		9.19		-1.36		10.55		253.40		240.00		13.40		601.17		600.00		1.16		3300.40		5.49

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		CTD, ADCP, fluorometer, BBD/ transmissometer, and BiOSA/ ISUS, structured light imaging (low-light).		0.0447		0.0000		0.0447		47.70		0.00		47.70		22.85		0.00		22.85		166.00		0.00		166.00		184.06		0.00		184.06		1010.49		5.49

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		CTD, ADCP, BBD/ transmissometer, O2 sensor, and pH sensor.		0.0122461231		0.0000		0.0122		19.90		0.00		19.90		11.25		0.00		11.25		13.60		0.00		13.60		1.25		0.00		1.25		6.85		5.49

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading		CTD, ADCP, ISUS, dissolve O2 sensor, CH4 sensor, pH sensor, ESP, multibeam sonar, BBD/ transmissometer and digiscanner (low-light imaging).		0.5227		0.4079		0.1148		396.22		317.52		78.70		32.99		-1.36		34.35		423.00		240.00		183.00		784.39		600.00		184.39		4306.30		5.49

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)		CTD, ADCP, multibeam sonar, transmissometer, digiscanner, ESP, dissolve O2 sensor, pH sensor, and CH4 sensor.		0.5182		0.4079		0.1103		383.32		317.52		65.80		28.54		-1.36		29.90		415.60		240.00		175.60		784.29		600.00		184.29		4305.74		5.49

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		CTD, ADCP and ISUS along with the ESP.		0.0876		0.0000		0.0876		48.90		0.00		48.90		18.60		0.00		18.60		27.50		0.00		27.50		2.24		0.00		2.24		12.32		5.49

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer,  high-resolution color camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		36.90		0.00		36.90		20.55		0.00		20.55		158.40		0.00		158.40		183.17		0.00		183.17		1005.58		5.49

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		CTD, ADCP, dissolve O2 sensor, transmissometer,  CO2 sensor, color digital camera (or high-resolution low-light camera).		0.0468		0.0000		0.0468		47.10		0.00		47.10		22.70		0.00		22.70		178.40		0.00		178.40		184.59		0.00		184.59		1013.40		5.49

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (Lagrangian and Eulerian Platforms)		CTD, ADCP, dissolve O2 sensor, BBD/ transmissometer, sonar array, color digital camera, (or high-resolution low-light camera).		0.0364		0.0000		0.0364		37.90		0.00		37.90		20.55		0.00		20.55		168.40		0.00		168.40		184.17		0.00		184.17		1011.07		5.49

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		LHPR (comes with CTD & Chlorophyll-a sensors)  ADCP, and O2 sensor.		0.0189		0.0000		0.0189		25.85		0.00		25.85		11.40		0.00		11.40		54.40		0.00		54.40		1.75		0.00		1.75		9.62		5.49

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		CTD, ADCP, transmissometer,  sonar array, O2 sensor, color digital camera, (or high-resolution low-light camera).		0.0388		0.0000		0.0388		38.80		0.00		38.80		20.70		0.00		20.70		168.40		0.00		168.40		184.26		0.00		184.26		1011.58		5.49

														0.0110751731												10						13.40						1.16

														0.1148												34.35						183.00						184.59
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						Case Description		Zone #1 (Upper water column: 0m-500m)		Zone #2 (Midwater column: 500m-250m off the seafloor)		Zone #3 (Benthic: 250m off the seafloor)		Case Total

				1		CASE 1: Consequences of small to meso-scale upper ocean circulation phenomena in the coastal ocean		100%						100%

				2		CASE 2: Long-term Observation of Benthic Animals/ Creatures; Mapping of Vents, Seeps, and Clam Beds (shellfish)						100%		100%

				3		CASE 3: BIN-RIN Data and Power/ Energy Transfer				20%		80%		100%

				4		CASE 4: Periodic and Long-term Observation/ Monitoring of Physical and Biological Processes in and around Monterey Bay Canyon system				20%		80%		100%

				5		CASE 5: 3D Time-Series Study of California Current System (CCS)		60%		40%				100%

				6		CASE 6: High Resolution 3D Tracking of a Particular Volume of Upwelling Water in Monterey Bay (study of its dynamics, subduction/ disappearance at the edge of California Current, impacts on ecosystem and climate)		90%		10%				100%

				7		CASE 7: Iron-Fertilization Experiment, its Short-term and Long-term Effects on Oceanic Environment (physical, biological, and ecological) as well as Effects on Global Climate		90%		10%				100%

				8		CASE 8: Enhancement of CalCOFI Time-Series Measurements		70%		30%				100%

				9		CASE 9: High Resolution Spatial and Temporal Sample Collection for Monitoring and Research of Harmful Algal Blooms (HABs)		100%						100%

				10		CASE 10: Mapping and Monitoring of Trace Elements in Coastal Water for Developing a Regional Scale Model for Prediction of HABs		90%		10%				100%

				11		CASE 11: High Resolution (spatial and temporal) Eulerian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron) in Upwelling Water in Monterey Bay		100%						100%

				12		CASE 12: High Resolution (spatial and temporal) Lagrangian Survey and Sample Collection for Microbial Organisms (0.2-2.0 micron bacterioplankton/picoplankton) in Monterey Bay		90%		10%				100%

				13		CASE 13: Detection of Submarine Earthquake’s Epicenter, Vent and Eruption; and Collection of Microbial (0.2-2.0 micron) Organism (archaea and bacteria) Samples in the Vicinity of the Epicenter, Vents, and Eruption Zones				25%		75%		100%

				14		CASE 14: Bioluminescence Measurement and Sample Collection in Upper-water Column (5m-50m)		100%						100%

				15		CASE 15: Bioluminescence Measurement and Sample Collection in Midwater Column (500m-1500m)				100%				100%

				16		CASE 16: Continuous and Long-term Observation of Active Mid-ocean Ridge Segment						100%		100%

				17		CASE 17: Continuous Long-term Observation and Event Response inside Monterey Canyon						100%		100%

				18		CASE 18: Periodic and Long-term Survey and Tracking of Chlorophyll in the Light of Carbon Export Beyond Photic Zone		100%						100%

				19		CASE 19: Periodic and Long-term Observation/ Monitoring of Chemical Agents and Trace Elements in Oceanic Environment		60%		25%		15%		100%

				20		CASE 20: Episodic Event Response and Tracking/Monitoring Hydrothermal Plume and Associated Organism Spreading				70%		30%		100%

				21		CASE 21: Mapping of Seeps and Vents and its Habitats in Monterey Bay (or other places)						100%		100%

				22		CASE 22: Integration of ESP with AUV for In-situ Measurement of Microbial Organisms, HABs, and Larvae		70%		20%		10%		100%

				23		CASE 23: Regular and Long-term Video Transecting and Low-light Imaging in the Water Column		30%		70%				100%

				24		CASE 24: Study the Effects on Midwater Animals due to Re-suspension of Materials from Turbid Flow Caused by Monterey Canyon System		20%		80%				100%

				25		CASE 25: Midwater Surveying and Monitoring in Ice-covered Artic or Antarctic Regions (concept of Robo-Fram)		50%		50%				100%

				26		CASE 26: Continuous Recording of Plankton (LHPR type instrument) Using AUV		50%		50%				100%

				27		CASE 27: Hand-off Assignment to Multiple Vehicles for Tracking and Monitoring Particular Targets		40%		60%				100%

						Zonal Total		1310		700		690		2700

						Zonal %		48.5%		27.8%		23.7%		100.0%
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