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AOSN II:  Integration and Demonstration of Observation and Modeling
Abstract
The goal of the AOSN II project is the development of a coupled observation/modeling system, capable of economically generating ocean forecasts with a four to five day horizon.  The system is specifically designed to make efficient use of robotic platforms to perform in-situ measurements by coupling their control to the results of data-assimilating ocean models. The successful outcome of this program will be an is developing key components of an sustainable, relocatable Integrated Ocean Observing System (IOOS, or ‘the system’), with critical impacts for civilian and naval applications. The first year’s effort is building towards an extensive field program in Monterey Bay, which will both demonstrate a proof of concept of a coupled observation/modeling system, as well as generate a data set that will support improvement and testing of AOSN elements. 
This proposal outlines the second year (2004) effort, which will capitalize on the data set and experience acquired in the first year (2003). In this year’s effort, we will use the data set to test and improve the modeling and adaptive sampling elements of the system, and to develop an integrated simulation environment to both facilitate testing and to prototype the next iteration of the system. In 2004 work will focus on extending and testing subsystem-level capabilities demonstrated in the field experiment. Observation data and model output gathered in the experiment will be integrated to generate a best-estimate hindcast of the Monterey Bay ocean state. This hindcast, termed the Reference Ocean Estimate (ROE), will form the core of an integrated Observation System Simulation Experiment (OSSE) engine, which will allow system-level, closed loop experiments on subsystem components of AOSN. 


Collaborating groups at Harvard, JPL, Princeton, CalTech, NRL, NPS, Univ. of Miami, WHOI, and SIO, bring a strong suite of capabilities, both observational and computational, from which a powerful OSSE engine can be constructed.

MBARI efforts will be directed towards a) leadership and coordination of the AOSN effort, b) system engineering to optimize individual elements with overall AOSN performance and OSSE engine development as the driving criteria, c) quality control and science analysis of data from the 2003 AOSN field experiment, d) publication of the 2003 data set, and e) use and critique of the AOSN OSSE engine from the Ocean Science perspective.

1 Motivation and Issues

A broad range of societal needs motivate the creation of an Integrated Ocean Observing System (IOOS) [Oceans.US, 2002a]:   

· Improve the safety and efficiency of marine operations, 

· More effectively mitigate the effects of natural hazards, 

· Improve predictions of climate change and its effects on coastal populations, 

· Improve national security, 

· Reduce public health risks, 

· More effectively protect and restore healthy coastal marine ecosystems, and 

· Enable the sustained use of marine resources.  

Goals such as sustainable operation are central to realizing an IOOS capability that is economically feasible.  Systems must be automated where possible, and use of crewed platforms such as ships minimized.  However Naval needs drive other requirements as well, key among these being ‘relocatability’. Where the IOOS discussed in the Oceans.US documents envisions a federation of fixed coastal observation systems, the Navy may require a coastal observation/prediction capability at any time, at any place.  Thus the ideal Navy system must be capable of being configured and deployed for new environments. This parallels desires of the oceanographic community to be able to deploy to interesting regions, rather than be limited to the coastline of the US.  Thus AOSN work discussed here is both an advanced development environment for coastal IOOS capabilities, and an incubator for technologies amenable to rapid deployment.

While the technical demands of engineering adaptive coupled observation/modeling systems are imposing, specific examples of the approach are proliferating.  Recent applications of advanced sampling platforms in Monterey Bay have demonstrated the importance of adaptive, high-resolution sampling to understand complex, rapidly evolving processes that influence the generation and fate of productivity.  The scientific objectives of the proposed experiment fundamentally relate to transports and their consequences: 1) vertical transport of iron-bearing sediments from the deep shelf into the upper water column, 2) influence of eddy, filament, and frontal dynamics on lateral and vertical transports of upwelled nutrients and resultant productivity, and 3) response of transports to wind relaxation and reversal.  These processes all have significant consequences for the generation and fate of upwelling system productivity.  Study of these transport processes in the past has demonstrated our ability to resolve them (MUSE 2000).  Further demonstration of these abilities is planned during the AOSN II field experiments scheduled for summer 2003. Application of adaptive research strategies will greatly augment our understanding of the processes and their consequences and will advance marine research methods.

Although progress is being made, developing the coastal components has proven particularly challenging for a variety of reasons.  Problems identified by Oceans.US include [Oceans.US, 2002a]:

· The challenge of designing and implementing a system to detect and predict changes in a region as complex as the coastal zone; 

· Inefficient and ineffective data communications and management of diverse data from many sources; 
· The challenge of developing and maintaining technologies for sensing biological and chemical changes in near real-time; 

· Lack of an accepted process for selectively transitioning new technologies and knowledge into an operational mode; and 

· The challenges of developing partnerships between all stakeholders.  

The AOSN effort directly addresses all but the third point in this list.  

The installation of the MARS testbed cabled observatory in Monterey Bay in 2005, will provide a powerful infrastructure on which future AOSN field programs can capitalize.  MARS will be capable of support numerous nodes on the seafloor, each providing on the order of gigabits per second of communications bandwidth and kilowatts of power.  IOOS needs that cabled observatories can support include: a) real-time communications to connect observational assets to assimilation and modeling systems, b) power to allow sustained observations, and c) the potential to support more comprehensive observation and development programs during IOOS development.  

Sustainability is an important issue for mobile platforms.  Presently, endurances of months can be achieved for slow-moving gliders equipped with sensor suites drawing on the order of watts, while faster-moving AUVs with more demanding physical, chemical, biological, and bottom mapping sensors have endurances on the order of a day. By developing an AUV docking capability, the power and communication infrastructure of a seafloor observatory will enable extended, sustained operations of AUVs with high-power sensor suites.  MBARI has begun development of an AUV docking system, which in its final form will achieve long-term deployment of multiple AUVs at both cabled and moored ocean observatories. This capability will dramatically increase the utility of AUV’s to the AOSN program.

2 Background

The original AOSN initiative (1995-2000) focused on developing the components of the system:  gliders, AUVs, acoustic communications, and docking capabilities.  The individual elements were tested in numerous engineering field tests, and demonstrated in major oceanographic field programs, such as the Haro Straits Primer Experiment, Labrador Sea Deep Oceanic Convection experiment, the Littoral Ocean Observation and Prediction System experiment (also called Massachusetts Bay ’98), SITE ’99 and the MUSE 2000 experiment in Monterey Bay.  These efforts created a base of technical capability, but stopped short of engineering a coupled observation/modeling system.  The AOSN II effort picked up where the earlier effort left off, bringing together the more mature mobile platforms and remote sensing assets with modeling and assimilation capabilities. Engineering concerns were expanded from the individual elements to the entire integrated system.  As with the earlier AOSN effort, AOSN II ties technical developments to field programs.  The AOSN team is presently engaged in preparations for a large field program in Monterey Bay, in which the couple observation modeling system with be tested and demonstrated in its initial form. 

2.1 Autonomous Ocean Sampling Network II (AOSN II) (2003)

The 2003 AOSN II effort assembled a large multidisciplinary team of researchers from institutions around the nation into a unified R&D team and challenged them to build a sustainable autonomous coupled observation/modeling system.  The team includes oceanographic scientists (physical/chemical/biological), ocean modelers, adaptive sampling and control theory experts, along with instrumentation researchers and engineers.

To provide a scientific focus, the team decided to study the upwelling of cold water off the coast of Davenport, north of the Monterey Bay, and the advection of the cold water southward across the Monterey Bay to form a cold-water plume.  The character of the plume is a strong function of many types of forcing, is complex in form, and supports rich chemical and biological dynamics across and near its frontal boundaries.  All of this modulates bioluminescence potential in the Monterey Bay.  The team therefore selected bioluminescence potential as the primary high-risk end stage skill metric for AOSN II. Accurate forecasting of bioluminescence requires effective coupling of physical and ecosystem models within the ocean prediction system.  Both are still being actively researched.  The AOSN II 2003 effort has been constructed to permit study of both physical models and ecosystem models in parallel, and then to drive the ecosystem models with output from the physical models.  We do not anticipate that we will achieve accurate forecasting of bioluminescence potential in 2003 but we do expect to advance our knowledge and make significant improvements in both of the individual models.

Modeling and Adaptive Sampling tools were researched and developed during 2003, and a broad array of observation assets were advanced toward better autonomy and sustainability.  All will be coordinated during 2003 field experiments in the Monterey Bay aimed at assessing the skill of each component of the coupled observation/modeling system, and furthermore producing an essential database for use in the 2004 effort.  Figure 2.1 provides a look at a deployment plan developed early during the AOSN II planning process.  It depicts about half of the assets we will deploy.  Our plans have advanced greatly since the time this illustration was prepared.  It none-the-less gives the reader a sense of the magnitude of the planned 2003 field experiment.   A more complete listing of the observation assets, and the variables their instruments measure, is provided in Tables 2.1, sheets 1-4.  

Deployment of the observation assets listed in Tables 2.1, sheets 1-4 was planned by ocean science and modeling system experts based on their past experience.  Observation System Simulation Experiment (OSSE) tools, required to quantitatively predict optimal ocean sampling requirements and deployment strategies, were not available to us in 2003.  Creating, advancing, and using OSSE tools will be the major thrust of the 2004 effort.

The coupled observing/modeling system can only be achieved if its components are integrated into a well-coordinated system.  A high-level overview of the integrated AOSN system is provided in the block diagram of figure 2.2.  A key feature to note in the diagram is the AOSN control room (right center of diagram) and its connection, often remotely via network connections, to observation, modeling, and adaptive sampling assets distributed about the nation.  Also shown is the collection and archiving of ocean data, the serving of this data to the ocean models via data QC and assimilation processes, the forwarding of model output to archives and to adaptive sampling and control blocks, with eventual feedback to adaptively sampled and controlled observation assets that then, presumably, return better data to the system.
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Figure 2.1.  Early AOSN II Deployment Plan.  This diagram, although no longer accurate with respect to our current later stage plans, helps visualize the AOSN deployment.  Only about half of the assets we plan to field during 2003 are depicted in the diagram. 
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Table 2.1-1.  AOSN II Observation Asset Summary, Sheet 1:  This summary sheet, along with the three sheets that follow, provide a quick listing of the observation assets and the instruments aboard each asset.
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Table 2.1-2.  AOSN II Observation Asset Summary, Sheet 2
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Table 2.1-3.  AOSN II Observation Asset Summary, Sheet 3
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Table 2.1-4.  AOSN II Observation Asset Summary, Sheet 4
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approaches that are still part of our active research efforts.
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Figure 2.2.  AOSN System Block Diagram

Control of such a large set of observation assets has been a primary emphasis of the AOSN II effort.  To address this issue, the AOSN Executive Team created a Real-Time Operations Process (RTOP) committee to map out the plans for field experiment coordination and control.  

Control of the AOSN II experiments in 2003 will be mostly manual.  Coordinated model output, will be supplied to the Real-Time Operations Committee (RTOC) at the heart of the AOSN control room.  Raw observation data, model state-variables, summary maps indicating areas of high model output variability, and ensemble averages from perturbation studies, for example, will be available to the RTOC.  N and M member ensembles from both the HOPS and ROMS models, respectively, may be provided during the 2003 field program.  Furthermore, the N and M member ensembles may be combined into an N+M super ensemble, giving the RTOC access to combined model output.  The RTOC will have at their disposal an initial set of skill metrics and data analysis tools.  A large staff of engineers and scientists will be available to staff the control room to help facilitate the flow of data and to develop new skill metrics and efficiency tools as the experiment progresses and our knowledge about the tools we need to operate the complex AOSN system improves. 

AOSN System skill will be assessed in real time during the experiment.  All observation data and model output (at ½ hour intervals) will be archived for later analysis.  The database created, the “2003 database”, is to be used to create a Reference Ocean Estimate (ROE) of the Monterey Bay for use during the 2004 effort.  The calculated ROE and archived data are essential to our plans for 2004 as will be discussed below.

Much of the detail driving our AOSN development decisions has been pulled together into a series of layered documents.  At the top level of these documents is the “AOSN II System Goals and Performance Metrics” document, this is followed by the “OSSE Engine Objectives” document, and this by the “Skill Metrics Tools” document.  These working documents provide an excellent resource for additional details to those who need them. 
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Figure 2.3.  24 Hour Timeline for AOSN 2003 Field Experiment:  This figure provides a representative timeline for a typical day during the 2003 field experiment.  The focus here is on the activities within the AOSN control room.

3 Approach and Project Description

3.1 Overview

AOSN II efforts concentrated on preparations for the field experiments scheduled for 14-July to 8–Sept 2003.  Models were improved, model adaptive sampling and glider sampling methods were researched and developed, assets and their associated collaborators were brought into the project, plans for the field experiment were developed in collaboration with ecosystem scientists, and coordination tools were developed and integrated into the AOSN control room to provide a focal point for the 2003 field experiments. 

AOSN II activities will shift gears in 2004, leaving major field experiments behind for one year, and accelerating efforts toward the integration of modeling, adaptive sampling, and the 2003 AOSN database into an Observation System Simulation Experiment (OSSE) engine.  This engine will permit broad AOSN R&D community access to limited-scope physical, chemical, and biological oceanography models and adaptive sampling analysis tools through a well-engineered interface.  Models and adaptive sampling tools will be optimized by experts for operation in the Monterey Bay and will have sufficient skill to address and answer the broad range of science and engineering questions that face the AOSN team as the team prepares for the follow-on field experiments tentatively planned for the summer of 2005.

Lessons learned during the upcoming 2003 field experiment are expected to significantly change our understanding of the system and component level requirements of an effective coupled modeling/prediction system.  Simply stated, the primary objective of the system is to automonously, sustainably, and skillfully forecast  important ocean features.  This simple statement however belies the immense complexity that lies beneath. Even the simple verb “forecast” leads to more detailed questions about the number of forecast days, domain, scale, precision, accuracy, variables, etc.   Furthermore, before asking questions about how one will measure forecast skill, one must first decide on the “feature” that is to be forecast.  This complexity is further compounded when Adaptive Sampling is added to the mix.  Glider adaptive sampling, for example, requires the model to have skill at forecasting fields and features that will be used to guide a glider to measure specified variables near particular feature/s that when assimilated back into the model will improve model forecast skill of different variables located at a different feature or features. 

Lessons learned during the 2003 field experiment will be acted upon immediately to turn knew knowledge into better tools and better processes.  A hotwash will be held following the field experiment to capture and document lessons learned and to map out plans for the 2004 OSSEs, OSSE engine development, core capability improvements, and the planning and design of the 2005 field experiment.  The field experiment and the hotwash will be used to fine tune the project plans outlined in this proposal.

Three modeling efforts, ICON, HOPS, and ROMS, each with its own assimilation methodology, are employed in the system, with HOPS and ROMS providing real-time components.  We hope by having multiple modeling/assimilation systems we will be able to identify relative strengths of the systems and thus provide critical feedback so that all of the models can be improved.  

Although no major field experiment is planned for 2004, some level of limited field experiments will be conducted to gain proof of principle on key technologies or to initiate efforts for long-lead items required for the 2005 or subsequent field experiments.

The 2004 AOSN II efforts can be divided into three classes.  The proposals from the 2004 AOSN collaborators are listed below in each of the class to which they will make their primary contribution.  Details of the work can be found in the listed proposals.

3.1.1 Organization:

The greatest strength of the AOSN project also poses one of the greatest challenges:  the project is composed of experts from a broad range of disciplines, each with strong personal research programs.  The objective of the effort is to draw on this pool of expertise to develop the integrated observation/modeling system.  The difficulty is clearly identified in Oceans.US documents that describe the “challenges of developing partnerships between all stakeholders.”   Early AOSN discussions led to the development of the project organization shown below, with parallel engineering and research structures and strong working groups.  This has served the project well, and will be continued through 2004, although charters of the working groups will likely evolve with the project.

The key element of the AOSN organization structure is the Executive Team, which represents the partner institutions and provides the central decision making organ for the project.  The ET holds teleconference calls every other week, to update project progress, identify problems, launch initiatives, and discuss critical issues.  Talent is pooled in Working Groups, both standing and ad hoc, which take on specific tasks and report back to the Executive Team.  For example, the adaptive sampling strategy for the 2003 experiment was worked out by a team lead by Naomi Leonard of Princeton.  An example of an ad hoc committee is the “Goals and Metrics” group, lead by Russ Davis of SIO, which developed a list of metrics to quantify performance of the systems for different project goals.

The engineering component of the AOSN effort is lead by Paul Chandler, who also is an Executive Team member.  The primary working group for engineering effort has been the RTOP (Real-Time Operation Procedures) that has coordinated the development of an operational plan for the experiment, including assembling infrastructure elements.  One activity of the RTOP group is to use the output of the “Goals and Metrics” group lead by Russ Davis to implement tools for providing real-time feedback on system performance.  In 2003, activity of this team has been comparatively light, since the initial focus has been bringing together pre-existing elements of the system.  For 2004, as the OSSE Engine activity develops, the engineering level of effort will increase substantially.

[image: image8.emf]Principal Investigators

Jim Bellingham (Project Lead)

Allan Robinson (Deputy Project Lead)

Executive Team

Numerical 

Modeling Team 

(Allan Robinson)

Adaptive 

Sampling Team 

(Naomi Leonard)

Integrated 

Observations Team 

(Dave Fratantoni)

Ecosystem Team 

(Steve Haddock)

Ad Hoc Committees

Project Management

(Paul Chandler)

Systems 

Engineering

AOSN 

Control 

Room

Project 

Coordination

Principal Investigators

Jim Bellingham (Project Lead)

Allan Robinson (Deputy Project Lead)

Executive Team

Numerical 

Modeling Team 

(Allan Robinson)

Adaptive 

Sampling Team 

(Naomi Leonard)

Integrated 

Observations Team 

(Dave Fratantoni)

Ecosystem Team 

(Steve Haddock)

Ad Hoc Committees

Project Management

(Paul Chandler)

Systems 

Engineering

AOSN 

Control 

Room

Project 

Coordination


Figure 3.1.  AOSN Organization Structure

External review has greatly strengthened the AOSN project.  The team held a review in January 9, 2003, in Washington DC.  Ten ONR and one NSF program managers attended the review.  Reviews and frequent meetings of working groups will continue to be important elements of the AOSN process.

3.1.2 OSSE Engine Engineering:

The OSSE engine will provide a unique capability to operate a coupled observation and modelling system in an off-line manner. This capability is key to understanding the complex interaction between individual observations, assimilation strategies, modeling, and adaptive sampling control. Within the engine, researchers can investigate platform/instrument capabilities, adaptive sampling strategies, and modeling and assimilation techniques in a systems context. While care must be taken in not over-interpreting the results of these simulations, they should provide qualitative feedback on various approaches to coupling observations and modeling.
The development of the OSSE engine will be undertaken by a sub-group of the AOSN team.  Yi Chao et al will be responsible for the core system, including communications between computational elements, integration with ROMS modelling and adaptive sampling, and computational infrastructure. Leonard et al will integrate glider adaptive sampling and platform modeling from their 2003 efforts. Majumdar et al integrate their model-based adaptive sampling work. Please refer to the following proposals for further information: 

· “Development of an Observing System Simulation Experiment (OSSE) Engine in Support of AOSN-II”., Yi Chao, et.al. (JPL, this proposal)

· “Adaptive Sampling for an OSSE engine and for experiments with real-time, peer-to-peer acoustic communications”, Naomi Leonard, et. al. (Princeton)

· “Adaptive Sampling During AOSN II (Augmented for FY04)”, Sharanya Majumdar, et. al.  (U of Miami)

3.1.3 OSSE Component R&D

The OSSE Engine will be constructed largely around the data set acquired in the 2003 field program.  By targeting this specific data set, we will both extract maximum value from the first year’s effort, and make development of the OSSE Engine simpler.  The system architecture, component elements, and processed data sets will all be boot-strapped from existing OSSE infrastructure at the three partner modeling institutions (Harvard, JPL, and NRL).  

Performance of the modeling and assimilation elements will be demonstrated quantitatively, producing forecasts of Bay-scale patterns of temperature, salinity, velocity within an approximately 100 km by 100 km region between Pt. Ano Nuevo and Pt. Sur.  We will compare model predictions with observed variability.  Efforts to produce the best state estimate for the 2003 data set will provide the Reference Ocean Estimate (ROE) for the OSSE Engine.  By producing and ROE that is both dynamically consistent and consistent with observations, a better understanding of physical processes in the region should be developed.  Understand key physical processes of potential importance to prediction of physical and biological fields.  

Key performers for this component of the project are:

· Harvard effort, lead by Allan Robinson (Harvard)

· Bioluminescence effort, lead by Steve Haddock (MBARI)

· “Quantitative Interdisciplinary Adaptive Sampling OSSEs for Monterey Bay and the California Current System (AOSN-II)”, Pierre Lermusiaux, et. al. (Harvard)

· “Development of a Monterey Bay Forecasting System Using The Regional Ocean Modeling System (ROMS), Yi Chao, et. al. (JPL, this proposal)

· “NRL Modeling Support of AOSN in FY 2004”, Igor Shulman, et. al. (NRL)

3.1.4 Limited Field Experiments

The AOSN team has already identified shortcomings in the current observational capabilities as planning for the 2003 field experiment has progressed. These shortcomings include limited vertical resolution of the WHOI gliders, as well as a lack of real-time communication between the gliders, which hampers coordinated sampling between adjacent gliders. Also, the These will be addressed through hardware upgrades to the gliders, followed by limited field testing. This testing is described in: 
· “Glider Communication and Sensor Enhancements In Support of AOSN”, David Fratantoni, et. al.

· “NPS Proposal”, Steve Ramp, et. al.




3.2 Potential Partners/Capabilities

The AOSN II Project will be a multi-institutional effort, with individual collaborators supported under separate proposals.  Detailed planning for the AOSN III efforts will follow the hot wash for the AOSN II field experiment.  This hot wash is tentatively scheduled for late September to early October 2003

MBARI - Project coordination, definition, infrastructure, hosting (Bellingham, Chandler)

Harvard  - OSSE Engine Capability Development (Robinson)

JPL/UCLA – OSSE Capability Development and OSSE Engine Construction. (Chao)

NRL – OSSE Engine Capability Development (Shulman)

Univ. of Miami – Model Adaptive Sampling (Majumdar)

Princeton - Glider Dynamics and Control (Leonard)

Cal Tech - Dynamical Systems Modeling (Marsden)

WHOI - Physical Observations / Webb Glider Network (Fratantoni)

SIO – Physical Observations / Spray Glider Network (Davis)

NPS - Surface Currents (CODAR) / Sea Surface Fields (Aircraft) (Paduan, Ramp)

3.3 Target Timeline

June 1 03
Project Start

Oct 03
Team Meeting/s, AOSN II Hot Wash, AOSN III System Planning

Jan 04
External Review:  System Concept 

Apr 04
AOSN OSSE Engine Available to Assist Design of 2005 Field Exp.

Jun 04
2005 Field Experiment Plan Draft Available for use in 2005 Proposal Writing Effort

Jun 04
2005 Proposal Submitted

Jul 04
OSSE Engine and Analysis Workshop to Identify and Plan Efforts for Key OSSE Engine Improvements

Aug 04
OSSE Analysis Workshop for Detailed Planning of 2005 effort

Sep 04
2004 Project Reports Submitted to ONR.

Apr 05
Draft Papers (Journal Special Issue)

Jul 05
Final Publications

3.4 Related Projects

AOSN I, Autonomous Ocean Sampling Network I, POC: Bellingham (MBARI)

OSSE, Observation System Simulation Experiments, POC: Robinson (Harvard)

LOOPS, Littoral Ocean Observation and Prediction System (1998), POC:  Bellingham (MBARI), Robinson (Harvard)

GOATS, Generic Oceanographic Array Technology (1998), POC:  Henrik Schmidt (MIT)

ASCOT 01, Assessment of Skill for Coastal Ocean Transients 01, POC: Robinson (Harvard)

ASCOT 02, Assessment of Skill for Coastal Ocean Transients 02, POC: Robinson (Harvard)

AOSN II, Autonomous Ocean Sampling Network II, POC:  Bellingham (MBARI)

3.5 Current and Proposed Efforts

SCOPE, Simulations of Coastal Ocean Physics and Ecosystems, POC:  Chavez (MBARI).

MARS, Monterey Accelerated Research System, POC:  McNutt (MBARI)

4 References:
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