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Abstract

This project develops the necessary methodology and infrastructure for real-time management, quality control, and access to observational data and models.  It provides both the foundation and performance metrics for real-time sampling strategy evaluation, and thus directly supports the Adaptive Sampling and Prediction (ASAP) program.  The outcome of this project is expected to also benefit ONR projects:  Assessing the Effectiveness of Submesoscale Ocean Parameterizations (AESOP), and Underwater Persistence Surveillance (UPS).  We propose four levels of activity:  data system development to support real-time operations during Monterey Bay 2006 field programs and subsequent analysis, OSSE and modeling work to support improved prediction and sampling system design, observations with MBARI assets during the 2006 field program, and logistical activities supporting ASAP activity in Monterey Bay.

Data infrastructure is the backbone of an Autonomous Ocean Sampling Network (AOSN). A model-centric approach will leverage off the growing availability of applications and data standards created to support data functions such as transfer, processing, and visualization. Its development will allow researchers to focus on algorithms rather than infrastructure, reduce staffing requirements of real-time operations, allow development activities to run efficiently, and provide end users of the system to gain access to data and observations. MBARI’s release of AOSN 2003 data in a web accessible format is a significant milestone. We continue to use the AOSN 2003 data set as the foundation for developing and testing tools for displaying, testing quality, and querying data.  This will result in a data system supporting ASAP 2006 field activity, and other ONR field activity in Monterey Bay as well.  

To predict the ocean state using models, observational data assimilation is crucial. Not only the quality of the measurements, but also where, when, and how they are acquired, is important to the prediction performance. To evaluate ocean sampling strategies, we run Observing System Simulation Experiments (OSSEs). A reference ocean field is set up by assimilating all observational data (after quality control) into the model. The predicted ocean field initiated from this reference field is taken as the reference forecast field. In an OSSE, a sampling strategy generates a simulated data set that is assimilated by the ocean model. The resultant forecast field is then compared against the reference forecast field for evaluating the tested sampling strategy. We will also use OSSEs to develop “rules of thumb” for observation system design and real-time sampling strategy guidance for the AOSN 2006 Monterey Bay experiment.

In support of the AOSN 2006 experiment, we propose to 1) provide repeated hydrographic measurements with an AUV once to twice per week; 2) provide data from MBARI moorings; 3) process satellite images for the region and 4) lead ship survey efforts for model initialization.  We also propose to host staging and control room activity for ASAP and related field programs in Monterey Bay in late summer 2006.

1 Motivation and Issues

Development and improvement of mobile platforms, particularly Autonomous Underwater Vehicles (AUVs), have greatly enhanced our ability to sample the ocean. How to deploy these measurement platforms to optimize sampling is an increasingly outstanding challenge. One essential objective of ocean sampling is to predict the ocean state by coupling the observational network to assimilative ocean models.

From the perspective of observational data assimilation, the following issues are important to ocean prediction performance:

· An infrastructure that enables real-time sea-to-shore data transfer and model assimilation.

· A method to evaluate and optimize sampling strategies in real time.

2 Background

The 2003 AOSN field program brought together an unprecedented collection of observation systems, and collected their data in real-time on shore in order to make their data available for analysis and modeling systems.   The Naval Research Laboratories COAMPS model (Coupled  Ocean-Atmosphere Mesoscale Prediction System) provided high resolution forecasting of meteorological conditions.  Two oceanographic models, HOPS (Harvard Ocean Prediction System) and ROMS (Regional Ocean Modeling System) used these various data sources to produce nowcasts and forecasts of oceanographic fields.  Various methods for adaptive sampling were tested, taking advantage of the command and control link with gliders, and flexible scheduling of systems like the Dorado.  Graphical data products were posted to the web, including model forecasts and observations from deployed assets.  The entire system was monitored and controlled by the AOSN team in every-other-day meetings of a group called the RTOC, or Real-Time Operation Committee.  These meetings were a focal point of the experiment, and grew in size as the field program.

AOSN II field deployment statistics show the extremely high concentration of observational assets achieved during the experiment (see figure 1).  Deployments of autonomous platforms peaked at 15, and averaged 10 to 11 through most of August.  While the number of gliders deployed is impressive, figure 2 shows the impact of propeller-driven AUV deployments on coverage rate.  The coverage rate is a key parameter for quantifying survey coverage capability, and corresponds to the cumulative speed of deployed observational assets.  Because of their much higher speed, AUVs doubled the coverage rate of the overall system several times during the experiment.  Recalling that AUVs also carry much more complete instrument suites than gliders, the effect of AUV deployments was indeed even higher than a simple improvement in coverage rate, although harder to quantify.  

Data handling systems are the backbone of a real-time observing system.  Standard practice for oceanographic field programs is to handle data locally, and make it available on an as-requested basis.  Common data formats are not used, and the data interface problem is typically solved ‘on the fly.’  This is highly labor intensive, error prone, and time consuming.  It makes certain types of data and modeling products impossible to achieve in real time, and distracts key people from more important activities of interpreting results, monitoring data quality, planning experiment activities, and managing the overall system.  The AOSN 2003 experiment made substantial progress in this regard, and even more progress has been made since the experiment.  

The AOSN 2003 experiment published a Data Management plan:  http://www.mbari.org/aosn/AOSN_NewSite/Documents/Data%20Format%20Definition%20Document%202004Jun24.doc
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While difficulty was encountered in implementing this plan, the attention to this as an important element of the experiment allowed the creation of a central data repository and rapid availability of data to the modeling groups.  The central problems were a) difficulty in reaching consensus on common data approaches, or if common data approaches were even necessary, b) difficulty obtaining data formats from data producers, and c) insufficient attention to making model results available.  Internet connectivity between MBARI and the rest of the world was also a significant problem, and impeded coordination of offsite activities (all three modeling groups were remote).  

Figure 1:  Deployment schedule of autonomous systems during the AOSN 2003 experiment.  The SIO gliders are orange, and the WHOI (Webb) gliders are yellow.  AUV deployments are in red.  Black bars are ship observations.
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Figures 2 and 3, showing coverage rate for autonomous observation systems, and theoretical best observation performance for 11 gliders.

The AOSN 2003 data management efforts were a large improvement over those realized in earlier programs.  One measure of their success is the very high rate of availability of data and model graphics via the web during the experiment.  After the experiment, a revised plan was implemented, and a web-accessible data repository is already online (http://aosn.mbari.org).  The group has agreed a Data Policy, and the archive will be made available publicly by the end of the year.

Quantifying performance of the system is now possible, probably for the first time ever.  Theoretical survey performances for the deployed glider network in Monterey Bay are shown in figure 3.  These performance levels were not actually achieved, as the glider deployment was not optimized for coverage, but the curves show the best achievable performance for non-adaptive systems.  Re-analysis work by the modeling groups is providing improved estimates of the oceanographic fields observed during the experiment period, and providing insight into sources of errors in the nowcast/forecast system.  This work is in full swing, and rate of progress is high.

2.1 Data Infrastructure 

As successful as the AOSN experiment was, many data infrastructure issues emerged during the experiment that had to be addressed on the fly.  Aspect of data management that functioned well in the experiment include:

· Observations were generally assimilated into real-time model forecasts within 24 hours of appearance on data server (after a spin-up period).

· Periodic polling of other servers by the MBARI server was very effective at getting data.

· Graphical data products were released on web sites in real-time during experiment

Other aspects of data handling did not function as planned.  Drawing on these lessons, a very substantial improvement in the overall functionality should be possible for the next experiment.  

2.1.1 Data Infrastructure:  Lessons Learned

Lessons learned included:

1. No clear plan for how and when data would be quality controlled, so data users often had to simultaneously apply their own quality checks to the data. 

2. Researchers often needed prodding to get them to upload their data to the centralized MBARI server.

3. In some cases, PIs overwrote their data with revised numbers, which lead to everyone needing to refresh their entire copy of the data.

4. The data that was stored on the server had inadequate descriptive metadata.

5. Only a few researchers generated of COARDS-compliant NetCDF files, and none used the specified format for variable names and units.

6. Modelers were not initially required to provide their data to the central data, and made attempts at providing their own access to their model data.  However, that access was limited to graphical outputs.

7. When model data was provided to the central server, decision-makers were not prepared to use it. 

8. No public access to data was possible, other than pre-defined graphical outputs. 

A data quality control plan is needed, clearly identifying places in the data flow where quality will be tested, and establishing procedures and conventions for handling such events as publishing corrected data,  

2.1.2 Data Infrastructure:  Progress to date

To facilitate real-time access to observational data, MBARI has made progress in the following aspects:

1.  Network bandwidth. The Internet connection has been upgraded to a higher bandwidth.  The FTP bandwidth allocations are assigned a higher priority.

2.  Data management. Data on the central server have been converted to a common format (retaining data in old formats), with consistent descriptive metadata. Missing data, including model outputs, have been added to the central data server.

3.  Data access. A publicly accessible data server is in operation, and a visualization tool is online. Retrieval of data from remote servers is more strongly emphasized, as opposed to waiting for uploads (i.e., pull versus push).

4.  Data policies. A data management policy has been established. Classes of accessibility have been defined. Citing and collaboration rules have been specified. Researchers' wishes for data access embargoes and usage requirements are incorporated directly.

On adaptive sampling side, we are working towards combining the AUV survey analysis tool and the method of Observing System Simulation Experiment (OSSE). In Section 3.3, our approach is described and some initial results are demonstrated.

3 Approach and Project Description

3.1 Data infrastructure 

Data infrastructure is the backbone of AOSN. When a data system has only a small number of components and their connections are well defined and static, the infrastructure can be hard-wired. This is not the case with AOSN. For instance, in the AOSN 2003 Monterey Bay experiment, more than 40 different platforms were deployed. Various sensors on board those platforms generated more than 15000 measurement profiles. Therefore, data systems accessibility, manageability, and expandability all become a challenge.

Resolving the problems that arose during the AOSN-II experiment, while providing the post AOSN-II enhancements in real-time are priorities for future observation campaigns.  Also, we can learn from other observatory efforts, such as the SkyView Virtual Observatory (http://skyview.gsfc.nasa.gov/) to enhance people's ability to get meaningful information from the data.  Desirable aspects of a future centralized data server include:

· Ability for researchers to provide their data in their preferred format, and have the server not only archive the data in that format, but also convert the data into a consistent format for interoperability with other data sets.  Much of the data conversion logic exists, but is designed for use after the data campaign is over.  This logic would need to be automated, and a friendly user interface for providing descriptive metadata, including the existing format of data would also be desirable.

· Ability for researchers to tell the central server where to look for their data on their local data servers.

· Secure data transfer that does not rely on an IP-blocking firewall.

· A publicly accessible, read-only data access sever and visualization tool that can be updated with new data as it becomes available real-time.

· Ability for users of the data to annotate the data (possibly with a 4-D range specified), and leave these annotations visible to other users, akin to the Amazon.com reader book reviews.

· Ability to perform both custom and pre-defined queries across data sets.  The pre-defined queries will be designed to answer a pre-defined list of questions, which may grow as the custom queries are monitored or new insights into the data are obtained. The questions may be ones such as:

· What are the coherent time and distance scales at a specified depth or S-level, both locally and globally?  What are the time/distance/depth scales locally?

· At what point in time can the signal for upwelling be detected?

· When are there periods of quasi-steady states?

· At what point in time can the signal for relaxation be detected?

· What is the 4-D extent of turbidity or other plumes?

· When were assets close in time and space, using absolute units, or local coherence scales? 

· Do specific data sets, or classes of data sets appear to be biased?

· Do specific data points appear to be outliers?

· When and where were current eddies or vortices apparent?

· Do trends at a depth presage trends at significantly different depths? 

A model-centric approach will leverage off the growing availability of applications and data standards created to support data functions such as transfer, processing, and visualization.  Coordination with internal MBARI data system efforts is growing, and we will encourage this convergence. We expect that investment in the data system will reap significant benefits, allowing researchers to focus on algorithms rather than infrastructure, reducing staffing requirements of real-time operations, allowing development activities like OSSEs to be run efficiently, and providing end users of the system to gain access to data and observations.  The release of AOSN 2003 data in a web accessible format is a significant milestone. Our current work on data system infrastructure includes:

1.  Common interface as the number of assets and derived products increase.

2.  Ability to work across data sets.

3.  Allowing wider participation for researchers working on different software elements,      e.g. control, decision aids, QC, derived products.

4.  Ability to search the data sets.

As the individual components of an AOSN become functional, it becomes possible to answer questions about the performance of the overall system. We used a variety of metrics for predictive skills during the AOSN 2003 field program, with the guiding document being written by Davis [2003].  Ad hoc evaluations were developed by the modeling groups – the HOPS team used SST comparisons, while the JPL ROMS team compared vertical S and T profiles.  Performance metrics emerged as a critical area of research from the 2003 field program.  Point measurements of predicted and observed fields can indicate poor model performance, when model performance might indeed be quite good.  Consequently, new techniques for testing system performance through the use of ‘integrated sensing’ are suggested.  Comparisons based on integrated effects of processes rather than direct measures of process will (presumably) have lower spatial and temporal variations, and therefore be more likely to be valid in the face of undersampling than comparisons that attempt to directly measure processes.  This is based on the simple observation that the derivative of a process will amplify high frequencies while the integral will do the opposite.  

Sensitivity studies of the performance of the system to the performance of individual components will guide the development of subsystem-level performance monitors, designed to determine “local” performance.  For example, it is possible to statistically estimate synopticity of in-situ measurements made by mobile platforms. Bellingham and Willcox [1996, 2001] approached the two-dimensional survey problem addressing the following question:  if an AUV uniformly samples an area A containing a given process with resolution l in time t, how well does the resulting image correspond to the actual process?  In this treatment, an error parameter is derived, which is the measure of the survey quality.  The error parameter is determined by obtaining the contributing errors from temporal smearing and spatial aliasing separately, then combining them as though they are statistically independent. These tools will be developed further to both allow measurement of the observation system performance from data, and to predict performance of sampling plans, as will be further discussed in Section 3.3.  We are also working on generalization of Bellingham and Willcox’ error analysis (removing the assumption of independence between temporal and spatial errors) by applying the mingled-spectrum principle developed by Zhang et al [2001].  Extension of the survey performance tools, connecting survey error to model prediction performance, is the focus of collaboration between Bellingham and external modeling groups.

3.2 Modeling component (Yi Chao)

We propose to further develop the Monterey Bay (MB) operational forecasting system based on the Regional Ocean Modeling System (ROMS) that will be directly used by the OSSE (Observing System Simulation Experiments) engine. In addition to the three-level nested ROMS covering the U.S. West coast, central California coast, and Monterey Bay at 15-km, 5-km and 1.5-km, respectively, a 12.5-km Pacific basin-wide ROMS will also be implemented into the operational system to provide the boundary condition for the ROMS off the U.S. West coast. We will refine our 3-dimensional variational (3DVAR) data assimilation algorithm to provide forecasting capabilities. The proposed observational data sets, models and data assimilation procedure will be integrated into an end-to-end OSSE engine in support of adaptive sampling. The developed MB forecasting system will be a major step toward developing a re-locatable ocean forecast system in support of future AOSN-like experiments outside the Monterey Bay.
3.3 Development of Observing System Simulation Experiments (OSSEs) for AUV sampling strategy design 

Observational data assimilation is crucial for model-based ocean prediction. Not only the quality of the measurements, but also where, when, and how they are acquired, is important to the prediction performance.

To evaluate ocean sampling strategies, we run Observing System Simulation Experiments (OSSEs). First, a reference ocean field is set up by assimilating all observational data (after quality control) into the model. The predicted ocean field initiated from this reference field is taken as the reference forecast field. In an OSSE, a sampling strategy generates a simulated data set that is assimilated by the ocean model. The resultant forecast field is then compared against the reference forecast field for evaluating the tested sampling strategy. For the purpose of validating this scheme, we have run some preliminary OSSE trials to evaluate the impact of under-sampling on ocean prediction, utilizing the AOSN 2003 Monterey Bay experiment data sets. 

By a retrospective analysis on the 2003 experiment data sets, we set up a reference ocean field at any given time (within the experiment duration) by assimilating all platforms’ measurements (after quality control) into ROMS. To evaluate the impact of under-sampling on ocean prediction, we down-sample the reference field by a rate of K in both x and y directions at any given depth, and refill the missing data points by linear interpolation. We call this intentionally modified field “the degraded field”. 

In the following example for demonstration purposes, the ocean prediction length is 24 hours, and the down-sampling rate is K=3. The comparisons are displayed in the four panels in Figure 4. Inside each panel, there are four plots clockwise: current velocity, temperature, vertical cross-section of temperature, and salinity.

· Upper-left panel: the difference between the reference initial field and the degraded initial field.

· Upper-right panel: the 24-hour forecast field using the reference initial field. 

· Lower-right panel: the 24-hour forecast field using the degraded initial field.

· Lower-left panel: the difference between the above two 24-hour forecast fields.

[image: image7.jpg]
Figures 4. Comparison of ocean predictions using the reference initial field versus the degraded initial field.

Using the AUV survey error analysis tool [Bellingham and Willcox 1996, Willcox, Bellingham et al 2001], we can derive survey errors as a function of vehicle speed and spatial resolution. The error metric adopted is the synoptic reconstruction error, i.e., the statistical difference between an ideally synoptic field and the field reconstructed by non-synoptic and under-sampled AUV measurements. For the purpose of ocean prediction, the overall error metric should be the prediction error. Hence we need to extend the AUV survey error analysis to an ocean prediction error analysis that involves not only AUVs, but also assimilative ocean models. As a start, we will use the AUV survey error analysis tool to provide some guidance for the design of AUV sampling strategies to be evaluated by OSSE. This way, we run OSSE tests in a guided, rather than random, fashion. 
3.4 MBARI Support for Field Programs

In the 2003 experiments, considerable effort was expended by MBARI in the process of hosting the experiment. Support for this set of experiments will be similar although hopefully less demanding given that facilities have already been developed. 

3.5 Observation Component (AUV)

In support of ASAP (and AESOP and UPS) experiments to be performed in Monterey Bay in 2006 we propose to: 1) provide repeated hydrographic measurements with an AUV once to twice per week; 2) provide data from MBARI moorings; 3) process satellite images for the region and 4) lead ship survey efforts for model initialization. Figure 1 shows satellite imagery for August 27, 2004 together with MBARI mooring locations and AUV survey tracks. The following section describes an analysis of data collected during August 2004 to demonstrate their utility for the ASAP experiment.

Figure 2 shows time series of selected properties collected at the M0 mooring (the innermost mooring in Figure 1) from deployment in June 2004 until present (February 2005). There are several notable features in the time series: 1) the transition from upwelling/stratification in late summer to deeper mixed layers in the fall and winter; 2) the freshening that starts in late summer and increases in the winter; 3) the highly variable currents; 4) the strong absorption of atmospheric carbon dioxide and associated production of oxygen in the late summer; and 5) the two very large blooms of phytoplankton in the late summer/early fall. The first of these blooms was associated with a period of unusual freshening at the M0. During the bloom there was a particular clear day and satellite imagery (Figure 1) showed cold upwelled water at the mouth of Monterey Bay and a strong increasing gradient in sea surface temperature in to shore. The M0 mooring was in a region of strong temperature gradients and of highest chlorophyll. An AUV survey took place during the same day (Figure 3). The AUV showed a blob of fresher water sitting just under the coldest and lowest chlorophyll surface water. We hypothesize that this cold and fresh water, advected into Monterey Bay as a result of upwelling, made its way to the M0 mooring and triggered the bloom. The AUV also suggests that even higher levels of chlorophyll were a few meters deeper. The presence of a benthic nepheloid layer in the north bay but not in the south is worth noting.
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Figure 1. Satellite images of sea surface temperature (left) and chlorophyll (right) collected from MODIS/Aqua on August 27th 2004. Shown are the position of the M2, M1 and M0/CIMT moorings (from left to right, circles with cross) and regular autonomous underwater vehicle (AUV) surveys (white line) collected routinely every three weeks. A cross shelf survey (Figure 3) was collected the same day as the satellite images.
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Figure 2. Time series of temperature, salinity, east-west currents, delta partial pressure of carbon dioxide and surface oxygen saturation, and surface chlorophyll at the M0 site from deployment in early June 2004 to February, 2005. The black and white solid lines denote when satellite images (Figure 1; also shows the location of M0) and an autonomous underwater vehicle (AUV) section were collected (Figure 3).

[image: image4.wmf]Figure 3. Sections of temperature, salinity, chlorophyll fluorescence and backscatter (see Figure 1) collected with an AUV that was launched off Santa Cruz (left) and recovered off Monterey (right).
3.6 Related Projects

AOSN I, Autonomous Ocean Sampling Network I (1995-2000), 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)

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

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