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ABSTRACT


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.
 1. Introduction


The Autonomous Ocean Sampling Network II (AOSN-II) program is designed to accomplish the following three major objectives: 

· Use oceanographic models to assimilate data from a variety of platforms and sensors into synoptic views of oceanographic fields and fluxes.

· Adapt deployment of mobile assets to improve performance and optimize detection and measurement of fields and features of particular interest.

· Sustain its operation and capable of being readily relocated, in its final form.


During the AOSN-II field experiment in August 2003, we have successfully accomplished the first objective assimilating observational data sets collected from a variety of platforms and sensors in near real-time (within 24 hours behind real-time) into two ocean circulation models (i.e., HOPS and ROMS). Nowcasts and forecast of oceanographic fields and fluxes are produced by HOPS and ROMS every 24 hours. 


We have limited success in accomplishing the second objective. Toward the end of the month-long experiment, the assimilative model results have been used to adapt deployment of mobile assets to improve performance and optimize detection of features of interests (e.g., mesoscale eddies). However, this is not conducted on the regular basis simply because the two ocean circulation models don’t have the ability to allow rapid feedback from the model nowcast and forecast to instrument/sensor investigators. It is clear by the end of the field experiment that significant efforts are needed in order to sustain the end-to-end system for real-time operations. To relocate the AOSN-II observing and modeling system still remains a long-term goal.


After the 2003 August AOSN-II field experiment, we have conducted a systematic reanalysis effort to improve the various components of the ROMS modeling and data assimilation system. The model performance has been significantly improved with better quality-controlled observational data sets, more vertical resolutions and realistic topography, improved error covariance for data assimilation, and more accurate surface and boundary forcings. During the reanalysis phase, an ROMS-based OSSE (Observing Systems Simulation Experiments) engine has also been developed enabling users to access observational data, run data assimilation models, and interactively visualize both data and models. This OSSE engine provides a one-stop “shopping” gateway to aggregated information from the AOSN-II experiment. Users can interact with the OSSE engine through a user-friendly web interface, which will hide the complexity of accessing and manipulating remote information. 

Building upon the success accomplished by the AOSN-II 2003 August field experiment, another field experiment is planned for August 2006. Several programs (e.g., ASAP, AESOP, UPS, LOCO) funded by ONR will deploy sensors and platforms in the Monterey Bay area. One of the major goals of these programs is to demonstrate that one can adapt deployment of mobile assets in real-time to improve performance and optimize detection and measurement of fields and features of particular interest. With the improvements in each of the components, one should also demonstrate the sustainability of real-time operation of the end-to-end system.

2. 
Objectives

This proposal will meet these challenges and propose to improve the ROMS modeling and data assimilation system components. A particular model improvement is the representation of tidal processes in the Monterey Bay ROMS. The improved ROMS modeling and data assimilation system will be operated in real-time to support the upcoming 2006 August field experiment. Another major goal of this proposal is to transition the developed ROMS-based OSSE engine into an operational environment so that outside investigators can access the observational data, run ROMS models and assimilations, and visualize both data and model during the 2006 August field experiment.

The specific tasks proposed are: 

· ROMS model improvement

· Implement tide in ROMS

· Incorporate boundary conditions derived from the Pacific basin-scale ROMS

· Prepare real-time operations in support of 2006 August field experiment

· ROMS OSSE engine
· Release the OSSE engine to the ASAP group and collect feedback for improvements
· Refine the OSSE engine as needed
· Prepare for real-time operations in support of 2006 August field experiment and provide the needed support in running on-demand ROMS/OSSE before/during/after the 2006 August field experiment
· 2006 August field experiment
· Assimilate both the in situ and satellite data collected during the field experiment
· Produce real-time nowcast every 24 hours and forecasts with a lead time of 48 hours
· Provide ROMS nowcast and forecast fields to the community for further analysis or adaptive sampling
· Post-field experiment reanalysis
· Synthesize all the observational data collected during the 2006 August field experiment and distribute the final reanalysis (including nowcast and forecast) to outside investigators for further analysis
· Prepare manuscripts for journal publications
· Document experiences and lessons learned from the 2006 field experiment and prepare for future operations
3. 
Technical Approach


3.1 Atmospheric Forcing Fields 


During the AOSN-II project, we have developed a real-time atmospheric wind data product, which combines the 3-km operational COAMPS analysis and forecast (in collaboration with Jim Doyle at NRL-Monterey) with the 25-km satellite scatterometer (QuikSCAT) observations. A blended wind data is also developed (see Chao et al., 2003, for detailed descriptions of the blending algorithm). All these three wind products can be visualized and obtained through the JPL web site (http://ourocean.jpl.nasa.gov).


3.2
Oceanographic Data Sets


The real-time in situ observational data sets will be uploaded to the MBARI data server as soon as they are collected and quality controlled. The JPL data server will obtain these data sets from the MBARI data server every six hours and process them for ROMS data assimilation. These in situ data include mooring observations (e.g., M1, M2), surface current observations from HF radar, sea surface temperature measured from aircraft, ship surveys, vertical profiles of temperature and salinity measured by AUVs and gliders. While the mooring data will be used for model validation, all other data will be assimilated into ROMS to generate nowcast and forecast.


In addition to in situ oceanographic data, a number of satellite products will be obtained from the JPL satellite data center (http://podaac.jpl.nasa.gov). They include sea surface temperature from two AVHRR satellites and sea surface height from TOPEX/Poseidon and Jason-1 altimeter satellites.

3.3
Regional Ocean Modeling System (ROMS)
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We will continue to use the 3-level nested ROMS with a high spatial resolution of 1.5-km around the Monterey Bay (MB). The 1.5-km MB ROMS is nested within a 5-km ROMS over the central California coastal ocean, which is subsequently nested in a 15-km ROMS off the U.S. west coast. A new addition to this 3-level nested ROMS is a high-resolution Pacific ROMS currently being run at 12.5-km. This Pacific basin-scale ROMS will provide the needed boundary conditions for the 3-level nested ROMS. 


All four ROMS configurations have 30 vertical sigma layers. While the Pacific basin-scale ROMS is run independently, the 15-km, 5-km, and 1.5-km ROMS are nested as a single system and run simultaneously exchanging boundary conditions at every time step of the parent grid. 

ROMS solves the primitive equations in an Earth-centered rotated Cartesian system of coordinates. The Boussinesq approximation (i.e. where density variations are neglected everywhere except in the gravitational force) is used. ROMS is discretized in coastline- and terrain-following curvilinear coordinates (Shchepetkin and McWilliams, 2002). ROMS was designed to be a parallel code, which uses 2D partitioning of the model grid into subdomains that may be assigned to different processors. ROMS can be run on both shared-memory (OpenMP) and distributed memory (MPI) machines, including SGI Origin 3000, IBM SP2, and PC clusters. 


3.4
ROMS Tidal Modeling 


We will continue our tidal modeling development effort. Tidal currents are the major current components in the Monterey canyon. It is to be expected that the narrowing of the canyon will cause barotropic tidal currents to be enhanced along the canyon axis. Baroclinic tidal currents can be generated along the canyon floor and propagate along the canyon axis. Tidal processes are particularly important when assimilating HF radar surface current data.


Our current tidal model uses data from the TOPEX/Poseidon Global Inverse Solution version 6.0 (TPXO.6) developed at the Oregon State University. TPXO.6 is a global model of ocean tides, which best-fits, in a least-squares sense, the Laplace Tidal Equations and along track averaged data from TOPEX/Poseidon orbit cycles (Egbert, et al., 1994). The tides are provided as complex amplitudes of earth-relative sea-surface elevation and tidal currents for eight primary harmonic constituents (M2, S2, N2, K2, K1, O1, P1, Q1), on a 1/2 degree resolution grid. These harmonics are introduced in ROMS through the open boundaries using the Flather condition (see Marchesiello et al., 2001). This open boundary condition combines the Sommerfeld equation (with surface gravity waves phase speed) with a 1-D version of the continuity equation applied in the outwardly normal direction at each open boundary. The volume is automatically conserved in the domain and variations due to physical forcing such as tides (but also the other subtidal components) are introduced through the external data.


Preliminary results from the ROMS solutions with tidal forcing show the MB is dominated by the semi-diurnal (M2) tide with an error approximately 10% for both amplitude and phase. The model performance in simulating the barclinic tide is currently being evaluated with the HF radar data. We are also in the process of comparing the global tidal model solution with those higher resolution tidal models specifically designed for the U.S. west coast. Our goal is to reproduce the barotropic tide as accurate as we can with an aim to reproduce most of the baroclinic tidal signals in the MB.


3.5 ROMS Data Assimilation


During the AOSN-II project, we have implemented a 3-dimensional variational data (3DVAR) assimilation method into ROMS. One of the unique features of the ROMS-3DVar is that it can propagate observational information, which is often sporadically and irregularly distributed, in both horizontal and vertical directions. Assimilation of satellite-based remote sensing measurements into advanced numerical oceanic models is a very challenge task. This is mostly because that satellite only measures ocean surface properties (e.g., SST, SSH, and color), and furthermore, most satellites provide measurements only along certain orbital tracks or within swathes, leaving data gaps between tracks and swathes. The basic requirement of a data assimilation system is to spread information from tracks and swathes to gaps, and penetrate information from surface to deep water.


In a data assimilation system, information spreads horizontally and penetrates vertically by considering three-dimensional correlation and dynamical constraints. The success of a data assimilation system hinges on the construction and use of accurate 3D correlations and dynamical constraints.


We have developed a new method for construction of three-dimensional error self-correlation and cross-correlation. A systematic computational technique has been developed for implementation of this new method in variational data assimilation systems. The computational technique turned out efficient and reliable. As a result, this method can be implemented in association with sophisticated high resolution oceanic and atmospheric models.


This new method has been implemented in the developed ROMS-3DVAR system. Since inhomogeneous and anisotropic error correlations are constructed by implementation of the new method, the ROMS-3DVAR system has the capability to assimilates observed sea surface temperatures (SSTs) and sea surface heights from different satellites, and a variety of in situ observations which are characterized by sporadic and irregular distributions. To guarantee assimilated currents to be well in dynamic balances, the ROMS-3DVAR has further been implemented with week constraints in geostrophic and hydrostatic balances, which keeps the assimilated data in dynamical consistency.


3.6 The OSSE Engine


The developed OSSE engine will bring data and models to a broader user community in near real-time (within hours to a day).  Users can benefit from the near real-time information the proposed OSSE engine provides. During the course of this project, we will continuously respond to our partners by developing interactive “on-demand” capabilities to retrieve data from distributed archival centers, to run data assimilation models, and to perform diagnostic analysis and visualizations. 


The front-end of the OSSE engine is a control console that serves as a one-stop “shopping” web site for all information collected from the field experiment. This web-based control console will be built upon the Live Access Server (LAS) developed by NOAA Pacific Marine Environmental Laboratory (PMEL). LAS is a highly configurable web interface designed to provide flexible access to geo-referenced scientific data, and has been widely adopted in the meteorological and oceanographic communities. 
We will refine the ROMS-based OSSE engine focusing on the following capabilities: 

· Data management and remote resource management services to support both the standard oceanographic data sets (e.g., HF radar, ship surveys, AUVs, mooring and vertical profilers, gliders, aircraft surface measurements, ADCPs) and other ancillary data sets


· Interactive, on-demand modeling tools with which users can execute model simulations using ROMS on both local dedicated computers and remote shared computing resources 

· A unified web-based user interface through which users can visualize both the observational data and ROMS model output

4.
Facility

The computing resources required to accomplish the proposed work will be made available through the existing JPL computing facility. The PI’s computer laboratory has a SGI Origin 350 computer with 12 processors. We propose to upgrade this computer with additional eight processors shortly before the 2006 August field experiment in anticipating an increase of users to access ROMS and the OSSE engine. Additional computing resources will be provided by the JPL Supercomputing Project (http://sc.jpl.nasa.gov) and consists of a 64-processor SGI Altix parallel computer and 1024-processor Dell cluster computer system. The data storage will be provided by the JPL’s StorageTek tape system with 300 TBytes of space.

5.
Proposed Budget and Tasks


This proposal requests a total budget of $500,000 (Year 1: $220,000; Year 2: $230,000; Year 3: $50,000). Dr. Yi Chao, the Principal Investigator of this proposal, will be responsible for all components of the project. Drs. Zhijin Li and John Farrara of Raytheon ITSS-Pasadena will provide the programming support on ROMS modeling, data assimilation, and the OSSE engine. A detailed budget breakdown is shown in the following Table.

	TIME
	TASKS
	BUDGET

	Year 1
	Implement tide in ROMS; incorporate boundary conditions derived from the Pacific basin-scale ROMS; prepare real-time operations in support of 2006 August field experiment
	$100,000

	
	Release the OSSE engine to the ASAP group and collect feedback for improvements; Refine the OSSE engine as needed; Prepare for real-time operations in support of 2006 August field experiment
	$100,000

	
	System maintennance cost for the existing computer (SGI Origin 350 with 12 processors) at JPL in support of the OSSE engine
	$20,000

	Year 2
	Participate the 2006 August field experiment; Assimilate both the in situ and satellite data collected during the field experiment; Produce real-time nowcast every 24 hours and forecasts with a lead time of 48 hours; Provide ROMS nowcast and forecast fields to the community for further analysis or adaptive sampling
	$100,000

	
	Provide the needed support in running on-demand ROMS/OSSE before/during/after the 2006 August field experiment
	$50,000

	
	Upgrade our existing computer with 8 processors to meet these computing demands.
	$50,000

	
	System maintennance cost for the existing computer (SGI Origin 350 with 20 processors) at JPL in support of the OSSE engine
	$30,000


5. Future Roadmap


We are in the process of developing an adjoint model for ROMS. There is synergy between the adjoint ROMS modeling and the current 3DVAR in ROMS. The goal is to have a smooth transition from 3DVAR to 4DVAR. In addition to assimilating in situ and satellite observations into the coupled physical-ecosystem ROMS, we also plan to identify and estimate key model parameters and boundary conditions using the adjoint modeling approach. Any numerical model contains a number of empirically determined parameters. Some parameters contain information about the system properties and characteristics, while other are introduced purely for numerical considerations. It is therefore important to identify the model sensitivity to these parameters and estimate the optimal range of values.


In the long-term, once we demonstrated the ROMS modeling and data assimilation capability in MB, we should be able to deploy the ROMS operational forecasting system to any part of the world ocean. The ultimate goal is to develop an end-to-end, re-locatable ocean forecasting system. Such a re-locatable ocean forecasting system would be a powerful tool to design the adaptive sampling strategy and would be an essential component of the future AOSN-like experiments outside the Monterey Bay.
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Figure 1. Sea surface temperature simulated by the 3-level nested ROMS.





























�





















































1

