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Project Summary 

Our studies will examine the impact of GODAE boundary conditions on nested coastal models for the Middle Atlantic Bight (MAB), with a specific focus on the well-sampled continental shelf offshore of New Jersey.  The relatively cool and fresh waters of the large-scale southward-flowing buoyant coastal current on the MAB shelf are separated from the warmer and saltier slope waters by the shelf-slope front located near the shelf-break.  The shelf-slope front is a meandering surface-intensified jet that extends to the bottom, is modulated by the wind, interacts with deepwater warm core rings on the offshore side, and, in this region, can interact with the offshore transport pathway of the Hudson river plume on the inshore side.  The structure of the meanders depends on their own internal dynamics, wind forcing, and interactions with warm core rings as they propagate southward along the shelf break. We propose to explore all three aspects using autonomous underwater gliders to capture the front’s internal structure, existing atmospheric forecast models for the wind forcing, and global ocean forecast models for the offshore forcing in case studies corresponding to the presence or absence of warm core rings.  Often the impacts of different physical conditions are best expressed in the integrated-response of the resulting biological fields.  The shelf break in this region is also a known location of enhanced spring and summer phytoplankton concentrations, but the scientific question remains as to which transport processes control nutrient supplies, light levels and phytoplankton dynamics at the shelf edge. One hypothesis is that nutrients scavenged from the bottom of the MAB cold pool are transported to the surface as the bottom boundary layer separates from the bottom in the shelf slope front.  Another potential source of nutrients are the nearshore or estuarine waters that are transported along the southern flank of the Hudson shelf valley and merge with the southward flows of the shelf-slope front. We further propose to explore how the potential nutrient transport pathways are modulated by these same effects, what are the expected impacts on phytoplankton concentrations, and what biological boundary condition data is required from the global models.

Specifically, we will ……

Situation and Need

Coastal oceans are responsible for 70% of the oceans productivity and are home to 90% of the fish species (actual numbers are in Katja’s Blah Blah talk), but are being increasingly pressured by growing human coastal populations and accelerating global climate change.   Despite the long recognized link between physical oceanographic processes, transports and biological variability, progress in understanding interdisciplinary coastal processes has been slow because conventional observation and analysis techniques do not adequately characterize the rapidly evolving complex spatial patterns.  Through advances in enabling observation and modeling technologies, a better understanding is now achievable through coupled spatial observation and data-assimilative modeling studies that are designed to minimize the limits of predictability for high-resolution, nested coastal ocean models. Predictability in the coastal ocean depends on the numerical model initial conditions, boundary conditions at the surface, sidewalls, shore and bottom, the model numerics for the resolved scales, and the model parameterizations of the unresolved scales.  This proposal will specifically quantify how improved offshore boundary conditions derived from global ocean circulation models impact predictability in the coastal ocean.

Middle Atlantic Bight Oceanography. 

The MAB shelf waters are part of a large-scale buoyant coastal current with an equatorward alongshelf mean flow of 5-10 cm/s (Loder, Boicourt et al. 1998). A shelf-slope front near the shelfbreak separates the relatively cool, fresh, shelf waters from warmer, saltier, slope water (Iselin 1936; Houghton, Aikman III et al. 1988; Linder and Gawarkiewicz 1998). Phytoplankton distributions in the MAB are influenced directly by these broad-scale physical features, but their productivity and taxonomic composition are also regulated by a combination of physiological constraints and available resources, notably light and nutrients such as inorganic nitrogen. Availability of light and nutrients in the MAB is highly dependent on physical properties of the environment, including stratification and circulation patterns, which vary over many temporal and spatial scales (e.g., (Sosik, Green et al. 2001). For instance, cold nutrient-rich water flows into the area via the prevailing currents from the Gulf of Maine and is thought to be a major input to the region (e.g., (Walsh, Whitledge et al. 1987; Townsend 1998).

Seasonal Variability. There is a large seasonal variation in atmospheric forcing and stratification in the MAB (Beardsley 1981), with direct consequences for phytoplankton. During the summer, the MAB shelf water is thermally stratified with mid-shelf near-surface temperatures of 20oC and nearbottom temperatures of less than 10oC. Minimum water temperatures occur over the mid to outer shelf in a continuous alongshelf feature called the “cold pool” (Houghton, Schlitz et al. 1982). Under these summer conditions, phytoplankton can be exposed to high light levels generally favorable for growth, because incident solar radiation is at its seasonal peak and phytoplankton cells can be trapped by stratification in near surface layers. Warm water temperature should also be generally favorable for growth (Eppley 1972). Nonetheless, phytoplankton biomass is typically not highest in summer, and nutrient limitation is a likely explanation. Evidence from both the MAB and the nearby Gulf of Maine generally points to nitrogen as the limiting nutrient (e.g., (Ryther and Dunstan 1971; Walsh 1978; Gilbert 1985; Durbin, Durbin et al. 1995). Nutrient data for the MAB are sparse, but it appears that nutrient concentrations are depleted in the summertime surface layer when stratification is present, probably because phytoplankton deplete the available inorganic nutrients while resupply from cold, nutrient-rich deeper layers is limited (e.g., (Ketchum, Ryther et al. 1958; Malone, Hopkins et al. 1983; Walsh, Whitledge et al. 1987; Falkowski, Dubinsky et al. 1993; Sosik, Green et al. 2001). Under these conditions, sub-surface chlorophyll maxima (just above the nitracline) are common in the MAB (Walsh, Whitledge et al. 1987; Marra, Houghton et al. 1990; Sosik, Green et al. 2001). Despite widespread nutrient limitation in summer, it is likely that intermittent increases in phytoplankton concentrations can occur during upwelling-favorable winds due to a vertical flux of nutrients or to advection (e.g., (Glenn 2004).

In the fall, increased mixing due to storms and cooling causes an often rapid breakdown of the thermal stratification, and consequent introduction of nutrients into the euphotic zone. Taken together, historical ship-based observations and satellite-based ocean color missions (CZCS and SeaWiFS) suggest that a fall increase in phytoplankton biomass is characteristic of the MAB (O'Reilly, Evans-Zetlin et al. 1987; O'Reilly and Zetlin 1998; Yoder, O'Reilly et al. 2001; Yoder, Schollaert et al. 2002). This increase is likely fueled by nutrients made available when stratification breaks down, but the factors which control the timing and extent of fall blooms are poorly understood. It is unclear whether the fall breakdown of stratification is primarily the result of local wind-driven vertical mixing, surface cooling, or boundary layer advection (Lentz 2003). In winter, the shelf water in the MAB is cold and often vertically well mixed with high nutrient concentrations. While nutrients are available for phytoplankton growth, the seasonal low in incident radiation, combined with deep surface mixed layers, leads to low light exposure for phytoplankton. Historical observations of phytoplankton suggest that winter blooms of large-celled phytoplankton are common in many areas of the MAB (see references above and also (Bigelow, Lillick et al. 1940; Gilbert 1985; Marrase, Lim et al. 1992). The observations suggest that nutrients are not limiting at these times, so that the bloom events may be associated with factors such as the development of intermittent stratification that increases the available light to the phytoplankton (e.g, (Riley 1947). (Townsend, Keller et al. 1992; Townsend, Cammen et al. 1994) have suggested that episodic winter phytoplankton blooms can also be initiated by a combination of low winds and sunny days, even in the absence of stratification. In addition, recent evidence suggests that temperature effects on grazing pressure in winter may also play a role (Smayda 1998; Keller, Taylor et al. 2001; Oviatt, Keler et al. 2002). 

Stratification redevelops in spring as storm frequency and intensity decrease, solar heating increases, and river discharge increases. The redevelopment of stratification promotes classic spring blooms in the MAB and many other regions. (Bigelow, Lillick et al. 1940) have pointed out that late winter and early spring phytoplankton blooms sometimes precede substantial seasonal increases in incident irradiance, and the classical views of (Gran and Braruud 1935), (Sverdrup 1953), and others have linked this specifically to stratification. The spring development of stratification is often interrupted by winddriven mixing events. The sensitivity of summer stratification to the timing and intensity of these spring mixing events is unknown, as is their effect on the timing of spring bloom events.

Changes in the structure of the shelf-slope front can dramatically change the stratification and nutrient and phytoplankton distributions over the outer shelf at various times of year. For example, persistent strong stratification was present over the outer half of the shelf during the winter of 1996-97 because upwelling-favorable winds moved the foot of the shelf-slope front farther onshore than normal (Lentz, Shearman et al. 2003). Enhanced chlorophyll concentrations in the vicinity of the shelf-slope front have been reported during spring and summer (Marra, Houghton et al. 1990; Ryan 1999; Ryan 1999), and may be the result of nutrient fluxes into the upper water column. These nutrient fluxes may be related to a variety of processes that have been suggested as potential shelf-slope exchange mechanisms, including wind forcing, instabilities, intrusions, warm-core rings, and upwelling associated with convergence of bottom boundary layer transport at the front (e.g., (Houghton, Aikman III et al. 1988; Barth, Bogucki et al. 1998; Lentz 2003).


Shelf Break Front.  The Shelf Break Front is a meandering, southward flowing jet that separates the colder and fresher waters of the continental shelf from the warmer and more saline slope water that resides north of the Gulf Stream.  Climatological temperature and salinity observations (Linder et al., 2005) indicate the front is about 20 km wide, extends from surface to bottom with the foot of the front along the 80 m isobath and has typical thermal wind surface velocities of 20 cm/sec.  Longterm velocity observations of the front by the MV Oleander analyzed by C. Flagg (SUNY) indicate that the mean conditions are surface trapped jet with a maximum velocity core of about 15 cm/sec located above the 125 m isobath.  The mean cross-shore flow in the bottom boundary layer is about 3 cm/sec in the offshore direction.  As the boundary layer detaches and flows offshore towards the surface, it is thought to carry nutrients into the euphotic zone resulting in enhanced phytoplankton concentrations.  Frontal velocities, however, are quite variable, as pointed out by G. Gawarkewicz  in an example from C. Flagg’s data illustrating a two week transition from 65 cm/sec to 19 cm/sec southward peak surface velocities and a 1.16 Sv southward transport reversing to 0.26 Sv northward transport.  Sources of variability include the currents own instabilities, wind forcing, and interactions with warm core rings.  Stability studies of the shelf-slope front (Flagg and Beardsley 1978; Fitzwater, Knauer et al. 1982; Ramp, Beardsley et al. 1983; Flagg 1987; Gawarkiewicz 1991) and (Lozier, Reed et al. 2002) indicate that frontal instabilities can be expected to result in large meanders with wavelengths measured in a few tens of km and an e-folding growth time scales of several days.  (Gawarkiewicz, Bahr et al. 2004)) observed a 40 km long wavelength large amplitude meander of the front for which the (Gawarkiewicz 1991) 3-layer  model predicts a phase speed of about 15 cm/sec in the flow direction and the (Lozier, Reed et al. 2002) continuous stratification model predicts a similar 8-15 cm/sec phase velocity.  Full numerical model hindcast simulations of the shelf-break front (ex. (Lermusiaux and Chiu 2002; Lermusiaux, Chiu et al. 2002) indicate that the greatest uncertainties in model-generated acoustic fields in the frontal area are due to incorrect modeled phase speeds of large amplitude meanders that depend on the cross-stream density structure.  A second observed source of variability is wind forcing.  (Lentz 2004) observed the foot of the front moving inshore opposite to the offshore surface Ekman transport generated by wind forcing.  A third observed source of variability in the front are interactions with deepwater eddies, most notably, warm core rings that propagate to the south along the shelf-slope break.  Of the 663 Oleander sections analyzed by C. Flagg, 55% contained a warm core ring.  On the northern side of these anticyclonic eddies, shelf water is drawn offshore and the front becomes wider and weaker.  Marine mammals are observed to congregate off the shelf break on the northern side of warm core rings.  On the southern side of the anticyclonic eddy, the onshore flow steepens the front resulting in stronger southward velocities in the jet.  This effect is often observed in satellite SST images of the region. 
Transport Pathways
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Scientific Motivation
This study is motivated by questions relating to the variability of the outer continental shelf, the region most likely to be affected by offshore boundary conditions provided by a global circulation model.
1) Is variability of the shelf-slope front dominated by internal dynamics, episodic wind forcing, or interactions with warm core rings?  Do other processes such as inputs from the offshore transport pathway of the Hudson River Plume, variability in the transport from the Gulf of Maine, or other large scale processes from offshore also influence the variability of the shelf-slope front?  How is the variability of the shelf-slope front influenced by local topography?   How does the response differ between the Hudson Shelf Valley and the relatively simple shore-parallel topography to the south?
2) How do the processes effecting shelf-slope front variability further influence cross-shelf transport mechanisms? Is cross-shelf transport at the shelf break dominated by specific events?  Are their preferred subsurface cross-shelf pathways associated with the canyons? Do the cross-shelf transports at the shelf edge significantly contribute to the biogeochemical flux estimates for this continental shelf? 
3) What nutrient transport mechanisms contribute to the observed enhancement of phytoplankton distributions at the shelf break?  Are the potential nutrient supplies to the outer shelf dominated by transport from the Gulf of Maine, scavenging from the bottom of the cold pool and transport in the separated bottom boundary layer to the surface, or episodic inputs from nearshore?  Does the offshore transport pathway of the Hudson River Plume or the cross-shelf transport events of nearshore waters contribute more to the fronts observed midshelf along the 60 m isobath or to the shelf-slope front on the outer shelf?
Scope and Objectives


The compact time and complex spatial scales of the coastal ocean drive the above scientific questions to be best addressed with a coupled observation and modeling program within the context of a Coastal Ocean Data Assimilation Experiment (CODAE).  We propose to accomplish this by leveraging several existing and ongoing programs (described below) in which the PI’s are participating.   Thus most of the observational capabilities and model development are occurring through other research projects.  This NOPP proposal will be used to assemble these existing tools and apply them to a series of case studies that will address these questions and provide feedback into the development projects, providing improved tools to test in the out years. While many different CODAE tests for a coastal ocean model can be envisioned, the main purpose of this experiment is to assess the impact of offshore boundary conditions provided by a global ocean circulation model on nested, data assimilative models of the coastal ocean.  The proposed phenomenalogical focus is on features (warm core rings) known to be well resolved and represented in present ocean basin scale models that have a significant impact on shelf processes on the outer continental shelf.   

The Global Ocean Data Assimilation Experiment (GODAE) is based on the Hybrid Coordinate Ocean Model (HYCOM).  NRL currently runs a North Atlantic HYCOM (described below) at approximately 8 km resolution.  We propose to nest two models within this, first a medium resolution (about 2 km) regional east coast model, and within that,  a high resolution (about 0.5 km) coastal model of the New Jersey shelf.   As described below, the regional model will be HYCOM , enabling it to take advantage of the existing deepwater data assimilation methods already used by the Atlantic HYCOM. Two data-assimilative coastal models (NCOM and ROMS) are available for nesting within the regional HYCOM. Boundary conditions from the Atlantic HYCOM will be applied to the regional HYCOM, and in turn, boundary conditions from the regional HYCOM will be applied to the coastal models.  Atmospheric forcing is available from two models, the operational COAMPS run by NRL Monterey, and the WRF model run on a regular basis by Rutgers.
 ******(I LEFT THIS AS TWO MODELS FOR THE SHELF.  I AM WORRIED ABOUT PROMISING THREE MODELS.  DOES IT PROMISE TOO MUCH FOR TOO LITTLE MONEY? ALSO, I DON”T HAVE ANY EXPERIENCE WITH A HYRBRID MODEL ON THE SHELF.  SO I HAVE A REALLY BASIC QUESTION.  IF YOU NEED THE Z-LEVELS IN THE HYBRID TO GET THE SURFACE BOUNDARY LAYER, DON’T YOU WANT Z LEVELS IN THE BOTTOM TO GET THE BOTTOM BOUNDARY LAYER, AND SINCE THE SURFACE AND BOTTOM BOUNDARY LAYERS ARE INTERACTING, DOESN’T THAT GIVE YOU Z-LEVELS EVERYWHERE, WHICH SAYS TO USE THE MORE EFFICIENT SIGMA COORDINATES OF NCOM. ) ********.   

Both the Atlantic and the regional east coast HYCOM will assimilate satellite SST, satellite altimetry, and subsurface CTD/XBT data using existing standard methodologies.  Assimilation in the coastal models will be by the currently used optimal interpolation techniques in the initial years and by the currently being developed 4-d variational methods in the later years.  Assimilation datasets for the coastal models include satellite sst and glider-derived CTD data.  CODAR surface current maps can be used for validation, or for assimilation sensitivity studies.  The numerous Slocum gliders likely to be available at Rutgers, NRL and NAVO and the Rutgers glider training facilities will provide inexpensive opportunities for translating Observation System Simulation Experiments (OSSEs) results into adaptive sampling studies.  

A matrix of case studies has been targeted to emphasize the shelf-slope interactions.  Data-rich time periods will be sought when warm core rings are near the Hudson shelf valley offshore of northern New Jersey, near the relatively straight topography of southern New Jersey, or are totally absent from the vicinity.  Cases will be sought in both the stratified spring/summer and the unstratified winter.  The central data rich time period will focus on the ONR-sponsored Shallow Water 2006 (SW06) experiment scheduled for late summer of 2006.  Rutgers Additional cases for the test matrix will be filled out using the combined Rutgers, NRL and NAVO glider fleets for adaptive sampling as gliders from these are available.  Model hindcast runs within the test  matrix will examine the following questions:

1) What impact do the boundary conditions from the GODAE model have on the test case studies compared to using a smart climatology for the NCOM model?  Can data assimilation in the coastal model overcome missing GODAE boundary conditions?  What is gained by using the regional HYCOM model as an intermediary between the global HYCOM and NCOM.
2) How do the same GODAE boundary conditions impact two different coastal models, NCOM and ROMS? Do the different turbulent closures affect the bottom boundary layer separation in the shelf-slope front?  ******Other differences to highlight?  The big one for me was working with Scott Durski on different turbulent closures.  Maybe there is also something in the numerics of the resolved scales? Is it possible to start ROMS and NCOM with the same initial condition?  What we found in the Coastal Predictive Skill experiments was that the model initial conditions were very different because of the different data assimilation schemes.  ********

3) What additional flux information is required from the global model to improve the biological fields in the ROMS physical-biological model?  Is there sufficient flux information from the regional HYCOM model to determine the relative importance of the different nutrient sources for the enhanced phytoplankton concentrations at the shelfbreak.
Technical Approach

The proposed partnership will leverage a variety of existing observation and modeling tools to address the above questions.  Individual components are described below. 

Operational Coastal Research Observatory.

The Rutgers University (R.U.) Coastal Ocean Observation Lab (COOL) includes an interdisciplinary scientific research group (http://marine.rutgers.edu/COOL), an education outreach group (www.COOLclassroom.org), and an Operations Center (http://www.theCOOLroom.org/).  Faculty and students comprising the scientific teams participate in collaborative research programs in which academic, industry and government partnerships are forged between physicists and biologists, between scientists and engineers, and between observationalists and modelers. The education group is the focal point for outreach activities to the K-12 community and to non-science majors within Rutgers.  The Operations Center maintains a sustained coastal ocean observatory that provides real-time ocean data to the research and education groups and also serves as the training ground for Operational Oceanography students.

     COOL Operations Center. The COOL Operations Center maintains the world’s most advanced coastal ocean observatory.  Start-of-the-art sampling capabilities are continuously upgraded as new technologies developed and demonstrated by the research group and their partners are immediately transitioned into the operational setting of the Center.  Cost-effective sustained spatial sampling of the coastal ocean is accomplished with a variety of new platforms and sensors that include: (1) the local acquisition of satellite imagery from the international constellation of thermal infrared and ocean color sensors, (2) a triple-nested multi-static HF radar network for surface current mapping and waves, (3) a fleet of long-duration autonomous underwater gliders equipped with physical and optical sensors, and (4) a cabled observatory for water column time series.   Raw datasets are shared with a variety of super-users throughout the U.S. for real-time backups, data archiving, and advanced product generation. Standardized data products are produced in real time and displayed on the World Wide Web for use by scientists, educators, decision-makers and the general public. Website access peaks in the summer, averaging over 140,000 hits/day in 2004. 

    
 SeaSpace Satellite Acquisition Systems.  Rutgers has continuously operated an L-Band satellite tracking and data acquisition system since 1992 and a larger X-Band system since 2003. Both systems enable local real-time access to the full resolution direct-broadcast imagery from an international constellation of polar orbiting satellites. The L-Band system currently tracks the NOAA Polar Orbiting Environmental Satellites (POES) and China’s FY1-D.  Products include the operational Sea Surface Temperature (SST), visible and some ocean color.  The X-Band system is used to acquire data from more recent satellites featuring higher spatial and spectral resolution.  This currently includes the NASA MODIS (both Terra and Aqua) satellites and India’s OceanSat.  The increased spectral resolution enables more advanced ocean color products to be generated in optically-complex coastal zones.  Tracking multiple satellites, including those operated by other countries, increases revisit intervals, providing multiple overflights of rapidly evolving coastal features at different times of day.  Missed satellite passes due to groundstation downtime is minimized through an automated real-time backup system with the University of Maine where either system can write recently acquired raw data to the other’s pass disk if it senses a disruption, enabling the downstream data flow to continue uninterrupted at either location.

CODAR HF Radar Network.  CODARs are compact HF radar systems that provide a current mapping, wave monitoring and ship tracking capability.  Rutgers University has continuously operated a network of CODAR HF radars since 1999 that now includes over 10 individual CODAR HF radar sites deployed in three nested multi-static clusters along the New Jersey Shelf (RU), at the entrance to New York Harbor (RU/Stevens), and around the Cape & Islands (RU/UMass/URI/UConn).  Traditional HF radars operate in a mono-static backscatter mode, where collocated transmitters and receivers generate hourly maps of the radial component of the surface current.  Total vector maps are constructed by combining radial component velocities from multiple sites subject to geometric uncertainties that generally decrease as the number and distribution of look angles increases. Multi-static operation, enabled by GPS-based synchronization, allows a radar receiver to acquire signals from any radar transmitter within range, transforming N individual mono-static radars are into a network of N2 multi-static radars. A multi-static cluster generates both monostatic radial components as well as bi-static hyperbolic components of the current, increasing both the coverage area and the accuracy of the total vector current fields.  Nesting is achieved by operating at different frequencies, in our case 5 MHz, 13 MHz and 25 MHz, with higher frequencies results in higher resolution but over shorter ranges.  The long range 5 MHz New Jersey Shelf and the Cape & Islands clusters provide coverage of the continental shelf with 6 km range resolution bins.  In addition to these shore based systems, Rutgers operates the only two buoy-based bi-static transmitters, a larger spar buoy for 5 MHz and a smaller surface buoy for 25 MHz.   A new upgrade for 2005 will be the operational test of a compact super-directive 7-element compact receiver at 13 MHz that will increase directivity similar to that of a large phased array.

Seafloor Cabled Observatory.  The Long-term Ecosystem Observatory (LEO) is a seafloor observatory deployed 10 km offshore Tuckerton, NJ and connected to a shore lab by a buried electro-optical cable that provides power and high-bandwidth two-way communications.   The observatory was designed, constructed and installed by a WHOI/Rutgers academic partnership funded by NSF.  It has been operated by the Mid-Atlantic Bight (MAB) National Undersea Research Center (NURC) since 1997.  Noting the scientific successes of operational research observatories, in 2004 the MAB/NURC began funding Drs. Glenn and Schofield to oversee the ongoing cabled observatory operations.   In partnership with WetSat, they began a series of upgrades of the original equipment to include higher bandwidth communications, more reliable power, more flexible and now upgradeable control software, and standardized plug-and-play instrument interfaces.  Initial hardware upgrades funded by the NOAA/NURC ($252K) have begun, with the target installation date of the new WetSat node in June of 2005.  Once completed, the WetSat node will be operated by the Coastal Ocean Observation Lab’s Operations Center under contract to the MAB/NURC.

Slocum Glider Fleet. Slocum Gliders are autonomous underwater vehicles that propel themselves through the water by changing their buoyancy and using their wings to glide in a sawtooth pattern through the water column along a subsurface transect.  At user specified intervals, the glider surfaces, transmits its data to shore via the Iridium satellite system, and checks its email boxes for new directions or missions.  The Slocum Gliders have been operated jointly by COOL scientists and Webb Research Corporation engineers in science experiments since 1999, transitioning to sustained deployments by the COOL Operations Center in 2003.  Since then, the Gliders have logged over 8,000 km of sampling in the New York Bight, offshore Massachusetts, Virginia and Florida, and in the Mediterranean.  Sensors on the gliders currently include a SeaBird CTD and a payload bay capable of carrying up to three optical sensors, including a hydroscat, and a Scatterometer Attenuation Meter (SAM). A mission control center monitors glider progress on current missions and alerts operators of any problems.  Artificial intelligence is being added to the mission control center using an Agent oriented programming approach similar to NASA’s approach for intelligent spacecraft.  Reactive Agents are currently used to make many of the yes/no control decisions while Planning Agents are being developed to adjust flight paths to optimize sampling for specific goals.
Observational Leveraging Opportunities.

              Ongoing activities of the Coastal Ocean Observation Lab’s Operational Center are leveraged through numerous ongoing research and monitoring programs.  Most of the present sampling and sensing systems maintained by the Operations Center were acquired through ONR and NSF research grants.  The largest research grant at this time is the NSF Lagrangian Transport and Transformation Experiment (LaTTE), which will conduct its final field season in 2006 and at that point transitions from an observational emphasis to data assimilative modeling with ROMS.  Systems acquired through this and other ONR and USCG research programs are being transitioned to longer-term monitoring programs through NOAA support.  The National Estuarine Research Reserve provides partial long-term support for the satellite remote sensing capabilities. The NOAA National Undersea Research Program’s (NURP) Mid-Atlantic Bight Center provides significant support for the in situ sampling capabilities, including ongoing support for the LEO cabled observatory and the Tuckerton glider Endurance Line.  Follow-up from the Ocean.US Surface Current Monitoring Initiative (SCMI) has resulted in growing NOAA support for Rutgers as the east coast hub for the national HF Radar network.  These assets will be used to support the Office of Naval Research Shallow Water 2006 (SW06) Experiment to be conducted on the outer New Jersey shelf south of the Hudson shelf valley and just north of the present Endurance line.  SW06 includes an extensive mooring array and multiple research vessels to conduct an acoustics experiment in the vicinity of the shelf-slope front, requiring significant high resolution physical data to support the acoustics.  As part of ongoing ONR support, Rutgers will adjust the glider Endurance Line by rotating the cross-shelf angle at which it leaves Tuckerton several degrees to the north so that it better corresponds to the location of SW06.  Additional gliders will be deployed during SW06 in the shelf-slope region pending FY06 ONR support.  The result will be an unprecedented view of the shelf-slope front over an approximately 1 month duration.  This dataset will form the central test case for the proposed CODAE study.  

To explore other test cases, we will target specific cases not captured in the SW06 experiment.  The satellite and CODAR systems will remain in place, requiring only that the glider fleet be deployed for in situ subsurface adaptive sampling.  Glider deployments and recoveries will be leveraged off the existing NOAA/NURP support for the Endurance line, using the same ship to deploy gliders for these studies.  In addition to Rutgers Slocum gliders, both NRL and NAVO are proposing to acquire additional Slocum gliders.  Rutgers is already training NAVO personnel on how to pilot gliders, and can serve the same purpose with NRL.  Glider maintenance training will also be required in the future.  Rutgers serves as an excellent test facility for glider training.  It is expected that NRL and NAVO gliders at some point will be deployed on the New Jersey shelf as part of this training.  NRL and NAVO training in an environment supported with NRL and NAVO models is attractive from the point of view of glider mission planning and training. 

Global and Basin Scale Modeling.

The HYbrid Coordinate Ocean Model (HYCOM) was developed from the Miami Isopycnal Ocean Model (MICOM) using the theoretical foundation set forth in (Bleck and Boudra 1981), (Bleck and Benjamin 1993), and (Bleck 2002).  HYCOM is isopycnal in the open, stratified ocean, but using the layered continuity equation makes a dynamically smooth transition to a terrain-following coordinate in shallow coastal regions and to z-level coordinates in the mixed layer and/or unstratified seas.  This approach maintains the significant advantages of an isopycnal model in stratified regions while allowing more vertical resolution near the surface and in shallow coastal areas, thereby providing a better representation of the upper ocean physics.  A dynamically smooth transition between the optimal vertical coordinate types occurs via the layered continuity equation and takes place every time step. Additionally, the capability of HYCOM in assigning additional coordinate surfaces to the oceanic mixed layer allows us to use more sophisticated closure schemes such as KPP (Large, Danabasoglu et al. 1997), which parameterizes the influence of a larger number of physical processes than other commonly used mixing schemes.  HYCOM is a community ocean model that has been under joint development since 2000 by the Naval Research Laboratory (NRL), the University of Miami, and the Los Alamos National Laboratory.  In addition to research with the model and providing dynamical improvements, NRL acts as the code configuration and management coordinator.  NRL constructs and makes available the official publicly available HYCOM code.

NRL has been running a near real-time data assimilative HYCOM nowcast-forecast system that covers the Atlantic Ocean from ~30°S to 70°N with 1/12° horizontal grid resolution.  An important attribute of the data assimilative simulation is the capability to provide boundary conditions to regional and coastal models.  The chosen horizontal and vertical resolution for the forecasting system marginally resolves the coastal ocean [7 km at mid-latitudes, with up to 15 terrain-following (sigma) coordinates over the shelf], but is an excellent starting point for even higher resolution coastal ocean prediction systems.  The vertical resolution consists of 26 hybrid layers, with the top layer typically at its minimum thickness of 3 m (i.e., in fixed coordinate mode to provide near surface values). In coastal waters, there are up to 15 sigma-levels, and the coastline is at the 10 m isobath. The northern and southern boundaries are treated as closed, but are outfitted with 3 o buffer zones in which temperature, salinity, and pressure are linearly relaxed toward their seasonally varying climatological values. Three-hourly wind and thermal forcing is presently provided by the FNMOC Navy Operational Global Atmospheric Prediction System (NOGAPS), available from NAVOCEANO and the U.S. GODAE data server in Monterey. The HYCOM prediction system uses surface wind stress, air temperature, and specific humidity (from dewpoint temperature and sea level pressure) in addition to shortwave and longwave radiation. Surface heat flux is calculated via a bulk parameterization from the NOGAPS fields and model SST. 
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Regional Ocean Modeling System
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Models will be a focal point for analysis and synthesis of the observations. The purposes of the

model computations are to aid in data interpretation, especially in identifying principal processes

responsible for generating patterns of shelf-wide variability in physical, chemical, and biological

properties; to provide a framework for quantitatively evaluating the role of specific processes in

contributing to observed distributions of heat, salt, nutrients, and phytoplankton; and to evaluate needs for future expansion of the observational network, including its linkage with other observatories in the “upstream” and “downstream” directions. The wide range of space and time scales relevant to these objectives necessitates a hierarchical modeling approach. Coupled physical-biological models will be implemented in a variety of nested configurations, ranging from high resolution three-dimensional models of the local areas around MVCO and LEO, to a shelf-wide model that includes the entire coastal margin of eastern North America.

The physical model computations will build upon existing capabilities with the Regional Ocean

Modeling System (ROMS) circulation model. ROMS is a state-of-the-art, free-surface, hydrostatic, primitive equation ocean model being used by a rapidly growing user community for applications from the basin to coastal and estuarine scales (e.g., Haidvogel et al. 2000; MacCready and Geyer 2001; Dinniman et al. 2003; Lutjeharms et al. 2003; Marchesiello et al. 2003; Peliz et al. 2003). Shchepetkin and McWilliams (1998; 2003; 2005) describe in detail the algorithms that comprise the ROMS computational kernel. These include formulation of the time-stepping algorithm to allow both exact conservation and constancy preservation for tracers – a particularly attractive feature for biological modeling as accurate accounting of nutrient budgets is ensured. Lagrangian particle tracking in three dimensions is implemented, offering a powerful tool for characterizing transport pathways of biogeochemical constituents, e.g. ensembles of particles with individual light and nutrient histories. A nitrogen-based biological model is available with ROMS (Fennel et al. 2005), and modifications and extensions are currently under development in the Rutgers Ocean Modeling group. For example, carbon and oxygen cycling and an intermediate complexity size-structured ecosystem model (Lima and Doney

2004) are being implemented, partly funded through NOPP PARADIGM and a NASA IDS grant.

The proposed study will capitalize on existing applications of ROMS to the MVCO and LEO

areas and a shelf-wide implementation for the North American east coast and adjacent deep ocean. The regional MVCO implementation of ROMS was developed for use as a forecast tool during the Coupled Boundary Layers and Air-Sea Transfer (CBLAST) program to assist in the deployment of moveable instrumentation, and as a synthesis tool for the re-analysis of intensive observing periods at MVCO. For this application ROMS was implemented with fine grid spacing (1 km) and realistic 3-arc-second coastal bathymetry, and was able to capture the essential features of the 3-dimensional heat transport on diurnal to several day time-scales (Wilkin and Lanerolle 2005).

A regional implementation of ROMS at LEO was used during a series of Coastal Predictive Skill

Experiments (CPSE) in the summers of 1999 to 2001 to provide an ensemble of 3-day ocean forecasts that were used in the decision-making process for directing ship-based observations adapting subsurface sampling to the evolving circulation. The skill of the modeling system with respect to subsurface validation mooring data (temperature and currents) recovered after the real-time experiment was assessed in a re-analysis of the 2001 CPSE forecasts by Wilkin et al. (2004). The re-analysis showed that the model had significant intrinsic predictive skill, but was improved by the assimilation of sub-surface observations from ship-based towed-body observations and CODAR data. 

The ROMS code has also been implemented for the continental shelf and adjacent deep-ocean of

the U.S. East Coast. The present configuration has 10 km horizontal resolution, 30 vertical levels, and is embedded within a North Atlantic ROMS model forced with 3-daily average winds and climatological buoyancy fluxes. The embedding procedure imposes external remotely forced mesoscale and seasonal variability with few open boundary artifacts. The model exhibits recognized features of the local and remotely-forced circulation; namely, wind-driven upwelling, buoyancy-driven river plumes, low salinity on the Middle Atlantic Bight inner shelf, retention of passive particles in the shelf-slope front, and interactions of Gulf Stream warm core rings with the New England slope. Realistic simulations of shelf circulation that include the influence of mesoscale events observable by satellite and interannual variability associated with major climate modes such as the NAO will be achieved by improving the basin-scale embedding procedure by using the operational North Atlantic mesoscale Mercator model (www.mercator.com.fr) that has satellite altimetry, SST and Argo float profiles assimilated. This will impose observed weekly to interannual time scale variability (predominantly from altimetry) on the physical circulation. The biological model currently coupled with the ROMS implementation for the continental shelf of the U.S. east coast is a relatively simple representation of nitrogen cycling (Fig. 3). It captures the spatial and temporal patterns in chlorophyll dynamics and primary productivity on the shelves with increasing chlorophyll concentrations and higher levels of primary production near the coast,

spring and autumn blooms, and a phytoplankton maximum near the pycnocline in summer. Model results show the nitrogen budget on the Middle Atlantic Bight to be dominated by a loss due to sediment denitrification (Fennel et al. 2005). These examples show the use of ROMS both as a forecast tool to assist in the deployment of moveable observational assets, and as a synthesis tool to aid the interpretation of observations and their integration allowing rigorous testing of hypotheses regarding coastal dynamics and biogeochemistry. Figure 3. Model-simulated mean surface chlorophyll for July of 1994 (a) and SeaWiFS mean chlorophyll for July of 2003 (b; same colorscale).

Regional and Coastal Modeling Strategy
The strategy for nested coastal modeling in the project will be to construct a triple-nested nowcast-forecast system.  The 1/12° (~8 km) Atlantic HYCOM will provide boundary conditions to a regional east coast HYCOM with 3 times the horizontal grid resolution, i.e. ~2.1 km.  The  regional model will cover ~37-45°N and 77-64°W.  The vertical resolution of the regional model will be modified to allow for more resolution near the surface and over shallow water.  This regional model will in turn be used to provide boundary conditions to a coastal system based on both HYCOM and the NRL Coastal Ocean Model (NCOM).  NCOM uses a hybrid sigma-z vertical coordinate, although the coordinates are fixed in time. The reason for including the NCOM system is that NRL has an existing relocatable system based on NCOM.  It should be noted that the Atlantic nowcast-forecast system based on HYCOM and NCODA does not yet exist.  Although NRL and NAVOCEANO are committed to a real-time semi-opertaional system in FY06, the regional and basin scale models could use operational global NCOM if unforeseen circumstances arose with the HYCOM based system.  Regardless, because the surface and lateral boundary forcing will be identical in the inner most coastal nest, this will also allow us to evaluate system performance based on the different model design (HYCOM vs. NCOM).  Consistent with the Atlantic model, KPP will be used for the mixed layer sub-model in the HYCOM models, while the NCOM-based coastal model will use Mellor-Yamada 2.5.  All three models in the system will assimilate oceanic data using a multi variant optimal interpolation technique (described in detail later).  

Open Boundary Conditions

Currently the nesting of HYCOM to HYCOM and NCOM  is one-way (information is only passed from the outer grid to the inner grid) and “off-line”, meaning that the nested model does not run concurrently with the outer model.  An advantage of this approach is that the nested region does not need to be known in advance, but a disadvantage is that the updating frequency of the boundary information is limited by how often outer grid model output is archived.  For the work proposed here, the method of characteristics (Browning and Kreiss, 1982, 1986) will be used for the barotropic open boundary condition on velocity and pressure. At the open boundaries 20 gridpoint-wide “buffer” (or boundary relaxation) zones with e-folding times of 0.1 to 10 days (outer to inner grid) will be used to relax the baroclinic mode temperature, salinity, pressure and velocity components once per day.  Although the buffer zone is located on the fine grid mesh, the bottom topography and aforementioned variables are constrained to the coarse outer grid solution and thus should be considered part of the boundary condition, not part of the fine inner grid solution.

Surface Boundary Conditions – WRF & NOGAPS.

As described earlier, the Atlantic model will be forced with 3-hourly NOGAPS with surface wind stress and heat flux components with 1° resolution.  For the two nested models, the Weather Research and Forecast (WRF) model will be used.  WRF is a mesoscale numerical weather prediction model suited for both research and operational forecasting applications.  WRF will run a double nest, with a 20 km resolution outer nest covering the area of the regional east coast HYCOM and a 6 km inner nest covering the area of coastal NCOM and HYCOM.  The outer WRF model is initialized and forced by using the 1200 GMT NAM model output from NCEP with 22 km horizontal resolution.  Model output is saved hourly.
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Data Assimilation Methodology – HYCOM & NCOM
For all three models used in this nowcast-forecast system, the NRL Coupled Ocean Data Assimilation (NCODA) methodology will be used to assimilate observations into the models.  NCODA uses a multivariate optimum interpolation technique on temperature, salinity, geopotential (dynamic height), and velocity.  All ocean variables are analyzed simultaneously in three dimensions in a NCODA analysis.  The system also includes a rigorous and complex quality control capability for assimilation of data.  The horizontal correlations are multivariate in geopotential and velocity, thereby permitting adjustments to the mass fields to be correlated with adjustments to the flow fields.  The velocity adjustments (or increments) are in geostrophic balance with the geopotential increments, which, in turn, are in hydrostatic agreement with the temperature and salinity increments.

Specification of the error covariances (both background and observation) in the analysis is very important.  In NCODA, the horizontal correlation length scales are allowed to vary with location and the vertical correlation length scales are allowed to vary with depth.  The default horizontal length scales are specified as the first baroclinic Rossby radius of deformation (computed from the historical profile archive), although a user specified input file that contains the horizontal correlation length scales may be used instead.  The later can be particularly useful in shallow water applications where the horizontal correlation length scales are assumed to vary with bottom depth or some other user definable quantity.

NCODA makes full use of all sources of operational ocean observations, including in situ observations from gliders, which figure prominently in this proposal.  For downward projection of data observed at the surface, altimeter-derived synthetic observations from the Modular Ocean Data Assimilation System (MODAS) are used in combination with the in situ observations and the model background.  The MODAS database contains regression coefficients, derived from the historical profile archive, that relate steric height anomalies to climate temperature anomalies at depth (Fox et. al, 2002).  Steric height anomalies will be provided by the 1/32° global Navy Layered Ocean Model (NLOM) system, which assimilates track altimeter data and provides high-resolution nowcasts of sea surface height.  This new capability will be operational at NAVOCEANO in April, 2005.
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Table of Technical Tasks

Year 1:  July 1, 2005 – June 30, 2006

Coastal model nesting on MAB continental shelf.

Implementation of Coupled Ocean Data Assimilation (CODA) Multivariate Optimal Interpolation (MVOI) technique in MAB

Preparation of historical Glider data for assimilation

Modification of single Glider sampling and control for assimilation

Preparation of historical SST data for assimilation

Preparation of historical Ocean Color imagery for validation

Preparation of historical CODAR data for validation

Provide sampling guidance for Shallow Water 2006 (SW06) summer experiment

Year 2:  July 1, 2006 – June 30, 2007

Development of model/data comparison metrics.

Hindcast simulations of SW06 Experiment
Preparation of winter datasets

Comparison to winter condition hindcasts
Modification of automated control of Glider fleets 
Year 3:  July 1, 2007– June 30, 2008

Implementation of 4D Variational Assimilation

Comparison of 4DVar with MVOI

Observation System Simulation Experiments (OSSEs)

Assessment of global model impacts on predictability using new observing system capabilities.

Project Management
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(Lead PI)

O. Schofield, K. Fennel
	Rutgers University

(Academic)
	1. Project Management
2. Coastal Data Analysis for assimilation

3. Nested ROMS Phys-Bio Coastal Model

4. Test case matrix.

5. OSSEs for adaptive sampling

4. Adaptive sampling with glider fleet

	C. Jones
	Webb Research Corporation

(Business)
	1. Glider Adaptive Sampling Modifications & Control



	R. Rhodes

P. Hogan
	Naval Research Laboratory (Federal Government)
	1. Nested HyCOM regional model

2. HYCOM Boundary Conditions for NCOM & ROMS

3. Nested NCOM coastal model

4. MVOI & 4DVAR Assimilation for NCOM

5. Test case matrix

6. OSSE for glider adaptive sampling

	F. Bubb
	Naval Oceanographic  Office

(Federal Government)
	1. Adaptive Sampling with Glider Fleet










