Ocean Optical Forecasting in Support of MCM Operations
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INTRODUCTION

Mine countermeasure (MCM) operations involve the detection, identification, and neutralization of mine threats.  The primary assets currently used in the identification phase of MCM operations are US Navy divers and electro-optical identification (EOID) sensors.  These assets allow for the classification of mine-like objects from the detection phase of operations as either a threat or non-threat.  The benefit of using an EOID sensor is that it provides rapid spatial coverage of an area, and it takes “the man out of the minefield.”  However, the optimal environmental setting for using an EOID sensor is clear ocean water, and the effectiveness of such a sensor is reduced when water clarity is decreased.  As such, for MCM operations utilizing EOID sensors, information on the optical environment within an operational area greatly facilitates tactical decision making.  

The ocean optical properties are highly variable on small spatial (meters) and temporal (hours) scales, especially in coastal areas of interest to the mine warfare (MIW) community.  Satellite remote sensing offers a means of sampling the optical environment on appropriate temporal and horizontal spatial scales, and satellite data are used often for operational planning.  However, ocean color satellites, to date, can not resolve the vertical optical properties of the water column, and cloud cover over an operational area can be problematic for real-time observations.  On-scene, in situ measures of optical properties offer a means of measuring the vertical optical structure of the water column and are often used tactically for EOID sensor performance predictions.  However, these data consist of discrete point measures that are spatially limited, and the observed data may not be indicative of the optical environment at the exact time and location of the EOID mission.  Given the pros and cons of satellites and in situ measures, it is advantageous to MCM operations to (1) extend the two-dimensional (2-D) image of satellite sensed data into a three-dimensional (3-D) optical volume and (2) forecast optical properties (24 to 48 hours) that would extend the shelf life of in situ data to tactically relevant time scales.  Such capabilities would allow MCM commanders to estimate EOID sensor performance for a given day’s environmental conditions and provide tactical decision support to tomorrow’s operations.   

The data-fusion work presented here is the result of a collaborative effort between the Naval Research Laboratory-Stennis Space Center (NRLSSC) and the Naval Oceanographic Office (NAVOCEANO) during Valiant Shield 07 (VS07), an anti-submarine warfare (ASW) exercise near Guam.  The data flow and fusion in support of VS07 represent a proof-of-concept and is the first step towards providing the warfighter with an optical forecasting capability.  Additional new and emerging products presented include a 3-D optical volume and an EOID performance prediction based on the optical volume.

METHODS 

The optical products produced in support of VS07 resulted from the fusion of satellite ocean color data, modeled ocean currents, and in situ observations. Modeled currents and in situ data from NAVOCEANO were piped to NRLSSC for data fusion and product construction.  The optical properties from the satellite and in situ observations were used to define the environmental inputs to an EOID performance model, and it is outside the scope of this paper to demonstrate the inter-relationships between the inherent optical properties and chlorophyll, optical backscattering, and subsurface bio-optical layers.  The finished products—optical forecast, 3-D optical volume, and EOID performance prediction surface—were then piped back to NAVOCEANO and available in near real time.  
Satellite Ocean Color
Imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) ocean color satellite was processed daily at NRLSSC to generate the products used for this work.  The operational area of VS07 was predominantly clear, open ocean water, and the derived products used for the optical forecast and optical volume work included optical backscattering and chlorophyll concentration. Advanced quasi-analytical algorithms (QAA) (Lee et al., 2002) were used to determine the spectral backscattering, absorption, and bio-optical properties of surface waters with spatial resolutions of 1 km for MODIS imagery. These ocean color algorithms for optical operational products are integrated into the Automated Optical Processing Software (Martinolich, 2006) at NAVOCEANO for supplying real-time ocean conditions. Details of the products and algorithms are available in Arnone and Parsons (2004).  Standard algorithms for relating the remote sensing reflectance to backscattering and absorption were used for deriving the backscattering data, while standard waveband ratios were used for determining chlorophyll concentration. 

Ocean Currents and Physical Ocean Properties 
Ocean currents, temperature, and salinity were modeled and forecasted using a high resolution regional version of the Navy Coastal Ocean Model (NCOM) at NAVOCEANO.   This high resolution NCOM is nested within the Global Navy Coastal Ocean Model and offers 3-D forecasts of ocean temperature, salinity, currents, and sea surface elevation (Martin, 2000).   For the sake of brevity, all further uses of “NCOM” in this document refer to the high resolution, nested NCOM model. NCOM assimilates satellite observations of sea surface temperature and sea surface height.  Additionally, NCOM assimilates in situ observations from expendable bathythermographs (XBTs), conductivity temperature depth sensors (CTDs), floats, and buoys.  The data are assimilated using the Naval Coupled Ocean Data Assimilation System (NCODA) and Ocn/QC, an automated quality assessment (Cummings, 2005).  The resolution of NCOM is approximately 1.7 nm (3 km) and consists of 40 vertical layers.  The modeled and derived parameters from NCOM are forecast to 48 hours in 3-hour increments, or 72 hours in 1-hour increments.

Unmanned Underwater Vehicles (UUVs)
NAVOCEANO deployed and piloted eight UUVs during VS07.  The model of UUV used was the Sea Glider from the University of Washington.  The Sea Glider runs on lithium batteries (10MJ, 24/10V), is depth rated to 1000 m, and is capable of up to 6 months of continuous operation (approximately 1200 profiles).  The horizontal range of the Sea Glider is approximately 1500 nautical miles (2778 km) with a horizontal speed of 0.5 knots (25 cm/s), depending upon the dive angle.  The sensor payload on the Sea Glider consisted of commercially available sensors, which included a Sea-Bird Electronics (SBE) 41 CP CTD and a Wet Labs, Inc. bb2fl ECO-Puck.  The bb2fl measured optical backscattering at 470 nanometers (nm) and 660 nm and chlorophyll fluorescence.  The optical sensors collected data only for the upper 200 m of the water column to preserve battery life.  The glider data were transmitted to NAVOCEANO for processing and quality control via the Iridium satellite constellation in near real time. 
EOID Performance Prediction
Electro-Optical Detection Simulator, ver. 3 (EODES-3) is software to determine the EOID performance prediction for a specific ocean optical profile for observed environmental conditions and system operational settings.  Inputs for this code include EOID sensor type, vehicle tow height, information on the vertical optical environment (e.g., water clarity, diffuse attenuation), and bottom depth.  Outputs include probability of identification (Pid) and probability of detection of a mine threat (Pd) for the given sensor towed at the particular height in the observed environment.  For more information regarding EODES-3, see Giddings and Shirron, 2008 (this volume of proceedings).  Because VS07 was an ASW exercise, the inputs to EODES-3 were tailored to simulate an MIW exercise.  Probabilities of identification and detection were estimated for a Laser Line Scan (LLS) operating at 40 m above the bottom with a water depth of 200 m.  The environmental optical properties were derived from the 3-D optical volume, to be discussed shortly.

Surface Forecasting of Optical Properties
For the optical forecasting of the ocean surface during VS07, a simplifying assumption was used in that the concentration of suspended particles at the ocean surface contributing to optical backscatter was influenced only by advection.  Here we assume that changes in surface particle concentration are conservative and are affected only by transport and that biological growth and settling are minimal with a 24-hour period. Because the operational area was clear, optically deep, open-ocean water and far removed from any substantial land mass, the suspended particles in the water column most likely didn’t sink out of suspension during a 24-hour period, and this was therefore a valid assumption.  

MODIS imagery received at NRLSSC each day provided an actual   observation of the surface particle distribution and was used as the seed particle concentration image (“nowcast”) of sea surface optical backscattering. The data of the seed image were merged with the forecasted, modeled current fields from NCOM, and then propagated forward 24 hours in 1-hour increments to create a forecasted image (Figure 1) as a series of Lagrangian particle drifters (Arnone, 1999). After each time step, the particles were accumulated into 1-km bins to represent a forecasted image. This forecast image was validated by comparison to the following day’s seed image for the degree of uncertainty.  

In the event of cloud cover in the seed image, any additional satellite data of opportunity (e.g. Sea-viewing Wide Field-of-View Sensor [SeaWiFS], Ocean Color Monitor [OCM]) and triangular interpolation (Casey et al., 2007) were used to fill the gaps of the image so that the backscattering properties of the ocean surface were forecast and not the clouds.
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Figure 1.  Forecasting the surface optics and error analysis.
Generation of the 3-D Ocean Optical Volume
Using statistical methods, a 3-D Optical Volume of the VS07 operational area was created using the observed and modeled data (Figure 2) (Arnone et al., 2005; Arnone et al., 2007).  The eight Sea Gliders were the common link between the satellite observations of the sea surface and the vertical structure of the water column for the entire operational area.  Satellite data provided the near surface 2-D (first attenuation length) and the horizontal view of the backscattering and absorption properties of the sea surface.  The Sea Glider data provided discrete point, vertical profiles (from surface to 200-m depth) of chlorophyll fluorescence, backscattering, and seawater density. These data clearly showed a “chlorophyll maximum” layer at ~150 m that was not observed in the satellite but was critical toward affecting the EODES model.  These optical profiles were matched with physical properties (both mixed layer depth and intensity of stratification) from NCOM and then propagated throughout the operational area. The vertical profiles were constrained by the surface satellite optical and linked with the glider profiles.  With the data linked and fused, the satellite observations were then extended from the surface to depth.
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Figure 2.  Creating the 3-D – Optics Volume for performance mapping. 
RESULTS

Optical Forecasting

Sea surface backscattering properties were forecasted to 24 hours in 1-hour increments based on merging satellite ocean color with NCOM at NRLSSC, and then sent to NAVOCEANO as *.hdf files (Figure 3).  
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Figure 3.  A sample forecast of sea surface optical backscattering from 08/08/07.  The white arrows indicate current vectors from NCOM.  The large dots/tails are Sea Glider current location/previous location.  The color bar at the bottom of the scale indicates the magnitude of backscattering.  In essence, the water is different shades of blue and has very low backscattering properties.  When animated, the advection of particles by the ocean current can be seen.

Optical Volume

Satellite ocean color data and Sea Glider data (temperature, salinity, chlorophyll fluorescence, and backscattering) were merged with NCOM products at NRLSSC to produce a 3-D optical volume that was delivered to NAVOCEANO based on the dynamical relation of the sea surface to the water column (Figure 4). The spatial resolution of the 3-D volume was generated at ~ 1 km grid spacing, but this is dependent on the grid spacing and the spatial resolution of the satellite and can be extended to higher resolution. The vertical optical resolution was generated at ~ 41 hybrid layers and interpolated to ~1 m resolution. 
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Figure 4.  A 3-D optical volume of the VS07 operational area shows the horizontal and spatial variability of a scattering and absorption layer in the vicinity of the mixed layer depth.
EOID Performance Prediction
The optical volume (Figure 5) served as an input to EODES to determine the EOID sensor performance based on the optical volume and not just satellite observations of the surface (Figure 6).
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Figure 5.  As much of the operational area of VS07 was optically benign, the optical volume around Guam was constructed to illustrate some variability to the EODES code.
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Figure 6.  The EOID sensor performance surface.  Probability of detection (Pd) and probability of identification (Pid) of an LLS towed at two different altitudes above bottom. Note that when towed farther off the bottom (40m) the PID is reduced to ~50% (red)  near the southeast coast of Guam as a result of the optical layers. 
CONCLUSIONS

As a proof-of-concept, the data flow between NAVOCEANO and NRLSSC allowed for Sea Glider and  NCOM to be merged with ocean color satellite data that resulted in tactically relevant products for EOID missions.  Having the capability to forecast optical properties and knowing when and where EOID missions will be most successful will reduce the timeline of MCM missions.

The methods demonstrated here represents a fusion of in situ observations from Glider optics, surface satellite optical properties, and the physical forecast models to characterize the optical battlespace. The method extends the capability provided by point measurements from gliders and the satellite surface optics to create a real-time nowcast of optical battle space. With increased data from gliders and satellites, uncertainties of the optical environment are reduced. 


The work presented here was a first-step effort to forecasting the optical properties of an optically clear and optically deep environment.  This creates a good foundation to build on for future versions.  As algorithms become more robust, the optical forecast will need to include particle dynamics (growth, consumption, settling, resuspension, etc.) that extend beyond dominance by current advection.  The optical volume will also need to move from deep ocean water to shallower coastal regions.  The final goal should be to forecast the optical volume, and subsequently the EOID performance predictions, in coastal and littoral regions that are of most interest to the MIW community.
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