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Chapter 1: Introduction

1.1 U.S. Coast Guard Search and Rescue


The United States Coast Guard (USCG) was formed in 1790 and is a military, multi-mission, maritime service.   The Coast Guard’s missions include maritime security, maritime safety, protection of natural resources, maritime mobility, and national defense (U.S. Coast Guard, 2002). Under the National Search and Rescue Plan of the United States (NSARP) (2007), the Coast Guard is the lead federal agency for search and rescue (SAR) in and around the United States, its territories, and in the Caribbean. Second to national defense, SAR takes precedence over all other missions. 

On any given day, the Coast Guard conducts 109 SAR cases, saves 10 lives, assists 192 people in distress, and protects nearly $3 million in property (USCG, 2008b). Since the Coast Guard runs more than 28,000 SAR cases and spends more than $50 million on searches and operating costs each year, the Coast Guard works diligently to improve SAR processes (USCG, 2006). Guiding principle 64 within the NSARP (2007) states:
Recognizing the critical importance of reduced response time in successful rescue and similar efforts, continual focus will be maintained on developing and implementing means to reduce the time required for: Receiving alerts and information associated with distress situation planning and coordinating operations, facility transits and searches, rescues and providing immediate assistance. (p. 14)

Improving efficiencies in the SAR process will improve the probability of locating distressed mariners.  Faced with finite resources, Coast Guard policymakers contracted Northrop Grumman Corporation, Applied Science Associates and Metron Inc. to develop a comprehensive search and rescue system that would minimize planning and response timeframes for SAR cases. Search and Rescue Optimal Planning System (SAROPS) was deployed in February 2007 and is the first system to take advantage of multiple environmental products such as atmosphere and ocean general circulation models and climatological data sets. In order to reach the maximum potential of SAROPS, it is important that SAR controllers use the best environmental data that is available for the location of the object or person in distress.

Each SAR case is unique in its situation, location, and complexity. Some cases require only telephone calls to locate the search object, while others require an extended search involving many assets, agencies, or governments.  In all searches it is imperative that the search assets are looking in the correct place for the correct search object. Frost (1996) stated that: 

For any search to be successful . . . searchers must be looking in the right place…Since the exact location of the search object is never known in advance, ‘looking in the right place’ means searching areas that have at least some probability of containing the search object. (p. 2-1) 

Drift theory states that when there is no wind, the search object will move with the current. When there is wind, waves alter the surface current and the wind acts on the exposed surfaces of the object creating leeway. Drift is the vector sum of the total water current and the leeway (USCG, 2006).  In short, better drift solutions lead to successful searches. Shortening the search saves resources and, more importantly, a shorter search increases that probability of finding the search object alive. Therefore, the most important input into the drift calculations is the past, current, and future states of the winds, tidal currents, and oceanic currents. As a result, SAROPS was designed to provide the SAR controller with a number of environmental products to choose from depending on the situation and location. However, no single environmental product is suitable for all cases. 

1.2 Statement of the Problem

Through high-resolution oceanic data, SAROPS provides the tools to improve drift calculations; however, an oceanic model used in the Caribbean may not be the same model one would use in the Gulf Stream. When more than one product is available to choose from within SAROPS, there is only general guidance available to the SAR controller that can be accessed in a timely manner. Furthermore, this guidance is based upon verification processes specific to that product. There is limited information on how each environmental product performs within SAROPS. The purpose of this study was to use forecast verification methods to identify the environmental current product in each area that maintains a high degree of skill.
1.3 Research Questions

The primary research question for this study was: Given a set of parameterizations and a search object within SAROPS, which environmental current product maintains the best skill?

 Additional questions were:

· Should this same environmental product be used all year round or is there 
a seasonal fluctuation in the skill of the products?

· Do the results of the cases indentify a tendency for the products to under 
drift or over drift the search object?

1.4 Significance of the Study

Recent Coast Guard performance statistics suggest that there is room for improvement in SAR processes. According to the U.S. Coast Guard 2008 Budget in Brief and Performance Report (2008c), the Coast Guard in 2006 rescued 85.3 percent of mariners in imminent danger. This figure falls short of the Coast Guard’s performance goal of 86 percent and program goal of 93 percent (USCG, 2006). Furthermore, this performance level does not include lives that are unaccounted for when the SAR operations are suspended (USCG, 2007). In 2006, 638 lives were unaccounted for. 

Recognizing the need for refinements, the U.S. Coast Guard Research and Development Center (USCG RDC) released a report in August 2007 which called for a broad review of all academic and governmental environmental information products that potentially could be used within SAROPS (Turner et al., 2007). A study by Breivik and Allen (2008) concluded that further studies would be needed to identify the forecast skill of models similar to SAROPS. Finally, in a recent Global Ocean Data Assimilation Experiment symposium, Davidson et al. (2008) surmised that improvements in SAR would have to include how environmental inputs are processed into a search tool, that a standard forecast verification method should be developed for SAR purposes, and drift validation with observed drifters will aid in validating drift methodology.  This study evaluates each environmental current product within SAROPS in a real-life SAR setting where meaningful results should be of great value to a SAR controller during the course of a case.

1.5 Theoretical Framework
Since the purpose of this study was to evaluate the effectiveness of environmental current products, the researcher conducted a quantitative study. According to Jarrard (2001), “facts are collected by carefully controlled experiments. Based on these facts, verifiable hypotheses are proposed, objectively tested by further experiments, and thereby proven or discarded” (p. 12).  This study used a repeated-measures experimental design where, Creswell (2008) writes, “the researcher compares a group’s performance under one experimental treatment with its performance under another experimental treatment” (p. 319). When making forecasts, it is prudent to use various forecast verification methods to assess the quality of the forecasts through measures of accuracy and reliability (Wilks, 2006). In this study, four measures were used to assess the quality of the environmental current products: a root mean square error (RMSE) skill score, accuracy or the number of perfect drifts expressed as a percentage, the hit rate expressed as a percentage, and the model bias or number of under drifts or over drifts expressed as a percentage.
1.6 Methodology
In this study, the researcher is evaluating environmental products that are used within SARPOS by running cases in the manner that a SAR controller would run them. Therefore, SAROPS is used to control various parameterizations that reduce systematic error. Using SLDMBs deployed during the course of normal Coast Guard operations, positions over a 24-hour period were mined from the data and set up within SAROPS as individual cases. The independent variable was an oceanic current data source which consisted of five oceanic general circulation models and two current databases typically available to the SAR controller: Hybrid Coordinate Ocean Model (HYCOM), NAVOCEAN’s coastal ocean model (NCOM), Advanced Coastal Circulation and Storm Surge Model (ADCIRC), Fleet Numerical Meteorological and Oceanography Center’s model (FNMOC), an aggregated (AGG) data set made up of NCOM and ADCIRC models, Florida Gulf Stream Data (FLDA), and the Mariano Global Surface Velocity Analysis (MGSVA). 
The dependent variable is the discrepancy in location. In this study, the overall discrepancy refers to the difference between the location of the SLDMB and the location of the closest high probability area in nautical miles at 3-hour intervals for 24 hours as well as whether the environmental current product and SAROPS under drifted or over drifted the search object. From the dependent variable, the researcher used four forecast verification methods to compare each environmental current product. The repeated-measures experimental design provided a suitable framework for looking at the effectiveness of each oceanic model within SAROPS. 

1.7 Hypothesis

By identifying which environmental current product maintains the best skill score in a given region and season as well as any biases that may exist for each product, Coast Guard SAR controllers will have the best information available to optimize the use of SAROPS in creating search plans that have the highest probability of success.  

1.8 Delimitations, Limitations, and Assumptions
The major delimitations of the study involve the selection of the search object and parameterizations within SAROPS. Though there were many search objects available within SAROPS, it was the researcher’s decision to limit the search object to an SLDMB in order to maintain constant leeway drift characteristics throughout the study. The SLDMBs are manufactured to standard specifications and leeway drift characteristics have been determined by direct methods (Allen, 2005).  All parameterizations within SAROPS were set to recommended values stated in Coast Guard policy publications and maintained throughout each model run (Table 3.1). SAROPS is capable of running longer drift scenarios, but at a large computational cost. The researcher selected 24 hours as the maximum time period for each drift scenario because most SAR cases are initially drifted for a time period shorter than 24 hours and only one fifth of the searches continue longer than 12 hours (USCG, 2006).  Last, only SLDMBs deployed by Coast Guard assets in the Atlantic, Gulf of Mexico, and Caribbean were considered for the study. 

The limitations and assumptions in this study involve the SLDMB. The primary limitation is the number of SLDMBs available for each area during the given season.  As mentioned in the methodology, the researcher used SLDMBs that were deployed during the course of normal Coast Guard operations.  Some areas and seasons have more buoys than others since the researcher could not control the number of SAR cases occurring throughout the year and, thus, the number of buoys deployed. Furthermore, the researcher did not have the ability to direct Coast Guard assets to deploy buoys specifically for this study. All positions from the SLDMBs were provided by Global Positioning System (GPS) and assumed to be exact positions. Therefore, no additional error was applied to the position when running the simulator. Segments of the buoy data that contained errors in the GPS positions were not used. Errors in measuring the discrepancy by the researcher may exist but are within 0.1 nautical miles or 200 yards and do not affect the overall calculations in this study. Last, it was assumed that each SLDMB was built to specifications and that the leeway divergence parameters within SAROPS applied to all buoys used in this study.

1.9 Operational Definitions
To facilitate the clarity of analysis, frequently used terms are defined. 

Forecast verification methods.  The American Meteorological Society (2008) defines forecast verification methods as a statistical evaluation of the accuracy of forecasts or the effectiveness of detection techniques.  In this study, the term refers to four methods in describing model performance: A skill score made up of the RMSE, accuracy or the number of perfect drifts as expressed as a percentage, the hit rate expressed as a percentage, and the model bias or number of times a model under drifted or over drifted the search object expressed as a percentage. 

Search and Rescue Optimal Planning System (SAROPS). The Coast Guard’s primary SAR planning tool. SAROPS is a Mission Essential Application used to support the SAR community and for overall Maritime Domain Awareness (National Search and Rescue School, 2007).

1.10 Organization of the Study
This study is organized as follows:

Chapter 1 provides the introduction to the study. It includes the statement of the problem, the purpose of the study, research questions, overview of the methodology (including hypothesis, delimitations, limitations, and assumptions), operational definitions, and the organization of the study.

Chapter 2 is a review of the literature relevant to the SAR system, the forces acting on a drifting object, leeway divergence, SAROPS, SAROPS ensemble trajectory model, SLDMBs, and forecast verification methods. 

Chapter 3 is a detailed account of the methods used in this study. It includes the area of interest, SAROPS parameterizations, the seven sources of current and two sources of wind information used in this study, data collection and processing procedures, and data analysis procedures.

Chapter 4 presents the results of the study. It includes the findings and the summary of the findings. 

Chapter 5 provides a discussion of the findings. It restates the problem and reviews major methods used in this study, summarizes the results and discusses implications. Finally, it includes implications for practice and recommendations for further research. 

1.11 Chapter Summary
In summary, the Coast Guard is responsible for SAR in and around the United States. The USCG is also responsible for the evolution in processes that will lead to a better SAR system.  SAROPS is a holistic SAR system that uses high-resolution oceanic model data to force the SAROPS simulator in the production of probability density maps. Using the best environmental data will produce the most accurate probability density maps and a higher probability of success. Forecast verification methods were used to evaluate each environmental current product available to SAROPS controllers along the East Coast of the United States. Using quantitative analysis, this study sought to identify the model that demonstrated the most skill in each region along the East Coast of the United States, Gulf of Mexico, and Caribbean.
Chapter 2: Review of the Literature
Search and rescue is a primary mission for the U.S. Coast Guard. This chapter reviews the Coast Guard’s statutory responsibilities and presents an overview of the SAR system.  Second, winds and currents determine the speed, direction, and orientation of a drifting object. Therefore, this chapter addresses drift theory and the concept of leeway divergence within the SAR system. The Coast Guard implemented SAROPS Coast Guard-wide in 2007. This chapter presents a detailed description of the SAROPS Environmental Data Server (EDS), the SAROPS Simulator including the ensemble trajectory model, and the role SLDMBs play in the SAR system and in this study. Finally, the researcher chose to evaluate the effectiveness of each model through the use of forecast verification methods. As a result, this chapter concludes with a broad overview of the relevant forecast verification methods that led to the development of the SAROPS verification method. 

2.1 The Search and Rescue System

Responsible for maritime SAR operations in and around the United States and territories of the United States, the U.S. Coast Guard uses a systematic approach for SAR operations. There are five SAR stages for any case: awareness, initial actions, planning, operations, and conclusions. Upon becoming aware of a case from a MAYDAY call or other form of communication, SAR controllers work to gather data about the case; more often than not, there are many uncertainties in the initial report. The controller classifies the situation as: uncertainty, alert, or distress. 

The uncertainty phase is used when there is doubt as to the safety of people or a craft. The alert phase is assigned when apprehension exists as to the safety of people or a craft and lack of information prohibits the progress of the case. Finally, the distress phase is assigned when people or a craft are in imminent danger (USCG, 2006).

Once in the distress phase, the SAR controller must develop a search area based upon the information, estimated resource availability and capability; promulgate the search plan; and deploy the resources.  While the assets are conducting a search, the controller begins the process again by gathering additional information, developing a subsequent drift and search, deploying resources and evaluating previous searches. This process continues until the survivors are found and rescued or every available option is exhausted and proper authorities suspend the case (USCG, 2006). This study focused on the planning stage of the SAR system, specifically in identifying datum. 

2.1.1 The Forces on a Drifting Object


The most important part of the SAR system is to develop an accurate datum.  Datum is defined as “the most probable location of the search object, corrected for movement over time” (USCG, 2006).  In order to find datum, (VDrift), the SAR controller must know the total water current (VCurrent) and the leeway (VRelative) of the search object (Hackett et al., 2006).  


VDrift = VCurrent + VRelative





(2.1)
The total water current affects each object equally and is made up of forces that include various ocean currents, baroclinic motion, Ekman drift, tidal currents, and Stokes drift, while the leeway of an object is the object’s relative drift velocity and is highly dependent upon its characteristics (Hackett et al., 2006).  Ocean general circulation models (OGCM) work to capture the total water current, while sub-grid scale motions, like leeway, must be parameterized or found empirically through direct testing methods.  

A search object can be classified as either an active object like a ship navigating through a waterway or a passive object like a life raft, drifting debris, or a person in the water (PIW).  Located within two dynamic boundary layers with high vertical shear in wind and current, a passive object will experience the greatest leeway drift that is unique to that object (Fitzgerald et al., 1993).  Furthermore, the leeway of large ships with standard marine architecture and hydrodynamics can be derived more easily than non-standard search objects such as floating debris. Most generally, Fitzgerald et al. (1993) defined the leeway of an object (Figure 2.1) as “the velocity vector of the [SAR] object relative to the downwind direction at the search object as it moves relative to the surface current as measured between 0.3m and 1.0m depth caused by winds (adjusted to a reference height of 10m) and waves” (Allen and Plourde, 1999). The old leeway rule-of thumb calculation (drift is 3% of the wind and 15 degrees to the right), though useful in earlier SAR planning tools, failed to resolve the balance of forces and datum for more advanced systems like SAROPS.

The wind, waves, and current make up the balance of forces for any drifting object. Breivik and Allen (2008) summarized an object’s acceleration as:

(m+m’)(dV/dt) = ( F






(2.2)

where m is the mass of the object, m’ is the mass added by the acceleration of water particles along the hull of the object, V is the velocity and F is the total force equal to 

the sum of the wind force, wave force, form drag, and wave drift force (Hackett et al., 2006).

FWind + FWave + fForm + fWave = 0




(2.3)
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Figure 2.1. Relationship between relative wind direction (RWD) and leeway angle. Adapted from Review of leeway: Field experiments and implementation, by A. Allen and J. Plourde, 1999. Copyright 1999 by A. Allen. Reprinted with permission.

Resolving datum first requires sufficient information about these forces as well as the shape of the drifting object whose leeway is always greater than the leeway of a ship underway (Richardson, 1997; Breivik & Allen, 2008). Richardson noted that there are aerodynamic and hydrodynamic lift and drag components of the wind and current on the parts of the object exposed to the air and current that can be modeled by the following equations: 

Y = (w/2 Cdw Aw V2






(2.4)
Ya = (a/2 Cda Aa W2L






(2.5)

where Y is the hydrodynamic force on the underwater part of the hull and rudder, Ya is the aerodynamic drag of the hull and superstructure, (w is the density of water, (a is the density of air, Cdw is the drag coefficient of water, Cda is the drag coefficient of air, Aw is the transverse projection area of the underwater part of the hull, Aa is the above-water part of the hull and superstructure, V is the ship’s velocity through the water, and W2L is the wind speed.  Based upon these equations, leeway for a drifting ship can be estimated by: 

V = [((a/(w)( Cda/Cdw)(Aa/Aw)]1/2 WL



(2.6)

This equation has many sources of error, the largest of which is the Stokes Drift caused by ocean waves on smaller objects (Richardson, 1997). Since most search objects do not drift perfectly normal to the wind, leeway must be some percentage of the wind speed (Richardson). Richardson also used model ships in his studies, which would not apply to all objects needed for SAR. Anderson et al. (1998) therefore attempted to derive an ideal approach for determining the leeway of all search objects. They assumed that:

Fa + Fw + Fc = 0






(2.7)

while

Fa = Drag Force (Fd) + Side Force (Fs)



(2.8)

Fd = ½ Cd  (a Aa Ua2






(2.9)

Fw = ½ Ciw g  (w A2 Lt





(2.10)

Fcd = ½ Ccd  (w Aw Ub’2





(2.11)
where Ua is the wind velocity, Ub is the body velocity relative to the water, Fcd is the water drag force Ciw is the incident wave reflection coefficient, Ccd is the empirical drag coefficient, g is the gravitational acceleration, Lt is the body length scale, and A is the wave amplitude. Substituting Equations 2.9, 2.10, and 2.11 into 2.7, Anderson et al. (1998) derived the body velocity as:


(Ciw g  (w A2 Lt Cg) / |Cg| + Cd  (a Aa Ua’ |Ua’| = Ccd  (w Aw Ub’ |Ub’|










(2.12)

Though a good estimation, the leeway equation still does not capture the exact empirical relation between leeway and wind speed for various search objects at the scale needed for SAROPS. The leeway drift of smaller objects of various dimensions is best modeled through the use of various leeway components (Allen & Plourde, 1999) (Figure 2.2). 

Statistical models have the ability to resolve leeway in terms of the crosswind and downwind components as a function of the wind speed (Allen, 2005). The larger component of leeway drift is the downwind component, which is comparable to the hydrodynamic and aerodynamic drag (sailboats are an exception that are not addressed in this research) (A. Allen, personal communication, March 20, 2009). The component of drift that is perpendicular to the downwind component, called the crosswind component of leeway drift, is comparable to the hydrodynamic and aerodynamic lift (Breivik & Allen, 2008). The crosswind component causes the drift object to diverge from straight downwind direction. Positive crosswind components are divergent to the right of the wind, and negative crosswind components are divergent to the left of the wind (Allen, 2005).  The leeway divergence depends upon the search object as well as the environment. Furthermore, the initial orientation of the object relative to the wind will change the path of the object. It is unknown whether the search object will diverge to the right or left of the downwind direction; therefore, the range of values of leeway divergence is important in determining the actual trajectory (Allen). Various studies conducted using different methods of measuring leeway have led to the creation of a comprehensive list of leeway parameters. 
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Figure 2.2. Relationship between the leeway speed and angle and the downwind and crosswind components of leeway.  From Review of leeway: Field experiments and implementation, by A. Allen and J. Plourde, 1999. Copyright 1999 by A. Allen.  Reprinted with permission.
Allen and Plourde (1999) listed eight direct method leeway studies conducted from 1977 to 1999. In total, 95 leeway target types were studied during 25 different field studies that included 40 types of life rafts, 14 small craft and 10 fishing vessels. Other targets include PIWs, surfboards, sailboats, life capsules, homemade rafts, fishing vessel boating debris, and medical/sewage waste (Allen & Plourde). Allen (2005) used the procedures noted in Neter, Kutner, Nachsheim and Wasserman (1996) for determining the constrained and unconstrained linear regression of downwind and crosswind coefficients from the leeway speed and the divergence angles obtained in Allen and Plourde for all relevant SAR leeway objects.  The linear regression equations for each object are: 



Downwind Leeway (cm/s) = [Slope (%) x W10m (m/s)] + y-intercept (cm/s)
     










(2.13)
Positive Crosswind Leeway (cm/s) = [Slope (%) x W10m (m/s)] + y-intercept (cm/s)  







(2.14)
Negative Crosswind Leeway (cm/s) = [Slope (%) x W10m (m/s)] + y-intercept (cm/s) 








(2.15)

Table 2.1 is an excerpt from Allen (2005) which lists for each target the DWL, the positive CWL, and the negative CWL. The DWL and each component of CWL are made up of the slope coefficients from the linear regression equation, Y-intercept and a standard error of estimate (Allen, 2005). The complete leeway object taxonomy and table of coefficients for each search object can be found in the Coast Guard Report Leeway Divergence (Allen, 2005). As mentioned earlier, the total drift of an object is composed of the leeway added to the surface current. Breivik and Allen (2008) used the second order Runge-Kutta scheme for computation of trajectories on a sphere as well as the following equation to model leeway:



x(t) – x0 = (0t V(t’)dt’ = (0t [L(t’) +  uw(t’)] dt’


(2.16)

where V is the object velocity, L is the leeway speed, and uw is the local surface current. Allen’s (2005) efforts have been included in SAROPS where its success is dependent upon the quality and resolution of environmental forcing and precise leeway calculations for the drifting object.

Table 2.1. 

A Sample of Unconstrained Linear Regression Values for Downwind and Crosswind Components of Leeway Values.
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Note. From Leeway Divergence, Final Report,  U. S. Coast Guard Research and Development Center, by A. Allen, 2005. Copyright 2005 by A. Allen. Reprinted with permission.
2.2 Search and Rescue Optimal Planning System (SAROPS)
SAROPS is a comprehensive planning system used by the USCG in the planning and execution of almost all SAR cases in and around the United States and the Caribbean. SAROPS has three main components: the Graphical User Interface (GUI), the Environmental Data Server (EDS), and the Simulator (SIM). SAROPS can be used in both a coastal and oceanic environment. Built into the simulator is the ability to access global and regional wind and current data sets making SAROPS the most comprehensive and powerful tool available for maritime SAR planners (Northrop Grumman Mission Systems, 2006).

The SAROPS GUI uses the Environmental Systems Research Institute Geographic Information System (ArcGIS) and has been altered to include U.S. Coast Guard specific applications such as the SAR Tools Extension and SAROPS extension.  The applications have a wizard-based interface and work within the ArcGIS layered environment.  Vector and raster charts are available for display as well as search plans, search patterns, search areas, environmental data, and probability density maps. Finally, the GUI provides reports on all search operations (Northrop Grumman Mission Systems, 2006). 

The SAROPS EDS collects and stores environmental information for use within SAROPS.  Local SAROPS servers around the United States request environmental information from the EDS based upon the area of interest. Different environmental products are cataloged on the server ranging from observational systems to modeling products.  Observations include sea surface temperature, air temperature, visibility, wave height, global/region tides and currents, to name a few.   High-resolution OGCM output from HYCOM and NCOM provide temporally and spatially varying wind and current information.  Last, the EDS is capable of providing objective analysis tools and aggregation.  The list of available products outside of the EDS is always changing as researchers in the Navy, local universities, and research centers continually improve the accuracy and reliability of products and make them available on a consistent basis (Turner, 2007).

The SAROPS SIM wizard makes use of multiple pages of scenario descriptions that are entered by the user in order to compute the possible distress positions and times, subsequent search object drift trajectories, and the effect of completed searches on the search object probabilities.  The simulator captures uncertainties in positions, time, environmental inputs, and leeway parameters.  Upon receiving all of the information pertinent to the case, the operational ensemble trajectory model simulates the drift of up to 10,000 particles for each scenario. For every 20 minutes of drift, the simulator accounts for changes in water current, wind leeway, and leeway divergence. The simulator displays the results as a probability density map (Figure 2.3) that can be animated over the drift duration (Northrop Grumman Mission Systems, 2006).
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Figure 2.3. A probability density map generated by the simulator within the SAROPS. 

The optimal planning wizard takes the probability density map information as well as another set of user inputs, such as the type of resources, on scene conditions, and sweep width values, to develop search areas that maximize the probability of detection of the search object. Rarely can the SAR controller develop search areas that improve the POS over what the optimal planning wizard has already planned (A. Allen, personal communication, March 20, 2007). However, SAR controllers can adjust the search areas to account for operational constraints but this action may reduce the probability of success (POS). With the best possible fit given available resources, the SAR controller can then transmit the search pattern to the search assets.  If the search object is not found on the first search, the planning wizard will account for previous unsuccessful searches when recommending subsequent searches (Northrop Grumman Mission Systems, 2006). 

The GUI, EDS, SIM, and planning wizard make up SAROPS. This study focuses on the EDS and the SIM that houses the operational ensemble trajectory model, the true engine of SAROPS.

2.2.1 SAROPS Operational Ensemble Trajectory Model


Within the SIM lies the operational ensemble trajectory model.  Highly non-linear and widely known as the random flight model, this first order Markov model assumes that the position and the velocity are jointly Markovian (Spaulding et al., 2005; Breivik & Allen, 2008).  According to Griffa (1996), Markovian models are used to “describe processes whose conditional probability density at time tn is solely dependent on values at an earlier time tn-1 and are well suited for modeling the movement of drifters in the ocean” (p. 116).  This particular model has been successful at describing meso-scale particle motions in the upper ocean by describing the motion of an ensemble of particles that are launched independently with slightly different turbulent flow characteristics (Griffa, 1996). It is particularly well suited in an SAR application where many aspects of the SAR scenarios are not well defined and a probability-based approach is needed (Spaulding et al., 2005).  

In deriving the governing equations, the following assumptions must be made (Griffa, 1996; Spaulding et al., 2006): 

· The velocity field for a floating object is two-dimensional.

· The models describe the motion of each independent particle.

· The particles are passive.

· The turbulence velocity is homogeneous.

· The components of velocity are independent.

· Random forcing is Gaussian.
Given these assumptions, the incremental equations for particle motion are:


dx = (U + u) dt  






(2.17)


du = -(1/T) udt + K*1/2 dw*





(2.18)

K* = (u2/T = K/T2 






(2.19)

where the y component is analogous to Equation 2.17, dx is the total particle displacement during time interval dt, U(x,t) is the mean flow, u is the displacement due to the turbulent velocity field, dw*(t) is the random increment from a normal distribution and (u2 is the velocity variance (Griffa, 1996; Spaulding et al., 2005). Obeying the classical Langevin equation (2.18), the turbulent velocity at each time step loses a fraction of momentum (-(1/T) udt) and then receives a random impulse (dw*) (Griffa, 1996). K* is the dispersion coefficient expressed in terms of the velocity variance and the random walk dispersion coefficient, K.


R(() = (u-2 <u(t)u(t+()>





(2.20)

where R(() is the auto-correlation function and ( is the time lag. T is typically derived from this function. Griffa (1996) showed that the autocorrelation function decays exponentially for meso-scale oceanographic problems. Therefore, R is approximated by the following equation:


R(() = e-(/T







(2.21)

For a constant value of K and T, Van Dop et al. (1985) found that the particle dispersion, SRF2, is:

SRF2 = 2Kt – 2KT(1-e-
(/T)





(2.22)
where T is the turbulence time scale, and SRF2 is the mean squared separation of particles.  The Fokker-Plank equation is the evolution equation for the probability density P of a Markovian process (Equation 2.23). 

(P/(t = -(U + u) ( (P + (u (uP/T) + (u (K(uP)


(2.23)

with P(x1, x2, u1, u2, 0) = M((x1) ((x2) e-(u12/(1) e-(u22/(2) where M is a normalizaton factor, (u is the gradient with respect to u, and K remains the dispersion coefficient (Griffa, 1996). 

In summary, Equation 2.17 shows that the movement of the particle is a result of the mean flow and the turbulence; Equation 2.18 presents the stochastic process in which the particle receives an input due to the turbulence field at each time step; Equation 2.22 represents the dispersion of particles (random flight) which grows linearly with time; and Equation 2.23 provides the probability density function that is a function of space and the turbulent velocity (Griffa, 1996; Spaulding et al., 2005). In the most general SAR case, K and T vary in space and time and the first two equations can be written in discrete, incremental form: 


xn+1i+1, j+1 = xi, jn + (Uni, j+ un i, j ) (t




(2.24)


un+1i+1, j+1 = uni, j – (1/T) uni, j (t + (2(u2/T)1/2 wn*


(2.25)

where the y component is analogous to Equation 2.24, n refers to the time and is advanced in increments of (t, i and j refer to the two dimensional horizontal location of the velocity, U is the mean velocity at the location (i,j) of the particle at time n, u is the turbulent fluctuating component of the velocity, (u2 is the variance of the turbulent velocity, T is the integral time scale from the autocorrelation function, and wn* is the random increment from a normal distribution (Tatsu et al., 2006). 

Equations 2.24 and 2.25 are solved using Monte Carlo techniques where the simulations are performed for discrete particles. Multiple simulations are then ensemble-averaged to predict the advection and dispersion of the particles as a function of time (Spaulding et al., 2005; Tatsu et al., 2006).  At each time step, the first particle is forced by the wind and current and the remainder of the particles are forced by the wind, current and a random pulse by the random flight model (A. Allen, personal communication, March 20, 2009). For SAR, success, in part, is measured and determined by how well the random flight model can predict the location of the search object. In this study, the search object is an SLDMB.

2.3 Self Locating Datum Marker Buoys (SLDMB)
The search and rescue of vessels and people inshore and on the high seas are highly reliant upon accurate and timely surface current information.  The United States Coast Guard uses SLDMBs developed by METOCEAN Data Systems to provide local current information as well as verify OGCM output. An SLDMB is a 70% scale Coastal Ocean Dynamics Experiment (CODE)/Davis-style oceanographic surface drifter with drogue vanes between 30 and 100 cm deep (METOCEAN, 2008). This particular surface drifter is designed specifically for deployment from a U.S. Coast Guard vessel or airframe and for unattended operation during a 30-day lifetime. Similar to other drifter systems, the METOCEAN SLDMB is accompanied by an onboard electronics package, which includes GPS positioning and sensor data (METOCEAN, 2008). Service Argo, Inc. receives the data and forwards it to a NOAA polar-orbiting n-series satellite every 30 minutes (METOCEAN, 2008). The data is transmitted to a secure U.S. Coast Guard website for use by trained SAR Personnel. Since the SLDMB has a very small surface area above the ocean surface and a high underwater surface area, there is very little leeway in response to the direct forcing of winds and waves (Bang, 2007). 
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Figure 2.4. Illustration of an SLDMB. Adapted from A. Allen, personal communication, March 20, 2009. Copyright 2009 by A. Allen. Reprinted with permission.
The SLDMB design is based upon the Davis-style drifting buoy which minimizes the effects of wind and waves on the drifter allowing for a more accurate representation of the surface ocean current (Davis, 1985). The SLDMB has four orthogonal drag vanes that are constructed of nylon fabric and supported by PVC arms that extend from a cylindrical hull (Bang, 2007). Four floats attach to the PVC arms and maintain the buoyancy of the SLDMB (Bang). 
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Figure 2.5. Shipboard deployment of an SLDMB. From A. Allen, personal communication, March 20, 2009. Copyright 2009 by A. Allen. Reprinted with permission.
Prior to launch, the SLDMB is packaged in a circular cylinder, which can be launched through a hatch or door in any fixed or rotating wing aircraft or from any surface vessel moving up to 35 knots. The SLDMB dimensions which are incorporated into the leeway parameters in SAROPS. The CODE design is an inexpensive design allowing a large number to be retained on the shelf or to be deployed in an SAR case (Davis, 1986; Bang, 2007). 
The POS of a search is dependent upon the probability of containment (POC) multiplied by the probability of detection (POD). 

POS = POC x POD






(2.26)

A large area that includes all possible locations of the search object may have a high POC but may be too large for assets to adequately search, resulting in a low POS. Spaulding et al. (2005) tested the random flight model against the analytic solution which was found to be in good agreement when more than 2,000 simulations were used. When tested against clusters of SLDMBs and using HF radar surface currents (CODAR), Spaulding et al. (2005) found that 80% of the observed final locations of the SLDMBs fell within the model predicted area when the diffusion coefficient, K, was 300m2/s or smaller.  Ullman et al. (2006) conducted similar testing with a diffusion coefficient optimized for the CODAR and found that between 80% and 90% of the SLDMBs were located within the 95% confidence interval of position predictions. The success of the random flight model was found to depend upon not only the values of K and T, but also on the accuracy of the CODAR currents. In areas where the CODAR was intermittent or not present, the values of K and T were changed to achieve similar results in other areas (Tatsu et al., 2006).  

Most recently, Allen (2007) conducted a study with a similar methodology to Ullman et al. (2006) in which the variance and standard deviation were evaluated for various ocean current products from 01 January 2006 to 06 June 2007.  The results of the study showed higher variances in the Florida Straits and North Atlantic for the NCOM and HYCOM models, lower variances along the East Coast of the United States for the AGG and ADCIRC models, and moderate variances in the Gulf Stream for the Florida Gulf Stream Data (Allen). Additionally, Table 2.3 lists the auto-correlation parameters in nautical miles per hour (knots) for each environmental current product and lists Allen’s recommendation for the SAROPS simulator parameters for current products. Graphical results of Allen’s study are located in Appendix A.
Table 2.2. 

Environmental Data Server Uncertainties Adjusted for 10 (cm/s)2 SLDMBs Variance (knots) and Simulator Properties for Environmental Currents.
	Product
	σu

kts
	Гu

 hrs
	σv 

kts
	Гv

 hrs

	HR Radar Std
	 0.27
	1.5
	0.23
	1.4

	HR Radar LR
	0.20
	 4.1
	0.25
	3.7

	ADCIRC
	0.19
	2.7
	0.21
	3.1

	ADCIRC/NCOM
	0.24
	2.5
	0.20
	2.7

	GLERL
	0.26
	2.2
	0.26
	2.2

	FLDA
	0.40
	3.2
	0.40
	5.2

	Mariano
	0.34
	4.3
	0.34
	4.6

	 HYCOM
	0.40
	4.0
	0.42
	4.0

	NCOM
	0.35
	4.2
	0.36
	4.2


	Simulator Properties for Environmental Currents

	Simulator Environmental Data Current Half life
	264 minutes

	Simulator Environmental Data Current Standard Deviation for Low Confidence Products
	0.37 knots

	Simulator Environmental Data Current Standard Deviation for High Confidence Products
	0.22 knots




Note. Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.

This study did not specify turbulent coefficient values or recommend specific parameterizations in SAROPS, but evaluated, using four forecast verification methods, various environmental current products used by SAROPS based upon the coefficients and parameterizations already programmed into the random flight model.

2.4 Forecast Verification Methods

Murphy (1993) defined a good weather forecast as one that is consistent, one that accurately represents what happened, and one that adds value. A successful SAROPS forecast has many of the same qualities. It must accurately predict in every case and region the most probable location of a search object at a given time and it must be in a format that is manageable and useful so that SAR controllers can mount a search effort. Many different scoring techniques exist in numerical weather prediction, but very few verification methods exist for use within SAROPS.  An initial way to assess the spatial quality of a forecast is the eyeball method, which subjectively compares the forecast and verification. Though valuable, this method is labor intensive and subjective. Thorough discussions of the common scoring techniques for numerical weather prediction can be found in Wilks (2006), but many forecast verification methods that motivated the SAROPS verification method used in this study will be discussed in the following section. 


Wilks (2006) lists six attributes of forecast quality, which include accuracy, bias, reliability, resolution, discrimination, and sharpness. Continuous statistics and categorical statistics are used to describe these attributes. Continuous verification methods measure how the values of the forecasts differ from the values of the observations (Stanski et al., 1989). Examples of these methods include the mean error, mean absolute error, RMSE, correlation coefficient, and anomaly correlation.  The mean error is the difference between the average forecast and average observation expressing the bias of the forecasts (Wilks, 2006). The mean absolute error and RMSE are measures of overall accuracy and provide the average magnitude of the errors.  The main difference in the mean absolute error and the RMSE is that the RMSE gives greater weight to large errors and is more appropriate when large errors are undesirable (Stanski et al., 1989). The RMSE can also be used to form a skill score when a reference forecast is used. 

Categorical statistics are additional types of verification methods that are typically used with dichotomous forecasts and describe particular aspects of the forecast performance (Stanski et al., 1989). Examples of categorical statistics include accuracy (fraction correct), bias score (frequency bias), hit rate (probability of detection), false alarm ratio, and threat score (critical success index). These scalar scores are convenient but seek to measure forecast performance in a higher-dimensional environment (Wilks, 2006). Therefore, one score cannot be used solely to describe the overall performance. 

2.5 Chapter Summary

In summary, the U.S. Coast Guard uses a systematic approach for SAR operations where the most important SAR stage is the planning stage and considerable effort is made in the determination of datum.  The forces acting on a drifting object and a search object’s leeway lead to datum through the use of SAROPS, a system that was deployed in 2007. SAROPS is the primary SAR planning tool used by the U.S. Coast Guard and utilizes a first order Markov model for the prediction of an ensemble of particles. SLDMBs are always used in SAR cases and are popular tools for verifying the accuracy of model output due to their design and versatility. Though there are many forecast verification methods used in numerical weather prediction, few, if any have been used to describe the overall performance of environmental current products within SAROPS. 

Chapter 3: Theoretical Framework and Methodology

This chapter discusses the theoretical framework and the methodology used in this study. A repeated-measures experimental design and four forecast verification methods make up the theoretical framework and are used to answer the research questions which are briefly restated in this chapter. In addition to outlining specific methods, the methodology section addresses stratification of the data set into geographic regions, environmental current products, and seasons.  Consequently, this chapter addresses the geographic regions of interest highlighting major ocean currents and provides a brief description of each environmental current product. Furthermore, the methodology section includes the SAROPS parameterizations used to carry out each SAROPS model run, dataset development, and possible sources of uncertainty. This chapter concludes with a discussion of the four forecast verification methods used in this study to describe the performance of each environmental current and wind product. 

3.1 Theoretical Framework
The purpose of this study was to evaluate the effectiveness of six environmental current products used for SAR. A repeated-measures experimental design in which a group’s performance is compared using one set of circumstances and again under a different set of circumstances was adopted as this study’s theoretical framework (Creswell, 2008). As a result, SAROPS was used to create 24-hour cases from SLDMB data; access environmental current products that provide the forcing for the ensemble trajectory model within the SAROPS simulator; and, create probability density maps for the SLDMB using each environmental current product, noting the discrepancy between the actual position of the SLDMB and the closest highest probability area as well as various descriptive observations of the drift. 

With continuous and categorical data, Wilks (2006) recommends the use of several forecast verification methods to describe the performance of the environmental current product. According to Wilks (2006), forecast verification is “the process of assessing the quality of forecasts…the justification for any forecasting enterprise is that it supports better decision making…the economic motivations for forecast verification are to provide the information necessary for users to derive full economic value from forecasts, and to enable estimation of that value” (p. 255). The main attributes of forecasts systems are their accuracy and reliability. Accuracy is a measure of agreement between the forecast and the truth, while reliability refers to the relationship between the forecast and average observations (Wilks). In this study, four forecast verification methods were applied to the data set: RMSE skill score, accuracy (fraction of perfect drifts), hit rate (probability of detection), and a bias score (fraction of under drifts and fraction of over drifts). The repeated-measures experimental design and forecast verification methods provided a suitable framework and guided the researcher in identifying the environmental current product that maintains skill in various geographic regions and over four consecutive seasons.

3.2 Research Questions and Hypothesis
The primary research question for this study was: Given a set of parameterizations and a search object within SAROPS, which environmental current product maintains the best skill?

Additional questions were:

· Should this same environmental product be used all year round or is there 
a seasonal fluctuation in the skill of the products?

· Do the results of the cases indentify a tendency for the products to under 
drift or over drift the search object? 

By identifying which environmental current product maintains the best skill score in a given region and season as well as any biases that may exist for each product, Coast Guard SAR controllers will have the best information available to optimize the use of SAROPS by creating search plans that have the highest probability of success.

3.3 Methodology
In this study, SLDMBs were the search object that was used to generate 183, 24-hour cases. Through SAROPS, the researcher monitored the number and location of buoys that were deployed during the course of normal Coast Guard operations from March 2008 to February 2009.  The SLDMB data for each region was downloaded and those SLDMBs that drifted for more than 24 hours and with continuous valid reports of position were considered for this study.  SLDMBs that reported positions on land or failed to deploy correctly were not considered during the study.  Upon obtaining the SLDMB data, the researcher randomly chose 24-hour time frames of SLDMB drift and allocated a case number based upon the region.  The first position and time of the SLDMB case was identified as the drift start time. The actual position and time of SLDMB was noted every 3 hours for 24 hours.  Appendix B lists each case by region. With the knowledge of the actual drift of the buoy, the researcher then used SAROPS to simulate a drift of the SLDMB using standard parameterizations and various environmental current products, which made up the independent variable. 

3.3.1 SAROPS Parameterizations


When entering the SAROPS simulator, the SAR controller is asked to input various data and make decisions on parameterizations depending upon the nature of the initial incident or scenario.  When more uncertainties exist in the situation, more error can be applied through the choice of scenarios, position and time. For example, in complicated cases, the exact SAR scenario may not be known.  As a result, the SAR controller must account for all possible situations that may have occurred. Did the boat drift or did the boat capsize? What is the search object: a boat or a person or both?  Was the distress position an exact GPS position or an estimated position based upon a flare sighting? Each possibility introduces more error into the scenario and changes the size of the probability density map. The parameterizations chosen for this study were based upon a very basic SAR scenario where the exact drift start time and location is known, there is only one search object, the SLDMB, and there is only one possible scenario (that the SLDMB began drifting at the exact drift start time and position).  Therefore, Table 3.1 lists the various parameterizations set and maintained in SAROPS for each SIM run.

Table 3.1. 

SAROPS Parameterizations within the SAROPS SIM.
	SAROPS Parameterizations

	Grid Cell Size
	50 X 50

	Case Name
	Buoy Number and Run

	Date
	Date of Drift

	Search Plan
	Alpha (First Search)

	Search Object
	SLDMB

	Scenario Name
	Scenario 1

	Weight
	10-Almost Certain

	LKP
	Drift Start Position from SLDMB Data

	LKP Time
	Drift Start Time from SLDMB Data

	Probable Error
	0.00 NM 1

	Time Error
	0.00 Hrs 1

	Search Object Weight
	100% 2

	Previous Searches
	None

	SIM End Time
	24 Hrs

	Edit Area of Interest (AOI)
	Used Default Setting unless drift extended past default box. 3

	Leeway Winds
	Downloaded NAM and GFS products

	Leeway Winds Confidence
	HIGH for all products 4

	Surface Currents
	Downloaded All available surface current products

	Surface Current Confidence
	LOW for all products 4

	Simulator Mode
	Comprehensive = 10,000 particles


Note 1. Used at the SAR controller’s discretion if the initial position was from a source where there is significant error or uncertainty in the position. 

Note 2. Used if there is more than one search object and the SAR controller is more certain of one object than the other. 

Note 3. The default setting assumes 3 knots of drift in each direction.  In some cases with high current velocities (Gulf Stream), the AOI must be altered to include the entire drift area. Forcing is only applied within the AOI.

Note 4. LOW and HIGH confidence settings change the random flight error applied to each product. 
3.3.2 Environmental Products


The global and regional environmental current products used in this study passed rigorous testing that ensured compatibility with the EDS, reliability, and were already available through SAROPS (Turner, 2007). They included: HYCOM, NCOM, ADCIRC, FLDA, FNMOC, AGG, and MGSVA. The environmental wind products kept constant in this study were the North American Mesoscale (NAM) model and the Global Forecast System (GFS) model when NAM was not available. Since SLDMBs have very little surface area above the waterline, they experience negligible leeway drift in response to the surface winds, which are typically measured at 10m. Consequently, within SAROPS SLDMBs do not have a leeway value assigned to them (A. Allen, personal communication, March 20, 2009). Nevertheless, an environmental wind product was selected for each case to maintain consistency as the SAR controller would never neglect wind information in a real case regardless of the search object.  Appendix C briefly describes each environmental wind and current model in tabular format.

The first environmental current product used in this study is the HYCOM model that was developed in a collaborative effort by the University of Miami, the Naval Research Laboratory (NRL), and the Los Alamos National Laboratory. HYCOM is a hybrid coordinate model that seeks to maximize the benefits of the isopycnal, sigma, and z-level coordinates. 
The second environmental product used in this study is the global NCOM, developed by the NRL and primarily used by the Naval Oceanographic Office (NAVOCEAN). NCOM is a 1/8( global simulation of the upper ocean. Based upon the Princeton Ocean Model and the Sigma/Z-level Model, NCOM uses an orthogonal curvilinear horizontal grid and a vertical grid that includes sigma coordinates from the surface down to a depth defined by the user and z-levels below that depth (Barron et al., 2006). 

The third environmental product used in this study is the Advanced Circulation and Storm Surge model. ADCIRC is a finite element numerical model based upon the non-linear shallow water equations developed for the simulation of water level and circulation on the continental shelves, coasts, and estuaries over an unstructured gridded domain (Blain et al., 2002). 

The Florida Gulf Stream Data (FLDA) file is the fourth environmental current model and is a database of monthly climatological currents and makes up the fourth environmental current product.  The FLDA was created by the USCG RDC, the Naval Undersea Warfare Center, and Nova University. Derived from the Nova University Gulf Stream transect current data and Atlas of Pilot Charts, the data is divided into 12 monthly data sets with a 0.1( latitude and 0.1( longitude resolution (Perkins & Marsee, 1994). 

The fifth environmental product used in this study is the FNMOC model. The currents provided by FNMOC are a subset of the Navy Operational Global Atmospheric Prediction System (NOGAPS) based upon the Thermodynamic Ocean Prediction System (TOPS).  By the time this study is published, the FNMOC model will have been removed from the EDS (A. Allen, personal communication, March 20, 2009). 

The sixth environmental current product is derived from the Coast Guard’s EDS using model aggregation services. AGG is composed of the NCOM and ADCIRC models. By combining the open ocean currents of the NCOM model with the tidal circulation of the ADCIRC model, the resultant current vectors better simulate the actual movement of the water at resolutions sufficient for determining drift (Turner et al., 2007).

The last environmental current product used in this study is the Mariano Global Surface Velocity Analysis (MGSVA). MGSVA is a climatological current database that was constructed using an objective analysis technique based on the Maury Ship Drift Database (MSDD) (1900-1945) which is the largest historical database of sea surface velocity.  

3.3.3 Dataset


 After running each case using the standard parameterizations in SAROPS, the researcher recorded the discrepancy in position of the SLDMBs.  Discrepancy is the dependent variable and is defined as the difference in nautical miles of actual position of the SLDMB and the distance in nautical miles from the closest high probability area measured at the corner of the grid cell.  This discrepancy was noted for each model every 3 hours for up to 24 hours for each SLDMB-derived case.  After noting the discrepancy, the researcher noted the relationship between the actual position of the SLDMB and the high probability area at each time step.  For each case, environmental current product, and every 3 hours, the drift was categorized as a perfect drift, hit, or a miss.  In a perfect drift, the SLDMB was located in the highest probability area. A hit was noted if the actual position of the SLDMB fell within the probability density map.  A miss was noted if the actual position of the SLDMB was not located in the probability density map. Additionally, the drift was categorized as an under drift or over drift. An under drift was noted if the actual position of the SLDMB was located ahead of the highest probability area in the direction of drift while an over drift occurred if the SLDMB position was behind the highest probability area in the direction of drift. The researcher stratified the results after running each case through SAROPS using each environmental current product available in the case area of interest. (Due to the model availability and domain, not all models are used in every case.)


According to the WWRP/WGNE Joint Working Group on Verification (2008), “stratifying the samples into quasi-homogeneous subsets (by season, by geographical region, by intensity of the observations, etc.) helps to tease out forecast behavior in particular regimes” (p. 6).  Furthermore, Stanski et al. (1989) defined external stratification as the “stratification by selection rules that are independent of the element being verified” (p. 2). Therefore, the researcher externally stratified the dataset by regions, seasons, and environmental current product. Though SAROPS can be utilized world wide if necessary, the scope of this study was limited to the North Atlantic Ocean and the Caribbean. The researcher stratified the area into four regions (Figure 3.3): the North Atlantic Ocean (Region A), Southern Part of the North Atlantic Ocean and the Florida Straits (Region C), Gulf of Mexico (Region E) and Caribbean and Lesser Antilles (Region F). 
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Figure 3.1. Regions of interest. 

The North Atlantic Ocean from Nova Scotia to North Carolina and east to the Canary Islands of Spain made up the first region, Region A.  The main currents in Region A are the Gulf Stream, the Labrador Current, East Greenland Current, and the Canary current. These currents make up the northern portion of the subtropical gyre that rotates clockwise due to the combined effect of the trade winds, the prevailing westerlies, and the Coriolis effect. Carrying warm water northward, the Gulf Stream makes up the strong western boundary current found in this region.  The Gulf Stream begins in the vicinity of Cape Hatteras, NC. As it leaves the coast of the United States, its position changes in space and time (Frankignoul et al., 2001). It shifts north in the fall and south in the winter and early spring (Frankignoul et al.). Only 31 to 47 miles wide and one mile deep, the Gulf Stream flows from two to six miles per hour, reaching a maximum speed at 55(W and is the fastest current in the world ocean (Thurman & Trujillo, 2004). The Gulf Stream transports more water in fall and a minimum amount in the spring (Frankignoul et al.). Figure 3.2 is an image of the Gulf Stream as represented by the MGSVA.
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Figure 3.2. The Gulf Stream as represented by the MGSVA

Many SAR cases in this region occur along the coast of the United States, off of George’s Banks and along the track lines from Bermuda to ports in the United States. 


The second region, Region C, is comprised of the North Atlantic Ocean from North Carolina to the Florida Straits east to Africa.  The main current in this region is the Florida Current, which makes up the southern portion of the Gulf Stream.  The Florida Current begins roughly in the Yucatan Pass west of Cuba, continues along the Florida Keys close to shore, following along the East Coast of the United States, and joining the Gulf Stream in the vicinity of Cape Hatteras, NC. The Caribbean Current and the Antilles Current feed the Florida Current (Thurman & Trujillo, 2004).  Upon reaching the southern tip of Florida, the western boundary of the Florida Current and the Gulf Stream migrate closer to and farther away from shore while the eastern boundary is more difficult to identify due to changing water masses (Bang, et al., 2007). Niiler and Richardson (1973) noted a mean transport of 30 Sv with seasonal and interannual variability. Figure 3.3 is an illustration of the Florida Current as represented by the MGSVA. It clearly shows the northerly flow of the Florida Current off the east coast of Florida. The majority of SAR cases in this region occur along the coast of the United States, north of Cuba and the Bahamas due to high commercial and recreational boating traffic as well as the high volume of Cuban Nationals who seek to reach the United States on substandard and unsafe vessels. Of particular concern are the SAR cases that occur in the Florida Current due to the strong northerly flow in the axis and the weaker flow or countercurrents at the margins. Due to the various currents and possible uncertainty in position, the search area becomes rather large in a very small time period.  
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Figure 3.3. The MGSVA of the Florida Current. 

Region E makes up the third region and is comprised of the entire Gulf of Mexico.  The Gulf of Mexico reaches a maximum depth of 11,800 feet, and is connected to the Caribbean Sea by the Yucatan Strait and connected with the Atlantic Ocean by the Straits of Florida. In the southern portion of the Gulf of Mexico, the Caribbean Current passes through the Yucatan Strait and loops clockwise into the Straits of Florida. The loop current feeds the Florida Current in the Florida Straits.  Consequently, the circulation in the Gulf of Mexico generally flows clockwise with the Loop Current making up the significant feature in the region. Near shore, however, the flow tends to be in the counterclockwise direction (Figure 3.4). 
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Figure 3.4 The MGSVA of the Gulf Stream. 

The majority of SAR cases in this area occur along the coasts of the United States and Mexico. SAR cases that occur west of St Petersburg, FL are of particular concern due to the varying eddies that exist to the east of the Loop Current.


The last region, Region F, is composed of the Caribbean Sea and the Antilles, including the eastern tip of Cuba and areas north of Haiti and the Dominican Republic. The Caribbean Sea is divided into four major basins: the Venezuela, Columbia, Cayman, and Yucatan basins, which reach depths in excess of 13,000 feet (Thurman & Trujillo, 2004). The Guiana Current, representing a part of the South Equatorial Current, passes into the Caribbean Sea and becomes the Caribbean current. This current continues west along the Venezuelan coast and turns north to pass through the Yucatan Strait.  While currents are generally westward in the Caribbean, currents in the Columbia Basin flow counterclockwise (Figure 3.5) (Thurman & Trujillo). Velocities in the Caribbean Current can reach 2.8 miles per hour; but typically the surface velocities are less than 1.5 miles per hour (Thurman & Trujillo). 


Along the northern coast of Puerto Rico, the Dominican Republic, and Haiti, the southern portion of the Antilles Current moves westward, eventually connecting to the Florida Current. Figure 3.5 illustrates the flow of the warm water into the Caribbean from the Guiana Current as well as the flow of this warm water into the Gulf of Mexico and north of Cuba. Many SAR cases in this region occur to the west of Puerto Rico in the Mona Passage and along the coast of Puerto Rico where there is high boating traffic as well as migratory activity. Williams (1986) reported a general southerly transport through the Mona Pass and cyclonic eddies once drifting buoys entered the Caribbean Sea. High boating traffic is also responsible for SAR cases that occur in the vicinity of the U.S and British Virgin Islands as well as off the coast of the Yucatan Peninsula.
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Figure 3.5 The Caribbean current as represented by the MGSVA. 

The dataset for this research also was stratified by season. The Spring season includes the months of March, April and May (MAM); the Summer season includes the months of June, July, and August (JJA); the Fall season includes the months of September, October, November (SON); and the Winter season includes the months of December, January, and February (DJF). Since the number of SLDMBs deployed in each region are different due to the dependence on actual SAR cases or exercises, externally stratifying the dataset serves to unmask variations in the forecast performance over regions and seasons and to avoid bias toward the most commonly sampled regions (Stanski et al., 1989). 

3.3.4 Sources of Uncertainty


While every precaution was taken to reduce the uncertainty, sources of error, though small, may continue to persist. According to the WWRP/WGNE Joint Working Group on Verification (2008), “sources of uncertainty include random and bias errors in the measurements themselves, sampling error and other errors of representativeness, and analysis error when the observational data are analyzed or otherwise altered to match the scale of the forecast” (p. 6). In this study, sources of uncertainty may exist in SLDMB positions since GPS is known to have an error of 3 to 5 meters (GPS, 2009). For each data point, the researcher measured the discrepancy in position by hand, using a range and bearing function in ARCGIS. Some uncertainty may exist in these measurements, but they are smaller than 0.10 nautical miles. In either case it is not likely that these errors will alter the results of the study.  

Additionally, the researcher assumed that all of the SLDMBs were manufactured to specifications. Consequently, every SLDMB was assigned the same characteristics within SAROPS.  Due to variations in size and shape, it is possible that the SLDMBs may drift differently and therefore introduce an error. Most likely small, this error was listed as a limitation in this study and was not accounted for in the results since it is not possible to determine its magnitude. As mentioned earlier, no other sources of error were introduced in the SAROPS parameterizations with respect to position or time. The sources of uncertainty in this study were considered but were assumed to be much smaller than the expected error in the forecasts.

3.3.5 Forecast Verification Methods and Parametric Test for Significance
Forecast verification methods use continuous and categorical data to describe the performance of forecasts.  In this study, four verification methods are used to describe the effectiveness of the six environmental current products used in SAROPS.  Additionally, a paired sample t-test was used to test for significance between the independent means. 

The first verification method is the root mean square error, which measures overall accuracy. 

RMSE = [1/N ( (Fi - Oi )2]1/2





(3.1)

where N is the number of forecasts, Fi is the forecast, and Oi is the corresponding observation. In this study, Fi minus Oi is the discrepancy in the location of the SLDMB and the closest high probability area. The RMSE is an average magnitude of errors weighted according to the square of the error (Stanski et al., 1989). In the SAR application where large errors are undesirable, this measure is more appropriate since it gives a greater weight to the larger errors (Stanski et al.).  From the RMSE, the researcher developed a skill score:

RMSE Skill Score (%)  = RMSEModel – RMSEClimatology  x 100
(3.2)





              0 - RMSEClimatology
where the RMSEModel is the error for the environmental data product, RMSEClimatology is the error using the MGSVA, and 0 is the error for a perfect forecast (J. Strack, personal communication, 27 Jan 2009).
Categorical statistics are used to describe aspects of forecast performance (WWRP/WGNE, 2008). They are typically based upon a contingency table consisting of hits, misses, false alarms, and correct negatives.  In this study, the SAROPS contingency diagram consists of perfect drifts, hits, misses, under drifts, and over drifts, and are defined in Section 3.3.3. The case of an under drift and miss is the most dangerous case because the resultant positions of the recommended search areas will be behind the search object. Furthermore, the search object does not have a chance at drifting into the search area and may be missed completely. Measures of accuracy, hit rate and bias are used to describe aspects of the environmental model’s performance.

The second measure of accuracy or fraction perfect is used to determine the fraction of the forecasts that were correct; that is, the fraction of the actual positions of the SLDMB that fell within the highest probability areas (WWRP/WGNE, 2008). 

Accuracy (Fraction perfect) =    # of Perfect Drifts


(3.3) 






Total Number of drifts

The third measure used in this study is the hit rate. Traditionally, the hit rate, refers to the fraction of the observed yes events that were correctly forecast.  In this study, the hit rate refers to the fraction of hits plus perfect drifts that were correctly forecast.



Hit Rate = # of Perfect Drifts + # of Hits
  

(3.4)






Total Number of Drifts

Typically, the bias score or frequency bias measures the ratio of the frequency of forecast events to the frequency of observed events (WWRP/WGNE, 2008). In this study, the fourth measure used is a bias score, which refers to the fraction of under drifts or fraction of over drifts. 



Bias Score = # of Under Drifts or # of Over Drifts

(3.5)




    
     Total Number of Drifts

The three categorical statistics mentioned above serve to identify the overall performance of each model and quantify a model’s tendency to either under drift or over drift the search object. 


Continuous and categorical statistics are proven methods to describe the performance of various numerical weather prediction models (Stanski et al., 1989). The performance of a model cannot be described by just one method. Often, several methods are used depending upon the type of model and data to be analyzed. In this study, the researcher chose an RMSE skill score, fraction perfect, hit rate, and bias score to describe the effectiveness and skill of each environmental current product available to SAR controllers through SAROPS on the East Coast of the United States.


A paired sample/two tailed t –test was used to test for significance between the environmental current model dataset and the MGSVA dataset at the 3-hour time step and the 12 hour time step. The following equations describe the paired sample t-test:



∆ = x1 – x2






(3.6)

where ∆ is the sample statistic;



∆ (Mean) = 1/n ∑ ∆i =  x1 (Mean)– x2 (Mean)

(3.7)

where ∆ (Mean) is the sample mean;



µ∆ = µ1 - µ2






(3.8)

where µ∆  is the corresponding population mean; and


z = ∆(Mean) - µ∆ 





(3.9)

       

         (s2∆/n)1/2
where z is the resultant test statistic and s2∆ is the sample variance of the n differences (Wilks, 2006).  In this test, the null hypothesis is that the difference in the means are not significant. For all cases, the null hypothesis is rejected if the probability of the test statistic, p, is less than or equal to the 5% test level. More specifically, a high value of p beyond the 5% test level indicates that there is not a significant difference between the environmental current product and MGSVA. The following is an example of the tables included in this research to describe the results of the t-test:

Table 3.2.

A Sample Paired Sample t-Test Table.

	All Regions and All Seasons

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	180
	-0.090
	-0.938
	-0.554
	-1.548
	0.580
	0.123

	AGG
	183
	-0.575
	-2.332
	-3.962
	-4.064
	<0.0001
	<0.0001


The number of samples, the mean difference at two time steps, the observed t-values and the p values are given for each environmental current product. In this sample table the differences between the HYCOM model dataset and the MGSVA dataset at both time steps are not significant because the p value is greater than 0.05. Conversely, the differences between the AGG model dataset and the MGSVA dataset at both time steps are significant because the p value is less than 0.05.  
3.4 Chapter Summary

The theoretical framework for this study is based upon a repeated-measures experimental design and four forecast verification methods. Each SLDMB-derived case was repeatedly run through SAROPS using standard parameterizations, a standard environmental wind product, and seven different sources of ocean currents.  After stratifying the data by four regions, four consecutive seasons, and seven environmental current products, the researcher used four forecast verification methods to describe the performance of each environmental current product. Finally, a paired sample t-test of independent means was used to test for significant results.

Chapter 4: Results
The primary goal of this study was to evaluate the skill of each environmental current product available within SAROPS as compared to the Mariano Global Surface Analysis Data File (MGSVA) in an effort to better identify datum. This chapter begins with the skill of each environmental model as described by the RMSE skill score.  The second section addresses the accuracy and hit rate of each environmental current product.  The final section addresses the bias associated with each environmental current product. 
4.1 Environmental Current Product Skill

4.1.1 Root Mean Square Error Skill Score (RMSE)

Several different measures of skill can be used to quantify the abilities of the environmental current products within SAROPS. The RMSE skill score is an overall measure of accuracy through the analysis of the average magnitude of errors weighted according to the square of the error (Stanski et al., 1989).  The researcher first analyzed the entire dataset, then stratified the data by region, by season, and finally by region and season. In all cases, paired sample t-tests of independent means were conducted at 3 hours and 12 hours to test for significant differences between each paired dataset. Small values of p indicate that the differences in the datasets are not a result of chance but are significantly different. According to the SAROPS Handbook (2007), ADCIRC should only be used near shore and in inland waterways.  As a result, ADCIRC cases occurring within 12nm from shore are depicted separately and labeled as ADCIRC 12.

The entire data set is comprised of 183 cases. Over all regions and seasons, three environmental current products stood out with significant improvements in skill over the MGSVA. Figure 4.1a depicts the RMSE and Figure 4.1b depicts the resulting RMSE skill score for each environmental data product over a 24-hour period. Table 4.1 presents the corresponding results of the paired sample t-tests. Though the RMSE errors increased over time for all products, NCOM and AGG showed the lowest RMSE. Similarly, the skill scores showed that the NCOM and AGG environmental current products consistently performed 25% better than the MGSVA over all regions and seasons. 

ADCIRC showed 30% less skill than MGSVA. Though FNMOC and HYCOM showed some improvement over MGSVA and ADCIRC 12’s skill fell below MGSVA, the differences were not statistically significant (Table 4.1). However, ADCIRC 12 showed significant improvement over ADCIRC, confirming that ADCIRC should only be used inland and close to shore.
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Figure 4.1a
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Figure 4.1b

Figure 4.1(a-b). RMSE Skill Score and RMSE for each environmental data product over all regions and all seasons.

Table 4.1

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis—All Regions and All Seasons
	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	All Regions and All Seasons

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	180
	-0.090
	-0.938
	-0.554
	-1.548
	0.580
	0.123

	AGG
	183
	-0.575
	-2.332
	-3.962
	-4.064
	<0.0001
	<0.0001

	NCOM
	183
	-0.539
	-2.231
	-4.443
	-4.605
	<0.0001
	< 0.0001

	FNMOC
	91
	-0.153
	-1.195
	-0.564
	-1.142
	0.574
	0.257

	ADCIRC
	179
	0.359
	1.648
	2.266
	2.549
	0.025
	0.012

	ADCIRC 12
	40
	-0.127
	-0.316
	-0.636
	-0.399
	0.528
	0.692


Different regions in this study have unique ocean current characteristics. For example, Region C is dominated by the Florida Current where most cases occur within the Florida Current or to the west of the Florida Current (see Appendix D for locations of cases). Therefore, certain environmental current products may resolve the Florida Current and associated countercurrents along the shore better than others. Because of this, the researcher initially stratified the data by region and over all seasons. Figures 4.2 through 4.5 illustrate the results by plotting the RMSE skill score for each region.  Tables 4.2 through 4.5 list the results of each paired sample t-test. 

In Region A, AGG and FNMOC showed a consistent improvement over MGSVA (Figure 4.2a). AGG showed a 15% to 18% improvement while FNMOC showed an 18% to 20% improvement. FNMOC’s improvement was only significant after 12 hours (Table 4.2).  The remainder of the models did not produce significant results in this region. 

[image: image14.png]RMSE SS (%)

RMSE Skill Score - Region A/All Seasons

30.00%
20.00% Wzﬁ%‘
10.00% /.
0.00% T T T T T 1

% 3 6 9 12 15 18 24
000 T « N L ‘ - n
-20.00%
-30.00%
-40.00%

Time (Hours)
—e—HYCOM Skill Score —m-AGG RMSE Skill Score
—+—NCOM Skill Score ——FNMOC Skill Score

—+#=ADCIRC Skill Score =0—-ADCIRC (12nm) Skill Score





Figure 4.2. RMSE skill score for Region A.

Table 4.2

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis—Region A

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	All Seasons – Region A

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	39
	0.500
	1.345
	1.103
	0.773
	0.277
	0.444

	AGG
	40
	0.79
	2.085
	-2.306
	-2.255
	0.027
	0.030

	NCOM
	40
	-0.503
	-1.990
	-1.472
	-1.301
	0.149
	0.201

	FNMOC
	31
	-0.468
	-2.642
	-1.728
	-2.409
	0.095
	0.023

	ADCIRC
	38
	-0.322
	-0.623
	-0.987
	-0.459
	0.330
	0.649

	ADCIRC 12
	7
	-0.417
	-0.720
	-1.635
	-0.406
	0.153
	0.699


Unique to Region C is the FLDA model. In this region (Figure 4.3), FLDA was the top performer with a consistent 50% to 58% improvement in skill over MGSVA. NCOM and AGG consistently showed a 30% improvement, and HYCOM showed an 18% to 20% improvement in skill. HYCOM’s improvement in skill was only significant after 12 hours.  FNMOC did not show significant skill over MGSVA, while ADCIRC fell short with a 40% to 60% decline in skill. FLDA’s performance over the other models could be attributed to its high resolution. In this region, monthly mean data with high resolution outperformed model forecast data. Since a regional data set like FLDA was not available in other regions, it was not possible determine whether these results are unique to this region or if similar results could be assumed in other regions.
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Figure 4.3. RMSE skill score for Region C.

Table 4.3

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis—Region C

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	All Seasons – Region C

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	52
	-0.825
	-3.841
	-1.912
	-2.386
	0.061
	0.021

	AGG
	52
	-0.844
	-3.966
	-3.156
	-3.808
	0.003
	0.000

	NCOM
	52
	-0.850
	-3.966
	-3.183
	-3.802
	0.002
	0.000

	FNMOC
	48
	0.142
	0.027
	0.313
	0.016
	0.756
	0.987

	FLDA
	41
	-1.520
	-6.980
	-3.167
	-3.990
	0.003
	0.000

	ADCIRC
	53
	1.589
	6.489
	4.724
	5.241
	0.0001
	0.0001

	ADCIRC 12
	7
	0.164
	2.813
	0.195
	1.280
	0.852
	0.248


The entire Gulf Stream made up Region E. Environmental current products available in this area were HYCOM, NCOM, AGG, and ADCIRC. AGG showed a 25% improved skill at 3 hours (Figure 4.4 and Table 4.4).  The skill slowly declined over the 24-hour period but remained significant. All other model results were not significant.
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Figure 4.4. RMSE skill score for Region E.

Table 4.4

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis—Region E

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	All Seasons – Region E

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	40
	-0.174
	-0.853
	-1.205
	-1.548
	0.236
	0.130

	AGG
	40
	-0.313
	-1.801
	-2.229
	-3.591
	0.032
	0.001

	NCOM
	40
	-0.265
	-0.704
	1.970
	-1.277
	0.056
	0.209

	ADCIRC
	39
	0.113
	0.149
	0.367
	0.142
	0.715
	0.888

	ADCIRC 12
	4
	-0.220
	-2.730
	-2.885
	-1.660
	0.063
	0.195


The Caribbean, Puerto Rico, and Greater and Lesser Antilles made up Region F. NCOM and AGG showed a 25% to 35% significant improvement in skill over the 24- hour period (Figure 4.5 and Table 4.5). FNMOC also showed significant improvement after 12 hours.  The skill of HYCOM, ADCIRC, and ADCIRC 12 was not significant in this region. 

[image: image17.png]RMSE SS (%)

RMSE Skill Score - Region F/All Seasons

40.00%
30.00% —W
o E?AR-R
10.00% _— : *%7
0.00% - T T : T T 1
-10.00% / 9 12 15 18 21 24
-20.00%
000 L
Time (Hours)
——HYCOM Skill Score —8-AGG RMSE Skill Score
—4—NCOM Skill Score ——FNMOC Skill Score

—#ADCIRC Skill Score ~@—-ADCIRC (12nm) Skill Score





Figure 4.5. RMSE skill score for Region F.

Table 4.5

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis—Region F

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	All Seasons – Region F

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	46
	0.349
	0.161
	1.933
	0.227
	0.060
	0.821

	AGG
	46
	-0.475
	-1.879
	-4.103
	-3.706
	0.000
	0.001

	NCOM
	46
	-0.441
	-1.634
	-3.736
	-3.048
	0.001
	0.004

	FNMOC
	9
	-0.646
	-3.880
	-2.076
	-3.316
	0.072
	0.011

	ADCIRC
	46
	-0.198
	-0.458
	-1.279
	-0.679
	0.207
	0.501

	ADCIRC 12
	19
	-0.277
	-1.105
	-1.155
	-1.048
	0.263
	0.308


The dataset was also stratified by season and included all regions. Figures 4.6 through 4.10 illustrate the RMSE skill score for each environmental current product for each season, and Tables 4.6 through 4.10 show the corresponding paired sample t-test results. During spring (MAM) 2008, FNMOC and ADCIRC showed significant differences in skill after 12 hours. All other models did not show statistically significant results which could be due to the small number of the cases during this season  (Appendix D). 
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Figure 4.6. RMSE skill score of MAM and over all regions.

Table 4.6

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, MAM—All Regions

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	MAM – All Regions

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	14
	-0.456
	-1.213
	-1.046
	-0.642
	0.313
	0.531

	AGG
	14
	-0.271
	-0.850
	-1.248
	-1.076
	0.232
	0.300

	NCOM
	14
	-0.269
	-0.790
	-1.295
	-0.904
	0.216
	0.381

	FNMOC
	4
	0.483
	-4.807
	0.618
	-9.359
	0.599
	0.011

	ADCIRC
	14
	0.776
	3.490
	1.978
	2.235
	0.068
	0.042


During summer (JJA) 2008 (Figure 4.7 and Table 4.7), NCOM and AGG showed the most improvement in skill (35% to 40%) over the entire 24 hours. HYCOM’s improvement was not consistently significant over the entire period. The ADCIRC model showed a 30% decrease in skill compared to the MGSVA, while FNMOC and ADCIRC 12 skill scores were not statistically significant. 
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Figure 4.7. RMSE skill score for JJA and over all regions.

Table 4.7

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, JJA—All Regions

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	JJA – All Regions

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	39
	-0.513
	-4.288
	-0.908
	-2.058
	0.370
	0.047

	AGG
	40
	-1.283
	-6.031
	-2.774
	-3.519
	0.009
	0.001

	NCOM
	40
	-1.228
	-5.903
	-2.743
	-3.380
	0.009
	0.002

	FNMOC
	30
	-0.147
	-1.355
	-0.222
	-0.552
	0.826
	0.586

	ADCIRC
	39
	1.047
	4.615
	3.567
	3.749
	0.001
	0.001

	ADCIRC 12
	11
	1.048
	1.133
	3.687
	0.795
	0.004
	0.445


During fall (SON) 2008 (Figure 4.8 and Table 4.8), NCOM and AGG showed significant improvement in skill (15% to 20%) over MGSVA. While other model’s skills were not statistically significant, ADCIRC 12 showed a 30% to 42% improvement in skill over the 24-hour period.  
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Figure 4.8. RMSE skill score for SON and over all regions.

Table 4.8

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, SON—All Regions

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	SON – All Regions

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	58
	0.245
	0.103
	0.944
	0.121
	0.349
	0.904

	AGG
	61
	-0.427
	-2.086
	-2.498
	-3.529
	0.015
	0.001

	NCOM
	61
	-0.448
	-1.949
	-1.973
	-2.227
	0.053
	0.030

	FNMOC
	23
	0.019
	-0.171
	0.065
	-0.162
	0.949
	0.873

	ADCIRC
	60
	0.114
	0.318
	0.482
	0.365
	0.632
	0.717

	ADCIRC 12
	15
	-0.863
	-3.511
	-2.376
	-3.352
	0.034
	0.005


Finally, during winter (DJF) 2008-2009 (Figure 4.9 and Table 4.9), NCOM and AGG showed a 15% increase in skill over MGSVA at 3 hours.  This skill slowly eroded over time to 5% and was not significant at 12 hours. The HYCOM, FNMOC, and ADCIRC model results were not statistically significant.  
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Figure 4.9.  The RMSE skill score for DJF over all regions.

Table 4.9

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, DJF—All Regions

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	DJF – All Regions

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	68
	-0.039
	0.150
	-0.256
	0.264
	0.799
	0.793

	AGG
	67
	-0.338
	-0.658
	-2.005
	-1.237
	0.049
	0.220

	NCOM
	67
	-0.278
	-0.596
	-2.175
	-0.821
	0.033
	0.415

	FNMOC
	35
	-0.151
	-1.109
	-0.947
	-1.587
	0.350
	0.122

	ADCIRC
	65
	0.092
	0.686
	0.286
	0.525
	0.776
	0.602

	ADCIRC 12
	14
	-0.207
	-0.320
	-1.196
	-0.325
	0.255
	0.751


The researcher stratified the dataset by region and season. Upon accomplishing this, many of the datasets became too small to yield significant results. The spring (MAM) dataset for all regions is one example of this. However, significant results are listed below.  During the summer (JJA) in Region A, NCOM and AGG showed 27% to 35% more skill than the MGSVA while other results were not statistically significant (Figure 4.10 and Table 4.10). 
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Figure 4.10.  Summer (JJA) RMSE skill scores in Region A

Table 4.10

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region A—JJA 

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region A – JJA

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	8
	2.661
	6.697
	2.224
	1.534
	0.068
	0.176

	AGG
	8
	-2.066
	-8.476
	-2.935
	-2.815
	0.026
	0.031

	NCOM
	8
	-1.887
	-8.349
	-2.675
	-2.740
	0.037
	0.034

	FNMOC
	8
	-0.220
	-3.433
	-0.276
	-0.943
	0.792
	0.382

	ADCIRC
	8
	0.947
	3.983
	0.947
	0.807
	0.440
	0.450


In Region C (JJA), FLDA, HYCOM, AGG, and NCOM showed improved skill over the MGSVA (Figure 4.11 and Table 4.11). FLDA exhibited the greatest improvement in skill (63% to 76%).  If FLDA was not available, HYCOM was the most skillful model. ADCIRC and ADCIRC 12 showed the least skill in Region C (JJA). Similar to Region A, FNMOC was available but the results were not significant.  Region E (JJA) and Region F (JJA) did not yield any significant results. 
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Figure 4.11. Summer (JJA) RMSE skill scores in Region C. 

Table 4.11

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region C—JJA

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region C – JJA

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	19
	-1.918
	-8.918
	-2.285
	-2.745
	0.035
	0.014

	AGG
	19
	-1.439
	-6.991
	-2.804
	-3.397
	0.012
	0.003

	NCOM
	19
	-1.480
	-6.895
	-2.885
	-3.388
	0.010
	0.004

	FLDA
	14
	-2.598
	-11.967
	-2.012
	-2.647
	0.067
	0.021

	FNMOC
	19
	-0.298
	-1.215
	-1.119
	-1.087
	0.279
	0.292

	ADCIRC
	19
	1.466
	6.212
	3.765
	4.111
	0.002
	0.001

	ADCIRC 12
	6
	1.430
	5.800
	8.390
	3.799
	0.001
	0.019


During fall 2008 (SON), Regions A, C, and F showed significant results at 3 and 12 hours. In Region A, FNMOC and ADCIRC exhibited improved skill over the MGSVA (Figure 4.12 and Table 4.12). FNMOC’s improvement in skill was significant after 12 hours. In this region and season, the majority of the cases either occurred offshore outside the Gulf Stream or very close to shore.  Therefore, it is not surprising that ADCIRC showed significant results. The remaining models, though present in many cases, did not show significant results. 
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Figure 4.12.  Fall (SON) RMSE skill scores in Region A.

Table 4.12

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region A—SON

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region A – SON

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	13
	0.587
	1.098
	0.996
	0.589
	0.341
	0.568

	AGG
	15
	0.067
	-1.568
	0.150
	-1.135
	0.883
	0.277

	NCOM
	15
	0.008
	-4.187
	0.015
	-1.583
	0.988
	0.139

	FNMOC
	6
	-0.916
	-4.158
	-2.527
	-2.986
	0.065
	0.041

	ADCIRC
	15
	-0.724
	-3.257
	-2.216
	-2.647
	0.045
	0.020


In Region C, FLDA showed the most improved skill (42% to 48%) over MGSVA (Figure 4.13 and Table 4.13). NCOM and AGG also showed increased skill that was significant after 12 hours. FNMOC exhibited reduced skill (at times below -100%) while ADCIRC also exhibited 50% to 61% reduced skill after 12 hours. HYCOM, though available in Region C, did not show significant results. These results are not surprising as the majority of cases in this region and season occurred in the Florida Current. Therefore, if FLDA is not available, NCOM/AGG are the preferred models to use.  
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Figure 4.13. Fall (SON) RMSE skill scores in Region C.

Table 4.13

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region C—SON

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region C – SON

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	13
	0.072
	-0.237
	0.089
	-0.080
	0.931
	0.938

	AGG
	14
	-0.898
	-3.735
	-1.843
	-2.420
	0.090
	0.032

	NCOM
	14
	-0.868
	-3.611
	-1.740
	-2.348
	0.107
	0.037

	FLDA
	11
	-1.010
	-4.999
	-3.101
	-4.077
	0.010
	0.002

	FNMOC
	13
	1.091
	4.392
	3.111
	5.029
	0.012
	0.001

	ADCIRC
	15
	1.247
	5.225
	2.016
	2.662
	0.067
	0.021


In Region F during SON, the FNMOC model showed a 67% to 78% improvement in skill over MGSVA that was significant after 12 hours (Figure 4.14 and Table 4.14). NCOM and AGG also showed improvement in skill. ADCIRC 12’s improvement in skill was significant up to 12 hours. HYCOM’s skill was not statistically significant.  Therefore, in this region and season, FNMOC, if available, is an appropriate model to use. If it is not available, NCOM/AGG should be used.
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Figure 4.14. Fall (SON) RMSE skill scores for Region F. 

Table 4.14

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region F—SON

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region F – SON

	Paired Sample t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	19
	0.386
	0.595
	1.145
	0.732
	0.268
	0.474

	AGG
	19
	-0.555
	-1.650
	-3.852
	-2.389
	0.001
	0.029

	NCOM
	19
	-0.525
	-1.498
	-3.428
	-2.172
	0.003
	0.044

	FNMOC
	6
	-0.864
	-3.810
	-2.339
	-4.083
	0.079
	0.015

	ADCIRC
	19
	-0.455
	-1.714
	-1.972
	-1.837
	0.065
	0.084

	ADCIRC 12
	9
	-5.444
	-1.869
	-3.206
	-1.210
	0.015
	0.266


The winter encompassed the months December 2008, January 2009, and February 2009. Region E was the only region that yielded significant results (Figure 4.15 and Table 4.15). In this region, HYCOM showed significant improvement in skill after 12 hours. AGG and NCOM also showed significant results through 12 hours. Their skill, however, declined steadily after 9 hours. ADCIRC’s results were not significant. 
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Figure 4.15. Winter (DJF) RMSE skill scores for Region E.

Table 4.15

Comparison of Environmental Current Products with the Mariano Global Surface Velocity Analysis, Region E—DJF

	Comparison of Environment Current Products with the 

Mariano Global Surface Velocity Analysis

	Region E – DJF

	Paired Samples t-Tests (p < 0.05)

	Environmental Current Products
	N
	Difference (nm)
	t-value (observed)
	Significance

	
	
	3 hrs
	12 hrs
	3 hrs
	12 hrs
	3 hrs
	12 hrs

	HYCOM
	17
	-0.596
	-1.757
	-2.810
	-2.243
	0.374
	0.039

	AGG
	17
	-0.572
	-1.826
	-2.827
	-2.485
	0.012
	0.024

	NCOM
	17
	-0.529
	-1.841
	-2.744
	-2.175
	0.014
	0.044

	ADCIRC
	17
	-0.076
	-0.406
	-0.374
	-0.464
	0.713
	0.648


4.1.2 Accuracy and Hit Rate

A measure of accuracy was the second method used in this study.  Accuracy is defined as the percentage of perfect drifts for each model.  A perfect drift is one where the actual position of the SLDMB fell within the highest probability area. Along with accuracy, it is also useful to know the hit rate. In this study, the hit rate is defined as the percentage of drifts where the actual position of the SLDMB fell anywhere within the probability density area. When the search object is included within the probability density area, there is a chance that search assets will locate the search object.  If the search object is not included within the probability density area, the chance that search assets will look for the search object decreases significantly. Therefore, it is not only important to determine drift accuracy but also to measure how often the model includes the search object within the probability distribution grid.
When the entire dataset was considered for each environmental current product, NCOM and AGG were the most accurate products and had the highest hit rate over the 24-hour period (Figure 4.16[a-d]). For all environmental current products, the hit rate decreased over time, which was expected due to the chaotic nature of the environment (Figure 4.16c). HYCOM did not have as many perfect drifts but consistently included the search object (Figures 4.16b and 4.16d). When all model runs were included, ADCIRC 12 showed a higher accuracy and hit rate than ADCIRC, again confirming that this model should only be used close to shore or in inland waters (Figure 4.16d).
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Figure 4.16a




Figure 4.16b
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Figure 4.16c




Figure 4.16d

Figure 4.16(a-d). Accuracy and hit rate for all regions and all seasons. 
After stratifying the data by region, Region E and Region F exhibited the greatest number of perfect drifts over the entire dataset. This was expected since the models in this region do not have to contend with the Florida Current or the Gulf Stream. In Region A, ADCIRC 12 showed the highest percentage of perfect drifts (Figure 4.17).  When considering all cases, AGG, NCOM, FNMOC and ADCIRC were all within 2% of each other in Region A; however, NCOM was most consistent over all time steps. 
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Figure 4.17. Accuracy – The percentage of perfect drifts in Region A.

In Region C, FLDA showed the greatest percentage of perfect drifts followed by the NCOM model (Figure 4.18). Again, a regional model based on monthly mean data outperformed every other model for cases occurring in the Florida Current.  
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Figure 4.18. Accuracy – The percentage of perfect drifts in Region C.

In Region E, NCOM, AGG, and ADCIRC 12 showed the greatest percentage of perfect drifts (Figure 4.19). 
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Figure 4.19. Accuracy – The percentage of perfect drifts in Region E.

In Region F, FNMOC showed the largest percentage of perfect drifts followed by AGG and NCOM (Figure 4.20).
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Figure 4.20. Accuracy – The percentage of perfect drifts in Region F.

The total hit rate for all models in Region A was over 50% (Figure 4.21b). 

ADCIRC 12 and FNMOC remained the most consistent over 24 hours, while HYCOM’s hit rate decreased with time (Figure 4.21a). 
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Figure 4.21a
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Figure 4.21b

Figure 4.21(a-b). The hit rate for Region A.
In Region C, FLDA exhibited the highest hit rate (75.6%) with HYCOM, AGG, and NCOM following (53% to 57%) (Figure 4.22b).  In this region, FLDA did the best job in accurately predicting the magnitude of the current vectors and the placement of the Florida Current. In general, the hit rate for all environmental current models in this region decreased with time (Figure 4.22a). 
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Figure 4.22a
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Figure 4.22b

Figure 4.22(a-b). The hit rate for Region C

In Region E, ADCIRC 12 had a 100% hit rate for cases within 12nm of land.  With only five cases for ADCIRC 12 and over 40 for others, this may not be a representative sample. When all cases were included, HYCOM maintained the highest hit rate over 24 hours (Figure 4.23b). NCOM, AGG, and MARIANO maintained a greater than 90% hit rate for up to 12 hours (Figure 4.23a). After 12 hours, however, the hit rate began to decrease rapidly while HYCOM’s hit rate improved (Figure 4.23a). 
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Figure 4.23a
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Figure 4.23b

Figure 4.23(a-b). The hit rate for Region E.

Unlike the other regions, all environmental current products in Region F exhibited a greater than 70% hit rate, with FNMOC, AGG and NCOM showing the highest percentages (Figure 4.24b).  Additionally, all products with the exception of MARIANO, maintained a consistent percentage over the 24-hour period (Figure 4.24a). 
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Figure 4.24a
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Figure 4.24b

Figure 4.24(a-b). The hit rate for Region F.

A seasonal view of the data showed that in MAM and JJA, the FLDA model (only available in Region C) was the most accurate model (Figures 4.25a and 4.25b). In all other regions during MAM, the NCOM model maintained 10% perfect drifts (Figures 4.25a-d). In SON, when close to shore, ADCIRC 12 was the most accurate (Figure 4.25c). Elsewhere, NCOM, AGG and FNMOC maintained 10% perfect drifts. During the winter (DJF), NCOM’s and AGG’s accuracy exceeded all other models by 4% (Figure 4.25d). HYCOM maintained only 2% to 8% perfect drifts during all seasons.
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Figure 4.25a




Figure 4.25b
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Figure 4.25c




Figure 4.25d

Figure 4.25(a-d). The probability of perfect drifts, accuracy, for each environmental current product over each season. 

Similar to the accuracy rate, FLDA maintained a high hit rate in MAM and JJA (Figures 4.26b and 4.27b).  With the exception of FNMOC, all other models maintained a 60% hit rate during MAM. Unlike the other models, HYCOM’s hit rate improved over time (Figure 4.26a).  
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Figure 4.26a
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Figure 4.26b

Figure 4.26(a-b). The hit rate for MAM.
During the summer and outside of Region C, HYCOM, NCOM, and AGG had the highest hit rate (Figure 4.27b). Additionally, their hit rate remained constant over a 24-hour period (Figure 4.27a). 
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Figure 4.27a
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Figure 4.27b

Figure 4.27(a-b). The hit rate for JJA.

During the fall (SON) and close to shore, ADCIRC 12 consistently maintained greater than an 80% hit rate (Figure 4.28a and Figure 4.28b). Outside of 12nm and in Region C, FLDA had the highest hit rate. In all other regions, NCOM and AGG maintained a high hit rate (Figures 4.28a and 4.28b). The probabilty of detection for all models during SON decreased over the 24-hour period (Figure 4.28a). 
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Figure 4.28a
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Figure 4.28b

Figure 4.28(a-b). The hit rate for SON.

During the winter (DJF), all models, with the exception of FLDA, showed a greater than 70% hit rate (Figure 4.29b).  FLDA began with a 78% hit rate. After 24 hours, the hit rate decreased to less than 55% (Figure 4.29a). 
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Figure 4.29a
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Figure 4.29b

Figure 4.29(a-b). The hit rate for DJF. 

4.1.3 Bias Score

The fourth forecast verification method used in this study was the bias score (Equation 3.5). After calculating a drift, there were three possible outcomes. Given a set of parameterizations, SAROPS could under drift, over drift, or drift the SLDMB perfectly. The bias score is the measure of each frequency for each environmental current product. When every run was considered for each environmental current model, all environmental current products showed a tendency to under drift the SLDMB, with ADCIRC showing the highest probability (Figure 4.30). HYCOM showed the greatest tendency to over drift the SLDMB. Overall, the global models, HYCOM, NCOM and AGG, did a better job forecasting the magnitude of the currents when compared to MGSVA. 
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Figure 4.30. An illustration of the model bias for all regions and all seasons. The percentage of over drifts, perfect drifts, and under drifts are plotted for each environmental current product.  

After stratifying the dataset by region, Figure 4.31(a-d) showed that all models in all regions exhibited a tendency to under drift the SLDMB. In Region C, FLDA had the lowest percentage of under drifts and the highest percentage of over drifts and perfect drifts (Figure 4.31b).  Compared to MGSVA and other global models, FLDA did a better job of forecasting the magnitude of the current vectors. ADCIRC and ADCIRC 12 always under drifted the SLDMB (Figure 4.31b). The majority of the cases drifted with the ADCIRC, ADCIRC 12, and MARIANO products in Region E were under drifted (Figure 4.31c). Very few cases in this region were over drifted.  HYCOM over drifted the most at 34% (Figure 4.31c). Similar to other regions, all models in region F showed little tendency to over drift the SLDMB (Figure 4.31d). Similar to previous results, the currents were underestimated. When compared to MGSVA, HYCOM, NCOM, AGG, and FNMOC (Region F) did a better job at forecasting the magnitude of the current vectors. 
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Figure 4.31a




Figure 4.31b

[image: image59.png]100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Model Bias - Region E

“ Over Drift
W Perfect Drift
¥ Under Drift




[image: image60.png]100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Model Bias - Region F

17 A

12]
“ Over Drift

75,
W Perfect Drift
¥ Under Drift

N &
S F







Figure 4.31c




Figure 4.31d

Figure 4.31(a-d). An illustration of the model bias for each region. The percentage of over drifts, perfect drifts, and under drifts are plotted for each environemental current product. 

During each season, there is a tendency by every model to under drift the SLDMB (Figure 4.32[a-d]). The FLDA model maintains the largest percentage of over drifts as well as the lowest percentage of under drifts during JJA, SON, and DJF (Figure 4.32[b-d]).   During MAM, FNMOC has a tendency to under drift the SLDMB almost all of the time. During all seasons, the under drifts, over drifts, and perfect drifts in FLDA were more evenly distributed. Specifically, in SON, there were more over drifts than during the other seasons. The FLDA may be recognizing the tendency for the Gulf Stream to transport more water in fall than in spring with a larger magnitude in the current vectors causing more over drifts if the position of the Florida Current is not accurately predicted (Frankignoul et al., 2001).
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Figure 4.32a




Figure 4.32b
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Figure 4.32c




Figure 4.32d
Figure 4.32(a-d). An illustration of the model bias for each season. The percentage of over drifts, perfect drifts, and under drifts are plotted for each environemental current product. 

4.2 Chapter Summary

In this chapter, the results of forecast verification methods were presented for each environmental current product used within SAROPS along the East Coast of the United States. In the first section, the significant RMSE and RMSE skill score for each model was presented. In this section, the results of the entire dataset were presented. The dataset was then stratified by region, by season, and finally by region and season. In the second section, the accuracy and hit rate for each environmental current product were presented as a whole, by region, and by season. Likewise, in the last section, the model bias was presented for each environmental current product as a whole and stratified by region and by season. 
Chapter 5: Discussion and Conclusions
The final chapter of this thesis restates the research problem and reviews major methods used in this study. The major sections of this chapter summarize the results and discuss their implications. This chapter concludes with recommendations for future research. 

5.1 Statement of the Problem
More than one environmental current product is available within SAROPS for the SAR controllers to choose from when planning a SAR case. The number and types of environmental current products depends upon the location of the SAR case. The purpose of this study was to use forecast verification methods to identify the environmental current product in each region that maintains a high degree of skill. The primary research question for this study was: Given a set of parameterizations and a search object within SAROPS, which environmental current product maintains the best skill? Additional questions were:

· Should this same environmental product be used all year round or is there a seasonal fluctuation in the skill of the products?

· Do the results of the cases identify a tendency for the products to under drift or over drift the search object?

5.2 Review of the Methodology
The purpose of this study was to evaluate the effectiveness of six environmental current products used for SAR. SAROPS was used to create 24-hour cases from SLDMB data over one year (March 2008 – February 2009), access environmental current products that provide the forcing for the ensemble trajectory model within the SAROPS simulator, and create probability density maps for the SLDMB at 3-hour time steps for each environmental current product.  Seven environmental current products were used in this study: HYCOM, NCOM, AGG, FNMOC, FLDA, ADCIRC, and MARIANO. For each drift, the discrepancy between the actual position of the SLDMB and the closest highest probability area as well as whether the SAROPS under drifted, over drifted, or drifted the SLDMB perfectly was noted. The data was stratified by environmental current product, by region, by season and, in some cases, by region and season. The four regions in this study extended along the East Coast of the United States and include the Gulf of Mexico and Caribbean. With this information, four forecast verification methods were used to evaluate each model. They included the RMSE skill score, accuracy, hit rate, and model bias.  In the skill score, the MGSVA is used to represent climatology. Finally, paired sample t-tests at the 0.05 level of significance were used to test for significance in the results between each environmental current level dataset and the MGSVA dataset. 

5.3 Summary and Discussion of the Results

The first research question in this study addressed determining the environmental current product that maintained the best skill. The second research question in this study involved determining whether there was a seasonal fluctuation in this skill. The following conclusions can be made from this research and are depicted in detail in the Model Decision Matrix (Appendix E): 
· When all cases were considered, the NCOM model and the aggregated NCOM and ADCIRC product (AGG) maintained the best skill, were the most accurate, and had the highest hit rate. 
· ADCIRC should only be used inland and where tidal currents are the dominant feature. 

In almost all cases, the NCOM and AGG results were very close. This is not surprising since AGG is an aggregated product made up of NCOM and ADCIRC. Current guidance recommends that when a SAR case occurs “around the 100 fathom curve,” AGG should be used (USCG, 2007, p. 76). This study confirms this guidance and mirrors results viewed in Allen (2007) where the variances of ADCRIC 12 were smaller than the other models in this same region (Appendix A). 
· In Region A, NCOM and AGG maintained the highest skill score, accuracy, and hit rate.  Therefore, NCOM or AGG can be used during all seasons in this area. During MAM, the SAR controller may want to consider, if time permits, HYCOM as an alternative as it had the highest hit rate. During SON, the SAR controller may want to consider FNMOC as it had the highest skill score. 

· In Region C, the FLDA, when a case fell in its domain, maintained the best skill, was the most accurate, and had the highest hit rate. If FLDA was not available, NCOM and AGG are a good choice during MAM, SON, and DJF. During JJA, if FLDA is not available, the SAR controller may consider using HYCOM. HYCOM also maintained a high hit rate in MAM, JJA, and DJF and is a suitable alternative.

Regions A and C provide challenging problems for SAR controllers since many cases in these regions occur on the boundaries of the dominant western boundary current.  Successful prediction of datum will occur only if the numerical models or datasets can resolve the placement and velocity of the western boundary current. A 2 to 4 knot discrepancy can drastically increase the error in each case. In many cases in this region, the discrepancies in distances between the SLDMB and the highest probability areas are either very small (10-2) or very large (102). 

However, the FLDA monthly mean data set performed extremely well. The monthly mean data has the highest resolution of all of the environmental current products reviewed in this study. Consequently, FLDA resolved the meandering nature of the Gulf Stream in both position and velocity better than the global models.  When a case does not occur in the domain of the FLDA, the global models, NCOM/AGG and HYCOM, tend to resolve the general ocean circulation better than the other products tested in this study. These results also mirror Allen’s (2007) results that show smaller variances between the SLDMB’s velocity and FLDA current velocities (Appendix A). It also confirms recommendations in the SAR Handbook (2007) that state, “Regional models are preferred over Global models where available” and “if you are along the east coast of Florida, you may want to consider the FLDA product. Otherwise, the HYCOM product may be your preferred choice over ADCIRC along the shoreline” (p.76).  It appears that the resolution of the environmental current product played a key role in reducing the RMSE and improving the skill scores in Region C.  

· In Region E, NCOM and AGG maintained the best skill score, highest accuracy, and highest hit rate during MAM, JJA, and SON.  HYCOM is the recommended model in DJF and may also be considered as an alternative over all other seasons. 

In Region E, the SAR Handbook (2007) states, “HYCOM will most likely be [the] preferred choice” (p.76).  Also, Allen (2007) showed lower variances using the ADCIRC, AGG, HYCOM, and NCOM models in this region.  In this study, however, NCOM and AGG showed more skill during MAM, JJA, and SON.
· In Region F, NCOM/AGG was the most skillful model in MAM, JJA, and DJF. It is recommended for use over all seasons since in many cases it was also the most accurate. FNMOC showed significant skill in SON and may be used as an alternative if it is available.  HYCOM showed the highest hit rate in MAM, JJA, and DJF.  Therefore, HYCOM also may be used as an alternative. 
In Region F, FNMOC and NCOM/AGG were the dominant models. Unlike other results, this result did not mirror Allen’s (2007) results where HYCOM had fairly low variances in this region. However, it confirmed SAR controller experiences in this region that indicate the HYCOM model tends to have some trouble resolving the currents around Puerto Rico (A. Allen, personal communication, September 29, 2008). As mentioned previously, there are many oceanic current features affecting this region and small islands that may not be resolved by global models. 

The final research question asked whether there was a tendency for each model to under drift or over drift the SLDMB. The following conclusion was made:

· In every case, every model showed a tendency to under drift the SLDMB. 

When the search object is under drifted, it is possible that the search object has already drifted through the areas that are going to be searched. This situation is more probable in the Florida Current or Gulf Stream where the search object’s drift can be up to 4 knots. As a former SAR controller, this information is helpful when validating search areas and identifying the number of assets needed to adequately search all possible locations for the search object.  Based on the tendency for every model to under drift the SLDMB, consideration should be given to areas where the velocity of the current is large in an effort to avoid allowing the search object to drift out of the search areas. 

5.4 Implications of this Study and Recommendations for Future Work
The results of this study support the general guidance published in the SAROPS Handbook (2007) as well previous unpublished work by Allen (2007).  Though time consuming if not automated, a skill score methodology can be used to monitor the skill of the various environmental current products used within SAROPS as well as for those that are being considered for use in real-time SAR cases. The researcher acknowledges that the results of this study may be valid only as long as modelers do not change the parameterizations within the environmental current products or global change ceases to exist. Both of these assumptions are not realistic and any decision guide or decision matrix is a fluid document. Therefore, continuous monitoring of the skill of every environmental current product is needed. Finally, the researcher supports current policy that suggests that SLDMBs should be used in real time to determine which environmental current product is producing the most accurate drift at that time.  

Since the value of a life never diminishes and the Coast Guard has yet to meet its SAR goals, the continual improvement in SAROPS and in identifying new environmental current products is paramount. The best system or model can be available but it is not valuable if the SAR controller is not aware of the value of each environmental current product.  While technology is improving at a pace that the Coast Guard cannot necessarily control, the Coast Guard can identify other means of verifying SAROPS forecasts. Therefore, the following are recommendations for future work:

· Other verification techniques should be explored as a way to determine the skill and accuracy of environmental current products within SAROPS. 

· Automate the verification techniques for every SLDMB deployed in order to provide real-time information to the SAR controller. Expired SLDMBs can be deployed in areas where few SAR cases occur in order to maintain a database of accurate environmental current products.

· Continue to work with educational and research institutions to identify and produce higher resolution regional models for specific SAR areas.

5.5  Chapter Summary
This chapter provided conclusions followed by a discussion of those conclusions. Overall, NCOM and AGG models performed the best but detailed recommendations are provided in the model decision matrix in Appendix E. Though recommendations for models are made in this chapter, environmental conditions and models change. Therefore, it is a good practice to compare model current vectors to SLDMB vectors in the search area to ensure the correct model is used during the case. Finally, this study concludes with implications of this study and the recommendation for continuous improvement to SAROPS and the identification of new forecast verification methods for SAROPS as well as new high-resolution regional models.

APPENDIX A

Graphical Results of SLDMB/Environmental Current Product Variances
Table A-1

Color Key for Variances Graphically Represented in the Following Figures.  
	Color
	Min Variance

(cm/s)^2
	Max Variance

(cm/s)^2
	Min Std Dev.

(cm/s)
	Max Std. dev.

(cm/s)

	Black
	0
	100
	0
	10

	Blue
	100
	225
	10
	15

	Cyan
	225
	400
	15
	20

	Green
	400
	900
	20
	30

	Magenta
	900
	1600
	30
	40

	Red
	>1600
	
	>40
	


Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
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Figure A-1. SLDMB-NCOM variances from 01 Jan 2006 – 06 June 2007. Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
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Figure A-2. SLDMB North Atlantic HYCOM variances from 01 Jan 2006 – 06 June 2007 (79 SLDMBs, 18,900 hours). Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
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Figure A-3. SLDMB-Florida Gulf Stream Data (FLDA) (red box) variances from 01 Jan 2006 – 06 June 2007 (7,500 hours—75 100-hr. segments). Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
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Figure A-4. SLDMB ADCIRC East Coast variances from 01 Jan 2006 – 06 June 2007. Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
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Figure A-5. SLDMB Aggregated ADCIRC/NCOM (AGG) variances from 01 Jan 2006 – 06 June 2007 (36 SLDMBs, 10,400 hrs.). Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
Table A-2

EDS Uncertainties for Each Product Adjusted for 10 (cm/s)2  SLDMBs Variance (cm/s)

	Product
	# SLDMB / hrs
	σu

cm/s
	Гu

 hrs
	σv 

cm/s
	Гv

 hrs

	HR Radar Std
	16 / 669
	 13.6
	1.5
	11.6
	1.4

	HR Radar LR
	12 / 6,228
	 10.5
	 4.1
	12.6
	3.7

	ADCIRC
	14 / 3,500
	9.9
	2.7
	10.7
	3.1

	ADC/NCOM
	36 / 10,400
	12.5
	2.5
	10.4
	2.7

	GLERL
	17 / 2,800
	13.5
	2.2
	13.5
	2.2

	FLDA
	27 / 7,500
	20.5
	3.2
	20.8
	5.2

	Mariano
	226 / 76,900
	17.3
	4.3
	17.6
	4.6

	 HYCOM
	79 / 18,900
	20.9
	4.0
	21.7
	4.0

	NCOM
	143 / 37,100
	18.1
	4.2
	18.3
	4.2


Note:  Adapted from EDS surface current product uncertainties values. Parameters for SAROPS random flight model, by A. Allen, 2007, unpublished manuscript. Copyright 2007 by A. Allen. Reprinted with permission.
Appendix B

SLDMB Data by Region

Table B-1

SLDMB Data by Region

Region A – Maine to North Carolina

	Case Descriptor
	SLDMB # 
	Drift Start Date/Time
	Drift Start Position
	Drift End Date/Time
	Drift End Position

	MAM 08
	
	
	
	
	

	AA-3
	43282-B
	171900Z APR 08
	41-14.704N 069-18.788W
	181900Z APR 08
	41-06.122N 069-21.223W

	JJA 08
	
	
	
	
	

	AA-1
	38678I
	090700Z JUN 08
	35-06.953N 074-28.450W
	100700Z JUN 08
	35-34.818N 073-25.689W

	AA-4
	38678H
	071900Z JUN 08
	33-48.097N 075-47.029W
	081900Z JUN 08
	34-46.326N 075-01.521W

	AA-5
	43114
	231400Z JUL 08
	33-47.938N 077-58.614W
	241400Z JUL 08
	34-00.282N 077-43.611W

	AA-6
	43201A
	301800Z JU; 08
	40-29.715N 069-59.911W
	311800Z JUL 08
	40-32.947N 070-00.746W

	AA-7
	38837D
	310700Z JUL 08
	32-53.748N 076-42.381W
	010700Z AUG 08
	34-07.254N 075-38.331W

	AA-8
	38837E
	011900Z AUG 08
	34-35.197N 075-07.360W
	021900Z AUG 08
	35-07.689N 074-10.833W

	AA-13 (BB-9)
	38988A
	201800Z JUL 08
	38-28.266N 057-22.549W
	211800Z JUL 08
	38-52.526N 055-49.099W

	AA-14 (BB11)
	38678J
	101900Z JUN 08
	35-54.081N 072-53.927W
	111900Z JUN 08
	36-34.638N 071-14.278W

	SON 08
	
	
	
	
	

	AA-9
	43073A
	062000Z OCT 08
	35-48.152N 075-00.650W
	072000Z OCT 08
	35-36.409N 075-05.583W

	AA-10
	43073B
	080000Z OCT 08
	35-33.239N 075-05.928W
	090000Z OCT 08
	35-27.186N 075-12.882W

	AA-11
	43703C
	091200Z OCT 08
	35-28.401N 075-10.645W
	121200Z OCT 08
	35-29.847N 075-11.093W

	AA-12
	43703D
	110000Z OCT 08
	35-30.955N 075-15.249W
	120000Z OCT 08
	35-23.128N 075-17.909W

	AA-15
	43331A
	2910000Z OCT 08
	39-05.559N 071-49.855W
	300900Z OCT 08
	38-58. 047N 071-54.354W

	AA-16
	43331B
	300900Z OCT 08
	38-58.047N 071-54.354W
	310900Z OCT 08
	38-50.120N 072-01.677W

	AA-17
	38855A
	200000Z NOV 08
	38-53.350N 070-23.731W
	210000Z NOV 08
	38-54.116N 070-23.751W

	AA-18
	38855B
	210000Z NOV 08
	38-54.116N 070-23.751W
	220000Z NOV 08
	38-56.640N 070-25.627W

	AA-19
	38855C
	220000Z NOV 08
	38-56.640N 070-25.627W
	230000Z NOV 08
	38-55.939N 070-12.510W

	AA-20
	38855D
	230000Z NOV 08
	38-55.939N 070-12.510W
	240000Z NOV 08
	38-57.999N 069-22.181W

	AA-21
	38836A
	240000Z NOV 08
	38-41.921N 068-56.071W
	250000Z NOV 08
	38-15.508N 068-38.003W

	AA-22
	38836B
	250000Z NOV 08
	38-15.508N 068-38.003W
	260000Z NOV 08
	38-06.377N 068-43.938W

	AA-23
	38836C
	270000Z NOV 08
	37-52.195N 068-58.229W
	280000Z NOV 08
	37-40.865N 069-35.72W

	AA-24
	38836D
	290000Z NOV 08
	38-00.033N 070-13.535W
	300000Z NOV 08
	38-43.389N 070-29.310W

	AA-25
	38855E
	250000Z NOV 08
	38-28.905N 068-38.366W
	260000Z NOV 08
	38-29.330N 068-25.914W

	DJF 09
	
	
	
	
	

	AA-26
	38836E
	030000Z DEC 08
	38-36.138N 069-12.195W
	040000Z DEC 08
	38-04-662N 069-27.640W

	AA-27
	38855F
	150000Z DEC 08
	39-43.503N 068-28.644W
	160000Z DEC 08
	39-50.810N 068-21.050W

	AA-28
	43175A
	060000Z DEC 08
	40-09.867N 073-36.461W
	070000Z DEC 08
	40-07.516N 073-34.634W

	AA-29
	43175B
	070000Z DEC 08
	40-07.516N 073-34.634W
	080000Z DEC 08
	40-03.305N 073-31.809W

	AA-30
	38836F
	100000Z DEC 08
	37-36.822N 068-22.366W
	110000Z DEC 08
	37-50.618N 068-14.769W

	AA-31
	38855G
	080000Z DEC 08
	38-56.434N 069-01.911W
	090000Z DEC 08
	38-53.303N 069-13.560W

	AA-32
	43175C
	100000Z DEC 08
	40-12.466N 073-42.439W
	110000Z DEC 08
	40-21.913N 073-40.110W

	AA-33
	38836G
	150000Z DEC 08
	38-12.260N 065-38.733W
	160000Z DEC 08
	39-54.790N 064-35.861W

	AA-34
	39035A
	040000Z JAN 09
	42-16.505N 070-15.147W
	050000Z JAN 09
	41-57.456N 069-53.703W

	AA-35
	39035B
	050000Z JAN 09
	41-57.456N 069-53.703W
	060000Z JAN 09
	41-46.039N 069-46.195W

	AA-36
	39035C
	060000Z JAN 09
	41-46.039N 069-46.195W
	070000Z JAN 09
	41-44.005N 069-44.820W

	AA-37
	43318A
	110800Z JAN 09
	35-22.931N 069-07.427W
	120800Z JAN 09
	36-00.818N 069-13.338W

	AA-38
	43155A
	090000Z JAN 09
	44-18.804N 044-52.199W
	100000Z JAN 09
	43-55.128N 044-05.640W

	AA-39
	39035D
	110000Z JAN 09
	41-33.532N 069-21.966W
	120000Z JAN 09
	41-28.818N 069-19.745W

	AA-40
	36449A
	010000Z FEB 09
	35-52.727N 070-21.194W
	020000Z FEB 09
	35-40.651N 070-03.761W

	AA-41
	36449B
	080000Z FEB 09
	34-32.293N 070-24.082W
	090000Z FEB 09
	34-29.528N 070-29.860W

	AA-42
	43115A
	030000Z FEB 09
	43-23.149N 033-33.548W
	040000Z FEB 09
	43-17.392N 033-14.712W

	AA-43
	43318A
	070000Z FEB 09
	34-11.349N 060-00.101W
	080000Z FEB 09
	34-27.576N 060-27.102W


Region C – North Carolina to Key West, FL

	Case Descriptor
	SLDMB # 
	Drift Start Date/Time
	Drift Start Position
	Drift End Date/Time

12 Hrs & 24 Hrs
	Drift End Position

	MAM 08
	
	
	
	
	

	CC-2
	43362
	200930Z APR 08
	32-37.281N 076-31.632W
	210930Z APR 08
	32-36.552N 076-03.974W

	CC-3
	43358
	200000Z APR 08
	31-16.36N 079-27.710W
	210000Z APR 08
	31-41.234N 078-15.175W

	CC-23
	38678A
	280700Z MAY 08
	23-36.285N 084-03.675W
	290700Z MAY 08
	23-33.458N 083-09.354W

	CC-24
	38678B
	291900Z MAY 08
	23-42.325N 082-39.989W
	301900Z MAY 08
	24-04.116N 081-36.411W

	CC-25
	38678C
	310700Z MAY 08
	24-17.047N 081-00.729W
	010700Z MAY 08
	25-11.885N 079-57.860W

	JJA 08
	
	
	
	
	

	CC-1
	38678D
	011900Z JUN 08
	25-56.273N 079-51.337W 
	021900Z JUN 08
	27-23.424N 079-48.979W

	CC-5
	38837A
	241700Z JUL 08
	25-46.995N 079-54.382W
	251700Z JUL 08
	27-02.953N 079-56.070W

	CC-6
	38678E
	030700Z JUN 08
	28-08.163N 079-50.833W
	040700Z JUN 08
	29-42.519N 080-07.432W

	CC-7
	38837B
	260000Z JUL 08
	27-25.357N 079-57.709W
	270000Z JUL 08
	28-30.254N 080-03.349W

	CC-8
	38767B
	021000Z JUN 08
	27-46.279N 080-09.315W
	031000Z JUN 08
	28-01.229N 080-08.167W

	CC-9
	38767C
	050000Z JUN 08
	28-33.848N 080-07.554W
	060000Z JUN 08
	29-12.257N 080-17.336W

	CC-10
	38837C
	280000Z JUL 08
	29-48.665N 080-06.358W
	290000Z JUL 08
	31-11.597N 079-41.344W

	CC-11
	43462A
	311900Z JUL 08
	26-24.458N 080-01.122W
	011900Z AUG 08
	27-00.178N 080-01.580W

	CC-12
	38820D
	191700Z AUG 08
	25-17.232N 079-30.069W
	201700Z AUG 08
	25-58.452N 079-17.230W

	CC-13
	43462C
	070000Z AUG 08
	28-29.146N 080-20.269W
	080000Z AUG 08
	28-52.407N 080-21.374W

	CC-14
	43462D
	151300Z AUG 08
	30-14.086N 080-08.115W
	161300Z AUG 08
	31-03.503N 079-54.626W

	CC-18
	38699A
	110000Z JUN 08
	30-48.401N 075-13.514W
	120000Z JUN 08
	31-02.426N 075-12.690W

	CC-19
	38678G
	060700Z JUN 08
	32-15.714N 077-45.547W
	070700Z JUN 08
	33-20.236N 076-29.453W

	CC-20 
	38678F
	041900Z JUN 08
	30-40.401N 079-47.614W
	051900Z JUN 08
	32-02.695N 078-36.644W

	CC-21
	43466A
	070000Z JUL 08
	31-13.816N 077-59.652W
	080000Z JUL 08
	30-42.470N 077-49.554W

	CC-22 
	43466B
	140000Z JUL 08
	30-23.790N 078-37.263W
	150000Z JUL 08
	30-35.019N 078-31.992W

	CC-26 
	43438B
	291000Z JUN 08
	20-36.555N 074-16.386W
	301000Z JUN 08
	20-55.975N 074-39.648W

	CC-27
	38820C
	181200Z AUG 08
	24-22.165N 080-02.162W
	191200Z AUG 08
	25-08.454N 079-36.842W

	CC-28 
	43429B
	181300Z JUL 08
	20-40.665N 073-29.471W
	191300Z JUL 08
	20-44.182N 073-42.974W

	SON 08
	
	
	
	
	

	CC-15
	38721A
	240000Z SEP 08
	28-40.846N 080-35.924W
	250000Z SEP 08
	28-24.588N 080-31.297W

	CC-16
	38721B
	250600Z SEP 08
	28-21.653N 080-32.660W
	260600Z SEP 08
	28-10.767N 080-35.044W

	CC-30
	38996A
	300000Z OCT 08
	23-38.191N 081-22.612W
	310000Z OCT 08
	23-58.110N 080-53.393W

	CC-31
	38996B
	010000Z NOV 08
	24-26.576N 080-21.830W
	020000Z NOV 08
	25-04.508N 079-55.206W

	CC-32
	38996C
	020000Z NOV 08
	25-04.508N 079-55.206W
	030000Z NOV 08
	25-59.097N 079-50.180W

	CC-33
	38966D
	030000Z NOV 08
	25-59.097N 079-50.180W
	040000Z NOV 08
	26-57.402N 079-42.959W

	CC-34
	38966E
	050000Z NOV 08
	27-49.835N 079-37.621W
	060000Z NOV 08
	28-30.017N 079-33.329W

	CC-35
	38966F
	070000Z NOV 08
	29-03.052N 079-34.830W
	080000Z NOV 08
	29-38.527N 079-36.934W

	CC-36
	43418A
	300000Z OCT 08
	24-18.241N 082-42.333W
	310000Z OCT 08
	24-17.602N 082-46.999W

	CC-38
	43418C
	010000Z NOV 08
	24-14.868N 082-44.677W
	020000Z NOV 08
	24-05.836N 082-23.552W

	CC-39
	43418D
	020000Z NOV 08
	24-05.836N 082-23.552W
	030000Z NOV 08
	23-45.236N 081-47.654W

	CC-40
	43418E
	030000Z NOV 08
	23-45.236N 081-47.654W
	040000Z NOV 08
	23-56.123N 080-59.103W

	CC-41
	43418F
	040000Z NOV 08
	23-56.123N 080-59.103W
	050000Z NOV 08
	24-32.561N 080-32.400W

	CC-42
	38996G
	220000Z NOV 08
	32.21.338N 074-50.653W
	230000Z NOV 08
	32-03.164N 075-18.653W

	CC-43
	43418G
	220000Z NOV 08
	32-05.589N 077-54.230W
	230000Z NOV 08
	32-59.956N 077-07.876W

	DJF 09
	
	
	
	
	

	CC-44
	43335A
	010800Z JAN 09
	27-53.661N 080-00.845W
	020800Z JAN 09
	28-15.959N 080-04.678W

	CC-45
	43335B
	020800Z JAN 09
	28-15.959N 080-04.678W
	030800Z JAN 09
	28-36.111N 080-09.987W

	CC-46
	43181A
	181200Z DEC 08
	34-17.787N 076-25.930W
	191200Z DEC 08
	34-22.910N 076-07.417W 

	CC-47
	43335C
	031200Z JAN 09
	28-41.238N 080-09.623W
	041200Z JAN 09
	29-21.216N 080-13.966W

	CC-48
	43335D
	041200Z JAN 09
	29-21.216N 080-13.966W
	051200Z JAN 09
	29-57.075N 080-22.896W

	CC-49
	43335E
	051200Z JAN 09
	29-57.075N 080-22.896W
	061200Z JAN 09
	30-28.257N 080-21.138W

	CC-50
	43335F
	070000Z JAN 09
	30-42.285N 080-14.409W
	080000Z JAN 09
	31-04.018N 080-01.580W

	CC-51
	43335G
	080000Z JAN 09
	31-04.018N 080-01.580W
	090000Z JAN 09
	31-36.987N 079-36.021W

	CC-52
	43335H
	090000Z JAN 09
	31-36.987N 079-36.021W
	100000Z JAN 09
	32-14.899N 079-17.692W

	CC-53
	43335I
	100000Z JAN 09
	32-14.899N 079-17.692W
	110000Z JAN 09
	32-39.968N 077-14.711W

	CC-54
	43335J
	110000Z JAN 09
	32-39.968N 077-14.711W
	120000Z JAN 09
	33-10.832N 079-57.666W

	CC-55
	38805A
	010000Z FEB 09
	27-54.436N 078-41.382W
	020000Z FEB 09
	28-04.010N 078-44.853W

	CC-56
	38805B
	030000Z FEB 09
	28-13.385N 078-49.761W
	040000Z FEB 09
	28-19.402N 078-48.295W

	CC-57
	38805C
	050000Z FEB 09
	28-28.489N 078-48.063W
	060000Z FEB 09
	28-32.321N 078-51.102W

	CC-58
	38805D
	080000Z FEB 09
	28-36.229N 078-42.339W
	090000Z FEB 09
	28-42.634N 078-36.289W


Region E – Gulf of Mexico

	-
	SLDMB # 
	Drift Start Date/Time
	Drift Start Position
	Drift End Date/Time

12Hrs & 24 Hrs
	Drift End Position

	MAM 08
	
	
	
	
	

	EE-3
	39016
	200000Z APR 08
	29-20.161N 084-29.954W
	210000Z APR 08
	29-15.550N 084-31.925W

	EE-4
	43402A
	200000Z APR 08
	29-31.557N 088-05.094W
	210000Z APR 08
	29-27.797N 088-05.211W

	EE-5
	39005A
	240700Z APR 08
	28-32.86N 089-45.980W
	250700Z APR 08
	28-25.356N 089-59.333W

	EE-8
	43469
	230000Z MAY 08
	28-29.739N 083-36.525W
	240000Z MAY 08
	28-33.051N 083-38.252W

	EE-9
	43402B
	270000Z APR 08
	29-17.979N 088-12.859W
	280000Z APR 08
	29-18.163N 088-16.805W

	EE-10
	38842A
	291200Z APR 08
	24-54.357N 090-10.575W
	301200Z APR 08
	24-52.391N 090-22.615W

	EE-12
	39005B
	032300Z MAY 08
	28-34.780N 091-01.044W
	042300Z MAY 08
	28-38.689N 091-15.504W

	JJA-08
	
	
	
	
	

	EE-2
	43264A
	010400Z JUN 08
	27-20.890N 097-12.656W
	020400Z JUN 08
	27-27.424N 097-09.567W

	EE-6
	38737
	130000Z JUN 08
	28-34.919N 094-49.985W
	140000Z JUN 08
	28-44.680N 094-49.977W

	EE-7
	43469B
	121400Z JUN 08
	29-00.221N 083-47.365W
	131400Z JUN 08
	29-06.642N 083-50.223W

	SON-08
	
	
	
	
	

	EE-13
	38928A
	040000Z NOV 08
	30-06.647N 088-22.227W
	050000Z NOV 08
	30-07.124N 088-28.449W

	EE-14
	38928B
	100000Z NOV 08
	30-08.132N 088-35.555W
	110000Z NOV 08
	30-05.953N 088-38.939W

	EE-15
	38968A
	310000Z OCT 08
	22-31.629N 086-17.014W
	010000Z NOV 08
	23-07.021N 086-44.843W

	EE-16
	38968B
	030000Z NOV 08
	24-15.387N 087-56.598W
	040000Z NOV 08
	24-54.359N 088-10.473W

	EE-17
	38968C
	050000Z NOV 08
	25-52.338N 088-16.432W
	060000Z NOV 08
	26-48.477N 087-50.144W

	EE-18
	38968D
	080000Z NOV 08
	27-40.470N 087-42.667W
	090000Z NOV 08
	27-39.100N 087-51.910W

	EE-19
	38968E
	091200Z NOV 008
	27-38.750N 087-53.970W
	101200Z NOV 08
	27-38.153N 088-01.644W

	EE-20
	38977A
	080000Z NOV 08
	28-51.368N 084-17.250W
	090000Z NOV 08
	28-46.532N 084-13.506W

	EE-21
	38977B
	091200Z NOV 08
	28-43.695N 084-11.605W
	101200Z NOV 08
	28-37.680N 084-08.073W

	EE-22
	38968F
	180000Z NOV 08
	28-20.520N 089-28.553W
	190000Z NOV 08
	28-11.457N 089-26.086W

	EE-23
	38968G
	220000Z NOV 08
	28-06.257N 089-22.539W
	23000Z NOV 08
	28-02.965N 089-28.290W

	EE-24
	38977C
	110000Z NOV 08
	28-35.975N 084-05.668W
	120000Z NOV 08
	28-33.067N 084-07.058W

	DJF 09
	
	
	
	
	

	EE-25
	38928C
	020000Z DEC 08
	29-34.359N 087-31.213W
	030000Z DEC 08
	29-42.408N 087-21.104W

	EE-26
	38940A
	020000Z DEC 08
	28-45.934N 082-58.248W
	030000Z DEC 08
	28-42.618N 082-58.045W

	EE-27
	38968H
	040000Z DEC 08
	28-45.966N 088-56.757W
	050000Z DEC 08
	28-58.588N 088-35.864W

	EE-28
	38940B
	080000Z DEC 08
	28-43.887N 083-04.193W
	090000Z DEC 08
	28-41.549N 083-06.155W

	EE-29
	38985A
	130000Z DEC 08
	27-28.672N 083-09.730W
	140000Z DEC 08
	27-19.036N 083-07.073W

	EE-30
	38992A
	130000Z DEC 08
	27-13.212N 083-03.833W
	140000Z DEC 08
	27-04.843N 083-00.743W

	EE-31
	38995A
	130000Z DEC 08
	27-31.113N 083-17.537W
	140000Z DEC 08
	27-21.217N 083-15.483W

	EE-32
	38940C
	150000Z DEC 08
	28-33.609N 083-08.187W
	160000Z DEC 08
	28-35.365N 083-10.715W

	EE-33
	38985B 
	170000Z DEC 08
	27-29.034N 083-12.663W
	180000Z DEC 08
	27-29.251N 083-13.842W

	EE-34
	38992B
	180000Z DEC 08
	27-06.379N 082-58.691W
	190000Z DEC 08
	27-04.194N 082-58.160W

	EE-35
	38995B
	180000Z DEC 08
	27-25.872N 083-15.568W
	190000Z DEC 08
	27-24.552N 083-16.528W

	EE-36
	43332A
	270000Z DEC 08
	21-31.690N 086-25.053W
	280000Z DEC 08
	22-14.511N 086-41.723W

	EE-37
	43332B
	300000Z DEC 08
	22-59.062N 087-02.117W
	310000Z DEC 08
	22-54.422N 087-10.403W

	EE-38
	38985C
	060000Z JAN 09
	25-58.987N 083-18.098W
	070000Z JAN 09
	26-07.896N 083-14.293W

	EE-39
	38992C
	060000Z JAN 09
	26-42.951N 083-05.214W
	070000Z JAN 09
	26-44.368N 083-01.130W

	EE-40
	38995C
	100000Z JAN 09
	25-48.313N 083-08.105W
	110000Z JAN 09
	25-44.331N 083-02.932W

	EE-41
	43076A
	110000Z JAN 09
	28-45.010N 089-46.816W
	120000Z JAN 09
	28-33.220N 089-48.858W

	EE-42
	43387A
	090000Z JAN 09
	27-42.107N 083-19.282W
	100000Z JAN 09
	27-41.823N 083-18.176W

	EE-43
	38759A
	140000Z FEB 09
	30-01.921N 088-02.632W
	150000Z FEB 09
	30-00.726N 088-07.581W


Region F – Caribbean and Lesser Antilles

	Case Descriptor
	SLDMB # 
	Drift Start Date/Time
	Drift Start Position
	Drift End Date/Time

12 Hrs & 24 Hrs
	Drift End Position

	MAM 08
	
	
	
	
	

	FF-2
	43403A
	280000Z APR 08
	19-01.586N 065-17.733W
	290000Z APR 08
	19-11.377N 065-40.073W

	FF-11
	43040A
	240000Z APR 08
	18-36.986N 065-25.927W
	250000Z APR 08
	18-41.147N 065-15.895W

	FF-12
	43040B
	280000Z APR 08
	18-45.971N 065-11.835W
	290000Z APR 08
	18-52.724N 065-19.541W

	JJA 08
	
	
	
	
	

	FF-1
	43453A
	161500Z JUN 08
	14-03.860N 078-00.066W
	171500Z JUN 08
	14-36.401N 078-28.270W

	FF-3
	43305A
	230000Z JUN 08
	18-13.154N 068-13.586W
	240000Z JUN 08
	18-22.664N 068-04.678W

	FF-5
	43194
	220000Z JUN 08
	18-58.703N 068-11.427W
	230000Z JUN 08
	19-03.786N 068-17.503W

	FF-6
	43429A
	202100Z JUN 08
	18-23.004N 067-22.947W
	212100Z JUN 08
	18-38.129N 067-20.737W

	FF-7
	43197
	230000Z JUN 08
	18-23.886N 067-23.796W
	240000Z JUN 08
	18-39.281N 067-20.679W

	FF-8
	43190
	300000Z JUN 08
	19-13.617N 067-59.920W
	010000Z JUL 08
	19-36.673N 068-18.014W

	FF-9
	38703
	250000Z JUN 08
	18-23.503N 065-07.252W
	260000Z JUN 08
	18-33.943N 065-13.928W 

	FF-16
	43305B
	110000Z JUL 08
	20-08.793N 070-48.740W
	120000Z JUL 08
	20-25.382N 071-10.067W

	FF-27 (BB-6)
	43214
	080000Z JUN 08
	20-41.628N 066-25.943W
	090000Z JUN 08
	20-45.337N 066-19.934W

	SON 08
	
	
	
	
	

	FF-17
	43137
	240000Z SEP 08
	19-28.422N 069-32.869W
	250000Z SEP 08
	19-29.057N 069-30.913W

	FF-18
	38715A
	302100Z SEP 08
	17-53.123N 066-35.215W
	012100Z OCT 08
	17-51.271N 066-47.624W

	FF-19
	38715B
	070000Z OCT 08
	17-49.083N 067-07.094W
	080000Z OCT 08
	17-51.629N 067-00.010W

	FF-20
	38715C
	140000Z OCT 08
	18-28.968N 067-14.944W
	150000Z OCT 08
	18-30.461N 066-51.208W

	FF-21
	38715D
	210000Z OCT 08
	18-33.871N 065-38.951W
	220000Z OCT 08
	18-39.482N 065-27.503W

	FF-22
	43108A
	090000Z OCT 08
	21-20.360N 069-48.010W
	100000Z OCT 08
	21-12.451N 069-42.480W

	FF-23
	43108B
	150000Z OCT 08
	21-04.107N 069-26.110W
	160000Z OCT 08
	21-02.598N 069-24.025W

	FF-24
	43108C
	220000Z OCT 08
	20-46.121N 069-18.510W
	230000Z OCT 08
	20-44.285N 069-15.975W

	FF-25
	43364A
	221100Z OCT 08
	17-52.970N 063-11.655W
	231100Z OCT 08
	17-52.167N 063-27.267W

	FF-26
	43343A
	210000Z OCT 08
	18-00.577N 067-16.849W
	220000Z OCT 08
	17-59.902N 067-17.359W

	FF-27
	43108A
	080000Z NOV 08
	21-46.250N 067-50.600W
	090000Z NOV 08
	21-53.762N 067-42.367W

	FF-28
	43108B
	260000Z OCT 08
	20-41.443N 069-11.243W
	270000Z OCT 08
	20-42.019N 069-09.100W

	FF-29
	43108C
	010000Z NOV 08
	20-55.351N 069-06.689W
	020000Z NOV 08
	21-01.907N 068-57.805W

	FF-30
	43364A
	240000Z OCT 08
	17-47.158N 063-30.422W
	250000Z OCT 08
	17-37.181N 063-34.942W

	FF-31
	43364B
	270000Z OCT 08
	17-36.187N 063-37.924W
	280000Z OCT 08
	17-41.999N 063-37.327W

	FF-32
	38847A
	220000Z NOV 08
	16-29.038N 066-09.082W
	230000Z NOV 08
	16-33.776N 066-27.823W

	FF-33
	43280A
	180000Z NOV 08
	18-36.056N 066-56.443W
	190000Z NOV 08
	18-34.447N 066-50.692W

	FF-34
	43283A
	180000Z NOV 08
	18-35.379N 066-57.604W
	190000Z NOV 08
	18-35.400N 066-53.294W

	FF-35
	43364C
	170000Z NOV 08
	18-17.103N 064-38.641W
	180000Z NOV 08
	18-15.620N 064-45.006W

	DJF 09
	
	
	
	
	

	FF-36
	38847B
	020000Z DEC 08
	16-36.977N 068-23.996W
	030000Z DEC 08
	16-41.501N 068-33.561W

	FF-37
	38847C
	060000Z DEC 08
	16-46.820N 069-05.099W
	070000Z DEC 08
	16-54.343N 069-17.645W

	FF-38
	43133A
	060000Z DEC 08
	18-06.756N 069-42.221W
	070000Z DEC 08
	18-08.250N 069-47.124W

	FF-39
	43283B
	040000Z DEC 08
	19-13.328N 068-08.592W
	050000Z DEC 08
	19-13.949N 068-15.143W

	FF-40
	38953A
	120000Z DEC 08
	20-00.187N 086-21.871W
	130000Z DEC 08
	20-05.852N 086-08.666W

	FF-41
	43133B
	130000Z DEC 08
	18-18.890N 069-58.621W
	140000Z DEC 08
	18-23.703N 069-43.399W

	FF-42
	43283C
	120000Z DEC 08
	19-35.969N 069-08.071W
	130000Z DEC 08
	19-46.257N 069-21.352W

	FF-43
	38830A
	160600Z DEC 08
	21-35.109N 072-32.642W
	170600Z DEC 08
	21-37.992N 072-36.368W

	FF-44
	43133C
	150000Z DEC 08
	18-19.418N 069-25.159W
	160000Z DEC 08
	18-14.954N 069-08.883W

	FF-45
	43302A
	260000Z DEC 08
	17-51.662N 064-28.645W
	270000Z DEC 08
	17-51.982N 064-32.193W

	FF-46
	43302B
	290000Z DEC 08
	17-50.729N 064-46.019W
	300000Z DEC 08
	17-51.250N 064-45.990W

	FF-47
	43283D
	010000Z JAN 09
	21-18.686N 072-53.731W
	020000Z JAN 09
	21-28.968N 072-51.852W

	FF-48
	43356A
	110000Z JAN 09
	17-51.131N 066-29.795W
	120000Z JAN 09
	17-48.938N 066-41.516W

	FF-49
	43086A
	080000Z FEB 09
	18-42.121N 065-50.759W
	090000Z FEB 09
	18-45.159N 066-00.431W

	FF-50
	43116A
	050000Z FEB 09
	18-11.397N 067-28.182W
	060000Z FEB 09
	18-12.632N 067-35.588W

	FF-51
	43384A
	080000Z FEB 09
	17-46.034N 068-33.227W
	090000Z FEB 09
	17-22.859N 068-53.975W


Appendix C
environmental Data Server Wind Sources

Table C-1 
Environmental Data Server (EDS) Wind Sources
	EDS Wind Source
	EDS Model
	Collection Interval
	Data Block Size
	Forecast Length
	Update Interval
	Coverage
	Additional Data Source Information

	GFS
	Global Forecast System
	Hourly- The model reruns 4 times a day producing a “new” forecast each time
	.5 Degree of Lat/Long
	180 Hours
	4 times daily (00, 06, 12, 18 Zulu)
	Worldwide
	Primitive equations which include: radiation, cloud fraction, condensation & precipitation, sea ice, roughness, from oceans, daily snow cover, 64 vertical atmospheric layers

	NAM
	North American Mesoscale
	Hourly 
	6.5 NM
	84 Hours
	4 times daily (00, 06, 12, 18 Zulu)
	North America region
	AOR to include Gulf of Mexico & Northern Caribbean. Does not cover all of Alaska & Hawaii region. 


Note. Adapted from SAROPS Handbook (Version 1.0.2), by U. S. Coast Guard, 2007. Copyright 2007 by USCG. Reprinted with permission.
Table C-2 

Environmental Data Server (EDS) Current Sources
	EDS Source
	EDS Model
	Collection Interval
	Data Block Size
	Forecast Length
	Update Interval
	Coverage
	Additional Data Source Information

	FNMOC
	Fleet Numerical Meteorology & Oceanography Center
	12 Hourly
	1 Degree of Lat/Long
	48 Hours
	Daily @ 1100Z
	World-wide
	Global product sub-sampled from NOGAPS*. Accounts for the “top 2.5 meters of the water body. Based on Navy’s TOPS**, extends to 400 meters. Wind forcing from NOGAPS. No tides or tidal currents.

	NCOM
	Navy Coastal Ocean Model
	3 Hourly
	0.125 Degree of Lat/Long (7.5 NM)
	72 Hours
	Daily
	World-wide
	Files are passed from navy NAVO to NOAA NCDDC, to the EDS at OSC. No tides or tidal currents. Wind forcing from Navy’s NOGAPS. 

	HYCOM
	Hybrid Coordinates Ocean Model
	Hourly
	1.7 to 16.2 NM (1.7 to 1.9 along US Coast)
	120 Hours
	2:00 pm daily
	North Atlantic to “most” of Africa coastline
	Mixes vertical layers from deep to shallow water. Wind forcing GFS. 8 tides. Daily river flow. Grid used is a “Curvilinear” grid meaning as it advances offshore from the US East Coast, the grid positions get farther apart from each other. 

	ADCIRC (East-West)
	Advanced Circulation
	Hourly
	Any given position along tidal range. 
	None
	Not provided
	Entire U.S. & all coastal areas of Caribbean, but does not cover all the rivers and inlets. 
	Hydrodynamic Model for coastal oceans, inlets and rivers. Tidal currents only. Tidal currents calculated for time & area of AOI. Model developed by universities, Navy and Army Corps of Engineers. Consider using in bays and coastal regions with strong tidal currents. 

	FLDA
	Florida Data File
	Monthly
	0.1 Degree x 0.1 Degree
	None
	None
	Florida Gulf Stream
	Monthly climatological currents only. Merged Atlas of Pilot Charts with 7 transects from a Nova University 1972 dye study. Florida Gulf Stream data (FLDA)

	Mariano
	Mariano Sea Currents Database
	Historical Database
	1 Degree of Lat/Long
	None
	None
	Global
	4.1 million ship drift observations. 43,000 oceanic grids at 1 degree x 1 degree. 4 seasons = average of 24 per grid. 3 months. Not real time data. Climatological currents only. 


Note. Adapted from SAROPS Handbook (Version 1.0.2), by U. S. Coast Guard, 2007. Copyright 2007 by USCG. Reprinted with permission.
Appendix D
SLDMB Cases – Plotted By Season
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Figure D-1a
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Figure D-1b
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Figure D-1c
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Figure D-1d


Figure D-1(a-d). Region A SLDMB plotted by season. Figure D-1a – MAM, 

Figure D-1b – JJA, Figure D-1c – SON, and Figure D-1d – DJF.  
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Figure D-2a
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Figure D-2b
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Figure D-2c
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Figure D-2d


Figure D-2(a-d). Region C SLDMB plotted by season. Figure D-2a – MAM, 

Figure D-2b – JJA, Figure D-2c – SON, and Figure D-2d – DJF. 
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Figure D-3a
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Figure D-3b
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Figure D-3c
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Figure D-3d


Figure D-3(a-d). Region C SLDMB plotted by season. Figure D-3a – MAM, Figure D-3b – JJA, Figure D-3c – SON, and Figure D-3d – DJF. 
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Figure D-4a
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Figure D-4b
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Figure D-4c
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Figure D-4d




Figure D-4(a-d). Region C SLDMB plotted by season. Figure D-4a – MAM, Figure D-4b – JJA, Figure D-4c – SON, and Figure D-4d – DJF.

Appendix E
Model Decision Matrix
	Table E-1

Model Decision Matrix

	

	Inland/Tidal Area - ADCIRC

	Region A

	Forecast Verification Method
	MAM
	JJA
	SON
	DJF

	Skill Score
	NCOM/AGG
	NCOM/AGG
	FNMOC
	NCOM/AGG

	Accuracy
	NCOM
	MARIANO
	NCOM/AGG
	NCOM/AGG

	Hit Rate
	HYCOM
	HYCOM

NCOM/AGG
	NCOM/AGG
	HYCOM

NCOM/AGG

	Recommended Model
	NCOM/AGG
	NCOM/AGG
	NCOM/AGG
	NCOM/AGG

	Region C

	Forecast Verification Method
	MAM
	JJA
	SON
	DJF

	Skill Score
	FLDA

NCOM/AGG
	FLDA

HYCOM
	FLDA

NCOM/AGG
	FLDA

NCOM/AGG

	Accuracy
	FLDA
	FLDA
	NCOM/AGG
	NCOM/AGG

	Hit Rate
	FLDA

HYCOM
	FLDA

HYCOM NCOM/AGG
	FLDA

NCOM/AGG
	HYCOM

NCOM/AGG

	Recommended Model
	FLDA

NCOM/AGG
	FLDA

HYCOM
	FLDA

NCOM/AGG
	FLDA

NCOM/AGG

	Region E

	Forecast Verification Method
	MAM
	JJA
	SON
	DJF

	Skill Score
	NCOM/AGG
	NCOM/AGG
	NCOM/AGG
	HYCOM

	Accuracy
	NCOM
	MARIANO
	NCOM/AGG
	NCOM/AGG

	Hit Rate
	HYCOM
	NCOM/AGG

HYCOM
	NCOM/AGG
	HYCOM

NCOM/AGG

	Recommended Model
	NCOM/AGG
	NCOM/AGG
	NCOM/AGG
	HYCOM

NCOM/AGG

	Region F

	Forecast Verification Method
	MAM
	JJA
	SON
	DJF

	Skill Score
	NCOM/AGG
	NCOM/AGG
	FNMOC
	NCOM/AGG

	Accuracy
	NCOM
	MARIANO
	NCOM/AGG
	NCOM/AGG

	Hit Rate
	HYCOM
	HYCOM

NCOM/AGG
	NCOM/AGG
	HYCOM

NCOM/AGG

	Recommended Model
	NCOM/AGG
	NCOM/AGG
	NCOM/AGG
	HYCOM

NCOM/AGG
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Figure E-1.  Model Decision Matrix.
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