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1. Introduction
Oceanic current can be considered one of the most dominant mechanisms that affect the distribution of dissolved oxygen within and the transport of waste beyond a marine aquaculture facility.  Both of these parameters influence growth rates and environmental effects, two critically important issues presently facing further development of the marine aquaculture industry in the United States.  For a marine aquaculture business to be successful, maximizing economics of scale while minimizing impact is crucial.   Within the present social climate, the industry must proceed with caution by basing decisions on sound scientific and engineering knowledge.  Trial and error techniques are not acceptable practices either from the environmental or economic perspective.  With the use of accurate and robust planning tools, aquaculture farms are more likely to be successful business entities.  
As part of a comprehensive study, a suite of numerical modeling and geographic information system (GIS) tools are developed to assess physical, chemical and biological processes of a marine aquaculture facility.  As part of the approach, circulation-modeling techniques are applied to an open ocean aquaculture site in the Gulf of Maine.  The site is located in 52 meters of water approximately 10 km from the New Hampshire coast in the United States (Figure 1) and has been permitted for several years to perform research related to the operational, engineering, biological and environmental aspects of open ocean aquaculture.  Since July 2003, a four cage grid mooring system has been deployed at the site (see Fredriksson et al., 2004) containing multiple fish cages that have been used to raise Atlantic halibut (Hippoglossus hippoglossus), haddock (Melanogrammus aeglefinus) and Atlantic cod (Gadus morhua).
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Figure 1: The area of interest is in the Gulf of Maine, off the coast of New Hampshire.

The objectives of this portion of the study are to build the domain of the numerical circulation model, describe a comprehensive set of field observations and compare model results with measurements.  A theoretical review of the model is presented along with a description of the mesh generation techniques, open boundary conditions and model control factors.  Details of the field measurement data sets used for model comparisons are also included.  The data sets include water column velocity and pressure measurements with tidal harmonic analyses.  Results of model simulations are then compared with measured parameters and the quality of the model assessed. 
2. Modeling Procedure
2.1. ADCIRC Model Theoretical Review
Current velocity characteristics were obtained using the Advanced CIRCulation (ADCIRC) model in a two-dimensional, depth integrated (2DDI) configuration as describe in Luettich et al., (1992).  The model utilizes the standard depth-integrated, shallow water equations obtained from the three-dimensional equations of motion, vertically averaged, and subjected to the hydrostatic assumption and Bousinesq approximation.  The ADCIRC-2DDI model is based on the shallow-water equations,
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In equation (1), U and V are the x and y components of the depth averaged velocity, 
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(3)

and u,v are the vertically varying velocities in the x, and y directions.  Also in equation (1), H= ζ +h, where ζ is the surface elevation and h is the bathymetric depth (relative to the geoid).  In equation (2), the Coriolis parameter (f) is defined as 
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where Ω = 7.29212 (10-5) rad s-1 and 
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 is degrees latitude.  These components are balanced by pressure gradients, stresses and dispersion.  The first term on the right side of equation (2), is the surface elevation, pressure gradient, which includes the surface elevation (ζ), the atmospheric pressure at the sea surface (Ps), the reference density of water (ρo), the earth elasticity factor (α) and the Newtonian equilibrium tide potential (η).  The imposed surface and bottom stresses are represented by τsx, τsy and τbx, τby, respectively.  Also included in equation (2) are the vertically integrated lateral stress gradients (Mx and My), the depth-integrated horizontal momentum dispersion terms (Dx and Dy) and the baroclinic forcing (Bx and By).  
2.2. Mesh Generation
The next step was to build a numerical representation of coastal New Hampshire.  Coastline information was primarily obtained from electronic National Oceanic and Atmospheric Administration (NOAA) charts 13278 and 13283 with geo-referenced points.  Three boundary condition types were designated within the model domain including (1) mainland, (2) island and (3) ocean boundaries (Figure 2).  The boundaries were built as node strings with specific spacing characteristics.  The open ocean boundary nodes were spaced at 1500 meters.  The Isles of Shoals boundary nodes were spaced at 50 meters.  The mainland and Portsmouth River boundary nodes were spaced at 100 meters.  An additional string of nodes, with a spacing of 50 meters, was also included in the domain surrounding the aquaculture site.  This string was not used as a boundary but rather as a technique to increase the resolution of elements created at the aquaculture site.
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Figure 2: In the mesh generation process, island, coastline and ocean boundaries were established.

Another important component of the mesh generation process includes the use of area bathymetry.  Bathymetric data sets were acquired from multiple sources.  An extensive number of files were obtained from the NOAA, National Ocean Service Database (NOSDB).  These data sets include information from hydrographic surveys conducted from 1930 to the present (see website).  The data sets were converted from mean low water to an estimated mean sea level (MSL) by interpolated adjustments obtained from M2 tide numerical results of the Gulf of Maine as described Lynch and Namie (1993).  The individual data sets from this website are shown on Figure 3.  Also shown on the Figure is a high-resolution data set (1-meter) obtained from Center for Coastal and Ocean Mapping (CCOM) at the University of New Hampshire.
To fill in the gaps for which data did not exist, individual points were taken directly from charts 13283 and 13287.  Once digitized, the values were converted from mean lower low water to MSL using a published difference value obtained at the NOAA Fort Point site located in Portsmouth, NH (the information can be found at http://tidesandcurrents.noaa.gov/benchmarks/8423898).
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Figure 3:  Bathymetric data point locations that were used in the creation of the model.  A high-resolution data set was available for the OOA site.   
By defining the open boundaries and having a full set of bathymetric data, an unstructured triangular mesh (e.g. having a distribution of sizes) was created.  At the nodes of the triangular elements, depth values were interpolated from bathymetric data.  The domain of the coastal model was created with 9839 nodes and 19067 triangular elements.  The entire model domain is shown on Figure 4 with interpolated bathymetry.  
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Figure 4: The coastal NH model.
2.3. Open boundary conditions
The model was forced at the open boundaries by tidal amplitudes.  The initial model simulation incorporated just the M2 component (period of 12.4206 hours).  In another simulation, the model was forced with surface elevations created by five diurnal and semi-diurnal tidal constituents including K1, O1, M2, S2, and N2.  Each node along the open boundary was given a specific set of amplitudes and phases associated with each constituent.  Values were interpolated from the Eastcoast 2001, database described in Mukai et al. (2002).  While the interpolated values from Mukai et al. (2002) data set, are suited for the open ocean, at the Portsmouth River open boundary, however, tidal constituents were obtained from NOAA measurements at Fort Port, NH (station ID: 8423898).  
2.4. Model Control
To perform model simulations, the two-dimensional, depth-integrated form of ADCIRC was compiled and run from a cold start.  For model control, a constant (0.0001) Corioles option and a minimum angle for tangential flow of 90o was set.  In addition, finite amplitude, wetting and drying, advection and time derivative terms were applied.  Wetting and drying parameters included a minimum water depth of 0.05 meters, the minimum number of dry time steps of 12, the number of re-wetting time steps of 12 and the minimum velocity for wetting of 0.02 cm/s.  An interative JCG solver type was used with an absolute convergence criterion of 10-5 and a maximum number of iterations per time step set at 50.  Also used was a value of 0.009 for the wave continuity weighting factor and a lateral viscosity of 20.0 m2/s (needed for model stability).   In addition, a constant-hybrid bottom friction model was applied with a friction coefficient of 0.014, a break depth of 1 meter, asymptotic approach factor of 10 and friction factor increase of 1/3.  Wave equation time weighting factors were set at 0.35, 0.30 and 0.35.
The model forced with the M2 constituent was set to run for 10 days with a 5-day ramp.  The model forced with five constituents was run for 25 days with a 5-day ramp.  In each case, the start time was set at March 26, 2006 at 18:45:17 UTC with input nodal factors and equilibrium arguments chosen so that time series results can be made with field measurements.  In addition, this time and date was chosen because, according to the field data set, the water level at the site was approximately at the mean sea level (MSL).  When running ADCIRC from a cold start, it assumes water levels are at the MSL.  For both simulations, the model calculations were made at a time step of 2 seconds.
3. Open ocean aquaculture site data
In addition to the model simulations, an extensive set of in-situ measurements were obtained at the Open Ocean Aquaculture site.  For approximately 9 years, a moored instrumentation platform was deployed at the site.  The oceanographic buoy platform was outfitted with multiple sensors collecting meteorological, wave, salinity, water temperature, tidal levels, turbidity, fluorescence, dissolved oxygen and current velocity profile data sets.   A schematic of the system is shown on Figure 5.  Further description of the buoy system is found in Irish et al. (2004).  
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Figure 5: Schematic of the moored instrumentation system deployed at the OOA site.

Even though an extensive amount of information was obtained from the oceanographic buoy platform, only specific water elevation and current profile data sets were examined as part of this study. One of the objectives was to find deployment data sets with minimal weather forcing components so mostly tides would be in the measurements.  This was done by performing tidal harmonic analyses with the techniques described in Pawlowicz et al., (2002).  With this approach, the “strength” of the top 35 constituents is examined with signal-to-noise (SNR) values.  Low SNR values of the MSF constituent indicate minimized weather effects.  It was found that a data sets from March to June 2006, with a record length of 98.22 days (pressure data set), consisted mostly of tides.  This data set was also one of the longest in the 9-year buoy deployment period. The water elevation data sets were obtained with a pressure sensor mounted on the instrumentation frame near the bottom of the system.  Current velocity data sets were collected from an upward looking Acoustic Doppler Current Profiler (ADCP) attached on the same frame.  The ADCP was configured to measure velocities in the North-South (N-S), East-West (E-W) and vertical directions.  Using range-gating techniques, velocities were acquired at 2-m bins from a depth of 3 to 49 meters (the moored platform was placed in 55 meters of water).  The specific data sets that were analyzed for this study were acquired from March to July 2006, representing one of the longest deployments over the 9-year period.   
The surface elevation data set was obtained from the pressure transducer instrument, which was started on March 28, 2006 at 23:15:17 UTC.  It operated for a duration of 98.22 days collecting 9429 observational data points at a frequency of 15 minutes.  At nearly the same time, the ADCP collected 10650 profile data points starting on March 28, 2006 at 21:37:30 UTC, also at a frequency of 15 minutes.  In this study, the profile data set was depth-averaged.  Both of these data sets were processed to obtain the K1, O1, M2, S2, and N2 tidal constituent characteristics (amplitude and phase ) using the techniques described in Pawlowicz et al. (2002).  In the process, bootstrapped confidence levels were also calculated based on an uncorrelated bivariate-colored noise model (also described in Pawlowicz et al., 2002 and denoted as the “error”).  The constituent amplitudes, phases and error values calculated are provided in Tables 1 and 2 for the surface elevation and ADCP data sets, respectively.  Note that the constituent frequency is only included in Table 1.
Table 1: The dominant tidal constituents obtained from elevation data set (amplitude values are in meters and phase values are in degrees).  Corresponding error values are also included.
	Tidal

Constituent
	Frequency

(hr-1)
	Amplitude
(cm)
	Amplitude error

(cm)
	Phase
(deg)
	Phase Error

(deg)

	O1
	0.0387307    
	11.3
	0.9
	166.84
	22.00

	K1
	0.0417807    
	14.5
	1.0
	193.36
	3.90

	N2
	0.0789992    
	25.1
	2.0
	66.01
	3.93

	M2
	0.0805114    
	132.3
	1.8
	104.58     
	1.03

	S2
	0.0833333    
	18.4
	2.1
	129.81   
	5.95       

	
	
	
	
	
	


Table 2: Depth-Averaged tidal velocity amplitudes, phases and corresponding errors.
	Constituent
	Component
	Amplitude

(cm/s)
	Amplitude Error
	Phase (deg)
	Phase 

Error

	O1
	N-S
	0.1942 
	0.319   
	253.85   
	115.87     

	
	E-W
	0.2609    
	0.410   
	351.00   
	114.22      

	
	
	
	
	
	

	K1
	N-S
	0.4420    
	0.399   
	164.50    
	67.72

	
	E-W
	1.2143    
	0.605   
	338.58    
	29.99       

	
	
	
	
	
	

	N2
	N-S
	0.8978    
	0.570   
	331.34    
	33.16      

	
	E-W
	1.2039    
	0.479   
	187.51    
	21.45      

	
	
	
	
	
	

	M2
	N-S
	2.1650    
	0.484   
	330.62    
	14.0

	
	E-W
	4.3866    
	0.459   
	216.71     
	5.34      

	
	
	
	
	
	

	S2
	N-S
	0.3571    
	0.415    
	21.30    
	72.40     

	
	E-W
	0.7063    
	0.448   
	247.77    
	35.46      

	
	
	
	
	
	


4. Model comparisons with the measured data
The results of the ADCIRC model simulations were then compared with data sets obtained from the ADCP at the site.  The first comparison was made with just the M2 tidal component.  In the Gulf of Maine, the M2 represents the most dominant of all constituent components, as evident in Tables 1 and 2.  In the analysis, the measured M2 tidal elevation from the OOA site was compared with the one calculated with the ADCIRC model.  Time series results from the measured data sets were adjusted by using nodal factors and equilibrium arguments.  Open ocean boundary input values were also adjusted with the appropriate nodal factors and equilibrium arguments.  This is necessary if actual predictions are to be made with consistent temporal characteristics.  The time series results are shown on Figure 6.  Included on Figure 6 are the ± amplitude error values for the measured data set.  As expected, the amplitude differences between the model and measured results are small.  Also note on Figure 6 the 5-day ramping period applied in the model simulation and the MSL starting point for both the measured and model data sets.
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Figure 6: A comparison between the ADCIRC model M2 surface elevation results with those measured.  The dotted green line represents +/- the amplitude error value for the M2 component as provided in Table 1.
A comparison was also made between the measured M2 velocities.  Output from the ADCIRC model yielded both X- and Y-velocity components of the M2 tidal current.  These results are shown on Figure 7.    Also shown on Figure 7 are the E-W and N-S measured components from the ADCP, the +/- measured error and model 5-day ramp.  Since the open ocean site elevation conditions were temporally considered, the depth averaged ADCP data also had the start date of 3/29/2006 at 18:45 UTC (from  appropriate use of the nodal factors and equilibrium arguments).  
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Figure 7: A comparison of model velocity results with those measured for the case of M2 constituent forcing.  The top panel compares the x-velocity calculated with the ADCIRC model and the measured E-W velocity component.  The bottom panel compares the y-velocity calculated with the ADCIRC model with the measured N-S velocity component.
Another way to compare the relationship between the horizontal and vertical components of the tidal components is to plot them with respect to each other.  For data sets from the Gulf of Maine, an M2 tidal ellipse can be created and the orientation of the major and minor axes examined.  The characteristics of the tidal ellipse will have implications when evaluating the transport of material from an aquaculture site.  The direction and magnitude of the major axis will indicate the direction and magnitude of potential impact.  This may also assist in the placement of nearby farms (possibly along the minor axes).
Tidal ellipses of both the measured and model results where then created by plotting y-component vs. the x-components.  Both the model and measured results are shown on Figure 8.  The orientation and the minor axes are nearly identical.  Only the major axis produced by the model was slightly larger.  Having magnitude differences on the scale of cm/s, shows that the model has a reasonable potential for predicting tidal currents, especially since the spatial resolution of the model domain at the OOA site is approximately 50 meters. 
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Figure 8: M2 tidal ellipse comparison showing the Y and N-S velocities on the vertical axis and the X and E-W velocities on the horizontal axis.
Once the M2 component of the tide (elevation and velocity) was modeled with a certain degree of confidence, the model was configured to run with the K1, O1, M2, S2, and N2 tidal constituents.  With the use of the appropriate nodal factors and equilibrium arguments, the surface elevation was predicted for a duration of 20 days.  The model and measured results are shown on Figure 9.  The variance of the model simulation and measured data sets were calculated to be 0.7911 (cm)2 and 0.7472 (cm)2, respectively.
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Figure 9: ADCIRC model surface elevation comparison with the measured values incorporating just the K1, O1, M2, S2, and N2 tidal constituents.
The surface elevation at the OOA site was modeled reasonably well.  The next step was to calculate, with the ADCIRC model, the X- and Y-velocities associated with the East- and North-going measured velocities.  The time series results are shown on Figure 10.    The corresponding X- and Y- model variances were 12.68 (cm/s)2 and 2.25 (cm/s)2.  While the measured E-W and N-W variances were 9.27 (cm/s)2 and 2.33 (cm/s)2.  With tidal harmonic analysis techniques, the amplitudes and phases for each of the 5 constituents were estimated for both measured and model results and provided in Table 3. 
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Figure 10: ADCIRC model velocity comparison with the measured values incorporating just the K1, O1, M2, S2, and N2 tidal constituents.
Table 3: Depth-Averaged tidal velocity amplitudes, phases and corresponding errors.
	Constituent
	Component
	Amplitude

(cm/s)
	Amplitude Error
	Model (cm/s)
	Phase (deg)
	Phase 

Error
	Model Phase (deg)

	O1
	N-S
	0.1942 
	0.319   
	0.2268    
	253.85   
	115.87     
	329.62     

	
	E-W
	0.2609    
	0.410   
	0.1903    
	351.00   
	114.22      
	357.55     

	
	
	
	
	
	
	
	

	K1
	N-S
	0.4420    
	0.399   
	0.3554    
	164.50    
	67.72
	40.88     

	
	E-W
	1.2143    
	0.605   
	0.1339    
	338.58    
	29.99       
	0.018   

	
	
	
	
	
	
	
	

	N2
	N-S
	0.8978    
	0.570   
	-
	331.34    
	33.16      
	-

	
	E-W
	1.2039    
	0.479   
	-
	187.51    
	21.45      
	-

	
	
	
	
	
	
	
	

	M2
	N-S
	2.1650    
	0.484   
	2.0930    
	330.62    
	14.0
	321.39    

	
	E-W
	4.3866    
	0.459   
	5.2202    
	216.71     
	5.34      
	213.44     

	
	
	
	
	
	
	
	

	S2
	N-S
	0.3571    
	0.415    
	0.1653    
	21.30    
	72.40     
	329.16   

	
	E-W
	0.7063    
	0.448   
	0.8060    
	247.77    
	35.46      
	253.69    

	
	
	
	
	
	
	
	


5. Summary
This preliminary document describes the circulation modeling procedure, the field data processing techniques and presents a comparison between model and measured results at the Gulf of Maine open ocean aquaculture site.  Results are remarkably similar showing that the model has promise as a predictor of current that will transport aquaculture wastes from the site.  The next step will be to use the hydrodynamic model output as input to the AquaModel.  With the use of accurate low-flow current information, and fish farm waste parameters, the suite of modeling tools will be able to quantify waste concentrations at the site and changes over time.
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