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APPENDIX B 

P12611- Addendum to Verdant Power RITE Draft License Application (August 2018) 
 

 

 

Section 4.3.1 - Geology and Soils 

The information presented in 4.3.1 (FLA Vol 2, p. E-31 to E-37) remains accurate.   

Bathymetry:  In November 2015 Verdant contracted Ocean Surveys, Inc. (OSI) to conduct additional 
high-resolution bathymetric surveys in the East Channel of the East River, north of the Roosevelt Island 
Bridge.  The results, presented in Figure 1a and 1b, agree with previous studies and increases the 
coverage and quality of the bathymetry data within the RITE Project Boundary.  The 2015 bathymetric 
survey is IHO Order 1a compliant; 100% of the sounding points have a Total Horizontal Uncertainty 
(THU) value of 0.26 m or less and a Total Vertical Uncertainty (TVU) value of 0.32 m or less. 

 

 
Figure 1a.   RITE Bathy (TriFrame Positions #1 - #6) 
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Figure 1b.   RITE Bathy (TriFrame Positions #7 - #10) 

 

Geotechnical:  Since the 2012 license application, Verdant contracted e4sciences|Earthworks LLC to 
conduct an additional detailed geotechnical investigation in the fall, 2017.  This survey included 
orthosonography, side-scan sonar, seismic and diver-based sample collection and video.  Summary 
results were included in the CEII filing of the SDR in February 2018 and suggest that the conditions at 
TriFrame #2 for Install B-1 are as characterized in the 2005 and 2007 surveys and can be summarized as:  

1) Confirming the absence of fine-grain sediment; 
2) Confirming the presence of a field of boulders and cobble.   

Therefore, the data as filed in 4.3.1 (FLA Vol. 2) is reconfirmed.  
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Section 4.3.2 - Water Resources   

Water Quality:  Verdant sampled the near surface water from the East Channel, East River in June and 
December 2011 in conjunction with Sandia National Laboratories (SNL) and measured the salinity values 
between 19.6 and 20.2 PPT, nearly identical to the results as reported in the FLA.  To Verdant’s 
knowledge, all water quality reporting remains accurate as filed in 4.3.2.3 (FLA Vol. 2).  

Hydrodynamics:  Since the FLA filing, Verdant has continued to advance the state-of-the-art in 
Computational Fluid Dynamics (CFD) to understand and confirm the micro-, meso-, and macro-scale 
hydrodynamics of the installed project.  The conclusions presented in Exhibit E Volume 2, beginning on 
p. E-74, are summarized below at the three scales. Work with Oak Ridge National Laboratory (ORNL) and 
the University of Minnesota Saint Anthony Falls Laboratory (SAFL), and ongoing work with Stony Brook 
University (SBU), confirms the results as filed in 4.3.2.2 (FLA Vol. 2).  Specific advancements at each scale 
can be summarized as follows; and the papers referenced are included in this addendum.  

1) Micro-scale: 

a. Understanding at 2010 FLA: 

i. “Non-Rotating units create small wake regions, especially behind the pylon, pile, blades, 
and tail cone. Very little flow acceleration is visible and what can be seen is generally 
well above the river bottom. Pressure differences across the stationary and rotating 
structures do lead to wake regions, however pressures below the vapor pressure are 
not seen and cavitation is not a concern. 

The turbulent wake, both bluff-body and tip-vortex, led to increased mixing and flow 
disturbance. However, these regions of increased mixing/scouring/sediment transport 
are expected to be generally well above the river bottom. The impact of the pile wake, 
which is near the river bottom, is reduced by the natural presence of a strong turbulent 
boundary layer. 

Computational limitations due to blade/rotor resolution requirements prevent the 
accurate modeling of the far-field (meso-scale) wake behavior.” 

b. Advancements 2012-2018: 

i. Detailed quantification of the hub-height turbulence in May 2011 with two Acoustic 
Doppler Velocimeters (ADVs) provided by ORNL.  Undisturbed values for Turbulence 
Intensity and Spectral Energy Density, among others, were characterized and utilized in 
internal load prediction software to predict the loads on the TF+3T with additional 
accuracy.  Journal publications include: 

• “Tidal Energy Site Resource Assessment in the East River tidal strait, near 
Roosevelt Island, New York, New York”, Gunawan, B., Neary, V.S., Colby J., 
Renewable Energy, no. 71, p 509-517, 2014. 

ii. Updated computational fluid dynamics (CFD) work at the University of Minnesota St. 
Anthony Falls Laboratory (SAFL) on the micro-scale hydrodynamics of an individual KHPS 
was conducted.  Utilizing in-house numerical methods for solving the complex turbine 
geometry, including the rotor and all stationary components, SBU completed large-eddy 
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simulations (LES) of the Verdant Gen4 KHPS in 2011 and the Gen5 KHPS in 2017 as 
discussed below.  Peer-reviewed journal publications include: 

• “Numerical simulation of 3D flow past a real-life marine hydrokinetic turbine”, 
Kang, S., Borazjani, I., Colby, J. A., Sotiropoulos, F., Advances in Water 
Resources, vol. 39, p. 33-43, 2012. 

c. Observations at Relicensing- 2018: 

i. From the published 2012 paper, “The computed results illustrate the complexity of the 
flow and show that the power output of the complete turbine is primarily dependent on 
the rotor geometry and tip speed ratio and is not affected by the stationary components 
of the turbine and the presence of the channel bed. The complete turbine simulation 
also reveals that the downstream wake of the turbine consists of three main regions: (1) 
the outer layer with the spiral blade tip vortices rotating in the same direction as the 
blades; (2) the counter-rotating inner layer surrounded by the spiral tip vortices; and (3) 
the core layer co-rotating with respect to the tip vortices.  This study is the first to 
report the three-dimensional wake structure of MHK turbines.” 

ii. In general, these updated results for the micro-scale hydrodynamics of the Gen4 turbine 
agree with the conclusions drawn in the FLA.  The Gen5 KHPS has a nearly identical 
rotor geometry and rotates at a lower rpm than the Gen4 KHPS.  As such, the 
understanding of the micro-scale hydrodynamics around an operating KHPS has been 
advanced, confirming the previous conclusions and re-affirming the complex physics 
associated with the fluid-structure interaction at the micro-scale. 

2) Meso-scale: 

a. Understanding at 2010 FLA: 

i. “The in-water data was confirmation of the influence of KHPS units on a mesoscale and 
is reflected in the quality of energy production during the timeframe and largely informs 
Verdant Power of the correct lateral and longitudinal spacing of KHPS units.   

Velocity magnitudes are greatly reduced directly downstream of a generating unit, while 
velocity directions are shown up to 90o out of phase with the natural channel direction. 
These 3-d, rotating, vortex structures convect downstream, centered on the shaft 
centerline. Their general influence is maintained in a slowly expanding cone 
downstream from the rotor and is thought unlikely to affect the river bottom. 

With regard to localized effects, the presence of the pylon and the areas of lower 
velocity (reductions up to 50%) behind the stationary KHPS unit pylon during ebb and 
flood flows do present a potential area of protection and/or habitation. However, as 
discussed in the Aquatic Resources sections, the fish abundance and population 
observations generally tend to indicate that fish (both large and small) are not present 
in the high current zones of the KHPS. Nor are they present in general, during the ebb 
and flood cycles, and so the decrease in localized velocities would not be likely to effect 
the predator-prey relationship within the field.” 
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b. Advancements 2012-2018: 

i. Updated CFD work at SAFL, the University of Washington (UW) and Stony Brook 
University (SBU) on the meso-scale hydrodynamics of a TriFrame + 3 Turbines (TF+3T) 
was completed.  Using similar tools, large-eddy simulations (LES) of the wake structure 
of a TriFrame of three turbines is investigated using both numerical simulations and 
scale-model experiments. Peer-reviewed journal publications include: 

• “Wake characteristics of a TriFrame of axial-flow hydrokinetic turbines”, 
Chawdhary, S., Hill, C., Yang, X., Guala, M., Corren, D., Colby, J., Sotiropoulos, F., 
Renewable Energy, Vol. 109, p 332-345, 2017. 

c. Observations at Relicensing 2018: 

i. From the published 2017 paper, “We found that the wake of the upstream TriFrame 
turbine exhibits unique characteristics indicating presence of the Venturi effect as the 
wake encounters the two downstream turbines. We finally compare the wakes of the 
TriFrame turbines with that of an isolated single turbine wake to further illustrate how 
the TriFrame configuration affects the wake characteristics and power production in an 
array of TriFrames.” 

ii. In general, these updated results for the meso-scale hydrodynamics of the Gen4 turbine 
agree with the conclusions drawn in the FLA.  Verdant was able to significantly increase 
our understanding of the meso-scale hydrodynamics associated with the TF+3T 
configuration.  Further, research suggests that turbine performance on a TriFrame can 
be improved relative to the performance of 3 individual turbines.  Specifically, “The 
faster momentum deficit recovery and lower turbulent kinetic energy (TKE) in the wake 
of the upstream turbine of the TriFrame are advantageous when using the TriFrame 
assembly to build a large turbine array.” 

3) Macro-scale: 

a. Understandings at 2010 FLA: 

i. “A 1-d model for the extraction of kinetic energy, as an additional source of frictional 
losses, from an open channel can accurately predict the depth and velocity in the East 
Channel of the East River. The influence of energy extraction is to slightly increase 
(12 mm) the overall water depth from the inlet of the channel to the extraction planes. 
As a result, the water velocity is decreased slightly (-0.07 m/s) throughout the channel. 

These modifications to the channel properties are minimal and below the precision 
available for most measurement devices. As such, the generation of 1 MW from the East 
Channel of the East River is unlikely to modify the natural channel properties in any way. 
As part of the operational monitoring, Verdant Power will also continue to install and 
record water velocity and level data with the use of Acoustic Doppler Current Devices 
(ADCPs) that will inform the hydrodynamics of the machines and array, as the staged 
installation progresses. This data, coupled with the RMEE Plans, will continue to build 
and support the body of science of hydrodynamic effects of operating KHPS units in 
different configurations.” 
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b. Advancements 2012-2018: 

i. Updated CFD work at SAFL, SBU, the University of Chicago and Argonne National 
Laboratories during 2015-2017 on the macro-scale hydrodynamics of an array of TF+3Ts 
has been conducted.  Specifically, a new generation unstructured Cartesian flow solver 
coupled with a sharp interface immersed boundary method for 3D incompressible flows 
is used to numerically investigate New York City's East River, including the high-
resolution bathymetry acquired as mentioned above, and the array of thirty KHPS 
turbines.  Peer-reviewed journal publications include: 

• “Multi-resolution simulations of an array of hydrokinetic turbines: Site-specific 
field scale large eddy simulations of the East River in New York City”, 
Chawdhary, S., Angelidis, D., Sotiropoulos, F., Corren, D., Colby, J., Water 
Resources Research, PENDING. 

c. Observations at Relicensing- 2018:  

i. From the pending journal paper, “Simulations indicated that a marginal acceleration in 
the river flow in the spanwise region where turbines were not placed. Comparison with 
the baseline flow in terms of mean streamwise velocity as well as vorticity magnitude 
indicates that there is a very small signature of the turbine wake at the free surface of 
the channel. This effect could be negligible compared to the free surface disturbances 
present in the tidal channel otherwise.” 

ii. Verdant was able to advance the state-of-the art modelling of the meso-scale 
hydrodynamics from 1-D to 3-D, a significant improvement in understanding and a 
fundamental advancement in computational modeling, and confirm the previous 
conclusions regarding de minimus effects of 10 TriFrames in an array.  

 

Section 4.3.3 - Aquatic Resources 

As required by Article 401 of the issued Pilot license, in advance of Install B-1, to advance knowledge 
regarding fish and aquatic resources, Verdant voluntarily conducted RMEE data collection efforts as 
outlined in the FLA Volume 4 (2010): 

1) RMEE-2 – Seasonal DIDSON Observation Monitoring  

a. Objective (2010 FLA and Approved in Pilot License):  

From the FERC FLA, “The objective of the seasonal DIDSON observation is to:  

(i) Provide real-time observation of fish behavior near operating KHPS during a seasonal 
period of known fish abundance.  Specifically, the goal is to provide imaging of any 
fish/KHPS interaction, both spatial and temporal, at the micro scale around a rotating 
turbine.  Parameters that can be observed from the DIDSON will include: 

• fish swimming location and direction relative to the turbine blades 
• fish passage through or around the turbine 
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• for fish passing through the turbine, it will be possible in most cases, especially 
for larger fish, to determine if the fish avoided the blades or was struck 

• fish size and shape with potentially some species identification, especially for 
larger individuals (e.g., Atlantic sturgeon, turtles, marine mammals) 

2. Add value to the body of collected data on fish presence, abundance, movement pattern 
and species in and around the operating KHPS machine by providing micro-scale details 
of the fish seen at the meso-scale by the SBTs.” 

b. Advancements Since 2012:  

(i) Methodology:  Verdant, during the 2012 In-water Test (IWT) of the Gen5b rotor, 
installed and operated a remotely aim-able DIDSON unit in close proximity to the 
operating dynamometer turbine.  A significant data set was collected over 2+ weeks 
with and without turbine operation.     

(ii) Analysis:  In conjunction with Oak Ridge National Laboratory (ORNL), under US DOE 
funding, Verdant and ORNL re-evaluated the 2012 DIDSON data using automated data 
processing techniques to evaluate 5 projects objective: 

“1. Quantify near-field (i.e., within 12 m) behavioral response and swimming 
trajectories of fish encountering an operating HK turbine using 373 hours of video 
from a deployed DIDSON multibeam hydroacoustics system. 

2. Quantify the far-field normal swimming trajectories and distribution of fish in the 
vicinity of the deployment site using previously collected data from a splitbeam 
hydroacoustics system during the same seasonal period. 

3. Characterize the relationship between flow dynamics and changes in behavior 
and distribution (near- and far-field) with correlation of concurrently collected 
acoustic Doppler current profiler (ADCP) data.  

a. Near-turbine fish trajectories, avoidance behavior, and general distribution 
relative to near-field hydraulics (i.e., water velocity and tide direction) with 
and without the influence of a turbine. 

b. Far-field vertical and horizontal distributions and trajectories of fish relative 
to water velocity and tide stage (ebb, flood and slack tide) with and without 
the influence of a turbine. 

4. Update parameterization of existing fish interaction model developed for the East 
River and the RITE Project.  

5. Use study results to assess which approaches (e.g., field observation, 
experimentation, models) will be most effective for predicting or monitoring the 
effects of turbine arrays.” 

(iii) Data and Results:  The summary of this analysis is provided in the final ORNL report and 
includes conclusions (Clause 6.2) that impact the KHPS-Fish Interaction Model (KFIM), 
among others (“Informing a Tidal Turbine Strike Probability Model through 
Characterization of Fish Behavioral Response using Multibeam Sonar Output”, 
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Bevelhimer, M., Colby, J., Adonizio M.A., Tomichek, C., Scheleris, C., ORNL/TM-2016-
219, July 2016).1  These results have also been published in a number of journal articles 
and conference proceedings, including: 

(iv) “Hydroacoustic Assessment of Behavioral Responses by Fish Passing Near an Operating 
Tidal Turbine in the East River, New York”, Bevelhimer, M., Scheleris, C., Colby, J., 
Adonizio M.A., Transactions of the American Fisheries Society, Vol. 146, Issue 5, 2017. 

(v) “Parameter Updates to Probabilistic Tidal Turbine – Fish Interaction Model”, Tomichek, 
C., Colby, J., Bevelhimer, M., Adonizio, M.A., Proceedings of the 4th Marine Energy 
Technology Symposium, April 2016. 

(vi) “Fish Behavioral Response During Hydrokinetic Turbine Encounters: Applying Multi-
beam Hydroacoustics Results to a Fish-Turbine Interaction Model”, Bevelhimer, M., 
Scherelis, C., Colby, J., Tomichek, C., Adonizio, M.A., Proceedings of the 3rd Marine 
Energy Technology Symposium, April 2015. 

c. Observations at Relicensing 2018:  

Observations Regarding Fish Impacts:  Based on the analysis conducted, it is clear that the 
DIDSON was a useful tool in imaging the micro-scale impact (or lack thereof) and confirmed 
the micro scale absence (and likely avoidance) of fish around an operating turbine.   

In Verdant’s opinion, further DIDSON data collection and analysis is unlikely to be useful 
during B-1 as the micro-scale interaction and fish impact has been shown to be de minimis.  
This is particularly true in light of the level of micro-scale impacts associated with the 
incidental take permit of the Ravenswood Generating Station, located in close proximity to 
the RITE Project Area. Evaluation of the RMEE-2 protocol for the Pilot license will be 
reviewed prior to the mid 2020 planned Install B-1, and its effectiveness in a relicensing 
effort.   

2) RMEE-3 – Seasonal Species Characterization Netting 

a. Objective (2010 FLA and approved in Pilot license):  

RMEE-3  “The objective of netting is to provide a set of net capture data, during May through 
December with more effort during the seasonal period (mid-September through mid-
December) of elevated fish abundance in the project vicinity to provide:  

1. Species characterization information, that combined with the 2006 RITE trawling, 
and the Ravenswood and other historical impingement data will provide additional 
understanding of the fish population in the East Channel, 

2. Provide species characterization in the immediate vicinity of the turbines that can be 
used to support the interpretation of the past and future DIDSON monitoring and 
hydroacoustic evaluations, and 

                                                           
1  Available on PNNL Tethys database: (https://tethys.pnnl.gov/publications/informing-tidal-turbine-strike-probability-model-

through-characterization-fish)  
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3. Potentially provide some observation and/or data for interpretation on potential fish 
injury due to turbine blade contact in a field of operating KHPS turbines.”  

b.  Advancements Since 2012:  

(i) Methodology:  The RMEE-3 netting methodology was reviewed by the agencies and 
filed in the FERC Docket (2013 filings in 2014 –  1/15/2014).  It should be noted that no 
comments on the methodology were received. 

(ii) Data and Results:  The netting results were reviewed by the agencies and filed in the 
FERC Docket (2013 filings in 2014 –  1/15/2014) Verdant contracted Kleinschmidt 
Associates and Normandeau Associates to conduct a netting effort in May 2013 in the 
East Channel of the East River.  During that effort, 3 total tows, only 2 aquatic organisms 
were caught:  

• Tow 2: Callinectes sapidus, blue crab; 44 mm; alive; returned unharmed   

• Tow 3: Peprilus triacanthus, butterfish; 37 mm; alive; returned unharmed 

 It should be noted that no comments on the results were received. 

c. Observations at Relicensing 2018:  

In Verdant’s opinion, based on this 2013 effort, in general, species characterization netting 
near the RITE Project Area is unlikely to yield meaningful results given the difficulty of 
netting in strong tidal currents and the general absence of fish in the mid-river. However, 
extensive fish assemblage data is available from aquatic organism samples collected at 
Ravenswood Generating Station which is in close proximity to the Project site, and was 
used in the pilot license application and is available for the relicense review. Evaluation of 
the RMEE-3 protocol for the Pilot license will be reviewed prior to the mid 2020 planned 
Install B-1, and its effectiveness in a relicensing effort.   

3) RMEE-4 – Tagged Species Detection  

a.  Objective (2010 FLA and Approved in Pilot License):  

From the FERC FLA, “The objective of this plan is to provide new and unique detections on 
the potential presence of the proposed ESA listed Atlantic sturgeon, ESA listed shortnose 
sturgeon, along with striped bass, bluefish, winter flounder and other species that have 
been acoustically tagged.  Detection would occur in both the east and west channels of the 
East River, proximate to the RITE Pilot project boundary.  Once that is achieved, based on 
collected data, revision and updated evaluation of species with respect to Installs B-1, B-2 
and C will occur.”  

b.  Advancements Since 2012:  

(i) Methodology:  The details of the methodology for tagged species detection using 
VEMCO VR2W receivers in both the East and West Channel of the East River are 
provided in the FERC fillings from 2012-2017.    
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(ii) Data and Results:  Verdant submitted annual reports on the monitoring of tagged 
species detections in 2012, 2013, 2014, 2015, 2016 and 2017.  In summary, as shown in 
the 2017 FERC filing (7/31/2018), 334 total fish were detected, 264 in the West Channel 
and 70 in the East Channel.  Normalized over the 70+ months of data collection, 40 fish 
were detected per year in the West Channel vs. 12 fish detected per year in the East 
Channel.  Of the 334 total detections: 252 were striped bass, 29 were Atlantic sturgeon, 
3 were other species (Alewife and American shad) and 50 are unidentified.  These 
results have been published in a number of conference proceedings, including: 

• “Parameter Updates to Probabilistic Tidal Turbine – Fish Interaction Model”, 
Tomichek, C., Colby, J., Bevelhimer, M., Adonizio, M.A., Proceedings of the 4th 
Marine Energy Technology Symposium, April 2016 [Included in 2017 FERC filing 
(7/31/18)]. 

• “Improvements to Probabilistic Tidal Turbine-Fish Interaction Model 
Parameters”, Tomichek, C., Colby, J., Adonizio, M.A., Proceedings of the 3rd 
Marine Energy Technology Symposium, April 2015. 

• “Tagged Species Detection: Approach to Monitoring Marine Species at Marine 
Hydrokinetic Projects”, Tomichek, C., Colby, J., Adonizio, M.A., Frisk, M., Dunton, 
K., Fox, D., Jordaan, A., Proceedings of the 2nd Marine Energy Technology 
Symposium, April 2014. 

c.  Observations at Relicensing 2018:  

The multi-year tag detection effort has proven an effective method to detect previously 
tagged species and to provide input to parameters in the assessment of the risk of fish-
turbine interaction at the RITE Project.  This effort requires cooperation for continued 
tagging by researchers and data sharing with many organizations, a potential hurdle to the 
success of the protocol for both striped bass recovery efforts and the tagging and 
identification of the ESA species- Atlantic Sturgeon. A further limitation with the current 
protocol is that the configuration of the receivers does not allow for any location specific 
information regarding the fish within the river.   

However, an alternative approach that utilizes multiple VEMCO (3+) in a “grid” and tags with 
depth sensors would allow for the spatial triangulation of tags, and ultimately, fish tracks 
through the river.  This approach may be the most effective way to track fish (previously 
tagged) as they move through the RITE Project Area. Evaluation of the RMEE-4 protocol for 
the Pilot license will be reviewed prior to the mid 2020 planned Install B-1, and its 
effectiveness in a relicensing effort.   

4) KHPS-Fish Interaction Model (KFIM)  

a.  Objective (2010 FLA and Approved in Pilot License):  

As described in Vol 4 of the 2010 FLA, a 2-Dimensional (2D) probabilistic KHPS–Fish 
Interaction Model (KFIM) was developed to determine the overall risk of strike by using a 
product of independent sub-probabilities. 
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The model considered a 2D lateral cross-section of the channel at the location of the turbine 
and comprised seven major parameters: Probability of Blade Rotation (P1), Distribution of 
Water Velocity over the Tidal Cycle (P2), Fish Distribution (East vs. West Channel) (P3), 
Turbine Rotor Area (P4), Blade Interaction with Fish (P5), Fish Distribution Fish Distribution 
(At Different Velocities) (P6) and Avoidance Behavior (P7). These parameters were 
combined to provide the total probability of strike for fish of various lengths that correlate 
so species of interest in the RITE Project area. The results of the KFIM were accepted by 
agencies as included in the 2012 order issuing the FERC license.  

b.  Advancements Since 2012:  

The above pre-install B-1 fish study efforts (2012-2018) indicate an update and potential 
reduction to the risk.  

The most recent updates and proposed changes to the KFIM parameters are provided in the 
July 2018 RMEE-4 filing as Attachments C and D.  As stated in Attachment D, Table 3 and 
Table 4, the probability of strike for both Atlantic sturgeon and black sea bass are reduced 
for all number of deployed turbines.  For Install B-1, the updated probability of blade strike 
was reduced from 0.26% to 0.02% for Atlantic Sturgeon (L = 104 cm).  Similarly, for black sea 
bass (L = 25 cm), the updated probability of blade strike was reduced from 0.10% to 0.005%.  

Similar reductions are postulated for the entire field of 30 Turbines.  

c.   Observations at Relicensing 2018:  

The above efforts to verify the parameterization of the KFIM at RITE continue to advance 
the understanding of fish interaction in the presence of operating Verdant Power Gen5 
turbines and overall indicate an update and potential reduction of the risk as summarized in 
2012. Evaluation of the KFIM parameters and update for the Pilot license will be reviewed 
prior to the mid 2020 planned Install B-1, and its effectiveness in a relicensing effort. 

 

Section 4.3.5- Rare, Threatened, and Endangered Species 

A.  Objective (2010 FLA and Approved in Pilot License):  

As required by Article 401 of the Pilot License, Verdant is required to submit annual reports on 
the monitoring of Rare, threatened and endangered (RTE) species.  

B.  Advancements Since 2012:  

(i) Methodology:  Verdant conducts the RMEE-4 plan for RTE tagged species (Atlantic sturgeon) 
and records anecdotal observations at the RITE site and environs.  

(ii) Data and Reporting:  Verdant submitted reports in 2012, 2013, 2014, 2015, 2016 and 2017. 
These reports were provided to the relevant agencies in advance of filing with FERC and 
comments received were addressed and included, as possible, in the final FERC filings. 
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C.   Observations at Relicensing 2018:  

(i) Summary of RTE Detection at RITE: 

a. The outcome of RMEE-4 (2011-2017) as described in detail above.  In summary, 334 
total fish were detected in the East and West Channel.  Of those, 29 detections (8.7%) 
are Atlantic sturgeon (i.e. RTE species).  Of those 29 RTE Species detections, 24 occurred 
in the West Channel and 5 occurred in the East Channel where the RITE project is 
located.  In order to compare data in the East and West Channel over 70+ months of 
data, normalized detection rates are provided: 0.86 Atlantic sturgeon per year in the 
East Channel, 3.61 Atlantic sturgeon per year in the West Channel.  

b. These observations are consistent with the NMFS Biological Opinion issued May 10, 
2011. 

(ii) Summary of Marine Mammal Observation at RITE 

a. Opportunistic visual observations and anecdotal news stories from 2011 – 2017 
identified NO marine mammals in the vicinity of the RITE Project Area.  Additional 
sightings in the greater New York Harbor were included for completeness.    

 

Section 4.3.6 – Recreational Resources  

A. Objective (2010 FLA and approved in Pilot license):  

As described in Vol 2 Page E-131 et seq. of the 2010 FLA recreation in the area is defined as on-
water vessels and limited passive recreation from the shoreline.  The issued Pilot License Article 
401, ordered the addition of a RMEE 7 Recreational Monitoring 

The purpose of this plan was to conform to New York DEC condition 17, “Recreation 
Monitoring”.  Specifically, the following DEC condition 17 is noted: 

“Monitoring studies, at a minimum, shall include the collection of annual recreation use data.  As 
part of the plan, the licensee shall submit annual reports by February 15 of each year that 
monitoring occurs (years 1, 2, 4, and 5). This report shall include: 

(1) annual recreation use figures; 

(2) a description of the methodology used to collect all study data; 

(3) a discussion of whether the project’s exclusion zone and the installed turbines are 
affecting recreation use in the project area, specifically at Hallet’s Cove and the north end of 
Roosevelt Island; 

(4) documentation of agency consultation and agency comments on the report after it has 
been prepared and provided to the agencies; and 

(5) specific descriptions of how the agencies’ comments are accommodated by the report.” 
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B. Advancements Since 2012:  

To implement this RMEE-7 plan, Verdant has instituted:  

(i) Methodology:  As a voluntary effort, pre-Install B-1, Verdant conducted voluntary 
Recreational Monitoring efforts as outlined in Verdant collected recreational use data in 
2012, 2014 and 2015 from the 3 locations described above.  

(ii) Data:  A summary of results is presented in Table RMEE-7 below. This data was not filed with 
the commission, since no turbines have been in operation. During these observations, no 
shoreline recreation (fishing from banks) was observed.   

 
C. Observations at Relicensing 2018:  

The impact of the licensed project on shoreline recreation is unlikely. However, the on-water 
activity is likely to continue to be an observation through the navigation and safety plan (see 
below).   

Table RMEE-7.   Summary of RITE Recreational Monitoring Data 

Year Date Day 
Total 
Time 

Project Area 
Sightings Hallet’s Cove Sightings RI North End Sightings 

2012 May 26 Sat. 
(MD) 

2.0 hrs. 5 vessels 0 vessels 1 vessel, 1 kayak 
(All East Channel) 

2012 July 7 Sat. 
(J4) 

1.5 hrs. 2 vessels 0 vessels 2 vessels 

2012 Sept. 3 Mon. 
(LD) 

4 hrs. 4 vessels, 
9 kayaks 

No observation 18 kayaks 

2014 May 26 Mon. 
(MD) 

1.8 hrs. 5 vessels, 
2 kayaks 

26 vessels (22 West 
Channel, 4 East Channel) 

5 vessels, 2 jet skis 
(All West Channel) 

2015 Nov. 25 Wed. 4.5 hrs. 2 vessels No observation 14 vessels (12 West 
Channel, 2 East Channel) 

 

Section 4.3.7 Navigation and Land Use  

A. Objective (2010 FLA and Approved in Pilot License):  

The Navigation and Safety Plan (NSP) as proposed in FLA Vol 3, Safeguard Plans, and approved in 
the Pilot License Article 404, has been partially implemented pre-Install B-1.and reported in the 
annual FERC reconnaissance CEII filings 2013-2017.  

B. Advancements Since 2012:  

In anticipation of Install B-1, Verdant executed the following RITE Navigation Safety Plan: 

(i) Establish “A Navigation or Underwater Activity Exclusion Zone Boundary around the 
Project’s KHPS Generation Equipment, and Underwater Cabling” 

a. Verdant Power has maintained correspondence with the USCG and NOAA to establish 
an Exclusion Zone for the FERC Project Boundary. This zone is as noted on NOAA chart 
12339  



 
Appendix B:  P12611- Addendum to Draft License Application (August 2018)  14 

(ii) Implement “Marking the Extreme Corners of Any Exclusion Zone with Lighted Buoys, and 
Danger Signs Sufficient to Warn Vessels of the Underwater Project Facilities and Associated 
Exclusion Zone during Both the Day and Nighttime” 

a. Verdant Power maintained lighted buoys and danger signs during both day and night 
hours until 2016.  Based on discussions with, and approval of the US Coast Guard, the 
buoys were removed in October 2016 given the absence of generation equipment and 
underwater cabling.   The lighted buoys and danger signs will be reinstalled at the 
extreme corners of the exclusion zone before Install B-1. In accordance with Article 404.  

(iii) Implement “Maintenance of a Level of Video Surveillance of the Field during Operation” 

a. Purpose and Method:  The intent of the video surveillance was primarily for security at 
the Control Room and to monitor the PATON buoy status. An added benefit was the 
ability, after- the-fact to monitor exclusion zone encroachments.  The NSP requires:  

• Verdant to maintain daytime, 7-day, motion- activated surveillance video of at 
least 100% of the field during operation for day light observations of any vessel 
encroachments to the exclusion zone and to monitor buoy status. 

• The video surveillance recordings be kept for about two weeks and will be 
reviewed for after-the-fact conditions.  

(iv) Data:  Verdant Power maintained voluntary video surveillance from 2010 to 2014.  The 
video was reviewed after-the-fact on key dates and holidays. A summary of Video 
Surveillance data (2009 – 2014) is provided in Table RITE NSP– Video. 

 

Table RITE NSP - Video Summary of Video Surveillance Data 

Vessels Observed 

Year Days Hours Marina Commercial Put-ins TOTAL 
Total per Hour 

[Weekends] 
Total per Hour 

[Holidays] 
2009 3 39 43 2 23 68 1.7 No data 
2010 8 107 472 36 122 630 5.0 4.0 
2011 13 178 6162 28 2433 887 4.4 4.4 
2012 11 153 375 10 1834 568 4.0 3.1 
2013 8 111 237 2 595 298 2.5 3.2 
2014 5 78 219 2 38 259 2.9 3.9 

 
Notes: 
˗ Marina vessels included small, medium and large vessels, including Government vessels, and sailboats 
˗ Commercial vessels included water taxis, the circle line and tugs/barges 
˗ Put-in vessels included jet skis, kayaks, paddle boards and canoes 

 

                                                           
2Intrusion of 2 chartered fishing vessel (2011) 
3Intrusion of 42 kayaks (2011) 
4Intrusion of 20 kayaks (2012) 
5Intrusion of 4 kayaks (2013) 



 
Appendix B:  P12611- Addendum to Draft License Application (August 2018)  15 

C. Observations at Relicensing 2018:  

The maintenance of an exclusion zone around the operating Turbines remains an important 
aspect of continuing operation, consisting of chart markings, buoy and danger signs and after 
the fact video observation and communication with the US Coast Guard who has jurisdiction on 
enforcement.  

The number of observed intrusions during the 2009-2014 period of Marina and Commercial 
vessels is low suggesting the NSP is effective for these class of vessels.  However, for put-in 
vessels, principally kayaks, it is clear that further outreach with the local kayaking community is 
required to ensure their compliance with USCG navigational safety exclusion zone.    

Since no turbines have been in operation since 2012, these intrusions had no risk; however, it is 
a disregard of NOAA charts and navigational markings.  

Implementation of the full NSF—Buoys, danger signs and video surveillance will resume in late 
2019 in anticipation of Install B-1 – the installation of a TriFrame and 3 turbines in mid-2020 
under the FERC Pilot license.  Evaluation of the effectiveness of the NSF during Install B-1 will 
inform the requirements for the relicensing effort. 

 

 

ATTACHMENTS:  

(1)  FERC Docket Filings:  

i. RMEE-4  2017 FERC Filing (July 31, 2018) 
ii. RTE 2017 FERC Filing (July 31, 2018)  
iii. 2014 RITE Annual report (RMEE-3,4) FERC Filing (March 15, 2014)  

(2)  Technical Papers:  

Fisheries:  
i. METS Conference Proceedings; 2014, 2015, 2016  

ii. AFS Journal Paper, 2017 
iii. ORNL Report, 2016    

Hydrodynamics:  
i. AWR, 2012 

ii. REJ Journal, 2017  
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RE: Roosevelt Island Tidal Energy (RITE) Project (FERC No. P-12611):  
2017 RITE Annual Reports on Monitoring of Rare, Threatened and Endangered 
Species and Tagged Species Detection (RMEE-4) 
 
Dear Secretary Bose and Deputy Secretary Davis: 
 
Enclosed please find 2017 Annual Reports for Monitoring of Rare, Threatened, and 
Endangered Species and Tagged Species Detection (RMEE-4) conducted under the 
Roosevelt Island Tidal Energy (RITE) Project, FERC No. P-12611.  As Verdant Power 
did not conduct any netting in 2017, there is no related activity to report.   
 
As required, drafts of these reports were submitted to the pertinent resource agencies for 
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your time.  
 
Sincerely,  

 
Ronald F. Smith 
President & COO 
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RITE	Project	(FERC	No.	P-12611)	
2017	RTE	Report	

July	2018	

Re:	 Roosevelt	 Island	 Tidal	 Energy	 (RITE)	 Project	 (FERC	 No.	 P-12611)	 Pilot	 Project	 License	
(January	 23,	 2012)	 and	 NYSDEC	 Permit	 #2-6204-01510/00003	 Water	 Quality	 Certification	
(WQC)	(December	12,	2011)			

2017	Annual	Report	-	Monitoring	of	Rare,	Threatened	and	Endangered	(RTE)	Species	

Verdant	 Power	 hereby	 submits	 this	 2017	 annual	 report	 in	 accordance	with	 Article	 401	 -	 Commission	
Approval,	Notification,	and	Filing	of	Amendments	of	the	above	captioned	FERC	Pilot	Project	License	for	
the	RITE	Project	and	NYSDEC	WQC	permit	condition	14:	

WQC	Condition	14.	Monitoring	Rare,	Threatened,	and	Endangered	Species		
Upon	 FERC	 License	 issuance,	 the	 licensee	 shall	 continue	 to	 monitor	 for	 rare,	 threatened	 and	
endangered	species	 in	the	project	area.	The	permittee	shall	submit	annual	 reports	by	February	
15	of	each	year.	The	report	shall	include,	at	a	minimum:		

1) A	 list	 of	 any	 rare,	 threatened,	 or	 endangered	 species	 observed	at	 the	 project	 over	 the
previous	year;

2) The	date,	time,	and	duration	the	species	was	present	in	the	project	area;
3) A	 discussion	 of	 whether	 the	 installed	 project	 or	 any	 project	 features	 appeared	 to	 be

impacting	the	observed	species;	and
4) Information	on	any	actions	taken	or	proposed	by	the	permittee	to	limit	impacts	on	those

species.

FERC	 further	 requires	 that	 the	 report	 be	 filed	 with	 the	 Commission	 incorporating	 comments	 from	
relevant	agencies.	Accordingly,	a	draft	of	this	report	was	sent	to	agencies	(NYSDEC	and	NOAA/National	
Marine	Fisheries	Service)	in	May	2018	for	comment.	No	comments	were	received	as	of	July	30,	2018.		

Marine	Mammal	Protection	Act	(MMPA)		
Additionally,	as	noted	in	the	FERC	Pilot	Project	License,	discussion	points	37	and	38	(pages	10	and	11),	
Verdant	is	directed	to	work	with	NMFS	to	satisfy	the	conditions	of	the	MMPA,	and	is	hereby	using	this	
filing	as	ongoing	consultation	effort.						

While	 the	 full	 implementation	 of	 the	 RITE	 Pilot	 Project	 License	 Install	 B-1	 (3	 KHPS	 turbines	 on	 a	
TriFrame)	will	not	commence	until	2019-2020,	Verdant	has	commenced	construction	of	the	project	by	
maintaining	 a	 Control	 Room	 and	 ancillary	 equipment,	 conducting	 an	 in-water	 test	 (IWT)	 of	 the	Gen5	
rotor	 component	 of	 the	 KHPS	 turbine	 during	 August	 -	 September	 2012,	 and	 also	 beta	 testing	
environmental	equipment.		Additionally,	Verdant	has	begun	the	monitoring	process	in	accordance	with	
the	 FERC	 license	 and	 NYSDEC	 WQC	 permit	 terms,	 particularly	 since	 the	 company	 voluntarily	
implemented	 the	 RITE	Monitoring	 of	 Environmental	 Effects	 (RMEE)	 Plan-4,	 Tagged	 Species	 Detection	
since	2011	and	has	observations	to	report.		
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RTE	Observation	in	the	RITE	Project	Area		

Six	federally	listed	species	have	the	potential	to	interact	with	the	project:		
• the	threatened	green	turtle	and	loggerhead	turtle		
• the	endangered	shortnose	sturgeon	and	Atlantic	sturgeon	(listed	January	2012)		
• the	endangered	Kemp’s	ridley	turtle	and	leatherback	turtle		

Under	 the	 RMEE-4	 Tagged	 Species	 Detection	 plan,	 Verdant	 implemented	 data	 collection	 of	 tagged	
species	in	the	vicinity	of	the	RITE	Project	in	May	2011	(See	2016	-	2018	deployment	locations	in	Figure	
1),	 and	 have	 continued	 this	 plan	 through	 2018.	 Verdant	 downloaded	 data	 from	 the	 two	 VEMCO	
receivers,	one	in	the	East	Channel	and	one	in	the	West	Channel,	in	April	2018	as	shown	on	Table	1-2017	
below.	During	 the	period	no	operating	KHPS	 turbines	were	 installed.	Additionally,	Verdant	 conducted	
RMEE-3	 species	 characterization	netting	 in	May	2013,	under	appropriate	NYSDEC	and	NOAA	scientific	
collection	 permits	 (no	 ESA	 species	 were	 collected).	 This	 compliance	 work	 is	 partially	 funded	 by		
NYSERDA	and	the	cooperation	of	researchers	who	tag	the	fish	is	greatly	appreciated.	

	

Figure	1.		RITE	Project	P-12611	RMEE-4	VEMCO	Receiver	Locations	(10/2016	-	4/2018)	
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Table	1-2017.	RITE	Project	P-12611	RMEE-4	Tagged	Species	Detection	Data	History:	May	2011	
-	April	2018	

	 RITE	East	Channel		 West	Channel	
Receiver	

Download	Date	
VR2W	
RITE	N	

VR2W	
RITE	S	

VR2W-E	 East	Detections		 VR2W-W	 West	Detections		
	

5/12/11	 Deployed	 Deployed	 X	 Begin	RMEE-4	 X	 	
6/9/11	 28	days	 28	days	 X	 1	AS1;	1	SB		 X	 	
8/17/11	 70	days	 70	days		 X	 No	tagged	fish	

were	detected	
Deployed	 Begin	RMEE-4		

12/19/11	 --	 --	 X	 No	data	download	 126	days	 1	AS;	7	SB		
5/21/12	 278	days	 278	days	 X	 1	AS;	1	SB	 154	days	 2	AS	
8/18/12	 89	days	 --	 X	 No	tagged	fish	

were	detected	
--	 No	data	download	

8/27/13		 374	days	 463	days	 X	 1	AS;	1	alewife	 463	days	 11	AS;	2	American	
shad	

7/21/14	 328	days	 328	days	 X	 2	AS;	3	SB;	1	
Unknown	species	

328	days	 8	AS;	4	Unknown	
species	

8/27/15	 Lost	2/15	 Lost	2/15	 Deployed	 No	data	since	July	
2014	(data	lost)		

402	days	 1	AS;	2	SB;	11	
Unknown	species		

10/28/16	 X	 X	 429	days	 13	SB;	2	Unknown	
species	

429	days	 1	AS;	107	SB;	5	
Unknown	species	

4/3/18	 X	 X	 522	days	
Removed	

36	SB;	7	Unknown	
species	

522	days	
Removed	

82	SB;	20	
Unknown	species	

Total	Elapsed	Time		 1167	days	 1167	days	 951	days	 	 2422	days	 	

	

Table	2-2017.	RITE	Project	P-12611	RMEE-4	Tagged	Species	Detection	Summary:	May	2011	-	
April	2018	

	 East	Channel		 	 West	Channel	 TOTAL		
Total	calendar	days	 2519	days	 	 2422	days	 ~80	months	
Total	detection	days	 2118	days		 	 2422	days		 ~70	months		
Total	fish	detected		 702		 	 264		 334	

	 East	Channel		 	 West	Channel	 TOTAL		
Total	Atlantic	sturgeon	detected		 5		 	 24		 29	

Total	striped	bass	detected		 54		 	 198	 252	
Total	other	species	detected		 1		 	 2		 3	

Total	unknown/unidentified	detections	 10		 	 40	 50	

	

	

																																																													
1AS	=	Atlantic	Sturgeon;	SB	=	Striped	Bass	
2Normalized	detection	rates	are	provided	in	Table	3-2017	
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Tagged	Species	Data	Collected		
As	shown	in	Table	1-2017	and	Table	2-2017,	data	has	been	collected	since	May	2011	to	April	2018	from	
VEMCO	 receivers	 in	 the	 East	 Channel	 of	 the	 East	 River	 proximate	 to	 the	RITE	 site	 (VR2W	RITE	N	 and	
VR2W	RITE	S),	and	a	 single	 receiver	 in	 the	East	Channel	 (VR2W-E)	 from	August	2015	until	present.	 	A	
single	 receiver	has	been	collecting	data	 in	 the	West	Channel	 (VR2W-W)	since	August	2011.	 	Two	Test	
Tags	(TT-1	&	TT-2)	are	also	currently	deployed	for	data	quality	verification	(see	Figure	1).		A	full	report	of	
all	recorded	identifications	is	filed	concurrent	with	this	report	as	the	2017	RMEE-4	Annual	Report.		

At	 the	 request	 of	 the	 agencies,	 normalized	 detection	 rates	 are	 provided	 in	 the	 2017	 RMEE-4	 Annual	
Report	and	Table	6-1	from	that	report	 is	reprinted	here	as	Table	3-2017.	 	 In	this	table,	the	normalized	
detection	rates	of	12	fish	detections	per	year	in	the	East	Channel	and	40	fish	detections	per	year	in	the	
West	 Channel.	 	 Further,	 the	 normalized	 detection	 rate	 of	0.86	 Atlantic	 sturgeon	 per	 year	 in	 the	 East	
Channel	 and	3.64	 Atlantic	 sturgeon	 per	 year	 in	 the	West	 Channel	 are	 calculated.	 	 This	 normalization	
addresses	the	NOAA/NMFS	Greater	Atlantic	Regional	Fisheries	Office	previous	comments	and	allows	for	
comparison	of	data	collected	over	different	periods	of	time.			

Table	3-2017.	Distribution	of	Tagged	Species	as	Detected	–	East-West	Channels		

Detections	 RITE	East	Channel	 West	Channel	
334	Total	Fish	Detections	 70	detections	(2118	days	of	

data)	
(Data	lost	from	7/14	-	8/15)	

264	detections	(2422	days	of	
data)	

Total	annual	average	detections	of	
all	fish	
52	Fish	Detections	per	year	total	

30.3	days	per	Fish	Detection	
12	Fish	Detections	per	year		

9.2	days	per	Fish	Detection	
40	Fish	Detections	per	year		

Distribution	of	all	Fish	Detections		 23%	of	all	Fish	Detections	
occurred	in	the	East	Channel	

77%	of	all	Fish	Detections	
occurred	in	the	West	Channel	

	

29	Atlantic	Sturgeon	Detection		 5	detections	(2118	days	of	
data)	
(Data	lost	from	7/14	-	8/15)	

24	detections	(2422	days	of	
data)	

Total	annual	average	Atlantic	
Sturgeon	detections	
4.5	Atlantic	Sturgeon	Detections	
per	year	total	

423.6	days	per	Atlantic	
sturgeon	detection	
0.86	Atlantic	Sturgeon	
Detections	per	year	

100.9	days	per	Atlantic	
sturgeon	detection	
3.61	Atlantic	Sturgeon	
Detections	per	year	

Distribution	of	Atlantic	Sturgeon	
Detections		

19%	of	all	Atlantic	Sturgeon	
Detections	occurred	in	the	
East	Channel	

81%	all	Atlantic	Sturgeon	
Detections	occurred	in	the	
West	Channel	
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Summary	of	RTE	Detection	at	RITE	

2017	Annual	Report	of	Rare,	Threatened	and	Endangered	(RTE)	Species	at	the	RITE	Project:		
Based	 on	 the	 above	 data,	 Verdant	 Power	 hereby	 reports	 that	 monitoring	 of	 Rare,	 Threatened	 and	
Endangered	(RTE)	Species	during	the	period	January	-	December	2017	observed:		

• No	operating	KHPS	turbines	were	installed	during	this	period		
• No	RTE	species	were	collected	during	this	period	or	since	the	May	2013	RMEE-3	Species	

Characterization	Netting	conducted	by	Verdant	Power	contractors	Kleinschmidt	Associates	and	
Normandeau.		

• No	tagged	Atlantic	Sturgeon	have	been	detected	in	the	RITE	East	Channel	since	August	2015;	
however	7	detections	of	“unknown	species”	could	potentially	be	Atlantic	Sturgeon,	however	
researchers	are	unwilling	to	share	tag	identification.	

• Between	May	2011	and	April	2018	(note	that	13	months	of	data	was	lost	during	this	period,	
from	July	2014	until	August	2015),	a	total	of	5	detections	of	tagged	Atlantic	sturgeon	have	
occurred	in	the	East	Channel	of	the	East	River	within	400	m	of	the	receivers.		

• A	total	of	24	detections	of	tagged	Atlantic	sturgeon	have	occurred	in	the	West	Channel	of	the	
East	River	within	400m	of	the	receiver	between	August	2011	and	April	2018.	This	is	a	separate	
body	of	water	distinct	from	the	RITE	Project	Boundary.			

• Based	on	the	above	information,	no	actions	were	taken	or	are	proposed	by	Verdant	to	limit	
impacts	on	those	species	–	other	than	the	continued	tagged	species	detection	monitoring	
program	(RMEE-4)	during	2017.				

Beyond	the	tagged	species	monitoring,	there	were	no	specific	other	opportunistic	visual	observations	of	
RTE	species	in	the	vicinity	of	the	RITE	Project	by	Verdant	Power	technicians	during	2017.		

Verdant	removed	all	VEMCO	receivers	in	April	2018	in	both	East	and	West	Channels	due	to	deterioration	
of	the	mounts	and	units,	and	will	redeploy	in	accordance	with	the	FERC	license	conditions	(RMEE-4)	in	
advance	of	the	installation	of	the	RITE	TriFrame	and	three	KHPS	turbines	(Install	B-1)	in	2019-2020.		

Summary	of	Marine	Mammal	Observation	at	RITE		

In	 accordance	 with	 the	 permits,	 Verdant	 Power	 is	 required	 to	 report	 on	 any	 opportunistic	 visual	
observations	of	marine	mammal	species	in	the	vicinity	of	the	RITE	Project.	During	the	reporting	period	
(2017),	 no	 KHPS	 turbines	 were	 operating	 and	 there	 were	 no	 regular	 Verdant	 Power	 operating	
technicians	at	the	site	and	in	a	position	to	make	such	observations.	

For	the	record,	prior	reports	(2011-2016)	and	anecdotal	news	stories	of	Marine	Mammal	(MM)	sightings	
are	retained	in	this	report.	

2017	MM	Observations:		
There	were	no	specific	other	opportunistic	visual	observations	of	marine	mammal	species	in	the	vicinity	
of	the	RITE	Project	by	Verdant	Power	technicians	during	2017.	
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In	 related	 news,	 a	 helicopter	 crash	 occurred	 in	 the	 West	 Channel	 of	 the	 East	 River	 northwest	 of	
Roosevelt	 Island,	 on	 March	 11,	 2018.	 	 While	 this	 tragic	 accident	 was	 outside	 of	 the	 RITE	 Project	
boundary,	it	is	noted	here.	

2016	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2016.	

Two	 news	 stories	 in	 the	 New	 York	 harbor	 area	 reported	 a	 transient	 humpback	whale	 spotted	 in	 the	
Hudson	River	in	November	2016,	and	in	the	West	Channel	of	the	East	River	on	December	31,	2016	near	
Gracie	Mansion.		Gracie	Mansion,	on	the	island	of	Manhattan,	abuts	the	west	shore	of	the	West	Channel	
of	the	East	River	approximately	3	km	from	the	RITE	Project	site	on	the	opposite	side	of	Roosevelt	Island.	
Neither	 siting	 is	 proximate	 to	 the	 RITE	 Project	 in	 the	 East	 Channel	 of	 the	 East	 River	 and	 are	 noted	
anecdotally.		

2015	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2015.	

2014	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2014.	

2013	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2013.	

On	January	25,	2013	news	agencies	reported	a	dolphin	stranded	in	the	1.8	mile	long	Gowanus	canal	that	
subsequently	died	and	was	removed.	The	Gowanus	Canal	 is	 in	Brooklyn	tributary	to	New	York	Harbor.	
The	Environmental	Protection	Agency	says	storm	water	runoff,	sewer	outflows,	and	industrial	pollutants	
have	 made	 it	 one	 of	 the	 most	 extensively	 contaminated	 water	 bodies	 in	 the	 U.S.	 The	 location	 is	
approximately	16	km	from	the	RITE	Project	and	the	siting	is	noted	anecdotally.		

The	 Northeast	 Regional	 Office	 of	 the	 NOAA	 Fisheries	 Service	 confirmed	 to	 news	 agencies	 that	 the	
stranded	mammal	was	a	short-beaked	common	dolphin,	which	is	known	for	a	dark	gray	cape	on	its	back.	

From	www.thegothamist.com	(March	17,	2013):		
On	Wednesday	 [3/13/13],	a	dolphin	was	spotted	swimming	around	 in	 the	East	River	near	96th	Street.	
Then	on	Friday,	a	dolphin	was	spotted	on	the	other	side	of	the	East	River	near	Astoria.	Officials	from	the	
Riverhead	Foundation	weren't	sure	whether	 it	was	the	same	dolphin	or	a	second	one,	but	members	of	
the	 North	 Brooklyn	 Boat	 Club	 took	 to	 the	 water	 yesterday	 and	 confirmed	 there	 are	 TWO	 dolphins	
currently	 hanging	out	 in	 the	 East	 River.	 And	 like	 a	 lot	 of	Manhattan	 residents,	 the	 bottlenose	 dolphin	
from	the	Upper	East	Side	has	moved	to	Greenpoint.	
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"We	paddled	out	today	and	saw	the	dolphin	further	south—near	Greenpoint,"	North	Brooklyn	Boat	Club	
member	Willis	 Elkins	 told	 us.	 Despite	 the	 snowy	 conditions,	 they	 spotted	 the	 second	 dolphin	 uptown:	
"Kayakers	 from	our	club	also	spotted	a	second,	and	smaller,	dolphin	north	 from	where	we	were	 in	 the	
canoe—near	the	Queensboro	Bridge	on	the	West	Channel,"	he	said.	"The	dolphin	appeared	healthy	and	
quite	active—	we	followed	it	around	for	over	an	hour	and	got	within	about	20'	on	a	few	occasions."	

Both	of	these	sightings	are	in	the	West	Channel	and	not	proximate	to	the	RITE	Project	Boundary	in	the	
East	Channel.	For	reference,	the	Queensboro	Bridge	is	60th	Street	and	the	RITE	Project	is	located	in	line	
with	72nd	Street	but	in	the	opposite	channel.		

2012	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2012.	

Superstorm	Sandy	occurred	on	October	29,	2012,	causing	significant	disruption	in	the	New	York	harbor	
waterway	system.			

2011	MM	Observations:		
There	were	no	specific	other	visual	observations	of	marine	mammal	species	 in	 the	vicinity	of	 the	RITE	
Project	by	Verdant	Power	technicians	during	2011.		

The	New	York	Post	(November	19,	2011)	reported	“a	young	harbor	seal	hauled	itself	up	on	a	rock	behind	
Gracie	Mansion	yesterday	and	stayed	there	to	soak	up	the	rays	and	snooze	for	about	two	hours.	Then	it	
slipped	back	into	the	East	River	and	swam	off.”	

Gracie	Mansion	abuts	the	west	shore	of	the	West	Channel	of	the	East	River	approximately	3	km	from	
the	RITE	Project	site	on	the	opposite	side	of	Roosevelt	Island.	Harbor	seals	are	not	a	listed	species	in	
New	York,	and	the	siting	is	noted	anecdotally.	

Comments	on	Draft	2017	RTE	Report		
A	draft	of	this	report	was	provided	to	RITE	fishery	consultation	agencies	NYSDEC	and	NOAA/NMFS	on	

May	25,	2018	for	review	and	comment.		No	comments	were	received	on	the	report	as	of	July	30,	2018.	
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	 	 	 	 	 	 	 RITE	Project	(FERC	No.	P-12611)	
2017	Annual	Report	-	RMEE-4		

July	2018		
	

Re:	 Roosevelt	 Island	 Tidal	 Energy	 (RITE)	 Project	 (FERC	 No.	 P-12611)	 Pilot	 Project	 License	
(January	 23,	 2012)	 and	 NYSDEC	 Permit	 #2-6204-01510/00003	 Water	 Quality	 Certification	
(WQC)	(December	12,	2011)			
	

2017	Annual	Report	-	Tagged	Species	Detection	(RMEE-4)		

In	 accordance	with	Article	401	 -	Commission	Approval,	Notification,	 and	Filing	of	Amendments	of	 the	
above	 captioned	 FERC	 Pilot	 Project	 License	 for	 the	 RITE	 Project,	 Verdant	 Power	 hereby	 submits	 its	
report	 under	 the	 implementation	 of	 the	 RITE	Monitoring	 of	 Environmental	 Effects	 (RMEE)	 plans	 and	
specifically	NYSDEC	WQC	condition	13:		

WQC	Condition	13.	Tagged	Species	Detection	Annual	Report:	Draft	report	by	February	15	of	each	
year	that	monitoring	occur	1	

While	 the	 full	 implementation	 of	 the	 RITE	 Pilot	 Project	 License	 will	 not	 commence	 until	 the	 project	
Install	B-1	(3	KHPS	turbines	on	a	TriFrame),	planned	for	2019-20,	Verdant	has	voluntarily	implemented	
this	 plan	 including	 the	 reporting	 and	 agency	 review	 process	 specified	 in	 the	 January	 2012	 RITE	 Pilot	
License,	specifically:			

Article	401	(b)	Requirement	to	File	Reports		

Prior	to	filing	the	annual	reports	with	the	Commission,	the	 licensee	shall	submit	the	reports	to	
the	agencies	identified	in	each	plan	and	allow	a	minimum	of	30	day	for	the	agencies	to	review	
and	 comment	 on	 the	 reports.	 The	 final	 reports	 shall	 include	copies	of	any	comments	 received	
and	the	licensee	shall	address	all	comments	and	recommendations	received	from	the	agencies.		
If	the	licensee	does	not	adopt	a	recommendation,	the	report	shall	include	the	licensee’s	reasons	
based	on	project-specific	 information.	The	Commission	reserves	the	right	to	require	changes	to	
the	monitoring	plans,	project	operations,	or	facilities	based	on	the	information	contained	in	the	
reports	and	any	other	available	information.	

As	 noted,	 FERC	 requires	 that	 the	 report	 be	 filed	 with	 the	 Commission	 incorporating	 any	 comments	
received	 from	 relevant	 agencies.	Accordingly,	 a	 draft	 of	 this	 report	was	 sent	 to	 the	 relevant	 agencies	
(NYSDEC	and	NOAA/National	Marine	Fisheries	Service)	in	May	2018	for	comment.		Detail	on	comments	
received	is	provided	in	Section	9.		

	

																																																													
1In	addition,	as	a	condition	of	the	NYSDEC	WQC	(#14)	and	as	incorporated	in	the	license	for	the	project,	Verdant	is	
required	to	make	a	report	of	any	Rare,	Threatened,	and	Endangered	(RTE)	Species	observations	at	the	project	site.	
This	report	is	made	separately.		
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The	 following	 represents	 the	 2017	 Annual	 Report	 under	 the	 RMEE-4	 plan,	 Tagged	 Species	 Detection	
Plan.	 	At	the	request	of	the	agencies	 in	2017,	Verdant	has	reformatted	this	report	to	include	graphical	
presentations	of	the	data.			

Report	of	RMEE-4	Plan	Activities	–	October	2016	to	April	2018	

1.0	Objectives	

As	stated	in	the	RMEE-4	plan	(Version	3.2	December	2010),	the	purpose	of	this	effort	is:		

To	 provide	 new	 and	 unique	 detections	 on	 the	 potential	 presence	 of	 the	 proposed	 ESA	 listed	
Atlantic	 sturgeon2,	 ESA	 Listed	 shortnose	 sturgeon,	 along	 with	 striped	 bass,	 bluefish,	 winter	
flounder	and	other	species	that	have	been	acoustically	tagged	(by	others),	 in	the	vicinity	of	the	
Roosevelt	Island	Tidal	Energy	(RITE)	project.				

This	activity	 is	undertaken	earlier	than	required	by	the	project	permits	and	 license	as	part	of	an	effort	
co-funded	 by	 the	 New	 York	 State	 Energy	 Research	 and	 Development	 Authority	 (NYSERDA)	 (RITE	
Environmental	 Assessment	 Project	 –	 Agreement	 No.	 20802).	 The	 effort	 relies	 on	 the	 collaborative	
support	 from	Dana	Allen	at	VEMCO	 for	 identification	of	 the	 tag	owners/researchers.	Additionally,	 the	
continued	 cooperation	 of	 the	 researchers	 that	 tag	 the	 species	 is	 required	 to	 complete	 the	 analysis.	
Tagged	 identification	noted	as	“unknown	species”	 reflects	 the	unsuccessful	 identification	of	 tags	 from	
researchers	unwilling	to	share	information.		
	
As	it	has	evolved,	a	further	objective	of	this	plan	has	been	to	provide	qualitative	and	quantitative	input	
to	refine	the	parameters	of	the	KHPS-Fish	Interaction	Model	(KFIM).	An	overview	of	this	model	and	the	
relative	input	provided	by	this	RMEE-4	plan	is	contained	in	Attachment	C.		

2.0	Methods	and	Equipment		

2.1	Equipment	
The	2012	approved	RMEE-4	plan	specified	up	to	four	receivers	to	be	installed	in	the	East	Channel	of	the	
East	River	as	the	RITE	Pilot	Project	advanced	to	up	to	30	KHPS	turbines	deployed.	

In	May	2011,	Verdant	Power	installed	three	(3)	VEMCO	VR2W	receivers	in	and	around	the	RITE	Project.	
Two	of	the	receivers	–	VR2W	RITE	N	and	VR2W	RITE	S	–	were	deployed	in	the	East	Channel	from	existing	
PATON	buoys	at	the	RITE	Project	site.		A	third	receiver	–	VR2W-W	–	was	deployed	in	August	2011	in	the	
West	Channel	of	the	East	River	using	a	concrete	bottom	mount,	adjacent	to	an	unused	water	taxi	pier	on	
Roosevelt	Island.			

In	February	2015,	due	to	severe	ice	conditions	in	the	East	Channel,	both	VR2W	RITE	N	and	VR2W	RITE	S	
were	 lost.	 	A	 replacement	VEMCO	receiver	was	deployed	 from	the	existing	 (middle)	PATON	 in	August	
2015	–	named	VR2W-E.	 	When	the	PATON	was	removed	 in	October	2016,	data	from	the	receiver	was	

																																																													
2	The	RMEE-4	plan	was	finalized	in	December	2010.	Since	that	time,	on	January	31,	2012,	the	Atlantic	Sturgeon	in	
the	New	York	Bight	was	listed	as	Endangered.	(NOAA)		
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retrieved	and	VR2W-E	was	redeployed	from	a	bottom	mount	identical	to	that	used	in	the	West	Channel.		
The	locations	of	the	receivers	are	shown	in	Figure	2-1.	The	VEMCO	receivers	have	approximately	15	to	
18	months	of	battery	life	and	storage	for	106	detections.		The	primary	receive	frequency	is	69	kHz.		

	

Figure	2-1.	RITE	RMEE-4	VEMCO	Receivers	(2)	and	Test	Tag	(2)	Deployment	Locations																					
(10/2016	-	4/2018)	

2.2	Data	Quality	Control	
A.	Continuity	of	Data:	To	confirm	receiver	operation	throughout	the	data	collection	period,	two	unique	
test	tags	–	TT-1	and	TT-2	–	are	deployed	for	data	quality	control.		

• Since	October	2016,	TT-1	has	been	deployed	in	the	East	Channel	on	the	same	concrete	bottom	
mount	 as	 VR2W-E.	 From	May	 2011	 to	 Feb	 2015,	 the	 test	 tag	was	 deployed	 from	 an	 existing	
PATON	buoy	 in	 proximity	 to	 VR2W	RITE	N	 and	VR2W	RITE	 S.	 	 From	August	 2015	 to	October	
2016	TT-1	was	deployed	on	the	same	PATON	buoy	as	VR2W-E.		This	test	tag	remains	attached	
to	the	bottom	mount	and	is	deployed,	although	the	receiver	was	removed	in	April	2018.				

• Since	 2011,	 TT-2	 has	 been	 deployed	 in	 the	 West	 Channel	 attached	 to	 the	 concrete	 bottom	
mount	with	VR2W-W.		This	test	tag	(and	receiver)	was	removed	with	the	mount	in	April	2018.		
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The	 detection	 of	 a	 signal	 from	 both	 test	 tags,	 continuously	 present	 near	 the	 respective	 receivers,	
confirms	continuous	 receiver	operation	 throughout	 the	reporting	period.	A	signal	 from	both	 test	 tags	
was	 present	 in	 the	most	 recent	 data	 download	 representing	 the	 period	 October	 2016	 through	 April	
2018,	confirming	receiver	continuity	for	the	data	sets	in	both	the	East	and	West	Channels.		

B.	 Verification	 of	 Range:	 To	 verify	 the	 range	 of	 detection	 of	 the	 East	 Channel	 receivers,	 Verdant	
conducted	a	mobile	survey	using	a	test	tag	 in	August	2011	that	covered	a	significant	reach	of	the	East	
River	proximate	to	the	RITE	Project	site	and	East	Channel	receivers	 (See	Figure	2-2).	A	unique	test	tag	
was	launched	at	Hallet’s	Cove	(point	1N)	and	suspended	in	the	water	down	the	western	shoreline	of	the	
channel	from	point	7N	to	point	2S,	crossing	the	channel	and	proceeding	up	the	east	side	of	the	channel	
to	point	 4N	and	 then	hauled	out	 at	Hallet’s	Cove,	 point	 1N.	 	 The	VEMCO	data	was	 then	downloaded	
from	the	VR2W	RITE	N	and	VR2W	RITE	S	receivers	and	analyzed.	As	shown	on	Figure	2-2,	the	estimated	
range	of	each	receiver	is	400	m	(1300’)	in	all	directions,	larger	than	the	river	width	at	each	deployment	
location.	This	exercise	confirms	 the	applicability	of	 the	 two	 locations	 to	detect	 tagged	species	as	 they	
pass	 in	 proximity	 to	 the	 RITE	 Project	 site,	 and	 also	 indicates	 the	 appropriate	 location	 for	 future	
deployments	to	cover	the	entire	East	Channel	during	the	full	deployment.			

	

Figure	2-2.		RITE	Project	VEMCO	Receiver	Range,	Test	Tag	Verification	(August	2011)	
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C.	Limitations:		 	

1)	A	similar	range	verification	exercise	in	the	West	Channel	was	considered	during	the	initial	
deployment,	but	was	rejected	since	1)	tidal	turbines	are	not	deployed	in	the	West	channel;	2)	the	West	
Channel	is	the	main	NYC	navigation	channel	and	small	vessel	movement	in	this	pattern	would	be	
hazardous;	3)	conducting	a	range	verification	on	the	West	Channel	from	the	shoreline	only	would	not	
validate	the	range	of	detection;	and	4)	the	range,	as	verified	in	the	East	Channel	by	Verdant,	is	
consistent	with	VEMCO,	(the	manufacturer)	specifications	and	therefore	is	considered	applicable	for	the	
West	Channel	interpretations.	

2)	An	acknowledged	limitation	of	the	RMEE-4	plan	is	that	a	“fish	detection”	or	“fish	event”	as	described	
below	indicates	that	a	tagged	fish	was	somewhere	in	the	range	of	the	receivers	–	as	noted	on	Figure	2-2.	
The	exact	location	both	within	the	water	column	and	within	the	cross	section,	and	thus	proximity	to	the	
KHPS	turbines,	cannot	be	achieved	with	this	installed	system.	A	fish	detection	event	means	that	a	tagged	
fish	came	within	400m	of	the	proposed	site	of	the	operating	KHPS.		

3)	As	previewed	in	the	2014	report,	and	continuing	with	this	report,	the	effectiveness	of	the	tagged	
species	detection	protocol	relies	on	the	cooperation	of	researchers	identifying	the	detected	tags.	As	
noted	below,	Verdant	provides	the	raw	data	set	(see	Attachment	B)	to	known	researchers	with	the	
intent	to	identify	species	and	lengths.	Data	gaps	are	noted	in	the	tables	below	and	limits	the	completion	
of	the	data	set,	and	hence	the	interpretation.			 	
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3.0	Monitoring	Data	Analysis		

3.1	Data	Collection		
A	summary	of	receiver	history	and	downloads	of	tagged	species	detection	is	provided	in	Table	3-1.	The	
most	recent	download	was	April	2018	and	details	on	the	2016-2018	data	set	are	provided	in	Section	6,	
as	well	as	Attachments	A	and	B.		

3.1.1	Receiver	History	

• Both	East	Channel	receivers	VR2W	RITE	N	and	VR2W	RITE	S	were	deployed	in	May	2011	and	lost	
due	to	an	ice	event	in	February	2015.		

• A	single	receiver	–	VR2W-E	–	and	test	tag	were	deployed	in	August	2015	on	the	middle	buoy.		
• In	2016,	the	buoy	was	removed	and	the	VR2W-E	was	deployed	on	a	bottom	mount	in	the	East	

Channel.	This	receiver	operated	until	it	was	removed	in	April	2018.		
• The	West	 Channel	 receiver	 –	 VR2W-W	 –	was	 deployed	 in	 late	 August	 2011	 and	 remained	 in	

continuous	operation	for	more	than	6	years.	It	was	removed	in	April	2018.			

The	maintenance	of	 these	detection	receivers	requires	the	retrieval	of	each	receiver	 (with	a	diver)	 for	
onshore	data	transmission	via	Bluetooth	link.		Data	download	times	are	relatively	short	(<	10	min)	and	
receivers	 are	 immediately	 redeployed	 following	 successful	 transmission.	 	 Yearly	 battery,	 O-ring,	 and	
desiccant	replacement	and	maintenance	are	required	for	proper	operation,	at	a	cost	in	excess	of	$5,000	
per	data	retrieval,	not	including	analysis	time.	

Verdant	removed	both	VEMCO	receivers	in	April	2018	in	both	East	and	West	Channels	due	to	
deterioration	of	the	mounts	and	VR2W	units,	and	will	redeploy	in	accordance	with	the	FERC	license	
conditions	(RMEE-4)	in	advance	of	the	installation	of	the	RITE	TriFrame	with	three	KHPS	turbines	(Install	
B-1)	in	the	2019-2020	timeframe.		
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Table	3-1.	RITE	RMEE-4	Summary	of	Data	Collection	Efforts:	May	2011	-	April	2018	

	 RITE	East	Channel		 West	Channel	
Receiver	

Download	Date	
VR2W	
RITE	N	

VR2W	
RITE	S	

VR2W-E	 East	Detections		 VR2W-W	 West	Detections		
	

5/12/11	 Deployed	 Deployed	 X	 Begin	RMEE-4	 X	 	
6/9/11	 28	days	 28	days	 X	 1	AS3;	1	SB		 X	 	
8/17/11	 70	days	 70	days		 X	 No	tagged	fish	

were	detected	
Deployed	 Begin	RMEE-4		

12/19/11	 --	 --	 X	 No	data	download	 126	days	 1	AS;	7	SB		
5/21/12	 278	days	 278	days	 X	 1	AS;	1	SB	 154	days	 2	AS	
8/18/12	 89	days	 --	 X	 No	tagged	fish	

were	detected	
--	 No	data	download	

8/27/13		 374	days	 463	days	 X	 1	AS;	1	alewife	 463	days	 11	AS;	2	American	
shad	

7/21/14	 328	days	 328	days	 X	 2	AS;	3	SB;	1	
Unknown	species	

328	days	 8	AS;	4	Unknown	
species	

8/27/15	 Lost	2/15	 Lost	2/15	 Deployed	 No	data	since	July	
2014	(data	lost)		

402	days	 1	AS;	2	SB;	11	
Unknown	species		

10/28/16	 X	 X	 429	days	 13	SB;	2	Unknown	
species	

429	days	 1	AS;	107	SB;	5	
Unknown	species	

4/3/18	 X	 X	 522	days	
Removed	

36	SB;	7	Unknown	
species	

522	days	
Removed	

82	SB;	20	
Unknown	species	

Total	Elapsed	Time		 1167	days	 1167	days	 951	days	 	 2422	days	 	

	
	
3.2	Tagged	Species	Identification		
During	the	development	of	the	RMEE	plans	in	the	fall	of	2010,	the	opportunity	for	Verdant	to	participate	
in	a	macro-scale	study	of	tagged	species	detection	at	the	RITE	site	was	facilitated	by	the	existence	of	the	
Atlantic	Cooperative	Telemetry	 (ACT)	Network	 (ACT	has	since	disbanded	and	reformulated	as	 the	Mid	
Atlantic	Telemetry	Observation	System	(MATOS)).		Tag	identification	efforts	are	coordinated	with	Dana	
Allen	at	VEMCO	and	independently	by	Verdant	with	various	East	coast	researchers.	The	process	includes	
the	following:	

• Screening	of	the	data	to	ensure	test	tag	detection	and	isolate	possible	tags		
• Transmittal	of	 the	 tags	 for	 verification	 through	VEMCO,	which	validates	and	 shares	data	with	

researchers			
• Researcher	contact	to	identify	tag,	species,	length	and	release	date	and	location4	
• Summary	and	reporting	in	relationship	to	RITE	site	and	tidal	conditions	

																																																													
3AS	=	Atlantic	Sturgeon;	SB	=	Striped	Bass	
4As	 stated	 in	 the	 RMEE-4	 plan,	 as	 of	 December	 2010	 it	 was	 estimated	 that	 approximately	 950	 Atlantic	 and	
shortnose	sturgeon	and	2,000	striped	bass	are	tagged	with	VEMCO	tags	in	the	ACT	Network.	This	number	has	likely	
increased	 since	 2010,	 however	 Verdant	 cannot	 verify	 the	 extent	 of	 the	 active	 annual	 tagging	 undertaken	 by	
researchers	in	the	area.				
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To	 date	 this	 effort	 has	 been	moderately	 effective	 in	 the	mutual	 provision	 of	 detection	 events	 to	 the	
researchers	in	the	ACT/MATOS	Network	in	exchange	for	specific	species	and	size	identification	of	fish	of	
interest	 at	 the	 RITE	 site.	 Per	 the	 guidance	 of	 VEMCO,	 individual	 tag	 identifications	with	 only	 a	 single	
detection	 should	 be	 considered	 as	 false	 detections.	 	 VEMCO	 recommends	one	pair	 of	 detections	 less	
than	thirty	minutes	apart:	http://www.vemco.com/education/faqs.php#q34.			

3.2.1	October	2016	-	April	2018	Detections		

A	summary	of	the	unique	tags	identified	during	2016	-	2018	is	provided	in	Tables	A-1E,	A-2E,	A1-W,	and	
A-2W.		The	following	is	noted:	

• The	period	represents	a	continuous	data	collection	from	10/28/2016	to	04/03/2018	(522	days)		
• 51	unique	tags	have	been	detected,	representing	a	total	of	145	fish	detections,	27	of	which	we	

have	been	unable	to	identify	the	species.	
• No	Atlantic	 sturgeon	 (AS)	were	 identified	 in	 the	 East	Channel	 during	 the	period	 although	 it	 is	

possible	that	some	of	the	10	unknown	fish	events	in	the	East	Channel	may	indeed	be	AS.		
• 1	tagged	species	has	been	detected	during	this	period:	Striped	bass	(SB).	
• The	predominance	of	 the	detections	 (145	total)	 is	 in	 the	West	Channel	of	 the	East	River	 (102)	

compared	to	the	East	Channel	(43)	where	the	RITE	Project	is	sited.	
• The	full	data	set	for	both	channels	are	provided	in	Attachment	A	(removing	the	test	tag	signals)	

and	identifying	the	tags	as	best	possible.		

3.2.2	Summary	of	All	Detections	since	2011		

• Table	3-2	and	Table	3-3	shows	all	detections	for	the	period	of	record.	
• The	period	represents	nearly	continuous	data	collection	for	over	70	months.		
• 143	 unique	 tags	 have	 been	 detected,	 representing	 a	 total	 of	 334	 fish	 events,	 with	 50	 of	

unknown/unidentified	species.		
• 4	different	tagged	species	have	been	detected	to	date:	Atlantic	sturgeon	(AS),	striped	bass	(SB),	

American	shad,	and	alewife.	
• Total:	29	Atlantic	sturgeon,	252	striped	bass,	3	other	species,	50	unknown	species	
• East	Channel:	5	Atlantic	sturgeon,	54	striped	bass,	1	Alewife,	10	unknown	species	
• The	 predominance	 of	 the	 334	 total	 detections	 is	 in	 the	West	 Channel	 (264)	 of	 the	 East	 River	

compared	to	the	East	Channel	(70)	where	the	RITE	Project	is	sited.	
• Plots	of	the	annual	distribution	of	all	data	are	contained	in	Attachment	B.		
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Table	3-2.	RITE	RMEE-4	Summary	of	Species	Detections:	May	2011	-	April	2018	

	 East	Channel	 	 West	Channel	 TOTAL	
Total	calendar	days	 2519	days	 	 2422	days	 ~80	months	

Total	detection	days	 2118	days		 	 2422	days		 ~70	months		

Total	fish	detected		 705		 	 264		 334	

	
East	Channel	 	 West	Channel	 TOTAL		

Total	Atlantic	sturgeon	detected		 5		 	 24		 29	

Total	striped	bass	detected		 54		 	 198	 252	

Total	other	species	detected		 1		 	 2		 3	

Total	unknown/unidentified	detections	 10		 	 40	 50	

	

Table	3-3.	RITE	RMEE-4	Details	of	Tagged	Species	Detections:	May	2011	-	April	2018	

Detected		 2011	 2012	 2013	 2014	 2015	 2016	 2017	 2018	 TOTAL		

Atlantic	sturgeon	(East)		 1	 2	 0	 2	 0	 0	 0	 0	 5	
Striped	bass	(East)		 2	 0	 0	 3	 5	 21	 23	 0	 54	
Alewife	(East)	 0	 0	 1	 0	 0	 0	 0	 0	 1	
Unknown	(East)		 0	 0	 0	 1	 0	 2	 7	 0	 10	

Total	Detections	(East)	 3	 2	 1	 6	 5	 23	 30	 0	 70	
Days	of	Data	(East)	 234	 366	 365	 202	 127	 366	 365	 93	 2118	days	

Atlantic	sturgeon	(West)		 1	 8	 5	 8	 1	 1	 0	 0	 24	
Striped	bass	(West)		 7	 0	 0	 1	 32	 99	 57	 2	 198	
Shad	(West)	 0	 2	 0	 0	 0	 0	 0	 0	 2	
Unknown	(West)		 0	 0	 0	 5	 10	 5	 20	 0	 40	

Total	Detections	(West)	 8	 10	 5	 14	 43	 105	 77	 2	 264	
Days	of	Data	(West)	 137	 366	 365	 365	 365	 366	 365	 93	 2422	days	

	 	 	 	 	 	 	 	 	 	

Detected	 2011	 2012	 2013	 2014	 2015	 2016	 2017	 2018	 TOTAL	

Atlantic	Sturgeon	(All)	 2	 10	 5	 10	 1	 1	 0	 0	 29	
Striped	Bass	(All)	 9	 0	 0	 4	 37	 120	 80	 2	 252	
Shad	(All)	 0	 2	 0	 0	 0	 0	 0	 0	 2	
Alewife	(All)	 0	 0	 1	 0	 0	 0	 0	 0	 1	
Unknown	(All)	 0	 0	 0	 6	 10	 7	 27	 0	 50	

Total	Detections	(All)	 11	 12	 6	 20	 48	 128	 107	 2	 334	

	

																																																													
5Normalized	detection	rates	are	provided	in	Table	6-2	
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4.0	Schedule	and	Timing	

Per	 the	 RMEE-4	 plan	 and	 subsequent	 consultations	 with	 the	 agencies,	 it	 has	 been	 agreed	 that	 the	
collection	of	data	on	 tagged	 species	will	 be	 continuous	at	 the	RITE	Project	 site,	 rather	 than	 the	April-
November	 timeframe	 originally	 proposed.	 Table	 4-1	 summarizes	 the	 permit	 and	 FERC	 license	
requirements.		

Verdant	has	voluntarily	begun	this	study	well	 in	advance	of	the	requirements	 in	order	to	establish	the	
efficacy	of	the	monitoring	protocol	and	provide	quantitative	data.	During	September	2012,	a	2-week	in-
water	test	of	an	updated	(Gen5)	KHPS	turbine	rotor	was	conducted.	Install	B-1,	the	first	operation	of	a	
Gen5	KHPS,	is	currently	scheduled	for	2019-2020	and	as	such	this	data	is	useful	in	evaluating	the	efficacy	
and	understanding	of	data	collected	in	the	presence	of	operating	turbines,	when	that	occurs.	 	Verdant	
Power	notes	that	this	effort	has	been	achievable	only	because	of	the	generous	support	of	NYSERDA	and	
the	continuation	of	cooperation	from	the	independent	researchers	who	tag	and	agree	to	identify	tags.		

Table	4-1.	RMEE-4	Tagged	Species	Detection	(as	licensed)		

RMEE-4	 Install	A	
(2	Turbines)	
Not	planned		

Install	B-1	
(3	Turbines	-	TriFrame)	

RITE	Pilot	License		
Planned	2019-2020	

Install	B-2	
(+9	Turbines)	
RITE	Pilot	
License	

Install	C	
(+18	Turbines)	

RITE	Pilot	
License	

VEMCO	
Receivers	

Year	round	data	
collection;	data	
download	2X	per	year	

Year	round	data	
collection;	data	
download	2X	per	year	

If	study	
continues	

If	study	
continues	

5.0	Remedial	Measures	

No	remedial	measures	are	indicated	by	the	results	of	the	monitoring	conducted	in	the	RMEE-4	thus	far.	
However	based	on	the	voluntary	monitoring	conducted	since	2011,	Verdant	would	recommend	the	
following	modifications	to	the	RMEE-4	protocol	to	improve	efficacy,	as	part	of	a	comprehensive	review	
of	RMEE	plans	prior	to	the	deployment	of	the	TriFrame	and	3	KHPS	turbines	as	Install	B-1.		

1. The	modification	to	a	year-round	data	collection	protocol	has	been	made	at	the	request	of	the	
agencies.	Verdant	agrees	that	this	is	an	appropriate	modification	for	future	developments.			

2. The	RMEE-4	protocol	included	a	twice-yearly	data	download.		Due	to	the	costs	associated	with	
the	VEMCO	data	retrieval	(vessels/divers),	data	analysis,	and	successful	battery	life	of	at	least	15	
months,	as	well	as	the	low	abundance	of	tagged	species	detected	thus	far,	we	recommend	
moving	to	a	single	yearly	download	in	the	next	revision.			

3. The	annual	report	date	of	February	15th	was	arbitrarily	set	in	2010,	to	include	a	30-day	review	by	
agencies.	Practically,	the	data	download	needs	to	occur	following	the	spring	migration	and	in	
periods	of	warmer	water	conditions	(June-July),	and	as	such	the	report	filing	date	should	be	July	
or	August	for	the	previous	~12	months.	This	modification	should	be	made	in	the	next	version	of	
the	RMEE-4	plan.		
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4. The	success	of	this	tagged	species	detection	plan	relies	on	the	ongoing	cooperation	and	sharing	
of	tagged	species	identification	and	size	by	researchers	in	the	community.	While	Verdant	
recognizes	that	funding	for	tagging	and	network	maintenance	is	competitive	and	at	a	premium,	
Verdant	encourages	continued	leadership	and	funding	of	these	programs	by	NYSDEC	and	NMFS	
to	advance	the	research	and	promulgate	the	protection	of	the	species.		Further,	Verdant	
encourages	NYSDEC	and	NMFS	to	work	directly	with	fish	tagging	researchers	to	ensure	the	
transfer	of	tag	details,	including	species,	tagging	date,	size,	and	location	to	improve	the	quality	
of	data	collected	at	the	RITE	site.	

5. The	detection,	within	the	limitations	noted	in	this	report,	provides	invaluable	data	on	both	the	
migratory	and	resident	presence	of	tagged	species	and	directly	informs	the	parameterization	of	
the	KHPS-Fish	Interaction	Model	(KFIM)	developed	for	the	RITE	Project.		Verdant	generally	
agrees	that	a	change	to	the	parameter	values,	in	line	with	that	presented	in	Attachment	C,	may	
be	prudent	to	reflect	the	current	understanding	on	presence	and	abundance	of	fish	at	the	RITE	
site	(please	see	Reference	6,	included	as	Attachment	D).		

6. The	RMEE-4	protocol	(as	well	as	other	RMEE	plans)	will	be	reviewed	with	the	agencies	prior	to	
that	deployment	under	an	adaptive	management	framework	in	2019.		

6.0	Results	and	Reporting	

6.1	Results			

The	most	recent	data	download	occurred	on	April	3,	2018	and	covers	the	period	of	October	2016	-	April	
2018.		All	new	data	is	shown	in	Attachment	A.		

6.1.1	Results	–	Current	Period	of	October	2016	-	April	2018		
East	River	-	East	Channel	–	Table	A-1E		
All	new	2016	-	2018	data	that	was	collected	from	the	East	Channel	receiver	(VR2W-E)	is	shown	in	
Attachment	A	Table	A-1E,	representing	522	days	of	in-water	detection	time.	
	
East	River	-	West	Channel	–	Table	A-1W	
All	 new	 2016	 -	 2018	 data	 that	was	 collected	 from	 the	West	 Channel	 receiver	 (VR2W-W)	 is	 shown	 In	
Attachment	A	Table	A-1W,	representing	522	days	of	in–water	detection	time.		

6.1.2	Results	–	Since	Inception	RMEE-4	Tagged	Species	Detection:	May	2011	-	April	2018	

• Data	Collection	under	RMEE-4	is	a	voluntary	program	by	Verdant	Power	in	advance	of	permit	
and	license	compliance,	partially	funded	by	NYSERDA.	

• Continuous	operation	of	VEMCO	receivers	in	the	West	Channel	for	over	2,400	days;	no	data	
continuity	problems	including	uninterrupted	monitoring	through	Superstorm	Sandy	(October	
2012)	

• Almost	continuous	operation	of	VEMCO	receivers	at	the	RITE	Project	in	the	East	Channel	for	
over	2100	days;	one	data	continuity	problem.	Two	buoy-mounted	East	Channel	receivers	were	
lost	in	February	2015	due	to	abnormal	ice	conditions	and	replaced	with	one	buoy-mounted	
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receiver	in	August	2015	(representing	a	13-month	data	loss)	and	ultimately	deployed	as	a	
bottom-mounted	receiver	in	October	2016	without	interruption.			

• Table	3-1	summarizes	detections	in	the	East	Channel	(70)	and	the	West	Channel	(264)	over	the	
entire	period	of	record	to	date.		

• Table	6-1	provides	a	summary	and	normalization	of	observations,	indicating	that	23%	of	the	
detections	are	in	the	East	Channel	(location	of	RITE	Project)	and	77%	are	in	the	West	Channel	
where	no	KHPS	turbines	are	located.		

Table	6-1.	Distribution	of	Tagged	Species	as	Detected	–	East-West	Channels		
Data	was	adjusted	to	normalize	the	period	of	data	collection	for	comparisons.		Normalized	detection	
rates	are	provided	in	bold	and	account	for	the	differences	in	data	collection	periods.	

Detections	 RITE	East	Channel	 West	Channel	
334	Total	Fish	Detections	 70	detections	(2118	days	of	

data)	
(Data	lost	from	7/14	-	8/15)	

264	detections	(2422	days	of	
data)	

Total	annual	average	detections	of	
all	fish	
52	Fish	Detections	per	year	total	

30.3	days	per	Fish	Detection	
12	Fish	Detections	per	year		

9.2	days	per	Fish	Detection	
40	Fish	Detections	per	year		

Distribution	of	all	Fish	Detections		 23%	of	all	Fish	Detections	
occurred	in	the	East	Channel	

77%	of	all	Fish	Detections	
occurred	in	the	West	Channel	

	

29	Atlantic	Sturgeon	Detection		 5	detections	(2118	days	of	
data)	
(Data	lost	from	7/14	-	8/15)	

24	detections	(2422	days	of	
data)	

Total	annual	average	Atlantic	
Sturgeon	detections	
4.5	Atlantic	Sturgeon	Detections	
per	year	total	

423.6	days	per	Atlantic	
sturgeon	detection	
0.86	Atlantic	Sturgeon	
Detections	per	year	

100.9	days	per	Atlantic	
sturgeon	detection	
3.61	Atlantic	Sturgeon	
Detections	per	year	

Distribution	of	Atlantic	Sturgeon	
Detections		

19%	of	all	Atlantic	Sturgeon	
Detections	occurred	in	the	
East	Channel	

81%	all	Atlantic	Sturgeon	
Detections	occurred	in	the	
West	Channel	

	

6.2	Interpretation				

In	general,	the	following	is	interpreted	from	the	6+	years	of	data:			

• As	shown	in	Attachment	B	(and	in	Table	6-1),	there	is	a	significant	difference	in	detections	
between	channels,	indicating	that	23%	of	the	detections	are	in	the	East	Channel	(RITE	Project	
Boundary)	and	77%	are	in	the	West	Channel	where	no	KHPS	turbines	are	located		

• As	shown	in	Attachment	B,	detections	occur	primarily	in	the	April	-	June	timeframe	and	again	in	
October	-	January;	although	Superstorm	Sandy	(October	29,	2012)	could	have	affected	2012	
data	
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• The	success	of	the	RMEE-4	plan	relies	on	mutual	continued	cooperation	of	tagging	researchers	
and	sharing	of	tag	identification.	To	date,	50	total	detections	(27	below)	are	listed	as	UNKNOWN	
and	have	not	been	identified.		Identified	species	with	an	unknown	length	at	tagging	have	been	
listed	as	TBD	(because	researchers	have	not	provided	the	details).	This	remains	an	open	issue.			

• The	volume	of	active	tags	released	in	the	East	Coast	network	is	not	known	with	certainty,	and	is	
beyond	the	scope	of	Verdant’s	responsibility	under	this	plan.	However,	to	give	context	to	this	
interpretation	we	provide	Figure	6-1.		

• Figure	6-1	–	A	significant	increase	in	the	number	of	tags	detected	in	2016	and	2017	is	reflective	
of	an	increase	in	striped	bass	tagging	in	2015	and	2016	in	two	specific,	macro-scale	geographic	
locations	in	the	northeast	(New	York	and	Massachusetts).		The	increase	in	unknown	detections	
in	2017	may	be	indicative	of	the	transition	from	the	ACT	Network	to	MATOS.		This	also	highlights	
a	key	limitation	in	this	monitoring	protocol	and	the	importance	of	data	sharing	between	
research	initiatives,	especially	those	with	Federal/State	funding.		It	also	highlights	the	critical	
importance	of	funding	for	the	tagging	of	species	activities.		

Regarding	Atlantic	Sturgeon:		

• Detections	of	Atlantic	sturgeon	(29	Total	–	5	East;	24	West)	occur	mostly	at,	or	near,	slack	tide;	
other	species	vary	

• Detections	are	mostly	of	short	(<1	to	2	hr.)	duration,	with	average	Atlantic	sturgeon	detection	
duration	=	36.6	minutes,	implying	Atlantic	sturgeon	are	using	the	East	River	as	a	migration	
route.	

Regarding	Striped	Bass:		

• The	tagged	striped	bass	(7	total)	outlined	in	blue	were	the	fish	detected	in	a	previous	year’s	
effort	(2016).	

• One	tagged	striped	bass	was	detected	16	times	in	both	the	East	(3)	and	West	(13)	Channel	
during	the	period	December	2016	and	December	2017	and	was	also	detected	in	the	previous	
year’s	effort.			

• One	tagged	striped	bass	was	detected	14	times	in	the	West	(14)	Channel	during	the	period	May	
to	June	2017	and	was	also	detected	in	the	previous	year’s	effort.			

• Some	other	striped	bass	were	detected	multiple	times	(2	to	7	times),	but	the	general	pattern	is	
transit	through	the	channels	with	very	short	detection	time	range,	not	resident	in	nature.		
Average	striped	bass	detection	time	range	=	17.3	minutes.	
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Figure	6-1.	Annual	detections	of	striped	bass,	Atlantic	sturgeon	and	unknown	species	in	both	East	and	
West	Channels,	East	River	combined	(2011	-	2017)	

This	observation	of	detected	tags	has	little	context	since,	other	than	the	2010	estimate	of	active	tags	and	
the	two	large	striped	bass	tagging	efforts	in	2015	and	2016	noted	above,	we	are	generally	unaware	of	
the	total	number	of	tagged	species	released	on	the	East	Coast.					 	

Increase	in	striped	
bass	tagging		

2010	VEMCO	Estimate:	
2,950	active	tags	
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7.0	RMEE-4	Tagged	Species	Detection	Plan	

Responses	to	specific	RMEE-4	Plan	Questions:		

1.	What	 is	the	detected	presence,	distribution,	and	frequency	of	tagged	fish	 in	the	East	River	during	
the	observation	period?		

• Over	the	80+	months	of	active,	and	mostly	continuous6	RMEE-4	monitoring,	we	have	detected	
334	 unique	 fish	events:	29	 that	are	known	 to	be	Atlantic	 sturgeon,	255	 that	are	known	 to	be	
other	species	(252	striped	bass,	1	alewife,	and	2	American	shad),	and	50	that	have	an	unknown	
species	at	this	time.			

• The	predominance	of	the	tagged	detections	is	in	the	West	Channel	with	264	total	detections	(40	
detections	 per	 year)	 as	 compared	 to	 70	 total	 detections	 (12	 detections	 per	 year)	 in	 the	 East	
Channel	where	the	RITE	Project	is	located.		

• The	presence	of	tagged	fish	varies,	however	most	detections	are	short,	from	<	30	Min	up	to	2+	
hours,	and	observations	of	striped	bass	are	over	multiple	days,	generally	indicating	a	movement	
(at	or	near	slack)	rather	than	a	residence	pattern.		Single	striped	bass	have	been	detected	over	
multiple	days,	as	a	single	detection,	separated	by	hours	(or	days)	with	another	detection,	in	the	
West	and	East	Channels	twice:	from	November	2015	until	early	May	2016,	26	in	total;	December	
2016	 and	 2017,	 16	 in	 total	 (detected	 in	 the	 previous	 year’s	 effort	 as	 well),	 with	 nearly	 all	
detections	lasting	less	than	10	minutes,	many	during	alternating	tides.		A	single	striped	bass	was	
detected	multiple	 times	 in	 the	West	Channel	 only	 during	 the	period	May	 to	 June	2017,	14	 in	
total	and	was	also	detected	in	the	previous	year’s	effort	in	the	West	Channel	only.				Striped	bass	
were	also	detected	at	roughly	6	and	12	and	24-hour	intervals,	often	centered	on	slack	tide,	for	2	
to	3	day	periods,	particularly	during	the	periods	of	peak	abundance.	

• Seasonal	 frequency	 in	 the	 data,	 as	 Shown	 in	Attachment	 B	 Figures	 B-1	 and	B-2,	 on	 the	 same	
scale	for	both	East	and	West	Channels	shows	an	April	-	June	and	October	-	January	increase	in	
detections	over	the	7	years	of	data;	however	a	significant	fall	migration	does	not	appear	in	2012	
(Superstorm	 Sandy),	 2013	 or	 2014.	 	 The	 recent	 data	 download	 (April	 2018),	 covering	 the	
remainder	of	fall	2016	and	all	of	2017,	confirms	this	trend.	It	should	be	noted	that,	based	on	the	
data	 detected,	 two	 large	 striped	bass	 tagging	 efforts7	in	 2015/2016	were	highly	 successful,	 as	
the	number	of	unique	tags	detected	(and	total	detections)	was	significantly	higher	than	previous	
years.				

2.	 What	 can	 be	 postulated	 from	 this	 data	 as	 to	 the	 potential	 interaction	 of	 these	 species	 with	
operating	KHPS?	

• The	lengths	of	the	identified	tagged	Atlantic	sturgeon	are	consistent	with,	and	perhaps	slightly	
larger	than,	the	assumptions	in	the	2010	KHPS-Fish	Interaction	Model	(KFIM)	(RITE	FLA,	Volume	
4)	for	common	length	(104	cm)	of	the	species.		However	this	may	be	an	artifact	of	the	size	of	the	
tagged	fish	and	not	representative	of	the	actual	size	of	the	migrating	fish.			

																																																													
6	Verdant	experienced	a	single	outage	of	data	coverage	in	the	East	Channel	for	~13	months	due	to	extreme	ice	
conditions	at	the	RITE	Site.		However,	more	than	70	months	of	data	were	collected	at	the	RITE	site.	
7	Verdant	does	not	have	statistics	on	the	magnitude	of	these	tagging	efforts,	and	is	unable	to	verify	the	number	of	
tags	in	the	East	Coast	population,	therefore	these	detection	densities	have	limited	context.			
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• The	detected	occurrences	of	Atlantic	sturgeon	in	the	East	River,	with	relatively	short	residence	
times	 often	 near	 slack,	 continue	 to	 confirm	 the	 low	 probability	 of	 interaction	with	 operating	
turbines	since	the	turbines	are	not	operated	at	slack	tide.			

• As	discussed	in	Attachment	C,	the	P3	model	parameter	(Fish	Distribution)	incorporated	an	equal	
likelihood	 (50%)	 that	 fish	 will	 take	 the	 East	 Channel	 (and	 be	 at	 potential	 risk	 being	 near	 the	
operating	 project)	 over	 the	West	 Channel	 (and	have	no	 risk	 from	 the	operating	 project).	 This	
distribution	 –	 now	 over	 a	 five-year	 period	 –	 seems	 to	 indicate	 a	 bias	 now	 towards	 the	West	
Channel:	70	events	(12	per	year)	in	the	East	Channel	versus	264	events	(40	per	year)	in	the	West	
Channel.	Verdant	notes	this	observation	that	the	trend	 is	towards	 less	risk	to	the	species	than	
assumed	in	the	2010	interpretation	of	the	KHPS-Fish	Interaction	model	(KFIM).		

• The	limited	number	of	detections	of	large	fish	of	any	species	continues	to	support	Verdant	fixed	
hydroacoustic	 and	 VAMS	 data	 taken	 at	 RITE	 (2006	 -	 10)	 and	 confirms	measurements	 of	 fish	
length	 distributions.	 	When	 longer	 residence	 times	were	 observed,	 detections	were	 generally	
within	an	hour	of	slack	tide,	significantly	lowering	the	potential	impact,	as	KHPS	turbines	will	be	
non-operational	for	most	of	that	time.	

3.	What,	 if	 anything,	 should	be	 changed	 in	 the	protocol	 for	 2018	and	beyond	 in	 Installs	B	 and	C	 to	
improve	detection	and	evaluation?	

• The	execution	of	the	study	for	over	70	months	has	provided	some	very	interesting	data	on	the	
presence,	abundance,	and	transit	of	tagged	species	proximate	to	the	RITE	site	for	use	in	
validating	KFIM	models	for	the	turbines.	

• Verdant	removed	both	VEMCO	receivers	in	April	2018	in	both	the	East	and	West	Channels	due	
to	deterioration	of	the	mounts	and	VR2W	units,	and	will	redeploy	in	accordance	with	the	FERC	
license	conditions	(RMEE-4)	in	advance	of	the	installation	of	the	RITE	TriFrame	and	three	KHPS	
turbines	(Install	B-1)	in	2019-2020.	

• As	discussed	in	Section	5,	a	limitation	of	this	RMEE-4	plan	is	that	a	detection	does	not	equate	to	
an	interaction	since	the	detection	is	within	400m	of	the	receiver	and	no	depth	or	channel	
location	or	distribution	is	possible	with	the	current	configuration.	Verdant	generally	agrees	that	
the	RMEE-4	protocol	should	be	modified	when	operating	turbines	are	deployed	to	more	
accurately	inform	the	KFIM	parameters.		

8.0	References	Cited	

1. Verdant	Power,	LLC	Final	Pilot	License	Application	-	RITE	Project,	Volume	4:	RITE	Monitoring	of	
Environmental	Effects	(RMEE)	Plans,	Appendices	A	&	B	summarizing	supporting	fishery	information,	
ESA,	EFH;	2010	

2. FERC	Order	issuing	Pilot	License	-	FERC	P-12611;	January	23,	2012	
3. “Tagged	Species	Detection:	Approach	to	Monitoring	Marine	Species	at	Marine	Hydrokinetic	

Projects,”	Tomichek,	C.,	Colby,	J.,	Adonizio,	M.A.,	Frisk,	M.,	Dunton,	K.,	Fox,	D.,	Jordaan,	A.;	
Proceedings	of	the	2nd	Marine	Energy	Technology	Symposium;	April	2014	

4. “Improvements	to	Probabilistic	Tidal	Turbine	–	Fish	Interaction	Model	Parameters,”	Tomichek,	C.,	
Colby,	J.,	Adonizio,	M.A.;	Proceedings	of	the	3rd		Marine	Energy	Technology	Symposium;	April	2015	
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5. Atlantic	and	Shortnose	Sturgeon.		Species	Profiles:	Life	History	and	Environmental	Requirements	of
Coastal	Fishes	and	Invertebrates	(Mid-Atlantic	Bight).		U.S.	Army	Corps	of	Engineers	Biological
Report	82(11.122)	TR	EL-82-4;	Gilbert,	C.R.;	1989

6. “Parameter	Updates	to	Probabilistic	Tidal	Turbine	–	Fish	Interaction	Model,”	Tomichek,	C.,	Colby,	J.,
Bevelhimer,	M.,	Adonizio,	M.A.;	Proceedings	of	the	4th	Marine	Energy	Technology	Symposium;
April	2016	[Attachment	D]

7. “Informing	a	Tidal	Turbine	Strike	Probability	Model	through	Characterization	of	Fish	Behavioral
Response	using	Multibeam	Sonar	Output,”	Bevelhimer,	M.,	Colby,	J.,	Adonizio	M.A.,	Tomichek,	C.,
Scheleris,	C.;	ORNL/TM-2016-219;	July	2016

9.0	Agency	Comments	and	Disposition	

A	draft	of	this	report	was	provided	to	RITE	fishery	consultation	agencies	NYSDEC	and	NOAA/NMFS	on	
May	25,	2018	for	review	and	comment.	

On	July	12,	2018	Verdant	received	comments	from	NYSDEC	in	the	form	of	an	email	with	attachment,	as	
provided	in	Section	9.1	below.		No	other	comments	were	received.		

Verdant	can	agree	to	this	January	5,	2016	data	sharing	arrangement	with	Monmouth	and	Stony	Brook	
Universities,	with	the	added	clarification	that	the	data	is	used	solely	for	permitting	requirements	to	
NYSDEC	and	by	reference	NMFS	and	FERC	under	the	terms	of	the	RITE	Project	FERC	license,	Article	
401.	This	annual	reporting	is	required	under	the	license	(P-12611).			

Verdant	has	communicated	this	agreement	with	the	researchers	and	thanks	NYSDEC	for	its	comments.	
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From:	"Kispert,	Kevin	A	(DEC)"	<kevin.kispert@dec.ny.gov>
Date:	Thursday,	July	12,	2018	at	11:47	AM
To:	Aaron	Hernandez	<ahernandez@verdantpower.com>,	Julie	Crocker	<julie.crocker@noaa.gov>,	Karen	
Greene	-	NOAA	Federal	<karen.greene@noaa.gov>
Cc:	Ronald	Smith	<rsmith@verdantpower.com>,	Mary	Ann	Adonizio	<maadonizio@verdantpower.com>,	
Jonathan	Colby	<jcolby@verdantpower.com>
Subject:	RE:	2017	RITE	Project	Annual	Monitoring	Reports	-	Dra>s	For	Agency	Review

Thank	you	for	the	reminder	regarding	the	comments.	DEC	has	the	following	comments	regarding	the	sharing	
of	the	data,	and	have	a^ached	a	le^er	from	the	involved	par_es.

5.0	–	Remedial	Measures
Page	11:

Verdant	encourages	con_nued	leadership	and	funding	of	these	programs	by	NYSDEC	and	NMFS	to	advance	
the	research	and	promulgate	the	protec_on	of	the	species.		Further,	Verdant	encourages	NYSDEC	and	NMFS	
to	work	directly	with	fish	tagging	researchers	to	ensure	the	transfer	of	tag	details,	including	species,	tagging	
date,	size,	and	loca_on	to	improve	the	quality	of	data	collected	at	the	RITE	site.

DEC	Comments:
NY	DEC	has	a^empted	to	coordinate	an	agreement	between	researchers	at	Stony	Brook	University,	
Monmouth	University	and	Verdant	Power.	The	researchers	are	willing	to	share	the	data	requested	by	
Verdant,	but	need	assurances	regarding	presenta_on	and	publica_on	of	data.	Researchers	provided	Verdant	
with	a	le^er	of	agreement	and	if	Verdant	is	willing	to	the	terms	as	detailed	then	the	data	will	be	shared.	
Verdant	has	stated	that	they	wish	to	have	further	discussion	with	the	researchers	regarding	the	specifics	in	
the	le^er.

Verdant	also	asked	to	make	the	following	change	to	the	agreement:
"Allow	Verdant	to	publish	and	present	results	only	as	related	to	item	number	1	above	in	a	blind	manner	
(species	only)	and	as	related	to	the	adap_ve	management	of	monitoring	of	tagged	species	in	the	proximity	of	
the	RITE	project;	acknowledging	the	efforts	of	the	researches	as	requested.	This	is	an	important	technology	
transfer	feature	of	the	grant	funding	that	supports	this	project	and	also	vital	to	the	ongoing	Marine	Energy	
Converter	(MEC)	industry"

However,	this	change	is	not	acceptable	to	the	researchers	as	there	have	been	issues	regarding	publica_on	of	
data	by	Verdant	in	the	past.	DEC	has	conveyed	this	concern	to	Verdant.	Verdant	stated	that	they	would	like	to	

9.1 Comments Received from NYSDEC - July 12, 2018
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discuss	this	further.	However,	the	researchers	feel	that	there	has	already	been	ample	discussion	and	the	
bo^om	line	is	that	they	cannot	agree	to	publica_on	for	anything	other	than	permit	requirements	and	internal	
repor_ng.

DEC	staff	members	have	par_cipated	in	these	conversa_ons	as	well	as	speaking	to	both	par_es	separately.	
DEC	staff	feel	that	the	terms	in	the	le^er	dra>ed	by	the	researchers	(a^ached)	are	reasonable	and	that	these	
terms	must	be	agreed	upon	by	Verdant	if	they	would	like	the	data.

Please	let	me	know	if	you	have	any	ques_ons.

Kevin	Kispert
NYSDEC	-	Environmental	Permits
SUNY@Stony	Brook
50	Circle	Road
Stony	Brook	NY	11790-3409
P	631.444.0369
e-mail:	kevin.kispert@dec.ny.gov
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January 5, 2016 

Jonathan Colby 

Verdant Power 

Roosevelt Island 

New York, NY 10044 

Dear Jonathan, 

We will assist the NYDEC and Verdant Power in confirming acoustically tagged Atlantic 

Sturgeon that were tagged by Stony Brook University from  2010-2015 for permitting 

requirements required for the East River tidal turbine project.  To confirm the acoustically tagged 

sturgeon and to rectify any misreporting in the past, we will require that you send the raw VRL 

files that are directly downloaded from the VR-2W acoustic monitoring receivers.  We will 

confirm any known tag codes and ask that you use summarized information (Name, agency, total 

# of tags detected, and total # of detections) for final reports to granting agencies.  We will not 

use any information other than that belonging to Stony Brook University and upon extraction of 

data belonging to Stony Brook University will delete the associated files.  We do not give 

permission to allow the data to be used for anything but permitting requirements to the NYDEC 

and need to be assured that the data is not made public, not used in scientific publications or 

presentations, or used for any other purpose.  

Information from Stony Brook detected tags that were detected from Verdant Power maintained 

acoustic receivers may be used in scientific publications or presentations by Stony Brook and 

affiliates, with your agency being acknowledged in the acknowledgements.  If the data that you 

provide is a significant contribution to the results we are open to collaboration and to discuss the 

issue of co-authorship on scientific publications and presentations.  Information you provide will 

also be included into a Sturgeon database that is currently being developed by Stony Brook 

University and Monmouth University for the NYDEC.   

Sincerely, 

Keith Dunton, Ph.D.  Michael G. Frisk, Ph.D. 

Assistant Professor   Associate Professor  

School of Science      School of Marine and Atmospheric Sciences 

Monmouth University          Stony Brook University 

West Long Branch, NJ  07764 Stony Brook, NY 11794-5000 
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Attachment	A	–	RMEE-4	Data:	October	2016	-	April	2018		
	

A.1	Species	and	Seasonal	Frequency	Detected		

Table	A-1E.	East	Channel	Fish	Detections	since	Last	Data	Download	[18	months:	10/28/2016	-	4/3/2018]	

	 2016-E	 2017-E	 2018-E	

	Month		
Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	 Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	 Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	

Jan	 	 		 		 0	 0	 0	 0	 0	 0	
Feb	 	 		 		 0	 0	 0	 0	 0	 0	
Mar	 	 		 		 0	 0	 0	 0	 0	 0	
Apr	 	 		 		 0	 4	 1	 	 	 	
May	 	 		 		 0	 7	 2	 	 	 	
Jun	 	 		 		 0	 2	 1	 	 	 	
Jul	 	 		 		 0	 0	 2	 	 	 	
Aug	 	 		 		 0	 0	 0	 	 	 	
Sep	 	 		 		 0	 0	 0	 	 	 	
Oct	 0	 1	 0	 0	 1	 1	 	 	 	
Nov	 0	 6	 0	 0	 9	 0	 	 	 	
Dec	 0	 6	 0	 0	 0	 0	 	 	 	
TOTALS	 0	 13	 0	 0	 23	 7	 0	 0	 0	
	

Blue	cells	reflect	data	reported	previously.			

Grey	cells	reflect	data	not	collected.			

Totals	are	reported	detections	during	the	current	download	October	2016	-	March	2018.	
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Table	A-1W.	West	Channel	Fish	Detections	since	Last	Data	Download	[18	months:	10/28/2016	-	4/3/2018]	

	 2016-W	 2017-W	 2018-W	

	Month		
Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	 Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	 Atlantic	
Sturgeon	

Striped	
Bass	

Unknown	

Jan	 	 		 		 0	 0	 0	 0	 1	 0	
Feb	 	 		 		 0	 0	 0	 0	 0	 0	
Mar	 	 		 		 0	 0	 0	 0	 1	 0	
Apr	 	 		 		 0	 10	 0	 	 	 	
May	 	 		 		 0	 16	 6	 	 	 	
Jun	 	 		 		 0	 11	 8	 	 	 	
Jul	 	 		 		 0	 0	 1	 	 	 	
Aug	 	 		 		 0	 0	 3	 	 	 	
Sep	 	 		 		 0	 0	 2	 	 	 	
Oct	 0	 0	 0	 0	 2	 0	 	 	 	
Nov	 0	 11	 0	 0	 13	 0	 	 	 	
Dec	 0	 12	 0	 0	 5	 0	 	 	 	
TOTALS	 0	 23	 0	 0	 57	 20	 0	 2	 0	
	

Blue	cells	reflect	data	reported	previously.			

Grey	cells	reflect	data	not	collected.		

Totals	are	reported	detections	during	the	current	download	October	2016	-	March	2018.	
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A.2	Data	Tables		

Table	A-2E.	Detailed	Fish	Detections,	RITE	East	Channel	(October	2016	-	April	2018)			

• Blue	indicates	Striped	Bass	tags	detected	in	previous	year’s	effort	(2015	-	2016).	

Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment		

11E-16	 Striped	Bass	 10/31/2016	 33	Min	 SLACK	 79.3	 	
12E-16	 Striped	Bass	 11/10/2016	 40	Sec	 EBB	 98	 12E-16,	13E-16,	14E-16	and	85W-16	are	the	same	fish	
13E-16	 Striped	Bass	 11/11/2016	 56	Sec	 FLOOD	 98	 12E-16,	13E-16,	14E-16	and	85W-16	are	the	same	fish	
14E-16	 Striped	Bass	 11/11/2016	 54	Sec	 EBB	 98	 12E-16,	13E-16,	14E-16	and	85W-16	are	the	same	fish	
15E-16	 Striped	Bass	 11/13/2016	 18	Min	 START-FLOOD	 94.2	 	
16E-16	 Striped	Bass	 11/16/2016	 46	Min,	41	Sec	 FLOOD,	END-FLOOD	 76	 16E-16,	21E-17,	67W-17	and	69W-17	are	the	same	fish	
17E-16	 Striped	Bass	 11/30/2016	 3	Min,	6	Sec	 EBB	 68	 17E-16,	3E-17	and	4W-17	are	the	same	fish	
18E-16	 Striped	Bass	 12/2/2016	 5	Min,	37	Sec	 EBB	 74	 18E-16,	1E-17,	2E-17,	93W-16	and	94W-16	are	the	same	fish	
19E-16	 Striped	Bass	 12/6/2016	 5	Min,	58	Sec	 EBB	 90	 	
20E-16	 Striped	Bass	 12/16/2016	 2	Min,	10	Sec	 EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	

100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

21E-16	 Striped	Bass	 12/18/2016	 2	Hr,	29	Min,	11	Sec	 FLOOD	to	SLACK	to	
EBB	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

22E-16	 Striped	Bass	 12/30/2016	 7	Min	 EBB	 77.0	 22E-16,	16E-17	and	77W-17	are	the	same	fish	
23E-16	 Striped	Bass	 12/30/2016	 1	Min,	8	Sec	 FLOOD	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	

100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17		
[1E-16,	2E-16,	1W-16,	3W-16	and	53W-16	are	the	same	fish	
reported	previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment		

1E-17	 Striped	Bass	 4/9/2017	 33	Min,	52	Sec	 START-FLOOD,	
FLOOD	

74	 18E-16,	1E-17,	2E-17,	93W-16	and	94W-16	are	the	same	fish	

2E-17	 Striped	Bass	 4/9/2017	 3	Min,	49	Sec	 FLOOD	 74	 18E-16,	1E-17,	2E-17,	93W-16	and	94W-16	are	the	same	fish	
3E-17	 Striped	Bass	 4/13/2017	 1	Hr,	51	Min,	33	Sec	 END-FLOOD,	SLACK,	

START-EBB,	EBB	
68	 17E-16,	3E-17	and	4W-17	are	the	same	fish	

4E-17	 UNKNOWN	 4/28/2017	 17	Min,	16	Sec	 SLACK	 TBD	 	
5E-17	 Striped	Bass	 4/29/2017	 1	Min,	22	Sec	 FLOOD	 102	 	
6E-17	 Striped	Bass	 5/8/2017	 1	Min,	1	Sec	 FLOOD	 98.0	 	
7E-17	 Striped	Bass	 5/14/2017	 3	Hr,	7	Min,	30	Sec	 EBB,	END-EBB,	

SLACK	
63	 7E-17,	18W-17	and	71W-17	are	the	same	fish		

8E-17	 UNKNOWN	 5/20/2017	 1	Min,	20	Sec	 FLOOD	 TBD	 8E-17,	9E-17	and	21W-17	are	the	same	fish	
9E-17	 UNKNOWN	 5/20/2017	 2	Hr,	1	Min,	52	Sec	 EBB,	END-EBB,	

SLACK	
TBD	 8E-17,	9E-17	and	21W-17	are	the	same	fish	

10E-17	 Striped	Bass	 5/22/2017	 4	Min	 END-FLOOD	 83.5	 10E-17,	22W-17	and	23W-17	are	the	same	fish	
11E-17	 Striped	Bass	 5/25/2017	 11	Min,	2	Sec	 EBB	 81.0	 11E-16,	82W-16	and	83W-16	are	the	same	fish	
12E-17	 Striped	Bass	 5/27/2017	 26	Min,	5	Sec	 SLACK	 87.7	 12E-17,	13E-17	and	65W-17	are	the	same	fish	
13E-17	 Striped	Bass	 5/27/2017	 20	Min,	4	Sec	 EBB	 87.7	 12E-17,	13E-17	and	65W-17	are	the	same	fish	
14E-17	 Striped	Bass	 5/31/2017	 1	Min	 FLOOD	 92.5	 [61W-16	is	the	same	fish	reported	previously]	
15E-17	 UNKNOWN	 6/3/2017	 1	Min,	45	Sec	 EBB	 TBD	 15E-17	and	35W-17	are	the	same	fish	
16E-17	 Striped	Bass	 6/4/2017	 1	Min	 FLOOD	 77.0	 22E-16,	16E-17	and	77W-17	are	the	same	fish	
17E-17	 Striped	Bass	 6/8/2017	 22	Min,	5	Sec	 START-EBB	 84.7	 	
18E-17	 UNKNOWN	 7/28/2017	 8	Min,	10	Sec	 FLOOD	 TBD	 	
19E-17	 UNKNOWN	 7/30/2017	 3	Min,	42	Sec	 EBB	 TBD	 19E-17	and	52W-17	are	the	same	fish	
20E-17	 UNKNOWN	 10/4/2017	 22	Min,	51	Sec	 END-EBB	 TBD	 	
21E-17	 Striped	Bass	 10/25/2017	 48	Min,	35	Sec	 FLOOD,	END-FLOOD	 76	 16E-16,	21E-17,	67W-17	and	69W-17	are	the	same	fish	
22E-17	 Striped	Bass	 11/5/2017	 10	Min,	38	Sec	 FLOOD	 64	 22E-17,	30E-17,	91W-16,	8W-17	and	59W-17	[28W-15	and	

17W-16	are	the	same	fish	reported	previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment		

23E-17	 Striped	Bass	 11/5/2017	 7	Min,	3	Sec	 EBB	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	the	
same	fish	

24E-17	 Striped	Bass	 11/6/2017	 19	Min,	43	Sec	 FLOOD	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	the	
same	fish	

25E-17	 Striped	Bass	 11/6/2017	 55	Sec	 END-FLOOD,	SLACK	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-17	
are	the	same	fish	

26E-17	 Striped	Bass	 11/7/2017	 5	Min,	1	Sec	 EBB	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-17	
are	the	same	fish	

27E-17	 Striped	Bass	 11/7/2017	 6	Min,	36	Sec	 FLOOD	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-17	
are	the	same	fish	

28E-17	 Striped	Bass	 11/8/2017	 59	Sec	 EBB	 90.2	 28E-17	and	62W-17	are	the	same	fish	
29E-17	 Striped	Bass	 11/11/2017	 55	Min,	16	Sec	 START-FLOOD,	

FLOOD	
66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-17	

are	the	same	fish	

30E-17	 Striped	Bass	 11/15/2017	 34	Min,	42	Sec	 SLACK	 64	 22E-17,	30E-17,	91W-16,	8W-17	and	59W-17	[28W-15	and	
17W-16	are	the	same	fish	reported	previously]	

	
UNKNOWN	indicates	data	missing	from	a	tagging	entity		
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Table	A-2W	-	Detailed	Fish	Detections,	RITE	West	Channel	(October	2016	-	April	2018)		

• Blue	indicates	Striped	Bass	tags	detected	in	previous	year’s	effort	(2015-2016).	

Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

82W-16	 Striped	Bass	 11/7/2016	 2	Min	 END-FLOOD	 79.3	 11E-16,	82W-16	and	83W-16	are	the	same	fish	
83W-16	 Striped	Bass	 11/7/2016	 2	Min	 EBB	 79.3	 11E-16,	82W-16	and	83W-16	are	the	same	fish	
84W-16	 Striped	Bass	 11/7/2016	 1	Min	 EBB	 71.6	 [73W-16,	79W-16	and	81W-16	are	the	same	fish	reported	

previously]	
85W-16	 Striped	Bass	 11/10/2016	 1	Hr,	15	Min,	44	Sec	 FLOOD,	END-FLOOD,	

SLACK	
98	 12E-16,	13E-16,	14E-16	and	85W-16	are	the	same	fish	

86W-16	 Striped	Bass	 11/14/2016	 1	Min,	15	Sec	 EBB	 73	 86W-16	and	66W-17	are	the	same	fish	
87W-16	 Striped	Bass	 11/16/2016	 5	Min,	46	Sec	 END-FLOOD	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-

17	are	the	same	fish	
88W-16	 Striped	Bass	 11/19/2016	 11	Min,	11	Sec	 SLACK	 65	 [24W-15	is	the	same	fish	reported	previously]	
89W-16	 Striped	Bass	 11/19/2016	 1	Hr,	29	Min,	38	Sec	 START-EBB,	EBB	 71.5	 	
90W-16	 Striped	Bass	 11/20/2016	 3	Min,	51	Sec	 EBB	 63	 	
91W-16	 Striped	Bass	 11/21/2016	 6	Min,	17	Sec	 EBB	 64	 22E-17,	30E-17,	91W-16,	8W-17	and	59W-17	are	the	same	

fish	[28W-15	and	17W-16	are	the	same	fish	reported	
previously]	

92W-16	 Striped	Bass	 11/21/2016	 8	Min,	21	Sec	 EBB	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-
17	are	the	same	fish	

93W-16	 Striped	Bass	 12/1/2016	 25	Min,	3	Sec	 END-FLOOD,	SLACK	 74	 18E-16,	1E-17,	2E-17,	93W-16	and	94W-16	are	the	same	fish	
94W-16	 Striped	Bass	 12/2/2016	 1	Min,	23	Sec	 FLOOD	 74	 18E-16,	1E-17,	2E-17,	93W-16	and	94W-16	are	the	same	fish	
95W-16	 Striped	Bass	 12/4/2016	 2	Min,	13	Sec	 EBB	 85	 95W-16,	31W-17	and	2W-18	
96W-16	 Striped	Bass	 12/17/2016	 2	Min,	1	Sec	 EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	

100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

97W-16	 Striped	Bass	 12/18/2016	 3	Hr,	36	Min,	16	Sec	 EBB	to	SLACK	to	
FLOOD	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

98W-16	 Striped	Bass	 12/21/2016	 2	Min,	22	Sec	 EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

99W-16	 Striped	Bass	 12/24/2016	 6	Min	 FLOOD	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

100W-16	 Striped	Bass	 12/25/2016	 2	Min,	3	Sec	 EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

101W-16	 Striped	Bass	 12/25/2016	 6	Min,	31	Sec	 SLACK,	START-
FLOOD	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

102W-16	 Striped	Bass	 12/26/2016	 1	Hr,	4	Min,	1	Sec	 SLACK,	START-EBB,	
EBB	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

103W-16	 Striped	Bass	 12/26/2016	 56	Min,	34	Sec		 SLACK,	START	EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

104W-16	 Striped	Bass	 12/28/2016	 1	Min,	47	Sec	 END-EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

1W-17	 Striped	Bass	 4/7/2017	 4	Min,	5	Sec	 END-EBB	 56	 1W-17,	2W-17	and	3W-17	are	the	same	fish	
2W-17	 Striped	Bass	 4/7/2017	 2	Min,	15	Sec	 END-EBB	 56	 1W-17,	2W-17	and	3W-17	are	the	same	fish	
3W-17	 Striped	Bass	 4/11/2017	 3	Min,	58	Sec	 FLOOD	 56	 1W-17,	2W-17	and	3W-17	are	the	same	fish	
4W-17	 Striped	Bass	 4/13/2017	 1	Min,	3	Sec	 FLOOD	 68	 17E-16,	3E-17	and	4W-17	are	the	same	fish	
5W-17	 Striped	Bass	 4/13/2017	 8	Min,	9	Sec	 SLACK	 79.4	 	
6W-17	 Striped	Bass	 4/18/2017	 22	Min,	43	Sec	 SLACK	 72	 6W-17	and	7W-17	are	the	same	fish	
7W-17	 Striped	Bass	 4/18/2017	 3	Min,	29	Sec	 EBB	 72	 6W-17	and	7W-17	are	the	same	fish	
8W-17	 Striped	Bass	 4/23/2017	 4	Min,	30	Sec	 END-FLOOD	 64	 22E-17,	30E-17,	91W-16,	8W-17	and	59W-17	are	the	same	

fish	[28W-15	and	17W-16	are	the	same	fish	reported	
previously]	

9W-17	 Striped	Bass	 4/30/2017	 51	Sec	 END-FLOOD	 71	 9W-17	and	10W-17	are	the	same	fish	
10W-17	 Striped	Bass	 4/30/2017	 38	Sec	 EBB	 71	 9W-17	and	10W-17	are	the	same	fish	
11W-17	 Striped	Bass	 5/3/2017	 22	Min,	10	Sec	 END-FLOOD,	SLACK	 73	 11W-17,	12W-17	and	13W-17	are	the	same	fish	
12W-17	 Striped	Bass	 5/3/2017	 2	Min,	37	Sec	 EBB	 73	 11W-17,	12W-17	and	13W-17	are	the	same	fish	
13W-17	 Striped	Bass	 5/3/2017	 15	Min,	42	Sec	 EBB	 73	 11W-17,	12W-17	and	13W-17	are	the	same	fish	
14W-17	 Striped	Bass	 5/11/2017	 40	Min,	33	Sec	 END-FLOOD,	SLACK	 88	 14W-17,	16W-17,	19W-17	and	20W-17	are	the	same	fish	
15W-17	 TBD	 5/13/2017	 9	Min,	48	Sec	 SLACK	 TBD	 15W-17	and	17W-17	are	the	same	fish	
16W-17	 Striped	Bass	 5/13/2017	 45	Min,	16	Sec	 SLACK	 88	 14W-17,	16W-17,	19W-17	and	20W-17	are	the	same	fish	
17W-17	 TBD	 5/13/2017	 2	Min,	32	Sec	 EBB	 TBD	 15W-17	and	17W-17	are	the	same	fish	
18W-17	 Striped	Bass	 5/13/2017	 5	Min,	41	Sec	 FLOOD,	END-FLOOD	 63	 7E-17,	18W-17	and	71W-17	are	the	same	fish	
19W-17	 Striped	Bass	 5/17/2017	 32	Min,	46	Sec	 END-FLOOD,	SLACK	 88	 14W-17,	16W-17,	19W-17	and	20W-17	are	the	same	fish	
20W-17	 Striped	Bass	 5/17/2017	 3	Min,	35	Sec	 EBB	 88	 14W-17,	16W-17,	19W-17	and	20W-17	are	the	same	fish	
21W-17	 TBD	 5/20/2017	 1	Min,	22	Sec	 EBB	 TBD	 8E-17,	9E-17	and	21W-17	are	the	same	fish	
22W-17	 Striped	Bass	 5/22/2017	 7	Min,	1	Sec	 EBB	 83.5	 10E-17,	22W-17	and	23W-17	are	the	same	fish	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

23W-17	 Striped	Bass	 5/22/2017	 2	Min	 SLACK	 83.5	 10E-17,	22W-17	and	23W-17	are	the	same	fish	
24W-17	 Striped	Bass	 5/23/2017	 39	Min,	8	Sec	 SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-

17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

25W-17	 Striped	Bass	 5/23/2017	 1	Min,	1	Sec	 FLOOD	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

26W-17	 TBD	 5/23/2017	 5	Min,	27	Sec	 FLOOD	 TBD	 26W-17	and	27W-17	are	the	same	fish	
27W-17	 TBD	 5/23/2017	 14	Min,	11	Sec	 EBB	 TBD	 26W-17	and	27W-17	are	the	same	fish	
28W-17	 TBD	 5/26/2017	 29	Min,	53	Sec	 SLACK,	START-

FLOOD	
TBD	 	

29W-17	 Striped	Bass	 5/28/2017	 6	Min,	1	Sec	 SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

30W-17	 Striped	Bass	 5/28/2017	 1	Min,	54	Sec	 FLOOD	 77	 	
31W-17	 Striped	Bass	 5/30/2017	 1	Hr,	31	Min,	40	Sec	 SLACK,	START-

FLOOD,	FLOOD	
85	 95W-16,	31W-17	and	2W-18	

32W-17	 Striped	Bass	 5/31/2017	 1	Min,	57	Sec	 FLOOD	 82	 	
33W-17	 Striped	Bass	 6/1/2017	 6	Min,	1	Sec	 SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-

17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

34W-17	 Striped	Bass	 6/2/2017	 1	Hr,	11	Sec	 END-EBB,	SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

35W-17	 TBD	 6/3/2017	 8	Min,	58	Sec	 SLACK	 TBD	 15E-17	and	35W-17	are	the	same	fish	
36W-17	 Striped	Bass	 6/4/2017	 1	Min	 FLOOD	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-

17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

37W-17	 Striped	Bass	 6/7/2017	 2	Min	 END-EBB	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

38W-17	 Striped	Bass	 6/7/2017	 29	Min,	6	Sec	 SLACK,	START-
FLOOD	

98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

39W-17	 Striped	Bass	 6/7/2017	 7	Min,	1	Sec	 FLOOD	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

40W-17	 Striped	Bass	 6/7/2017	 26	Min,	5	Sec	 SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

41W-17	 Striped	Bass	 6/8/2017	 8	Min,	2	Sec	 FLOOD	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

42W-17	 Striped	Bass	 6/8/2017	 1	Min	 SLACK	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

43W-17	 Striped	Bass	 6/8/2017	 1	Min	 FLOOD	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

44W-17	 Striped	Bass	 6/9/2017	 7	Min,	2	Sec	 EBB	 98.8	 24W-17,	25W-17,	29W-17,	33W-17,	34W-17,	36W-17,	37W-
17,	38W-17,	39W-17,	40W-17,	41W-17,	42W-17,	43W-17	and	
44W-17	are	the	same	fish	[57W-16,	59W-16,	60W-16,	66W-
16,	67W-16	and	69W-16	are	the	same	fish	reported	
previously]	

45W-17	 TBD	 6/13/2017	 3	Min,	42	Sec	 FLOOD	 TBD	 	
46W-17	 TBD	 6/14/2017	 4	Min,	8	Sec	 SLACK	 TBD	 	
47W-17	 TBD	 6/18/2017	 1	Min,	36	Sec	 EBB	 TBD	 	
48W-17	 TBD	 6/19/2017	 2	Min,	28	Sec	 FLOOD	 TBD	 48W-17	and	50W-17	are	the	same	fish	
49W-17	 TBD	 6/19/2017	 12	Min,	48	Sec	 SLACK	 TBD	 	
50W-17	 TBD	 6/19/2017	 56	Min,	29	Sec	 SLACK,	START-EBB,	

EBB	
TBD	 48W-17	and	50W-17	are	the	same	fish	

51W-17	 TBD	 6/22/2017	 57	Min,	12	Sec	 SLACK,	START-EBB	 TBD	 	
52W-17	 TBD	 7/30/2017	 4	Min,	43	Sec	 END-FLOOD	 TBD	 19E-17	and	52W-17	are	the	same	fish	
53W-17	 TBD	 8/5/2017	 8	Min,	39	Sec	 SLACK	 TBD	 [11W-15	and	11WA-15	are	the	same	fish	previously	reported]	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

54W-17	 TBD	 8/5/2017	 2	Min,	32	Sec	 EBB	 TBD	 [11W-15	and	11WA-15	are	the	same	fish	previously	reported]	
55W-17	 TBD	 8/5/2017	 40	Min,	6	Sec	 END-FLOOD,	SLACK	 TBD	 [11W-15	and	11WA-15	are	the	same	fish	previously	reported]	
56W-17	 TBD	 9/17/2017	 2	Min,	13	Sec	 SLACK	 TBD	 	
57W-17	 TBD	 9/23/2017	 1	Hr,	2	Min,	54	Sec	 FLOOD,	END-FLOOD,	

SLACK	
TBD	 	

58W-17	 Striped	Bass	 10/22/2017	 6	Min,	4	Sec	 SLACK	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	
the	same	fish	

59W-17	 Striped	Bass	 10/31/2017	 3	Min,	55	Sec	 FLOOD	 64	 22E-17,	30E-17,	91W-16,	8W-17	and	59W-17	are	the	same	
fish	[28W-15	and	17W-16	are	the	same	fish	reported	
previously]	

60W-17	 Striped	Bass	 11/1/2017	 2	Min	 FLOOD	 72.6	 	
61W-17	 Striped	Bass	 11/4/2017	 38	Sec	 FLOOD	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	

the	same	fish	
62W-17	 Striped	Bass	 11/5/2017	 3	Min	 END-FLOOD,	SLACK	 90.2	 28E-17	and	62W-17	are	the	same	fish	
63W-17	 Striped	Bass	 11/5/2017	 48	Min,	8	Sec	 SLACK	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	

the	same	fish	
64W-17	 Striped	Bass	 11/7/2017	 1	Min	 END-EBB	 76.3	 	
65W-17	 Striped	Bass	 11/7/2017	 12	Min,	59	Sec	 SLACK	 87.7	 12E-17,	13E-17	and	65W-17	are	the	same	fish	
66W-17	 Striped	Bass	 11/7/2017	 2	Min,	20	Sec	 FLOOD	 73	 86W-16	and	66W-17	are	the	same	fish	
67W-17	 Striped	Bass	 11/8/2017	 1	Min,	22	Sec	 FLOOD	 76	 16E-16,	21E-17,	67W-17	and	69W-17	are	the	same	fish	
68W-17	 Striped	Bass	 11/8/2017	 2	Min,	44	Sec	 EBB	 82	 23E-17,	24E-17,	58W-17,	61W-17,	63W-17	and	68W-17	are	

the	same	fish	
69W-17	 Striped	Bass	 11/9/2017	 3	Min,	57	Sec	 EBB	 76	 16E-16,	21E-17,	67W-17	and	69W-17	are	the	same	fish	
70W-17	 Striped	Bass	 11/11/2017	 14	Min	 EBB	 73.4	 	
71W-17	 Striped	Bass	 11/13/2017	 1	Min,	57	Sec	 EBB	 63	 7E-17,	18W-17	and	71W-17	are	the	same	fish	
72W-17	 Striped	Bass	 11/20/2017	 20	Min,	12	Sec	 SLACK	 66	 25E-17,	26E-17,	27E-17,	29E-17,	87W-16,	92W-16	and	72W-

17	are	the	same	fish	
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Event		 Species	 Detected	 Duration	 Tide	 Length	
(cm)	

Comment	

73W-17	 Striped	Bass	 12/14/2017	 2	Min,	49	Sec	 EBB	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

74W-17	 Striped	Bass	 12/20/2017	 2	Min,	35	Sec	 END-EBB,	SLACK	 60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

75W-17	 Striped	Bass	 12/20/2017	 5	Hr,	54	Min,	39	Sec	 FLOOD	to	SLACK	to	
EBB	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

76W-17	 Striped	Bass	 12/20/2017	 1	Hr,	30	Min,	10	Sec	 EBB,	END-EBB,	
SLACK,	START-
FLOOD	

60	 20E-16,	21E-16,	23E-16,	96W-16,	97W-16,	98W-16,	99W-16,	
100W-16,	101W-16,	102W-16,	103W-16,	104W-16,	73W-17,	
74W-17,	75W-17	and	76W-17	[1E-16,	2E-16,	1W-16,	3W-16	
and	53W-16	are	the	same	fish	reported	previously]	

77W-17	 Striped	Bass	 12/25/2017	 12	Min	 EBB	 77.0	 22E-16,	16E-17	and	77W-17	are	the	same	fish	
1W-18	 Striped	Bass	 1/21/2018	 1	Min,	34	Sec	 END-EBB	 70	 	
2W-18	 Striped	Bass	 3/30/2018	 1	Min,	5	Sec	 FLOOD	 85	 95W-16,	31W-17	and	2W-18	

	
UNKNOWN	indicates	data	missing	from	a	tagging	entity	
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Attachment	B	–	Summary	of	All	RMEE-4	Observations:	May	2011	-	March	2018		
	
	

	
	
	

FIGURE	B-1E.	PLOT	OF	MONTHLY	VALID	DETECTIONS	(70	TOTAL)	IN	THE	EAST	(E)	CHANNEL	FROM	
5/2011	-	3/2018	
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FIGURE	B-2E.	PIE	CHART	OF	ALL	VALID	DETECTIONS	(70	TOTAL)	IN	THE	EAST	(E)	CHANNEL	FROM				
5/2011	-	3/2018	
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FIGURE	B-1W.	PLOT	OF	MONTHLY	VALID	DETECTIONS	(264	TOTAL)	IN	THE	WEST	(W)	CHANNEL	FROM	
9/2011	-	3/2018	
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FIGURE	B-2W:	PIE	CHART	OF	ALL	VALID	DETECTIONS	(264	TOTAL)	IN	THE	WEST	(W)	CHANNEL	FROM	
9/2011	-	3/2018	
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Attachment	C	–	RITE	KHPS-Fish	Interaction	Model	(KFIM)	

C.1	Background	

In	response	to	a	request	from	the	National	Marine	Fisheries	Service	(NMFS),	Verdant	and	Kleinschmidt	developed	an	in-stream	KFIM	for	the	East	
River.	The	overall	intention	of	this	model	was	to	quantify	the	risk	that	Verdant’s	KHPS	turbines	present	to	fish	at	the	proposed	RITE	Project.	
Table	C.1	summarizes	the	parameters	of	the	KFIM	model	and	initial	settings	that	were	used	by	Verdant	in	assessing	the	KHPS-fish	interaction	in	
2010,	and	proposed	adjustment	as	a	result	of	RMEE-4	and	ORNL	work.		

The	actual	KFIM	is	a	representation	in	a	proprietary	spreadsheet	that	has	a	probability-based	model	that	determines	the	overall	risk	of	a	turbine	
blade	striking	a	fish	(blade	strike).	The	intent	of	the	model	was	to	initially	concentrate	on	the	turbine	interaction	with	the	shortnose	sturgeon	
and	Atlantic	sturgeon,	as	these	are	ESA	species	of	interest	at	the	RITE	site.		However,	comparative	results	were	also	generated	for	species	
identified	in	the	Essential	Fish	Habitat	Assessment	that	was	performed	as	part	of	Verdant’s	Final	Pilot	License	Application	in	2010.		

The	National	Oceanic	and	Atmospheric	Administration/National	Marine	Fisheries	Service,	in	its	September	2012	Biological	Opinion	(Opinion)	
(REF3)	concludes:	

“Opinion	of	the	effects	of	Verdant	Power's	Roosevelt	Island	Tidal	Energy	(RITE)	Project	including	the	Seasonal	Species	
Characterization	Netting	plan	as	required	by	Article	401	of	the	Pilot	License	issued	on	January	23,	2012.	In	this	Opinion,	we	
conclude	that	the	proposed	action	is	likely	to	adversely	affect,	but	not	likely	to	jeopardize	the	continued	existence	of	the	
threatened	Gulf	of	Maine	Distinct	Population	Segment	(DPS)	of	Atlantic	sturgeon	or	the	endangered	New	York	Bight,	
Chesapeake	Bay,	South	Atlantic	or	Carolina	DPSs	of	Atlantic	sturgeon.	We	also	conclude	that	the	proposed	action	may	affect	but	
is	not	likely	to	adversely	affect	shortnose	sturgeon	or	the	Northwest	Atlantic	DPS	of	loggerhead	sea	turtles,	or	Kemp’s	ridley,	
green	or	leatherback	sea	turtles.”			

Thus	the	acceptance	of	the	RITE	license	application	and	results	of	the	RITE	2010	KFIM	were	affirmed,	and	a	FERC	license	(P-12611)	was	issued	for	
the	project.		
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Table	C.1	Parameters	for	the	KFIM	

Term	
Parameter	
Description	

Relevance	 RITE	2010	KFIM	 Proposed	Changes	(2018)	

P1	 Probability	of	blade	
rotation	

Specific	to	the	KHPS	at	water	velocity	
Vw	of	>	1	m/s;	varies	with	tidal	site		

P1	=	1	at	flows	greater	than	1	m/s,	0	for	all	
flows	less	than	1	m/s		

No	change	

P2	 Distribution	of	water	
velocity	over	the	tidal	
cycle	

Vw	as	measured	by	ADCPs;	varies	
with	tidal	site		

See	measured	RITE	Vw	probability	distribution	 No	change	

P3	 Fish	distribution	
between	east	and	
west	channels	

An	assumed	distribution	in	the	
configuration	of	the	RITE	Project	

P3	=	0.5	 P3	50/50	rule	–	Concurrent	RMEE-4	observations	from	
2011–2018	suggests	23%	use	the	East	Channel.	

P3	=	0.25	[REF	6]	

P4	 Effective	KHPS	
turbine	rotor	area	

A	constant	for	a	5	m	blade	 P4	=	0.0066	 No	change	

P5	 Blade	interaction	with	
fish	passing	through	
turbine	disk	

Varies	with	shape	of	rotor,	the	Vw	
and	presence	of	the	subject	of	
investigation,	and	the	approach	angle	

P5	follows	formulae	discussed	below.	Two	
major	parameters:	

(1)	80/20	rule:	assumes	80%	of	fish	swim	with	
current,	20%	against,	for	Vw	less	than	or	equal	
to	the	endurance	velocity	(Ve)	

(2)	Angle	of	incidence:	assumes	all	fish	approach	
blade	from	all	angles	within	180°	uniformly	

P5	80/20	rule—ORNL	work	indicates	a	stronger	case	for	
84%/16%	as	a	setting	for	P5	[REF	6]	

P5	Angle	of	incidence—ORNL	work	strongly	indicates	a	
more	narrow	angel	of	incidence	of	+/-	15	degrees	[REF	6]	

P5	=	See	modified	distribution	[REF	6]	

P6	 Fish	distribution	 ESA	fish	presence	in	RITE	East	
Channel	variation	with	Vw	

P6	=	1	equal	likelihood	that	ESA	fish	are	in	east	
channel	

DIDSON	and	SBT	analysis	confirms	P6	could	be	lowered	

P6	=	See	modified	distribution	[REF	6]	

P7	 Fish	avoidance	
behavior	

Do	fish	avoid	zones	of	operating	
turbine		

P7	=	1	conservative,	no	avoidance	 DIDSON	data	seems	to	show	some	avoidance.	

Could	assume	P7	=	0.98	[REF	6]	
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INTRODUCTION 
As part of the FERC licensing process for 

Verdant Power’s FERC licensed Roosevelt Island 
Tidal Energy (RITE) Project (P-12611) in the East 
Channel of the East River, New York City (NYC) a 
Kinetic Hydropower System (KHPS)–Fish 
Interaction Model (KFIM) was developed. The 
model addresses the probabilities of fish 
interacting with a pilot project array of up to 30 
KHPS turbines operating in the East Channel of 
the East River [1]. The model uses seven 
parameters (water velocity distribution; channel 
geometry; physical and operation characteristics 
of the turbines; and specific fish characteristics, 
such as size, burst swimming speed, and 
swimming velocity and endurance) to determine 
the probability of an interaction.    

During the RITE demonstration, Verdant 
Power conducted environmental monitoring 
efforts required under project permits to advance 
the understanding of fish presence, abundance, 
species characterization and fish interaction with 
operating kinetic hydropower turbines. This 
monitoring involved various applications of 
hydroacoustic detection devices in an effort to 
understand fish interaction with the Verdant 
KHPS. As part of the start of construction and the 
final technology development, with partial funding 
from the New York State Energy Research and 
Development Authority (NYSERDA)1 and the US 
Department of Energy2 (DOE), following a year of 
preparatory work in September 2012, Verdant 
successfully completed an in-water test of an 
updated KHPS turbine rotor including composite 
blades and concurrently deployed a remotely 

1 NYSERDA Grant 20802.  
2 DOE Grant DE-FG36-08GO18168, “Improved Structure and 

Fabrication of Large, High-Power KHPS Rotors.” 

aimed DIDSON system. The data collection effort 
resulted in over 370 hours of DIDSON video with 
and without the operation of a KHPS turbine being 
assembled and subsequently analyzed [2].  

Concurrent, a stationary Acoustic Doppler 
Current Profiler (ADCP) also collected detailed 
tidal velocity measurements as the horizontal 
axial turbine operated. These data were collected 
continuously for 19 days (August 30–September 
18, 2012) through multiple tidal cycles, including 
periods with and without the turbine in place and 
periods (according to water velocity conditions) 
when the turbine rotor was turning and when it 
was stationary. From August 29 through 
September 3, the DIDSON was put through various 
tests to ensure proper data collection and 
operation of the remote-control aiming system. 
Data were collected during this time, and the 
turbine was allowed to rotate only during flood 
tides. Turbine operation began during ebb tides as 
well as flood tides on September 4 and continued 
through September 7. On September 8, the turbine 
testing was terminated, and turbine removal was 
completed on September 11. The DIDSON 
continued to collect data aimed where the turbine 
had been located through September 14.  Verdant 
has also continued the collection of telemetry data 
using VEMCO receivers deployed in the East and 
West Channels of the East River, NYC [3]. 

SITE CHARACTERIZATION 
The East River is a 27 km long tidal strait 

connecting the waters of the Long Island Sound 
with those of the Atlantic Ocean in New York 
Harbor. It separates the New York City Boroughs 
of Manhattan and the Bronx from Brooklyn and 
Queens and is a saltwater conveyance passage for 
tidal flows. Roosevelt Island splits the East River 
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INTRODUCTION 
As part of the FERC licensing process for 

Verdant Power’s FERC licensed Roosevelt Island 
Tidal Energy (RITE) Project (P-12611) in the East 
Channel of the East River, New York City (NYC) a 
Kinetic Hydropower System (KHPS)–Fish 
Interaction Model (KFIM) was developed. The 
model addresses the probabilities of fish 
interacting with a pilot project array of up to 30 
KHPS turbines operating in the East Channel of 
the East River [1]. The model uses seven 
parameters (water velocity distribution; channel 
geometry; physical and operation characteristics 
of the turbines; and specific fish characteristics, 
such as size, burst swimming speed, and 
swimming velocity and endurance) to determine 
the probability of an interaction.    

During the RITE demonstration, Verdant 
Power conducted environmental monitoring 
efforts required under project permits to advance 
the understanding of fish presence, abundance, 
species characterization and fish interaction with 
operating kinetic hydropower turbines. This 
monitoring involved various applications of 
hydroacoustic detection devices in an effort to 
understand fish interaction with the Verdant 
KHPS. As part of the start of construction and the 
final technology development, with partial funding 
from the New York State Energy Research and 
Development Authority (NYSERDA)1 and the US 
Department of Energy2 (DOE), following a year of 
preparatory work in September 2012, Verdant 
successfully completed an in-water test of an 
updated KHPS turbine rotor including composite 
blades and concurrently deployed a remotely 

1 NYSERDA Grant 20802.  
2 DOE Grant DE-FG36-08GO18168, “Improved Structure and 

Fabrication of Large, High-Power KHPS Rotors.” 

aimed DIDSON system. The data collection effort 
resulted in over 370 hours of DIDSON video with 
and without the operation of a KHPS turbine being 
assembled and subsequently analyzed [2].  

Concurrent, a stationary Acoustic Doppler 
Current Profiler (ADCP) also collected detailed 
tidal velocity measurements as the horizontal 
axial turbine operated. These data were collected 
continuously for 19 days (August 30–September 
18, 2012) through multiple tidal cycles, including 
periods with and without the turbine in place and 
periods (according to water velocity conditions) 
when the turbine rotor was turning and when it 
was stationary. From August 29 through 
September 3, the DIDSON was put through various 
tests to ensure proper data collection and 
operation of the remote-control aiming system. 
Data were collected during this time, and the 
turbine was allowed to rotate only during flood 
tides. Turbine operation began during ebb tides as 
well as flood tides on September 4 and continued 
through September 7. On September 8, the turbine 
testing was terminated, and turbine removal was 
completed on September 11. The DIDSON 
continued to collect data aimed where the turbine 
had been located through September 14.  Verdant 
has also continued the collection of telemetry data 
using VEMCO receivers deployed in the East and 
West Channels of the East River, NYC [3]. 

SITE CHARACTERIZATION 
The East River is a 27 km long tidal strait 

connecting the waters of the Long Island Sound 
with those of the Atlantic Ocean in New York 
Harbor. It separates the New York City Boroughs 
of Manhattan and the Bronx from Brooklyn and 
Queens and is a saltwater conveyance passage for 
tidal flows. Roosevelt Island splits the East River 
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INTRODUCTION 
As part of the FERC licensing process for 

Verdant Power’s FERC licensed Roosevelt Island 
Tidal Energy (RITE) Project (P-12611) in the East 
Channel of the East River, New York City (NYC) a 
Kinetic Hydropower System (KHPS)–Fish 
Interaction Model (KFIM) was developed. The 
model addresses the probabilities of fish 
interacting with a pilot project array of up to 30 
KHPS turbines operating in the East Channel of 
the East River [1]. The model uses seven 
parameters (water velocity distribution; channel 
geometry; physical and operation characteristics 
of the turbines; and specific fish characteristics, 
such as size, burst swimming speed, and 
swimming velocity and endurance) to determine 
the probability of an interaction.    

During the RITE demonstration, Verdant 
Power conducted environmental monitoring 
efforts required under project permits to advance 
the understanding of fish presence, abundance, 
species characterization and fish interaction with 
operating kinetic hydropower turbines. This 
monitoring involved various applications of 
hydroacoustic detection devices in an effort to 
understand fish interaction with the Verdant 
KHPS. As part of the start of construction and the 
final technology development, with partial funding 
from the New York State Energy Research and 
Development Authority (NYSERDA)1 and the US 
Department of Energy2 (DOE), following a year of 
preparatory work in September 2012, Verdant 
successfully completed an in-water test of an 
updated KHPS turbine rotor including composite 
blades and concurrently deployed a remotely 

1 NYSERDA Grant 20802.  
2 DOE Grant DE-FG36-08GO18168, “Improved Structure and 

Fabrication of Large, High-Power KHPS Rotors.” 

aimed DIDSON system. The data collection effort 
resulted in over 370 hours of DIDSON video with 
and without the operation of a KHPS turbine being 
assembled and subsequently analyzed [2].  

Concurrent, a stationary Acoustic Doppler 
Current Profiler (ADCP) also collected detailed 
tidal velocity measurements as the horizontal 
axial turbine operated. These data were collected 
continuously for 19 days (August 30–September 
18, 2012) through multiple tidal cycles, including 
periods with and without the turbine in place and 
periods (according to water velocity conditions) 
when the turbine rotor was turning and when it 
was stationary. From August 29 through 
September 3, the DIDSON was put through various 
tests to ensure proper data collection and 
operation of the remote-control aiming system. 
Data were collected during this time, and the 
turbine was allowed to rotate only during flood 
tides. Turbine operation began during ebb tides as 
well as flood tides on September 4 and continued 
through September 7. On September 8, the turbine 
testing was terminated, and turbine removal was 
completed on September 11. The DIDSON 
continued to collect data aimed where the turbine 
had been located through September 14.  Verdant 
has also continued the collection of telemetry data 
using VEMCO receivers deployed in the East and 
West Channels of the East River, NYC [3]. 

SITE CHARACTERIZATION 
The East River is a 27 km long tidal strait 

connecting the waters of the Long Island Sound 
with those of the Atlantic Ocean in New York 
Harbor. It separates the New York City Boroughs 
of Manhattan and the Bronx from Brooklyn and 
Queens and is a saltwater conveyance passage for 
tidal flows. Roosevelt Island splits the East River 
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March 15, 2014 
 
Kimberly D. Bose, Secretary  
Nathaniel J. Davis, Sr., Deputy Secretary  
Federal Energy Regulatory Commission 
888 First Street, NE 
Washington, DC 20426 
 
SUBMITTED ELECTRONICALLY 
 
RE: Roosevelt Island Tidal Energy (RITE) Project No. P-12611-005 
2013 Annual Reports: Monitoring of Rare, Threatened and Endangered (RTE) 
Species; Seasonal Species Characterization Netting (RMEE-3); Tagged Species 
Detection (RMEE-4) 
 
Secretary Bose: 
 
Enclosed please find the 2013 Annual Reports for the subject activities conducted under 
the Roosevelt Island Tidal Energy (RITE) Project, FERC No. P-12611-005 and 
NYSDEC Permit #2-6204-01510/00003 Water Quality Certification (WQC).  As outlined 
in the license, these reports were submitted to resource agencies for comment ahead of 
this final submission to the Commission, with comments addressed in the reports as 
applicable.   
 
If you or any Commission staff has questions regarding this filing, please feel free to 
contact me.  Thank you for your time.  
 
Sincerely,  

 
 
Ronald F. Smith 
President 
 
Enclosures:    2013 Monitoring of RTE Species Annual Report 
  2013 Seasonal Species Characterization Netting (RMEE-3) Annual Report 
  2013 Tagged Species Detection (RMEE-4) Annual Report 

The Octagon 
888 Main Street 

New York, NY 10044 
www.verdantpower.com 
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	   	   	   	   	   	   	   RITE	  Project	  (FERC	  No.	  P-‐12611)	  
2013	  RTE	  Report	  

February	  15,	  2014	  
	  

Re:	   Roosevelt	   Island	   Tidal	   Energy	   (RITE)	   Project	   (FERC	   No.	   P-‐12611)	   Pilot	   Project	   License	  
(January	   23,	   2012)	   and	   NYSDEC	   Permit	   #2-‐6204-‐01510/00003	   Water	   Quality	   Certification	  
(WQC)	  (December	  12,	  2011)	  	  	  
	  
2013	  Annual	  Report	  -‐	  Monitoring	  of	  Rare,	  Threatened	  and	  Endangered	  (RTE)	  Species	  

Verdant	  Power	  hereby	  submits	   its	   third	   report	   in	  accordance	  with	  Article	  401	   -‐	  Commission	  Approval,	  
Notification,	  and	  Filing	  of	  Amendments	  of	   the	  above-‐captioned	  FERC	  Pilot	  Project	  License	  for	   the	  RITE	  
Project	  and	  NYSDEC	  WQC	  permit	  condition	  14:	  

WQC	  Condition	  14.	  Monitoring	  Rare,	  Threatened,	  and	  Endangered	  Species	  	  
Upon	   FERC	   License	   issuance,	   the	   licensee	   shall	   continue	   to	   monitor	   for	   rare,	   threatened	   and	  
endangered	  species	   in	  the	  project	  area.	  The	  permittee	  shall	  submit	  annual	   reports	  by	  February	  
15	  of	  each	  year.	  The	  report	  shall	  include,	  at	  a	  minimum:	  	  

1) a	   list	   of	   any	   rare,	   threatened,	   or	   endangered	   species	   observed	   at	   the	   project	   over	   the	  
previous	  year;	  

2) the	  date,	  time,	  and	  duration	  the	  species	  was	  present	  in	  the	  project	  area;	  
3) a	   discussion	   of	   whether	   the	   installed	   project	   or	   any	   project	   features	   appeared	   to	   be	  

impacting	  the	  observed	  species;	  
4) information	  on	  any	  actions	  taken	  or	  proposed	  by	  the	  permittee	  to	  limit	  impacts	  on	  those	  

species.	  	  

FERC	   further	   requires	   that	   the	   report	   be	   filed	   with	   the	   Commission	   by	   March	   15	   incorporating	  
comments	  from	  relevant	  agencies.	  

Marine	  Mammal	  Protection	  Act	  (MMPA)	  	  
Additionally,	  as	  noted	  in	  the	  FERC	  Pilot	  Project	  License,	  discussion	  points	  37	  and	  38	  (pages	  10	  and	  11),	  
Verdant	  is	  directed	  to	  work	  with	  NMFS	  to	  satisfy	  the	  conditions	  of	  the	  MMPA,	  and	  is	  hereby	  using	  this	  
filing	  as	  an	  initiation	  of	  this	  consultation	  effort.	  	  	  	  	  	  

While	   the	   full	   implementation	   of	   the	   RITE	   Pilot	   Project	   License	   will	   not	   commence	   until	   after	   the	  
“transition	   period”	   –	   including	   the	   completion	   of	   an	   in-‐water	   rotor	   test	   (IWT)	   (conducted	   in	   August-‐
September	  2012)	  and	  the	  RITE	  Install	  A	  (2	  Gen5	  KHPS	  turbines),	  which	  is	  planned	  for	  installation	  in	  the	  
East	  Channel	  of	  the	  East	  River	  in	  2015	  	  –	  Verdant	  wishes	  to	  begin	  the	  monitoring	  process	  in	  accordance	  
with	   the	   FERC	   license	   and	   NYSDEC	   WQC	   permit	   terms,	   particularly	   since	   the	   company	   voluntarily	  
implemented	   the	  RITE	  Monitoring	   of	   Environmental	   Effects	   (RMEE)	   Plan-‐4,	   Tagged	   Species	  Detection,	  
during	  2011,	  2012	  and	  2013,	  and	  has	  observations	  to	  report.	  	  



	  

Page	  2	  of	  5	  

RTE	  Observation	  in	  the	  RITE	  Project	  Area	  	  

Six	  federally-‐listed	  species	  have	  the	  potential	  to	  interact	  with	  the	  project:	  	  
• the	  threatened	  green	  turtle	  and	  loggerhead	  turtle	  	  
• the	  endangered	  shortnose	  sturgeon	  and	  Atlantic	  sturgeon	  (listed	  January	  2012)	  	  
• the	  endangered	  Kemp’s	  ridley	  turtle	  and	  leatherback	  turtle	  	  

Under	   the	   RMEE-‐4	   Tagged	   Species	   Detection	   plan,	   Verdant	   implemented	   data	   collection	   of	   tagged	  
species	   in	  the	  vicinity	  of	   the	  RITE	  Project	   in	  May	  2011	  (See	  Figure	  1),	  and	  continued	  this	  plan	  through	  
2013.	   Due	   to	   Superstorm	   Sandy,	   no	   retrieval	   of	   data	   in	   December	   2012	   was	   possible.	   Verdant	   did	  
download	   data	   from	   the	   RMEE-‐4	   Vemco	   receivers	   in	   August	   2013	   as	   shown	   in	   Table	   1	   below.	  
Additionally,	   Verdant	   did	   conduct	   RMEE-‐3	   Species	   Characterization	   Netting	   in	   May	   2013,	   under	  
appropriate	   NYSDEC	   and	   NOAA	   scientific	   collection	   permits	   (no	   ESA	   species	   were	   collected).	   This	  
compliance	  work	  is	  partially	  funded	  by	  NYSERDA	  and	  the	  cooperation	  of	  researchers	  who	  tag	  the	  fish	  is	  
greatly	  appreciated.	  

Figure	  1.	  	  RITE	  Project	  (P-‐12611)	  RMEE-‐4	  VEMCO	  Receiver	  Locations	  

	  

Table	  1.	  	  RITE	  Project	  RMEE-‐4	  Data	  Downloads	  (May	  2011	  to	  August	  2013)	  

	  

	  

	  

	  

	  

	  

Receiver	  
Download	  

Date	  

VR2W	  
RITE	  N	  

VR2W	  
RITE	  S	  

VR2W	  
RITE	  W	  

5/12/11	   Deploy	   Deploy	   -‐-‐	  
6/9/11	   28	  days	   28	  days	   -‐-‐	  
8/17/11	   70	  days	   70	  days	  	   Deploy	  
12/19/11	   -‐-‐	   -‐-‐	   111	  days	  
5/21/12	   278	  days	   278	  days	   154	  days	  
8/18/12	   89	  days	   -‐-‐	   -‐-‐	  
8/27/13	  	   374	  days	   463	  days	   463	  days	  
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Tagged	  Species	  Data	  Collected	  	  
Data	  has	  been	  collected	  since	  May	  2011	  from	  two	  Vemco	  receivers	  in	  the	  East	  Channel	  of	  the	  East	  River	  
proximate	  to	  the	  RITE	  site	  (VR2W	  RITE	  N	  and	  VR2W	  RITE	  S),	  and	  a	  single	  receiver	  in	  the	  West	  Channel	  
receiver	   (VR2W-‐W).	   	   Two	   Test	   Tags	   (TT-‐1	  &	   TT-‐2)	   are	   also	   deployed	   for	   data	   quality	   verification	   (see	  
Figure	  1).	  A	  full	  report	  of	  all	  recorded	  identifications	  is	  filed	  concurrently	  with	  this	  report	  as	  the	  2012-‐13	  
RMEE-‐4	  Annual	  Report.	  	  

For	  continuity,	  all	  detections	  of	  identified	  endangered	  species	  within	  the	  East	  River	  are	  shown	  in	  Table	  2	  
below.	  	  

Table	  2.	  	  Atlantic	  sturgeon	  detected	  in	  the	  vicinity	  of	  the	  RITE	  Project	  in	  the	  East	  River	  	  	  	  	  	  	  	  
(May	  2011	  to	  August	  2013)	  

Date	  Detected	   Channel	   Duration	   Tide	   Date	  Tagged	   Location	  Tagged	  

June	  6,	  2011	   East	   1	  Hr.	  55	  Min.	   Slack	  +	  Near	   May	  24,	  2011	   Rockaway,	  NY	  

May	  5,	  2012	   East	   2	  Min.	  4	  Sec.	   Ebb	   May	  3,	  2012	   Rockaway,	  NY	  

Oct.	  10,	  2012	   East	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

Oct.	  19,	  2011	   West	   9	  Min.	  2	  Sec.	   Slack	   July	  8,	  2011	   LIS,	  Mouth	  of	  CT	  
River	  

March	  18,	  2012	   West	   1	  Min.	  52	  Sec.	   Slack	  +	  Near	  	   April	  26,	  2009	   Bethany	  Beach,	  
DE	  

May	  5,	  2012	   West	   6	  Min.	  49	  Sec.	   Slack	   May	  3,	  2012	   Rockaway,	  NY	  

June	  15,	  2012	   West	   1	  Min.	  5	  Sec.	   Flood	   -‐-‐	   -‐-‐	  

June	  19,	  2012	   West	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

June	  23,	  2012	   West	   6	  Hr.	  16	  Min.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

Oct.	  11,	  2012	   West	   2	  Hr.	  50	  Min.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

April	  7,	  2013	   West	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

June	  1,	  2013	   West	   8	  Min.	  59	  Sec.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

June	  20,	  2013	   West	   48	  Min.	  28	  Sec.	   Flood	   -‐-‐	   -‐-‐	  

June	  21,	  2013	   West	   50	  Min.	  10	  Sec.	   Slack	  +	  Near	   -‐-‐	   -‐-‐	  

July	  7,	  2013	   West	   9	  Min.	  35	  Sec.	   Slack	   April	  9,	  2013	   Delaware	  Coast	  
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Summary	  of	  RTE	  Detection	  at	  RITE	  

2013	  Annual	  Report	  of	  Rare,	  Threatened	  and	  Endangered	  (RTE)	  Species	  at	  the	  RITE	  Project:	  	  
Based	   on	   the	   above	   data,	   Verdant	   Power	   hereby	   reports	   that	   monitoring	   of	   Rare,	   Threatened	   and	  
Endangered	  (RTE)	  Species	  during	  the	  period	  January	  -‐	  August	  (December)	  2013	  observed:	  	  

• No	  operating	  KHPS	  turbines	  were	  active	  during	  the	  period	  	  
• No	  RTE	  species	  were	  collected	  during	  the	  May	  2013	  RMEE-‐3	  Species	  Characterization	  Netting	  

conducted	  by	  Verdant	  Power	  contractors	  Kleinschmidt	  Associates	  and	  Normandeau.	  	  
• Five	  detections	  of	  tagged	  Atlantic	  sturgeon	  in	  the	  West	  Channel	  of	  the	  East	  River	  within	  400m	  

vicinity	  of	  the	  receiver.	  This	  is	  a	  separate	  water	  body	  distant	  from	  the	  RITE	  Project.	  	  
• Based	  on	  the	  above	  information,	  no	  actions	  were	  taken	  or	  are	  proposed	  by	  Verdant	  to	  limit	  

impacts	  on	  those	  species	  –	  other	  than	  continued	  tagged	  species	  detection	  monitoring	  activities	  
during	  2014.	  	  	  	  

Beyond	  the	  tagged	  species	  monitoring,	  there	  were	  no	  specific	  other	  visual	  observations	  of	  RTE	  species	  in	  
the	  vicinity	  of	  the	  RITE	  Project	  by	  Verdant	  Power	  technicians	  during	  2013.	  	  

Summary	  of	  Marine	  Mammal	  Observation	  at	  RITE	  	  

In	   accordance	   with	   the	   permits,	   Verdant	   Power	   hereby	   reports	   any	   visual	   observations	   of	   marine	  
mammal	   species	   in	   the	   vicinity	   of	   the	   RITE	   Project.	   For	   the	   record,	   prior	   reports	   and	   anecdotal	   news	  
stories	  of	  marine	  mammal	  (MM)	  sightings	  are	  retained	  in	  this	  report.	  

2013	  MM	  Observations:	  	  

There	  were	  no	  specific	  other	  visual	  observations	  of	  marine	  mammal	  species	   in	   the	  vicinity	  of	   the	  RITE	  
Project	  by	  Verdant	  Power	  technicians	  during	  2013.	  

On	  January	  25,	  2013	  news	  agencies	  reported	  a	  dolphin	  stranded	  in	  the	  1.8	  mile-‐long	  Gowanus	  canal	  that	  
subsequently	  died	  and	  was	  removed.	  The	  Gowanus	  Canal	  is	   in	  Brooklyn	  and	  is	  a	  tributary	  to	  New	  York	  
Harbor.	   The	   Environmental	   Protection	   Agency	   says	   stormwater	   runoff,	   sewer	   outflows	   and	   industrial	  
pollutants	  have	  made	  it	  one	  of	  the	  most	  extensively	  contaminated	  water	  bodies	  in	  the	  U.S.	  The	  location	  
is	  approximately	  17	  km	  from	  the	  RITE	  Project	  and	  the	  sighting	  is	  noted	  anecdotally.	  	  

The	   Northeast	   Regional	   Office	   of	   the	   NOAA	   Fisheries	   Service	   confirmed	   to	   news	   agencies	   that	   the	  
stranded	  mammal	  was	  a	  short-‐beaked	  common	  dolphin,	  which	  is	  known	  for	  a	  dark	  gray	  cape	  on	  its	  back.	  

From	   www.thegothamist.com	   March	   17,	   2013:	   On	   Wednesday	   [3/13/13],	   a	   dolphin	   was	   spotted	  
swimming	  around	  in	  the	  East	  River	  near	  96th	  Street.	  Then	  on	  Friday,	  a	  dolphin	  was	  spotted	  on	  the	  other	  
side	  of	  the	  East	  River	  near	  Astoria.	  Officials	  from	  the	  Riverhead	  Foundation	  weren't	  sure	  whether	  it	  was	  
the	   same	  dolphin	   or	   a	   second	  one,	   but	  members	   of	   the	  North	  Brooklyn	  Boat	   Club	   took	   to	   the	  water	  
yesterday	  and	  confirmed	  there	  are	  TWO	  dolphins	  currently	  hanging	  out	  in	  the	  East	  River.	  And	  like	  a	  lot	  
of	  Manhattan	  residents,	  the	  bottlenosed	  dolphin	  from	  the	  Upper	  East	  Side	  has	  moved	  to	  Greenpoint.	  
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"We	  paddled	  out	  today	  and	  saw	  the	  dolphin	  further	  south—near	  Greenpoint,"	  North	  Brooklyn	  Boat	  Club	  
member	  Willis	  Elkins	   told	  us.	  Despite	   the	  snowy	  conditions,	   they	  spotted	   the	  second	  dolphin	  uptown:	  
"Kayakers	  from	  our	  club	  also	  spotted	  a	  second,	  and	  smaller,	  dolphin	  north	  from	  where	  we	  were	  in	  the	  
canoe—near	  the	  Queensboro	  bridge	  on	  the	  west	  channel,"	  he	  said.	  "The	  dolphin	  appeared	  healthy	  and	  
quite	  active	  –	  we	  followed	  it	  around	  for	  over	  an	  hour	  and	  got	  within	  about	  20'	  on	  a	  few	  occasions."	  

Both	  of	  these	  sightings	  are	  in	  the	  West	  Channel	  and	  not	  proximate	  to	  the	  RITE	  Project	  Boundary	  in	  the	  
East	  Channel.	  For	  reference,	  the	  Queensboro	  bridge	  is	  60th	  street;	  the	  RITE	  project	  is	  located	  in	  line	  with	  
72nd	  street	  BUT	  in	  the	  opposite	  channel	  .	  	  

2012	  MM	  Observations:	  	  

There	  were	  no	  specific	  other	  visual	  observations	  of	  marine	  mammal	  species	   in	   the	  vicinity	  of	   the	  RITE	  
Project	  by	  Verdant	  Power	  technicians	  during	  2012.	  

Superstorm	  Sandy	  occurred	  on	  October	  29,	  2012,	  causing	  significant	  disruption	  in	  the	  New	  York	  harbor	  
waterway	  system.	  	  	  

2011	  MM	  observations:	  	  

There	  were	  no	  specific	  other	  visual	  observations	  of	  marine	  mammal	  species	   in	   the	  vicinity	  of	   the	  RITE	  
Project	  by	  Verdant	  Power	  technicians	  during	  2011.	  	  

The	  New	  York	  Post	  (November	  19,	  2011)	  reported	  “a	  young	  harbor	  seal	  hauled	  itself	  up	  on	  a	  rock	  behind	  
Gracie	  Mansion	  yesterday	  and	  stayed	  there	  to	  soak	  up	  the	  rays	  and	  snooze	  for	  about	  two	  hours.	  Then	  it	  
slipped	  back	  into	  the	  East	  River	  and	  swam	  off.”	  

Gracie	  Mansion	  abuts	  the	  west	  shore	  of	  the	  West	  Channel	  of	  the	  East	  River	  approximately	  3	  km	  from	  
the	  RITE	  Project	  site	  on	  the	  opposite	  side	  of	  Roosevelt	  Island.	  Harbor	  seals	  are	  not	  a	  listed	  species	  in	  
New	  York,	  and	  the	  sighting	  is	  only	  noted	  anecdotally.	  	  
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	   	   	   	   	   	   	   RITE	  Project	  (FERC	  No.	  P-‐12611)	  
2013	  Interim	  Report	  -‐	  RMEE-‐3	  

July	  2013	  
	  

Re:	   Roosevelt	   Island	   Tidal	   Energy	   (RITE)	   Project	   (FERC	   No.	   P-‐12611)	   Pilot	   Project	   License	  
(January	   23,	   2012)	   and	   NYSDEC	   Permit	   #2-‐6204-‐01510/00003	   Water	   Quality	   Certification	  
(WQC)	  (December	  12,	  2011)	  	  	  
	  

2013	  Interim	  Report	  –	  Seasonal	  Species	  Characterization	  Netting	  (RMEE-‐3)	  	  

In	   accordance	  with	  Article	  401	   -‐	  Commission	  Approval,	  Notification,	   and	  Filing	  of	  Amendments	  of	   the	  
above	   captioned	   FERC	   Pilot	   Project	   License	   for	   the	   RITE	   Project,	   Verdant	   Power	   hereby	   submits	   an	  
interim	  report	  under	  the	  implementation	  of	  the	  RITE	  Monitoring	  of	  Environmental	  Effects	  (RMEE)	  plan	  
3-‐	  Seasonal	  Species	  Characterization	  Netting	  and	  WQC	  Condition	  12	  -‐	  Seasonal	  Species	  Characterization.	  	  

The	  full	   implementation	  of	   the	  RITE	  Pilot	  Project	  License	  will	  not	  commence	  until	  after	   the	  “transition	  
period,”	  which	  is	  covered	  by	  existing	  permits	  to	  include	  an	  in-‐water	  rotor	  test	  (IWT)	  that	  was	  completed	  
in	  August-‐September	   2012	   and	   the	   fist	   installation	   of	   two	  Gen5	   KHPS	   turbines	   (Install	   A)	   planned	   for	  
2015.	  	  Verdant	  voluntarily	  is	  implementing	  the	  execution,	  reporting	  and	  review	  process	  specified	  in	  the	  
January	  2012	  RITE	  Pilot	  License.	  Specifically:	  	  	  

Article	  401	  (b)	  Requirement	  to	  File	  Reports	  	  

Prior	  to	  filing	  the	  annual	  reports	  with	  the	  Commission,	  the	   licensee	  shall	  submit	  the	  reports	  to	  
the	   agencies	   identified	   in	   each	   plan	   and	   allow	   a	   minimum	   of	   30	   days	   for	   the	   agencies	   to	  
review	   and	   comment	   on	   the	   reports.	   The	   final	   reports	   shall	   include	   copies	   of	   any	   comments	  
received	  and	   the	   licensee	   shall	   address	  all	   comments	  and	   recommendations	   received	   from	   the	  
agencies.	   	   If	   the	   licensee	   does	   not	   adopt	   a	   recommendation,	   the	   report	   shall	   include	   the	  
licensee’s	   reasons	   based	   on	   project-‐specific	   information.	   The	   Commission	   reserves	   the	   right	   to	  
require	   changes	   to	   the	   monitoring	   plans,	   project	   operations,	   or	   facilities	   based	   on	   the	  
information	  contained	  in	  the	  reports	  and	  any	  other	  available	  information.	  

This	  activity	  is	  undertaken	  earlier	  than	  required	  by	  the	  project	  permits	  and	  license,	  as	  part	  of	  a	  partially-‐
funded	  effort	  supported	  by	  the	  New	  York	  State	  Energy	  Research	  and	  Development	  Authority	  (NYSERDA)	  
for	  Environmental	  Assessment	  at	  RITE	  (Agreement	  No.	  20802).	  The	  effort	  is	  conducted	  by	  Kleinschmidt	  
Associates	   (KA)	  under	   contract	   to	  Verdant	  Power,	  with	   vessel	   support	  by	  Normandeau	  Environmental	  
Consultants	  of	  Bedford,	  NH.	  Verdant	   appreciates	   these	  efforts	   in	   conducting	   this	   compliance	  effort	   in	  
support	  of	  the	  RITE	  Project.	  
	  
This	   interim	   report	   on	  RMEE-‐3	  efforts	   is	   the	   first	   seasonal	   species	   characterization	   conducted,	   and	  as	  
such,	  discusses	  efficacy	  of	  the	  method,	  equipment	  as	  well	  as	  results.	  No	  operating	  KHPS	  turbines	  were	  
installed	   during	   this	   period.	   This	   report	   is	   provided	   to	   agencies	   for	   review	   and	   comments,	   after	   such	  
time	  Verdant	  will	  make	  a	  Final	  compliance	  filing	  reflecting	  agency	  comments.	  
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Report	  of	  RMEE-‐3	  Plan	  Activities	  during	  May	  2013	  

1.0	  Objectives	  

As	  stated	  in	  the	  approved	  RMEE-‐3	  plan	  (Version	  3.2	  December	  2010):	  	  

The	  objective	  of	  netting	   is	  to	  provide	  a	  set	  of	  net	  capture	  data,	  during	  May	  through	  December	  
with	  more	  effort	  during	  the	  seasonal	  period	  (mid-‐September	  through	  mid-‐December)	  of	  elevated	  
fish	  abundance	  in	  the	  project	  vicinity	  to	  provide:	  	  

1.	   Species	   characterization	   information,	   that	   combined	  with	   the	   2006	   RITE	   trawling,	   and	  
the	  Ravenswood	  and	  other	  historical	  impingement	  data	  will	  provide	  additional	  understanding	  of	  
the	  fish	  population	  in	  the	  East	  Channel,	  

2.	   Provide	   species	   characterization	   in	   the	   immediate	   vicinity	   of	   the	   turbines	   that	   can	   be	  
used	  to	  support	  the	  interpretation	  of	  the	  past	  and	  future	  DIDSON	  monitoring	  and	  hydroacoustic	  
evaluations,	  and	  

3.	   Potentially	   provide	   some	   observation	   and/or	   data	   for	   interpretation	   on	   potential	   fish	  
injury	  due	  to	  turbine	  blade	  contact	  in	  a	  field	  of	  operating	  KHPS	  turbines.	  

2.0	  Methods	  and	  Equipment	  	  

2.1	  Method	  
Net	  sampling	  in	  the	  East	  River	  is	  very	  difficult	  due	  to	  fast	  currents	  present	  during	  ebb	  and	  flood	  tides	  and	  
was	   not	   successful	   in	   past	   studies	   for	   this	   project.	   This	   plan	  was	   approved	   and	   incorporated	   into	   the	  
FERC	  Pilot	  License,	  Article	  401	  and	  WQC	  Condition	  12.	  	  	  	  

To	  characterize	  the	  fish	  assemblages	  that	  would	  have	  the	  most	  likelihood	  of	  encountering	  the	  RITE	  Pilot	  
Project	  and	  KHPS	   turbines,	   in	   consultation	  with	   the	  agencies,	  Verdant	  Power	  arranged	   for	   the	  design,	  
fabrication	  and	  deployment	  of	  a	  mid-‐water	  (pelagic)	  research	  trawl	  (Figure	  1).	  	  In	  order	  to	  be	  successful,	  
a	  sampling	  is	  planned	  to	  occur	  near	  daylight	  slack	  tide,	  which	  is	  the	  period	  of	  time	  most	  fish	  have	  been	  
observed	   in	  previous	  studies	   in	  2006-‐2008	  to	  be	  present	  and	  active,	  hence	   increasing	   the	  opportunity	  
for	  capture.	  	  Slack	  tide	  also	  is	  the	  safest	  and	  easiest	  period	  to	  trawl,	  which	  is	  a	  significant	  consideration	  
based	  on	  prior	  experience.	  

In	  accordance	  with	  the	  RMEE-‐3	  plan,	  tidal	  conditions	  that	  occur	  at	  neap	  tide	  with	  moon	  apogee	  appear	  
to	  have	   the	  highest	   likelihood	  of	   fish	  abundance	  based	  on	   the	   fixed	  hydroacoustic	  data	   in	   the	  project	  
area.	  Verdant	  had	  planned	  to	  conduct	  the	  first	  sampling	  November	  8,	  2012,	  however	  Superstorm	  Sandy	  
required	   the	   postponement	   of	   this	   activity.	   For	   the	   May	   -‐	   June	   2013	   period,	   May	   28-‐30,	   2013	   was	  
targeted	  as	  a	  window	  for	  fish	  presence,	  movement	  and	  abundance.	  	  

2.2	  Equipment	  
The	  trawl	  was	  acquired	  after	  consultation	  with	  vendors	  and	  agencies	  and	  is	  shown	  in	  Figure	  1	  and	  is	  20	  
feet	  deep	  and	  25	  feet	  wide	  and	  50	  feet	  long	  with	  90-‐100	  foot	  bridles	  and	  at	  least	  200-‐ft	  long	  steel	  cable	  
tow	  ropes.	  	  The	  net	  includes	  Mullet	  doors	  located	  on	  each	  side	  of	  the	  net	  opening	  to	  ensure	  the	  net	  is	  
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opened	  wide	  when	  deployed.	  	  The	  main	  portion	  of	  the	  net	  consists	  of	  ½	  inch	  40	  mm	  mesh	  going	  into	  12	  
mm	  mesh,	  with	  a	  1/8-‐inch	  6	  mm	  mesh	  cod-‐end	  collection	  bag.	  	  

The	  vessel	  was	  provided	  by	  Normandeau	  as	  a	  US	  Coast	  Guard-‐approved	  37	  foot	  white	  fiberglass	  lobster	  
style	  work	  boat	  equipped	  with	  mast	  and	  boom;	  Coast	  guard	  documented	  vessel	  #589424	  Hailing	  port:	  
Portsmouth,	  NH.	   A	   25ft	   scientific	   vessel	  was	   initially	   considered	   but	   rejected	   due	   to	   the	   net	   size	   and	  
operating	  conditions.	  	  

Per	  the	  RMEE-‐3	  plan,	  three	  10-‐minute	  replicate	  tows	  were	  conducted	  and	  the	  start	  and	  end	  locations	  of	  
each	  tow	  were	  documented	  using	  a	  GPS	  unit.	  	  Figure	  2	  shows	  the	  approximate	  tow	  locations.	  	  

2.3	  Data	  Quality	  Control	  
Upon	  conclusion	  of	  each	   tow,	   the	  contents	  of	   the	  net	  were	   inspected	  and	  all	  aquatic	  organisms	  were	  
sorted,	  identified,	  and	  enumerated.	  	  Representative	  catch	  was	  documented	  photographically.	  The	  data	  
was	  recorded	  on	  waterproof	  field	  data	  sheets	  and	  entered	  into	  a	  database	  upon	  return	  from	  the	  field.	  

3.0	  Monitoring	  Data	  Analysis	  	  

3.1	  Data	  Collection	  	  
Three	  replicate	  tows	  were	  conducted	  during	  slack	  tide	  on	  May	  30,	  2013.	  	  The	  first	  tow	  began	  at	  8:06,	  the	  
second	  tow	  began	  at	  8:34,	  and	  the	  third	  tow	  was	  started	  at	  9:03.	  	  The	  net	  was	  deployed	  for	  10	  minutes	  
per	  each	  replicate.	  	  Tows	  were	  conducted	  in	  the	  vicinity	  of	  the	  Project	  Boundary	  as	  shown	  on	  Figure	  2,	  
proximate	  to	  the	  turbine	  area.	  	  The	  current	  velocity	  during	  the	  sampling	  period	  was	  0.5	  fps.	  	  	  	  

All	  fish	  and	  macro	  invertebrates	  were	  identified,	  counted,	  and	  measured	  (total	  length).	  	  Representative	  
digital	  photos	  of	  the	  catch	  were	  taken	  (Figure	  3).	  All	  aquatic	  organisms	  were	  released	  unharmed	  after	  
processing.	  	  	  
	  
Verdant	   Power	   secured	   and	   will	   maintain	   a	   biological	   sampling	   License	   to	   Collect	   or	   Possess	   from	  
NYSDEC	   (#1627	   -‐	   expires	   October	   3,	   2013),	   which	   includes	   conditions	   for	   potentially	   handling	   RTE	  
species.	   	   However	   the	   New	   York	   collector’s	   permit	   does	   not	   cover	   Verdant	   Power	   for	   any	   direct	   or	  
incidental	  collections	  of	  federally-‐listed	  or	  managed	  fish	  or	  wildlife.	  	  Since	  federally	  endangered	  species	  
may	  occur	  in	  the	  project	  area	  and	  may	  potentially	  be	  collected	  in	  the	  trawl,	  Verdant	  Power	  obtained	  an	  
Incidental	  Take	  Permit	  associated	  with	  a	  Biological	  Opinion	  produced	  by	  NMFS	  as	  a	   result	  of	  a	   formal	  
ESA	  Section	  7	  consultation	  in	  September	  2012.	  	  No	  ESA	  species	  were	  collected	  during	  the	  May	  30,	  2013	  
sampling.	  	  All	  conditions	  of	  the	  NMFS	  Incidental	  Take	  Statement	  were	  followed.	  Please	  see	  Attachment	  
A	  for	  conditions.	  	  

4.0	  Schedule	  and	  Timing	  

Table	  4-‐1	  summarizes	  the	  required	  RMEE-‐3	  plan	  schedule	  for	  the	  RITE	  Pilot	  Project	  License.	  	  
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In	  advance	  of	   Install	  A,	  Verdant	  Power	  voluntarily	  has	  undertaken	  seasonal	  species	  characterization	  to	  
support	   the	   advancement	   of	   understanding	   of	   the	   species	   assemblages	   and	   in	   accordance	   with	   the	  
existing	  NYSDEC	  and	  USACE	  permits	  (expiring	  May	  2015).	  	  

Table	  4-‐1.	  	  RMEE-‐3	  Seasonal	  Species	  Characterization	  Netting	  

	  

	  

Transition	  
period	  

No	  KHPS	  
operating	  

NYSDEC/USACE	  
Permit	  	  

Install	  A	  

(2	  KHPS)	  

FERC	  Pilot	  
Install	  B	  -‐1	  

(3	  KHPS)	  

FERC	  Pilot	  
Install	  B-‐2	  

(6-‐12	  KHPS)	  

FERC	  Pilot	  
Install	  C	  

(30	  KHPS)	  

Seasonal	  Species	  
Characterization	  
Netting	  

May	  2013	  	  

	  

1	  year,	  1	  day	  
May-‐June,	  1	  
day	  July-‐
August,	  and	  6	  
days	  during	  
Sept	  -‐Dec	  15th*	  

1	  year,	  1	  day	  
May-‐June,	  1	  
day	  July-‐
August,	  and	  6	  
days	  during	  
Sept	  -‐Dec	  15th*	  

1	  year,	  1	  day	  
May-‐June,	  1	  
day	  July-‐
August,	  and	  6	  
days	  during	  
Sept	  -‐Dec	  15th*	  

1	  year,	  1	  day	  
May-‐June,	  1	  
day	  July-‐
August,	  and	  6	  
days	  during	  
Sept	  -‐
Dec	  15th*	  

• Continue	  or	  modify	  if	  necessary	  

As	   discussed	   in	   the	   FLA,	   periods	   of	   fish	   abundance	   have	   been	   shown	   to	   occur	   in	   conjunction	  with	  
specific	   tidal	   conditions—namely	  neap	   tide	  with	  moon	  apogee.	  Therefore,	   the	   timing	  of	   the	   species	  
characterization	  netting	  has	  been	  targeted	  to	  this	  period.	  	  

5.0	  Remedial	  Measures	  

No	  remedial	  measures	  are	  indicated	  by	  the	  results	  of	  the	  monitoring	  conducted	  in	  the	  RMEE-‐3	  thus	  far.	  

6.0	  Results	  and	  Reporting	  

The	  results	  of	  the	  species	  characterization	  sampling	  are	  found	   in	  Table	  6-‐1.	   	  Physical	  parameters	  were	  
also	   measured	   during	   sampling	   and	   the	   air	   temperature	   was	   25oC,	   water	   temperature	   was	   14.6oC,	  
dissolved	  oxygen	  was	  9.7mg/L,	   salinity	  was	  20.8ppt,	  and	  pH	  was	  5.5.	   	  Overall	  water	  quality	  conditions	  
during	  sampling	  were	  good.	  

Table	  6-‐1	  -‐	  RITE	  East	  Channel	  (May	  2013)	  Species	  Characterization	  Catch	  	  

Tow	  	  	   Catch	  
Length	  
(mm)	   Condition	   Disposition	  

Tow	  1	   None	   	  	   	  	   	  	  
	  	   	  	   	  	   	  	   	  	  
Tow	  2	   Callinectessapidus,	  blue	  crab	   44	   alive	   returned	  unharmed	  
	  	   	  	   	  	   	  	   	  	  
Tow	  3	   Peprilustriacanthus,	  butterfish	   37	   alive	   returned	  unharmed	  
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As	  a	  comparison,	  Table	  6-‐2	  is	  a	  list	  of	  species	  collected	  at	  the	  Ravenswood	  Power	  Station	  located	  in	  the	  
sampling	  area	  during	  a	  similar	  time	  of	  year	  (June).	   	  Since	  impingement	  sampling	  at	  Ravenswood	  is	  not	  
constrained	   by	   practical	   hazards	   such	   as	   fast	   currents,	   boat	   traffic,	   and	   debris,	   it	   provides	   a	  
comprehensive	   representation	   of	   the	   species	   assemblage	   in	   the	   immediate	   study	   area.	   	   The	  
Ravenswood	   impingement	   data	   include	   fish	   species	   found	   throughout	   the	   water	   column,	   including	  
pelagic	  and	  demersal	  species.	   	   	   	  The	  two	  species	  collected	  during	  trawl	  sampling	  were	  recorded	  in	  the	  
Ravenswood	   dataset.	   	   The	   Ravenswood	   data	   is	   also	   representative	   of	   fish	   assemblages	   found	  
throughout	  Long	  Island	  Sound	  (Tomichek	  and	  Roseman2004).	  	   

Table	  6-‐2.	  	  Species	  Collected	  in	  June	  Impingement	  Samples	  at	  Ravenswood	  
Species 2006 2005* 1993 1992 
American eel     2   
Atlantic herring     26   
Atlantic tomcod   0.12 5   
Bay anchovy 3 0.72 9 9 
Blue crab   3.29     
Blueback herring   0.18 1 7 
Bluefish 1 0.01 4 5 
Butterfish 2   1 11 
Conger eel     11 1 
Cunner   0.08 4 3 
Feather blenny       1 
Fourbeardrockling     1   
Grubby     3 2 
Hogchoker       1 
Naked Goby 1       
Northern pipefish   0.23 11 24 
Northern puffer     2 1 
Northern searobin   0.04 2 8 
Oyster toadfish 2 0.07     
Scup       1 
Sea horse       11 
Seaboard goby   0.04   5 
Silver hake       1 
Smallmouth flounder     1 12 
Spotted hake       1 
Striped bass   0.11 1 1 
Stripped burrfish   0.03     
Striped searobin       3 
Summer flounder   0.06   8 
Tautog   0.07 2 2 
Windowpane       2 
Winter flounder 10 1.18 4 40 
*	  Impingement	  per	  1	  million	  cubic	  meters	  



Page	  6	  of	  12	  

7.0	  Discussion	  and	  Summary	  

1-‐	  Species	  Characterization:	  	  
Few	  aquatic	  organisms	  were	  collected	  in	  the	  study	  area	  during	  the	  May	  30,	  2013	  trawl	  deployment.	  	  The	  
net	  was	  tested	  up	  river	  in	  the	  Hudson	  River	  prior	  to	  the	  May	  30	  collection	  and	  a	  number	  of	  fish,	  mostly	  
bay	  anchovies,	  Anchoamitichilli,	  were	  collected,	  indicating	  the	  net	  is	  fishing	  correctly	  but	  few	  organisms	  
were	  available	  to	  collect	  in	  the	  RITE	  sampling	  area.	  	  Hydroacoustic	  data	  collected	  at	  the	  RITE	  study	  site	  
from	  June	  2007	  through	  October	  2009	  indicated	  that	  the	  May-‐June	  sampling	  period	  yielded	  the	  lowest	  
number	   of	   fish	   targets	   (Verdant	   2010),	   however	   it	   was	   recommended	   by	   the	   agencies	   that	   Verdant	  
expand	   the	  RMEE-‐3	  plan	   to	   include	   this	  period.	  A	  comparison	  of	   fish	   species	   collected	  during	  RMEE-‐3	  
sampling	  and	  those	  recorded	  in	  the	  2005	  trawl	  survey	  [Ref2]	  and	  impingement	  samples	  at	  Ravenswood	  
demonstrated	  that	  the	  Ravenswood	  data	  is	  a	  more	  complete	  dataset	  to	  use	  to	  characterize	  fish	  species	  
in	  the	  study	  area.	  	  	  

2-‐	  Species	  Characterization	  in	  Proximity	  to	  the	  Turbines:	  	  
As	  shown	   in	  Figure	  2,	   the	  performance	  of	   seasonal	   species	  netting	   in	   the	  proximity	   to	   the	   turbines	   (if	  
operating)	   would	   be	   a	   challenging	   exercise.	   During	   the	   performance	   of	   the	   May	   2013	   netting	   the	  
maintenance	  of	  position	  to	  conduct	  the	  three	  tows	  required	  motoring	  and	  turning	  of	  the	  vessel,	  which	  
likely	  would	  be	  difficult	  in	  close	  proximity	  to	  the	  turbines.	  It	  is	  unlikely	  that	  the	  combined	  effects	  of	  the	  
disturbance	  of	  the	  vessel	  and	  the	  net	  deploy	  can	  yield	  an	  accurate	  sampling	  in	  the	  mid	  column/channel	  
due	  to	  the	  activity.	  

3-‐	  Data	  Collection	  on	  Injury	  During	  KHPS	  (turbine	  )	  Operation:	  	  
While	   no	   KHPS	   turbines	   were	   operating	   at	   the	   time	   of	   the	   May	   2013	   sampling,	   the	   efficacy	   of	   the	  
vessel/net	  protocol	  to	  determine	  injury	  by	  blade	  strike	  is	  in	  Verdant’s	  opinion	  unlikely	  to	  derive	  results,	  
both	   due	   to	   the	   lack	   of	   injury	   mechanism	   and	   the	   difficulties	   netting	   an	   injured	   fish	   in	   fast	   water	  
conditions.	  	  

May	  2013	  Summary	  	  
• As	  partially	  funded	  by	  NYSERDA,	  this	  effort	  for	  a	  single	  day	  of	  species	  characterization	  in	  the	  

May/June	  period	  at	  the	  RITE	  site	  yielded	  little	  information	  beyond	  what	  is	  already	  available	  from	  
the	  2005	  RITE	  effort	  and	  the	  Ravenswood	  data	  as	  reported	  in	  the	  licensing	  consultation	  and	  the	  
Draft	  and	  Final	  License	  Applications	  for	  the	  RITE	  Project	  (November	  2008	  and	  December	  2010).	  	  

• Conservatively,	  the	  netting	  effort	  was	  approximately	  $9,000	  for	  a	  day	  of	  sampling,	  not	  including	  
the	  net	  acquisition	  and	  permitting	  activity	  with	  NYSDEC	  and	  NMFS.	  

• The	  May	  2013	  netting	  exercise	  was	  voluntarily	  undertaken	  to	  demonstrate	  the	  protocol	  as	  a	  
baseline	  to	  activities	  to	  be	  undertaken	  once	  operating	  KHPS	  turbines	  are	  installed	  at	  RITE.	  	  

• Verdant	  Power	  respectfully	  submits	  that	  until	  such	  time	  as	  two	  operating	  KHPS	  turbines	  are	  in	  
the	  water,	  (Install	  A	  -‐	  planned	  for	  2015)	  and	  netting	  activities	  can	  be	  undertaken	  again	  at	  a	  
period	  of	  likely	  high	  fish	  abundance	  (September-‐	  December),	  that	  no	  further	  RMEE-‐3	  activities	  
are	  warranted.	  
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This	  draft	  report	  was	  provided	  to	  RITE	  fishery	  consultation	  agencies	  (NYSDEC,	  USFWS,	  NMFS,	  USACE,	  
EPA	  and	  FERC)	  in	  August	  2013	  for	  review	  and	  comment.	  None	  were	  received.	  	  

The	  report	  was	  also	  transmitted	  in	  December	  2013	  as	  part	  of	  a	  RITE	  Project	  status	  report.	  No	  comments	  
were	  received.	  	  

The	  report	  was	  provided	  to	  NYSDEC	  in	  February	  2014.	  No	  comments	  were	  received.
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Figure	  1	  -‐	  RITE	  Project	  -‐	  RMEE-‐3	  Trawl	  Schematic	  -‐	  Mullet	  doors	  are	  installed	  to	  keep	  net	  open	  during	  sampling	  -‐	  Mesh	  is	  40mm	  
(green)	  12mm	  (blue)	  and	  6	  mm	  (grey)	  
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Figure	  2	  -‐	  Location	  of	  RMEE-‐3	  Netting	  at	  RITE	  Project	  (May	  2013)	  

Note	  Ravenswood	  Generating	  station	  intakes	  located	  approximately	  400	  meters	  southeast	  of	  RITE	  site	  and	  Bridge	  
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Figure	  3	  -‐	  May	  2013	  RMEE-‐3	  Seasonal	  Species	  Characterization	  

	  

	  

	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  RMEE-‐3	  Tow	  3	  Catch	  (5/31/2013)	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	  

	  

	  

	  

	  	  	  	  	  	  	  Retrieving	  the	  trawl	  net	  after	  Tow	  3	  

	  	  	  	  	  	  	  	  	  	  	  RMEE-‐3	  Tow	  mid	  channel	  from	  shoreline	  at	  RITE	  (May	  2013)	  	   	   	   	  
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Attachment	  A	  
NMFS	  INCIDENTAL	  TAKE	  STATEMENT	  –	  RITE	  P-‐12611	  (September	  2012)	  

RMEE-‐3	  Seasonal	  Species	  Characterization	  Netting	  	  
Reasonable	  and	  Prudent	  Measures	  (RPM)	  

	  
1.	  Any	  listed	  species	  caught	  during	  the	  survey	  must	  be	  handled	  and	  resuscitated	  according	  to	  

established	  procedures.	  
	  
2.	  Any	  listed	  species	  caught	  and	  retrieved	  in	  the	  sampling	  gear	  must	  be	  identified	  to	  species.	  
	  
3.	  Any	  listed	  species	  caught	  and	  retrieved	  in	  the	  sampling	  gear	  must	  be	  properly	  documented.	  
	  
4.	  NMFS	  NERO	  must	  be	  notified	  regarding	  all	  interactions	  with	  or	  observations	  of	  listed	  species.	  
	  
	  
NMFS	  Terms	  and	  Conditions	  
	  
1.	  To	   implement	  RPM#1	  above,	  FERC	  must	  ensure	   that	  Verdant	  and/or	   their	  contractors	  give	  
priority	   to	   handling	   and	   processing	   any	   sturgeon	   that	   are	   captured	   in	   the	   sampling	   gear.	  
Handling	  times	  must	  be	  minimized	  for	  these	  species.	  
	  
2.	   To	   implement	   RPM#1	   above,	   FERC	   must	   ensure	   that	   Verdant	   and/or	   their	   contractors	  
resuscitate	  any	  Atlantic	  sturgeon	  that	  may	  appear	  to	  be	  dead	  by	  providing	  a	  running	  source	  of	  
water	  over	  the	  gills.	  
	  
3.	   To	   implement	   RPM#1	   above,	   FERC	   must	   ensure	   that	   there	   is	   a	   Passive	   Integrated	  
Transponder	   (PIT)	   tag	   reader	  on	  board	  all	   vessels	  used	   for	   the	   survey	  and	   that	   this	   reader	   is	  
used	  to	  scan	  any	  captured	  Atlantic	  sturgeon	   for	   tags.	  Any	  recorded	  tags	  must	  be	  reported	  to	  
the	  USFWS	  tagging	  database.	  Any	  untagged	  sturgeon	  must	  be	  tagged	  with	  PIT	  tags	  and	  the	  tag	  
numbers	   recorded	   and	   reported	   to	   the	  USFWS	   tagging	   database.	  Any	   staff	   inserting	   PIT	   tags	  
must	  follow	  the	  procedures	  outlined	  in	  Appendix	  B	  and	  must	  have	  previous	  training	  in	  PIT	  tag	  
implementation.	  
	  
4.	  To	  comply	  with	  RPM	  #2	  above,	  FERC	  must	  ensure	  that	  Verdant	  has	  at	  least	  one	  crew	  member	  
who	  is	  experienced	  in	  the	  identification	  of	  sturgeon	  on	  the	  vessel(s)	  used	  for	  the	  trawl	  survey	  at	  
all	  times	  that	  the	  on-‐water	  survey	  work	  is	  conducted.	  Experience	  would	  include	  personnel	  that	  
have	   received	   training	   as	   a	   NMFS	   fisheries	   observer	   or	   who	   have	   career	   experience	   in	   the	  
identification	  of	  sturgeon.	  Information	  provided	  as	  Appendix	  C	  can	  aid	  in	  species	  identification.	  
	  
5.	   To	   comply	   with	   RPM	   #2	   above,	   FERC	  must	   ensure	   that	   Verdant	   and/or	   their	   contractors	  
obtain	  genetic	   samples	   from	  all	   captured	  Atlantic	   sturgeon.	  This	  must	  be	  done	   in	  accordance	  
with	  the	  procedures	  provided	  in	  Appendix	  D.	  
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6.	   To	   comply	  with	   RPM	   #3,	   FERC	  must	   ensure	   that	   all	   sturgeon	   are	  weighed,	  measured	   and	  
photographed.	  The	  condition	  of	  each	  animal	  must	  be	  recorded	  and	  any	  injuries	  documented.	  
	  
7.	  To	  comply	  with	  RPM	  #3,	  FERC	  must	  ensure	  that	  any	  dead	  Atlantic	  sturgeon	  are	  retained	  and	  
held	  in	  cold	  storage	  until	  disposal	  can	  be	  discussed	  with	  NMFS.	  The	  form	  included	  as	  Appendix	  
E	  must	  be	  filled	  out	  and	  submitted	  to	  NMFS.	  
	  
8.	  To	  comply	  with	  RPM	  #4,	  FERC	  must	  ensure	  that	  Verdant	  notifies	  NMFS	  PRD	  within	  24	  hours	  
of	  any	  interaction	  with	  a	  listed	  species.	  The	  form	  included	  as	  Appendix	  F	  must	  be	  filled	  out	  and	  
provided	   to	   NMFS.	   These	   reports	   should	   be	   sent	   by	   fax	   (978)	   281-‐9394	   or	   e-‐mail	  
(Incidental.take@noaa.gov).	  For	  purposes	  of	  monitoring	  the	  incidental	  take	  of	  sturgeon	  during	  
the	  surveys,	  reports	  must	  be	  made	  for	  any	  Atlantic	  sturgeon:	  (a)	  found	  alive,	  dead,	  or	   injured	  
within	  the	  sampling	  gear;	  (b)	  found	  alive,	  dead,	  or	   injured	  and	  retained	  on	  any	  portion	  of	  the	  
sampling	  gear	  outside	  of	   the	  net	  bag;	  or	   (c)	   interacting	  with	  the	  vessel	  and	  gear	   in	  any	  other	  
way	  must	  be	  reported	  to	  NMFS.	  
	  
9.	  To	  comply	  with	  RPM	  #4,	  FERC	  must	  ensure	  that	  Verdant	  provides	  a	  written	  report	  to	  NMFS	  
NERO	  within	   30	  days	   of	   any	   interaction	  between	   any	   ESA-‐listed	   species	   and	   the	   gear	   and/or	  
vessel	   used	   during	   the	   survey.	   The	   report	   must	   include:	   a	   clear	   photograph	   of	   the	   animal	  
(multiple	  views	  if	  possible,	  including	  at	  least	  one	  photograph	  of	  the	  head	  scutes);	  identification	  
of	   the	   animal	   to	   the	   species	   level;	   GPS	   or	   Loran	   coordinates	   describing	   the	   location	   of	   the	  
interaction;	  time	  of	  interaction;	  date	  of	  interaction;	  condition	  of	  the	  animal	  upon	  retrieval	  (alive	  
uninjured,	  alive	  injured,	  fresh	  dead,	  decomposed,	  comatose	  or	  unresponsive);	  the	  condition	  of	  
the	  animal	  upon	  return	  to	  the	  water;	  GPS	  or	  Loran	  coordinates	  of	  the	  location	  at	  which	  it	  was	  
released;	  and	  a	  description	  of	   the	  care	  or	  handling	  provided.	  This	   report	  must	  be	  sent	   to	   the	  
NMFS	   Northeast	   Regional	   Office,	   Attn:	   Section	   7	   Coordinator,	   55	   Great	   Republic	   Drive,	  
Gloucester,	  MA	  01930	  or	  by	  e-‐mail	  (incidental.take@noaa.gov).	  
	  
10.	  To	  comply	  with	  RPM	  #4,	  FERC	  must	  ensure	  that	  Verdant	  provide	  a	  written	  report	  to	  NMFS	  
NERO	  within	  60	  days	  of	  completion	  of	  the	  on-‐water	  work,	  indicating	  either	  that	  no	  interactions	  
with	  ESA-‐listed	   species	  occurred,	  or	  providing	   the	   total	   number	  of	   interactions	   that	  occurred	  
with	   ESA-‐listed	   species.	   Any	   reports	   required	   by	   Term	   and	   Condition	   9	   that	   have	   not	   been	  
provided	  to	  NMFS	  NERO	  must	  be	  included	  in	  this	  report.	  This	  report	  must	  be	  sent	  to	  the	  NMFS	  
Northeast	  Regional	  Office,	  Attn:	  Section	  7	  Coordinator,	  55	  Great	  Republic	  Drive,	  Gloucester,	  MA	  
01930	  or	  by	  e-‐mail	  (incidental.take@Noaa.gov).	  
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	   	   	   	   	   	   	   RITE	  Project	  (FERC	  No.	  P-‐12611)	  
2013	  Annual	  Report	  -‐	  RMEE-‐4	  	  

March	  2014	  	  
	  

Re:	   Roosevelt	   Island	   Tidal	   Energy	   (RITE)	   Project	   (FERC	   No.	   P-‐12611)	   Pilot	   Project	   License	  
(January	   23,	   2012)	   and	   NYSDEC	   Permit	   #2-‐6204-‐01510/00003	   Water	   Quality	   Certification	  
(WQC)	  (December	  12,	  2011)	  	  	  
	  

2012-‐2013	  Annual	  Report	  -‐	  Tagged	  Species	  Detection	  (RMEE-‐4)	  	  

In	   accordance	  with	  Article	  401	   -‐	  Commission	  Approval,	  Notification,	   and	  Filing	  of	  Amendments	  of	   the	  
above	  captioned	  FERC	  Pilot	  Project	  License	  for	  the	  RITE	  Project,	  Verdant	  Power	  hereby	  submits	  its	  2013	  
report	   under	   the	   implementation	   of	   the	   RITE	  Monitoring	   of	   Environmental	   Effects	   (RMEE)	   plans	   and	  
specifically	  NYSDEC	  WQC	  condition	  13:	  	  

WQC	  Condition	  13.Tagged	  Species	  Detection	  Annual	  Report:	  Draft	  report	  by	  February	  15	  of	  each	  
year	  that	  monitoring	  occur	  1	  

While	   the	   full	   implementation	   of	   the	   RITE	   Pilot	   Project	   License	   will	   not	   commence	   until	   after	   the	  
“transition	  period,”	  the	  completion	  of	  an	  in-‐water	  rotor	  test	  (IWT)	  in	  September	  2012	  and	  RITE	  Install	  A	  	  	  
(2	  Gen5	  KHPS	   turbines)	  planned	   for	  2015,	  Verdant	  has	   implemented	   this	  plan	   including	   the	   reporting	  
and	  agency	  review	  process	  specified	  in	  the	  January	  2012	  RITE	  Pilot	  License.	  Specifically:	  	  	  

Article	  401	  (b)	  Requirement	  to	  File	  Reports	  	  

Prior	  to	  filing	  the	  annual	  reports	  with	  the	  Commission,	  the	   licensee	  shall	  submit	  the	  reports	  to	  
the	   agencies	   identified	   in	   each	   plan	   and	   allow	   a	   minimum	   of	   30	   days	   for	   the	   agencies	   to	  
review	   and	   comment	   on	   the	   reports.	   The	   final	   reports	   shall	   include	   copies	   of	   any	   comments	  
received	  and	   the	   licensee	   shall	   address	  all	   comments	  and	   recommendations	   received	   from	   the	  
agencies.	   	   If	   the	   licensee	   does	   not	   adopt	   a	   recommendation,	   the	   report	   shall	   include	   the	  
licensee’s	   reasons	   based	   on	   project-‐specific	   information.	   The	   Commission	   reserves	   the	   right	   to	  
require	   changes	   to	   the	   monitoring	   plans,	   project	   operations,	   or	   facilities	   based	   on	   the	  
information	  contained	  in	  the	  reports	  and	  any	  other	  available	  information.	  

*	  The	  March	  15	  due	  date	  to	  file	  the	  reports	  with	  the	  Commission	  allows	  sufficient	  time	  for	  the	  licensee	  
to	  incorporate	  any	  review	  comments	  it	  receives	  from	  the	  New	  York	  DEC.	  

The	  following	  represents	  the	  2012-‐13	  report	  under	  the	  RMEE-‐4	  plan,	  Tagged	  Species	  Detection.	  Verdant	  
submitted	  the	  draft	  report	  to	  the	  agencies	  in	  December	  2013	  and	  received	  comments	  from	  NYSDEC	  on	  
February	  13,	  2014	  (Attachment	  A).	  This	  report	  addresses	  those	  comments.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1In	  addition,	  as	  a	  condition	  of	  the	  NYSDEC	  WQC	  (#14)	  and	  as	  incorporated	  in	  the	  license	  for	  the	  project,	  Verdant	  is	  
required	  to	  make	  a	  report	  of	  any	  Rare,	  Threatened,	  and	  Endangered	  Species	  observations	  at	  the	  project	  site.	  This	  
report	  is	  made	  separately.	  
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Report	  of	  RMEE-‐4	  Plan	  Activities	  –	  January	  2012	  to	  October	  2013	  

1.0	  Objectives	  

As	  stated	  in	  the	  RMEE-‐4	  plan	  (Version	  3.2	  December	  2010),	  the	  purpose	  of	  this	  effort	  is:	  	  

To	   provide	   new	   and	   unique	   detections	   on	   the	   potential	   presence	   of	   the	   proposed	   ESA	   listed	  
Atlantic	   sturgeon2,	   ESA	   Listed	   shortnose	   sturgeon,	   along	   with	   striped	   bass,	   bluefish,	   winter	  
flounder	  and	  other	  species	  that	  have	  been	  acoustically	  tagged	  (by	  others),	   in	  the	  vicinity	  of	  the	  
Roosevelt	  Island	  Tidal	  Energy	  (RITE)	  project.	  	  	  	  

This	  activity	   is	  undertaken	  earlier	  than	  required	  by	  the	  project	  permits	  and	   license,	  as	  part	  of	  partially	  
funded	  effort	  supported	  by	  the	  New	  York	  State	  Energy	  Research	  and	  Development	  Authority	  (NYSERDA)	  
for	   Environmental	   Assessment	   at	   RITE	   (Agreement	   No.	   20802)	   and	   partial	   support	   from	   a	   2012	   US	  
Department	   of	   Energy	   grant	   award.	   The	   effort	   relies	   heavily	   on	   the	   collaborative	   support	   from	   the	  
Atlantic	   Cooperative	   Telemetry	   (ACT)	   network3	  and	   specifically	   the	   coordination	   with	   Tom	   Savoy,	   CT	  
DEP,	   as	   the	   coordinator	   for	   ACT	   and	   Dana	   Allen	   at	   VEMCO	   for	   identification	   of	   the	   tag	  
owners/researchers.	  Additionally,	   the	  continued	  cooperation	  of	   the	  researchers	  that	  tag	  the	  species	   is	  
required	  to	  maximize	  the	  effort.	  

2.0	  Methods	  and	  Equipment	  	  

2.1	  Equipment	  
Verdant	  Power	  has	  installed	  three	  (3)	  VEMCO	  VR2W	  receivers	  in	  and	  around	  the	  RITE	  Project,	  as	  shown	  
in	  Figure	  1.4	  	  Two	  of	  the	  receivers,	  VR2W	  RITE	  N	  and	  VR2W	  RITE	  S,	  were	  deployed	  in	  May	  2011	  in	  the	  
East	  Channel	  of	   the	  East	  River	   from	  existing	  PATON	  buoys	   at	   the	   current	  RITE	  Project	   site.	   	   The	   third	  
receiver,	  VR2W-‐W,	  was	  deployed	  in	  August	  2011	  in	  the	  West	  Channel	  of	  the	  East	  River	  using	  a	  concrete	  
bottom	  mount,	  adjacent	  to	  an	  unused	  water	  taxi	  pier	  on	  Roosevelt	  Island.	  	  	  

The	  three	  receivers	  have	  approximately	  15	  months	  of	  battery	   life	  and	  storage	  for	  106	  detections.	   	  The	  
primary	  receive	  frequency	  is	  69	  kHz.	  The	  RMEE-‐4	  plan	  specified	  a	  4th	  receiver	  to	  be	  installed	  in	  the	  East	  
Channel	  as	  the	  RITE	  Project	  build-‐out	  advanced	  to	  more	  turbines.	  

2.2	  Data	  Quality	  Control	  
A.	  Continuity	  of	  Data:	  To	  confirm	  receiver	  operation	  throughout	  the	  data	  collection	  period,	  two	  unique	  
test	  tags,	  TT-‐1	  and	  TT-‐2	  were	  deployed	  for	  data	  quality	  control.	  	  TT-‐1	  was	  deployed	  in	  the	  East	  Channel	  
from	   an	   existing	   PATON	   buoy	   equally	   spaced	   between	   VR2W	   RITE	   N	   and	   VR2W	   RITE	   S.	   	   TT-‐2	   was	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  The	  RMEE-‐4	  pan	  was	  finalized	  in	  December	  2010.	  Since	  that	  time	  on	  January	  31,	  2012	  the	  Atlantic	  Sturgeon	  in	  the	  
New	  York	  Bight	  was	  listed	  as	  Endangered	  (NOAA)	  	  
3	  ACT	   is	   a	   large-‐scale,	   collaborative	   approach	   of	   over	   63	   researchers	   actively	   focused	   on	   acoustic	   telemetry	   for	  
monitoring	  various	  fish	  and	  invertebrate	  species	  in	  the	  Eastern	  United	  States.	  ACT	  goals	  are	  to:	  
•	   Collaborate	  seamlessly	  among	  telemetry	  users	  along	  Atlantic	  Coast	  
•	   Link	  with	  other	  existing	  regional	  networks	  

4	  The	  installation	  of	  the	  VEMCO	  receivers	  is	  covered	  under	  two	  amendments	  to	  the	  existing	  RITE	  NYSDEC/USACE	  
permits	  and	  an	  approval	  by	  the	  NY	  OGS	  for	  instruments	  on	  NYS	  land.	  	  
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deployed	  in	  the	  West	  Channel	  attached	  to	  the	  concrete	  bottom	  mount	  with	  VR2W-‐W.	  	  The	  detection	  of	  
a	   signal	   from	  both	   test	   tags,	   continuously	   present	   near	   the	   respective	   receivers,	   confirms	   continuous	  
receiver	  operation	  throughout	  the	  reporting	  period.	  

The	  most	  recent	  data	  download	  represents	  the	  period	  May	  2012	  through	  August	  2013,	  and	  covered	  the	  
period	  of	  Superstorm	  Sandy	  during	  October	  28-‐31,	  2012.	  While	  the	  area	  in	  and	  around	  the	  RITE	  Project	  
experienced	  a	  significant	  localized	  storm	  surge	  of	  approximately	  2	  meters	  above	  normal	  tidal	  range,	  the	  
Vemco	  receivers	  and	  data	  were	  not	  affected	  by	  the	  storm.	  	  

B.	   Verification	   of	   Range:	   To	   verify	   the	   range	   of	   detection	   of	   the	   East	   Channel	   receivers,	   Verdant	  
conducted	  a	  mobile	  survey	  using	  a	  test	  tag	  in	  August	  2011	  that	  covered	  a	  significant	  reach	  proximate	  to	  
the	  RITE	  Project	  site	  and	  East	  Channel	  receivers	  (See	  Figure	  2).	  A	  unique	  test	  tag	  was	  launched	  at	  Hallet’s	  
Cove	   (Point	   1N)	   and	   suspended	   in	   the	  water	   down	   the	   eastern	   shoreline	   of	   the	   channel	   to	   point	   4N	  
crossing	  the	  channel	  to	  point	  2S	  and	  proceeding	  up	  the	  west	  side	  of	  the	  channel	  to	  point	  7N	  and	  then	  
hauled	  out	  at	  Hallet’s	  Cove.	  	  The	  VEMCO	  data	  was	  then	  downloaded	  from	  the	  VR2W	  RITE	  N	  and	  VR2W	  
RITE	   S	   receivers	   and	   analyzed.	   As	   shown	   on	   Figure	   2,	   the	   estimated	   range	   of	   each	   receiver	   is	   400	  m	  
(1300’)	  in	  all	  directions,	  larger	  than	  the	  river	  width	  at	  each	  deployment	  location.	  This	  exercise	  confirms	  
the	   applicability	   of	   the	   two	   locations	   to	   detect	   tagged	   species	   as	   they	   pass	   in	   proximity	   to	   the	   RITE	  
Project	  site;	  and	  also	  indicates	  the	  appropriate	  location	  for	  future	  deployments	  to	  cover	  the	  entire	  East	  
Channel	  during	  the	  full	  deployment.	  	  	  

C.	  Limitations:	  	  

1)	   A	   similar	   exercise	   cannot	   be	   conducted	   in	   the	  West	   Channel	   to	   verify	   range,	   since	   it	   is	   the	   main	  
navigation	  channel	  and	  small	  vessel	  movement	  in	  this	  pattern	  would	  be	  hazardous.	  	  

2)	  An	  acknowledged	  limitation	  of	  the	  RMEE-‐4	  plan	  as	  demonstrated	  by	  this	  exercise	  is	  that	  a	  “detection	  
event”	  as	  described	  below	  indicates	  that	  a	  tagged	  fish	  was	  somewhere	  in	  the	  range	  of	  the	  receivers	  –	  as	  
noted	  on	  Figure	  2.	  The	  exact	   location	  both	  within	   the	  water	  column	  and	  within	   the	  cross	   section	  and	  
thus	  proximity	   to	   the	  KHPS	   turbines	   cannot	  be	  achieved	  with	   this	   installed	   system.	  A	  detection	  event	  
means	  that	  a	  tagged	  fish	  came	  within	  400m	  of	  the	  proposed	  site	  of	  the	  operating	  KHPS.	  	  

3.0	  Monitoring	  Data	  Analysis	  	  

3.1	  Data	  Collection	  	  
A	  summary	  of	  receiver	  downloads	  and	  tagged	  species	  detection	  history	  is	  provided	  in	  Table	  3-‐1.	  Details	  
are	  provided	  in	  Section	  6.	   	  Both	  VR2W	  RITE	  N	  and	  VR2W	  RITE	  S	  were	  deployed	  in	  May	  2011.The	  West	  
Channel	  receiver	  (VR2W-‐W)	  was	  deployed	  in	  late	  August	  2011.	  Data	  collection	  continues	  at	  this	  time	  on	  
all	  three	  receivers,	  with	  data	  continuity	  verified	  from	  the	  two	  test	  tags.	  	  

The	   maintenance	   of	   this	   detection	   station	   requires	   the	   retrieval	   of	   each	   receiver	   (with	   a	   diver)	   for	  
onshore	  data	  transmission	  via	  blue-‐tooth	  link.	  	  Data	  download	  times	  are	  relatively	  short	  (<	  10	  min)	  and	  
receivers	   are	   immediately	   redeployed	   following	   successful	   transmission.	   	   Yearly	   battery	   replacement	  
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and	  maintenance	  are	  required	  for	  proper	  operation	  at	  a	  cost	  in	  excess	  of	  $5000	  per	  data	  retrieval,	  not	  
including	  analysis	  time.	  	  

Table	  3-‐1	  –	  RITE	  RMEE-‐4	  Summary	  of	  Tagged	  Species	  Detection	  -‐	  August	  2013	  

Receiver	  
Download	  

Date	  

VR2W	  RITE	  
N	  

VR2W	  
RITE	  S	  

VR2W	  
RITE	  W	  

Tagged	  Species	  Detections	  (Color	  code	  in	  
data	  Tables	  in	  Section	  6)	  

5/12/11	   Deployed	   Deployed	   -‐-‐	   RMEE-‐4	  start	  –	  2011	  
6/9/11	   28	  days	   28	  days	   -‐-‐	   1	  striped	  bass	  &	  1	  Atlantic	  sturgeon	  (yellow)	  
8/17/11	   70	  days	   70	  days	  	   Deployed	   No	  tagged	  fish	  were	  detected	  
12/19/11	   -‐-‐	   -‐-‐	   111	  days	   2	  striped	  bass	  &	  1	  Atlantic	  sturgeon	  (green)	  
5/21/12	   278	  days	   278	  days	   154	  days	   3	  Atlantic	  sturgeon&	  1	  striped	  bass	  (blue)	  
8/18/12	   89	  days	   -‐-‐	   -‐-‐	   No	  tagged	  fish	  were	  detected	  
8/27/13	  	   374	  days	   463	  days	   463	  days	   10	   Atlantic	   sturgeon,	   2	   American	   shad	   &	   1	  

alewife	  	  (gray)	  
Total	  
Elapsed	  
Time	  	  

839	  days	  
	  

839	  days	   727days	   Total	  species	  detected:	  4	  
Total	  fish	  detected:	  22	  

	  

3.2	  Tagged	  Species	  identification	  	  
During	  the	  development	  of	  the	  RMEE	  plans	  in	  the	  fall	  of	  2010,	  the	  opportunity	  for	  Verdant	  to	  participate	  
in	   a	  macro	   study	   of	   tagged	   species	   detection	   at	   the	   RITE	   site	  was	   facilitated	   by	   the	   existence	   of	   the	  
Atlantic	   Cooperative	   Telemetry	   (ACT)	   Network.	   Tag	   identification	   efforts	   are	   coordinated	   with	   Tom	  
Savoy,	  CT	  DEP,	  as	  the	  coordinator	  for	  the	  ACT	  Network	  and	  Dana	  Allen	  at	  VEMCO.	  The	  process	  includes:	  

• Screening	  of	  the	  data	  to	  ensure	  test	  tag	  detection	  and	  isolate	  possible	  tags	  	  
• Transmittal	   of	   the	   tags	   for	   verification	   through	   ACT	   and	   VEMCO	   (per	   ACT	   agreement	  

researchers	  share	  identification	  anonymously)	  	  
• Researcher	  contact	  to	  identify	  tag,	  species,	  length	  and	  release	  date	  and	  location5	  
• Summary	  and	  reporting	  in	  relationship	  to	  RITE	  site	  and	  tidal	  conditions	  

To	  date	  this	  effort	  has	  been	  effective	  in	  the	  mutual	  provision	  of	  detection	  events	  to	  the	  researchers	  in	  
the	  ACT	  network	   in	  exchange	   for	   specific	   species	   and	   size	   identification	  of	   fish	  of	   interest	   at	   the	  RITE	  
site.	   	   A	   summary	   of	   the	   unique	   tags	   identified	   is	   provided	   in	   Tables	   6-‐1E	   and	   6-‐1W	   below.	   Per	   the	  
guidance	  of	  VEMCO,	   individual	  tag	   identifications	  with	  only	  a	  single	  detection	  should	  be	  considered	  as	  
false	   detections.	   	   VEMCO	   recommends	   one	   pair	   of	   detections	   less	   than	   thirty	   minutes	   apart:	  
http://www.vemco.com/education/faqs.php#q34.	  	  	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5As	   stated	   in	   the	   RMEE-‐4	   plan,	   as	   of	   December	   2010	   it	   was	   estimated	   that	   approximately	   950	   Atlantic	   and	  
shortnose	  sturgeon	  and	  2,000	  striped	  bass	  are	  tagged	  with	  VEMCO	  tags	  in	  the	  ACT	  network.	  	  
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4.0	  Schedule	  and	  Timing	  

Per	   the	   RMEE-‐4	   plan	   and	   subsequent	   consultations	   with	   the	   agencies,	   it	   has	   been	   agreed	   that	   the	  
collection	  of	  data	  on	   tagged	   species	  will	   be	   continuous	  at	   the	  RITE	  Project	   site,	   rather	   than	   the	  April-‐
November	   timeframe	   originally	   proposed.	   Table	   4-‐1	   summarizes	   the	   permit	   and	   FERC	   license	  
requirements.	  	  

Verdant	  has	  voluntarily	  begun	  this	  study	  well	  in	  advance	  of	  the	  requirements	  to	  establish	  the	  efficacy	  of	  
the	  monitoring	  protocol	  and	  provide	  quantitative	  data.	  During	  September	  2012,	  a	  2-‐week	  in-‐water	  test	  
of	   the	   new	  Gen5	   KHPS	   rotor	  was	   conducted.	   Install	   A,	   the	   first	   operation	   of	   Gen5	   KHPS,	   is	   currently	  
scheduled	   for	   4Q	   2015	   and	   as	   such	   would	   have	   four	   years	   of	   data	   prior	   to	   monitoring	   operating	  
turbines.	   This	   is	   only	   achievable	   due	   to	   the	   generous	   support	   of	   NYSERDA	   and	   DOE,	   and	   the	  
continuation	  of	  cooperation	  from	  the	  ACT	  Network.	  	  

Table	  4-‐1	  -‐	  RMEE-‐4	  Tagged	  Species	  Detection	  (as	  licensed)	  	  

RMEE-‐4	   Install	  A	  
(2	  Turbines)	  

Install	  B-‐1	  
(3	  Turbines	  -‐	  Tri-‐

Frame)	  
RITE	  PILOT	  License	  	  

Install	  B-‐2	  
(+9	  Turbines)	  

RITE	  PILOT	  License	  

Install	  C	  
(+18	  Turbines)	  

RITE	  PILOT	  License	  

VEMCO	  Receivers	   Year	  round	  data	  
collection;	  data	  
download	  2X	  per	  
year	  

Year	  round	  data	  
collection;	  data	  
download	  2X	  per	  
year	  

If	  study	  continues	   If	  study	  continues	  

	  

5.0	  Remedial	  Measures	  

No	  remedial	  measures	  are	  indicated	  by	  the	  results	  of	  the	  monitoring	  conducted	  in	  the	  RMEE-‐4	  plan	  thus	  
far.	  However	  a	  significant	  component	  of	  the	  viability	  of	  the	  plan	  was	  identified.	  	  

Verdant	  Power	  notes	  that	  in	  June	  2013	  the	  company	  was	  advised	  that	  funding	  for	  the	  ACT	  network	  will	  
cease	  operation	  in	  December	  2013.	  A	  successor	  network,	  the	  Mid	  Atlantic	  Telemetry	  Observation	  
System	  (MATOS)	  has	  been	  proposed,	  but	  no	  further	  structural	  or	  participation	  effort	  has	  been	  
forthcoming.	  Further,	  in	  identifying	  tags	  in	  September	  2013,	  Verdant	  was	  advised	  of	  a	  reluctance	  to	  
share	  data	  as	  a	  result	  of	  ongoing	  activities	  outside	  the	  cooperative	  agreement	  of	  ACT	  in	  the	  Hudson	  and	  
East	  Rivers.	  	  

This	  uncertainty	  associated	  with	  the	  ongoing	  cooperation	  from	  fish	  taggers	  and	  the	  scientific	  community	  
to	  support	  Verdant’s	  efforts	  of	  detection	  could	  result	  in	  a	  re-‐evaluation	  of	  the	  RMEE-‐4	  plan	  and	  the	  
suspension	  of	  activities	  at	  RITE.	  	  We	  encourage	  NMFS	  to	  review	  the	  situation	  and	  encourage	  a	  
productive	  compromise.	  For	  2014	  Verdant	  shall	  continue	  data	  collection	  efforts	  despite	  this	  uncertainty.	  	  	  	  



	  

Page	  6	  of	  16	  

6.0	  Results	  and	  Reporting	  

The	  most	  recent	  data	  download	  represented	  the	  period	  May	  2012	  through	  and	  including	  August	  2013,	  
and	  covered	  the	  period	  of	  Superstorm	  Sandy	  October	  28-‐31,	  2012.	  	  

East	  River-‐East	  Channel	  –	  Table	  6-‐1E	  	  
All	  data	  that	  was	  collected	  from	  the	  East	  River-‐East	  Channel	  receivers	  (VR2W	  RITE	  N	  and	  VR2W	  RITE	  S)	  is	  
shown	  on	  Table	  6-‐1E,	  representing	  839	  days	  of	  in-‐water	  detection	  time.	  	  

East	  River-‐West	  Channel	  –	  Table	  6-‐1W	  
All	  data	  that	  was	  collected	  from	  East	  River-‐West	  channel	  receiver	   (VR2W-‐W)	   is	  shown	  on	  Table	  6-‐1W,	  
representing	  727	  days	  of	  in-‐water	  detection	  time.	  	  

	  

Summary	  of	  RMEE-‐4	  Tagged	  Species	  Detection	  –	  May	  2011-‐August	  2013	  

• Voluntary	  program	  by	  Verdant	  Power	  in	  advance	  of	  permit	  and	  license	  requirements;	  partially	  
funded	  by	  NYSERDA,	  with	  support	  from	  US	  Department	  of	  Energy	  	  

• Continuous	  operation	  of	  3	  VEMCO	  receivers	  at	  RITE	  Project	  for	  over	  730	  days;	  no	  data	  continuity	  
problems	  including	  uninterrupted	  monitoring	  through	  Superstorm	  Sandy	  

• No	  operating	  tidal	  turbines	  (KHPS)	  in	  water	  –	  except	  for	  short	  duration	  test	  August	  31	  to	  
September	  9,	  2012;	  no	  detections	  during	  period	  of	  operation	  	  

• 15	  detections	  of	  Atlantic	  Sturgeon	  (CL	  104cm);	  1	  detected	  in	  both	  the	  East	  and	  West	  Channels	  
and	  1	  detected	  in	  2012	  and	  2013	  

• 7	  detections	  of	  other	  tagged	  species	  including	  striped	  bass,	  alewife	  and	  American	  shad	  (30-‐96	  
cm);	  1	  striped	  bass	  detected	  in	  both	  East	  and	  West	  Channels	  

• Detections	  imply	  within	  400m	  of	  receiver	  –	  no	  channel	  distribution	  or	  depth	  possible	  with	  plan	  
configuration	  

• Detection	  events	  split	  between	  West	  Channel	  (16)	  and	  East	  Channel	  -‐	  RITE	  Project	  (6)	  	  	  
• Detections	  focused	  on	  April	  -‐	  June	  period	  and	  October;	  although	  Superstorm	  Sandy	  (October	  29)	  

could	  have	  affected	  2012	  data	  	  
• Detections	  of	  Atlantic	  sturgeon	  mostly	  at	  slack	  or	  near	  slack	  tide;	  other	  species	  vary	  
• Detections	  are	  mostly	  of	  short	  (<1	  to	  2	  hr)	  duration,	  implying	  Atlantic	  sturgeon	  are	  using	  the	  

East	  River	  as	  a	  migration	  route	  
• Success	  of	  program	  relies	  on	  mutual	  continued	  cooperation	  of	  tagging	  researchers	  and	  sharing	  

of	  tag	  identification	  	  
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Table	  6-‐1E	  -‐	  RITE	  East	  Channel	  (May	  2011	  -‐	  August	  2013)	  	  

Event	   Species	   Detected	   Duration	   Tide	   Tagged	   Location	   Length	  (cm)	   Researcher	  
1E-‐11	   Striped	  Bass	   5/14/11	   1	  Min.	  35	  Sec.	   Flood	   5/18/10	   Athens,	  NY	   92.5	   A	  
2E-‐11	   Atlantic	  

Sturgeon	  
6/6/11	   1	  Hr.	  55	  Min.	   Slack	  +	  Near	   5/24/11	   Rockaway,	  NY	   129.9	   B	  

3E-‐116	   Striped	  Bass	   10/17/11	   1	  Hr.	  50	  Sec.	   Slack	  +	  Near	   10/17/09	   U	  Thant	  Island,	  NY	   96	   A	  

1E-‐127	   Atlantic	  
Sturgeon	  

5/5/12	   2	  Min.	  4	  Sec.	   Ebb	   5/3/12	   Rockaway,	  NY	   100.7	   B	  

2E-‐128	   Atlantic	  
Sturgeon	  

10/10/12	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	   N/A	   N/A	   104	  cm(CL)	   N/A	  

1E-‐13	   Alewife	   5/9/13	   2	  Hr.	  34	  Min	  	   Flood	  +	  Ebb	   4/19/13	   Hudson	  River,	  NY	   31.1	   F	  

	  

Table	  6-‐1W	  -‐	  RITE	  West	  Channel	  (August	  2011	  -‐	  August	  2013)	  	  

Event	  	   Species	   Detected	   Duration	   Tide	   Tagged	   Location	   Length	  (cm)	   Researcher	  
1W-‐11	   Striped	  Bass	   9/18/11	   5	  Min.	  40	  Sec.	   Ebb	   10/18/09	   Verrazano	  Bridge,	  NY	   54	   A	  
2W-‐119	   Striped	  Bass	   10/15/11	   5	  Days	   Slack	  +	  Near	   10/17/09	   U	  Thant	  Island,	  NY	   96	   A	  
3W-‐11	   Atlantic	  

Sturgeon	  
10/19/11	   9	  Min.	  2	  Sec.	   Slack	   7/8/11	   LIS,	  Mouth	  of	  CT	  

River	  
108.5	   C	  

1W-‐12	   Atlantic	  
Sturgeon	  

3/18/12	   1	  Min.	  52	  Sec.	   Slack	  +	  Near	  	   4/26/09	   Bethany	  Beach,	  DE	   160	   D	  

2W-‐1210	   Atlantic	  
Sturgeon	  

5/5/12	   6	  Min.	  49	  Sec.	   Slack	   5/3/12	   Rockaway,	  NY	   100.7	   B	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6	  Same	  fish	  as	  2W-‐11;	  2	  days	  later	  October	  2011	  
7	  Same	  fish	  as	  2W-‐12;	  same	  day	  May	  2012	  	  
8	  N/A=	  Not	  Available;	  species	  and	  size	  data	  inferred	  	  
9	  Same	  fish	  as	  3E-‐11;	  2	  days	  before	  October	  2011	  
10	  Same	  fish	  as	  1E-‐12;	  same	  day	  May	  2012	  
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Event	  	   Species	   Detected	   Duration	   Tide	   Tagged	   Location	   Length	  (cm)	   Researcher	  
3W-‐12	   American	  

Shad	  
5/25/12	   1	  Min.	  59	  Sec.	   Flood	   4/12/12	   George	  Washington	  

Bridge,	  NY	  
53.5	   E	  

4W-‐12	   American	  
Shad	  

5/30/12	   51	  Min.	  45	  Sec.	   Slack	  +	  Near	   4/11/12	   Poughkeepsie,	  NY	   50.6	   E	  

5W-‐1211	   Atlantic	  
Sturgeon	  

6/15/12	   1	  Min.	  5	  Sec.	   Flood	   N/A	   N/A	   N/A	   N/A	  

6W-‐12	   Atlantic	  
Sturgeon	  	  

6/19/12	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	  
	  

N/A	   N/A	   N/A	   N/A	  

7W-‐1212	   Atlantic	  
Sturgeon	  	  

6/23/12	   6	  Hr.	  16	  Min.	   Slack	  +	  Near	   N/A	   N/A	   N/A	   N/A	  

8W-‐12	   Atlantic	  
Sturgeon	  	  

10/11/12	   2	  Hr.	  50	  Min.	   Slack	  +	  Near	   N/A	   N/A	   N/A	   N/A	  

1W-‐13	   Atlantic	  
Sturgeon	  	  

4/7/13	   1	  Hr.	  57	  Min.	   Slack	  +	  Near	   N/A	   N/A	   N/A	   N/A	  

2W-‐13	   Atlantic	  
Sturgeon	  	  

6/1/13	   8	  Min.	  59	  Sec.	   Slack	  +	  Near	   N/A	   N/A	   N/A	   N/A	  

3W-‐13	   Atlantic	  
Sturgeon	  	  

6/20/13	   48	  Min.	  28	  Sec.	   Flood	   N/A	   N/A	   N/A	   N/A	  

4W-‐133	   Atlantic	  
Sturgeon	  	  

6/21/13	   50	  Min.	  10	  Sec.	   Slack	  +	  Near	   N/A	   N/A	   N/A	   N/A	  

5W-‐13	   Atlantic	  
Sturgeon	  

7/7/13	   9	  Min.	  35	  Sec.	   Slack	   4/09	   Delaware	  Coast	   153	   D	  

	   	   	   	   	   	   	   	   	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11N/A=	  Not	  Available;	  species	  and	  size	  pending	  
12	  Same	  fish	  as	  4W-‐13	  –	  detected	  in	  June	  2012	  and	  June	  2013	  	  
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7.0	  RMEE-‐4	  Tagged	  Species	  Detection	  Plan	  

Responses	  to	  specific	  RMEE-‐4	  Plan	  Questions:	  	  

1.	  What	   is	  the	  detected	  presence,	  distribution,	  and	  frequency	  of	  tagged	  fish	   in	  the	  East	  River	  during	  
the	  observation	  period?	  	  
Based	  on	  data	  collected	  thus	  far,	  as	  summarized	  in	  Table	  3-‐1,	  a	  total	  of	  15	  tagged	  Atlantic	  sturgeon	  have	  
been	  detected	  and	  7	  other	  tagged	  species	  were	  identified	  in	  more	  than	  25	  months	  of	  data	  collection.	  	  

	  The	  presence	  of	  tagged	  fish	  varies,	  however	  most	  detections	  are	  short	  	  (<	  1	  hour	  up	  to	  6	  hours)	  and	  a	  
single	  observation	  of	  a	  striped	  bass	  of	  over	  5	  days,	  generally	   indicating	  a	  movement	   (at	  or	  near	  slack)	  
rather	  than	  a	  residence	  pattern.	  	  

As	   discussed	   in	   the	   Biological	   Assessment,	   Atlantic	   sturgeon	   (contained	   in	   the	   RITE	   Final	   License	  
Application	   (FLA),	  Volume	  4),	  assumes	   that	  Atlantic	   sturgeon	  use	   the	  East	  River	   to	  move	  between	   the	  
Hudson	   River,	   New	   York	  Harbor	   and	   Long	   Island	   Sound.	   Data	   collected	   for	   over	   2	   years	   confirm	   that	  
Atlantic	   sturgeon	   and	   most	   other	   tagged	   fish	   use	   the	   East	   River	   as	   a	   migration	   route.	   However,	   as	  
discussed	  in	  the	  limitations	  of	  this	  detection	  plan,	  detection	  does	  not	  equate	  to	  an	  interaction	  since	  the	  
detection	  is	  within	  400m	  of	  the	  receiver	  and	  no	  depth	  or	  channel	  location	  or	  distribution	  is	  possible.	  	  

Seasonal	  frequency	  in	  the	  data	  seems	  to	  detect	  an	  April	  -‐	  June	  increase	  in	  detections	  over	  the	  2	  years	  of	  
data;	  however,	  a	  fall	  migration	  does	  not	  appear	   in	  2012	  because	  of	  Superstorm	  Sandy.	   	  The	  next	  data	  
download	  	  (4Q	  2014)	  cover	  fall	  2013	  and	  fall	  2014	  may	  be	  more	  illuminating.	  

2.	   What	   can	   be	   postulated	   from	   this	   data	   as	   to	   the	   potential	   interaction	   of	   these	   species	   with	  
operating	  KHPS?	  
The	   lengths	  of	   the	   identified	   tagged	  Atlantic	   sturgeon	  are	   consistent	  with,	   and	  perhaps	   slightly	   larger	  
than,	  the	  assumptions	  in	  the	  Fish	  Interaction	  Model	  (RITE	  FLA,	  Volume	  4)	  for	  common	  length	  (104	  cm)	  
of	  the	  species.	  	  However,	  this	  may	  be	  an	  artifact	  of	  the	  size	  of	  the	  tagged	  fish	  and	  not	  representative	  of	  
the	  actual	  size	  of	  the	  migrating	  fish.	   	   	  The	  detected	  occurrences	  of	  Atlantic	  sturgeon	   in	  the	  East	  River,	  
with	  relatively	  short	   residence	  times	  near	  slack,	  continue	  to	  confirm	  the	   low	  probability	  of	   interaction	  
with	  operating	  turbines	  since	  the	  turbines	  are	  not	  operated	  at	  slack	  tide.	  	  	  

Additionally,	  the	  P3	  model	  parameter	  –	  Fish	  Distribution	  –	  incorporated	  an	  equal	   likelihood	  (50%)	  that	  
fish	  will	  take	  the	  East	  Channel	  (and	  be	  at	  potential	  risk	  being	  near	  the	  operating	  project)	  over	  the	  West	  
Channel	  (and	  have	  no	  risk	  from	  the	  operating	  project).	  This	  distribution	  –	  now	  over	  a	  two-‐year	  period	  –	  
seems	  to	  indicate	  a	  bias	  now	  towards	  the	  West	  Channel:	  6	  events	  East	  versus	  16	  events	  West.	  While	  this	  
has	   been	   observed,	   Verdant	   reserves	   conclusions	   at	   this	   time,	   pending	   additional	   data,	   however	   the	  
trend	  is	  tending	  towards	  less	  risk	  to	  the	  species	  than	  assumed	  in	  the	  model.	  	  

The	   limited	   number	   of	   detections	   of	   large	   fish	   of	   any	   species	   continues	   to	   support	   Verdant	   fixed	  
hydroacoustic	   and	   VAMS	   data	   taken	   at	   RITE	   (2006-‐10)	   and	   confirm	   measurements	   of	   fish	   length	  
distributions.	  	  Longer	  residence	  times	  were	  observed	  when	  detections	  were	  within	  an	  hour	  of	  slack	  tide,	  
significantly	   lowering	   the	   potential	   impact,	   as	   KHPS	   turbines	  will	   be	   non-‐operational	   for	  most	   of	   that	  
time.	  
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3.	  What,	   if	   anything,	   should	  be	   changed	   in	   the	  protocol	   for	   2013	  and	  beyond	   in	   Installs	  B	   and	  C	   to	  
improve	  detection	  and	  evaluation?	  
The	  modification	  to	  a	  year-‐round	  data	  collection	  protocol	  has	  been	  made	  at	  the	  request	  of	  the	  agencies.	  
The	  RMEE-‐4	  plan	  anticipated	  four	  (4)	  VEMCO	  receivers,	  three	  in	  the	  East	  Channel	  and	  one	  in	  the	  West.	  	  
To	  date,	  Verdant	  has	  deployed	  three	  (3)	  VEMCO	  receivers,	  two	  in	  the	  East	  Channel	  and	  one	  in	  the	  West.	  
For	   2013-‐2014,	   Verdant	   proposes	   continuing	   with	   three	   receivers	   as	   currently	   deployed.	   	   A	   fourth	  
receiver	  on-‐hand	  shall	  be	  used	  as	  a	  back-‐up	   in	  case	  of	  equipment	   failure.	   	   It	   can	  be	  deployed	  using	  a	  
concrete	  bottom	  mount	  in	  either	  the	  East	  or	  West	  Channel	  as	  appropriate	  once	  the	  RITE	  Project	  build-‐
out	  expands.	  

The	  deployment	  and	  maintenance	  of	  VEMCO	  receivers	  to	  provide	  detection	  at	  a	  unique	  point	  in	  the	  NY	  
Bight	  is	  an	  expensive	  operation	  involving	  equipment,	  boats	  and	  divers.	  This	  activity	  is	  partially	  supported	  
by	   NYSERDA	   through	   an	   environmental	   assessment	   project,	   and	   also	   tangentially	   through	   a	   2012	   US	  
DOE	  grant.	  	  Based	  on	  the	  experience	  to	  date,	  and	  the	  verification	  of	  successful	  battery	  life	  of	  at	  least	  15	  
months,	  Verdant	  recommends	  collecting	  data	  when	  other	  on-‐water	  operations	  are	  planned	  to	  minimize	  
costs,	  rather	  than	  the	  twice	  yearly	  recommendation	  stipulated	  in	  the	  RMEE-‐4	  plan	  and	  the	  FERC	  License	  
Article.	  	  This	  is	  consistent	  with	  the	  low	  abundance	  of	  tagged	  species	  detected	  thus	  far.	  

Based	  on	  the	  25	  months	  of	  study,	  Verdant	  does	  not	  propose	  any	  recommended	  changes	  to	  the	  RMEE-‐4	  
plans	   and	   protocols	   for	   tagged	   species	   detection.	   Continuing	   data	   collection	   up	   to	   and	   including	   the	  
period	  of	  the	  first	  operation	  of	  Gen5	  turbines	  at	  RITE	  will	  form	  a	  sound	  basis	  for	  evaluation	  as	  the	  first	  
Gen5	  KHPS	  turbines	  are	  planned	  for	  operation.	  This	  data	  collection	  shall	  inform	  any	  changes	  for	  Installs	  
B	  and	  C	  as	  they	  develop.	  	  

However,	   the	  ongoing	  success	  of	   this	   tagged	  species	  detection	  plan	  relies	  on	  the	  ongoing	  cooperation	  
and	   sharing	  of	   tagged	   species	   identification	  and	   size	  by	   researchers	   in	   the	  community.	  While	  Verdant	  
recognizes	  that	  funding	  for	  tagging	  and	  network	  maintenance	  is	  competitive	  and	  at	  a	  premium,	  Verdant	  
encourages	  continued	  leadership	  and	  funding	  of	  these	  programs	  by	  NMFS	  to	  advance	  the	  research	  and	  
promulgate	  the	  protection	  of	  the	  species.	  	  	  
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9.0	  Agency	  Comments	  and	  Disposition	  	  

This	  draft	  report	  was	  provided	  to	  RITE	  fishery	  consultation	  agencies	  (NYSDEC,	  USFWS,	  NMFS,	  USACE,	  
EPA	  and	  FERC)	  in	  October	  2013	  for	  review	  and	  comment.	  The	  following	  comments	  were	  received	  from	  
NYSDEC	  on	  February	  13,	  2014	  (NYSDEC	  letter	  provided	  as	  Attachment	  A):	  
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• Frequency	  of	  Downloads:	  NYSDEC	  commented	  that	  it	  would	  prefer	  to	  see	  quarterly	  downloads	  
of	  VEMCO	  data.	  	  

Response:	  As	  discussed	  in	  the	  report,	  the	  FERC-‐	  and	  WQC-‐approved	  RMEE-‐4	  download	  
frequency	  is	  2	  times	  per	  year,	  when	  the	  KHPS	  is	  operating.	  	  Since	  no	  operating	  turbines	  are	  in	  
the	  water,	  Verdant	  has	  voluntarily	  implemented	  this	  effort	  to	  collect	  baseline	  data.	  The	  fall	  2012	  
data	  collection	  was	  impeded	  by	  Superstorm	  Sandy	  and	  hence	  the	  elapsed	  period	  covered	  by	  this	  
report	  was	  indeed	  over	  one	  year.	  However,	  as	  shown	  in	  the	  graphic	  below,	  a	  twice	  yearly	  or	  
even	  reduction	  to	  annual	  download	  in	  the	  August	  -‐	  September	  period	  is	  perhaps	  warranted	  
based	  on	  the	  data.	  As	  discussed,	  Verdant	  plans	  to	  download	  data	  by	  December	  2014.	  	  	  NYSDEC	  
further	  comments	  that	  alternate	  methods	  for	  data	  retrieval	  may	  be	  possible,	  however	  the	  
VEMCO	  installation	  at	  RITE	  was	  not	  designed	  for	  retrieval	  except	  at	  6-‐15	  month	  intervals,	  based	  
on	  the	  approved	  RMEE	  plan	  and	  available	  funding.	  	  

	  	  Figure	  4.	  	  Atlantic	  sturgeon	  detections	  by	  month	  in	  the	  vicinity	  of	  the	  RITE	  Project	  in	  the	  East	  
River,	  May	  2011	  to	  August	  2013	  

(From	  Paper	  to	  be	  presented	  at	  GMREC,	  METS,	  April	  2014)	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

• Detection	  at	  Slack	  Tide:	  NYSDEC	  comments	  that	  noise	  might	  be	  a	  contributing	  factor	  to	  
detection	  of	  tags	  at	  slack	  tide,	  and	  if	  Verdant	  has	  addressed	  this	  issue.	  	  

Response:	  As	  noted	  on	  the	  Tables,	  Verdant	  can,	  with	  precision,	  determine	  the	  tidal	  condition	  at	  
the	  time	  of	  the	  detection,	  since	  it	  has	  concurrent	  ADCPs	  recording	  the	  water	  currents.	  As	  noted	  
on	  page	  4	  of	  the	  report,	  Verdant	  does	  have	  a	  test	  tag	  concurrently	  deployed	  in	  both	  the	  East	  
and	  West	  Channels	  at	  all	  times	  to	  ensure	  data	  integrity	  regardless	  of	  tidal	  condition	  or	  
navigational	  vessel	  noise.	  	  While	  concerns	  have	  been	  expressed	  that	  there	  may	  be	  a	  possibility	  
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of	  reduced	  detections	  during	  high	  flow	  periods,	  patterns	  of	  fish	  detected	  over	  a	  tidal	  cycle	  (more	  
at	  slack,	  less	  during	  maximum	  ebb	  and	  flood)	  have	  been	  independently	  verified	  by	  the	  
hydroacoustic	  data	  collected	  at	  the	  site.	  	  

• Common	  Length:	  NYSDEC	  Comments	  that	  the	  notation	  “Common	  Length”	  CL	  and	  “N/A	  “
meaning	  “not	  available”	  indicates	  lack	  of	  biological	  information.

Response:	  Indeed,	  as	  noted	  in	  the	  report,	  with	  the	  ACT	  funding	  diminished	  and	  increased
competition	  for	  funding	  among	  researchers	  for	  tagged	  species	  studies,	  the	  cooperative	  network
of	  sharing	  of	  detections	  and	  biological	  data	  can	  be	  compromised.	  Verdant,	  and	  its	  consultant
Kleinschmidt	  Associates	  (Chris	  Tomichek	  ),	  continues	  to	  actively	  work	  with	  the	  researchers	  to
identify	  and	  share	  data,	  and	  will	  update	  the	  Tables	  as	  information	  does	  become	  available.

Verdant	  encourages	  NYSERDA,	  NYSDEC	  and	  NMFS	  to	  actively	  support	  the	  efforts	  of
independent	  researchers	  in	  the	  region,	  specifically	  to	  provide	  funding	  for	  tagged	  species
release,	  such	  that	  these	  macro	  studies	  of	  movement,	  migration	  and	  transit	  patterns	  are	  more
defined.	  This	  will	  become	  increasingly	  import	  as	  we	  move	  to	  evaluate	  the	  effect	  of	  multiple
operating	  turbines	  in	  the	  East	  Channel	  of	  the	  East	  River,	  NY.
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Figure	  1.	  RITE	  RMEE-‐4	  VEMCO	  receiver	  (3)	  and	  test	  tag	  (2)	  deployment	  locations	  

Figure	  2.	  RITE	  Project	  VEMCO	  Receiver	  Range,	  Test	  tag	  verification	  –	  August	  2011	  
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Attachment	  A:	  
	  2013	  NYSDEC	  Comments	  



Page 15 of 16



Page 16 of 16



 1 

Proceedings of the 2nd Marine Energy Technology Symposium 
METS2014 

April 15-18, 2014, Seattle, WA 

TAGGED SPECIES DETECTION: APPROACH TO MONITORING MARINE 
SPECIES AT MARINE HYDROKINETIC PROJECTS 

Chris Tomichek1 
Senior Fisheries Biologist 
Kleinschmidt Associates 

Essex, CT, USA 
 

Michael Frisk 
Assistant Professor 

Stony Brook University 
Stony Book, NY. USA   

  
Adrian Jordaan 

Assistant Professor of Fish 
Population Ecology  
and Conservation  

University of Massachusetts 
Amherst, MA. USA  

Jonathan Colby 
Hydrodynamic Engineer 

Verdant Power 
NY, NY, USA 

 
Keith Dunton 

PhD Candidate 
Stony Brook University 

Stony Book, NY. USA  
 
 

 

1Corresponding author:  

Mary Ann Adonizio, P.E. 
Project Manager 
Verdant Power 

NY, NY, USA 
 

Dewayne Fox 
Assistant Professor Fisheries 

Delaware State University  
Dover, DE. USA 

 
 
 

Chris.Tomichek@KleinschmidtGroup.com 
 
 
 
 

ABSTRACT 
  Verdant Power, LLC (Verdant) is licensed to 
operate an array of up to 30 kinetic hydropower 
turbines in East River, NY. During the licensing 
process, National Marine Fisheries Service 
(NMFS), the federal regulatory agency responsible 
for protecting Endangered Species Act (ESA)-
listed Atlantic and shortnose sturgeons, expressed 
concern regarding the potential interaction of 
these species with the turbines.  To advance 
understanding of potential interactions, Verdant, 
partnering with the marine fishery community 
through the Atlantic Cooperative Telemetry (ACT) 
Network, installed 3 VEMCO fixed detection 
devices near the Project to collect presence and 
distribution data on sturgeon tagged by the ACT 
researchers.   
 During the 25 months that the receivers have 
been deployed, 22 tagged fish ranging in size from 
<50 cm to >150 cm have been detected including 
15 Atlantic sturgeon. These data have provided 
valuable spatial and temporal distribution 
information and represent the first documented 
proof that sturgeon migrate through the East 
River.        
 
INTRODUCTION 
 The introduction of Marine Hydrokinetic 
(MHK) technologies into the East River, New York 
City, poses a new and unknown risk to fish 
populations. These unknown risks remain  

obstacles to the broad deployment of MHK devices 
[1]. To characterize this risk, a basic 
understanding of the MHK technologies involved, 
typical environmental conditions and target 
species distribution and spatial movements must 
be factored into the analysis. MHK technologies 
refer to a group of devices that extract energy 
directly from the kinetic energy present in moving 
water. Some devices, such as the turbine 
developed by Verdant, are designed to extract 
energy from tidal flows in a manner similar to the 
way a typical wind-turbine operates. The Verdant 
turbine is an open bladed horizontal axis, 
downstream type whose design is such that as the 
flow direction changes from flood to ebb tide, the 
turbine yaws to align with the flow. The Verdant 
turbine features a 5 m diameter rotor with a blade 
profile that allows it to rotate at a fixed speed of 
40 rpm. As such, the tip speed ratio varies from 
10.5 (Vw = 1 m/s) to 4.2 (Vw = 2.5 m/s) and the 
tip speed at rated power is 5 (Vw = 2.1 m/s) 
which would be the optimal tip speed ratio of 5. 
Since the turbine rotates at a fixed speed, the 
maximum tip speed = 10.5 m/s (23.5 mph). 
 The East River is a 17-mile long tidal strait 
connecting the waters of Long Island Sound with 
those of the Atlantic Ocean in New York Harbor 
(Figure 1). It separates the New York City 
Boroughs of Manhattan and the Bronx from 
Brooklyn and Queens and is a saltwater 
conveyance passage for tidal flow. The East River 
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bifurcates to flow around Roosevelt Island, 
forming the East and West Channels.  Verdant has 
received the first US Federal Energy Regulatory 
Commission (FERC) Hydrokinetic Pilot License (P-
12611).The license allows for the operation of a 
commercial array of up to 30 kinetic hydropower 
turbines in the East Channel of the East River, 
known as the Roosevelt Island Tidal Energy 
(RITE) Project.  While there had been no 
documented observations of sturgeon in the East 
River, two ESA-listed sturgeon species, Atlantic 
and shortnose, are known to occur in New York 
Harbor and Long Island Sound.  Sturgeon of both 
species tagged in the Hudson River have been 
captured in Long Island Sound [2], [3]. 
 

 
FIGURE 1.  LOCATION OF VERDANT POWER RITE 
PROJECT IN THE EAST RIVER, NEW YORK CITY 

 Both Atlantic and shortnose sturgeon are 
large, long lived species known to occur in the 
Hudson River and Long Island Sound. Currently, 
there are over 1,500 Atlantic sturgeon, 350 
shortnose sturgeon, over 2,000 striped bass along 
with bluefish, winter flounder, American shad and 
other fish tagged by ACT collaborators along the 
Atlantic Coast. While information on the tagged 
fish is shared among a group of marine 
researchers known as the Atlantic Cooperative 
Telemetry (ACT) Network, it remains the 
intellectual property of each researcher. Verdant 
maintains three acoustic tag receivers and 
periodically downloads the data. If a tag is 

detected, contact is made with the researchers in 
the ACT Network for identification.  Given the tag 
number, the origin of the tagged fish can be 
determined and direct contact is made with the 
researchers who tagged the fish to provide 
information as to when and where the fish was 
detected. Similar acoustic tracking consortiums 
exist throughout the world. 
 
 
MATERIALS AND METHODS 
 Passive acoustic monitoring is used to 
quantify the presence of tagged individuals.  
Underwater omni-directional acoustic receivers 
(VEMCO VR2W) have been deployed in the RITE 
Project area since 2011.  The VEMCO VR2W is a 
submersible, single-channel acoustic receiver that 
consists of a hydrophone, receiver, identification 
detector, data logging memory, and battery, 
housed in a submersible case. It operates on a 
factory set frequency, can decode uniquely coded 
pingers and sensor transmitters from VEMCO 
acoustic tags, and records the tag code number 
and the date/time of detections.  This information 
is stored in memory until downloaded.  Bluetooth 
wireless communication is used to download the 
data; however, the unit must be out of the water 
for data uploads.  It can store up to eight 
megabytes of data, which equates to more than 
one million valid detections. If a valid detection is 
received every 30 seconds, it will require about a 
year to fill the memory.  Battery life is 
approximately 15 months. 
 Verdant Power has installed three VEMCO 
VR2W receivers in and around the RITE Project 
(Figure 2).  Two of the receivers, VR2W RITE N 
and VR2W RITE S, were deployed in May 2011 in 
the East Channel of the East River from existing 
buoys at the RITE Project site.  The third 
receiver,VR2W-W, was deployed in August 2011 
in the West Channel of the East River using a 
concrete bottom mount, adjacent to an unused 
pier on Roosevelt Island. The primary receiver 
frequency is 69 kHz.  
 To confirm receiver operation throughout the 
data collection period, two unique test tags, TT-1 
and TT-2 were deployed for data quality control.  
TT-1 was deployed in the East Channel from an 
existing buoy equally spaced between VR2W RITE 
N and VR2W RITE S.  TT-2 was deployed in the 
West Channel attached to the concrete bottom 
mount with VR2W-W.  The detection of a signal 
from both test tags, continuously present near the 
respective receivers, confirms continuous receiver 
operation throughout the reporting period. 
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FIGURE 2. RITE VEMCO RECEIVER (3) AND TEST TAG 
(2) DEPLOYMENTS 

 To verify the range of detection of the East 
Channel receivers, Verdant conducted a mobile 
survey using a test tag in August 2011 that 
covered the reach of river proximate to the Project 
site and East Channel receivers (Figure 3). Near 
the end of an ebb tide, a vessel departed from 
Hallet’s Cove, Station 1, and begin moving south 
towards the project site.  At each station [1N – 4N] 
along the route, see Figure 3, the vessel stopped 
and remained stationary for a few minutes.  The 
survey continued south of the Roosevelt Island to 
stations 1S and 2S.  At the slack tide, the vessel 
returned north to the stations [5N – 7N] on the 
incoming flood and return to Hallet’s Cove. The 
VEMCO data were then downloaded from the 
VR2W RITE N and VR2W RITE S receivers and 
analyzed. As shown on Figure 3, the estimated 
range of each receiver is 400 m (1300’) in all 
directions, larger than the river width at each 
deployment location. This exercise confirmed the 
applicability of the two locations to detect tagged 
species as they pass in proximity to the RITE 
Project site. A similar exercise cannot be 
conducted in the West Channel to verify range, 
since it is the main navigation channel and small 
vessel movement in this pattern would be 
hazardous.  A “detection event” indicates that a 
tagged fish was somewhere in the range of the 
receivers. The exact location both within the 
water column and within the cross section and 

thus a detection event means that a tagged fish 
came within 400 m of the proposed site of the 
operating turbine system.  Per the guidance of 
VEMCO, individual tag identifications with only a 
single detection should be considered as false 
detections.  VEMCO recommends, at minimum, 
one pair of detections less than thirty minutes 
apart.   
 

 
FIGURE 3. RITE PROJECT VEMCO RECEIVER RANGE, 
TEST TAG VERIFICATION – AUGUST 2011 

 The most recent data download represents 
the period May 2012 through August 2013, and 
covered the period of Superstorm Sandy during 
October 28-31, 2012. While the area in and 
around the Project experienced a significant 
localized storm surge of approximately 2 meters 
above normal tidal range, the VEMCO receivers 
remained in place and functional after the storm.  
 A summary of receiver deployments and 
downloads is provided in Table 1. Both VR2W 
RITE N and VR2W RITE S were deployed in May 
2011. The West Channel receiver (VR2W-W) was 
deployed in late August 2011. Data collection 
continues at this time on all three receivers, with 
data continuity verified from the two test tags.  
 The maintenance of these detection stations 
requires the retrieval of each receiver (utilizing a 
diver) for onshore data transmission via Bluetooth 
link.  Data download times are relatively short 
(<10 min) and receivers are immediately 
redeployed following successful transmission. 
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Yearly battery replacement and maintenance are 
required for proper operation. 
 The opportunity for Verdant to participate in 
a study of tagged species detection was facilitated 
by the existence of the Atlantic Cooperative 
Telemetry (ACT) Network. The process includes: 
• Screening of the data to ensure test tag 

detection and isolate possible tags;  
• Transmittal of the tags for verification 

through ACT;  
• Researcher contact to identify tag, species, 

length and release date and location; 
• Summary and reporting in relationship to 

RITE site and tidal conditions. 
 

 To date, this effort has been effective in the 
mutual provision of detection events to the 
researchers in the ACT Network in exchange for 
specific species identification of fish of interest at 
the RITE site.  
 
 
RESULTS 
 All data collected from the East Channel 
receivers (VR2W RITE N and VR2W RITE S) 
represent 839 days of in-water detection time 
while data collected from the West Channel 
receiver (VR2W-W) represents 727 days of in-
water detection time (Table 1). During this period 
there was no disruption in data continuity.  Site 
specific information is available for the Atlantic 
sturgeon detected in the study (Table 2). This 
migration data is valuable to determine potential 
impacts of Verdant’s MHK turbines on this species. 
 A total of 15 Atlantic sturgeon have been 
detected traversing the East River within 400 m of 
one of the three receivers (Table 2).  Of those, one 
fish was detected in both the East and West 
Channels (detected May 5, 2012 in both channels) 
and one fish was detected in the West Channel on 
June 23, 2012 and again a year later on June 21, 
2013.  There were seven detections of other 
tagged species including four striped bass, one 
alewife and two American shad. One of the striped 
bass was detected in both the West and East 
Channels on October15 and 17, 2011, respectively.  
No tagged shortnose sturgeon have been detected 
traversing the project.  
 Detections occurred in both the East and West 
Channels, although more than twice as many 
Atlantic sturgeon were detected in the West 
Channel as the East (Table 2).  The cross sectional 
areas of the two channels are roughly equal, as 

both channels have similar widths of 
approximately 240 m and depths of 10 m.  The 
volume of water passing through both channels is 
equal to within approximately 5%.  However, the 
West Channel has a slightly higher average flow 
speed which may account for more sturgeon 
traversing that channel.  The direction of movement 
could not be determined as tags were simultaneously 
detected at both receivers deployed in the East 
Channel. 
 
TABLE 1. SUMMARY OF RECEIVER DEPLOYMENTS 
AND DOWNLOADS IN THE EAST RIVER FROM MAY 
2011 THROUGH AUGUST 2013 

 
Atlantic sturgeon detections were concentrated in 
the mid-March to June period and October (Figure 
4).  Most Atlantic sturgeon were detected in the 
East River in June (7), then October (3) with two 
detected in May and one in each month of March, 
April and July.  Superstorm Sandy occurred on 
October 29, 2012 and could have affected the 
2012 data.     
 

 
 FIGURE 4.  ATLANTIC STURGEON DETECTIONS 
BY MONTH IN THE VICINITY OF THE RITE PROJECT 
IN THE EAST RIVER, MAY 2011 TO AUGUST 2013 

 

Receiver 
Download 

Date 

VR2W 
RITE N 

VR2W 
RITE S 

VR2W 
RITE W 

5/12/11 Deploy Deploy -- 
6/9/11 28 days 28 days -- 
8/17/11 70 days 70 days  Deploy 
12/19/11 -- -- 111 days 
5/21/12 278 days 278 days 154 days 
8/18/12 89 days -- -- 
8/27/13  374 days 463 days 463 days 
Total 
Elapsed 
Time  

839 days 
 

839 days 727days 
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FIGURE 5.  ATLANTIC STURGEON DETECTIONS RELATIVE TO TYPICAL TIDAL CYCLE IN THE VICINITY OF THE RITE 
PROJECT, EAST CHANNEL (3 IDS) AND WEST CHANNEL (12 IDS), EAST RIVER, MAY 2011 TO AUGUST 2013 

TABLE 2.  ATLANTIC STURGEON DETECTED IN THE VICINITY OF THE RITE 
PROJECT IN THE EAST RIVER, MAY 2011 TO AUGUST 2013 

       Date  Channel    Duration     Tide 
       Detected Detected 

June 6, 2011 East 1 Hr. 55 Min.    Slack    
May 5, 2012 East 2 Min. 4 Sec.    Ebb 

Oct. 10, 2012 East 1 Hr. 57 Min.   Slack   
Oct. 19, 2011 West 9 Min. 2 Sec.   Slack 

March 18, 2012 West 1 Min. 52 Sec.   Slack    
May 5, 2012 West 6 Min. 49 Sec.   Slack 

June 15, 2012 West 1 Min. 5 Sec.   Flood 
June 19, 2012 West 1 Hr. 57 Min.   Slack   
June 23, 2012 West 6 Hr. 16 Min.   Slack   
Oct. 11, 2012 West 2 Hr. 50 Min.   Slack   
April 7, 2013 West 1 Hr. 57 Min.   Slack   
June 1, 2013 West 8 Min. 59 Sec.   Slack   

June 20, 2013 West 48 Min. 28 Sec.   Flood 
June 21, 2013 West 50 Min. 10 Sec.   Slack   

July 7, 2013 West 9 Min. 35 Sec.   Slack 

 
 Detections of Atlantic sturgeon were mostly at 
slack or near slack tide when the Verdant turbines 
do not operate.  Figure 5 depicts a typical East 
River tidal cycle range overlaid with the 
occurrence of the sturgeon during the tidal cycle. 
One sturgeon traversed through the East Channel 
during the ebb tide while two were detected in the 
West Channel during the flood tide.  Of the 15 
Atlantic sturgeon detected, only one had a chance 
to encounter an operating turbine as the turbines 
do not operate when the velocity is less than 1 
m/s (shaded area) and there are no turbines in 
the West Channel. Unlike Atlantic sturgeon that 
were mostly detected at or near slack tide, striped  

bass, alewife and shad were recorded at flood, ebb 
and slack tide.  
 The detections of Atlantic sturgeon ranged 
from 6 hours and 16 minutes to 1 minute (see 
Table 2). For the 15 sturgeon detected, the 
average time in the project area was just over 2 
hours.  However, one sturgeon was detected in the 
area for over 6 hours and one for almost 3 hours 
while all the other 13 were there less than 2 
hours.  The majority of the sturgeon (7) were in 
the area for less than 10 minutes.     
 The time of day the sturgeon were detected 
migrating through the project area ranged from 3 
am to midnight.  Seven of the 15 sturgeon were 
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detected during the day and the other 8 were 
detected at night.  
 Except for a short duration test August 31 to 
September 9, 2012, there were no operating tidal 
turbines in the water while these data were 
collected. During this short period of testing, no 
tagged fish detections occurred. 
 
DISCUSSION 
 During the 25 months tagged sturgeon have 
been monitored in the vicinity of the Project in the 
East River, data have been collected that provide a 
previously unknown understanding of their use of 
this tidal strait.  Prior to this study, researchers 
speculated with indirect evidence that sturgeon 
use this waterway to migrate between the New 
York Harbor and Long Island Sound [3].  Atlantic 
sturgeon, a large fish even amongst sturgeon 
species [4] undertake northerly summer and 
southerly winter coastal migrations [5].  Atlantic 
sturgeon remain in their natal estuary for months 
to years before emigrating to open ocean as 
subadults [6], [7], [8]. After emigration from the 
natal estuary, subadults and adults travel within 
the marine environment, using coastal bays, 
sounds, and ocean waters [9], [10],, [3], [5]. 
Dunton et al. [5] found Atlantic sturgeon were 
largely at water depths less than 20 m and formed 
aggregations at the mouths of bays (Chesapeake 
and Delaware bays) or estuaries (Hudson and 
Kennebec rivers) during the fall and spring then 
dispersed throughout the Mid- Atlantic Bight 
during the winter.  Depth, temperature, and 
salinity were found to be significantly related to 
the distribution of Atlantic sturgeon along the 
Coast [5].  In addition, water temperature plays a 
primary role in triggering the timing of spawning 
[11].  Female sturgeon move downstream and out 
of the Hudson River soon after spawning in late 
April while males remain in the river until fall 
[12]. The sturgeon movements through the East 
River, primarily late spring and fall, coincide with 
their movements out of the Hudson River and 
observed coastal migration patterns.   

While a large population of shortnose 
sturgeon occurs in the Hudson River from Troy 
Dam to the waters near Staten Island in New York 
Harbor [13], no shortnose sturgeon were detected 
traversing the East River. These fish are 
amphidromous, spending most of their lives in 
freshwater but occasionally migrating to estuaries 
[14].  Shortnose sturgeon have been captured near 
the confluence of the East River and New York 
Harbor and at least two shortnose sturgeon 
tagged in the Hudson River have been recaptured 
in the Connecticut River, although it is not know if 
these fish traveled through the East River, or 
exited through New York Harbor and into the 

Atlantic Ocean.  Most shortnose sturgeon captured 
in the Hudson River estuary have been adults 
([15].              

The presence of tagged fish varied; however, 
most detections were short from less than 1 hour 
up to 6 hours, indicating a migratory pattern 
rather than residence.  Most Atlantic sturgeon tags 
were detected at or near slack tide when the 
turbines do not operate.  However, detection 
efficiencies can vary greatly with tidal periodicity.  
Maximum flood and ebb tides would be the 
noisiest and could decrease detection range to less 
than 400 m. While tag detection tests were 
conducted, they were performed on the slack side 
of the tides and do not represent all tidal 
conditions.  However, Verdant deployed an array 
(24) of split-beam transducers to continuously 
monitor the Project area and results 
demonstrated movement patterns that were 
similar to those observed during the tag species 
detection study where most fish passed through 
the site at slack tide and few when tidal velocities 
were at maximum [16].  

Verdant plans to continue deployment of the 
receivers for tagged species detection recognizing 
the ongoing success of this tagged species 
detection plan relies on the ongoing cooperation 
and sharing of tagged species identification by 
researchers in the community.  This 25-month 
effort to detect sturgeon in the East River 
demonstrates that access to integrated telemetry 
data is beneficial.  Recognizing that tag 
identifications are the intellectual property of the 
researchers, MHK developers and others planning 
receiver deployment must work within the 
framework of a cooperative agreement in order to 
guarantee continued access to data. 
 
 
CONCLUSIONS 
 During 25 months, tagged Atlantic sturgeon 
have been monitored in the vicinity of the Project 
in the East River, and data have been collected 
that provide a previously unknown understanding 
of their use of this tidal strait.  Of the 15 Atlantic 
sturgeon that traversed the East River, this study 
demonstrated only one would potentially 
encounter an operating tidal turbine (water 
velocity>1 m/s).  
 Tagged species detection is a cost-effective 
method for MHK developers to collect valuable 
site specific information on distribution of 
targeted species, but only if cooperative 
agreements with tagging research networks are 
established. In this arrangement, both entities 
benefit, the MHK developer, from specific site data 
and the research network receiving spatial and 
temporal information at additional receiver array 
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locations. However, the success of this 
relationship is predicated on continuing support 
of funding through competitive grants that 
support the researchers’ costs of tagging 
activities.  Total costs are substantial as most 
tagging is done from research vessels with 
multiple researchers involved, therefore incurring 
labor, vessel and equipment cost that frequently 
exceed $100,000 per year. In addition, there is an 
exhaustive ESA permitting process required for 
tagging and additional costs to secure funding 
through competitive grants. Continued 
cooperation in the telemetry networks should be 
encouraged and MHK developers and others 
planning receiver deployment need to enter into 
upfront agreements with telemetry network 
researchers and encourage funding of ongoing 
tagging research activities. 
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INTRODUCTION  
 
 One of the most important biological 
questions facing the marine and hydrokinetic 
(MHK) energy industry is whether fish and marine 
mammals that encounter MHK devices are likely 
to be struck by moving components. Key to 
answering this question is understanding whether 
aquatic organisms change their swimming 
behavior as they encounter a device in a way that 
decreases their likelihood of being struck or 
injured by the device. 
 
 
OBJECTIVES 
 
 The first objective of this project was to use 
multi-beam hydroacoustics to quantify near-field 
fish behavior (i.e., changes in water-column 
position and swimming direction and velocity) in 
response to encountering an operating full-scale 
hydrokinetic turbine. The second objective was to 
use the fish behavior results to parameterize an 
existing fish interaction model and then use the 
model to assess which approach (i.e., field 
observation, experimentation, modeling) will be 
most effective for monitoring the effects of turbine 
arrays on fish interactions. 
 
 During testing of their Gen5 turbine (Figure 1) 
at the Roosevelt Island site in the East River (New 
York), the Verdant Power Company used a 
remote-controlled, bottom-mounted, DIDSON 
multi-beam acoustic camera to collect images of 
passing fish in the vicinity of the turbine.  These 
data were collected continuously for 19 days 

through all tidal cycles and included periods when 
the turbine was operational, when it was in 
position but the turbine was stopped, and after 
the turbine had been removed.    
 

 
FIGURE 1. VERDANT POWER’S KINETIC 
HYDROPOWER SYSTEM (KHPS) TURBINE AS 
DEPLOYED IN THE EAST RIVER, NEW YORK CITY. 

 
METHODS 
 
 We used commercial software (Echoview) to 
analyze the DIDSON data to quantify near-field 
behavioral response and swimming trajectories of 
fish encountering the tidal turbine (Figure 2). Our 
analysis revealed the location, heading, and 
velocity of each fish as it passed through the multi-
beam field. Behavioral response (change in 
direction or velocity) was evaluated as a function 
of turbine presence and operation, time of day, 
tide cycle, water velocity, depth, and fish size. 



 2 

 
 Automated analysis of the DIDSON data was 
faced with several challenges, including rotating 
blades, periodic turbine wobble, and changing 
turbine orientation four times daily with tidal 
flow.  
 
 

 
FIGURE 2. PLAN VIEW OF THE DIDSON ACOUSTIC 
CAMERA FIELD WITH TURBINE AT THE TOP OF THE 
FIGURE AND A PASSING SCHOOL OF FISH IN THE 
MIDDLE. RIVER FLOW WAS RIGHT TO LEFT. 

 
RESULTS 
 
 Most of the fish targets observed were less 
than 20 cm in length (Figure 3). The general 
understanding based on laboratory studies is that 
the effects of blade strike are typically more 
severe for larger fish [1] which is where we 
focused this analysis.  

 
FIGURE 3. SIZE DISTRIBUTION OF FISH TARGETS 
OBSERVED ON 05SEP (07:30-08:20) DURING PEAK 
EBB TIDE. 

 We structured our analysis such that 
comparisons of turbine presence versus turbine 
absence or turbine operating versus turbine 
stationary were made during periods of the same 
tidal cycle.  For example, Figure 4 compares the 
direction of fish moving through the DIDSON field 
during a 2.5-hour period of peak ebb tide on 
September 8 when the turbine was operating to 
the same time period and tide conditions on 
September 13 after the turbine had been removed. 
In this example, most fish traveled in the same 
direction as the current (220-240° compass 
heading relative to the DIDSON) with some 
moving against the current (40-60°). Preliminary 
analysis suggests that there is no indication of an 
effect of nearness to the turbine which was 
located at 14-15 m from the DIDSON or a 
difference between when the turbine is operating 
versus when absent.  
 

 
FIGURE 4. SWIMMING DIRECTION OF 175 FISH 
TRACKS WHEN TURBINE OPERATING (TOP) AND 
115 TRACKS WHEN REMOVED (BOTTOM). TURBINE 
LOCATION IS AT 15 M FROM DIDSON. 

 
 A similar comparison of tortuosity (a measure 
of change in direction during a fish track) suggests 
that fish nearest the turbine may exhibit more 
frequent change in direction as they pass than 
those farther from the turbine (Figure 5).  
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FIGURE 5. CHANGE IN SWIMMING DIRECTION 
(TORTUOSITY) OF 175 FISH TRACKS WHEN 
TURBINE OPERATING (TOP) AND 115 TRACKS 
WHEN REMOVED (BOTTOM). TURBINE LOCATION IS 
AT 15 M FROM DIDSON. 

 
 
DISCUSSION 
 
 The use of multi-beam acoustics proved to be 
a useful way to evaluate the near-field interactions 
of fish with an operating turbine. The position and 
aim of the DIDSON unit is critical to capturing the 
most information.  This is a particular challenge in 
tidal environments with turbines that change 
orientation with the direction of flow.  The 
movement of the turbine also presents a challenge 
in automating data analysis, which is crucial since 
weeks of continuous data are necessary to 
adequately capture fish interactions under all 
conditions of flow and turbine operation. 
 
 Preliminary results suggest that some 
avoidance does occur and observed blade strikes 
are extremely rare. 
  
 These results will be used to parameterize an 
existing strike interaction model produced 
specifically for the Roosevelt Island project to 
better understand the potential impact of single 
and multiple hydrokinetic turbines on resident 
and migratory fish. 
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INTRODUCTION 
As part of the FERC licensing process for 

Verdant Power’s FERC licensed Roosevelt Island 
Tidal Energy (RITE) Project (P-12611) in the East 
Channel of the East River, New York City (NYC) a 
Kinetic Hydropower System (KHPS)–Fish 
Interaction Model (KFIM) was developed. The 
model addresses the probabilities of fish 
interacting with a pilot project array of up to 30 
KHPS turbines operating in the East Channel of 
the East River [1]. The model uses seven 
parameters (water velocity distribution; channel 
geometry; physical and operation characteristics 
of the turbines; and specific fish characteristics, 
such as size, burst swimming speed, and 
swimming velocity and endurance) to determine 
the probability of an interaction.    

During the RITE demonstration, Verdant 
Power conducted environmental monitoring 
efforts required under project permits to advance 
the understanding of fish presence, abundance, 
species characterization and fish interaction with 
operating kinetic hydropower turbines. This 
monitoring involved various applications of 
hydroacoustic detection devices in an effort to 
understand fish interaction with the Verdant 
KHPS. As part of the start of construction and the 
final technology development, with partial funding 
from the New York State Energy Research and 
Development Authority (NYSERDA)1 and the US 
Department of Energy2 (DOE), following a year of 
preparatory work in September 2012, Verdant 
successfully completed an in-water test of an 
updated KHPS turbine rotor including composite 
blades and concurrently deployed a remotely 

                                                           
1 NYSERDA Grant 20802.  
2 DOE Grant DE-FG36-08GO18168, “Improved Structure and 

Fabrication of Large, High-Power KHPS Rotors.” 

aimed DIDSON system. The data collection effort 
resulted in over 370 hours of DIDSON video with 
and without the operation of a KHPS turbine being 
assembled and subsequently analyzed [2].  

Concurrent, a stationary Acoustic Doppler 
Current Profiler (ADCP) also collected detailed 
tidal velocity measurements as the horizontal 
axial turbine operated. These data were collected 
continuously for 19 days (August 30–September 
18, 2012) through multiple tidal cycles, including 
periods with and without the turbine in place and 
periods (according to water velocity conditions) 
when the turbine rotor was turning and when it 
was stationary. From August 29 through 
September 3, the DIDSON was put through various 
tests to ensure proper data collection and 
operation of the remote-control aiming system. 
Data were collected during this time, and the 
turbine was allowed to rotate only during flood 
tides. Turbine operation began during ebb tides as 
well as flood tides on September 4 and continued 
through September 7. On September 8, the turbine 
testing was terminated, and turbine removal was 
completed on September 11. The DIDSON 
continued to collect data aimed where the turbine 
had been located through September 14.  Verdant 
has also continued the collection of telemetry data 
using VEMCO receivers deployed in the East and 
West Channels of the East River, NYC [3]. 

 
SITE CHARACTERIZATION 

The East River is a 27 km long tidal strait 
connecting the waters of the Long Island Sound 
with those of the Atlantic Ocean in New York 
Harbor. It separates the New York City Boroughs 
of Manhattan and the Bronx from Brooklyn and 
Queens and is a saltwater conveyance passage for 
tidal flows. Roosevelt Island splits the East River 
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in to two channels, the West Channel, the primary 
navigation channel, and the East Channel, where 
the RITE project is located. The cross sectional 
areas of the two channels are roughly equal, as 
both channels have similar widths of 
approximately 240 m and depths of 10 m. The 
volume of water passing through both channels is 
equal to within approximately 5%. However, the 
West Channel has a slightly higher average flow 
speed.  The introduction of KHPS technologies into 
the East River poses a new and somewhat 
unknown risk to fish populations. To characterize 
this risk, a basic understanding of the technologies 
involved, typical environmental conditions and 
fish behavior are factored into the analysis. 
 
TECHNOLOGY 

Hydrokinetic (HK) technologies refer to a 
group of devices that extract energy directly from 
the kinetic energy present in moving water. Some 
devices, such as the KHPS turbine developed by 
Verdant, are designed to extract energy from tidal 
flows in a manner similar to the way a typical 
wind turbine operates. The Verdant turbine is an 
open bladed horizontal axis, downstream rotor 
type whose design is such that as the flow 
direction changes from flood to ebb tide, the 
turbine passively yaws to align with the flow. The 
Verdant turbine, as applied to RITE, features a 5 m 
diameter rotor and operates at a fixed speed of 40 
rpm. As such, the tip speed ratio varies from 10.5 
(water velocity (VW) = 1 m/s) to 4.2 (VW = 2.5 
m/s) and the tip speed at rated power is 5 (VW = 
2.1 m/s) which would be the optimal tip speed 
ratio. Since the turbine rotates at a fixed speed, the 
nominal tip speed is 10.5 m/s (23.5 mph). 
 
KHPS-FISH INTERACTION MODEL (KFIM) 

A 2-Dimensional (2D) probabilistic 
approach was developed to support the Verdant 
Power FERC License to determine the overall risk 
of strike by using a product of independent sub-
probabilities. The model considered a 2D lateral 
cross-section of the channel at the location of the 
turbine and comprised seven major parameters: 
Probability of Blade Rotation (P1), Distribution of 
Water Velocity over the Tidal Cycle (P2), Fish 
Distribution (East vs. West Channel) (P3), Turbine 
Rotor Area (P4), Blade Interaction with Fish (P5), 
Fish Distribution Fish Distribution (At Different 
Velocities) (P6) and Avoidance Behavior (P7). 
These parameters were combined to provide the 
total probability of strike as shown in Eq. 1. 

𝑃𝑆𝑡𝑟𝑖𝑘𝑒 = ∑ 𝑃1 ∙ 𝑃2 ∙ 𝑃3 ∙ 𝑃4

𝑉𝑊,𝑀𝑎𝑥

𝑉𝑊=0

∙ 𝑃5 ∙ 𝑃6 ∙ 𝑃7 

(1) 

Most of these parameters varied as a function of 
water velocity and were summed across all water 
velocities up to the maximum tidal flow (VW, Max).  
Previously three parameters P3: Fish Distribution 
(East vs. West Channel), P5: Blade Interaction 
with Fish and P6: Fish Distribution (At Different 
VW) have been updated based on data collected as 
part of the Tagged Species Detection Plan 
conducted at the RITE site [4].  
 
UPDATED PARAMETERS FROM HYDROACOUSTICS 

As part of a DOE Oak Ridge National Lab-
Verdant Power grant, the DIDSON data collected 
in 2012 was analyzed [2].  The analysis resulted in 
the identification of 34,705 fish tracks, distributed 
as 11,641 and 4,049 during ebb and flood tides, 
respectively, without a turbine in place; 10,490 
and 5,076 during ebb and flood tides with a non-
rotating turbine; and 1,734 and 1,715 during ebb 
and flood tides with a rotating turbine.  In 
addition, the distribution and trajectory of fish 
throughout the vicinity of the RITE site was 
quantified using a representative sample of 
hydroacoustics data collected with an array of 
BioSonics split beam transducers (SBTs) mounted 
at the RITE site from June 2007 to October 2009 
during testing of an array of six tidal turbines. 
Data collected from nine SBTs while up to two 
Verdant Power Gen4 KHPS turbines were 
operating in the array was analyzed. These data 
were collected at virtually the same location and 
during the same time of year (September 1–14, 
2008), but not the same year, as the DIDSON data. 
The analysis focused on the effects of proximity to 
turbine, tide cycle, and current speed on fish 
distribution, swimming direction (with or against 
the turbine), and swimming velocity.  A total of 
15,641 fish targets were analyzed and revealed 
that most of the fish are near shore; and nearly 
twice as many fish were observed away from the 
turbines. In addition, many more fish were seen 
during slack tide (with no turbine operating) than 
ebb and flood tides.   

The primary purpose of this analysis is to 
provide additional data to inform 
parameterization of the existing KFIM. In 
particular, these results contributed to two model 
parameters: P5, blade interaction with fish 
passing through turbine disk,  
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Table 1. Revised P5 parameter values based on the proportion of fish swimming with the current for 

nine velocity ranges and two size classes of fish 

Velocity range 
(m/s) 

0.0–1.0 1.0–1.2 1.2–1.4 1.4–1.6 1.6–1.8 1.8–2.0 2.0–2.2 2.2–2.4 2.4–2.6 

P5: L > 76 cm* 0.79 0.91 0.88 0.92 0.84 0.88 1 1 1 

P5: L < 76 cm* 0.65 0.90 0.96 0.97 0.97 0.98 1 1 1 

 
Table 2. Revised P6 parameter values based on the distribution of fish around the turbines for nine 

current velocity ranges and two size classes of fish 

Velocity range 
(m/s) 

0.0–1.0 1.0–1.2 1.2–1.4 1.4–1.6 1.6–1.8 1.8–2.0 2.0–2.2 2.2–2.4 2.4–2.6 

P6: L > 76 cm* 0.30 0.12 0.12 0.14 0.11 0.08 0.05 0.04 0.04 

P6: L < 76 cm* 0.38 0.08 0.08 0.10 0.08 0.07 0.07 0.07 0.07 

*Fish size separated based on signal strength (30 dB) or about 76 cm 

 
and P6, fish distribution at different velocities. For 
the P5 parameter, the results for swimming with 
and against the current were summarized by 
velocity range by fish size class (Table 1). For the 
P6 parameter, the distribution of fish around the 
turbines at different velocities was used to update 
the probability of finding a fish of either of two 
size classes at nine velocity ranges (Table 2).   
 
P5: Probability of the blade impacting the fish  

For fish that will be incident upon the 
rotor, parameter P5 provides the probability of 
the blade impacting the fish (at any point on its 
body). This quantity is determined only by the 
following: 
 The speed of the fish approaching the turbine 

(a function of species burst speed and 
direction (the 80/20 rule as defined below)); 

 The length of the fish, generally grouped as 
native species size; 

 The rotational speed of the turbine blades (a 
known constant) and  

 The angle at which the fish is approaching the 
turbine (angle of incidence)  

 
P5: 80/20 rule 

The primary assumption included in this 
parameter is that a fish will move through the 
turbine blades by swimming at its maximum burst 
speed through the rotor. Based upon the body of 
data collected during the RITE demonstration, it 
may be possible to justify some additional spatial 
or zonal avoidance behavior. However, because no 
specific data are available, no additional avoidance 
behavior is accounted for in the present model. 

The speed of the fish through the rotor will 
therefore be given only by the species’ maximum 
burst speed plus the water velocity. 

At RITE, fish likely swim through the east 
channel in both directions. However, over the 
course of the RITE demonstration, Verdant 
collected information on fish movements at the 
RITE east channel site that support the 
assumption that fish will typically be swimming 
with the current, especially at times of high 
velocity. From these data we made the assumption 
that when the water velocity is less than the 
regular endurance speed for a particular species, 
then 80% of fish will be swimming with the 
current and 20% against. For times when the 
water velocity is greater than the regular 
endurance speed, all fish will be swimming with 
the current. We term this assumption the 80/20 
rule and this parameter was examined as part of 
the ORNL work.  The new analysis indicates that 
84% of the fish swam with the current while 16% 
swam against it.  
  
P5: Angle of Incidence  

Previously, the angle at which the fish will 
approach the turbine disk was not known; 
therefore, it was assumed that fish will be incident 
upon the rotor disk from an even distribution of 
angles (±90°) centered on the direction of transit 
(upstream or downstream). As the angle of 
incidence for the fish moves away from the 
perpendicular, the effective length of the fish 
decreases; however, its velocity through the rotor 
is also reduced.  New analysis indicates that a 
narrower angle of incidence (±15°) occurs. 
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P6: Fish Distribution 
This fish distribution parameter was 

included in the KFIM for RITE to account for the 
transit of species within the configuration at RITE, 
as described earlier. For the 2010 RITE KFIM 
cases, in the absence of further information on fish 
species, the model assumed an even distribution 
of fish in the East River. Therefore, P6=1 for all 
velocities. This parameter set at 1 for each velocity 
was applied as an extremely conservative value, 
rather than representing a uniform distribution of 
11% per velocity bin. The modification of this 
assumption is reflected in the results.  
 
P7: Avoidance 
 It is difficult to suggest a quantification 
metric for reduction of the P7 fish avoidance 
behavior parameter, although the parameter 
could be modified to P=0.98, or similar, based on 
DIDSON data. Doing so would result in practically 
no change to the overall results but would account 
for the effort of observing some fish movement as 
a result of the presence of an operating KHPS.  In 
this analysis, P7=1 and is unchanged. 
 
UPDATED PARAMETERS FROM ACOUSTIC TAGS 
AND RECEIVERS 

In addition to the updates to P5 and P6 as 
discussed above, Verdant was able to make an 
additional modification to the KFIM based on the 
passive telemetry study that has been ongoing 
since 2011.  In May and August 2011, VEMCO 
receivers were deployed in the East Channel and 
West Channel respectively.  Since that time, 1,167 
days of data were collected in the East Channel 
and 1,457 days of data were collected in the West 
Channel.  Regardless of species, 48 total fish were 
detected – 38 in the West Channel and 10 in the 
East Channel.  To remove the bias of sampling 
duration, the average detection rate can be 
determined for the East Channel (3.13 detections 
per year) and the West Channel (9.52 detections 
per year).  Based on these normalized numbers, 
the annual rate of detections is 12.65 detections 
per year with 75.3% of those detections occurring 
in the West Channel per year. 

In the initial KFIM, it was assumed that 
fish had an equal probability of using the East or 
West Channel, thus P3 = 0.5.  However, based on 4 
years of data collection, the P3 can be updated as 
follows: P3=0.25. 

 

UPDATED KFIM RESULTS 
The KFIM was re-calculated for large fish 

(Length=104 cm) and smaller fish (Length=25cm) 
and included the updates to parameters P3, P5 
and P6 for 1 turbine, 2 turbines, 3 turbines, 12 
turbines and 30 turbines (Tables 3 and 4).    In all 
cases the probability of a KHPS-fish interaction 
was reduced based on the updated information.  
 
Table 3.  Probability of strike for Atlantic 
sturgeon (L = 104 cm) 
Case Original Model Updated 

Results 
1 Turbine (T) 0.09% 0.006% 
2 T 0.17% 0.01% 
3 T 0.26% 0.02% 
12 T 1.03% 0.07% 
30 T 2.59% 0.17% 
 
Table 4.  Probability of strike for black sea 
bass (L = 25 cm) 
Case Original Model Updated 

Results 
1 Turbine (T) 0.03% 0.002% 
2 T 0.07% 0.003% 
3 T 0.10% 0.005% 
12 T 0.39% 0.02% 
30 T 0.98% 0.05% 
 
CONCLUSIONS 

Based on the review and analysis of site 
specific hydroacoustic data and the continued 
detection of acoustically tagged species that 
traverse the East River, three of the seven model 
parameters have been updated.  The updated 
parameters are P3: Fish Distribution (East vs. 
West Channel), P5: Blade Interaction with Fish, 
and P6: Fish Distribution (At Different VW).  Data 
collected from environmental monitoring studies 
proposed by Verdant has as intended been used to 
refine the body of knowledge in this area and 
update the predictions made by the model. The 
method of establishing a KHPS - Fish Interaction 
Model using conservative assumptions, and 
updating the model parameters with collected 
monitoring data once the turbines are deployed is 
a sound adaptive management approach for the 
marine renewable energy industry to confirm 
environmental compatibility.  
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ARTICLE

Hydroacoustic Assessment of Behavioral Responses by Fish
Passing Near an Operating Tidal Turbine in the East River,
New York
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Oak Ridge National Laboratory, Environmental Sciences Division, 1 Bethel Valley Road, Oak Ridge,
Tennessee 37831-6036, USA

Jonathan Colby and Mary Ann Adonizio
Verdant Power, Inc., Post Office Box 282, Roosevelt Island, New York, New York 10044, USA

Abstract
An important environmental issue facing the marine and hydrokinetic energy industry is whether fish that

encounter underwater energy devices are likely to be struck and injured by moving components, primarily rotating
turbine blades. The automated analysis of nearly 3 weeks of multibeam hydroacoustics data identified about 35,000
tracks of fish passing a tidal turbine in the East River, New York. These tracks included both individual fish and
schools during periods with the turbine absent, the turbine present and operating, and the turbine present but not
operating. The density of fish in the sampled area when the turbine was absent was roughly twice the density
observed when the turbine was in place, particularly when the turbine was operating. This suggests that some
avoidance occurred before fish were close enough to the turbine to be observed by the hydroacoustics system.
Various measures of swimming behavior (direction, velocity, and linearity) were calculated for each track and
evaluated for indication of behavioral responses to turbine presence and operation. Fish tracks were grouped based
on tidal cycle, current velocity, and swimming direction and were evaluated with respect to turbine presence and
operation and with respect to distance from the turbine. Nonparametric tests (Kolmogorov–Smirnov test) and
multivariate analysis (canonical discriminant analysis) found significant differences among groups with respect to
turbine presence and operation, suggesting that some fish responded to the turbine by adjusting swimming
behavior, such as making small adjustments to swimming direction and velocity as they passed near the turbine.
We found no evidence that fish were being struck by rotating blades, but there did appear to be large-scale
avoidance initiated out of the range of the hydroacoustics detection system. More study is needed to determine
whether such avoidance behavior has significant ramifications for normal fish movement patterns, bioenergetics,
seasonal migrations, and predator exposure.

Recent interest in the development of devices that can
efficiently capture energy from flowing water and ocean
waves raises many environmental concerns (Čada 2007;
DOE 2009; VanZwieten et al. 2014). One of the most impor-
tant environmental issues facing the marine and hydrokinetic
energy industry is whether fish and marine mammals that
encounter these devices are likely to be struck and possibly
injured by moving components, primarily rotating turbine

blades. For hydrokinetic devices (e.g., tidal turbines) that
generate energy from flowing water, this concern is greatest
for large organisms because their increased length increases
the probability that they will be struck as they pass through the
blade-swept area (Schweizer et al. 2011; Hammar et al. 2015)
and because their increased mass means that the force
absorbed if they are struck is greater and potentially more
damaging (Amaral et al. 2015). Key to addressing this issue
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is understanding whether aquatic organisms encountering a
hydrokinetic device change their swimming behavior in a
way that decreases their likelihood of being struck and possi-
bly injured by the device. Whether near-field or far-field
behavior results in general avoidance of or attraction to hydro-
kinetic devices is a significant factor in the possible risk of
physical contact with rotating turbine blades (Čada and
Bevelhimer 2011).

Although numerous hydrokinetic device designs are under
development (Waters and Aggidis 2016), the ultimate goal for
most developers is to deploy multiple devices in a large array
positioned in high-velocity (high-energy) zones of rivers or
tidal channels. Because this technology is so new and because
so few devices have been in the water for extended periods of
time, there are few field studies on fish interactions with
hydrokinetic turbines. Balloon tag studies performed with
fish released into a ducted axial-flow turbine in Hastings,
Minnesota, found that survival rates for many species were
99% or greater (NAI 2009). Investigations of both barge-
mounted and bottom-deployed horizontal-axis turbines in
Cobscook Bay, Maine, using hydroacoustics found that (1)
fish seemed to avoid an operating turbine more than a still
turbine, (2) avoidance increased during the day and with fish
size, and (3) avoidance of an operating turbine was detectable
up to 140 m upstream of the turbine (Viehman and Zydlewski
2015; Viehman et al. 2015; Shen et al. 2016). Video evalua-
tions of a vertical-axis turbine off the coast of Mozambique
identified near-field avoidance by most fish; for the few fish
that passed through the rotors, there was no evidence of blade
strike (Hammar et al. 2013). Broadhurst et al. (2014) also used
a video system to monitor fish abundance around a test turbine
in the Orkney Isles, Scotland, and reported that schools often
gathered around the operating device, perhaps for protection
or feeding. Analysis of a horizontal-axis turbine in the East
River, New York, by using a split-beam hydroacoustics system
concluded that fish abundance in the deployment zone varied
significantly with seasonal migrations, was greatest during
slack tide, was equivalent between day and night periods,
and was lower than the abundance in nearshore areas
(Verdant Power 2010).

Although prior studies have provided sufficient evidence
for developers to obtain permits and licenses for testing and
some limited deployment, there is still great uncertainty about
the possibility that tidal and large-river turbines might harm
fish or modify their behavior in a substantial way. Recent
federal licensing requirements (e.g., see projects by Verdant
Power in New York and Ocean Renewable Power Company in
Maine) have included evaluation of the possible interactions
of fish and marine mammals with devices and additional
monitoring as pilot arrays are deployed. Until it is demon-
strated that these devices provide little risk of injury to aquatic
organisms, this concern will likely persist for all device types
and aquatic environments. These concerns are officially
addressed by regulators under several regulatory statutes. For

example, Section 7(a)(2) of the Endangered Species Act
requires federal agencies to ensure that their actions are not
likely to jeopardize the continued existence of federally listed
threatened and endangered species or to result in the destruc-
tion or adverse modification of their designated critical habitat.
Section 10(j) of the Federal Power Act requires the Federal
Energy Regulatory Commission, when issuing a license, to
include conditions based on recommendations by federal and
state fish and wildlife agencies (submitted pursuant to the Fish
and Wildlife Coordination Act) to “adequately and equitably
protect, mitigate damages to, and enhance fish and wildlife
(including related spawning grounds and habitat)” affected by
the project.

In 2012, while testing a new generation of the Kinetic
Hydropower System (KHPS) turbine at their Roosevelt
Island Tidal Energy (RITE) site, Verdant Power deployed a
dual-frequency identification sonar (DIDSON; Sound Metrics
Corporation, Bellevue, Washington), also known as an acous-
tic camera, to collect continuous data on fish interactions with
the turbine over a 3-week period in August–September. In this
paper, we present a systematic analysis of the behavior and
fate of fish as they passed through the acoustic beam relative
to turbine presence and operation. The primary objective of
this study was to systematically analyze the multibeam hydro-
acoustics data to quantify near-field fish behaviors, such as
changes in water column position, swimming direction, and
swimming velocity, in response to encountering an operating
full-scale hydrokinetic turbine. Specifically, we wanted to
determine whether fish actively avoided the operating turbine
and, if not, to evaluate whether there was any indication of
actual contact with the rotating blades. We also sought to
characterize the relationship between flow dynamics of the
tidal system and changes in fish behavior and distribution in
the vicinity of the turbine.

METHODS
Study area.—The hydroacoustics data were collected at

Verdant Power’s RITE site in the east channel of the East
River, New York City, New York. The east channel is
approximately 240 m wide and 10 m deep; the west channel
has similar cross-sectional dimensions. Maximum velocity
during peak ebb and flood tides is roughly 2.0–2.5 m/s. The
KHPS turbine (a bottom-mounted horizontal-axis turbine) was
positioned about 40 m from the west shore of the east channel
(i.e., near Roosevelt Island). The turbine rotor has three fixed
blades and rotates at a constant speed of approximately 40
revolutions/min with a tip speed of 10 m/s. The rotor-swept
area is 5 m in diameter, which represented about 2% by width
of the east channel and about 0.8% of the cross-sectional area.
The rotor hub was centered about middepth in an area with a
total depth of 10–12 m depending on the tide, meaning that the
swept area was between about 3 m above the bottom and 2–4
m below the surface. The blade movement self-starts and stops
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at a river velocity of approximately 1.0 m/s. When the turbine
is in the flood tide position, a passive yaw mechanism allows
the turbine to self-yaw into the prevailing current flow like a
weathervane so that the blades are optimally aligned to
generate energy. In the 180° opposite direction (i.e., the ebb
tide position), a yaw stop holds the turbine in a stationary
position, preventing it from self-seeking a variable flow
orientation. For the effort completed in 2012, a modified
Generation 5 KHPS turbine was used on an existing in-river
monopile from August 29 through September 10.

Data collection.—A remotely aimed DIDSON (RAD)
system consisted of a DIDSON transducer, a Remote Ocean
Systems PT25 two-axis servo (Remote Ocean Systems, San
Diego, California), a Remote Ocean Systems underwater
cable, a river-bottom gravity mount, and a custom execution
program that integrated the DIDSON aim and data collection.
Data were collected continuously for 20 d (August 29–
September 18, 2012) through multiple tidal cycles, including
periods with and without the turbine in place and periods
when the turbine rotor was rotating and when it was
stationary. From August 29 through September 3, the RAD
was subjected to various tests to ensure proper data collection
and operation of the remote-control aiming system. During
this period, data were collected, and the turbine was allowed
to operate only during flood tides. Turbine operation began
during ebb tides as well as flood tides on September 4 and
continued through September 7. On September 8, the turbine

testing was terminated, but data collection continued; on
September 11, turbine removal was completed. The
DIDSON continued to collect data aimed at the turbine’s
former location through September 18; however, because the
DIDSON aim was frequently changed near the end of
deployment, we only analyzed data that were collected
through September 14.

The DIDSON unit comprised 96 individual transducers lined
up side to side (Figure 1a); each transducer sent out an acoustic
ping at a frequency of 8 pings/s. The effective sampling range
from the DIDSON was 5–15 m from the unit. The turbine was
mounted on a base approximately 13 m from the DIDSON.
Given the angles of projection of the DIDSON beam (12° vertical
and 29° horizontal), the coverage window at the center of the
turbine (i.e., 13 m from the DIDSON) was approximately 2.7
high × 6.7 m wide. Thus, the height of the beam only covered
about half the 5-m height of the swept area.

The DIDSON data could be viewed as individual snapshots
in time (Figure 1b) or in the form of a video. It is possible to
analyze the videos manually, but because every ping from
each transducer provided information on the location and
reflectivity (i.e., signal strength) of any object encountered,
the amount of data collected in this study made it impractical
to conduct manual analysis. Therefore, we chose to analyze
the data in an automated fashion by using commercial soft-
ware (Echoview version 5; Myriax Software, Hobart,
Tasmania, Australia).

FIGURE 1. (A) Dimensions of the surveyed field of the DIDSON multibeam hydroacoustics system, with an example of a fish track (arrow) through the field
constructed from individual signal returns (circles) of the same fish four times through time; this illustration shows only 10 individual transducer fields, whereas
in reality there are 96 fields. (B) Plan view of the DIDSON acoustic camera field (5–15 m from the DIDSON unit, top to bottom) shows a composite image of
every other ping of a single fish track over a 3-s interval during flood tide. The hydrokinetic turbine is visible at the bottom of panel B, with the blades at the
right end.
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An echo that returns to any of the 96 transducers after
bouncing off a fish (also referred to as a target) includes
information on the location of the target within a particular
transducer’s field of view. A single fish is typically picked up
by two or more transducers depending on the individual’s size
and orientation; through data processing, pings returned to
adjacent transducers can be joined together as a single target
based on predefined time and distance thresholds for categor-
ization as the same fish. The Echoview analysis assigns the
joined target an estimate of target strength and an xyz location
within the DIDSON field. Targets identified in successive
pings within a predefined distance of each other can be linked
to create a track of an individual fish as it passes through the
DIDSON sampling area (Figure 1a). Analysis of individual
tracks can provide information on direction of travel and
swimming velocity.

We hypothesized that active avoidance might be detected in
one or more metrics that measure direction and speed of
travel, and we structured our automated analysis so that we
could compare changes in fish behavior resulting from turbine
presence or operation. We analyzed the data to provide (1)
comparisons of the metrics among the three modes of turbine
operation (turbine absent, turbine present but not rotating [i.e.,
stationary], and turbine rotating) during periods of the same
tidal cycle (i.e., ebb or flood) and (2) comparisons of differ-
ences in metrics based on nearness to the turbine within each
of the same operation modes individually.

Data coverage.—The data sets were filtered to address
normal operating conditions of a tidal turbine, including the
signature associated with rotating blades, self-seeking flow
orientation in the opposite direction (flood) instead of the
firm position at the yaw stop (ebb), and the normal change
of turbine orientation four times daily with tidal flow. Not all
periods of data collection provided useful data for analysis;
some periods included turbine maintenance or removal, and
the RAD was aimed away from the turbine during other
periods. Of the 20 d of DIDSON deployment, we analyzed
202 h of data distributed across ebb and flood tides and
operation modes: 77 h when the turbine was absent, 83 h
when the turbine was present but not rotating, and 42 h
when the turbine was present and rotating. Although data
were collected during periods of extremely low velocity or
slack tide, each data point was identified as occurring at either
ebb tide or flood tide and was further categorized as occurring
at low, medium, or high velocity within either of those tide
qualifiers.

Echoview analysis.—The raw DIDSON data files were
divided into subsets by RAD aim and turbine position and
operation mode. Each subset was processed with a series of
filtering techniques to remove noise, interference, and the echo
from stationary objects (e.g., the nonrotating turbine); thus, all
that remained were echoes of a signal strength greater than the
smallest fish of interest. These data were then processed as
described earlier to first identify fish targets at each point in

time and then to identify fish tracks from individual targets
that were joined based on signal strength and distance.

Stationary objects, such as the locked turbine in the ebb
position, were relatively easy to filter from the analysis, leav-
ing the rest of the field open for analysis of fish targets.
However, the moving rotor was difficult to filter from the
DIDSON field, especially when the turbine was in the flood
position and not locked in place but was allowed to reposition
itself to seek the optimal position for rotor rotation. Therefore,
when the turbine was operating, we had to set an exclusion
line across the DIDSON field at the point where the turbine
was closest to the DIDSON unit. The exclusion zone for the
different data subsets ranged from 9.7 to 12.1 m from the
DIDSON depending on turbine rotor location, which in turn
depended on operation mode and tide direction. Fish move-
ments in the area beyond the exclusion zone were analyzed
manually for a subset of the period when the turbine was
operating to gain insight into the relative number of targets
that were being missed by the exclusion line. We considered
options for estimating the number of targets missed at the
farthest extent of the DIDSON beam due to exclusion, but
we concluded that extrapolation of values based on volume or
cross-sectional area sampled and the volume or area sampled
closer to the DIDSON would be inappropriate given the
obvious decline in numbers of tracks with distance from the
DIDSON (see Results).

We used Echoview to generate two types of output file. The
first type was a comma-delimited text file (comma-separated
value [csv]) of every fish track along with associated informa-
tion for over 20 descriptive variables. The second type was a
csv file of individual targets that included information on each
fish each time it was identified, including an estimate of body
length based on the distance between the two echoes most
distant from each other that comprised the fish. For the best
estimate of the body length of a fish in a track, we searched
the individual target data set and extracted the maximum
length of those individual targets with a ping number that
corresponded to the range of pings defined for a fish track.

Echoview validation.—Correct identification of fish targets
is primarily based on establishing a signal strength threshold
that captures fish of the size of interest while at the same time
excluding fish smaller than the size of interest. Because the
fish’s orientation, its distance from the transducer, and other
factors affect the strength of a returned signal, the range of
signal strengths for fish of a given size can be quite variable.
In other words, it is nearly impossible for automated analysis
to capture every fish of a desired size that passes through the
acoustic field. Therefore, we performed a validation exercise
to determine the efficiency of our calibrated analysis.

We observed 112 min of DIDSON data in video form from
September 1 and 5; without knowledge of the automated
processing results, we noted the time, ping numbers, minimum
and maximum range (i.e., distance from the DIDSON unit),
and length of each fish target that appeared to be roughly over
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10 cm. These data were compared with the automated results
for the same periods. Of the 181 unique tracks (individual and
schools) observed by the two methods, 74% were captured via
the automated analysis. Of those targets that were not captured
by the automated analysis, nearly all were small in size (based
on visual observation) and likely just below the signal strength
threshold established for inclusion; a few were larger but were
seen only for two consecutive pings. Based on our validation,
we believe that the automated method provided an accurate
accounting of fish within the size range of interest that passed
through the DIDSON beam during the sampling period.

During validation of the Echoview analysis and while per-
forming other visual assessments of the data, we used the
measuring tool in Echoview to hand-measure more than 100
individual fish of all sizes. These measurements were made on
the clearest image of a track sequence and should have been
accurate within 10–20% in most cases. The manual measure-
ments were compared with the estimated maximum size for
the same individual generated through analysis of the
Echoview output. Unfortunately, we found poor agreement
between the two estimates. Therefore, we did not include
size as a variable in further analysis of the automated data
collection. We did, however, use the signal strength to identify
likely large fish for our manual analysis of fish passing near
the rotating turbine blades.

Direct observation of fish–turbine interactions.—To
minimize false detections caused by the moving rotor, for
many analyses we established an exclusion depth at the tips of
the rotor blades (typically 10–11 m from the DIDSON during
ebb tides and 11–12 m from the DIDSON during flood tides)
beyond which signals were excluded from automated analysis.
Therefore, since we were unable to automatically assess fish
that might encounter the rotor directly, we used the output data
to identify fish tracks that were most likely to cross the
exclusion line and encounter the rotor, and we evaluated those
tracks manually. Such occurrences were most likely during ebb
tides, when the direction of the flow, which was not
perpendicular to the DIDSON beam, was at an angle that
would take fish across the exclusion zone if they were within
1 m of the excluded area near the turbine. We filtered the
identified fish tracks based on tide (ebb), turbine operation
(rotating), fish length (Echoview-estimated lengths > 15 cm),
and maximum target depth (>9 m). Individually, these criteria
were met by 69, 10, 16, and 18% of the tracks, respectively, but
only approximately 0.1% of the tracks (36 tracks) met all four
criteria. Each of these tracks was evaluated manually to
determine whether any culminated in turbine interaction or
active avoidance.

During the previously described validation exercise that
included 112 min of data, we also noted every fish that passed
near the turbine but was not captured by the automated ana-
lysis. Additionally, during the processing of other subsets of
the data, fish targets that had close encounters with the turbine
were noted anecdotally.

Metrics evaluated.—Output from the Echoview analysis
included location, heading, and velocity of each fish as it
passed through the multibeam field. Each track included
information about the beginning and ending xyz locations in
the beam, time in the beam, and returned signal strength, from
which direction of movement, velocity, track linearity, and fish
size could be estimated. Fish avoiding the turbine might be
expected to change depth, swim faster, swim in a direction
away from the turbine, or deviate from a straight course.
Dependent variables that were evaluated to assess possible
avoidance behavior included swimming velocity, vertical
direction, change in range, and tortuosity. Swimming
velocity (m/s) was calculated as the total distance covered by
a track divided by the duration of the track. Vertical direction
(degrees) was the direction of a fish track in the vertical plane
(i.e., depth) as it passed through the DIDSON field, with +90°
being straight up and –90° being straight down. Change in
range (m) described the amount of change in position of a fish
track relative to a straight line between the DIDSON and the
turbine, ranging from 0 to 10 m within the 5–15-m range of
DIDSON data collection. Tortuosity (unitless) was used as a
measure of the linearity of a track based on the xyz position at
each point in time that made up a track; it was calculated as
the sum of the distances between adjacent targets in a track
(that is, the total distance traveled) divided by the straight-line
distance between the first and last targets in a track (Johnson
and Moursund 2000). A tortuosity value of 1 (the smallest
value possible) refers to a straight line, whereas the tortuosity
value of a crooked line is theoretically boundless.

These behavioral responses were evaluated as functions of
six variables: turbine presence or absence; turbine operation;
tide; current velocity; relative direction; and distance from the
DIDSON. The turbine was present from August 29 to
September 10 and was absent from September 11 to
September 14. Turbine operation was categorized as either
stationary or rotating; when in place, the turbine rotor gener-
ally rotated at water velocities in excess of 1 m/s except from
August 29 through September 3, when the rotor was allowed
to rotate only during flood tides for testing purposes. Tide was
classified as ebb or flood. Based on river flow data, a complete
tidal cycle in the East River during the period of analysis was
calculated at 12.4 h (i.e., 12 h, 24 min): a flood tide leading up
to a high tide averaged about 6.4 h in duration, and an ebb tide
leading up to a low tide averaged about 6 h. Therefore, the
entire record of DIDSON data was characterized in alternating
6-h and 6.4-h periods.

Current velocity was categorized as low, medium, or high.
Each fish track observation was associated with one of the
three current velocity classes based on the tidal cycle time.
The first sixth of a tide (1 h for ebb; 1.0667 h [i.e., 1 h, 4 min]
for flood) was classified as low velocity; the second sixth was
classified as medium velocity; the third and fourth sixths were
designated as high velocity; the fifth sixth was classified as
medium velocity; and the last sixth was designated as low
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velocity. Although this did not provide a specific velocity
cutoff for each category, it did provide bins of equal duration,
which we believe allowed for a better analysis given that
velocities varied a little from day to day. On average, this
meant that velocities in the low-velocity class were approxi-
mately 0.0–1.5 m/s, those in the medium-velocity class were
approximately 1.5–2.1 m/s, and those in the high-velocity
class were approximately 2.1–2.5 m/s.

Relative direction described whether a fish was swimming
with the current or against the current and was determined by
comparing the horizontal direction output from Echoview with
the direction of the tide for each fish track observation. Based
on the distribution of horizontal direction data for two differ-
ent RAD aims, directions between 145° and 325° were con-
sidered to represent travel in the flood direction, and directions
between 0° and 145° and those over 325° were considered as
travel in the ebb direction. A fish swimming in the ebb direc-
tion during a flood tide was considered to be traveling against
the current, and so forth. Distance (m) from the DIDSON (or,
conversely, distance from the turbine) reflected the collection
of data within a range of 5–15 m from the DIDSON unit. The
mean distance from the DIDSON for each track as it passed
through the field was included in the analysis. For reference,
the turbine body was located at about 11.5 m from the
DIDSON, and the turbine rotor, when present, was located
10–15 m from the DIDSON.

Statistical analysis.—Frequency distributions for each of
the four primary behavioral metrics (swimming velocity,
change in vertical direction, change in range relative to the
turbine, and tortuosity) were first evaluated separately for
differences among the three turbine conditions (i.e., absent,
present and rotating, or present but stationary) by tide
direction (i.e., ebb or flood) using the nonparametric
Kolmogorov–Smirnov (K–S) two-sample test (Sokal and
Rohlf 1981). Differences among turbine conditions were
evaluated in three pairs (absent versus stationary; absent
versus rotating; and stationary versus rotating) at an α value
of 0.05 (two-tailed).

We used canonical discriminant analysis (CDA), a multi-
variate dimension-reduction technique, to evaluate the effect
of turbine encounter on fish behavior among six groups of fish
tracks defined by tidal direction (i.e., ebb or flood) and turbine
condition (i.e., absent, rotating, or stationary). To minimize the
number of external variables confounding the interpretation of
results, this analysis was also limited to the RAD aim that
included the highest percentage of tracks (aim 1; 64% of total
tracks) and to tracks moving with the flow (84% of the total).
We also limited the data to those collected when current
velocity was in the medium or high category (i.e., >1.5 m/s)
and was sufficient to turn the turbine blades if the turbine was
in place and free to rotate.

Input variables included lateral movement in terms of
distance from the turbine, change in vertical direction,
swimming velocity, and tortuosity. The CDA generates

canonical variables from the original quantitative variables
to produce the maximum distances among the central ten-
dencies of predefined groups. The greatest difference
among groups is captured in the first canonical variable
(Can1), with additional but lessening discriminatory ability
provided by subsequent canonical variables. The CDA was
performed by using the CANDISC procedure in SAS (SAS
Institute 2011). Prior to analysis, the data were standar-
dized and centered by subtracting each metric’s mean and
then dividing by the SD. Because the DIDSON’s aim was
neither perpendicular to the flow nor parallel with the sur-
face, there was bias associated with the direction of flow
(i.e., ebb versus flood tide). Therefore, the vertical direc-
tion and the change in range were standardized with means
for each flow direction and with pooled variances. As part
of the CDA, multidimensional Mahalanobis distances were
calculated between each pair of group means, with shorter
distances implying greater similarity between groups. The
CDA output also included sample correlations between
canonical variables and original variables, allowing identi-
fication of the original variables that were most responsible
for group differences.

RESULTS

Counts of Fish Tracks
Our analysis identified 34,705 fish tracks, distributed as

11,641 during ebb tides and 4,049 during flood tides with-
out a turbine in place; 10,490 during ebb tides and 5,076
during flood tides with a nonrotating turbine; and 1,734
during ebb tides and 1,715 during flood tides with a rotat-
ing turbine. Subsequent manual review of a subset of the
tracks indicated that many actually represented schools of
tens to hundreds of small fish instead of individual fish. On
a per-hour basis, more tracks were observed when the
turbine was not in place than when the turbine was present
(Table 1).

Parsing the count of fish tracks by turbine operation mode,
tide, and velocity revealed differences associated with each
category (Table 2). The number of tracks per hour observed
was generally higher during ebb tides than during flood tides
and generally increased with increasing current velocity. The
count per hour was highest when the turbine was absent; the
count per hour was lowest when the turbine was present and
rotating.

Spatial Distribution
In addition to consideration of operation mode, tide, and

current velocity, the number of fish tracks—specifically the
number of tracks per hour—can also be viewed relative to
the nearness to the turbine (or distance from the DIDSON
unit; Figure 2). In all cases, the greatest number of tracks
occurred in the nearshore region—that is, the region farth-
est from the turbine. For the different categories (e.g., high
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velocity with turbine absent), 65–80% of the tracks were in
the region of 5–8 m from the DIDSON unit even though
this portion of the beam had the smallest cross-sectional
area and sampling volume. Regardless of distance from the
turbine, the number of tracks observed when the turbine
was absent exceeded the number observed in association
with the stationary turbine, which in turn was greater than
the number observed when the turbine was rotating, as
noted earlier.

General Swimming Direction
An evaluation of fish swimming direction relative to

current direction revealed that during periods when the
river current was at operational velocities (i.e., medium-
and high-velocity categories), about 12.5% of the fish
tracks were moving in a direction against the current. In
comparison, during the third of the time when current
speed was below that necessary for turbine operation (i.e.,
low-velocity category, which included slack tide), about
26.9% of the fish tracks were against the current. Within
those two velocity groupings, differences among the three
turbine operation modes were small. During medium and
high velocities, 13.6% of the tracks were moving against
the current when the turbine was absent, 11.4% did so
when the turbine was present but stationary, and 11.6%
did so when the turbine was present and rotating. During
low-velocity periods, 29.2% of the tracks were moving

against the current when the turbine was absent and
25.4% were moving against the current when the turbine
was present (note that the turbine did not rotate during low
velocities, so there was no differentiation between rotating
and nonrotating modes).

Direct Observation of Fish–Turbine Interactions
The analysis of 36 tracks in which there was a possibility

of a close encounter with the turbine based on the fish’s
proximity to the turbine and the direction of the flow
revealed that fish exhibited three different behaviors: (1)
they showed no change in direction (two schools and two
individuals), (2) they avoided the turbine by angling away
from it (two schools and eight individuals), or (3) they swam
at the moving blades and then disappeared from the
DIDSON view either just before encountering the turbine
or as they encountered the turbine (four schools and two
individuals). Some of the tracks were multiple tracks of fish
associated with the same school; therefore, the total did not
sum to the original 36 tracks. There was no evidence that
any fish was struck by the rotor.

During the validation exercise described earlier, we
observed 38 schools and 82 individual fish during 112 min
of video when the turbine was rotating. Only five (4%) of
these had what appeared to be direct encounters with the
rotor blade. One individual and one school avoided the
rotor by angling away from it; two individuals disappeared

TABLE 1. Number of fish tracks observed per hour of data analyzed during three hydrokinetic turbine operation modes for ebb and flood tide directions in the
East River, New York, during 2012. Hours of data analyzed are shown in parentheses.

Turbine absent Turbine stationary Turbine rotating

Date Ebb Flood Ebb Flood Ebb Flood Total

Aug 29 – – 776.6 (1.9) – – – 776.6(1.9)
Aug 30 – – 310.8 (3.6) 135.7 (6.0) – – 201.4 (9.6)
Aug 31 – – 116.7 (3.4) 314.6 (1.9) – – 109.2 (5.3)
Sep 1 – – 152.9 (11) 365.8 (3.4) – 21.7 (3.8) 138.4 (18.2)
Sep 2 – – 294.9 (5.3) 133.3 (1.7) – 44.8 (7.9) 210.2 (14.9)
Sep 3 – – 59.3 (6.5) 16.0 (1.4) – 74.8 (1.9) 59.6 (9.8)
Sep 4 – – 143.0 (7.0) 32.1 (1.7) 112.3 (4.3) 93.6 (4.3) 113.0 (17.3)
Sep 5 – – 28.2 (4.1) 136.2 (3.8) 78.8 (8.2) 69.4 (7.2) 76.5 (23.3)
Sep 6 – – 29.2 (2.6) 47.6 (2.9) 83.6 (4.3) 74.0 (3.8) 62.8 (13.6)
Sep 7 – – 7.3 (1.0) – 60.0 (4.1) 18.1 (0.7) 46.0 (5.8)
Sep 8 – – 153.9 (6.5) 40.6 (3.6) – – 113.4 (10.1)
Sep 9 – – 70.4 (12.7) 32.5 (11.3) – – 52.6 (24.0)
Sep 10 – – 122.6 (6.2) 57.6 (9.6) – – 83.2 (15.8)
Sep 11 216.7 (0.5) – 80.0 (0.1) 69.8 (5.8) – – 81.1 (6.4)
Sep 12 589.5 (12.0) 173.6 (12.0) – – – – 381.5 (24.0)
Sep 13 302.9 (12.0) 145.8 (11.3) – – – – 226.8 (23.3)
Sep 14 138.0 (6.0) 53.5 (6.0) – – – – 95.8 (12.0)
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as they encountered the rotor (probably leaving the DIDSON
beam by diving or surfacing out of view); and one individual
(~20 cm in length) might have contacted the rotor. The fish
that possibly came in contact with the rotor originated at the
blade tip and swam in a direction that was rarely seen (i.e.,
directly toward the DIDSON and perpendicular to the flow).
However, the swimming direction prior to its appearance
could not be determined, and actual contact with the blade
was not observed.

Swimming Velocity
For swimming velocity (and each of the other three

metrics of interest), we first evaluated the distribution of
values by turbine operation mode and tide, and we then
evaluated the mean value as a function of distance from the
DIDSON unit, which corresponded directly to distance
from the turbine or the turbine location in the turbine-
absent case. Pairwise comparisons of the frequency distri-
butions found that swimming velocities with the turbine
absent differed from those observed when the turbine was
stationary during ebb and flood tides (K–S test: P = 0.030
and <0.001, respectively) and when the turbine was rotat-
ing during an ebb tide (P < 0.001) but not when the turbine
was rotating during a flood tide (P = 0.436). The distribu-
tions of swimming velocity for the stationary turbine com-
pared to the rotating turbine differed during both tides (P <
0.001 for both). During ebb tides, the swimming velocities
of fish in the presence of a rotating turbine was skewed
lower than when the turbine was absent or stationary
(Figure 3, upper panels). This was also apparent in the
plot of means as a function of distance (Figure 3, lower
panels). During flood tides, this difference was not appar-
ent until fish were within a few meters of the turbine.
During a flood tide, velocities of fish near the turbine
were also lower than those observed when the turbine
was absent.

Vertical Direction
Pairwise comparisons of the frequency distributions for

vertical direction indicated that vertical direction when the
turbine was absent differed from that observed when the
turbine was stationary during ebb and flood tides and also
from that observed with the rotating turbine during both
tides (K–S test: P < 0.001 for all four comparisons). The
distributions of vertical direction for the stationary turbine
compared to the rotating turbine differed during ebb
tides (P < 0.001) but not during flood tides (P = 0.054).
Because the DIDSON beam was not perpendicular to the

TABLE 2. Number of fish tracks observed per hour of data analyzed during
three turbine operation modes for ebb and flood tide directions and for three
velocity classes in the East River, New York. Velocity classes were deter-
mined based on the tidal cycle time; each velocity class was equal to approxi-
mately 2 h of a 6-h tidal cycle, with low velocity generally equivalent to 0.0–
1.5 m/s, medium velocity equal to 1.5–2.1 m/s, and high velocity equal to 2.1–
2.5 m/s.

Velocity

Turbine absent Turbine stationary Turbine rotating

Ebb Flood Ebb Flood Ebb Flood

Low 217 104 79 93 78 83
Medium 350 116 166 100 70 40
High 589 194 223 98 88 52
Mean 382 138 146 96 79 49

FIGURE 2. Number of fish tracks per hour during three turbine operation
modes (absent, stationary, and rotating), summarized by distance from the
DIDSON unit (1-m blocks), for three current velocity classes (high,
medium, and low). The low-velocity–turbine rotating group is not
included because the turbine did not normally rotate at velocities below
1 m/s.
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flow and because it aimed up at the turbine from the
bottom, fish moving with the current during ebb flow
appeared to be moving downward more than they
actually were. Likewise, during flood flow, vertical direc-
tion was biased in the upward direction. For this reason,
neither ebb tide nor flood tide distributions were centered
on zero, but the relative differences were still accurate
(Figure 4, upper panels). (Note that for the CDA, this
systemic bias was removed by data standardization prior
to the analysis.) During ebb tides, fish that passed a rotat-
ing turbine responded with a little more downward move-
ment than when the turbine was absent or stationary.
Analysis of vertical direction as a function of nearness to
the turbine produced mixed results (Figure 4, lower
panels). During flood tides, there was a large increase in
downward movement near the stationary turbine and the
rotating turbine at the 10–12-m range.

Change in Range
Change in range refers to whether a fish moved closer to

the turbine (positive values) or farther from it (negative
values) during the time when the fish crossed through the
DIDSON beam. Because the DIDSON’s position relative
to the turbine was not perpendicular to the flow, fish
passing through the DIDSON field in the direction of the
current could appear to also be moving either toward or
away from the RAD depending on the direction of
flow. The general direction of flow during ebb tides was
angled slightly away from the DIDSON and toward the
turbine, and vice versa for flow during the flood tides. For
this reason, the modes of the distributions for ebb and
flood tides were not centered around zero (Figure 5,
upper panels). (Note again that this bias related to flow
direction was accounted for in the CDA via value standar-
dization.) Pairwise comparisons of the frequency distribu-
tions determined that the change in range when the turbine
was absent differed from the distributions for the stationary
turbine during ebb and flood tides (K–S test: P < 0.001 for
both) and for the rotating turbine during ebb tide (P <
0.001) but not during flood tide (P = 0.894). The distribu-
tions of change in range for the stationary turbine com-
pared to the rotating turbine differed during both ebb
tides (P < 0.001) and flood tides (P = 0.044). During ebb
tides, fish encountering the rotating turbine seemed to
move toward the turbine location (more-positive values)
as they passed at a greater frequency than when the
turbine was absent or stationary. During flood tides, there
was little difference in frequency distributions among
the three operation modes. However, as a function of
nearness to the turbine, fish that were exposed to the
turbine (either stationary or rotating) during flood
tides seemed to maintain a heading alongside the turbine

or toward it as they got closer to the turbine instead of
moving away, as when the turbine was absent (Figure 5,

FIGURE 3. The upper two panels show the distribution (normalized to the total
tracks for each turbine operating mode × tide combination) of fish track swimming
velocities (m/s) for three turbine operation modes (absent, stationary, and rotating)
during ebb and flood tides. The lower two panels depict the mean (±SE) swimming
velocity for each fish track during ebb and flood tides as a function of the mean
distance from theDIDSONacoustic unit. Note that theDIDSONwas located at 0m
and the turbine was between 11 and 15 m from the DIDSON unit, depending on
turbine orientation and operation.
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lower panels). During ebb tides, this difference among the
operating modes was not apparent.

Tortuosity
Tortuosity describes the linearity of a fish track, with a perfectly

straight line having a value of 1; the larger the tortuosity value, the
more crooked the path. Most (>70%) of the tracks were relatively
straight, regardless of turbine mode or tide. Pairwise comparisons
of the frequency distributions revealed that tortuosity with the
turbine absent did not differ from tortuosity with the stationary
turbine during ebb and flood tides (K–S test: P = 0.999 and 0.826,
respectively). The distribution of tortuosity when the turbine was
absent differed from that observed in association with the rotating
turbine during ebb tides (P < 0.001) but not during flood tides
(P = 0.070). The tortuosity distribution for the stationary turbine
compared to the rotating turbine differed during ebb tides
(P < 0.001) but not during flood tides (P = 0.456). Frequency
distribution plots suggested that fish passing a rotating turbine had,
on average, straighter tracks (i.e., lowest tortuosity), particularly
during ebb tides (Figure 6, upper panels). The turbine-absent and
turbine-stationary groups demonstrated a consistent decline in
tortuosity as the fish got closer to the turbine location during ebb
tides (Figure 6, lower panels). In contrast, tortuosity increased with
proximity to a rotating turbine during ebb tides. For the flood tide
groups, a similar effect of the rotating turbine was not apparent.

Multivariate Analysis
The subset of data used for the CDA consisted of 14,837 fish

tracks (43% of the total) and included only tracks that (1) were
moving in the direction of the current, (2) were obtained during
RAD aim 1, and (3) belonged to the medium- and high-velocity
classes. The multivariate ANOVA conducted as part of the CDA
determined that the groupmean vectors were not equal and that the
differences among the centroids were significant (Wilks’ lambda:
P < 0.0001). The CDA produced a Can1 that explained 19% of the
sample variation and was weighted most heavily by the velocity
variable (Table 3). The second canonical variable (Can2) explained
6% of the variation and was most influenced by vertical direction
and range change. The third canonical variable (Can3) explained
3% of the variation and was most influenced by tortuosity. The
loading of each canonical variable explained the spacing of the
group centroids as plotted based on the canonical coordinates for
each of the six tide × turbine operation groups (Figure 7). For
example, Can1 separated the flood–turbine stationary and ebb–
turbine rotating groups from the other four groups; Can2 separated
the ebb groups from the flood groups; and Can3 separated the
flood–turbine rotating and flood–turbine stationary groups from
the other four groups and fromeachother.Other than the separation
of the ebb and flood groups by Can2, there was little obvious
logical explanation for the group separation provided by the
CDA. The most obvious finding from the plots depicted in
Figure 7 was the low degree of separation between the two tur-
bine-absent groups. The Mahalanobis distances, which quantified

FIGURE 4. The upper two panels show the distribution (normalized
to the total tracks for any turbine operating mode × tide combination)
of the vertical direction of fish tracks (in degrees) for three turbine
operation modes (absent, stationary, and rotating) during ebb and flood
tides. Each x-axis value is the midpoint of a 10° bin. The lower two
panels present the mean (±SE) vertical direction for each fish track during
ebb and flood tides as a function of the mean distance from the DIDSON
acoustic unit. Note that the DIDSON was located at 0 m and the turbine
was between 11 and 15 m from the DIDSON unit, depending on turbine
orientation and operation.
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FIGURE 5. The upper two panels depict the distribution (normalized to the
total tracks for any turbine operating mode × tide combination) of the
change in range (m; i.e., distance from the DIDSON unit; toward [+] or
away from [–] the turbine) for three turbine operation modes (absent,
stationary, and rotating) during ebb and flood tides. Each x-axis value
represents the midpoint of a 0.5-m bin. The lower two panels show the
mean (±SE) change in range for each fish track as a function of the mean
distance from the DIDSON unit. Note that the DIDSON was located at 0 m
and the turbine was between 11 and 15 m from the DIDSON unit,
depending on turbine orientation and operation.

FIGURE 6. The upper two panels depict the distribution (normalized to the
total tracks for each turbine operating mode × tide combination) of the
tortuosity of fish tracks for the three turbine operation modes (absent, sta-
tionary, and rotating) during ebb and flood tides. Each x-axis value represents
the midpoint for a bin of unitless tortuosity values (1.0–1.5, 1.5–2.0, 2.0–2.5,
etc.). The lower two panels present the mean (±SE) tortuosity for each fish
track during the three turbine operation modes as a function of the mean
distance from the DIDSON unit. Note that the DIDSON was located at 0 m
and the turbine was between 11 and 15 m from the DIDSON unit, depending
on turbine orientation and operation.

1038 BEVELHIMER ET AL.

D
ow

nl
oa

de
d 

by
 [

O
ak

 R
id

ge
 N

at
io

na
l L

ab
or

at
or

y]
 a

t 1
1:

39
 1

6 
A

ug
us

t 2
01

7 



themultidimensional distances among the six group centroids, also
confirmed that the two turbine-absent groupswere themost similar
(Table 4). All group centroids were significantly different from
each other, with the ebb–turbine rotating group being the most
different from the others. The results were generally mixed, how-
ever, as there was little similarity within turbine operation types
except for the two turbine-absent groups.

DISCUSSION

Summary of DIDSON Results
Our automated data analysis identified 34,708 fish tracks,

which included both individual fish and schools. The number
of tracks per hour of observation was generally higher during
ebb tides than during flood tides and generally increased with
increasing current velocity (Table 1). The count of tracks per
hour was highest when the turbine was absent and lowest
when the turbine was installed and rotating. The increase in
rate with current velocity was probably a function of the fact
that more water passed by the DIDSON during increased flow,
carrying with it more fish, rather than being due to the pre-
sence of more fish in the water column during higher velocity.
However, the latter is a possibility during some seasons for
some migratory species that might be taking advantage of the
currents to move in a particular direction. The most likely

FIGURE 7. Mean canonical scores of six groups (two tidal conditions [ebb
and flood] × three turbine operating modes [absent, stationary, and rotat-
ing]) for canonical variable 1 (Can 1) versus Can 2 (upper panel) and for
Can 2 versus Can 3 (lower panel). The canonical discriminant analysis was
conducted with four input variables describing fish behavior (swimming
velocity, vertical direction, change in range, and tortuosity) for 14,837
observations.

TABLE 3. Summary of canonical discriminant analysis results (Can = cano-
nical variable) with four input variables used to evaluate similarities among
six groups (two tidal conditions [ebb and flood] × three turbine operation
modes [absent, stationary, and rotating]; n = 14,837 tracks).

Variable Can1 Can2 Can3

Velocity 0.887 –0.358 –0.216
Vertical direction 0.409 0.891 –0.137
Range change –0.307 –0.629 0.293
Tortuosity 0.297 0.011 0.890
Canonical correlation 0.192 0.064 0.031
F-value 31.89 6.37 2.46
P-value <0.001 <0.001 0.0221

TABLE 4. Squared Mahalanobis distances between group means (below diagonal) and corresponding significance probabilities (above diagonal) from
canonical discriminant analysis (groups represent combinations of two tidal conditions [ebb and flood] × three turbine operation modes [absent, stationary,
and rotating]).

Group Ebb–absent Ebb–stationary Ebb–rotating Flood–absent Flood–stationary Flood–rotating

Ebb–absent – <0.001 <0.001 <0.001 <0.001 0.074
Ebb–stationary 0.034 – <0.001 <0.001 <0.001 <0.001
Ebb–rotating 0.330 0.424 – <0.001 <0.001 <0.001
Flood–absent 0.020 0.039 0.510 – <0.001 0.001
Flood–stationary 0.148 0.277 0.135 0.260 – <0.001
Flood–rotating 0.019 0.079 0.294 0.047 0.154 –
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explanation for why more fish were observed during ebb tides
than flood tides is that the seasonal migration patterns of many
species is outward bound or southward during the fall. We
could not alternate days of turbine presence and turbine
absence, so the increased number of fish seen when the turbine
was absent may have been the result of a natural change in
abundance in the system; however, the change was by a factor
of 3 or 4 and occurred in a single day (from September 11 to
September 12), suggesting that it was most likely a response to
absence of the turbine after its removal on September 11
(Table 1).

In the near-field within the 10-m window viewed by the
DIDSON, the number of fish observed decreased with
nearness to the turbine location regardless of whether the
turbine was absent, stationary, or rotating (Figure 2). Due
to the fan shape of the volume sampled by the DIDSON
unit (see Figure 1), a correction by either volume sampled
or vertical cross-sectional area sampled would make this
difference between nearshore and offshore densities even
larger. Given that the offshore decline was similar with and
without a turbine in place, turbine avoidance did not seem
to be the primary cause of this particular behavior.

From our direct observations of small subsets of the
DIDSON videos, we found that individual fish and schools
that were headed toward rotating blades usually avoided the
blades by adjusting their horizontal swimming direction
slightly and angling away. Others disappeared just before
encountering the rotor (i.e., within 1 m), which we assume
to have happened because the fish changed vertical direction,
swimming either above or below the turbine and therefore out
of view of the DIDSON beam. The automated analysis did not
detect this change in vertical direction, but that analysis was
not able to assess movements by fish that approached the
swept area directly because of the interference created by the
moving blades. A direct contact with the rotor by a large fish
(>50 cm) would likely have been apparent if it had occurred,
but the DIDSON resolution made it difficult to observe actual
contact for fish smaller than 50 cm. We occasionally saw some
abrupt changes in direction, but we never confirmed contact
with a rotor blade or observed fish swimming directly through
the swept area and out the back side.

The best indications of near-field avoidance came from
tracking the direction that fish moved as they approached the
turbine. The results we presented were specifically designed to
compare the tracks of fish (1) in different turbine environ-
ments—absent, stationary, and rotating—to evaluate whether
turbine presence had an effect; and (2) at different distances
from the turbine to determine whether turbine proximity had
an effect. Fish tracks passing near the turbine were evaluated
for changes in both velocity and direction; direction was
assessed laterally and vertically as well as in three-dimen-
sional space via path tortuosity.

Evaluation of the four behavioral metrics individually
revealed some differences when the turbine was present versus

when it was absent, especially during flood conditions and
particularly in near proximity to the turbine (see Figures 3–
6). When an apparent effect was observed, turbine presence
resulted in reduced swimming velocity, increased downward
trajectories, and movement toward the turbine.

One might expect that if fish were responding to the tur-
bine, the case of the stationary turbine would fall somewhere
between observations for the turbine-absent and turbine-rotat-
ing conditions. However, when there were differences between
either turbine group and the corresponding turbine-absent
group, it was just as likely to be in response to the stationary
turbine as to the rotating turbine. The nonrotating turbine
could have a greater effect on the local hydrodynamics, as it
produces greater resistance than the rotating turbine.
Additionally, because of movement or noise, fish may react
at a greater distance to a rotating turbine than to a stationary
turbine, which might partly explain the differences in
responses to stationary and rotating turbines (e.g., tortuosity;
see Figure 6).

The CDA multivariate analysis identified differences
among the groups that were significant but not easily
explained. The two turbine-absent groups (ebb and flood)
were more similar than any other pair, suggesting that the
differences among groups did not result from natural condi-
tions but instead were likely in response to the turbine.
However, such differences could have been a response to
hydrodynamic conditions—created by a combination of tide
direction and turbine presence—and not necessarily a response
to a perceived threat.

In addition to the intended analysis of near-field effects, the
DIDSON data also provided some information about possible
far-field avoidance. For example, the density of fish in the
DIDSON sample area when the turbine was absent was
roughly two times the density observed when the turbine
was in place for both turbine-rotating and turbine-stationary
cases (see Figure 2). This suggests that some avoidance
occurred before fish were close enough to the turbine to be
observed by the DIDSON. This response is similar to that
reported by Shen et al. (2016), who found evidence for general
fish avoidance of a tidal energy device in Cobscook Bay at up
to 140 m from the device.

Multibeam acoustics proved to be a useful tool for evaluat-
ing the near-field interactions of fish with an operating KHPS
turbine. However, because of the DIDSON’s limited range and
the size of the turbine, the position and aim of the DIDSON
unit were critical for capturing the most useful information.
This poses a particular challenge in tidal environments with
turbines that change orientation depending on the direction of
flow. The movement of the turbine (nacelle and rotor) also
presented a challenge in automating data analysis, which was
necessary because weeks of continuous data were required to
adequately capture fish interactions under all conditions of
flow and turbine operation. Future advances in data analysis
techniques should make dealing with rotating and oscillating
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turbines more feasible. Although multibeam hydroacoustics
provide the best opportunity to “visually” assess fish interac-
tions with turbines in low-visibility systems, the limited range
of this technique and the postprocessing requirements make
the technique less than ideal. For example, the diameter of the
KHPS rotor was about twice the vertical range of the
DIDSON field, preventing us from capturing the entire swept
area. Precise positioning and strategic aiming of the RAD are
crucial to capturing fish interactions with the turbine. Given
the current range and width of field for the DIDSON unit, it
would be better to position two DIDSON units in tandem to
fully capture fish that enter and leave the blade-swept zone.

Although some investigators have begun to find success in
employing multibeam systems to identify fish by species,
doing so was not practical in this study. However, from pre-
vious fish sampling of the East River in the vicinity of the
RITE site, we know that common species include the Winter
Flounder Pseudopleuronectes americanus, Atlantic Tomcod
Microgadus tomcod, Striped Bass Morone saxatilis, Grubby
Myoxocephalus aenaeus, Bay Anchovy Anchoa mitchilli,
Atlantic Silverside Menidia menidia, Blueback Herring Alosa
aestivalis, Northern Pipefish Syngnathus fuscus, and Atlantic
Menhaden Brevoortia tyrannus (Verdant Power 2011).
Atlantic Silversides and Northern Pipefish are regular resi-
dents of the area, while the other species are seasonally abun-
dant depending on species-specific migratory patterns. Other,
less-common species that likely migrate through the area on
the way to and from their spawning grounds include the
American Eel Anguilla rostrata, Alewife Alosa pseudoharen-
gus, American Shad Alosa sapidissima, Atlantic Sturgeon
Acipenser oxyrinchus, Rainbow Smelt Osmerus mordax, and
Shortnose Sturgeon Acipenser brevirostrum. As multibeam
system hardware and software continue to improve, the cap-
ability for species identification is likely to become more
accurate.

Multiple investigators have used various models to predict
the probability and risk of interactions between aquatic organ-
isms and hydrokinetic turbines based on river and turbine
dimensions, river hydraulics, and a series of probabilities of
encounter at different scales (Wilson et al. 2007; Schweizer
et al. 2011; Romero-Gomez and Richmond 2014). Efforts to
include behavioral components that account for avoidance,
evasion, and fish swimming ability are less common
(Hammar et al. 2015; Shen et al. 2016), and real-world data
to parameterize these features of the model are limited.

As part of the federal licensing process for testing and
deployment of turbines in the East River, a fish interaction
model was developed to address the probabilities that endan-
gered species would interact with a pilot project array of up to
30 bottom-mounted turbines (FERC 2012). Although the
model was developed for sturgeon species, it is applicable to
other species simply by changing the species-specific input
parameter values. Results from the present study, such as the
angle of incidence approaching the turbine and the proportion

of fish swimming with or against the current, will be incorpo-
rated into future revisions of that model.

Conclusions
In conclusion, we found no evidence that fish were reg-

ularly struck by turbine blades at the RITE site, and we
believe that the likelihood is quite low based on several
lines of evidence: the low probability that fish would directly
encounter a turbine (Wilson et al. 2007), the apparent long-
range avoidance seen in this study and another study
(Viehman and Zydlewski 2015), the apparent ability of
most fish to avoid rotor blades when they are encountered
at close range (Amaral et al. 2010, 2015), and the paucity of
evidence for direct blade strikes. However, based on the
relative number of fish tracks identified under the different
turbine conditions, the results of this study do suggest that
avoidance might be occurring at a distance beyond the
10–15-m range of the DIDSON system.

Whether this avoidance has any ecological relevance could
not be assessed here, but we can consider the possibilities.
Detours of up to 10–20 m to avoid a single turbine are
unlikely to produce any significant energetic or feeding dis-
advantage to resident or migratory fish or any significant delay
in migration. However, it is possible that moving offshore,
inshore, deeper, or shallower could, for a short time, subject
fish to additional predators that they might not otherwise
encounter. In addition, multiplying the seemingly insignificant
effect of a single turbine by an array 20–50 such turbines
could produce significant ecological ramifications. If the
affected area expands to include a majority of the river
width, the possibility for increased risk of physical interactions
with turbines and exposure to predators could become more
likely, and access to prey and feeding grounds could become
more difficult. Barriers to normal migration routes, even if
avoidable, could result in migration delays and additional
energetic burden. To evaluate the cumulative effects of turbine
arrays, additional studies on a larger scale than the present
work will be needed to confirm that tidal turbines representing
a variety of designs and configurations do not present a sig-
nificant hazard to migratory and resident fish.
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1. INTRODUCTION  

1.1 PHYSICAL INTERACTIONS WITH HYDROKINETIC TURBINES  

1.1.1 What Is the Issue?  

One of the most important biological questions facing the marine and hydrokinetic (MHK) energy 

industry is whether fish and marine mammals that encounter MHK devices are likely to be struck by 

moving components. For hydrokinetic
1
 (HK) devices, i.e., those that generate energy from flowing water, 

this concern is greatest for large organisms because their increased length increases the probability that 

they will be struck as they pass through the area of blade sweep and because their increased mass means 

that the force absorbed if struck is greater and potentially more damaging (Amaral et al. 2015). Key to 

answering this question is understanding whether aquatic organisms change their swimming behavior as 

they encounter a device in a way that decreases their likelihood of being struck and possibly injured by 

the device. Whether near-field or far-field behavior results in general avoidance of or attraction to HK 

devices is a significant factor in the possible risk of physical contact with rotating turbine blades (Cada 

and Bevelhimer 2011). 

Although numerous hydrokinetic device designs are under development (see DOE 2009 for a description 

of the technologies and their potential environmental effects), the ultimate goal for most developers is to 

deploy multiple devices in a large array positioned in high-velocity (high-energy) zones of rivers or tidal 

channels. The diverse designs imply a diversity of environmental impacts (Čada et al. 2010), but a 

potential impact common to most is the risk of blades striking aquatic organisms. Only a limited number 

of studies have been conducted to examine the risk of blade strike from HK technologies to freshwater 

fish (Turnpenny et al. 1992; NAI 2009; Schweizer et al. 2011; EPRI 2011; Amaral et al. 2015; Castro-

Santos and Haro 2015). 

Recent federal licensing requirements (e.g., see projects by Verdant Power in New York, New York and 

Ocean Renewable Power Company in Eastport, Maine) have included evaluation of possible interactions 

by fish and marine mammals with devices and additional monitoring as pilot arrays are deployed. Until it 

is demonstrated that these devices provide little risk of injury to aquatic organisms, this concern will 

likely persist for all device types and aquatic environments. These concerns are officially addressed by 

regulators under several regulatory statutes. For example, Section 7(a)(2) of the Endangered Species Act 

(ESA) requires federal agencies to ensure that their actions are not likely to jeopardize the continued 

existence of federally listed threatened and endangered species, or result in the destruction or adverse 

modification of their designated critical habitat. The Marine Mammal Protection Act (MMPA) prohibits, 

with certain exceptions, the “take” (defined under the statute as actions that are or may be lethal, 

injurious, or harassing) of marine mammals in US waters and the high seas. Section 10(j) of the Federal 

Power Act requires the Federal Energy Regulatory Commission (FERC), when issuing a license, to 

include conditions based on recommendations by federal and state fish and wildlife agencies, submitted 

pursuant to the Fish and Wildlife Coordination Act, to “adequately and equitably protect, mitigate 

damages to, and enhance fish and wildlife (including related spawning grounds and habitat)” affected by 

the project. 

                                                      
1
 The International Electrotechnical Commission (IEC) created a Technical Committee (TC114) to develop 

standards for the MHK industry, including a technical specification on common industry terminology, such as 

marine energy converters and hydrokinetic.  This committee (IEC TC114) and the MHK industry at large include 

wave, current (tidal, river, ocean) and ocean thermal technologies; hydrokinetic energy refers to those that generate 

energy from flowing water. 
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1.1.2 Existing Tools for Addressing Fish Interactions with Hydrokinetic Turbines 

Field observations and studies—Because this technology is so new and because so few devices have 

been in the water for extended periods of time, there are very few field studies on the interactions of fish 

with HK devices. Balloon tag studies performed with fish released into a ducted axial flow turbine in 

Hastings, Minnesota, found survival rates for many species of 99% or greater (NAI 2009). Researchers 

from the University of Maine partnered with Ocean Renewable Power Company have been collecting 

hydroacoustics (i.e., sonar) data at both a barge-mounted and a bottom-deployed horizontal axis turbine in 

Cobscook Bay, Maine. Among other findings, these studies found that (1) fish seemed to avoid an 

operating turbine more than a still one, (2) avoidance increased during the day and with fish size, and (3) 

avoidance of an operating turbine was detectable up to 140 m upstream of the turbine (Shen et al. 2015; 

Viehman and Zydlewski 2015). Hammar et al. (2013) monitored fish interactions with a vertical axis 

turbine of the coast of Mozambique using a video camera system and found near-field avoidance by fish 

and no collisions by the few fish that passed through the rotors. Verdant Power has monitored a 

horizontal axis turbine at its test site in the East River, New York, off and on for several years (Verdant 

2008, 2010). As described above, Verdant Power undertook studies on presence, abundance, and species 

interaction with operating full-scale KHPS turbines at the Roosevelt Island Tidal Energy (RITE) project 

and most recently collected dual-frequency identification sonar (DIDSON, Sound Metrics Corporation, 

Bellevue, Washington) video data during a deployment of a single Gen5 KHPS turbine for a period of 2 

weeks in August–September 2012. 

Lab studies—Only a handful of laboratory studies have evaluated the effects on fish of passage through 

an HK turbine. Alden Engineering Lab and the Electric Power Research Institute (EPRI) collaborated on 

studies using a Lucid spherical (cross flow) turbine and the Welka UPG (axial flow propeller) turbine; 

they found that survival rates normally exceeded 98% for two species tested (EPRI 2011). When allowed 

time to respond behaviorally before being entrained in the turbine, most of the fish avoided passage 

through the turbine. Alden, EPRI, and Oak Ridge National Laboratory (ORNL) recently completed 

similar tests with a Free Flow Power half-scale ducted horizontal axis turbine and found survival rates 

above 95% for the three species tested, but a high incidence of de-scaling or injury for one species when 

entrained (Amaral et al. 2015). Recent studies conducted at Conte Anadromous Fish Research Center in 

Turners Falls, Massachusetts, exposed Atlantic salmon smolts and adult American shad to a full-scale 

vertical axis turbine in a large open-channel flume (Castro-Santos and Haro 2015). They found no sign of 

injury caused by passing through the turbine and a 48 h survival rate that did not differ from control fish. 

Modeling—Several investigators have attempted to model interactions between aquatic organisms and 

HK turbines.  

Wilson Probability Model—Wilson et al. (2007) described a simple model to estimate the probability that 

aquatic animals will enter the path of a marine turbine. The model is based on the density of the animals 

and the water volume swept by the rotor. The volume swept by the turbine can be estimated from the 

radius of the rotor and the velocity of the animals and the turbine blades. The researchers emphasized that 

their model predicts the probability that an animal will enter the region swept by a rotor, not collisions. 

Entry into the path toward the rotor may lead to a collision, but only if the animal does not take evasive 

action or has not already sensed the presence of the turbine and avoided the encounter. Applying this 

simplified model (no avoidance or evasive action) to a hypothetical field of 100 turbines, each with a 2-

bladed rotor 16 m in diameter, they predicted that 2% of the herring population and 3.6 to 10.7% of the 

porpoise population near the Scottish coast would encounter a rotating blade. At this time, there is little 

information about the degree to which marine animals may sense the presence of turbines, take 

appropriate evasive maneuvers, or suffer injury in response to a collision. Wilson et al. (2007) suggested 

that marine vertebrates may see or hear the device at some distance and avoid the area, or they may evade 

the structure by dodging or swerving when in closer range. 
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ORNL Strike Model—Researchers at ORNL combined ideas from Wilson et al. (2007) with similar 

models for conventional hydropower turbines to construct a model that accounted for probabilities of 

encounter, turbine entrainment, and blade strike (Schweizer et al. 2011). Their model included a 

behavioral component that would account for avoidance, evasion, and fish swimming speed; but they had 

no real-world data to parameterize these features of the model. 

Verdant Power/Kleinschmidt Fish Interaction Model—As part of the FERC licensing process, Verdant 

Power, in collaboration with Kleinschmidt Associates, developed a Kinetic Hydropower System – Fish 

Interaction Model (KHPS-KFIM) specifically to address the probabilities of endangered species 

interacting with a pilot project array of up to 30 KHPS turbines operating in the east channel of the East 

River (FERC 2012; NOAA 2012). Although the model was developed for sturgeon species it is 

applicable to other species simply by changing species-specific input parameter values. The model does 

not make any assumptions about fish behavior; that is, it does not incorporate any likelihood that if a fish 

detected the presence of the turbines, it would avoid an interaction. As adult shortnose sturgeon are highly 

mobile, it is likely that the model presents a very conservative estimate of the likelihood of interactions 

between an individual fish and the turbines. The model uses nine parameters (water velocity distribution; 

channel geometry; physical and operation characteristics of the turbines; and specific fish characteristics, 

such as size, burst swimming speed, and swimming velocity and endurance) and was applied to calculate 

the strike probability for a single turbine, as well as for an array of up to 30 turbines.  

University of Maine Model – In collaboration with Ocean Renewable Power Company’s testing of a tidal 

turbine in Cobscook Bay (Eastport, Maine), researchers at the University of Maine developed a turbine 

interaction model based on fish density data that they collected onsite (Shen et al. 2015). The model 

includes three primary parameters: the probability of fish being at the device depth; the probability of fish 

behavior changing to avoid the device in the far-field; and the probability of fish behavior changing to 

avoid the device in the near-field. 

1.2 ROOSEVELT ISLAND TIDAL ENERGY PROJECT  

1.2.1 Background to 2012 

Since its inception in 2000, Verdant Power has advanced the state of the art in kinetic hydropower 

research and demonstrated the utility and efficiency of a water-to-wire turbine system in converting the 

kinetic energy in flowing water into electric power, with concurrent environmental permitting and 

assessment. During 2006–2008, Verdant Power conducted a demonstration of its patented system, the 

KHPS, at its RITE project, located in the East River in New York City (Figure 1-1). During the RITE 

demonstration, the KHPS met expectations, showing a turbine peak efficiency of 38 to 44% in water 

current speeds of 0.9 to 2.1 m/s (1.8 to 4.2 knots) while delivering emission-free, renewable electricity to 

two commercial end users.  

When Verdant Power first embarked on the development of the RITE project in 2002, with the filing of a 

FERC Preliminary Permit for the RITE site in the East River in New York, there was no precedent for the 

process in the United States, neither regulatory nor environmental, to evaluate this new type of project 

and tidal technology. Verdant proceeded within the federal context of a FERC hydropower process, which 

requires the development of an Initial Consultation Document (ICD) under the FERC Traditional 

Licensing Process. Therefore, when in October 2003 Verdant issued its ICD, the discussion of the 

potential environmental effects of KHPS technology was new to both resource agencies and stakeholders. 
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Figure 1-1. Verdant Power Roosevelt Island Tidal Energy project site—New York, east channel, East River. 

In general, the opportunity for a new source of clean energy was well received during scoping meetings 

held in 2004; but it also raised significant concerns regarding the regulatory scheme for the grid-

connected generation of such technology, as well as the potential environmental impacts of operation. In 

2005, to demonstrate its technology and gather data that could begin to address these concerns, Verdant 

Power sought permission from FERC to test a six-turbine array of KHPS in the RITE project site in the 

east channel of the East River (RITE demonstration). In a precedent-setting declaratory order, the 

“Verdant Order,” FERC ruled that this activity did not require a license under the Federal Power Act, as it 

was consistent with the following findings: 

1) The technology in question is experimental 

2) The proposed facilities are to be utilized for a short period for the purpose of conducting studies 

necessary to prepare a license application, and  

3) Power generated from the test project will not be transmitted into, or displace power from, the 

national electric grid.
2
 

As such, the RITE demonstration project could proceed to begin to examine many of the environmental 

issues. Subsequent to this, the FERC issued its April 2007 rules regarding Pilot Licenses.  

                                                      
2
 111 FERC 61, 024 – April 14, 2005; the “Verdant Order” 
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During the RITE demonstration, Verdant Power conducted environmental monitoring efforts, including a 

specific Fish Monitoring and Mitigation Plan (FMMP) required under project permits, to advance the 

understanding of fish presence, abundance, species characterization, and fish interaction with operating 

kinetic hydropower turbines. This monitoring involved various applications of hydroacoustic detection 

devices in an effort to understand fish interaction with HK devices.
3
 A third deployment of operating 

turbines in the fall of 2008 included the collection of additional information (as discussed later in this 

report). The results of this effort culminated in the December 2010 filing of a hydrokinetic pilot license 

application with the FERC for pilot development of the RITE project (FERC No. P-12611). Included in 

the draft license application were a set of environmental monitoring plans for RITE, termed the RITE 

Monitoring of Environmental Effects (RMEE) plans, as well as a KFIM for the Biological Assessment. 

The RMEE plans and KFIM are available at http://www.theriteproject.com as Volume 4 of the Final 

RITE Pilot License Application; they are further discussed in the context of this study.  

1.2.2 RITE Project Moving Forward Beyond2012  

In January 2012, FERC issued the first 10 year US pilot license to Verdant Power for the installation of 

up to 30 KHPS turbines in the east channel of the East River, accepting the results of the KFIM for both 

Endangered Species Act species and Essential Fish Habitat and incorporating a suite of seven RMEE 

plans in a staged monitoring strategy with adaptive management. Implementing this suite of monitoring 

plans was projected to cost more than $2.3 million over the course of the pilot license. Of importance in 

this project are RMEE-2, “Seasonal DIDSON Observation,” and to a lesser extent RMEE-4, “Tagged 

Species Detection.”  

As part of the start of construction and the final technology development—with partial funding from the 

New York State Energy Research and Development Authority (NYSERDA)
4
 and the US Department of 

Energy
5
 (DOE) — following a year of preparatory work in September 2012, Verdant successfully 

completed an in-water test of an updated KHPS turbine rotor including composite blades and concurrently 

deployed a remotely aimed DIDSON (RAD) system (Figure 1-2). The RAD incorporates a DIDSON, a 

ROS PT25 2-axis servo, a ROS 400 ft underwater cable, a custom-designed river bottom gravity mount, 

and an executive program for control and data collection of an operating KHPS turbine in the East River 

under the RMEE-2 plan as a beta test of the monitoring equipment. The results of the data collection 

effort—over 370 hours of DIDSON RMEE-2 RAD video with and without the operation of a KHPS 

turbine—were initially shared with the agencies for their review as follows:  

 Fish abundance varies significantly with the seasonal migration at the site (April–May and 

September–December).  

 Equivalent abundance is seen day and night.  

 The greatest movement is seen by fish observed moving in the direction of the tides or at slack tide 

(when KHPS turbines are not operating).  

 Fish zonal location is near shore, not in the zones of the operating turbines.  

 DIDSON technology did show “some signs” of avoidance behavior and showed promise for future 

monitoring—hence the development (and adoption) of the RMEE-2 plans.  

                                                      
3 The efficacy of splitbeam transducers, various DIDSON mounts (stationary, mobile, and RAD), and netting is discussed later in 

this report.  
4 NYSERDA Grant 20802.  
5 DOE Grant DE-FG36-08GO18168, “Improved Structure and Fabrication of Large, High-Power KHPS Rotors.” 

http://www.theriteproject.com/
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Figure 1-2. Verdant Power kinetic hydropower system Gen5 turbine. 

The RAD hydroacoustics data are the subject data that are further analyzed in this report. As required by 

the FERC license, the actual deployment and operation of a full-scale kinetic hydropower device and the 

concurrent deployment of a DIDSON provided the unique opportunity to observe and address the 

questions most important to aquatic resource managers and regulators:  

1. How do fish behave around operating KHPS turbines?  

2. Can fish behavior be inferred by tracking a fish’s swimming location and direction or its reaction in 

relation to the rotating blades?  

3. Do the DIDSON observations provide some added meaning and value (correlation) to the body of 

collected data on fish presence, abundance, movement pattern, and species in and around the 

operating KHPS turbine? 

4. What, if anything should be changed in the DIDSON operating protocol to improve evaluation of the 

effects of operating KHPS turbines?  

These questions and answers will be addressed in Section 6 of this report, the summary.  

1.3 STUDY OBJECTIVES AND REPORTING 

The project objectives are as follows:  
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1. Quantify near-field (i.e., within 12 m) behavioral response and swimming trajectories of fish 

encountering an operating HK turbine using 373 hours of video from a deployed DIDSON multibeam 

hydroacoustics system. This is discussed in Section 2. 

2. Quantify the far-field normal swimming trajectories and distribution of fish in the vicinity of the 

deployment site using previously collected data from a splitbeam hydroacoustics system during the 

same seasonal period. This is discussed in Section 3.1. 

3. Characterize the relationship between flow dynamics and changes in behavior and distribution (near- 

and far-field) with correlation of concurrently collected acoustic Doppler current profiler (ADCP) 

data. This is discussed in Sections 2 and 3.1. 

a. Near-turbine fish trajectories, avoidance behavior, and general distribution relative to near-field 

hydraulics (i.e., water velocity and tide direction) with and without the influence of a turbine. 

b. Far-field vertical and horizontal distributions and trajectories of fish relative to water velocity and 

tide stage (ebb, flood and slack tide) with and without the influence of a turbine. 

4. Update parameterization of existing fish interaction model developed for the East River and the RITE 

Project. This is discussed in Sections 3.2 and 4.2. 

5. Use study results to assess which approaches (e.g., field observation, experimentation, models) will 

be most effective for predicting or monitoring the effects of turbine arrays. This is discussed in 

Section 5. 

1.4 ORIENTATION TO THE KHPS OPERATION 

Three fundamental understandings of the operation of the Verdant Power KHPS form the basis for this 

study. This section orients the reader to these elements: the KHPS turbine, operation in the tidal cycle, 

and the orientation of RMEE-2 seasonal DIDSON operation in September 2012 to the operating Gen5 

KHPS.  

1.4.1 The Gen5 KHPS  

The KHPS turbine is a three-bladed horizontal-axis turbine (Figure 1-2) with four major assemblies: 

 A rotor with three fixed blades that rotate at the relatively slow and constant speed of approximately 

40 revolutions per minute (rpm) with tip-speeds of 35 feet per second. This is well below normal 

water vessel propeller speeds and conventional hydropower turbine blade speeds. The blade 

movement “self starts-stops” at flow speeds of approximately 1.0 m/s. 

 A sealed nacelle, pylon, and passive yaw mechanism that are hydrodynamically designed to allow the 

turbine to self-yaw into the prevailing current flow when in the flood tide position like a weathervane, 

so that the blades are optimally aligned to generate energy. In the 180 opposite direction, the ebb tide 

position, the yaw stop holds the turbine in a stationary position preventing it from self-seeking a 

variable flow orientation. Note that this feature will be important in the DIDSON analysis that 

follows.  

 An enclosed generator and drivetrain within the nacelle serve as a horizontal-axis custom-designed 

drivetrain unit that integrates the bearing housing with a special long-life planetary gearbox with 

mechanical shaft seals and a minimum of sealed lubricants. 
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 A streambed mounting system, which can vary depending on site conditions, as a single monopile, 

tri-frame mount (holds three turbines), or single concrete gravity-based structure. 

For the effort completed in 2012— which generated the DIDSON data— a modified Gen5 KHPS turbine 

was used on an existing in-river monopile for the period August 29, 2012 through and including 

September 10, 2012 (Figure 1-3). 

 

Figure 1-3. Gen5 KHPS turbine deployment with DIDSON (RAD) system being deployed (August 2012). 

The multibeam hydroacoustics data analyzed in this study were collected using the RAD system deployed 

in the east channel of the East River in New York in September 2012. Figure 1-4 shows the orientation 

beam of the DIDSON relative to the operating Gen5 KHPS turbine. 
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Figure 1-4. Deployed RAD system at RITE, September 2012. 
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2. DIDSON MULTIBEAM ANALYSIS  

2.1 INTRODUCTION 

During 2012 construction testing of its Gen5 KHPS turbine at the RITE site (P-12611) in the East River, 

Verdant Power used a RAD system to collect images of passing fish in the vicinity of the turbine. In 

addition to the DIDSON, the RAD consisted of a ROS PT25 2-axis servo, a ROS underwater cable, a 

river bottom gravity mount, and a custom execution program that integrated the DIDSON aim and data 

collection. Concurrent stationary ADCPs also collected detailed tidal velocity measurements as the Gen5 

horizontal axial turbine operated. These data were collected continuously for 19 days (August 30–

September 18, 2012) through multiple tidal cycles, including periods with and without the turbine in place 

and periods (according to water velocity conditions and video observation) when the turbine rotor was 

turning and when it was stationary. From August 29 through September 3, the RAD was put through 

various tests to ensure proper data collection and operation of the remote-control aiming system. Data 

were collected during this time, and the turbine was allowed to operate only during flood tides. Turbine 

operation began during ebb tides as well as flood tides on September 4 and continued through September 

7. On September 8, the turbine testing was terminated, and turbine removal was completed on September 

11. The DIDSON continued to collect data aimed at where the turbine had been located through 

September 14. 

2.1.1 Objectives 

The primary objective of this task was to analyze the multibeam hydroacoustics data to quantify near-

field fish behavior, such as a change in water-column position, swimming direction, and velocity, in 

response to encountering an operating full-scale HK turbine. Specifically, we wanted to determine 

whether fish actively avoided the operating turbine and, if not, whether there was any indication of actual 

contact with the rotating blades. The results of this analysis were used to augment the fish interaction 

model (see Section 3) and to assess whether multibeam acoustics is an effective approach for future 

monitoring of the effects of turbine arrays on fish behavior. 

2.1.2 Approach 

The DIDSON unit consists of 90 individual transducers lined up side to side (Figure 2-1), each of which 

sends out an acoustic ping approximately eight times per second. The effective sampling range from the 

DIDSON is 5 to 15 m from the unit. The column on which the turbine with 5 m diameter blades rotates is 

located at approximately 12.5 m from the DIDSON; but depending on the flow direction effect on the 

turbine position, the blade tips can be as close as 9.7 m. The DIDSON data can be viewed as individual 

snapshots in time (Figure 2-2) or in the form of a video (this is why this technology is often referred to as 

an “acoustic camera”). These videos can be analyzed manually, but the results are only semi-quantitative; 

and for the amount of data collected in this study, manual analysis would not have been practical. 

Therefore, we chose to analyze the data in an automated fashion using Echoview software (v5, Myriax 

Software Pty Ltd, Hobart, Tasmania, Australia).  
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Figure 2-1. Dimensions of the surveyed field of the DIDSON multibeam hydroacoustics system with an 

example of a fish track (arrow) through the field constructed from individual signal returns (circles) of the 

same fish four times through time. This illustration shows only ten individual transducer fields, whereas in reality 

there are 90. 

 

Figure 2-2. Plan view of the DIDSON acoustic camera field (5 to 15 m from DIDSON unit) with the DIDSON 

unit located 5 m above the field showing (A) two individual fish at a single point in time when the turbine was 

absent during ebb tide and (B) a composite image of every other ping of a single fish track over a 3-s interval 

during flood tide. In panel B, the turbine is at the bottom of the figure with the blades at the right end. 
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An echo that returns after bouncing off a fish target (henceforth referred to as a target) to any of the 90 

transducers includes information on the xyz location of the target within a particular transducer’s field of 

view. A single fish is typically picked up by two or more transducers depending on the size and 

orientation, and through data processing, pings returned to adjacent transducers can be joined together as 

a single target, based on pre-defined time and distance thresholds for categorization as the same fish. The 

Echoview analysis assigns the joined target an estimate of target strength (a surrogate for size) and an xyz 

location within the DIDSON field. Targets identified in successive pings within a predefined distance of 

each other can be linked to create a track of an individual fish as it passes through the DIDSON sampling 

area (Figure 2-1). Analysis of individual tracks can provide information on direction of travel and 

swimming velocity. 

We hypothesized that active avoidance might be detected in one or more metrics that measure direction 

and speed of travel, and we structured our automated analysis so that we could compare changes in fish 

behavior as a result of turbine presence or operation. We analyzed the data to provide comparisons of the 

metrics among the three modes of operation (turbine absent, turbine present but not rotating, and turbine 

rotating) during periods of the same tidal cycle (i.e., ebb or flood), and comparisons of differences in 

metrics based on nearness to turbine within each of the same operation modes individually.  

2.2 METHODS 

2.2.1 Data Coverage 

The data sets were filtered to address normal operating conditions of a tidal turbine, including the 

signature associated with rotating blades, self-seeking flow orientation in the opposite direction (flood) 

instead of the firm position at the yaw stop (ebb), and the normal change of turbine orientation four times 

daily with tidal flow. Not all periods of data collection provided useful data for analysis, since some 

periods included turbine maintenance, RAD aimed away from the turbine, and turbine removal. Of 373 

hours of useful DIDSON data, we analyzed 239 (64%) distributed across ebb and flood tides, operation 

modes, and velocity classes (Figure 2-3). Note that since the turbine rotor would rotate only at velocities 

greater than 1 m/s, there were no observations for the low-velocity, turbine operating category.  
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Figure 2-3. (Top) Number of hours of DIDSON data collection (analyzed and unanalyzed) by tide cycle and 

turbine operation mode. (Bottom) Number of hours of DIDSON data collection (analyzed and unanalyzed) by 

water velocity class and turbine operation mode. 

2.2.2 Echoview Analytical Details 

The raw DIDSON data files were divided into subsets by RAD aim and turbine position and operation. 

Each subset was processed with a series of filtering techniques to remove noise, interference, and the echo 

from stationary objects (e.g., the non-rotating turbine) so that all that remained were echoes of a signal 

strength greater than the smallest fish of interest. These data were then processed as described earlier to 

identify first fish targets at each point in time and then fish tracks from individual targets that were joined 

based on signal strength and distance. 

Stationary objects, such as the locked turbine in the ebb position, are relatively easy to filter from the 

analysis, leaving the rest of the field open for analysis of fish targets. However, the moving rotor was 

difficult to filter from the DIDSON field, especially when the turbine was in the flood position and not 

locked in place but allowed to reposition itself to seek the optimal position for rotor rotation. Therefore, 

when the turbine was operating, we had to set an exclusion line across the DIDSON field at the point 

where the turbine was closest to the DIDSON unit. The exclusion zone for the different data subsets 

ranged from 9.7 to 12.1 m from the DIDSON depending on turbine rotor location, which depended on 

operation mode and tide direction. Fish movements in the area beyond the exclusion zone were analyzed 

manually for a subset of the period when the turbine was operating. Because the flow moves across the 

DIDSON beam, we used the surface area of the vertical side of the ensonified region to standardize 

among groups of analyses that excluded different amounts of the DIDSON sampled region. Without any 

exclusion, the sampled vertical area was 21.0 m
2
. With a still turbine, the vertical area sampled was 12.8 
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m
2
 during ebb tide and 12.3 m

2
 during flood tide. With an operating turbine, the vertical area sampled was 

12.5 m
2
 during ebb tide and 9.8 m

2
 during flood tide.  

We used Echoview to generate two types of output files. The first was a csv file of every fish track along 

with associated information for over 20 descriptive variables. The second was a csv file of individual 

targets that included information on each fish each time it was identified, including an estimate of body 

length based on the distance between the two echoes most distant from each other that comprised the fish. 

For the best estimate of the body length of a fish in a track we searched the individual target data set and 

extracted the maximum length of those individual targets with a ping number that corresponded to the 

range of pings defined for a fish track. 

2.2.3 Echoview Validation 

Correct identification of fish targets is primarily based on establishing a signal strength threshold that 

captures fish of the size of interest while at the same time excluding fish smaller than the size of interest. 

Because the fish orientation, its distance from the transducer, and other factors affect the strength of a 

returned signal, the range of signal strengths for fish of a given size can be quite variable. In other words, 

it is impossible for automated analysis to capture every fish of a desired size that passes through the 

acoustic field. Therefore, we performed a validation exercise to determine the efficiency of our calibrated 

analysis. 

We observed 112 min of DIDSON data in video form from September 1 and September 5 and, without 

knowledge of the automated processing results, noted the time, ping numbers, minimum and maximum 

range (i.e., distance from DIDSON), and length of each fish target that appeared to be roughly >10 cm. 

These data were compared with the automated results for the same periods. Of the 181 unique tracks 

(individual and schools) observed by the two methods, 74% were captured via the automated analysis. Of 

those not captured by the automated analysis, nearly all were small in size (based on visual observation) 

and likely just below the signal strength threshold established for inclusion; a few were larger but were 

seen only for two consecutive pings. Based on our validation, we believe that the automated method 

provided an accurate accounting of fish of the size range of interest that passed through the DIDSON 

beam during the sampling period. 

During validation of the Echoview analysis, and while performing other visual assessments of the data, 

we used the measuring tool in Echoview to hand measure more than 100 individual fish of all sizes. These 

measurements were made on the clearest image of a track sequence and should be accurate within 10–

20% in most cases. The manual measurements were compared with the estimated maximum size for the 

same individual generated through analysis of the Echoview output, and unfortunately, we found poor 

agreement between the two estimates. Therefore, we did not include size as a variable in further analysis 

of the automated data collection. We did, however, use the signal strength to identify likely large fish for 

our manual analysis of fish passing near the rotating turbine blades. 

2.2.4 Metrics Evaluated 

Output from the Echoview analysis included location, heading, and velocity of each fish as it passed 

through the multibeam field. Each track included information about the beginning and ending xyz 

location in the beam, time in the beam, and returned signal strength, from which direction of movement, 

velocity, track linearity, and fish size could be estimated. Fish avoiding the turbine might be expected to 

change depth, swim faster, swim in a direction away from the turbine, or deviate from a straight course. 

Key dependent variables that were evaluated included:  
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 Horizontal direction (degrees): The linear direction (or compass heading) of a fish track in the plane 

roughly parallel to the surface of the water. This value ranged from 0 to 360°, with the ebb current 

running at a heading of approximately 40–55° and flood at approximately 219–236° depending on the 

aim of the DIDSON relative to the turbine location.  

 Vertical direction (degrees: The linear direction of a fish track in the vertical plane (i.e., depth) with 

+90° being straight up and 90° being straight down. 

 Lateral movement (m): The amount of change in position of a fish track relative to a straight line 

between the DIDSON and the turbine, ranging from 0 to 10 m. 

 Tortuosity (unitless): A measure of straightness of a track based on the xyz position of each point in 

time that makes up a track. It is calculated as the sum of the distances between adjacent targets in a 

track (that is, the total distance traveled) divided by the straight line distance between the first and last 

targets in a track (Johnson and Moursund, 2000). A value of 1 refers to a straight line, while the value 

of a crooked line is theoretically boundless.  

 Swimming velocity (m/s): Calculated as the total distance covered by a track divided by the duration 

of the track. 

These behavioral responses were evaluated as a function of:  

 Turbine presence or absence: The turbine was present from August 29 to September 8 and absent 

from September 11 to September 14.  

 Turbine operation (rotating or not): When in place, the turbine rotor generally rotated at water 

velocities in excess of 1 m/s except from August 29 through September 3, when the rotor was allowed 

to rotate only during flood tides for testing purposes. 

 Tide (ebb or flood): A complete tidal cycle in the East River during the period of analysis was 

estimated at 12 h 24 min, with flood tide leading up to a high tide averaging about 6 h 24 min in 

duration, and an ebb tide leading up to a low tide averaging about 6 h.  

 Current velocity (low, medium, high): Each fish track observation was associated with one of three 

current velocity classes based on the tidal cycle time. The first sixth of a tide (1 h for ebb and 1 h 4 

min for flood) was classified as low velocity, the second sixth as medium, the third and fourth sixths 

as high, the fifth sixth as medium, and the last sixth as low. Although this did not provide a specific 

velocity cutoff for each category, it did provide bins of equal duration, which we believe provided for 

a better analysis given that velocities vary a little from day to day. On average, this meant that the 

low-velocity-class velocities were approximately 0 to 1.5 m/s, the medium class approximately 1.5–

2.1 m/s, and the high class approximately 2.1 to 2.5 m/s. 

 Relative direction (with or against): Whether a fish was swimming with the current or against it was 

determined by comparing the horizontal direction output from Echoview with the direction of the tide 

for each fish track observation. Based on the distribution of horizontal direction data for two different 

RAD aims, directions between 145 and 325° were considered to be traveling in the flood direction, 

and directions between 0 and 145° and >325° were considered to be in the ebb direction. A fish 

swimming in the ebb direction during a flood tide was considered to be traveling against the current, 

and so forth.  
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 Distance from the DIDSON (or conversely from the turbine): Data were collected within a range of 5 

to 15 m from the DIDSON unit. The mean distance from the DIDSON for each track as it passed 

through the field was included in the analysis. For reference, the turbine body was located at about 

11.5 m from the DIDSON and the turbine rotor from 10 to 15 m distance when present.  

2.2.5 Direct Observation of Turbine Interactions 

To minimize false detections caused by the moving rotor, we established an exclusion depth at the tips of 

the rotor blades for many analyses (typically 10–11 m from the DIDSON during ebb tides and 11–12 m 

during flood tides) beyond which signals were excluded from automated analysis. Therefore, since we 

were unable to automatically assess fish that might encounter the rotor directly, we used the output data to 

identify fish tracks that were most likely to cross the exclusion line and encounter the rotor; we evaluated 

those tracks manually. Such occurrences were most likely during ebb tides when the direction of the flow, 

which was not perpendicular to the DIDSON beam, was at an angle that would take fish across the 

exclusion zone if they were within a meter of the excluded area near the turbine. We filtered the 34,705 

fish tracks based on tide (ebb), turbine operation (rotating), fish length (Echoview estimated >15 cm), and 

maximum target depth (>9 m). Alone, these three criteria were met by 69, 10, 16, and 18% of the tracks; 

but in combination, they were met by only ~0.1% (36 tracks). Each of these tracks was evaluated 

manually to determine if any culminated in turbine interaction or active avoidance.  

During the previously described validation exercise that included 112 min of data, we also noted every 

fish that passed near the turbine that was not captured by the automated analysis. As well, during the 

processing of other subsets of the data, we noted anecdotally fish targets that had close encounters with 

the turbine. 

2.3 RESULTS  

2.3.1 Fish Tracks Count 

Our analysis resulted in the identification of 34,705 fish tracks, distributed as 11,641 and 4,049 during 

ebb and flood tides, respectively, without a turbine in place; 10,490 and 5,076 during ebb and flood tides 

with a non-rotating turbine; and 1,734 and 1,715 during ebb and flood tides with a rotating turbine. 

Subsequent review of a subset of the tracks indicated that many of these tracks were actually schools of 

tens to hundreds of small fish and not individual fish. On a per-hour basis, more tracks were observed 

when the turbine was not in place than when it was (Table 2-1). These numbers were also evaluated after 

accounting for the smaller area analyzed when the turbine was rotating as described earlier, and, even 

with that correction, the rate of fish passing by the turbine was lowest when the turbine was operating.  

Parsing the count of fish tracks by turbine operation mode, tide, and velocity revealed differences 

associated with each category (Table 2-2). The number of tracks per hour observed was generally higher 

during ebb tides than during flood tides and generally increased with increasing current velocity. The 

count per hour was highest when the turbine was absent and lowest when the turbine was rotating.  
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Table 2-1. Number of fish tracks observed per hour of data analyzed during three turbine operation modes 

for ebb and flood tide directions. Hours of data analyzed are shown in parentheses. The grand average (total 

counts/total time) was standardized by the vertical area sampled, as determined by the location of the exclusion line 

necessary to avoid moving blades in analysis 

 No turbine Turbine not rotating Turbine rotating Grand 

Total Date Ebb Flood Ebb Flood Ebb Flood 

20120829 – –  776.6 

(1.9)  

– – –  776.6  

20120830 – –  310.8 

(3.6)  

 135.7 

(6.0)  

– –  201.4  

20120831 – –  116.7 

(3.4)  

 314.6 

(1.9)  

– –  109.2  

20120901 – –  152.9 

(11)  

 365.8 

(3.4)  

–  21.7 

(3.8)  
 138.4  

20120902 – –  294.9 

(5.3)  

 133.3 

(1.7)  

–  44.8 

(7.9)  
 210.2  

20120903 – –  59.3 

(6.5)  

 16.0 

(1.4)  

–  74.8 

(1.9)  
 59.6  

20120904 – –  143.0 

(7.0)  

 32.1 

(1.7)  

 112.3 

(4.3)  

 93.6 

(4.3)  
 113.0  

20120905 – –  28.2 

(4.1)  

 136.2 

(3.8)  

 78.8 

(8.2)  

 69.4 

(7.2)  
 76.5  

20120906 – –  29.2 

(2.6)  

 47.6 

(2.9)  

 83.6 

(4.3)  

 74.0 

(3.8)  
 62.8  

20120907 – –  7.3 

(1.0)  

–  60.0 

(4.1)  

 18.1 

(0.7)  
 46.0  

20120908 – –  153.9 

(6.5)  

 40.6 

(3.6)  

– –  113.4  

20120909 – –  70.4 

(12.7)  

 32.5 

(11.3)  

– –  52.6  

20120910 – –  122.6 

(6.2)  

 57.6 

(9.6)  

– –  83.2  

20120911  216.7 

(0.5)  

–  80.0 

(0.1)  

 69.8 

(5.8)  

– –  81.1  

20120912  589.5 

(12.0)  

 173.6 

(12.0)  

– – – –  381.5  

20120913  302.9 

(12.0)  

 145.8 

(11.3)  

– – – –  226.8  

20120914  138.0 

(6.0)  

 53.5 

(6.0)  

– – – –  95.8  

Grand average 381.9 138.3 146.2 95.7 83.0 51.4  

Standardized to 

no turbine 
381.9 138.3 239.8 163.6 140.3 110.0 
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Table 2-2. Number of fish tracks observed per hour of data analyzed during three turbine operation modes 

for ebb and flood tide direction and three velocity classes. Each of the three velocity classes was equal to 

approximately 2 h of a 6 h tide cycle with low velocity generally equivalent to 0–1.5 m/s, medium velocity to 1.5–

2.1 m/s, and high velocity to 2.1–2.5m/s 

Velocity 
No turbine Turbine not rotating Turbine rotating 

Row mean 
Ebb Flood Ebb Flood Ebb Flood 

Low 217 104 79 93 78 83 105 

Medium 350 116 166 100 70 40 133 

High 589 194 223 98 88 52 193 

Column mean 382 138 146 96 79 49 143 

 

2.3.2 Spatial Distribution 

In addition to consideration of operation mode, tide, and current velocity, the number of fish tracks—

specifically the number per hour—can also be viewed relative to the nearness to the turbine (or distance 

from the DIDSON unit; Figure 2-4). In all cases, the greatest number of tracks occurred in the nearshore 

region, i.e., farthest from the turbine. For the different categories (e.g., high velocity, no turbine) 65–80% 

of the tracks were in the region of 5–8 m from the DIDSON unit even though this portion of the beam has 

the smallest cross-sectional area and sampling volume. The observation we noted earlier that the  number 

of tracks with no turbine present is greater than when the turbine is present but not operating which is in 

turn greater than when turbine is present and operating is consistent for all distances from the turbine.  

2.3.3 General Swimming Direction 

An evaluation of fish swimming direction relative to current direction revealed that overall 16% of the 

fish tracks were in a direction against the current (Table 2-3). Among velocity classes, swimming against 

the current at low velocity was roughly twice as frequent as at higher velocities. Differences among 

operations were small, but fewer fish swam against the current when the turbine was operating than when 

it was absent. Differences between ebb and flood tides were minimal when the turbine was absent but 

were markedly different with a non-operating turbine (higher against the current during flood tide) and 

even more different when the turbine was operating.  
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Figure 2-4. Number of fish tracks per hour during three operation modes (no turbine, turbine not rotating, 

and turbine rotating) summarized by distance from the DIDSON unit (1 m blocks) and by three current 

velocity classes (high, medium, and low). The low-velocity/turbine rotating class was not included, as there was 

less than an hour of data for this group because the turbine does not rotate below 1m/s.  
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Table 2-3. Summary of distribution of fish tracks against the current (%) for three operating conditions, ebb 

and flood tides and three current velocity classes 

Velocity 

class 

No turbine Turbine not rotating Turbine rotating Row 

mean Ebb Flood All Ebb Flood All Ebb Flood All 

Low 32.2 22.1 29.2 21.1 30.4 25.9 4.8 19.0 14.6 26.9 

Medium 10.8 9.4 10.4 10.4 11.0 10.6 4.0 15.1 9.4 10.4 

High 14.9 17.2 15.5 12.3 10.9 12.0 8.2 18.8 13.3 13.9 

Mean 17.2 16.1 16.9 13.7 20.9 16.0 6.3 17.4 11.8 16.0 

 

2.3.4 Change in Range 

Change in range refers to whether a fish moves closer to the turbine (positive values) or farther from it 

(negative values) during the time when it crosses through the DIDSON beam. Because the DIDSON 

position relative to the turbine is not perpendicular to the flow, the modes of the distributions for ebb and 

flood tides do not center around 0 (Figure 2-5). Both distributions suggest there is little difference 

between no turbine and a rotating turbine; however, during ebb tide, fish observed with a non-rotating 

turbine seemed to move away from the turbine location more than fish observed when the turbine was 

absent. The general direction of flow during ebb tides is in a direction that is angled slightly away from 

the DIDSON and toward the turbine, and vice versa for the flood tide. Change in range can also be 

evaluated as a function of nearness to the turbine (Figure 2-6). During flood tides, fish exposed to the 

turbine (operating or not) seemed to maintain a heading alongside the turbine as they got closer to it 

instead of moving away as when the turbine was absent. 

 

Figure 2-5. The distribution (normalized to the total tracks for any operating mode and tide combination) of 

lateral movement distance, i.e., moving toward [+] or away from [-] turbine for three turbine operation 

modes and ebb and flood tides. Each x-axis value is the midpoint of a 0.5 m bin. 
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Figure 2-6. Mean (±1 SE) change in range (m) for each fish track as a function of the mean distance from the 

DIDSON acoustic unit. Note that the DIDSON is located at 0 m and the turbine between 11 and 15, depending on 

orientation and operation. 

 

2.3.5 Vertical Direction 

Vertical  movement was analyzed as either upward (0 to +90° angle) or downward movement (0 to -90° 
angle) irrespective of what depth the track originated from with +90 indicating movement straight up and 

with –90 being straight down. An analysis of the distributions of vertical direction data for the three 

operating modes and two tides revealed that neither ebb nor flood tide distributions are centered on 0 

(Figure 2-7), probably for a combination of two reasons: (1) the DIDSON was not aimed completely 

parallel to the surface, and (2) the bottom topography creates prevailing currents that most fish ride that 

also are not parallel to the surface. For both tides, the distributions for the no turbine case and the 

operating turbine case are similar; but for both tides, the non-rotating turbine case produced tracks with 

less vertical slope, meaning less upward or downward movement over the course of the track. Analysis of 

vertical direction as a function of nearness to the turbine produced mixed results but also showed  that the 

non-rotating turbine often resulted in tracks with less change in vertical position (Figure 2-8). The 

rotating-turbine tracks differed the most from the no-turbine tracks (1) during ebb tides, and (2) during 

flood tides when the tracks were close to the turbine for downward tracking fish. During flood tide there 

was a large increase in downward movement near the stationary (not rotating) turbine at 10-12 m range 

but there were not enough observations when the turbine was absent or when rotating for a comparison. 
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Figure 2-7. The distribution (normalized to the total tracks for any operating mode and tide combination) of 

vertical direction of fish tracks in degrees for three turbine operation modes and ebb and flood tides. Each x-

axis value is the midpoint of a 10° bin. 
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Figure 2-8. Mean (± 1SE) vertical direction (°) for each fish track during ebb and flood tides as a function of 

the mean distance from the DIDSON acoustic unit. Upward and downward moving tracks are presented 

separately in the top and bottom panels, respectively. Note that the DIDSON is located at 0 m and the turbine 

between 11 and 15, depending on orientation and operation.  

 

2.3.6 Horizontal Direction 

The prevailing current direction was a function of the tide direction and the camera aim selected. In 

addition, fish direction also had to be parsed by whether the fish were swimming with or against the 

current. Only one combination of tide (ebb) and RAD aim (1) provided enough tracks over two different 4 

day periods for a comparison of no turbine (September 11–14) versus operating turbine (September 04–

07) (Figure 2-9). For both operation modes, the variation around the central tendency was greater for fish 

swimming against the current than for those swimming with the current. For both operating modes, the 

horizontal direction for 95% of the tracks was within a 2° range. There is little indication of any effect of 

the operating turbine on horizontal direction for fish swimming with or against the current.  
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Figure 2-9. The distribution of horizontal direction of fish tracks in degrees (normalized to the total tracks for 

these two cases, 9,533 and 1,350) for fish swimming with and against the current during ebb tide with a RAD 

aim of 1 and when no turbine was present versus an operating turbine. The non-operating turbine case was not 

included in the figure because of the low sample size. Each x-axis value is the midpoint of a 2° bin. 

2.3.7 Tortuosity 

A fish track through the DIDSON field that is a straight line has a tortuosity value of 1; the larger the 

tortuosity value, the more crooked the path is. Most of the tracks were relatively straight, and there is only 

a slight indication of differences among the three operation modes based on the distribution of tortuosity 

values (Figure 2-10). Evaluation relative to the distance from the turbine showed that tortuosity gradually 

decreased (i.e., became straighter) as tracks neared the turbine location when the turbine was absent 

(Figure 2-11). Conversely, when the turbine was in place, either rotating or not rotating, tortuosity 

increased for tracks nearer the turbine. 
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Figure 2-10. The distribution (normalized to the total tracks for each operating mode and tide combination) 

of tortuosity of fish tracks for three turbine operation modes during ebb and flood tides. Each x-axis value is 

the midpoint of a 0.5 bin. 

 

 

Figure 2-11. Mean (± 1SE) tortuosity for each fish track during three turbine modes as a function of the mean 

distance from the DIDSON acoustic unit. Note that the DIDSON is located at 0 m and the turbine between 11 and 

15, depending on orientation and operation. 



 

27 

 

2.3.8 Swimming Velocity 

During ebb tides, the mean (±1SE) swimming velocity of fish in the presence of a rotating turbine (1.03 ± 

0.01 m/s) was slower than when the turbine was absent (1.29±0.01 m/s), as can be seen in the frequency 

distribution (Figure 2-12). The difference was similar but less pronounced during flood tides (1.28±0.01 

m/s when the turbine was rotating versus 1.36±0.01 m/s when it was absent). However, viewed in relation 

to distance from the turbine, the possible effect of the turbine on swimming velocity is much more 

noticable during flood tides than during ebb tides for both rotating and stopped turbines (Figure 2-13). 

 

Figure 2-12. The distribution (normalized to the total tracks for each operating mode and tide combination) 

of fish track swimming velocities (m/s) for three turbine operation modes and ebb and flood tides. 
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Figure 2-13. Mean (± 1SE) swimming velocity (m/s) for each fish track during ebb and flood tides as a 

function of the mean distance from the DIDSON acoustic unit. Note that the DIDSON is located at 0 m and the 

turbine between 11 and 15, depending on orientation and operation. 

2.3.9 Direct Observation of Fish–Turbine Interactions 

An analysis of 36 tracks with a possibility of a close encounter with the turbine based on their nearness to 

the turbine and the direction of the flow revealed fish exhibiting three different behaviors. They either 

exhibited no change in direction (two schools and two individuals), avoided the turbine by angling away 

from it (two schools and eight individuals), or swam at the moving blades and then disappeared from the 

DIDSON view either just before or as encountering the turbine (four schools and two individuals). Some 

of the tracks were multiple tracks associated with the same school; therefore, the total did not sum to the 

original 36 tracks. There was no evidence of any fish being struck by the rotor.  

During the validation exercise described earlier, we observed 38 schools and 82 individual fish during 

112 min of video when the turbine was rotating. Only five (4%) of these had what appeared to be direct 

encounters with the rotor blade. One individual and one school avoided the rotor by angling away from it, 

two individuals disappeared as they encountered the rotor, and one individual (~20 cm in length) might 

have contacted the rotor. The fish that possibly came in contact with the rotor originated at the blade tip 

and swam in a direction rarely seen (i.e., directly toward the DIDSON and perpendicular to the flow). 

However, the swimming direction prior to its appearance could not be determined and actual contact with 

the blade was not observed. 
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2.4 DISCUSSION 

2.4.1 Summary of DIDSON Results 

The automated data analysis we performed identified 34,708 fish tracks, which included both individual 

fish and schools. The number of tracks per hour of observation was generally higher during ebb tides than 

during flood tides and generally increased with increasing current velocity (Table 2-2). The count per 

hour was highest when the turbine was absent and lowest when the turbine was installed and rotating. The 

increase in rate with current velocity is probably more a function of the fact that more water passes by the 

DIDSON during increased flow, carrying with it more fish, and not a result of there being more fish in the 

water column during higher velocity. However, the latter is a possibility during some seasons for some 

migratory species that might be taking advantage of the currents to move in a particular direction. The 

most likely explanation for why more fish were observed during ebb tides than flood tides is that the 

seasonal migration patterns of many species is outward bound or southward during the fall. Because we 

could not alternate days of turbine presence and absence it is possible that the increased number of fish 

seen when the turbine was absent was a result of a natural change in abundance in the system. However, 

given that the change was a by factor of 3 or 4 and occurred in a single day (from 11 Sept to 12 Sept) 

suggests that it was most likely a response to turbine removal (Table 2-2).   

In the near-field within the 10 m window viewed by the DIDSON, the number of tracks observed 

decreased sharply from near the DIDSON (away from the turbine location) to near the turbine location 

(away from the DIDSON) regardless of whether the turbine was absent, in place but not rotating, or in 

place and rotating (Figure 2-4). Because of the shape of the volume sampled by the DIDSON unit (see 

Figure 2-1), a correction by either volume sampled or vertical cross-sectional area sampled would make 

this difference between near-shore and offshore densities even larger. Given that the offshore decline is 

similar with and without a turbine in place, it does not appear that this particular observation is a result of 

turbine avoidance.  

The best indications of near-field avoidance come from tracking the direction that fish move as they 

approach a turbine. The results we presented were specifically designed to compare the tracks of fish (1) 

in different turbine environments— i.e., absent, present but not rotating, and rotating—to see if turbine 

presence had an effect and (2) at different distances from the turbine to see if turbine proximity had an 

effect. Track direction was evaluated in one-dimensional space (change in range between the DIDSON 

and the turbine, two-dimensional space (change in vertical or horizontal direction), and three-dimensional 

space (path tortuosity).  

Looking just at change in range (Figures 2-5 and 2-6), there are some differences between the no-turbine 

and operating-turbine conditions, but there is little evidence of fish moving away from the turbine. 

Change in vertical direction was evaluated for four cases (ebb and flood tide by upward and downward 

movement). Most of the tracks fit into either the flood-tide upward-movement category or the ebb-tide 

downward-movement category, and there is no evidence of any change in behavior relative to vertical 

direction for these two cases (Figure 2-8). For change in horizontal direction, we evaluated the case with 

the largest sample size, i.e., ebb tide with RAD position 1, and found no evidence of any change in 

horizontal direction relative to turbine presence or operation (Figure 2-9). Note that the horizontal 

direction was very consistent, and nearly 87% of the tracks going with the current were within ±1° of the 

mode and 99% within ±5° of the mode. We did see differences in tortuosity that might be in response to 

the deployed turbine. Without the turbine in place, fish tracks became straighter as distance from shore 

increased. However, when the turbine was present, rotating or not, the tracks of fish nearest the turbine 

(i.e., most offshore) were the most crooked (Figure 2-11), suggesting that fish made evasive moves. 
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The last metric evaluated for change in behavior was swimming velocity, which we found to be slower in 

the presence of the operating turbine (Figures 2-12), especially within 2 m of the turbine during flood tide 

(Figure 2-13). 

One might expect that, if fish were responding to the turbine, the case of the non-rotating turbine would 

fall somewhere between no turbine and an operating turbine; but for some metrics (see Figures 2-5, 2-6, 

and 2-7), this does not appear to be the case. It is possible that when the turbine is not rotating and thus its 

signature is smaller (wake and noise), the fish are not alerted to the presence of the turbine until later (i.e., 

closer to the turbine). Fish seem to react to the rotating turbine well before they reach the turbine, so they 

might not sense the non-rotating turbine and therefore don’t avoid the stationary object until they are 

much closer (i.e., within a few m). Fish may have changed direction much earlier in their approach to the 

rotating turbine, if its presence was felt earlier.  

From our direct observations of small subsets of the DIDSON videos, we found that individual fish and 

schools that were headed toward rotating blades usually avoided the blades by adjusting their horizontal 

swimming direction slightly and angling away. Others disappeared just before encountering the rotor (i.e., 

within 1 m), which we assume to have happened because the fish changed vertical direction, swimming 

either above or below the turbine and therefore out of view of the DIDSON beam. The automated analysis 

did not detect this change in vertical direction, but that analysis was not able to assess movements by fish 

that approached the swept area directly because of the interference created by the moving blades. A direct 

contact with the rotor by a large fish (>50 cm) would likely have been apparent if it had occurred, but the 

DIDSON resolution makes it difficult to observe actual contact for fish smaller than 50 cm. We 

occasionally saw some abrupt changes in direction, but we never confirmed contact with a rotor blade or 

observed fish swimming directly through the swept area and out the back side. 

In addition to the intended analysis of near-field effects, the DIDSON data also provide some information 

about possible far-field avoidance. For example, the density of fish in the DIDSON sample area when the 

turbine was absent was roughly twice what it was when the turbine was in place, for both rotating and not 

rotating. This suggests that some avoidance may be occurring before fish are close enough to the turbine 

to be observed by the DIDSON. This response is similar to that observed by Shen et al. (2015) at a tidal 

energy site in Cobscook Bay, Maine, where they found evidence of general fish avoidance of a tidal 

energy device at up to 140 m from the device.  

Some results of this analysis were used as input values for the fish interaction model discussed elsewhere 

in this report. Most notably, the distribution of the horizontal direction of fish tracks was used to inform 

the angle-of-incidence parameter. The angle at which a fish encounters the rotor has a significant effect 

on its probability of being struck by a blade. We presumed that the body of a fish is in a direct line with 

the direction in which it is swimming, and used the distribution of swimming direction to inform angle of 

incidence. Since there is so little variation in the direction in which fish swim relative to the direction of 

the flow, and therefore the position of the turbine, this parameter was revised in the fish interaction model 

so that nearly all the fish have an angle of incidence perpendicular to the direction of the rotor blades. 

The use of multibeam acoustics proved to be a useful tool for evaluating the near-field interactions of fish 

with an operating KHPS turbine. However, because of its limited range and the size of the turbine, the 

position and aim of the DIDSON unit was critical for capturing the most useful information. This poses a 

particular challenge in tidal environments with turbines that change orientation with the direction of flow. 

The movement of the turbine (nacelle and rotor) also presented a challenge in automating data analysis, 

which was necessary because weeks of continuous data are required to adequately capture fish 

interactions under all conditions of flow and turbine operation. Manual analysis would take longer than 

data collection itself. Future advances in data analysis techniques should make dealing with operating 

turbines more feasible.  
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Although some investigators are starting to be successful in identifying fish by species with multibeam 

systems, doing so was not practical in this study. However, from previous fish sampling in the East River 

in the vicinity of RITE, we know that common species include winter flounder (Pseudopleuronectes 

americanus), Atlantic tomcod (Microgadus tomcod), striped bass (Morone saxatilis), grubby 

(Myoxocephalus aenaeus), bay anchovy (Anchoa mitchilli), Atlantic silversides (Menidia menidia), 

blueback herring (Alosa aestivalis), northern pipefish (Syngnathus fuscus), and Atlantic menhaden 

(Brevoortia tyrannus) (Verdant Power 2011). Atlantic silverside and northern pipefish are regular 

residents of the area, while the other species are seasonally abundant depending on species-specific 

migratory patterns. Other, less common species that likely migrate through the area on the way to and 

from spawning grounds include American eel (Anguilla rostrata), alewife (Alosa pseudoharengus), 

American shad (Alosa sapidissima), Atlantic sturgeon (Acipenser oxyrinchus), rainbow smelt (Osmerus 

mordax), and shortnose sturgeon (Acipenser brevirostrum). As multibeam system hardware and software 

improve, the capability for species identification are likely to become more accurate. 

Although we found some evidence that the presence of an operating turbine affected the swimming 

behavior of fish, resulting in apparent avoidance in some cases, we were not able to accurately estimate 

the frequency or rate of avoidance. We are confident, however, that the likelihood of fish being struck and 

injured by an KHPS turbine at the RITE site is relatively low, based on the apparent long-range avoidance 

seen in another study and supported by this study, the apparent ability of most fish to avoid rotor blades 

when they are encountered at close range, and the paucity of evidence of direct blade strikes. 
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3. INTEGRATION  

3.1 SPLITBEAM DATA  

3.1.1 Introduction 

Little is known about the far-field behavioral response of fish to HK devices, although recent work by 

Shen et al. (2015) suggests that fish might exhibit avoidance as far away as 140 m. The objective of this 

task was to quantify the distribution and trajectory of fish throughout the vicinity of the RITE site using a 

representative sample of hydroacoustics data collected with an array of BioSonics splitbeam transducers 

(SBTs) mounted at the RITE site from June 2007 to October 2009 during testing of an array of six tidal 

turbines. Significant data analysis of fish presence and abundance using these data was previously 

accomplished by Verdant Power in support of its FERC license application; however, an analysis of the 

swimming direction, trajectory, and velocity was not fully undertaken. For this task, we analyzed data 

collected from nine SBTs while up to two Verdant Power Gen4 KHPS turbines were operating in the 

array. These data were collected at virtually the same location and during the same time of year 

(September 1–14, 2008), but not the same year, as the DIDSON data described in Section 2 earlier. Our 

analysis focused on the effects of proximity to turbine, tide cycle, and current speed on fish distribution, 

swimming direction (with or against the flow), and swimming velocity. 

3.1.2 Methods 

Because of the amount of data collected over the 2 year period, we chose a manageable subset to 

accomplish our objectives. Three frames were chosen (frames 1, 2, and 3, Figure 3-1) for which nine 

transducers were fully functional through the period of interest and that represented locations both away 

from the turbines (approximately 100 ft; frame 1) and in close proximity to operating turbines 

(immediately in front of and behind; frames 2 and 3). Each frame supported three transducers, one aimed 

at the top third of the water column, a second at mid-column, and a third at the bottom third of the water 

column (Figure 3-2). 

We analyzed output from a prior analysis of the raw splitbeam data that included observations of 18,077 

fish targets for the 2 week period and 9 transducers and included the following data:  

 Date and time 

 Target strength (dB; an indicator of fish size) 

 XYZ coordinates within splitbeam sampling cone 

 Location by zone (1 to 18; see Figure 3-2) 

 Fish track speed (m/s) 

 Fish track direction (north or south) 

 Current speed (m/s), with positive numbers indicating northward direction and negative numbers 

southward 

From the final two variables, we calculated an additional variable of swimming with (+1) or against (−1) 

the current. 
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Figure 3-1. Overhead view of eight frames, three splitbeam transducers each, at the RITE site. Transducers 

were aimed in an offshore direction (toward right of figure). The analysis in this report was based on data from 

frames 1-3 circled in red. Source: FERC Draft License Application, Volume 4. 
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Figure 3-2. Cross-sectional view of field of view of three splitbeam transducers on a single frame relative to 

location of two turbines. The rotor-swept area for two turbines is indicated by yellow circles. The x-axis is in feet. 

Source: FERC Draft License Application - Volume 4. 

Targets with a signal strength of greater than 20 dB were filtered from the original set to eliminate tracks 

that were unlikely to be fish targets, i.e., too large, based on Love’s equation relating fish length to signal 

strength (Love 1977). Most of these filtered data came from one of the frames that sampled nearest the 

turbines, and these spurious observations were likely part of the turbine structure. This reduced the 

original number of tracks for the 14 day data set by 2,436, leaving a sample size of 15,641 fish targets for 

our analyses.  

We summarized abundance (distribution), swimming direction relative to river current, and swimming 

velocity based on size, location, current speed, and tide. We defined two size categories, less than and 

greater than 76 cm (30 in.) as defined by signal strengths less than or greater than 30 dB. Location was 

categorized using the original 18 zones and also as 6 larger combined zones which were identified as near 

shore (zones 1–3), near turbine inshore (4–6), inshore impact zone (7–9), between turbines (10–12), 

offshore impact zone (13–15), and near turbine offshore (16–18). River current speed was categorized 

into 26 bins of 0.2 m/s ranges from 2.6 to 2.6 m/s; this resolution was chosen to match variables used in 

the fish interaction model. Tide direction was defined in three categories: ebb tide (current speed less than 

1 m/s), flood tide (current speed greater than +1 m/s), and slack tide (1 m/s > current speed < +1 m/s). 

The 1 and +1 m/s thresholds correspond to the speeds below and above which the turbine rotors would 

rotate. 
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We performed a standard analysis of variance (ANOVA) on the swimming velocity data to determine if 

there was a significant effect of current velocity, fish size (i.e., target strength) and proximity to turbine 

(frame 1 versus frames 2 and 3). 

3.1.3 Results 

After filtering the original data for the 14 days and three frames, we compiled 15,641 fish targets for 

further summarization. Total counts varied by about a factor of two among days within the data for a 

single frame and varied by a factor of 3 to 4 among frames with the greatest number of fish observed by 

the frame 1 transducers and the least by the frame 2 transducers (Figure 3-3). 

 

Figure 3-3. Counts of fish by date and splitbeam frame (total n=15,641). 

 

3.1.3.1 Distribution 

Parsing the distribution by tide (ebb, slack, or flood) and frame (1, 2, or 3) reveals that most of the fish are 

near shore; and nearly twice as many fish were observed at frame 1, which was away from the turbines, 

than at the other two frames (Figure 3-4). In addition, many more fish were seen during slack tide (with 

no turbine operating) than ebb and flood tides, but the differences were largely at the inshore zones and 

not at the turbine locations. 
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Figure 3-4. Distribution of fish (mean number per day) in 18 zones (see Figure 3-2) as determined by 

splitbeam hydroacoustics systems at three frames during ebb, slack and flood tides. The relative locations of 

turbine rotor swept areas are indicated with yellow circles. Shades of red indicate relative density with dark red 

being greatest. Note that the two bottom cells from 0–50 feet were almost entirely out of range of the SBT beams.  
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3.1.3.2 Swimming direction 

For the entire data set, we found that 23% of the fish were swimming against the current and 77% with. 

However, many of these observations were at velocities <1 m/s around slack tide at a time when the 

turbines were not rotating. Considering only the time when the turbines would have been rotating, i.e., 

when current velocity exceeded 1 m/s, the proportion of fish swimming against the current was about 7%. 

When the data were further subdivided by size class (above and below 30 dB target strength or about 76 

cm), we found that at slow current (i.e., slack tide), smaller fish are more likely to swim against the 

current than large fish; but at faster current speeds, nearly all of the small fish swam with the current. 

3.1.3.3 Swimming velocity 

As expected, there is a large difference in the swimming velocity of fish swimming with the current as 

opposed to those against (Figure 3-5). Few fish swimming against the current swam at a velocity >1 m/s. 

On the other hand, fish swimming with the current (which could be as high as 2.5 m/s) regularly swam 

faster than 1 m/s and some nearly as fast as twice the current speed. 

 

Figure 3-5. Distribution of swimming velocities of fish swimming with and against the current. X-axis values 

represent the mid-point of 1 m/s ranges. 

Results of the ANOVA indicate that swimming velocity is dependent on current speed and fish size and 

also differs among the three frames (Table 3-2). Figures 3-6  indicates that differences in swimming 

velocities among the frames are mostly apparent at the highest current speeds.  

Table 3-1. Results of analysis of variance testing the effects of current speed, target strength (i.e., fish size), 

and transducer frame on swimming velocity. 

Variable Sum of squares DF F value Pr(>F) 

Current speed 5915.2 1 8953.4 < 0.0001 

Target strength 481.2 1 728.4 < 0.0001 

Frame 33.0 2 25.0 < 0.0001 
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Figure 3-6. Mean swimming velocity by 0.2 m/s current velocity bins for fish swimming with the current for 

each of the three splitbeam transducer frames. Positive current velocity values indicate that flow is in the flood 

tide direction and negative values indicate the ebb tide direction.  

3.1.4 Discussion 

Splitbeam hydroacoustics data collected in September 2008 were re-analyzed to evaluate the effects of 

turbine proximity and tide cycle (i.e., current velocity and direction) on the distribution and swimming 

direction and velocity of fish. The ultimate intent of this analysis was to update parameters in an existing 

KFIM that predicts the likelihood of KHPS encounter and injury by fish in the East River. We found the 

distribution of fish in the vicinity of the RITE project during the period of sampling to be heavily skewed 

to near shore areas and to periods of slack tide when water current velocities are the lowest. This is 

consistent with previous analysis done for Verdant’s FERC license application. During high-velocity 

conditions, many fish probably move to the bottom or move further inshore than the splitbeam system 

sampled. Most fish observed during this sampling swam with the current, especially when current 

velocities were high. This observation might vary during seasons when fish are migrating in a particular 

direction (either upriver or downriver), but even then, for energetic reasons, most fish probably travel in 

their intended directions in the main channel and then move to low-velocity areas near the bottom or 

shore when traveling against the current. Of the three frames of transducers, the one farthest from the 

turbines produced the greatest number of fish track observations, suggesting that fish might be avoiding 

the waters nearest the turbines. This frame is also the closest frame to the Roosevelt Bridge, whose pilings 

often attract fish. 

A change in velocity by fish close to an operating turbine might suggest some form of avoidance. We 

found some difference in swimming velocity among the three locations sampled, but the swimming 

velocity of fish at the site 100 ft away was intermediate between those at the two locations on either side 

of the turbines. That finding suggests that the swimming velocity was a function of fish size and water 

velocity, as might be expected with larger fish and fish in faster currents swimming at higher velocities. 
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3.2 KHPS–FISH INTERACTION MODEL 

3.2.1 Description  

In response to a request from the National Marine Fisheries Service (NMFS), Verdant and Kleinschmidt 

developed an in-stream KFIM for the East River. The overall intention of this model was to quantify the 

risk that Verdant’s KHPS turbines present to fish at the proposed RITE project. Table 3-5 summarizes the 

parameters of the KFIM model and initial settings that were used by Verdant in assessing the KHPS-fish 

interaction in 2010. 

Table 3-2. Parameters for the KFIM 

Term 
Parameter 

Description 
Relevance RITE 2010 KFIM 

P1 Probability of blade 

rotation 

Specific to the KHPS at water 

velocity Vw of >1 m/s; varies with 

tidal site  

P1 = 1 at flows greater than 1 m/s, 0 for all 

flows less than 1 m/s  

P2 Distribution of water 

velocity over the tidal 

cycle 

Vw as measured by ADCPs; varies 

with tidal site  

See measured RITE Vw probability 

distribution 

P3 Fish distribution 

between east and west 

channel 

An assumed distribution in the 

configuration of the RITE project  

P3 = 0.5  

P4 Effective KHPS 

turbine rotor area 

A constant for a 5 m blade  P4 = 0.0066 

P5 Blade interaction with 

fish passing through 

turbine disk 

Varies with shape of rotor , the Vw 

and presence of the subject of 

investigation, and the approach 

angle 

P5 follows formulae discussed below. Two 

major parameters: 

(1) 80/20 rule: assumes 80 % of fish swim 

with current, 20 % against, for Vw less than or 

equal to the endurance velocity (Ve) 

(2) Angle of incidence: assumes all fish 

approach blade from all angles within 180 

uniformly 

P6 Fish distribution Are ESA fish present in RITE east 

channel? 

P6 = 1 equal likelihood that ESA fish are in 

east channel 

P7 Fish avoidance 

behavior 

Do fish avoid zones of operating 

turbine  

P7 = 1 conservative—no avoidance  

ESA = Endangered Species Act 

This is a spreadsheet, probability-based model that determines the overall risk of a turbine blade striking a 

fish (blade strike). The intent of the model was to initially concentrate on the turbine interaction with the 

shortnose sturgeon and Atlantic sturgeon, as these are protected species of interest at the RITE site 

However, comparative results were also generated for species identified in the Essential Fish Habitat 

Assessment that was performed as part of Verdant’s Final Pilot License Application. 

The National Oceanic and Atmospheric Administration/National Marine Fisheries Service, in its 

September 2012 Biological Opinion (Opinion) (REF3) concludes 

.. Opinion of the effects of Verdant Power's Roosevelt Island Tidal Energy (RITE) 

Project including the Seasonal Species Characterization Netting plan as required by 

Article 401 of the Pilot License issued on January 23, 2012. In this Opinion, we conclude 
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that the proposed action is likely to adversely affect, but not likely to jeopardize the 

continued existence of the threatened Gulf of Maine Distinct Population Segment (DPS) 

of Atlantic sturgeon or the endangered New York Bight, Chesapeake Bay, South Atlantic 

or Carolina DPSs of Atlantic sturgeon. We also conclude that the proposed action may 

affect but is not likely to adversely affect shortnose sturgeon or the Northwest Atlantic 

DPS of loggerhead sea turtles, or Kemp’s ridley, green or leatherback sea turtles.  

Thus the acceptance of the application and results of the RITE 2010 KFIM was affirmed.  

3.2.2 Parameters under Study  

Since the acceptance of the KFIM model for FERC licensing, and with the opportunity provided by this 

DOE grant, the objective of this task as described in Section 1.3 was to update parameterization of 

existing fish interaction model developed for the East River and the RITE Project. Two specific 

parameters can be examined as a result of the ORNL DIDSON/SBT data review: P5, the probability of a 

blade impacting the fish and its subparameter assumptions; and P6, Fish Distribution, as observed in the 

DIDSON and SBT data. New model simulations using the revised P5 and P6 parameters will be referred 

to in this report as the ORNL 2015 case. Additionally, as a result of concurrent efforts by Verdant on 

other RITE monitoring and as a model sensitivity exercise, two other parameters, P3 and P7, can also be 

updated. Those model results will be referred to as the Verdant P-12611 case. Table 3.2 and the text that 

follows discuss the KFIM parameter updates and the revised model results.  

ORNL 2015 Case  

P5: Probability of the blade impacting the fish  

For fish that will be incident upon the rotor, parameter P5 provides the probability of the blade impacting 

the fish (at any point on its body). This quantity is determined only by the following: 

 The speed of the fish approaching the turbine ( a function of species burst speed AND direction—the 

80/20 rule as defined below; 

 the length of the fish, generally grouped as native species size: Essential Fish Habitat Species L < 45 

cm and ESA Species L = 88 cm and L = 104 cm  

 the rotational speed of the turbine blades (a known constant)  

 the angle at which the fish is approaching the turbine (angle of incidence)  

i. P5 Subcomponent: 80/20 rule 

The primary assumption included in this parameter is that a fish will move through the turbine 

blades by swimming at its maximum burst speed through the rotor. Based upon the body of data 

collected during the RITE demonstration, it may be possible to justify some additional spatial or 

zonal avoidance behavior. However, because no specific data are available for the sturgeon species of 

interest, no additional avoidance behavior is accounted for in the present model. The speed of the fish 

through the rotor will therefore be given only by the species’ maximum burst speed plus the water 

velocity. 

At RITE, fish likely swim through the east channel in both directions. However, over the course 

of the RITE demonstration, Verdant collected information on fish movements at the RITE east 
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channel site that support the assumption that fish will typically be swimming with the current, 

especially at times of high velocity. From these data we made the assumption that when the water 

velocity is less than the regular endurance speed for a particular species, then 80% of fish will be 

swimming with the current and 20% against. For times when the water velocity is greater than the 

regular endurance speed, all fish will be swimming with the current. We term this assumption the 

80/20 rule and postulate that this parameter could be examined as part of the ORNL work discussed 

in this report.  

ii. P5 Subcomponent: Angle of Incidence  

In the 2010 KFIM model runs , the angle at which the fish will approach the turbine disk was not 

known; therefore, it was assumed that fish will be incident upon the rotor disk from an even 

distribution of angles (±90°) centered on the direction of transit (upstream or downstream). As the 

angle of incidence for the fish moves away from the perpendicular, the effective length of the fish 

decreases; however, its velocity through the rotor is also reduced. 

For a given water velocity and fish species, the probability of a strike for a fish incident on the turbine 

disk can be given by the following:  

Vapparent = Vw + (Vb sin(θ )) 

Lapparent = L sin(θ ) 

where: 

Parameter  RITE 2010 ORNL case  VP 12611 case  

Vw = Water velocity From ADCP  No change No change  

Vb = Species burst speed See below Modified Same as ORNL case 

L = Species nominal length  See below  No change No change 

n = number of blades 3–Gen5 KHPS 5m No change No change  

R = Rotational speed 

(revolutions per second) 

40 rpm – Gen5 KHPS No change No change 

θ = Angle of incidence Uniform 180 Modified  Same as ORNL case  

 

This equation is highly dependent upon species-specific parameters, such as swim speed and overall 

length.  Unfortunately, swim speeds for these species are less well determined, although burst swim speed 

may be taken as 4 times the nominal length per second.  Endurance swim speed can typically be seen as 

being half of the burst swim speed [REF - Wardle, C.S. 1975.  Limit of fish swimming speed.  Nature 

255, 725-727 (26 June 1975) doi:10.1038/255725a0]. For the species of interest at RITE the following 

parameters were assumed.  

Species Common length 

(cm) 

Endurance swim speed (Ve) 

(m/s) 

Burst swim speed (Vb) (m/s) 

Shortnose sturgeon 88 1.76 3.52 

Atlantic sturgeon 104 2.08 4.16 

EFH Fish  20–45  0.40–0.90 0.80–1.80 
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Given these assumptions and a uniform distribution of fish incident angles (θ), P5 can be seen for Atlantic 

and Shortnose sturgeon in Figure 3-8. 

 

 

Figure 3-7. The probability of the blade impacting an Atlantic sturgeon and shortnose  

sturgeon as a function of water velocity. 

Therefore, we postulate that the ORNL DIDSON video analysis could provide some new information on 

both the angel of incidence and the common length of fish that approach the rotor disk.  

P6: ESA Fish Distribution  

The ESA parameter was included in the KFIM for RITE to account for the transit of ESA species within 

the configuration at RITE, as described earlier. For the 2010 RITE KFIM cases, in the absence of further 

information on ESA fish species, the model assumed an even distribution of ESA fish in the East River. 

Therefore, P6=1 for all velocities. As information is gained from the proposed monitoring plans, this 

parameter can potentially be modified; it has been updated in the cases discussed in Section 4.  

On further review, this parameter set at 1 for each velocity was applied as an extremely conservative 

value, rather than representing a uniform probability of 0.08 per velocity bin. The modification of this 

assumption will be reflected in the results.  

Verdant P-12611 Case  

Additionally, although it is outside the scope of this project, since the 2010 promulgation and 2012 

acceptance of the KFIM model results, some additional new field data have been collected by Verdant 
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under the RMEE-4 Tagged Species Detection Plan that might provide updated data for P3. As a result of 

the DIDSON and SBT results presented in this report, we also can postulate some adjustment to P7 fish 

avoidance behavior as a model sensitivity analysis. These details are the subject of a papers presented at 

the 2015 and 2016 Marine Energy Technical Symposium (Tomichek et al. 2015, 2016). The results of this 

are presented as a model sensitivity analysis in addition to the ORNL case discussed in Section 4.  

P3: Fish Distribution  

Unique to the RITE project, the East River bifurcates flow around Roosevelt Island, forming the east and 

west channels. The RITE project is located in the east channel. The cross sectional areas of the channels 

are roughly equal; both channels have a similar width of approximately 240 m and depth of 10 m. The 

west channel has a slightly higher average flow speed, and the volume of water passing through both 

channels is equal to within approximately 5%. Combined with the even fish distribution assumption 

explained earlier, it reasonably follows that half of any fish present will transit via the west channel and 

will therefore not be affected by the turbines present in the east channel. 

The KFIM runs initially included a probability of 0.5 (50%) to represent the equal likelihood that fish will 

take the east channel (and be at risk) over the west channel (and have no risk). This probability is fixed 

and is not dependent upon the water velocity. 

For other project sites, this parameter could be used to reflect 100% probability that a fish would 

encounter a field, or array, of kinetic hydropower devices or reflect some cross sectional distribution less 

than 100%.  

P7: Fish Avoidance Behavior  

In the KFIM, it was acknowledged that fish could indeed avoid the turbine blade; however, for the sake of 

completeness, the initial model runs took a conservative approach and assumed no avoidance behavior 

other than assuming that fish will speed up to avoid being struck. This increase in velocity was included 

in parameter P5. Thus for the 2010 model, P7=1, i.e., no fish avoidance behavior, was used for the 

Biological Assessment. It was noted that “as information is learned from the proposed monitoring plans 

this parameter can potentially be modified.”  

 



 

45 

 

4. DISCUSSION  

4.1 INTERPRETATION OF DIDSON RESULTS 

The automated data analysis we performed identified 34,708 fish tracks, which included both individual 

fish and schools. Various metrics that might indicate a behavioral response to the operating turbine (i.e., 

attraction or avoidance) were grouped into classes based on tidal cycle, current velocity, and swimming 

direction and evaluated with respect to turbine presence and operation and with respect to distance from 

the turbine. Significant findings from the automated analysis included: 

 The density of fish in the DIDSON sample area when the turbine was absent was roughly twice what 

it was when the turbine was in place, both when rotating and when not rotating. This suggests that 

some avoidance may be occurring before fish are close enough to the turbine to be observed by the 

DIDSON.  

 In the near-field within the 10 m window viewed by the DIDSON, the number of tracks observed 

decreased sharply from near shore (away from) to offshore (near to the turbine location) regardless of 

whether the turbine was in place and rotating or not.  

 For fish swimming past the turbine, there were no changes in vertical, horizontal, or lateral 

trajectories of fish when the turbine was present or operating.  

 Turbine presence, whether operating or not, resulted in more crooked tracks for fish near the turbine 

than for fish in the same location when the turbine was absent, suggesting that normal swimming 

behavior is disrupted. 

 The last metric evaluated for change in behavior was swimming velocity which we found to be 

significantly slower in the presence of the operating turbine versus an absent turbine condition. 

To supplement the automated analysis of fish tracks, we also conducted visual observations of the video 

output for subsets of the data. From these direct observations, we found that individual fish and schools 

that were headed toward rotating blades usually avoided the blades by adjusting horizontal swimming 

direction slightly and angling away. Others disappeared just before encountering the rotor (i.e., within 

1 m), which we assume to have happened because the fish changed vertical direction, swimming either 

above or below the turbine and therefore moving out of view of the DIDSON beam. A direct contact with 

the rotor by a large fish (>50 cm) would likely have been apparent if it had occurred, but the DIDSON 

resolution makes it difficult to observe actual contact for fish smaller than 50 cm.  

4.2 INTERPRETATION OF FISH INTERACTION MODEL  

As discussed in Section 3, the integration of the results of the DIDSON and SBT analysis into the KFIM 

was a key result of this effort. The changes to the model parameters under the two cases are summarized 

in Table 4-1 and a biological discussion follows.  
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Table 4-1. KFIM parameters as updated—2015 

Term Parameter description RITE 2010 KFIM ORNL base case 
Verdant P-12611 

case 

P1 Probability of blade 

rotation 

P1 = 1 for flows 

greater than 1 m/s  

 

No change  No change  

P2 Distribution of water 

velocity over the tidal 

cycle 

See RITE Vw 

probability distribution 

No change  No change  

P3 Fish distribution between 

east and west channels 

P3 = 0.5  No change  Modified to P3= 0.25 

based on concurrent 

RMEE-4 observation 

2012–2015 

P4 Effective KHPS turbine 

rotor area 

P4=0.0066 No change  No change 

P5 Blade interaction with 

fish passing through 

turbine disk 

P5 follows formulae 

discussed below. Two 

major parameters: 

(1) 80/20 rule: assumes 

80% of fish swim with 

current, 20 % against 

P5 80/20 rule—ORNL work 

indicates a stronger case for 

84%/16% as a setting for P5 

 

Same as ORNL case 

  (2) Angle of incidence 

—assumes all fish 

approach blade from 

all angles within 180 

uniformly 

P5 Angle of incidence—

ORNL work strongly 

indicates a more narrow 

angle of incidence of 90
o
 +/- 

15
o
 degrees  

Same as ORNL case  

P6 ESA fish distribution P6=1 Equal likelihood 

that ESA fish are in 

east channel 

DIDSON and SBT analysis 

confirms P6 could be 

lowered. 

P6= see revised distribution 

(Table 4-4) 

Same as ORNL case  

P7 Fish avoidance behavior P7=1 conservative—no 

avoidance  

No change  DIDSON data seems 

to show some 

avoidance. 

Assume P7=0.98 

 

4.2.1 ORNL Base Case  

The KFIM can be adjusted for two significant parameters, P5 and P6. 

4.2.1.1 P5: Blade interaction with fish passing through turbine disk 

Many factors make up parameter P5, including fish length, L; fish-incident angle, θ; fish burst and 

endurance velocity, Vb and Ve; water velocity, Vw; and rotor geometry. The following three changes can 

be made based on the ORNL analysis:  
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(1) P5 (Fish swimming with/against the current; 80/20 rule)  

A review of the 2012 DIDSON data as well as the 2009 SBT data showed a confirmation and reduction of 

this parameter over a range of water velocities, as shown in Table 4-2, representing 83–88% with the 

current and 17–12% against the current, which was incorporated in the KFIM.  

Table 4-2. Parameter P5-Ve 

 

 

The original model (RITE 2010 KFIM) parameter P5 assumes 80% of the fish swim with the current and 

20% swim against it. The recent ORNL work indicates a stronger case for 84%/16% as a setting for 

model parameter P5. Fish are able to adjust swim speed and timing of activity during migration to 

changes in current velocity to minimize energy use (Brodersen et al. 2008). As migration requires energy, 

the timing of migration may depend on changes in current velocity for migrating fish. Fish can take 

advantage of changing environmental conditions to minimize their energy expenditure (Brodersen et al. 

2008). Swimming with the current or swimming at slack tide requires less expenditure of energy and is a 

strategy often used in high current energy environments (Brodersen et al. 2008).  

(2) P5 (incident angle change) 

Θ = fish incident angle to the rotor disk 

As shown in Table 4-3, the angle of incidence for any fish on the blades was assumed to be an even 

probability over 180 in 15 bins. As shown in the DIDSON analysis, the concentration of the angle of 

incidence observed was much more compact over a range of  15, increasing the risk of impact should a 

fish encounter a blade. Therefore, this increased density of angle of incidence on the blade was used in the 

ORNL 2015 case run.  
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Table 4-3. Parameter P5-angle of incidence 

Degree 2010 KFIM assumptions 2015 Findings DIDSON 

7.5 0.08 0 

22.5 0.08 0 

37.5 0.08 0 

52.5 0.08 0 

67.5 0.08 0.01 

82.5 0.08 0.49 

97.5 0.08 0.49 

112.5 0.08 0.01 

127.5 0.08 0 

142.5 0.08 0 

157.5 0.08 0 

172.5 0.08 0 

 

(3) P6 (ESA fish distribution) 

This parameter was included in the KFIM for RITE to account for the transit of ESA species within the 

configuration at RITE. For the 2010 RITE KFIM cases, in the absence of further information on ESA fish 

species, the model assumed an even distribution of ESA fish in the East River. Therefore, P6 = 1 for all 

velocities.  

On further review, this parameter set at 1 for each velocity was applied in 2010 as an extremely 

conservative value, rather than representing a uniform probability of 0.08 per velocity bin. Table 4-4 

shows the original 2010 assumption, now considered inappropriate; a uniform distribution that would be 

applicable in the absence of data; and a hybrid DIDSON–SBT distribution of fish size over water velocity 

based on the data of in excess of 40,000 fish targets.  

Table 4-4. KFIM parameter P6 fish distribution 1—2015 update 

Vw 0-1 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2 2.2-2.4 2.4-2.6 

2010 1 1 1 1 1 1 1 1 1 

2010 revised  0.38 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 

2015 ESA  0.30 0.12 0.12 0.14 0.11 0.08 0.05 0.04 0.04 

2015 EFH  0.38 0.08 0.08 0.10 0.08 0.07 0.07 0.07 0.07 

 

Figure 4-1 shows the resulting model run for the ORNL 2015 case using the modified P5 and P6 values 

resulting from this analysis. It reduces the probability of a blade strike to below 0.50% for all arrays up to 

30 turbines.  
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Figure 4-1. ORNL 2015 case—modification to P5 and P6; comparative KHPS–fish strike probabilities, RITE 

project. 

4.2.2 Verdant P-12611 Case  

For the Verdant case, in addition to the modifications described in the ORNL case, two other parameters 

can be modified.  

P3 Fish Distribution—East/West Channel  

The 2010 KFIM runs initially included a probability of 0.5 (50%) to represent the equal likelihood that 

fish will take the east channel (and be at risk) over the west channel (and have no risk). This probability is 

fixed and is not dependent upon the water velocity. Based on concurrent RMEE-4 work, discussed in the 

referenced papers, the value for this parameter can be reduced to 0.25% based on evidence of tagged fish, 

using the west channel over the east channel where the RITE project is located.  

P7 Fish Avoidance Behavior  

In the KFIM, it was acknowledged that fish could indeed avoid the turbine blade; however, for the sake of 

completeness, the initial model runs took a conservative approach and assumed no avoidance behavior 

other than assuming the fish will speed up to avoid being struck. Thus for the 2010 model, P7=1, no fish 

avoidance behavior was used for the Biological Assessment.  

As a result of the further examination of the DIDSON video evidence, we found:  

 Not enough data to allow for quantification of avoidance by fish approaching the turbine blade–swept 

area, because so few fish were seen in this area. 
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 Not enough evidence to quantify differences in behavior of fish within a few meters of the turbine 

compared to those further away (i.e., closer to the DIDSON) or when a turbine was absent or not 

operating. That is, there was little difference in swimming velocity or direction of track. 

 However, the number of fish in the vicinity of the turbine decreased noticeably when the turbine was 

present versus absent, and even more when the turbine was operating. This is true at all distances 

from the turbine.  

So while it is difficult to suggest a quantification metric for reduction of the P7 parameter (as shown in 

the video evidence), the researchers generally acknowledge that the parameter could be modified to 

P=0.98. Doing so would practically result in no change to the overall results but would account for the 

effort of observing some fish movement as a result of the presence of an operating KHPS. Figure 4-2 

shows the resulting model run of changes to both P3 and P7, along with the previous changes to P5 and 

P6. As shown on Figure 4-2, additional modification to P3 distribution and allowance for a slight 

reduction to account for fish avoidance behavior reduces the results further below 0.50% with 30 turbines.  

 

Figure 4-2. P-12611 case—modification to P3, P5, P6 and P7; comparative KHPS–fish strike probabilities, 

RITE project. 

4.3 RESULTS OF UPDATE TO THE KHPS-FISH INTERACTION MODEL  

The model determines the probability that a fish entering the East River will be struck by a turbine. 

Structurally, the model determines this strike likelihood by combining various parameters, including the 

water velocity distribution, the channel geometry, the KHPS physical and operating characteristics, and 

the specific fish characteristics (e.g., length, burst speed, and swimming velocity in relationship to water 

velocity). The model is designed to be customizable and incorporate elements of various parameters as 

they become known. For example, Verdant’s sampling at the RITE site has demonstrated that fish move 

with the tide in the east channel and are most abundant at slack tide. Since the turbines do not operate in 
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currents slower than 1 m/s, there is no risk to fish during the period of their highest abundance, which 

occurs over 27% of the tidal cycle. This type of site-specific knowledge is incorporated as parameters in 

the model.  

The original model assumed very little fish behavior. Unknowns include temporal and spatial distribution 

throughout the river and the directions, shapes, and timing of their paths in the East River. The RITE 

RMEE plans were designed to improve site-specific knowledge, which can then be incorporated into the 

model.  

The model uses nine parameters and is applied to calculate the strike probability for 1–30 turbines. For a 

multi-turbine array, another probability parameter is added to reflect the number of turbines, and their 

spacing in the turbine field. The turbines in the field are treated as if the fish had an equal opportunity to 

go through all 30. In reality, because the turbines would be grouped together in threes on a TriFrame, it 

would be likely that a fish going through one turbine in a Triframe would not be lined up to pass through 

either of the other two turbines. However, it is difficult to quantify this interaction, so the simple but 

worst case of treating the turbines as independent is modeled. The strike probability for one TriFrame is 

simply the strike probability for a single turbine multiplied by the three turbines in the single TriFrame.  

The model determines only the probability of a strike by a turbine blade, not the probability of mortality. 

The model does differentiate between a strike that is determined to be too slow to cause any injury and 

one that could cause injury or mortality. Strikes that are deemed too slow to cause any injury are treated 

as non-strikes. While there are some early injury and mortality studies of turbine blades on smaller fish 

(Amaral et al. 2008), predictions of mortality for the larger fish are left out of the model at present. Thus 

the output of the model is a strike probability, not an injury or mortality probability.  

The results of the modifications to the KFIM are shown for comparison with the 2010 KFIM results in 

Figure 4.3. The comparative results of the 2010 model results at RITE and the two cases examined in this 

report act to reduce the conclusions for a potential array of up to 30 KHPS turbines at the RITE pilot site. 
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Figure 4-3. RITE project KFIM model output comparisons. 
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5. MONITORING TOOLS FOR TURBINE ARRAYS  

The last objective of this task was to 

Use study results to assess which approaches (i.e., field observation, experimentation, 

models, etc.) will be most effective for predicting or monitoring the effects of a turbine 

array. 

This section discusses the scale of monitoring and our perspective on scaled-up monitoring for arrays. 

Additionally, a review of opportunities for field observation, experimentation and modeling is provided.  

5.1 MICRO-MESO-MACRO SCALE  

A key aspect of the 2006–2008 RITE demonstration (six turbines, 2006–08) was to assess the interactions 

of Verdant Power’s KHPS with the environment. Verdant worked with regulatory agencies and other key 

local stakeholders to develop and execute a number of study plans that have served as the basis for 

understanding the interactions and importance of moving forward with pilot and commercial-scale 

projects. During the demonstration, Verdant conducted a number of first-time fish interaction studies to 

examine biological issues regarding the operation of the KHPS in fast waters.  

Verdant Power’s experience is that it is useful to consider the following terminology in developing 

relevant monitoring methods and protocols for its KHPS projects. This process includes examining key 

biological parameters (e.g. fish movement, migration) and matching monitoring protocols at three 

different scales:  

 Micro scale: In and around an individual turbine (1 diameter (1D) = 5m at RITE), rotating at <40 rpm 

and only during high-velocity periods over 1 m/s. At this scale, resident and migratory fish 

interactions, as well as micro hydrodynamics are being studied. The DIDSON data discussed in this 

report were collected at this scale. 

 Meso scale: In front/back of the turbine TriFrame

 6
. Here the reaction around a TriFrame of three turbines is being studied, as well as the 

interdependencies and recovery distance to the next TriFrame in the array—generally 12D (at RITE) 

to 20D (other sites) in distance. The splitbeam data discussed in this report were collected at this 

scale. 

 Macro scale: Well beyond the TriFrame (and the fully developed array) extending to points where 

organisms first sense/encounter the minor hydrodynamic presence of the KHPS array. This is a 

broader-scale study conducted for longer-term deployments.  

In developing the RITE RMEE plans for the licensed pilot project array of up to 30 KHPS turbines, this 

perspective was particularly challenging. Therefore, as the work conducted under this grant agreement is 

focused on observing the micro- and mesoscale impacts around a single turbine (or closely spaced 

operating turbines), how does one examine an array of up to 30 or more turbines in a commercial setting 

at the macro scale?  

                                                      
6 The TriFrame is a riverbed foundation structure that will mount three turbines in a triangular configuration. When installed on 

the frame, the 5 m Gen5 turbines will each be spaced approximately 2 diameters apart. 
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5.2 ARRAY AND FULL FIELD EFFECTS 

In licensing the RITE site, Verdant had to address the issue of potential full-field effects of a multiple-

turbine array. Despite a lack of clear empirical data or robust monitoring techniques, it was necessary to 

provide an adaptive management monitoring plan for observing a full array of operating KHPS turbines, 

within the context of possible fish interactions. The approach taken was twofold:  

1. Extending the KFIM to conservatively account for increasing the number of installed turbines to 

increase the probability of strike and evaluating the probability of strike under this macro 

circumstance. 

2. Providing a longer-term macro observational monitoring plan, the RMEE-1 Seasonal Fixed 

Hydroacoustics, to attempt to observe these effects when multiple turbines are operating. 

These efforts, in conjunction with the other RMEE plans through the adaptive management process, 

provide for opportunity to continue to refine at the micro, meso, and macro scale the understanding of fish 

interaction and risk within an array setting.  

5.2.1 KFIM Model to Array  

The most conservative estimate for the impact of the full field of 30 KHPS turbines is to multiply the 

single unit probability by the number of installed units. 

However, this assumption does not take into account the physical location of the KHPS turbines. This is a 

worst-case assumption that may be overly conservative. As the KHPS turbines will be clustered in a 

single location, any fish entering the full array would likely try to leave the area once passing close to or 

through a small number of units. Nevertheless, there is little validated or published data to support this 

assumption; as a result, this model assumes no inherent avoidance of the array. 

Using this conservative parameter that assumes that once a fish encounters the array it never leaves, 

results for the strike probabilities are as shown in Table 5-1. For comparison, the model was run for an 

essential fish habitat (EFH) species of smaller length as well. As a result of the 2015 work, the fish strike 

probability in an array was reduced and was further reduced when parameters P3 and P6 are incorporated.  

Table 5-1. Overall KHPS-fish strike probabilities for proposed RITE project 

Species Single KHPS turbine 
Array 

(30 turbines) 2010 

Array—2015 ORNL 

case 

Atlantic sturgeon 0.09% 2.59% 0.34% 

EFH–25 0.03% 0.98% 0.09% 

 

RMEE-1 Seasonal Fixed Hydroacoustic Plan  

As part of the RITE FERC licensing, and to gain insight into the meso and macro behavior of fish in an 

array condition, Verdant proposed a seasonal deployment of two bottom-mounted SBTs within the array, 

with attendant software improvements to attempt to gain insight on presence, abundance, and trajectory 

behavior of fish encountering multiple KHPS turbines. Optimistically, this system was geared to actually 

follow a fish as it approached the array and, using proprietary BioSonics software, link its track potential 

through multiple KHPS turbines. This is a costly system, however, and at the time of the license 

application, it was considered a ‘potential’ technique for addressing the array-scale effects of fish 
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behavior in the presence of an operating KHPS and was included in the requirements of the FERC license 

for the RITE Project.  Under the adaptive management process for environmental monitoring to be 

implemented during the phased build-out at the RITE Project, the details of RMEE-1 and the deployment 

of SBTs will be re-evaluated to ensure effective data collection to increase the understanding of fish 

interaction and risk within an array.  

5.3 OPPORTUNITIES FOR FIELD OBSERVATION 

5.3.1 Methods and Limitations 

Conducting a real-time field observation of an operating KHPS—or any HK device—involves a 

significant commitment of time and effort. The available equipment, be it a DIDSON, SBT, or other 

sensitive fish detection device, involves not only the equipment but also the mount, cabling or battery data 

recording system, and the considerations of in-water time and replacement. Almost as important is the 

cost and time associated with post-processing. Therefore, it is relevant to consider these costs and risks in 

proportion to the data and the biological questions that can be answered.  

Verdant has had significant experience with monitoring device deployments and efficacy since 2006, as 

discussed in the licensing documents and other reports (NYSERDA 2012). For example, the 24-SBT 

array first deployed at RITE cost over $1.4 million. The most recent 2012 DIDSON video, the subject of 

this study, represented nearly $250,000 of effort plus this DOE-funded post processing. To put this in 

context, the power production of a 1MW array (30-turbine KHPS) is expected to generate revenues of 

approximately $350,000 per year.  

5.3.2 Opportunities 

Even given the high costs, field observation does have substantial merit. At the RITE project, both the 

RMEE-2 DIDSON program and some modification of the RMEE-1 protocol for arrays will be undertaken 

as the project progresses.  

In conducting field observation of individual devices or field arrays, lessons learned include:  

 Deploy monitoring in periods of seasonal abundance of fish. This was the case in the 2012 DIDSON 

deployment; however, as indicated by our analysis, a low number of large fish resulted despite best 

efforts.  

 Simplify the in-water recording to facilitate post-processing. This became apparent in the most recent 

case with multiple DIDSON aims and several repositioning movements complicating the analysis.  

 Limit in-water duration to match the functionality of the equipment. Practically, for a DIDSON, 3–4 

weeks is the maximum for uninterrupted service due to bio-fouling.  

5.4 OPPORTUNITIES FOR EXPERIMENTATION  

5.4.1 Methods and Limitations  

Direct experimentation—as conducted by EPRI/Alden (Amaral et al. 2015) on fish behavior and 

encounters—is useful to the industry and contributes to the microscale body of knowledge as the industry 

progresses, in conjunction with other methods discussed. It is recognized that these efforts are generally 

device-specific and controlled, to the extent that proxy size fish are directly controlled into the device 

strike without accounting for avoidance behavior, which is a key parameter. In addition, laboratory cost 
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can be a significant factor in these controlled efforts. For arrays, laboratory experimentation is probably 

not a viable option.  

5.4.2 Opportunities  

In moving toward array monitoring and prediction, two experimental possibilities that might provide 

insight into fish behavior in the presence of multiple KHPS at RITE are:  

1) Use a triangulated network of passive acoustic transmitters and receivers to create 3-D tracks of 

fish movement through the array of previously tagged species. 

2) Release of fish tagged with a combination of an acoustic transmitter and a balloon-tag in front of a 

turbine array during full operation followed by retrieval downstream of the array. 

Tagged Species Detection—triangulation in arrays 

As discussed in Sections 3 and 4, Verdant has established a VEMCO tagged species detection platform to 

gain information on fish passing near the KHPS at RITE which is effective only if researchers tagging 

fish participate in mutual data exchange. A further limitation of this approach is that the current 

technology as deployed detects presence but not specific location in relationship to the KHPS. An 

improvement to this protocol, in the presence of multiple operating KHPS turbines, would be to deploy 

additional VEMCO receivers and conduct triangulation analyses of detected tags to XYZ locate a tagged 

fish and its track as it passes by multiple KHPS turbines. Verdant has unsuccessfully attempted to gain 

funding for this research but considers this a significant opportunity to begin to determine fish behavior 

within an array.  

Tagged Species Controlled Release—arrays  

Similarly, at RITE, because of the narrow channel configuration, an opportunity for a controlled release 

of balloon-tagged fish in open water upstream of the operating KHPS turbines could be accomplished, 

with immediate recovery and tracking downstream. Again, a coordinated field effort could be 

accomplished, which might provide significant new information on multiple turbine encounter behavior, 

albeit with the limitations of size, species, and recovery of tagged fish. As detection technology improves 

for passive integrated transponder tags, this technology also holds promise for detecting fine-scaled 

behavioral responses during turbine encounters. 

5.5 OPPORTUNITIES FOR MODELING  

5.5.1 Methods and Limitations 

The KFIM proved to be a useful tool for evaluating conditions at RITE for a single turbine, as well as 

extending to arrays. The 2010 model, in the absence of data, used conservative assumptions to arrive at a 

fish-strike probability acceptable for obtaining a license. The 2015 work described in this report better 

defined certain parameters to refine the application of the model. Clearly, we believe this is a useful tool 

not only for the Verdant Gen5 KHPS but also for other HK device applications.  

It is interesting to note that the United Kingdom’s Marine Mammal Scientific Support Research 

Programme (2015) uses a similar type of model to predict marine mammal encounters; therefore, this 

method of array modeling will likely be useful to the industry.  
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Although the actual development and running of models is probably a cost-effective solution, acquiring 

and adapting useful field and experimental data to support the model remains the costly limitation. 

However, as demonstrated in this DOE-funded project, the effort and results significantly enhance the 

understanding of the biological impact of HK devices in the environment.  

5.5.2 Opportunities  

Given the effort and results reported here, the following opportunities for array modeling can be 

recommended:  

 Continued population of existing models with new data: As was done with the RITE KFIM in this 

project, the updating of parameters with monitoring data improves the understanding of fish strike 

risk. For arrays, implementing monitoring protocols that would support array extension would 

additionally improve the efficacy. 

 Adaptation and development of models for different device types and array sites: Since the 

parameters in a model are very specific to a device and site conditions, efforts should be made to 

continue to apply models at different sites to improve quality, transferability, and acceptance. 

 Ongoing collaborative research to incorporate model similarities with marine mammal models: For 

arrays in open water, this issue will continue to be a significant effort, and ongoing research to 

develop tools and models for marine mammal risk should benefit predictions of fish risk.  

The different options for monitoring turbine arrays as described above are summarized in Table 5-2. 

Table 5-2. Summary matrix of monitoring tools useful for monitoring turbine arrays. 

Technique 
Monitoring 

scale 

Efficacy 

+ to +++ 

Limitations & 

relative cost $-$$$ 
Opportunities 

Field Observation 

RMEE-2* 

RAD- DIDSON at RITE, 

New York 

Micro/meso +++ 

Short duration  

Post-processing costs 

$$$ 

Detect near-field 

responses during 

turbine encounters 

RMEE-1* 

SBT deployment 
Meso/macro  Unknown  

Short duration 

Algorithms unproven 

$$$ 

Detect far-field 

responses during 

turbine encounters  

Experimentation 

Tagged species detection—

triangulation** 
Macro  Likely +++ $  

Improves 

understanding of 

fish tracks in 

relation to KHPS 

Controlled release of 

tagged species** 
Macro  

Likely ++ to +++ 

for fish behavior  
$$ 

Observes fish 

tracks in presence 

of multiple turbines 

Modeling 

Verdant KFIM Micro/macro  
+++ conservative 

values  

Device- and site- 

specific  

Limited data 

$  

Continue to refine 

parameters with 

other techniques 

and data 

*required by FERC Pilot License                                          **possible enhancements at RITE
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6. CONCLUSIONS AND OPPORTUNITIES FOR FUTURE RESEARCH  

6.1 HYDROACOUSTICS ANALYSIS  

The automated analysis of nearly three weeks of multibeam hydroacoustics data identified nearly 35,000 

fish tracks for further analysis. These tracks included both individual fish and schools during periods with 

the KHPS turbine absent and present, operating and not operating, and during all phases of the tidal cycle, 

ebb, flood, and slack.  

Various metrics of location, and swimming direction and velocity were evaluated for indication of 

behavioral responses to the operating turbine (i.e., attraction or avoidance). These metrics were grouped 

into classes based on tidal cycle, current velocity, and swimming direction and evaluated with respect to 

turbine presence and operation and with respect to distance from the turbine. Significant findings from the 

automated analysis included: 

 The density of fish in the DIDSON sample area when the turbine was absent was roughly twice what 

it was when the turbine was in place, both when rotating and when not rotating. This suggests that 

some avoidance may be occurring before fish are close enough to the turbine to be observed by the 

DIDSON.  

 In the near-field within the 10 m window viewed by the DIDSON, the number of tracks observed 

decreased sharply from a maximum near the DIDSON (away from the turbine) to near the turbine 

location (away from the DISON) regardless of whether the turbine was in place and rotating or not.  

 For fish swimming past the turbine, there were no significant changes in vertical, horizontal, or lateral 

trajectories of fish when the turbine was present or operating but some differences were noted that 

suggested hints of avoidance.  

 Turbine presence, however, whether operating or not, resulted in more crooked tracks for fish near 

the turbine than for fish in the same location when the turbine was absent, suggesting that normal 

swimming behavior was affected. 

 The last metric evaluated for change in behavior was swimming velocity which we found to be 

slower in the presence of the operating turbine versus an absent turbine condition. 

From our direct observations of small subsets of the DIDSON videos, we found that individual fish and 

schools that were headed toward rotating blades usually avoided the blades by adjusting their horizontal 

swimming direction slightly and angling away. Others disappeared just before encountering the rotor (i.e., 

within 1 m), which we assume to have happened because the fish changed vertical direction, swimming 

either above or below the turbine and therefore out of view of the DIDSON beam. Close encounters that 

might result in blade contact were practically non-existent.    

In summary, our analysis suggests that fish might be making small adjustments to swimming direction 

and velocity as they pass near an operating turbine. However, large adjustments in swimming direction or 

velocity were not observed, and we do not believe that the presence of the turbine interrupts in any 

significant way the normal movements of fish through the area. We also believe based on our analysis 

that the risk of actual contact with the rotor is extremely small. 
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6.2 CONCLUSIONS AT RITE  

As required in the RITE Pilot License (P-12611) RMEE-2 Plan (V3.2 December 2010) and Article 401 of 

the WQC11 Water Quality Certification (WQC) Permit, Verdant is required to address specific questions 

relative to the RMEE-2 DIDSON observations. As a result of the analyses presented in this report, we can 

add the following responses to these questions and to the evolving body of knowledge.  

1. How do fish behave around operating KHPS turbines, and are they injured through direct contact with 

the blades?  

 The review of 239 hours of DIDSON video (September 2012) in the presence of an operating 

Gen5 KHPS turbine revealed no drastic changes in swimming behavior as a result of exposure to 

the turbine.   

 Fish tend to behave as generally is assumed in the KFIM model, confirming the 80% movement 

with current; but movement is now shown to be ~84% favoring the current  

 The angle of incidence to the blades was the most significant fish observation, narrowing the 

angle at which a fish approaches the blade to approximately 15 from the original 180. This has 

the effect of increasing the likelihood of strike for a fish approaching the KHPS.  

 A few occasional instances were recorded of avoidance behavior by large fish (>80 cm) as 

discussed in KFIM Parameter 7, but it is not possible to put a precise estimate on the probability 

that a fish will avoid the turbine. 

 From our direct observations of small subsets of the DIDSON videos, we found that individual 

fish and schools that were headed toward rotating blades usually avoided the blades by adjusting 

their horizontal swimming direction slightly and angling away. 

2. Can fish behavior be inferred by tracking a fish’s swimming location and direction in the 

visualization and fish reaction in relation to the rotating blades?  

 The techniques for review of 239 hours of DIDSON video (September 2012) in the presence of 

an operating Gen5 KHPS have been significantly advanced through the methods developed in 

this study. However, this post-processing (as described in Section 2) requires significant skill and 

effort to reveal the conclusions noted.  

 Generally, if a fish track can be isolated (a process that includes both filtering operating turbine 

blade signature and time-stamp tracking of water velocity and location), a visualization of the 

fish track in XYZ plane can be observed relative to the operating KHPS (videos to be posted and 

referenced later).  

 The DIDSON observational technique is useful, recognizing the limited observations in real time 

at RITE (e.g., due to low densities of fish in proximity to an operating turbine or low densities in 

general, even though September was considered to be a peak density season from prior baseline 

monitoring). 

 However, as was determined during the preliminary RMEE-2 on-water testing in September, 

2012, the deployment of this remotely aimed DIDSON (RAD) system requires expertise and 

expense associated with accurate placement near an operating KHPS.  Also, based on 
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manufacturing recommendations and in-water experience, the RAD can be in-water only for 3–4 

weeks without loss of acuity. 

 In conjunction with the expense of post-processing video, the use of RAD monitoring of fish 

tracks should be considered a short-term, micro-observation technique likely used within an 

adaptive management framework for confirmation of expected KHPS fish interaction. 

3. Do the DIDSON observations provide some added meaning and value (correlation) to the body of 

collected data on fish presence, abundance, movement pattern and species in and around the operating 

KHPS turbine? 

 Yes, as discussed in Sections 3 and 4 the body of work accomplished under the ORNL effort 

supports, confirms, and expands the understanding of fish presence, abundance, movement, and 

(to a limited extent) species identification in the presence of the operating turbine.  

 As discussed in Section 4, the 2015 analysis allows us to modify the KFIM with additional 

information on parameters that were previously conservatively set because of lack of knowledge. 

This is a significant advancement as the result of this work.  

 From a biological point of view, the 2015 DIDSON analysis work supports, confirms, and 

expands the understanding outlined in the December 2010 Final License Application and the 

2011 Biological Assessment /Opinion. This study confirms the following: 

– Most fish swim with the tide, especially at times of high current. 

– Fish are most abundant at slack tide when the turbines are not operating. 

– Large fish species such as sturgeon do not occur in high numbers in the East River. 

– Fish are transiting through the project area rather than residing there. 

– The overall probability of a fish–turbine interaction is low. 

4. What, if anything should be changed in the DIDSON operating protocol to improve evaluation of the 

effects of operating a KHPS?  

 Based on the 2012 DIDSON effort at RITE and the ORNL analysis, we remain confident that a 

single seasonal deployment for 3–4 weeks maximum is possible to observe KHPS–fish 

interactions at the micro scale. This field effort (~$75,000 using existing equipment) and the 

required post-processing (on the order of $100,000) should serve to confirm these findings in the 

operation of a single KHPS.  

 Some improvements stemming from the DIDSON analysis could include the following.  

– Position the RAD so that the DIDSON field maximizes the amount of sampled area upstream 

of the rotors; that is, so that the rotors are at the very edge of the field. 

– Limit the number of DIDSON aims to two, one each for ebb and flood tides.  

– Collect data with the turbine removed (as in this study) or in a nearby control location.  

Beyond this RMEE-2 effort, it is doubtful that further RAD deployments to observe multiple operating 

turbines is a useful technique at RITE or that it would yield further data. Verdant will probably pursue an 

adaptive management conclusion of the RMEE-2 effort, if appropriate.  
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6.3 RECOMMENDATIONS  

From a biological and research study aspect:  

 Whereas multibeam hydroacoustics provides the best opportunity to ‘visually’ assess fish interactions 

with turbines in low visibility systems, the limited range of this technique and the post-processing 

requirements make this technique less than ideal. For example, the diameter of the KHPS rotor is 

about twice the vertical range of the DIDSON field so that we were not able to capture the entire 

swept area. 

 Precise positioning and strategic aiming of the RAD are crucial to capturing fish interactions with the 

turbine. Given the current range and width of field of the DIDSON unit, it would be beneficial to 

position two DIDSON units in tandem to fully capture fish entering and leaving the blade swept zone, 

although this option is quite likely cost prohibitive. 

 Automated data analysis was a challenge because of the rotating turbine, however, analytical software 

and techniques continue to improve and this obstacle can likely be overcome in the near future.  

 In the case of the RITE project, the ability to couple the multibeam results with those from a 

splitbeam hydroacoustics analysis and from netting studies provides valuable insight into fish 

behavior at the RITE project.  

From the perspective of an HK developer:  

 Although we were confident that the 2012 data confirmed the conservative assumptions regarding 

fish interaction, the added analysis and scientific third-party effort by ORNL to quantify these 

parameters with the significant video post-processing significantly enhances and advances the 

understanding of KHPS interaction. 

 Pending the deployment of more Verdant Power Gen5 KHPS turbines at RITE, the post-processing 

expertise will be valuable to streamline the RMEE-2 study effort. Funding for this deployment and 

analysis should benefit the HK industry at large and RITE in particular.  

 This monitoring protocol is focused as discussed on the observation of a single (or few) operating 

KHPS turbines at the micro scale. It is likely not applicable for multiple turbines in an array 

condition. Moving toward such studies, it is recommended that research and development funding for 

alternative techniques or algorithms be undertaken to address the array condition.  

 Another supportive recommendation would be to fund a field tagging experiment when multiple 

KHPS turbines are operating at RITE (as discussed in Section 5).  

 Ongoing research and development at various sites and for other HK developers along these lines is 

warranted. The model development and parameterization may be useful for others in the HK industry.  
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a b s t r a c t

We simulate three-dimensional, turbulent flow past an axial-flow marine hydrokinetic (MHK) turbine
mounted on the bed of a rectangular open channel by adapting a computational framework developed
for carrying out high-resolution large-eddy simulation (LES) in arbitrarily complex domains involving
moving or stationary boundaries. The complex turbine geometry, including the rotor and all stationary
components, is handled by employing the curvilinear immersed boundary (CURVIB) method [1,2]. Veloc-
ity boundary conditions near all solid surfaces are reconstructed using a wall model based on solving the
simplified boundary layer equations [2]. To demonstrate the capabilities of the model we apply it to sim-
ulate the flow past a Gen4 axial flow MHK turbine developed by Verdant Power for the Roosevelt Island
Tidal Energy (RITE) project in the East River in New York City, USA. We carry out systematic grid refine-
ment studies, using grids with up to 185 million nodes, for only the turbine rotor placed in an infinite free
stream to show that the computed torque converges to a grid insensitive value, which is in good agree-
ment with field measurements. We also carry out LES for the complete turbine configuration, including
the pylon, nacelle and rotor, mounted on the bed of a straight rectangular open channel. The computed
results illustrate the complexity of the flow and show that the power output of the complete turbine is
primarily dependent on the rotor geometry and tip speed ratio, and is not affected by the stationary com-
ponents of the turbine and the presence of the channel bed. The complete turbine simulation also reveals
that the downstream wake of the turbine consists of three main regions: (1) the outer layer with the
spiral blade tip vortices rotating in the same direction as the blades; (2) the counter-rotating inner layer
surrounded by the spiral tip vortices; and (3) the core layer co-rotating with respect to the tip vortices.
This study is the first to report the three-dimensional wake structure of MHK turbines.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Marine and hydrokinetic devices for harnessing energy from
waves, tides, and currents in oceans, rivers and streams are at
the early stage of development but have significant potential to
contribute to the future supply of clean energy and comprise an
important part of the global renewable energy portfolio. According
to conservative estimates, the overall estimated hydrokinetic
power potential of US rivers is approximately 12,500 MW [3].
However, marine, fluvial and estuarine environments are charac-
terized by complex topography and three-dimensional (3D) turbu-
lent flows, which can greatly affect the performance and structural
integrity of marine hydrokinetic (MHK) devices and impact the lev-
elized cost of energy (LCoE). Since the deployment of multi-turbine
arrays is envisioned for field applications, turbine-to-turbine inter-
actions and turbine-bathymetry interactions need to be under-
ll rights reserved.

erospace Engineering, Univer-
stood and properly modeled so that MHK turbine arrays can be
optimized on a site specific basis. Furthermore, turbulence induced
by MHK turbines alters and interacts with the nearby ecosystem
and could thus potentially impact aquatic habitats. Such environ-
mental effects, however, remain to date largely unexplored and
poorly understood [4,5]. Increased turbulence in the wake of
MHK devices may change the shear stress imposed on the bed
which could potentially affect sediment transport and scour pro-
cesses. Consequently, one could speculate that MHK turbine arrays
could impact waterway geomorphology and streambank stability
but the potential significance of these impacts has yet to be studied
and quantified. Therefore, there remains a knowledge gap in our
understanding of and ability to quantitatively model how tur-
bine–waterway and turbine–turbine interactions impact the
hydrodynamic performance, structural reliability, and energy cap-
ture ability of MHK devices.

Numerical modeling could serve as a powerful tool for optimiz-
ing the site-specific performance of MHK devices and mitigating
possible adverse environmental effects but only a handful of previ-
ous studies have attempted to tackle this problem by computer
simulation. Fabrice et al. [6] for instance, simulated inviscid flow
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past a marine current turbine using the vortex particle method.
Colby and Adonizio [7] employed a one-dimensional model to
examine the influence of hydrokinetic energy extraction on the
flow depth and velocity in the East Channel of the East River in
New York City. James et al. [8] simulated flow past an array of
MHK devices by solving the two-dimensional depth-averaged
equations with turbines modeled as the point momentum sinks.
They estimated the power extracted from the turbines and investi-
gated the downstream flowfields. Miller and Schaefer [9], on the
other hand, simulated flow around a hydrokinetic turbine by solv-
ing the two-dimensional (2D) Reynolds-averaged Navier–Stokes
(RANS) equations using a commercial computational fluid dynam-
ics (CFD) code (Fluent™). None of these studies, however, at-
tempted to simulate 3D turbulent flows around MHK turbines.

Numerical models, on the other hand, have been widely em-
ployed in the simulation of 3D turbulent flow past wind turbines.
Two categories of numerical approaches have been employed in
the wind turbine simulations: one is to parameterize the effect of
wind turbines as the momentum sink – a parameterization ap-
proach, and the other is to directly resolve flow-blade interactions
– a turbine-resolving approach. In the parameterization approach
[10–12]), the effect of a wind turbine is modeled as the momentum
sink in the Navier–Stokes equations. In the turbine-resolving ap-
proach [13–16], flow around wind turbine blades are directly re-
solved in numerical simulation by employing the grid that is
sufficiently fine enough to resolve them. Sørensen et al. [13], for in-
stance, simulated flow past an isolated rotor by solving 3D RANS
equations in a non-inertial reference frame attached to the rotating
blades. Sezer-Uzol and Long [15] carried out large-eddy simulation
(LES) of flow past an isolated wind turbine rotor using unstruc-
tured grids rotating with the turbine blades. Zahle et al. [16] sim-
ulated flow past a wind turbine rotor and tower mounted on the
ground in the inertial frame. They solved the 3D RANS equations
in an inertial frame with the overset grid method, which employs
multi-block body-fitted grids near the rotor, nacelle and tower.

While the turbine-parameterization approach is appropriate for
modeling a number of turbine arrays due to its low computational
cost, the turbine-resolving approach would be more appropriate for
studying the detailed flow physics around individual turbines as it
introduces less modeling and parameterization. Extension of the
turbine-resolving approach to the simulation of MHK turbines,
however, is not straightforward. Simulating flow past real-life
MHK turbines consisting of the moving rotor and stationary nacelle,
pylon and foundation, using unstructured or overset grid methods
in an inertial frame of reference is challenging because generating
good quality boundary conforming meshes, whether structured or
unstructured, for such complex geometry can be cumbersome
and very costly. For instance, Zahle et al. [16], who employed over-
set grids, had to neglect the nacelle and simplify the tower geome-
try in their simulation of the flow past a ground-mounted wind
turbine. Furthermore, flows past MHK turbines in natural or man-
made waterways occur at high Reynolds numbers (106 to 107 based
on the mean flow depth and velocity) and are dominated by ener-
getic coherent structures induced by the interaction of moving
and stationary turbine components with the complex waterway
bathymetry and the approaching turbulent flow. Therefore, turbu-
lence closure models that are able to capture such highly 3D and
dynamic flow environment and resolve turbulent flows dominated
by energetic coherent structures need to be employed.

In this study we propose a new computational framework for
simulating 3D flow past arbitrarily complex MHK devices. We
demonstrate that the method is capable of carrying out LES of flow
past a complete, real-life MHK turbine at field-scale Reynolds num-
bers. We also show that method yields grid converged values for
the power captured by the device, which is in good agreement with
field measurements.
We solve the governing equations, the 3D, unsteady, incom-
pressible Navier–Stokes equations, in the inertial frame of refer-
ence using the sharp-interface curvilinear immersed boundary
(CURVIB) method [1,2,17,18]. The CURVIB method is ideally suited
for simulating flows in domains with arbitrarily complex moving
and/or stationary immersed boundaries. For instance, the complete
MHK turbine geometry, including the rotor and all stationary parts,
is treated as a sharp interface immersed boundary and embedded
in a background curvilinear grid discretizing the channel or natural
waterway. As such, the need for expensive and potentially tedious
re-meshing strategies is eliminated. Moreover, solving the equa-
tions in the inertial frame of reference enables the straightforward
handling of the stationary turbine parts, the free surface and the
riverbed.

To model turbulence, we employ the LES approach with the dy-
namic Smagorinsky subgrid-scale model and the CURVIB recon-
struction wall modeling approach developed by Kang et al. [2].
The governing equations are discretized in space using three-point
central finite differences on a hybrid staggered/non-staggered grid
[2,1,17] and integrated in time using an efficient fractional step
method. To enable simulations on fine computational grids with
hundreds of millions of grid nodes we employ efficient iterative
solvers with convergence acceleration techniques, such as the alge-
braic multigrid method and the matrix-free Newton–Krylov meth-
od [2]. The computer code is also parallelized using the message
passing interface (MPI) to take full advantage of massively-parallel
computational platforms.

This paper is organized as follows. In Section 2 we present the
governing equations of the computational model and describe
the CURVIB method. Subsequently in Section 3 we demonstrate
the ability of the computational model to yield grid converged
solutions for the turbine torque by carrying out a systematic grid
sensitivity study for the turbine rotor. We also demonstrate the
ability of the method to carry out LES of flow past a complete
MHK turbine on fine grids by reporting results from a simulation
on a mesh with 185 million nodes. The computed torque and
power are compared with the measurements and the resulting
3D flow patterns are presented and discussed. In all simulations,
we only consider uniform inflow without incoming turbulence.
In Section 4 we present the conclusions of this study and discuss
areas for future research.

2. Governing equations and numerical methods

2.1. The LES governing equations

The equations governing the instantaneous flowfield for LES of
incompressible, turbulent flow are the 3D, spatially-averaged con-
tinuity and Navier–Stokes equations. In the hybrid staggered/non-
staggered curvilinear grid formulation along with the CURVIB
method [1], the governing equations are first written in Cartesian
coordinates {xi} and then fully transformed (both the velocity vec-
tor and spatial coordinates are expressed in curvilinear coordi-
nates) in non-orthogonal, generalized, curvilinear coordinates
{ni}. The transformed equations read in compact tensor notation
(repeated indices imply summation) as follows (i, j = 1,2,3):
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where J = j@(n1,n2,n3)/@(x1,x2,x3)j is the Jacobian of the geometric
transformation, ni

j ¼ @n
i=@xj are the transformation metrics, ui is

the filtered ith Cartesian velocity component, Ui ¼ ðni
m=JÞum is the
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filtered contravariant volume flux, gjk ¼ nj
ln

k
l are the components of

the contravariant metric tensor, p is the filtered pressure, q is the
density, l is the dynamic viscosity, and sij is the sub-grid stress
(SGS) tensor for LES. The SGS terms are modeled using the Smago-
rinsky model [19]

sij �
1
3
skkdij ¼ �2ltSij; ð3Þ

where the overbar denotes the grid filtering operation, and Sij is the
filtered strain-rate tensor. The eddy viscosity is given by

lt ¼ qCsD
2jSj; ð4Þ

where Cs is the Smagorinsky constant, D is the filter size, and

jSj ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
. The filter size is taken as the cubic root of the cell vol-

ume. The Smagorinsky constant (Cs) is computed using the dynamic
Smagorinsky model [20] implemented in the context of the CURVIB
method [2].

The Cs values obtained using the dynamic Smagorinsky model
could be locally very large, which could lead to numerical instabil-
ities. When the flow is homogeneous in one or more directions, the
variables used for calculating Cs is averaged in those directions (see
Germano et al. [20] for details). The flow problems we consider
herein, however, are fully inhomogeneous, and such an approach
cannot be used. We instead employ the local averaging that was
employed in our previous study (see [2]) for calculating Cs, which
takes averaging of variables using those of the neighboring grid
nodes. In the vicinity of the immersed boundary nodes, the exterior
(solid) nodes (triangles in Fig. 1) are excluded from the local
averaging.
2.2. The CURVIB method

The curvilinear immersed boundary (CURVIB) method [1] can
handle arbitrarily complex geometries including complex embed-
ded moving boundaries with fluid–structure interaction. The
method has been applied to carry out direct numerical simulations
of cardiovascular flows involving fluid structure interaction [18]
and swimming of fish and planktonic organisms [21–23] and has
been recently extended by Kang et al. [2] and Kang and Sotiropou-
los [24] to carry out URANS and LES of turbulent flows through nat-
ural river reaches and by Khosronejad et al. [25,26] to simulate
sediment transport and scour phenomena in open channels with
embedded hydraulic structures.
Fig. 1. Schematic description of the CURVIB method and the wall-normal interpo-
lation method for moving boundary problems. Open circles, filled circles and
triangles indicate interior (fluid) nodes, immersed boundary nodes, and exterior
(solid) nodes, respectively.
Rather than using a boundary conforming mesh to describe the
immersed moving boundary, the CURVIB method treats the bound-
ary as a sharp interface and boundary conditions are reconstructed
at curvilinear grid nodes in the immediate vicinity of the boundary
using interpolation along the local normal to the boundary direc-
tion [1,17]. The grid nodes of the curvilinear mesh are classified
based on their location relative to the immersed turbine geometry
as: nodes exterior to the flow domain, which are blanked out of the
computation; interior (or fluid) nodes where the governing equa-
tions are solved; and immersed boundary (IB) nodes, which are lo-
cated in the fluid domain but in the immediate vicinity of the
immersed boundary (see Fig. 1).

A critical issue for the successful application of the CURVIB
method to simulate flow past a MHK turbine consisting of multiple
moving/stationary parts is the development of an efficient search
algorithm for classifying the grid nodes (interior, IB and exterior
nodes) whenever the shape and/or location of the immersed bodies
(e.g. turbine blades) are modified. In this work, we employ the effi-
cient ray-tracing algorithm [18] to re-classify the grid nodes every
time the location of the immersed bodies is updated. For the sta-
tionary immersed bodies (e.g. the pylon, nacelle, foundation,
etc.), the ray-tracing algorithm is only performed at the beginning
of the simulation, whereas for the moving immersed bodies (e.g.
blades) it is implemented at every time step.

Another important issue is to reconstruct the velocity at the IB
nodes in the vicinity of the moving/stationary immersed bodies. If
the grid is fine enough to resolve the viscous sublayer near the im-
mersed bodies, a linear/quadratic interpolation in the wall normal
direction [2,17] can be used to reconstruct the velocities at the IB
nodes. In the MHK turbine simulations, however, the Reynolds
number of the flow is high, and thus, employing the no-slip bound-
ary condition is impractical as it would result in excessively fine
meshes and long computational times. To circumvent this prob-
lem, we employ the wall model developed in the context of the
CURVIB method by Kang et al. [2] to reconstruct the velocity at
the IB nodes. The model can alleviate the excessive computational
cost needed for carrying out wall resolving simulation and has
been successfully applied to simulate open channel flow with a
moving/stationary streambed [2,25]. The wall model we employ
is briefly described in Section 2.3.

2.3. The wall model

The CURVIB wall model as implemented by Kang et al. [2] solves
the following simplified turbulent boundary layer (TBL) equations
based on the equilibrium stress balance model [27]:
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where l0t is the eddy viscosity of the TBL equations, and l and s indi-
cate the directions normal and tangential to the immersed bound-
ary surface, respectively. The eddy viscosity is given by the
mixing length model with the near-wall damping as follows:

l0tðlÞ ¼ ljlþð1� e�lþ=19Þ2; ð6Þ

where l+ = qusl/l, and us is the wall shear velocity.
The tangential velocity component at each IB node is obtained

by integrating Eq. (5) in the wall normal direction as follows:

usðdBÞ ¼
R dB

0
1

lþlt
dlR dC

0
1

lþlt
dl
ðusðdcÞ � usð0ÞÞ þ usð0Þ; ð7Þ

where us denotes the velocity tangent to the immersed boundary
surface, d is the distance from the wall, and the subscripts A, B
and C indicate a point on the solid surface closest to an immersed



Fig. 2. The immersed boundary mesh of the complete Verdant KHPS turbine
discretized with the 24,222 triangular surface elements. The flow direction is from
�z to +z and the red colored parts rotate in the clockwise direction around the +z
axis.
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boundary node, an immersed boundary node, and an interception
point (see the points A, B and C shown in Fig. 1), respectively. More
details of the wall model are found in Kang et al. [2].

It is important to note that the local equilibrium assumptions
inherent in the wall model we employ herein are not in general va-
lid in complex, three-dimensional flows involving adverse pressure
gradients and flow separation. The simulations we report herein
are carried out for near design point operation and massive separa-
tion off the blades is not expected. Application of the wall model to
a broader range of operating conditions needs to be done with cau-
tion and in conjunction with detailed experimental measurements
to systematically assess the generality of this approach.

2.4. The fractional step method

We employ the hybrid staggered/non-staggered grid fractional
step method proposed by Ge and Sotiropoulos [1] and Kang et al.
[2] to solve the filtered Navier–Stokes equations. During the first
step of this method, the momentum equations (Eq. (2)) are discret-
ized in time using the second-order Crank–Nicolson method, and
solved by the matrix-free Newton–Krylov method [2]. In the next
step, the Poisson equation for the pressure correction is solved
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where P = pn+1 � pn and the superscript ⁄ denotes the variables
computed during the first step. At the final step, the solution of
Eq. (8) is used to update the velocity and pressure fields, and the
so updated velocity is divergence free. More details of this method
can be found in Kang et al. [2].

When the immersed boundary (e.g. blade) moves, there is a lo-
cal non-zero velocity flux at the interface between immersed
boundary and internal nodes (see filled and open circles in
Fig. 1). This non-zero velocity flux enters the right hand side of
the Poisson equation (Eq. (8)) as a boundary condition and ac-
counts for the inertial effects of moving boundaries on the
flowfield.

2.5. Calculation of the instantaneous fluid forces

A major requirement for a computational framework for MHK
turbines is to be able to accurately calculate the torque imparted
by the flow on the turbine blades in order to compute the power
captured from the water current. We calculate the forces on the
blades by integrating the pressure over the respective immersed
boundary surface assuming that the viscous forces are negligible
compared to the pressure forces:

FiðtÞ ¼
Z
�pðtÞni dA; ð9Þ

where ni is the vector normal to the immersed boundary surface.
The accuracy of numerical procedure for calculating the forces for
moving boundary problems using the CURVIB method has been
demonstrated in Borazjani and Sotiropoulos [21]. They simulated
the flow induced by an axially vibrating cylinder and compared
the results of their simulations with benchmark computational
data. Excellent agreement was reported both for the total force
and its two components.

The instantaneous torque, which is the moment of the force ex-
erted on the blades with respect to the axis that goes through the
center of the rotor, is calculated as:

TQ ðtÞ ¼ rðtÞ � FðtÞ; ð10Þ

where r is the instantaneous position vector relative to the center of
the rotor, and � denotes the cross product.
Once the torque is computed, the power is obtained by the sca-
lar product of the torque and angular velocity vectors:

PðtÞ ¼ TQ ðtÞ �XðtÞ; ð11Þ

where X is the angular velocity vector.

3. LES of flow past a real-life MHK turbine

In this section, we carry out high-resolution LES of flow past a
real-life MHK turbine using the computational framework de-
scribed in Section 2.

3.1. Summary of field measurements

3.1.1. Turbine specification
The specific turbine we simulate in this study is the Gen4 Ki-

netic Hydropower System (KHPS) turbine developed by Verdant
Power for the Roosevelt Island Tidal Energy (RITE) project in the
East Channel of the East River, New York City. As shown in Fig. 2,
the turbine geometry consists of a faired pylon, a cylindrical na-
celle, and a three-bladed rotor mounted at the downstream end
of the nacelle (marked in red in the figure). The KHPS turbine is
mounted at the top of a cylindrical pile that rises above the bottom
of the river. The rotor diameter (D) is 5 m and it is designed to
operate during both ebb and flood tides through a passive yaw sys-
tem. The KHPS turbine is a fixed-pitch turbine without stall con-
trol, and the cut-in and rated water speeds are 1.0 m/s and
2.1 m/s, respectively.

3.1.2. Measurements of flow velocity, rotor rotation and power
The instantaneous water velocity at the location 45 m (or 9D)

upstream of the KHPS turbine was measured using an Acoustic
Doppler Current Profiler (ADCP) over a 10-min period during a
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flood tide on 9/11/2008. Instantaneous velocities were acquired at
the five bins uniformly distributed across the rotor disk with 1 m
spacing in the vertical direction, and these velocities were subse-
quently averaged in space and time to obtain the mean approach-
ing flow velocity over the location of the rotor disk. The velocity
measurements were performed under two different flow condi-
tions, and the time history of the instantaneous velocity spatially
averaged over the five bins for those two cases is shown in Fig. 3.
The spatio-temporally averaged, approaching flow velocity (U1)
of the two cases are U1 = 1.53 m/s and 2.01 m/s. The turbulence
intensities (or root-mean-square of the velocity fluctuations) non-
dimensionalized by U1 are 11.0% and 8.3% for the U1 = 1.53 m/s
and 2.01 m/s cases, respectively.

During full-scale field operation of the turbines, the rotation
rate of the rotor and the instantaneous generator power were con-
tinuously recorded at 1/2 Hz for 10 min. The time-averaged angu-
lar velocity of the rotor is 3.61 rad/s (or 34.5 rpm; rpm = revolution
per minute), and it is used to prescribe the rotational motion of the
rotor in the computation. At this angular velocity, the mean tip
speed of the blade is 9.03 m/s. For each average inflow condition,
the instantaneous generator power over the 10 min period were
also recorded and used to compute the instantaneous torque using
the following relation:

TQ ½kN m� ¼ P ½KW�
X ½rpm� �

60
2p

; ð12Þ

where P is the instantaneous generator power. After computing the
instantaneous torque, the mean values of the torque and power
were computed.

3.2. Computational results

In this section we carry out LES for the above mentioned two
approaching flow velocities. In the simulations we set these veloc-
ities to U1 = 1.50 m/s and 2.00 m/s, and the corresponding Rey-
nolds numbers based on the rotor diameter (D) and U1 are
7.5 � 106 and 107, respectively. The Reynolds numbers based on
the chord length of the blades at r/R = 0.75 and U1, where r is
the radial distance from the center of the rotor and R = 0.5D, are
approximately 4.5 � 105 and 6.0 � 105 for the U1 = 1.50 m/s and
2.00 m/s cases, respectively. In the computations we assumed that
the inlet velocity is uniform and did not take into account oncom-
ing turbulence. All simulations were run on the 800 cores of
2.8 GHz Intel™ Xeon X5560 processors using the message passing
interface (MPI).

In Section 3.2.1 we first carry out LES for an isolated rotor im-
mersed in a free stream ambient domain, i.e. by eliminating all sta-
seconds
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Fig. 3. The time history of the instantaneous flow velocity measured upstream of
the Verdant KHPS turbine in the East River.
tionary components for the turbine and not considering the
interactions of the flow with the stream bed and the water surface.
The objective of this first set of simulations is twofold: (1) to carry
out a systematic grid refinement study to find the grid spacing re-
quired for obtaining grid converged torque and power values and
compare these values with the field measurements; and (2) to gen-
erate a baseline solution that can be compared with the subse-
quent complete turbine simulation to examine the extent to
which the stationary components of the turbine impact the power
output of the machine. Subsequently, in Section 3.2.2 we simulate
the entire turbine geometry mounted on the bed of a rectangular
open channel. We analyze the computed flowfields and compare
the calculated power output with the isolated rotor case and the
field measurements.

3.2.1. Flow past an isolated rotor
We carry out LES of flow past the isolated rotor with three, suc-

cessively refined grids summarized in Table 1. Inside the near
blade region marked by red lines in Fig. 4, uniform grid spacing
is employed in all three directions (see Table 1 for details).
Stretched grids are employed in other regions, and the maximum
grid spacing near the outlet of the domain is approximately 0.53D

The computational domain containing the rotor extends 8D, 8D
and 9D in the x-, y- and z-directions, respectively (see Fig. 4). The
flow direction is from �z to +z and the center of the rotor is located
4D downstream of the inlet (z = zmin). During the computation, we
prescribe the motion of the rotor so that it rotates in the clockwise
direction at the constant angular velocity of 3.61 rad/s around the
+z axis. A uniform velocity that equals to U1 is specified at the inlet
(z = zmin) and the zero velocity gradient condition is used at the
outlet (z = zmax). The effects of the oncoming turbulence and mean
velocity gradient existing in the field are neglected in present sim-
ulations. This simplifying assumption is dictated by the lack of val-
idation quality experimental data enabling us to quantify the state
of the flow approaching the turbine. At the top, bottom and side
wall boundaries (x = xmin, x = xmax, y = ymin, y = ymax), a free slip
velocity boundary condition is imposed.

We first consider flow past the rotor at U1 = 2.00 m/s. At this
approaching flow velocity, the tip speed ratio is approximately
4.5. The computation starts with the rotor initially at rest and con-
tinues for five rotor revolutions.

Figs. 5 and 6 show the contour plots of the computed, instanta-
neous streamwise velocity after the fifth rotor revolution on a
transverse and vertical plane, respectively. A circular wake with
negative streamwise velocity in the center region and higher
streamwise velocity in the outer region is seen in Fig. 5. Fig. 5(a)
shows that at the transverse plane 0.1D downstream of the rotor
there are three distinct regions with negative and positive stream-
wise velocities around the circular wake, which are the footprints
of the three blade tip vortices. Fig. 5(b), on the other hand, shows
that the area of the circular wake boundaries grow as the flow
moves downstream. At this plane, the footprints of the blade tip
vortices are not shown very clearly, which is probably due to the
coarse streamwise grid spacing in the regions downstream of the
turbine. Another important observation that follows from the sim-
ulated results is that the wake patterns are almost circular in both
planes. This indicates that the lateral mixing across the boundaries
of the circular wake is very low, which should be attributed to the
assumption of non-turbulent ambient flow. We can reasonably
speculate that if the oncoming and ambient flow were turbulent,
the lateral mixing would be much stronger and the wake patterns
would no longer be perfectly circular. Fig. 6 clearly illustrates the
downstream growth of the wake boundaries emanating from the
tip of the blades. The multiple high velocity cores observed in
Fig. 6 along the edges of the wake boundaries are the footprints
of the blade tip vortices, which are visualized in Fig. 7 using the



Table 1
The computational grids used for the simulation of flow past the isolated rotor and
the complete turbine.

Grid Case Number of grid
nodes

Near blade grid
spacing

Maximum grid
spacing

I Isolated
rotor

3.25 � 107 3.0 � 10�3D 0.53D

II Isolated
rotor

7.98 � 107 2.0 � 10�3D 0.53D

III Isolated
rotor

1.15 � 108 1.5 � 10�3D 0.53D

IV Complete
turbine

1.85 � 108 1.5 � 10�3D 0.53D

Fig. 4. The computational domain (black solid lines) of flow past the isolated rotor
(Grids I, II and III). The flow direction is from �z to +z. The red lines denote the near
blade region where the uniform grids are used, and the length of the uniform grid
region in the x-, y- and z-directions is 1.04D, 1.04D and 0.12D, respectively. D (=5 m)
denotes the diameter of the rotor. Details of the computational grids are shown in
Table 1. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. The contour plot of the instantaneous streamwise velocity nondimensionalized by
at the fifth rotor revolution. The rotor rotates in the clockwise direction around the +z axi
trace of the tip of the blades, respectively. The arrows mark the footprints of the three

Fig. 6. The contour plot of the instantaneous streamwise velocity nondimension-
alized by U1 = 2.00 m/s at the yz-plane passing through the center of the turbine at
the fifth rotor revolution. The solid and dash-dot lines denote the zero streamwise
velocity contours and the locations of the planes shown in Fig. 5, respectively. The
arrows mark the footprints of the blade tip vortices.
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k2 criterion [28]). The iso-surface in Fig. 7, which is colored by the
nondimensional velocity magnitude, shows the spiral vortices gen-
erated by the rotating blade tips as well as the fine scale coherent
structures generated by the flow-blades interactions.

The calculated torque imparted by the flow on the rotor blades
is shown in Fig. 8 for all three grids. The computed torque increases
rapidly as the rotor starts rotating from rest and peaks at about 0.2
revolution. Subsequently the torque decreases slightly and finally
asymptotes toward a statistically stationary mean value after five
rotor revolutions. It indicates the near blade wake is sufficiently
developed after five rotor revolutions. An important finding from
Fig. 8 is that the calculated torque is seen to converge monotoni-
cally toward a grid insensitive value as the grid is refined from
Grids I to III.

To gauge the predictive capabilities of the method in relation to
the field measurements, we compare in Table 2 the computed tor-
que and power values at the fifth rotor revolution with those mea-
sured in the generator of the turbine. The power coefficient is
defined as Cp ¼ 2P=qAU3

1, where P is the power generated by the
rotor, q is the water density (1000 kg/m3) and A = pD2/4 is the
cross sectional area occupied by the rotating rotor. As seen, the
percentage error between the measured and computed power
coefficients decreases monotonically as the grid is refined, from
U1 = 2.00 m/s at the xy-plane located (a) 0.1D, and (b) 0.5D downstream of the rotor
s. The solid and dash-dot lines denote the zero streamwise velocity contours and the
blade tip vortices.



Fig. 7. Vortical structures of flow past the rotor visualized by the k2 criterion (k2D/
U1 = �137.5). Contour levels denote the velocity magnitude nondimensionalized
by U1 = 2.00 m/s.

Number of revolution

T
o

rq
u

e 
[K

N
.m

]

0 1 2 3 4 5
0

5

10

15

Grid II
Grid I

Grid III

Fig. 8. The time history of the computed torque on different grids.
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approximately 31.5% on Grid I to 4.1% in Grid III. A grid converged
value of the power coefficient within 5% of the experimental value
is considered quite satisfactory especially when we take into ac-
count the fact that the measurements were carried out in the field
for the complete turbine geometry and with site-specific ambient
turbulence, which was not taken into account in the simulation.
Another uncertainty in the comparisons between experiments
and simulations stems from the fact that the rotor torque in the
experiments was calculated based on the generator power, which
in general should, due to losses, be smaller than the actual rotor
power computed in the simulations. It is thus possible that the ac-
Table 2
Comparison of the computed and measured torque, power and power coefficient (Cp)
for the LES of flow past the rotor at U1 = 2.00 m/s. The theoretical maximum value of
Cp derived by Betz [29] is 0.59.

Case Torque
(kN m)

Power
(kW)

Cp Cp error
(%)

Grid I (U1 = 2.00 m/s) 4.80 18.10 0.230 31.5
Grid II (U1 = 2.00 m/s) 6.24 23.52 0.300 10.9
Grid III (U1 = 2.00 m/s) 6.72 25.33 0.323 4.1
Measurement

(U1 = 2.01 m/s)
7.42 26.81 0.336 –
tual discrepancy between experiments and simulations could be
somewhat larger than that revealed in Table 2 but these effects
were not quantified in the field and cannot be assessed in detail.
As we will emphasize later in this paper, such uncertainties in field
experiments are unavoidable and can only be eliminated by carry-
ing out controlled laboratory scale experiments that will yield
high-quality data to facilitate detailed model validation.

We also simulate the U1 = 1.50 m/s case on the finest grid (Grid
III). The rotor rotates at the same angular velocity as the previous
case and the tip speed ratio for this case is approximately 6.0.
The simulation was run for five rotor revolutions and the com-
puted torque and power at the fifth rotor revolution are compared
with the measurements in Table 3. The percentage error of the
computed and measured power coefficients (Cp) is within 5%. The
level of agreement for both cases is quite satisfactory; however,
it is reasonable to speculate that the aforementioned uncertainties
(see Section 3.2.1) associated with the numerical errors existing in
the incoming flows and the measured torque could make the com-
parison between the computed and the measured torque more
favorable that what it really is.

3.2.2. Flow past a complete MHK turbine
Based on the grid sensitivity study in Section 3.2.1, we employ

Grid IV described in Table 1 for the simulation of the complete tur-
bine. While the resolution of Grid IV is largely identical to Grid III
near and downstream of the blades, it employs much finer grids in
the region immediately upstream of the rotor to resolve the na-
celle, pylon and nose cone.

In the complete turbine simulation we only consider the
approaching flow velocity of U1 = 2 m/s. The length of the compu-
tational domain is 8D, 1.83D and 9D in the x-, y- and z-directions,
respectively (see Fig. 9). The domain length in the y-direction is
shorter than that used in the isolated rotor simulations in Section
3.2.1 because we take into account of the presence of the free sur-
face and the channel bed in this simulation, which are assumed to
be flat and located 4.57 m above and below the center of the rotor,
respectively. In the present simulation, the effects of the oncoming
turbulence, mean velocity gradient and irregular bed topography
existing in the field are neglected. The Froude number based on
the flow depth (H = 9.14 m) and the bulk velocity is approximately
Fr = 0.21. The flow direction is from �z to +z and the center of the
rotor is located 4D downstream of the inlet (z = zmin) and 0.5H (or
0.914D) above the channel bed (y = ymin). Fig. 2 shows the unstruc-
tured surface mesh used to discretize the turbine, which consists of
22,422 triangular surface elements. We prescribe the motion of the
rotor and nose cone (red colored parts in Fig. 2) so that they rotate
in the clockwise direction at the constant angular velocity of
3.61 rad/s around the +z axis. The nacelle and pylon (gray colored
parts), on the other hand, remain stationary. A uniform velocity
and the zero velocity gradient conditions are given at the inlet
(z = zmin) and the outlet (z = zmax), respectively. The free surface
(y = ymax) is treated as a flat rigid lid by applying symmetry bound-
ary conditions because at this low Froude number (0.21) the free
surface change is not significant. The channel bed is treated as a
smooth wall using the wall model described in Section 2.3 above.
At the side wall boundaries (x = xmin, x = xmax) symmetry boundary
conditions are employed. The computation was run for five rotor
revolutions, which is adequate for obtaining statistically converged
rotor torque. Five revolutions, however, will not be sufficient to ob-
tain statistical convergence of the velocities and pressure in the
wake region and for that the turbulent flow statistics will not be
studied in this paper.

Figs. 10 and 11 show the contour plots of the computed, instan-
taneous streamwise velocity after the fifth rotor revolution at the
xy-plane located 0.5D downstream of the rotor and the yz-plane
passing through the center of the turbine, respectively. This simu-



Table 3
Comparison of the computed and measured torque, power and power coefficient (Cp)
for the LES of flow past the rotor at U1 = 1.50 m/s.

Case Torque
(kN m)

Power
(kW)

Cp Cp error
(%)

Grid III (U1 = 1.50 m/s) 2.48 9.33 0.282 4.8
Measurement

(U1 = 1.53 m/s)
2.88 10.40 0.296 –

Fig. 9. The computational domain of flow past the complete turbine (Grid IV). The
flow direction is from �z to +z. Details of the computational grid are shown in Table
1.

Fig. 11. The contour plot of the instantaneous streamwise velocity nondimension-
alized by U1 = 2 m/s at the yz-plane passing through the center of the turbine at the
fifth rotor revolution. The solid and dash-dot lines denote the zero streamwise
velocity contours and the locations of the planes shown in Fig. 10, respectively, and
the dashed lines indicate the free surface and the channel bed. The arrows mark the
footprints of the blade tip vortices.
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lation shows slightly different flow patterns compared to the pre-
vious simulation with the isolated rotor. More specifically, the
complete turbine simulation predicts a smaller reversed flow re-
gion at the plane 0.5D downstream of the turbine compared to
the isolated rotor simulation (see Fig. 5(b) and Fig. 10(b)). More-
over, the pylon structure in the upstream of the rotor acts to dis-
rupt the instantaneous downstream velocities in the region
below the lower blade tip (see Fig. 11). Fig. 12 visualizes the 3D
structure of the flow in terms of an iso-surface of k2 colored by
the nondimensional velocity magnitude at the fifth rotor revolu-
tion. Spiral vortices generated from the blade tips and the vortical
structures generated by the lower part of the mounting pile are ob-
served. Fig. 13(a) shows the instantaneous 3D streamlines and con-
tours of instantaneous transverse (x-direction) velocity at the fifth
rotor revolution. The red and blue spots located in the upper and
Fig. 10. The contour plot of the instantaneous streamwise velocity nondimensionalized
rotor at the fifth rotor revolution. The rotor rotates in the clockwise direction around the
and the trace of the tip of the blades, respectively, and the dashed line indicate the free
vortices.
lower regions in the downstream of the turbine are the footprints
of the spiral blade tip vortices (see Fig. 12) rotating in the same
direction as the rotor blades. The tip vortices are also marked by
the wavy streamlines passing through those spots. There also ex-
ists a large region spanning almost the entire inner rotor diameter
within which the flow rotates in the opposite direction than the ro-
tor. This is indicated by the large areas in blue and red colors in the
contours of out-of-plane velocity component. Moreover, the 3D
instantaneous streamlines reveal the existence of reversed flow re-
gion rotating in the same direction as the rotor, with very low
streamwise velocity (see Fig. 11) near the center of the rotor. In
summary, the downstream wake of the turbine consists of three
main regions: (1) the outer layer with the spiral blade tip vortices
rotating in the same direction as the blades; (2) the counter-rotat-
ing inner layer surrounded by the spiral tip vortices; and (3) the
core layer co-rotating with respect to the tip vortices. We have also
plotted in Fig. 13(b) the computed transverse velocity contours for
the isolated rotor case. While the outer and inner layers are also
observed, the core layer near the center of the rotor is not observed
in this case. This indicates that the formation of the co-rotating
core layer in the complete turbine case is due to the turbine nose
that rotates in the same direction as the blades.
by U1 = 2.00 m/s at the xy-plane located (a) 0.1D, and (b) 0.5D downstream of the
+z axis. The solid and dash-dot lines denote the zero streamwise velocity contours

surface and the channel bed. The arrows mark the footprints of the three blade tip



Fig. 12. Vortical structures of flow past the complete turbine visualized by the k2

criterion (k2D/U1 = �137.5). Contour levels denote the velocity magnitude nondi-
mensionalized by U1 = 2 m/s.
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Fig. 14. Comparison of the time history of the computed torque of the flow past the
rotor and the complete turbine.
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Fig. 14 compares the time history of the torque from the simu-
lations of flow past the isolated rotor and the complete turbine.
The computed torque for the isolated rotor case is slightly higher
than for the complete turbine case early on, but at later times both
torque values approach the same value becoming essentially iden-
tical after the fifth rotor revolution. Therefore, our simulations
show that, at least for the specific design of the Verdant Power
Gen4 KHPS turbine we considered herein, the computed torque
of the two simulations is almost identical to each other. This is
probably due to the fact that the pressure field near the rotor
blades, which is largely responsible for generating torque on the
machine and extracting power from the water column, is not af-
fected significantly by the existence of other parts of the turbine,
such as the pylon, nacelle, etc. To verify that, we compare in
Fig. 15 the instantaneous pressure contours on the blade surfaces
computed by the isolate rotor and complete turbine cases. As seen,
overall pressure distributions on both sides of the blades are very
similar to each other. This is an important finding for the design
of the Verdant horizontal, axial flow unducted KHPS turbines as
it clearly indicates that the power extraction efficiency is not af-
Fig. 13. Instantaneous 3D streamlines and the contour plot of the instantaneous transve
center of the turbine at the fifth rotor revolution. The dashed lines indicate the free surfac
out of the plane, respectively. (For interpretation of the references to color in this figure
fected significantly by the existence of other parts of the turbine.
The limiting streamlines on the blade surfaces in the rotor frame
of reference are also plotted in Fig. 15, which shows that the flow
is attached on both sides of the blades and there is no flow
separation.

4. Summary and conclusions

In this study we proposed a numerical model capable of carry-
ing out LES of 3D flow past MHK devices with arbitrarily complex
geometric configuration. The computational model solves the
spatially filtered, 3D, incompressible Navier–Stokes equations
using the CURVIB method with wall modeling. LES was carried
out for 3D turbulent flow past the complete system of the Verdant
Power Gen4 KHPS turbine at the full scale Reynolds number.

The grid sensitivity study was first carried out for flow past the
isolated rotor and it shows that the percentage error of the com-
puted torque relative to the measured one converges monotoni-
cally as the grid is refined. While the instantaneous downstream
flow patterns predicted by the simulations of flow past the isolated
rotor and the complete turbine showed significant differences, the
power coefficients predicted by the two simulations were almost
identical. This finding indicates that the pressure field near the ro-
tor blades, which is largely responsible for generating torque on
the machine and extracting power from the water column, is not
significantly affected by the existence of other parts of the turbine,
such as the pylon, nacelle, etc., and it suggests that simulation of
the isolated rotor can be sufficient for predicting the power of
the Verdant Power Gen4 KHPS turbine.

An important finding of this study is that the CURVIB-LES ap-
proach with the wall model is able to predict with reasonable accu-
rse velocity nondimensionalized by U1 = 2 m/s at the yz-plane passing through the
e and the channel bed, and the red and blue colors denote the flow moving into and
legend, the reader is referred to the web version of this article.)



Fig. 15. Comparison of the instantaneous nondimensional pressure (p=qU2
1) contours and the limiting streamlines in the rotor frame of reference, on the blade surfaces of the

isolated rotor (left) and complete turbine (right) cases at the fifth rotor revolution. The arrows indicate the rotational direction of the rotor, and the flow direction is from �z
to +z.
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racy the torque and power generated by a real-life MHK device at
full scale Reynolds numbers and on grids that are far too coarse to
resolve the details of the flow in the immediate vicinity of solid
walls. This is a promising finding since it demonstrates potential
of the computational model to become a powerful engineering tool
for designing real-life MHK devices that are of similar horizontal
open bladed (un-ducted) design, which are characterized by arbi-
trary geometric complexity and can thus be handled effectively
by the present CURVIB-LES methodology.

The high-resolution LES of the complete turbine system reveals
the three-dimensional wake structures, which consists of three
distinct regions: (1) the outer layer with the spiral blade tip vorti-
ces rotating in the same direction as the blades; (2) the counter-
rotating inner layer surrounded by the spiral tip vortices; and (3)
the core layer co-rotating with respect to the tip vortices. To the
best of our knowledge, this study is the first to elucidate the
three-dimensional downstream wake structures of complete
MHK turbines and to report the existence of these three regions.

In spite of the promising results, however, much remains to be
done to conclusively demonstrate the usefulness of the present
numerical method. As we already discussed above, the validation
of the method was carried out using field measurements of the tor-
que. Such measurements, however, are inherently uncertain due to
site specific effects, approach flow conditions and the measure-
ment method itself, which relies on computing the rotor torque
from the generator power. Furthermore, complex bed topography
and incoming turbulence have not been taken into account, which
could potentially alter the computed torque. For instance, the ef-
fect of including mean shear and turbulence in the flow approach-
ing the turbine in simulations could not be investigated in this
work. Moreover, the topography of the field site, which could in-
duce large-scale coherent structures in the approach flow, has also
not been considered in this work. One could reasonably anticipate
that these simplifying approximations may impact the level of
agreement between the measured and computed power reported
in this work and as such they need to be systematically quantified
in future studies. Another important issue that was not addressed
in this work is that of the subgrid-scale model used to close the LES
equations. While the dynamics Smagorinsky model employed in
this work is simple to implement, it is possible that the scale-inde-
pendence assumption implicit to this model is not valid in a flow as
complex as that considered in this work. Scale-dependent SGS
models, like the Lagrangian model of Bou-Zeid et al. [30], could,
therefore, be investigated for flows past MHK turbines in our future
studies. Addressing these issuing and eliminating the aforemen-
tioned uncertainties requires sophisticated controlled laboratory
experiments under well defined geometric and approach flow con-
ditions and with direct measurement of the instantaneous rotor
torque. Such experiments will provide benchmark data for validat-
ing the computational models with confidence and are currently
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under way at the St. Anthony Falls Laboratory. LES with turbulent
fully developed turbulent inflow conditions are currently under
way, and in conjunction with the aforementioned experiments
we will seek to evaluate the ability of the numerical method to
simulate the structure of turbulence in the wake of real-life MHK
turbines. We will be reporting these new results in future
communications.
Acknowledgments

This work was conducted under the Advanced Water Power
Project (Grant No. DE-FG36-08GO18168/M001) and supported by
Verdant Power, US Department of Energy (DOE), National Renew-
able Energy Laboratory (NREL) and Sandia National Laboratories.
Partial support was also provided by the US DOE (Grant No.
DE-EE0002980) and Xcel Energy (Grant No. RD3-42). Computa-
tional resources were provided by the University of Minnesota
Supercomputing Institute.
References

[1] Ge L, Sotiropoulos F. A numerical method for solving the 3D unsteady
incompressible Navier–Stokes equations in curvilinear domains with complex
immersed boundaries. J Comput Phys 2007;225:1782–809.

[2] Kang S, Lightbody A, Hill C, Sotiropoulos F. High-resolution numerical
simulation of turbulence in natural waterways. Adv Water Resour
2011;34:98–113.

[3] Bedard R. Prioritized Research, Development, Deployment and Demonstration
(RDD&D) needs: marine and other hydrokinetic renewable energy. Technical
Report. Electric Power Research Institute; 2008.

[4] Cada G, Ahlgrimm J, Bahleda M, Bigford T, Stavrakas SD, Hall D, et al. Potential
impacts of hydrokinetic and wave energy conversion technologies on aquatic
environments. Fisheries 2007;32:174–81.

[5] USDOE. Report to congress on the potential environmental effects of marine
and hydrokinetic energy technologies. Prepared in Response to the Energy
Independence and Security Act of 2007. USDOE Wind and Hydropower
Technologies Program, DOE/GO-102009-2955; 2009.

[6] Fabrice M, Grégory P, Grégory G, Elie R. Numerical simulation of the wake of
marine current turbines with a particle method. In: World Renewable Energy
Congress X, Glasgow; June 2008.

[7] Colby JA, Adonizio MA. Hydrodynamic analysis of kinetic hydropower arrays,
in: Waterpower XVI, vol. 204; 2009.

[8] James S, Seetho E, Jones C, Roberts J. Simulating environmental changes due to
marine hydrokinetic energy installations. In: OCEANS 2010. p. 1–10.

[9] Miller VB, Schaefer LA. Dynamic modeling of hydrokinetic energy extraction. J
Fluids Eng 2010;132:091102.
[10] Sørensen JN, Shen WZ, Munduate X. Analysis of wake states by a full-field
actuator disc model. Wind Energy 1998;1:73–88.

[11] Sørensen JN, Shen WZ. Numerical modeling of wind turbine wakes. J Fluids
Eng 2002;124:393–9.

[12] Wu Y-T, Port-Agel F. Large-eddy simulation of wind-turbine wakes: evaluation
of turbine parameterisations. Bound.-Layer Meteorol. 2011;138:345–66.

[13] Sørensen NN, Michelsen JA, Schreck S. Navier–Stokes predictions of the NREL
phase vi rotor in the NASA Ames 80 ft � 120 ft wind tunnel. Wind Energy
2002;5:151–69.

[14] Johansen J, Sørensen NN, Michelsen JA, Schreck S. Detached-eddy simulation of
flow around the nrel phase vi blade. Wind Energy 2002;5:185–97.

[15] Sezer-Uzol N, Long LN. 3-D time-accurate CFD simulations of wind turbine
rotor flow fields. AIAA Paper 2006-0394; 2006.

[16] Zahle F, Sørensen NN, Johansen J. Wind turbine rotor–tower interaction using
an incompressible overset grid method. Wind Energy 2009;12:594–619.

[17] Gilmanov A, Sotiropoulos F. A hybrid Cartesian/immersed boundary method
for simulating flows with 3D, geometrically complex, moving bodies. J Comput
Phys 2005;207:457–92.

[18] Borazjani I, Ge L, Sotiropoulos F. Curvilinear immersed boundary method for
simulating fluid structure interaction with complex 3D rigid bodies. J Comput
Phys 2008;227:7587–620.

[19] Smagorinsky JS. General circulation experiments with the primitive equations.
Mon Weather Rev 1963;91:99–164.

[20] Germano M, Piomelli U, Moin P, Cabot WH. A dynamic subgrid-scale eddy
viscosity model. Phys Fluids A 1991;3:1760–5.

[21] Borazjani I, Sotiropoulos F. Numerical investigation of the hydrodynamics of
carangiform swimming in the transitional and inertial flow regimes. J Exp Biol
2008;211:1541–58.

[22] Borazjani I, Sotiropoulos F. On the role of form and kinematics on the
hydrodynamics of self-propelled body/caudal fin swimming. J Exp Biol
2010;213:89–107.

[23] Borazjani I, Sotiropoulos F, Malkiel E, Katz J. On the role of copepod antenna in
the production of hydrodynamic force during hopping. J Exp Biol
2010;213:3019–35.

[24] Kang S, Sotiropoulos F. Flow phenomena and mechanisms in a field-scale
experimental meandering channel with a pool-riffle sequence: insights gained
via numerical simulation. J Geophys Res 2011;116:F03011.

[25] Khosronejad A, Kang S, Borazjani I, Sotiropoulos F. Curvilinear immersed
boundary method for simulating coupled flow and bed morphodynamic
interactions due to sediment transport phenomena. Adv Water Resour
2011;34:829–43.

[26] Khosronejad A, Kang S, Sotiropoulos F. Experimental and computational
investigation of local scour around bridge piers. Adv Water Resour
2012;37:73–85.

[27] Wang M, Moin P. Dynamic wall modeling for large-eddy simulation of
complex turbulent flows. Phys Fluids 2002;14:2043–51.

[28] Jeong J, Hussain F. On the identification of a vortex. J Fluid Mech
1995;285:69–94.

[29] Betz A. Das maximum der theoretisch mglichen ausntzung des windes durch
windmotoren. Z Gesamte Turbinenwesen 1920;26:307–9.

[30] Bou-Zeid E, Meneveau C, Parlange M. A scale-dependent lagrangian dynamic
model for large eddy simulation of complex turbulent flows. Phys Fluids
2005;17:025105.



UN
CO

RR
EC

TE
D

PR
OO

F

Renewable Energy xxx (2017) xxx-xxx

Contents lists available at ScienceDirect

Renewable Energy
journal homepage: www.elsevier.com

Wake characteristics of a TriFrame of axial-flow hydrokinetic turbines
Saurabh Chawdharya, Craig Hillb, Xiaolei Yangc, Michele Gualaa, Dean Corrend, Jonathan Colbyd,
Fotis Sotiropoulosc, ∗

a Saint Anthony Falls Laboratory, University of Minnesota, Minneapolis, MN 55455, USA
b Department of Mechanical Engineering, University of Washington, Seattle, WA 98105, USA
c Department of Civil Engineering, College of Engineering and Applied Science, Stony Brook University, Stony Brook, New York 11794, USA
d Verdant Power Inc., The Octagon, 888 Main Street, New York, NY 10044, USA

A R T I C L E I N F O

Article history:
Received 2 March 2016
Received in revised form 13 February
2017
Accepted 11 March 2017
Available online xxx

Keywords:
Hydrokinetic
Marine
Turbine
Energy
TriFrame

A B S T R A C T

An effective way to develop arrays of hydrokinetic turbines in river and tidal channels is to arrange them in TriFrame™ 1

configurations where three turbines are mounted together at the apexes of a triangular frame. This TriFrame can serve as
the building block for rapidly deploying multi-turbine arrays. The wake structure of a TriFrame of three model turbines
is investigated using both numerical simulations and experiments. In the numerical part, we employ large-eddy simula-
tion (LES) with the curvilinear immersed boundary method (CURVIB) for fully resolving the turbine geometry details
to simulate intra-turbine wake interactions in the TriFrame configuration. First, the computed results are compared with
experiments in terms of mean flow and turbulence characteristics with overall good agreement. The flow-fields are then
analyzed to elucidate the mechanisms of turbine interactions and wake evolution in the TriFrame configuration. We found
that the wake of the upstream TriFrame turbine exhibits unique characteristics indicating presence of the Venturi effect
as the wake encounters the two downstream turbines. We finally compare the wakes of the TriFrame turbines with that of
an isolated single turbine wake to further illustrate how the TriFrame configuration affects the wake characteristics and
power production in an array of TriFrames.

© 2016 Published by Elsevier Ltd.

1. Introduction

Marine and hydrokinetic (MHK) resources are gaining much inter-
est as an emerging source of renewable energy in recent years. One
way to harness MHK energy from rivers and tidal streams is using
current driven hydrokinetic turbines, which are modular and scalable
in nature. A turbine array is usually employed to maximize the power
extraction from any MHK site. To reduce the installation and mainte-
nance efforts of the turbines underwater, an effective way to develop
arrays of hydrokinetic turbines in river and tidal channels is to arrange
them in conjunction. To optimize the performance of turbine arrays,
a better understanding of turbine wake characteristics and turbine-tur-
bine wake interaction is needed. In this work, we will employ both nu-
merical and experimental methods to investigate the wakes character-
istics of three turbines mounted in a triangular frame (TriFrame) con-
figuration (as shown in Fig. 1).

Many published works studied the nature of the turbulent wake
downstream of a hydrokinetic turbine [1–10], as well as arrays of wind
turbines and effects of intra-turbine spacing within arrays [11–15] us-
ing theoretical, experimental and/or computational tools. However,
there have been relatively fewer studies on arrays of hydrokinetic
turbines. A brief review of experimental and numerical efforts of
turbine array studies are presented first. Myers et al. [16] per

∗ Corresponding author.
Email address: fotis.sotiropoulos@stonybrook.edu (F. Sotiropoulos)
1 TriFrame is a trademark of Verdant Power Inc.

formed a set of scaled experiments to mimic an array of marine tur-
bines in a laboratory setting. A porous disc was used to model the tur-
bines in the experiments. They investigated several intra-turbine spac-
ings in the array and concluded that wake interaction can result in un-
desirable effects of reduced power and increased fatigue loading for
downstream turbines in the array. Using similar tools, Daly et al. [17]
investigated effects of marine turbines in a split tidal channel. Stal-
lard et al. [18] studied the wake structure and recovery of multiple
axial-flow hydrokinetic turbines in several configurations. Their ex-
periments indicated that the wake recovers 80% at 10 rotor diameters
downstream of the turbine. The effect of lateral spacing on the shape
of the wake was also discussed.

Early computational efforts modeled MHK turbines in an array as
single energy extraction points in a 2D domain. James et al. [19] used
a modification of the Environmental Fluid Dynamics Code (EFDC)
developed at Sandia National Laboratories (SNL) to simulate the
changes to marine environments caused by an array of MHK turbines.
Harrison et al. [20] and Malki et al. [21] employed the Reynolds-Aver-
aged Navier-Stokes (RANS) equations and the Blade Element Method
(BEM) to simulate an array of tidal turbines, respectively. Harrison
et al. [20] observed faster wake recovery when compared to the ac-
tuator disc parametrization of turbine. No comparison with experi-
mental data was made in both papers [20,21]. Colby and Adonizio
[22] at Verdant Power studied turbine-turbine interaction and its ef-
fect on marine ecology using ANSYS CFX. However, the simula-
tions didn't resolve the full turbine wake and hence under-predicted
the strength of wake. Bai et al. [23] also studied multi-row arrays
of turbine wakes using Fluent with an actuator disc model but no

http://dx.doi.org/10.1016/j.renene.2017.03.029
0960-1481/© 2016 Published by Elsevier Ltd.
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Fig. 1. (a) Sketch of TriFrame geometry used in the experiments and computations (D = turbine diameter = ); (b) TriFrame of small scale model turbines placed in the labora-
tory flume at Saint Anthony Falls Laboratory (SAFL).

validation of the model was provided. Olczak et al. [24] assessed the
accuracy of blade element method and RANS in predicting the thrust
coefficient and wake velocities using commercial CFD package Star-
CCM+. It was found that the predictions worsens with the increasing
number of turbines in the array with worst prediction for turbines in
downstream rows of the array. The National Renewable Energy Lab-
oratory (NREL) created a framework for simulating MHK turbine ar-
rays in natural waterways [25]. The effect of incoming turbulence on
the wake characteristics was studied in an artificial straight channel.
Ten different configurations including counter-rotating and co-rotat-
ing turbines modeled as actuator discs were investigated. It was found
that for non-staggered co-rotating case, increasing streamwise spac-
ing between rows improved array performance. Staggering turbines
downstream in the row also resulted in improved performance. How-
ever, the published numerical data were not verified with any exper-
imental measurements. Yang et al. [26] developed a computational
framework to perform large eddy simulation (LES) of MHK turbine
arrays in natural waterways. The turbine blades were parameterized
using actuator lines. This framework was employed to analyze the
wake of aligned arrays of MHK turbines with various intra-turbine
spacing in a straight channel flow. More recently, Stansby and Stal-
lard [27] exploited the self-similarity of the wake in order to obtain
optimized inter-turbine spacing in an array. The depth-averaged wake
model of turbines in an array was obtained by superposition of veloc-
ity-deficit for a single turbine wake obtained from measurements (and
applying self-similarity [10]).

In the above mentioned computational works turbine parametriza-
tion was used to save computational cost involved in resolving the de-
tailed geometry of a turbine. However, it was shown by Kang et al. [8]
that the classic actuator disc and actuator line models without a model
for the nacelle cannot accurately predict the velocity deficit in the near
wake, wake meandering and turbulence intensity in the far wake. The
geometry-resolving model using the curvilinear immersed boundary
(CURVIB) method, on the other hand, captures the turbine wake dy-
namics for both near- and far-wake regions, and the computed results
agree well with the measurements.

In this work, we employ the same numerical method, i.e. LES
with the CURVIB method resolving every geometrical details of the
turbine, as in Kang et al. [8], together with experiments to study a
TriFrame of turbines, or simply TriFrame, which is defined as a layout
where three turbines are mounted together at the apexes of a triangu-
lar frame (Fig. 1 (a)). The resulting arrangement is equivalent to two
rows in a staggered fashion. The objective of this work is to study the
wake characteristics of the three turbines in a TriFrame configuration
and evaluate the feasibility of using such system as a building unit for
turbine arrays.

This paper is organized in the following fashion. Section 2 de-
scribes numerical methods used to perform the computational portion
of this work. In Section 3, the experimental and computational setup

is described. This is followed in Section 4 by discussion of the results
obtained. Finally, Section 5 concludes the findings of this work.

2. Numerical methods

The CURVIB method [28,29] is employed to simulate the turbu-
lent flow past the TriFrame of axial flow turbines. The governing
equations are the spatially filtered continuity equation (Eq. (2.1)) and
Navier-Stokes equation (Eq. (2.2)) in generalized curviliear coordi-
nates, which read as follows:

where is the jth curvilinear coordinate, J is the Jacobian of the geo-
metric transformation, are the transformation metrics, is the con-
travariant metric tensor, are the contravariant volume fluxes, are
the cartesian velocity components, p is the pressure, μ is the dynamic
viscosity, ρ is the density and is the subgrid-scale (SGS) stress ten-
sor of the LES method. , and P are filtered quantities. Time av-
erages of cartesian velocity components in the X, Y and Z directions
are denoted as U, V and W later in the discussion. Equations are ex-
pressed using Einstein's notation for tensors where repeated indices
imply summation. The SGS stress ( ) which appears after applying
the spatial filter to the curvilinear Navier-Stokes equations is modeled
using the Smagorinsky model [30].

where the eddy viscosity ( ) was further modeled by Smagorinsky as

In Equations (2.3) and (2.4), the over-bar denotes a spatial filter-
ing operation, is the filtered strain-rate tensor, is Kronecker

(2.1)

(2.2)

(2.3)

(2.4)
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delta, is the Smagorinsky constant, is the filter size (cube root
of the grid cell volume in the present method) and .

Smagorinsky constant is dynamically calculated using the method
of Germano et al. [31]. More details of the calculation can be found
in Kang et al. [29]. In the CURVIB method, the flow field is solved
on a non-body-conforming grid (as shown in Fig. 3 (a)) while the im-
mersed boundary is represented as an independent unstructured sur-
face mesh (Fig. 3 (b)). The background grid nodes are classified as ei-
ther fluid nodes, solid nodes or Immersed Boundary (IB) nodes. The
boundary conditions for the flow field simulations are specified by re-
constructing the velocities on the IB nodes using the values on the
neighboring fluid nodes and immersed boundary surface [29,32]. Lin-
ear or quadratic interpolation can be employed for grids sufficiently
fine to resolve the viscous sublayer. If the first grid node off the
boundary does not lie in the viscous region of the wall boundary layer
near the immersed boundary, a power law wall model of Werner &
Wengle [33] (as implemented in Choi et al. [34]) is employed to re-
construct the velocities on the IB nodes. The equation for power law
wall model is defined as:

where is the shear velocity, ν is kinematic viscosity of water and u
is the wall-parallel velocity at z distance from the wall and
.

The governing equations are discretized in space using a sec-
ond-order central finite difference scheme and advanced in time using
a second-order fractional step method [28,29]. Iterative solvers imple-
mented in PETSc (Portable, Extensible Toolkit for Scientific Compu-
tation) library are used for solving the discretized equations. Gener-
alized Minimal Residual (GMRES) method [35] is used to solve the
linear system for the pressure correction Poisson equation. Algebraic
multigrid (AMG) is used as a preconditioner [29] for the GMRES
method to accelerate the convergence. The non-linear discrete mo-
mentum equation is solved using matrix-free Newton-Krylov method.
The inner iterations of the Newton-Krylov solvers also use GMRES
method but without preconditioning. The code is efficiently paral-
lelized using PETSc library and MPI (Message Passing Interface) to
exploit massively parallel computer clusters. For more details on im-
plementation of the numerical solvers, reader is referred to [28,29].

Both near- and far-wake characteristics of a TriFrame of turbines
are important for developing TriFrame based turbine arrays. How-
ever, it is very expensive to simulate both the near- and far-wake loca-
tions in a single simulation using a sharp interface immersed boundary
method because of the additional computational cost from identifying
fluid, IB and solid nodes at every time step in the IB method, and re-
constructing the left-hand-side matrix in the Poisson solver. In order
to reduce this computational cost, in this work we employ a domain
splitting technique to simulate the near-wake and far-wake separately.
In this technique, the velocities on a plane normal to the streamwise
direction near the outlet of the near-wake simulation are saved at every
time step. The saved velocity fields are then fed into the far-wake sim-
ulation as inflow conditions. The computational setup for the current
simulations using this domain splitting technique will be presented in
Section 3.2. Validation of this technique will be shown in Section 4.1.

3. Test case: TriFrame in laboratory flume

3.1. Experimental setup

To study the wake of a TriFrame of axial-flow turbines, three
model turbines were placed in a laboratory flume at Saint Anthony
Falls Laboratory (SAFL). The channel was wide, long,
and utilized a three axis automated traversing carriage to position
different instruments to monitor water surface elevation and 3D in-
stantaneous velocity. The miniature three-bladed axial-flow hydro-
kinetic turbines (Fig. 1 (b)) with rotor diameter, , were
installed in the channel. Additional details of the turbines used, in-
cluding geometry, data acquisition techniques, and methods for de-
termining tip-speed ratio can be found in Hill et al. [36–38]. Aver-
age flow depth was and average volumetric flow rate

resulting in a bulk approaching velocity of approx-
imately and a mean hub height velocity of

. Reynolds number based on the bulk mean inflow
velocity and turbine diameter D is . Using the same
parameters, Froude number for the prescribed hydraulic condition was

. The hub height of all three turbines was at
above the channel bottom. The upstream turbine (T1) in the first row
was placed approximately downstream of the channel inlet and
was rotating with an averaged angular speed of while
the two downstream turbines (T2, T3) in the second row were tan-
gential slightly faster with . Because the turbines did
not have precise and constant angular velocity control, their angular
velocity varied slightly in time due to unsteadiness in the approach
flow; however, the mean tip speed ratio was for the first row
turbine (T1) and for the second row of turbines (T2, T3).
Here, tip speed ratio is defined as the ratio of the rotating speed at
the blade outer tip and the incoming hub height velocity ( ) in the
experiment (i.e. , where r is the radius of the turbine ro-
tor.). The blockage induced by the upstream turbine ( 7%) created a
slight acceleration on the lateral sides, thus resulting in an increased
angular velocity for the downstream turbines. All three turbines ro-
tated counter-clockwise looking downstream. An acoustic Doppler ve-
locimeter (ADV) sampling at was used to measure the three
velocity components at several points at hub height, , in a plane
parallel to the channel bottom. A second experiment using a single tur-
bine but with the same hydraulic condition was also completed. These
data are compared to the wakes of a TriFrame turbine configuration.

3.2. Computational setup

Simulations were performed for both a TriFrame of turbines and a
single isolated turbine for comparison. In order to save computational
time, near-wake and far-wake simulations were carried out separately.
The near-wake domain contains the turbines while the far-wake do-
main starts at the outflow of the near-wake domain as seen in Fig.
2. The streamwise length of the near-wake and far-wake domains is
9D and 12D, respectively. The velocity time-series from near-wake
simulation is sampled at from the near-wake simulation and
fed to the far-wake simulation. This amounts to a one-way coupling
between the two computational domains. This one-way coupling is
acceptable because convection of wakes to further downstream loca-
tions dominates the flows around 7D downstream from the TriFrame.
Further validation is provided in Section 4.1 by comparing flow-field
in the overlapping region. The TriFrame of turbines is placed in the
center of the flume such that the rotating center of the upstream T1

(2.5)
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Fig. 2. Simulation was performed in two parts - near-wake and far-wake. Section AA′
is position where velocity was extracted in near-wake and fed to far-wake simulation.
Comparison of velocity is made at section BB′ for validation (see Fig. 4).

turbine (or the only turbine for single turbine case) is located at (2D,
0, 0.9D), 2D downstream from the inlet plane. The second row tur-
bines (T2, T3) are located as per Fig. 1(a). For the near-wake simula-
tion, fully developed turbulent flow condition is prescribed at the in-
let boundary. To achieve this, a separate precursor channel flow sim-
ulation is run with periodic boundary conditions in the streamwise di-
rection to obtain a fully developed turbulent inflow. The cross section
of this channel is the same as the flume. Time-series of the velocity

on a cross section from this simulation are saved and introduced as the
inlet velocity boundary condition for the near-wake simulations. The
inflow for the far-wake simulation, on the other hand, is provided by
the outflow of the near-wake simulation using time series of velocity
vector extracted at each point on the plane (marked as section
AA′ in Fig. 2) saved in the near-wake simulation. The bottom and side
walls of the flume had a small roughness height corresponding to the
transition roughness regime. Since no roughness model is available
to model this regime, the walls were assumed to be smooth. This as-
sumption is not expected to significantly affect the velocity field near
the turbines far away from the wall region. The top free surface of
the channel, in both near- and far-wakes simulations, was modeled as
rigid lid. Since the free surface level in the experiments did not change
more than 3.5% of the flow depth, the rigid lid assumption will be an
acceptable modeling approach. At the exit of both near- and far-wake
domains, Neumann boundary conditions are imposed. On the bottom
bed and side walls, the first off-wall grid node was approximately 32
and 58 wall units away from the wall, respectively, in all cases. Since
these points lie outside of the laminar region of the boundary layer, a
wall-modeling approach was used (as described earlier in Section 2).

Fig. 3. (a) Background grid for newar-wake simulation with TriFrame. Every fifth grid line is shown in all three direction. (b) Turbine geometry represented by unstructured trian-
gular meshes.

Fig. 4. Comparison of flow field in section BB′ of Fig. 2. (a) Normalized mean streamwise velocity ; (b) Spanwise profile of streamwise velocity at hub height; (c) Spanwise
profile of TKE at hub height; (d) Spanwise profile of mean vertical velocity at hub height.
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The size of computational domain for each simulation is presented
in Table 1. The table also lists number of grid points , and

in the X, Y and Z directions, respectively. The grid was stretched
such that points were clustered in the region of the turbines as well
as immediately downstream of the turbines. Fig. 3 shows background
grid for near-field simulation with TriFrame. Same figure also shows
turbine represented by unstructured triangular mesh. In the near- and
far-wake domains, the grid is stretched in the spanwise (Y) and verti-
cal (Z) directions so that more points are clustered in the region near
the turbines. The Y spacing ranges between D/100 and D/40 whereas
Z spacing range between D/100 and D/75 where minimum spacings
occur close to turbine and maximum spacings occur away from the
turbine. These values do not change in the streamwise direction for
both near-wake and far-wake simulations. For streamwise (X) grid
spacing in the near-wake simulation, the grid is stretched such that
near the turbine, the X-spacing is D/400 so that the blade thickness
is resolved by the background grid cells. Very far away downstream
from the turbine location, this spacing grows to D/25. In the far-wake
simulation, the X-spacing has uniform value of D/50. For grid sensi-
tivity studies, we rely on the earlier published works ([4,8]) using the
same code. They showed that, using immersed boundary method, the
spatial resolution employed in the present work can give a reasonable
agreement with the measurements of torque generation [4] and wake
of the turbine [8]. The size of the time step was
for all simulations. Simulations were run until the total kinetic energy
of the whole computational domain converged to an asymptotic value
which took approximately flow-through times or ro-
tor revolutions of the first (T1) turbine in TriFrame (or single turbine).
Subsequently, the results were time averaged for another 180 rotor
revolutions for the TriFrame near-wake simulation and 75 revolutions
for the single turbine near-wake simulation. For the far-wake simula-
tions, averaging period was 180 rotor revolutions of T1 turbine in the
TriFrame case and 63 rotor revolutions for single turbine case.

4. Results and discussion

In the following section we discuss the results of the experiments
performed at SAFL with a TriFrame of turbines and the subsequent
LES. Both mean flow and turbulence statistics are presented below.

4.1. Validation of domain splitting method

The simulations were performed separately for near- and far-wake
regions. The section between and is common between both
simulations allowing for validation of the two-domain approach. Time
averaged flow-field from both near- and far-wake simulations is ex-
tracted at section BB′ at (shown with blue dashed line in Fig.
2) and compared in Fig. 4. The contours of mean streamwise veloc-
ity from the two simulations match with each other well such that
they differ by only 2% on average and 10% at most. Plots of mean
velocity components and turbulence kinetic energy (TKE) in span

Table 1
Details of simulation grids used for TriFrame case and isolated single turbine (1 turbine)
case. “Near” and “Far” denote near-wake and far-wake simulations, respectively.

Simulation X/D range Y/D range Z/D range

TriFrame: Near [0,9] [-3,3] [0,1.87] 592 521 184
TriFrame: Far [8,20] [-3,3] [0,1.87] 601 521 184
1 Turbine: Near [0,9] [-3,3] [0,1.87] 592 521 184
1 Turbine: Far [8,20] [-3,3] [0,1.87] 601 521 184

wise direction at the hub height approach each other, confirming the
validity of the two domain technique.

4.2. Time-averaged flow field

In Fig. 5, time-averaged streamwise velocity profiles are plotted
from both the experimental measurements and LES prediction along
the span of the domain in the hub height plane at different down-
stream locations. Velocity deficit is created downstream of all three
turbines. Simulation predictions show good agreement in the region
downstream of the turbines. The peak in velocity deficit is captured
accurately for both rows of turbines. Further downstream, the veloc-
ity is under-predicted by the LES. Velocity at the center line of the
turbine wakes is within 7% of experimental value. Closer to the wall,
towards the outer boundary of the wakes, the discrepancy is close to
10% which can be attributed to the discrepancy in the inlet profiles
near walls.

The turbulence kinetic energy (TKE) in Fig. 6 shows a similar
trend. Most of the TKE in the flow is generated due to the presence of
the turbines. Similar to what is obtained in the measurement as well as
observed by Kang et al. [8], the LES prediction shows multiple peaks
in TKE created by each turbine. The peaks in TKE are well predicted
in the near wake but under-predicted (by up to 25%) in the far wake
downstream region.

The vertical velocity component (due to the wake rotation) profiles
in the same plane are plotted in Fig. 7. The incoming flow has little to
no vertical velocity component at hub height. The flow past the first
turbine near the blades has a significant vertical velocity component
which is accurately predicted by LES. Further downstream, the verti-
cal component weakens and the LES prediction is not as accurate as
in the near wake. Unlike LES, the incoming flow in the experiment
has slight non-zero vertical velocity at hub height. This difference is
propagated and seen downstream (until ). This difference aside,
vertical velocity from LES compares well with the experiments.

Next, contours predicted by the simulations are plotted in a stream-
wise-vertical plane normal to the channel bed and passing through the
center of the turbines. In Fig. 8 the contours of time averaged stream-
wise velocity are shown for the three turbines of the TriFrame. Tur-
bine numbers correspond to those indicated in Fig. 2. The contour
plots show the shape of the wake and its recovery. There is a strong
deceleration of the flow downstream of the turbine rotor and the hub.
The wake is different for the first row and second row turbines with
the latter showing lower recovery rate. The white lines on the plot
mark zero streamwise velocity contour indicating presence of reverse
flow in the vicinity of the hub. The transverse velocity contours in Fig.
9 show the compound wakes with an inner wake associated with the
hub and an outer wake associated with the rotor. At approximately

to downstream of turbine the two wake structures merge into
one. The TKE (Fig. 10) shows contours similar to what was seen in
Kang et al. [8]. Two regions of TKE generation exist - the tip of the
rotor blades and the hub. These regions of TKE extend downstream,
interacting close to the outer rotor shear layer. It is interesting to note
that the wake of the upstream turbine shows significantly lower levels
of TKE than the downstream ones.

To further analyze the differences between the wakes of different
turbines in the TriFrame, contours of streamwise velocity and TKE are
plotted on the wall parallel plane at hub height in Fig. 11. It is evi-
dent from this figure that the spanwise extent of the wake of the first
turbine (T1) narrows starting at downstream from the turbine and
recovers at a much higher rate than the wakes of the other two tur-
bines. In this region of wake constriction, the streamwise velocity is
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Fig. 5. Comparison of streamwise velocity past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of the first
turbine (T1) in a horizontal plane at the turbine hub height.

Fig. 6. Comparison of turbulence kinetic energy (TKE) past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of
the first turbine (T1) in a horizontal plane at the turbine hub height.

higher and the TKE levels are lower than the two downstream tur-
bine wakes. These findings, attributed to the Venturi effect induced
by turbines T2 and T3, have also been reported in experiments of

Chamorro et al. [13] on a laboratory scale staggered wind farm. Simu-
lations of Ammara et al. [11] also observed flow acceleration between
two turbines in staggered configuration in their simulations.
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Fig. 7. Comparison of vertical velocity past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of the first turbine
(T1) in a horizontal plane at the turbine hub height.

Fig. 8. Contours of time averaged streamwise velocity, U, normalized by bulk mean in-
flow velocity, , in the vertical plane passing through the center of the rotor for the tur-
bines T1, T2 and T3. White line marks the contour of . Dash-dot line shows
the start of far-wake simulation.

Fig. 9. Contours of time averaged transverse velocity, V, normalized by bulk mean in-
flow velocity, , in the vertical plane passing through the center of the rotor for the
turbines T1, T2 and T3. Dash-dot line shows the start of far-wake simulation.

The spanwise variation of streamwise velocity and TKE for the
far-wake simulations are shown in Fig. 12. In the previously dis-
cussed Fig. 5, large momentum deficits were observed in the near

Fig. 10. Contours of TKE normalized by the square of bulk mean inflow velocity in
the vertical plane passing through the center of the rotor for the turbines T1, T2 and T3.
Dash-dot line shows the start of far-wake simulation.

wake, specially within of the turbines where the streamwise ve-
locity is negative. In the far wake, after downstream, most of the
momentum has recovered and the velocity profile of the superwake of
the TriFrame of turbines changes very little. Fig. 12(b) shows that the
TKE generated by turbines in the near wake (see Fig. 6) decays in the
wake slowly. Beyond , the TKE profiles of the superwake change
very slowly.

4.3. Comparison with single turbine wake

To compare the wake of a TriFrame of turbines with that of a sin-
gle turbine, a separate experiment and a separate LES were performed
with an isolated single turbine in the same flume under the same con-
ditions. The velocities from this experiment were also measured at hub
height at different downstream locations in the near wake.

Figs. 13 and 14 illustrate the streamwise velocity and TKE, re-
spectively, at certain distances downstream from the position of each
of the three turbines in TriFrame and the isolated single turbine. For
T2 and T3 TriFrame turbines in plots of Figs. 13 and 14, positive Y
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Fig. 11. Contours of time averaged normalized (a) streamwise velocity and (b) TKE in
hub height plane for the three turbines. Dash-dot line shows the start of far-wake simu-
lation.

Fig. 12. Profiles of (a) time averaged streamwise velocity and (b) TKE in far wake of
TriFrame of turbine at several downstream distances (as labeled on plot) measured from
the location of first row turbine (T1).

represents the locations near the channel center and negative Y rep-
resents locations near the channel wall. This is not applicable to the
other two turbines since they have symmetric wall conditions on both
sides in the spanwise direction. As can be seen from Fig. 13, the
streamwise velocity profile for all turbines look very similar at
where the wake from the upstream turbine in the TriFrame is not yet
influenced by the two downstream turbines. Further downstream (
to ), the wake of the upstream turbine T1 of the TriFrame re-
covers much faster than the isolated turbine and the two downstream
TriFrame turbines because of the Venturi effect. Beyond down-
stream, the wake recovery of the first turbine (T1) occurs at nearly
the same rate as the other turbines. On the other hand, the spanwise
profiles of velocity of the two downstream turbines of the TriFrame
and the isolated single turbine still look very similar to each other.
The difference between the T1 turbine wake and the other turbines
diminishes as we move downstream. At and beyond, this dif-
ference is very small and the mean wake for all turbines has mostly
recovered. At , the T1 turbine wake has completely recovered.
For the two downstream TriFrame turbines, the streamwise velocity is
nearly symmetric within the wake, yet the streamwise velocity out of

the wake is larger near the channel center than near the channel walls.
The T2 and T3 turbines recover at a rate similar to that of the isolated
turbine for the region within the wake i.e. within spanwise distance of
approximately centered at turbine rotor. In regions far from the
center the recovery is faster for T2 and T3 turbines.

Lower TKE levels in the wake will result in less fatigue loading on
the downstream turbines in the array. Therefore, it is important to dis-
cuss the spatial evolution of TKE in the wake. Fig. 14 highlights the
spanwise profiles of TKE at different downstream locations, illustrat-
ing the effect of turbine-turbine interactions on TKE levels. After 2D,
the TKE of the T1 turbine wake is significantly lower than both T2
and T3 turbines (between 17 and 23% lower) and the isolated turbine
(23% lower) in regions near the rotor tip (marked with dashed grey
lines in the plots). In the inner wake region, the TKE levels for each of
the turbines are comparable to each other for much of the wake except
between and when T1 turbine inner wake also shows lower
TKE (by 16–40%) than the other turbines. The difference in TKE lev-
els continues to diminish and profiles of all wakes look similar at

and beyond where values are within 4% of each other. In Fig. 15
we plot the time-averaged TKE contours on Y-Z planes (wall-normal,
perpendicular to flow) located at 2D, 3D and 4D downstream of the re-
spective turbines First, the TKE from the first turbine in the TriFrame
is lower than the other three turbines at all three downstream locations.
At 2D and 3D, the intensity of the maximum TKE from the two down-
stream turbines in the TriFrame are very similar to that of the single
turbine. At 4D, on the other hand, the TKE in the wake of the two
downstream turbines in the TriFrame are higher and distributed in a
wider region, which is significantly different from that of the single
turbine.

To understand the Venturi effects in the superwake, we define a
special wake function using the following relationship:

where is the time-averaged streamwise velocity any point
in space, is the location of the center of turbine rotor and

is the incoming hub height velocity intercepted by the turbine.
In Fig. 16 we plot at different distances downstream from the tur-
bine rotor for the single turbine and T1 turbine of TriFrame. Plots
of for T2 and T3 turbines are not shown for succinctness.
The maxima near the rotor tip region defines the spanwise extent of
the mean wake of the turbine. The locus of these maxima in is
also shown in the plot. This locus represents the shape of the mean
wake. In Fig. 16 (c), the locus of maxima for the single turbine and
the TriFrame turbines are collectively shown in the XY plane at hub
height. It shows that the wake of all turbine in the TriFrame follow
that of the single turbine until downstream distance. After this dis-
tance, the turbines T2 and T3 are encountered and the Venturi effect
causes the T1 wake to constrict. This is shown by the kink in the locus
of T1 turbine. The locus for T2 and T3 turbines also depart from the
single turbine case, although the T2 wake is most similar. The wakes
of T2 and T3 turbines also differ from each other in spite of the ap-
parent symmetry of the setup. This asymmetry originates from the fact
that all three turbines rotate in the same (-X) direction introducing an
inherent asymmetry. Also note that the side-wall is present on differ-
ent side of turbine for T2 and T3 with respect to rotation direction.

Recovery in the superwake near the hub region of the TriFrame
and its comparison with single turbine is shown in Fig. 17. The aver-
age over a disc of diameter ( for streamwise veloc

(4.1)
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Fig. 13. Comparing wakes past turbines in TriFrame with the wake past isolated single turbine. Streamwise velocity comparison downstream from the position of turbine in a hori-
zontal plane at the turbine hub height (a) through (h). 1 turbine is from isolated single turbine simulation and Expt. 1 turb. is from corresponding experiment. ( denotes Y coordinate
of the center of the turbine.)

Fig. 14. Comparing wakes past turbines in TriFrame with the wake past isolated single turbine. TKE comparison downstream from the position of turbine in a horizontal plane at the
turbine hub height (a) through (h). ( denotes Y coordinate of the center of the turbine.)

ity and for TKE) and along the axis of the turbine was
obtained for the quantities (see Fig. 17 (a)). Averaging diameter was
chosen based on the gradients of quantities in the radial directions.
Discontinuity in averaged quantities in the streamwise direction, es-
pecially for (c) the streamwise derivative, is found at the joint loca-
tion of the near-wake and far-wake simulations. To avoid possible
misconceptions, the corresponding parts are removed in the plots. In
(b), the spatial average of streamwise velocity over the disc is nor-
malized using the corresponding value at 1D upstream of the con-
cerned turbine. Among the three TriFrame turbines, the upstream T1

turbine recovers much earlier than the T2 and T3 turbines. The two
downstream turbines are, however, similar in recovery (within 2%) to
that of the single turbine case. As evident in the plot of recovery rate
(c) (obtained by taking the streamwise derivative of the values in ve-
locity recovery plot (b)), the most significant difference in recovery
rate is between 1D and 4D downstream of the turbines, i.e., just af-
ter the second row of turbines in the TriFrame are encountered by T1
turbine. Beyond 10D, the rate of recovery for all turbines is slow and
comparable to each other (9–12% of maximum recovery rate of T1
turbine). The disc-averaged TKE plot (d) in the wakes of the turbines
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Fig. 15. TKE contours on wall-normal (Y–Z) planes perpendicular to flow at , and downstream of turbines. Arrow shows direction of rotation for all turbines and dashed
circle marks projection of area swept by turbine rotor. TriFrame turbines T1, T2 and T3 are as defined in Fig. 2. Channel side-walls are indicated by black lines on contour figures for
T2 and T3.

reveals a similar trend. The two downstream turbines of TriFrame, T2
and T3, and the single turbine have TKE levels within 2% of each
other throughout the wake but T1 turbine wake has dampened TKE
levels in the near wake. However, in the far wake (beyond 10D down-
stream), the TKE levels for all turbines are similar (within 3%).

4.4. TriFrame deployment in an array

A large scale power producing array of turbines can be constructed
by deploying multiple TriFrames of turbines at a site. This means suc-
cessive TriFrames are in the wake of preceding ones. Since the power
production by axial hydrokinetic turbines is proportional to the cube
of incoming velocity, a speedier recovery of the wake means better
performance for the downstream TriFrames. From the above results of
the simulations, it is clear that each of the turbines in the TriFrame has
different wake characteristics. Fig. 16 describes the averaged spatial
evolution of their wake and differences with single turbine. The flow
accelerates between the two downstream turbines resulting in an early
recovery of the upstream T1 turbine compared to the single turbine
wake. Table 2 compares the percentage of upstream velocity, aver-
aged over a disc (see Fig. 17(a)), recovered for each of the turbines at
distances 5D, 8D, 10D and 15D downstream of turbine. At 5D down-
stream of the turbine, T1 turbine has recovered 81% of the incoming
flow whereas the isolated turbine wake has recovered only 70% by
this distance. Due to the slowing recovery rate (Fig. 17(c)) it takes an-
other 5D (total of 10D downstream) for the single turbine to recover
up to 81%, at which point T1 turbine has recovered approximately
90% of the upstream value.

Consider two TriFrames placed in an array in an aligned manner
as shown in Fig. 18. For the second TriFrame , the incoming ve-
locities for T4 is lower than T1 (of first TriFrame ) by fractions

listed (as percent) in column 3 of Table 2. Similar fraction for T5 over
T2 and T6 over T3 is in the next column. The fifth column in the table

represents the amount of additional power that T4
turbine of TriFrame generates as compared to ST2 turbine a of sin-
gle turbine array instead of TriFrames ( denotes the power produced
by turbine/TriFrame index as shown in Fig. 18). If the distance be-
tween the successive units (x) is 5D, the upstream turbine (T4) of sec-
ond TriFrame ( ) can generate up to 37.9% more power. Owing to
different velocity recovery, the power production of a single turbine in
the wake (ST2 in Fig. 18(b)) will be different from that of the turbines
in array of TriFrames (T4 - T6 in Fig. 18(a)). The last column in Table
2 gives the error in TriFrame power production estimate (of ) if the
individual turbine wakes of the TriFrame were simply modeled as
single turbine wakes. If the spacing between successive TriFrames is
5D, this error could be up to 17%. However, if the spacing is large
(15D), less than 5% error in power production results.

The fluctuating components of velocities in the incoming flow are
responsible for fatigue loading on the turbine blades. Long term ex-
posure to fatigue loading compromises the structural integrity of the
turbine with severely damaging effect on its performance and safety.
Therefore, it is important to analyze the turbulence in the incoming
flow for the turbines in an array. Even if the incident flow on first tur-
bine (or first TriFrame) of the array has little to no incoming turbu-
lence, the rotating turbine produces significant levels of turbulence for
the downstream turbines of the array. In case of a TriFrame of tur-
bines, lower levels of TKE in the wake of T1 turbine were observed
as compared to the single turbine (ST1) wake (see Fig. 17(d)). The
disc averaged TKE at 5D for T1 wake is 10% lower than that of the
isolated turbine. At 10D, the averaged TKE for all turbines (T1, T2
and T3) are 4% lower than the ST1 wake whereas at 15D they are
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Fig. 16. Special wake function plots for (a) Isolated turbine; (b) T1 turbine in TriFrame; (c) Boundaries of the turbine wakes computed using the locus of maxima of special wake
function for all turbines. For turbines T2 and T3, negative ordinate values represent locations close to the wall and positive values are locations close to channel center.

within 2.5% of the corresponding ST1 value. We therefore demon-
strate that for an array deployment of MHK turbines, the interaction
between wakes has to be properly resolved in a TriFrame simulation
to provide a better prediction of generated power. As seen in afore-
mentioned calculations of the power generation estimates (values in
Table 2), the power produced by TriFrame of turbines could be under-
estimated if wake-interaction effects are unaccounted.

5. Conclusion

In this paper, the flow past a TriFrame of hydrokinetic turbines in
an open-channel was studied using both experiments and numerical
simulations. Geometry resolving LES is of special relevance to hy-
drokinetic turbines because reduced order modeling techniques, such
as actuator line/disc methods, cannot predict the wake accurately [8]
since they do not model the nacelle and cannot capture the rich dy-
namics of the hub vortex. To the best of our knowledge, our work
is the first time a geometry resolving simulation was performed for a
turbulent flow past multiple hydrokinetic turbines. The computed re-
sults were compared with the measurements from the laboratory ex-
periments. The mean velocity and the turbulent statistics were ac-
curately predicted in the wake of the TriFrame. Further analysis of
the computed results revealed characteristic features of the TriFrame
wake that could not be identified in a single turbine wake. In partic-
ular, the two rows of turbines in the TriFrame give rise to different
wakes. For the upstream turbine in the TriFrame, the shear layer gets
constricted after reaching the second row at 2D downstream distance.

This is attributed to the Venturi effect which has been observed earlier
in the experiments with wind turbines [13]. Consequently, flow accel-
eration is obtained in the region between the outer shear layers of the
adjacent turbine wakes. The TKE levels are also lower in this region
and the momentum deficit recovers faster for the upstream turbine. On
comparison with a separate single turbine simulation, it was observed
that the wake of the upstream turbine has higher velocity and lower
TKE than the single turbine. The two second row turbines, however,
produced higher TKE levels in the wake around the tip region in the
near wake. In the farther wake after 5D, the TKE levels were similar.
The general shape of the three wakes of turbines compared in Fig. 16
showed different characteristics. Since all three turbines rotate in same
direction, the two downstream turbines (T2 and T3) are effected dif-
ferently, resulting in the spanwise asymmetry of the superwake of the
TriFrame (see Fig. 16).

The faster momentum deficit recovery and lower TKE in the wake
of the upstream turbine of the TriFrame are advantageous when us-
ing the TriFrame assembly to build a large turbine array. Higher TKE
levels in some near-wake regions in the wake of the second row tur-
bines will produce undesirable effect of higher fatigue loads on the
downstream turbines in the array. If the TriFrames are used to build
the array, the power produced by TriFrame is higher than three single
turbines operating independently. The amount of excess power gener-
ated depends on the inter-TriFrame spacing in the array and increases
with decreasing spacing. Therefore, estimating the power production
of downstream TriFrame with three single turbines will underesti-
mate the power by amount listed in last column of Table 2. In future
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Fig. 17. Characteristics of the TriFrame turbine wakes in comparison with the single turbine wake using the disc-averaged quantities. (a) A schematic showing computation of the
disc-averaged quantities at spanwise-vertical discs with diameter along the rotor axial direction at different streamwise locations, and (b) disc-averaged streamwise velocity
( ), (c) wake recovery rate computed using the disc-averaged streamwise velocity, and (d) disc-averaged TKE ( ) at different streamwise locations.

Fig. 18. Array of MHK turbines consisting of (a) TriFrame configuration with
TriFrames and and (b) single turbines ST1 and ST2 separated by x distance.

Table 2
Recovery of velocity in the wakes of different turbines at downstream distances 5D,
8D, 10D and 15D from the turbine. and denote power produced by T4 tur-
bine and total TriFrame power of , respectively, for a second downstream TriFrame
in the wake. denotes the power produced by turbine/TriFrame as in Fig. 18 (See
Appendix A for evaluation of and ).

x
Single
Turbine TriFrame T1

TriFrame T2,
T3

5D 69.1% 81.0% 69.7% 37.9% 17.0%
8D 79.1% 86.8% 80.7% 24.7% 11.2%
10D 83.1% 89.7% 84.4% 20.5% 8.7%
15D 85.5% 93.8% 88.8% 16.0% 4.7%

work, the 3D resolved flow computations obtained here will be used
to construct reduced-order models helpful in finding the optimal
Triframe layouts using such techniques as used earlier [27]. Our fu-
ture work will also focus on performing array level computations with
TriFrame configurations in a real-life marine environment.
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Appendix A. Calculation of and in Table 2

Power produced by a turbine P is given as:

where is the power coefficient of the turbine, ρ is density of
fluid, is area intercepted by turbine and U is the in-
coming fluid velocity. Assuming all turbines have the same diame-
ter, constant fluid density and are operating at the same power coeffi-
cient, for two different incoming velocities and the power pro

(A.1)
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duction ratio is given as

Consider two units in an array of single turbines such that one tur-
bine is placed in wake of another. The incoming velocity for
preceding turbine and for the next downstream turbine in ar-
ray are related by where R and are
recovery fraction (shown as % in Table 2 or in Fig. 17(b)) and in-
coming velocity for the preceding turbine (ST1) in the upstream unit.
Same relationship holds true for similarly positioned turbines in two
TriFrame units for an array of TriFrames. for different up-
stream turbines are listed in Table A.3. Using the above relation (in
Eq. (A.2)) for T4 as 1 and ST2 as 2 we can write,

and

Columns four and five in Table 2 are populated using the above
relations A.3 and A.4, respectively, and the values of recovery (R) at
respective downstream distances in the same table.

References

[1] W. Batten, A. Bahaj, A. Molland, J. Chaplin, The prediction of the hydrody-
namic performance of marine current turbines, Renew. Energy 33 (5) (2008)
1085–1096.

[2] M.J. Lawson, Y. Li, D.C. Sale, Development and verification of a computa-
tional fluid dynamics model of a horizontal-axis tidal current turbine, In: ASME
2011 30th International Conference on Ocean, Offshore and Arctic Engineering,
American Society of Mechanical Engineers, 2011, pp. 711–720.

[3] A. Bahaj, L. Myers, R. Rawlinson-Smith, M. Thomson, The effect of boundary
proximity upon the wake structure of horizontal axis marine current turbines, J.
Offshore Mech. Arct. Eng. 134 (2) (2012) 021104.

[4] S. Kang, F. Sotiropoulos, Numerical modeling of 3D turbulent free surface flow
in natural waterways, Adv. Water Resour. 40 (2012) 23–36.

[5] G. Pinon, P. Mycek, G. Germain, E. Rivoalen, Numerical simulation of the
wake of marine current turbines with a particle method, Renew. En-
ergy 46 (2012) 111–126.

[6] L. Chamorro, C. Hill, S. Morton, C. Ellis, R. Arndt, F. Sotiropoulos, On the in-
teraction between a turbulent open channel flow and an axial-flow turbine, J.
Fluid Mech. 716 (2013) 658–670.

[7] I. Afgan, J. McNaughton, S. Rolfo, D. Apsley, T. Stallard, P. Stansby, Turbulent
flow and loading on a tidal stream turbine by LES and RANS, Int. J. Heat Fluid
Flow 43 (2013) 96–108.

[8] S. Kang, X. Yang, F. Sotiropoulos, On the onset of wake meandering for an ax-
ial flow turbine in a turbulent open channel flow, J. Fluid Mech. 744 (2014)
376–403.

[9] L. Chamorro, C. Hill, V. Neary, B. Gunawan, R. Arndt, F. Sotiropoulos, Effects
of energetic coherent motions on the power and wake of an axial-flow turbine,
Phys. Fluids (1994-present) 27 (5) (2015) 055104.

[10] T. Stallard, T. Feng, P. Stansby, Experimental study of the mean wake of a tidal
stream rotor in a shallow turbulent flow, J. Fluids Struct. 54 (2015) 235–246.

[11] I. Ammara, C. Leclerc, C. Masson, A viscous three-dimensional differential/ac-
tuator-disk method for the aerodynamic analysis of wind farms, J. Sol. Energy
Eng. 124 (4) (2002) 345–356.

[12] M. Calaf, C. Meneveau, J. Meyers, Large eddy simulation study of fully devel-
oped wind-turbine array boundary layers, Phys. Fluids (1994-present) 22 (1)
(2010) 015110.

[13] L.P. Chamorro, R. Arndt, F. Sotiropoulos, Turbulent flow properties around a
staggered wind farm, Boundary-layer Meteorol. 141 (3) (2011) 349–367.

[14] X. Yang, S. Kang, F. Sotiropoulos, Computational study and modeling of tur-
bine spacing effects in infinite aligned wind farms, Phys. Fluids (1994-pre-
sent) 24 (11) (2012) 115107.

[15] X. Yang, F. Sotiropoulos, R.J. Conzemius, J.N. Wachtler, M.B. Strong,
Large-eddy simulation of turbulent flow past wind farms in complex terrains:
the virtual wind simulator (VWiS), Wind Energy 16 (1) (2013) 1–20.

[16] L. Myers, A. Bahaj, An experimental investigation simulating flow effects in
first generation marine current energy converter arrays, Renew. Energy 37 (1)
(2012) 28–36.

[17] T. Daly, L.E. Myers, A.S. Bahaj, Experimental Investigation of the Effects of
the Presence and Operation of Tidal Turbine Arrays in a Split Tidal Channel,
Marine and Ocean Technology, vol. 9, 20112262.

[18] T. Stallard, R. Collings, T. Feng, J. Whelan, Interactions between tidal turbine
wakes: experimental study of a group of three-bladed rotors, Philos. Trans. R.
Soc. Lond. A Math. Phys. Eng. Sci. 371 (1985) (2013) 20120159.

[19] S.C. James, E. Seetho, C. Jones, J. Roberts, Simulating environmental changes
due to marine hydrokinetic energy installations, In: OCEANS 2010, IEEE,
2010, pp. 1–10.

[20] M. Harrison, W. Batten, A. Bahaj, A blade element actuator disc approach ap-
plied to tidal stream turbines, In: OCEANS 2010, 2010, pp. 1–8.

[21] R. Malki, I. Masters, A.J. Williams, T.N. Croft, Planning tidal stream turbine ar-
ray layouts using a coupled blade element momentum–computational fluid dy-
namics model, Renew. Energy 63 (2014) 46–54.

[22] J.A. Colby, M.A. Adonizio, Hydrodynamic Analysis of Kinetic Hydropower
Arrays, Waterpower XVI 204.

[23] L. Bai, R.R. Spence, G. Dudziak, Investigation of the influence of array arrange-
ment and spacing on tidal energy converter (TEC) performance using a 3-di-
mensional CFD model, In: Proceedings of the 8th European Wave and Tidal
Energy Conference, Uppsala, Sweden, 2009, pp. 654–660.

[24] A. Olczak, T. Stallard, T. Feng, P. Stansby, Comparison of a rans blade element
model for tidal turbine arrays with laboratory scale measurements of wake ve-
locity and rotor thrust, J. Fluids Struct. 64 (2016) 87–106.

[25] M.J. Churchfield, Y. Li, P.J. Moriarty, A large-eddy simulation study of wake
propagation and power production in an array of tidal-current turbines, Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 371 (1985) (2013) 20120421.

[26] X. Yang, S. Kang, F. Sotiropoulos, Toward a simulation-based approach for op-
timizing MHK turbine arrays in natural waterways, In: Proceedings of the 1st
Marine Energy Technology Symposium, 2013.

[27] P. Stansby, T. Stallard, Fast optimisation of tidal stream turbine positions for
power generation in small arrays with low blockage based on superposition of
self-similar far-wake velocity deficit profiles, Renew. Energy 92 (2016)
366–375.

[28] L. Ge, F. Sotiropoulos, A numerical method for solving the 3D unsteady incom-
pressible navier-stokes equations in curvilinear domains with complex im-
mersed boundaries, J. Comput. Phys. 225 (2) (2007) 1782–1809.

[29] S. Kang, A. Lightbody, C. Hill, F. Sotiropoulos, High-resolution numerical sim-
ulation of turbulence in natural waterways, Adv. Water Resour. 34 (1) (2011)
98–113.

[30] J. Smagorinsky, General circulation experiments with the primitive equations: I.
the basic experiment*, Mon. Weather Rev. 91 (3) (1963) 99–164.

[31] M. Germano, U. Piomelli, P. Moin, W.H. Cabot, A dynamic subgrid-scale eddy
viscosity model, Phys. Fluids A Fluid Dyn. (1989-1993) 3 (7) (1991)
1760–1765.

[32] L. Ge, F. Sotiropoulos, 3D unsteady RANS modeling of complex hydraulic en-
gineering flows. I: numerical model, J. Hydraul. Eng. 131 (9) (2005) 800–808.

(A.2)

Table A.3 Incoming velocity for upstream TriFrame turbines or single turbine.

Single Turbine
(ST1)

TriFrame
T1

TriFrame
T2

TriFrame
T3

1.135 1.135 1.123 1.126

(A.3)

(A.4)



UN
CO

RR
EC

TE
D

PR
OO

F

14 Renewable Energy xxx (2017) xxx-xxx

[33] H. Werner, H. Wengle, Large-eddy simulation of turbulent flow over and
around a cube in a plate channel, In: Turbulent Shear Flows 8, Springer,
1993, pp. 155–168.

[34] J.-I. Choi, R.C. Oberoi, J.R. Edwards, J.A. Rosati, An immersed boundary
method for complex incompressible flows, J. Comput. Phys. 224 (2) (2007)
757–784.

[35] Y. Saad, M.H. Schultz, Gmres: a generalized minimal residual algorithm for
solving nonsymmetric linear systems, SIAM J. Sci. Stat. Comput. 7 (3) (1986)
856–869.

[36] C. Hill, M. Musa, L.P. Chamorro, C. Ellis, M. Guala, Local scour around a
model hydrokinetic turbine in an erodible channel, J. Hydraul. Eng. 140 (8)
(2014) 04014037.

[37] C. Hill, M. Musa, M. Guala, Interaction between instream axial flow hydroki-
netic turbines and uni-directional flow bedforms, Renew. Energy 86 (2016)
409–421.

[38] C. Hill, J. Kozarek, F. Sotiropoulos, M. Guala, Hydrodynamics and sediment
transport in a meandering channel with a model axial-flow hydrokinetic turbine,
Water Resour. Res. 52 (2) (2016) 860–879.


	July 31 filings.pdf
	VP-12611_2017AnnualReports_07-31-18.PDF
	Document Content(s)

	Appendix B - Adden - Filing 3 - 2014RITEannualreport12611.pdf
	RMEE-3 2013Report_FINAL.pdf
	RMEE-3 2013Report_FINAL
	RMEE-3 2013Report_FINAL.2
	RMEE-3 2013Report_FINAL.3

	RMEE-4 2013Report-FINAL.pdf
	RMEE-4 2013Report-FINAL
	RMEE-4 2013Report-FINAL.2
	RMEE-4 2013Report-FINAL.3

	RMEE-4 2013Report-FINAL.pdf
	RMEE-4 2013Report-FINAL
	RMEE-4 2013Report-FINAL.2
	RMEE-4 2013Report-FINAL.3
	RITE 2013 Status-DEC comments 2-13-14


	METS 2014 - Tagged Species Paper - Final.pdf
	Abstract
	Introduction
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	Conclusions
	Acknowledgements
	References

	METS 2015 - Bevelhimer.pdf
	Introduction
	OBJECTIVES
	METHODS
	results
	Discussion
	Acknowledgements
	References

	METS 2016 - Parameter Updates - Final.pdf
	No margin impositions were found

	TAFS 2017 - Bevelhimer et al.pdf
	Abstract
	METHODS
	Study area
	Data collection
	Data coverage
	Echoview analysis
	Echoview validation
	Direct observation of fish–turbine interactions
	Metrics evaluated
	Statistical analysis

	RESULTS
	Counts of Fish Tracks
	Spatial Distribution
	General Swimming Direction
	Direct Observation of Fish–Turbine Interactions
	Swimming Velocity
	Vertical Direction
	Change in Range
	Tortuosity
	Multivariate Analysis

	DISCUSSION
	Summary of DIDSON Results
	Conclusions

	ACKNOWLEDGMENTS
	REFERENCES

	AWR 2012 - Final.pdf
	Numerical simulation of 3D flow past a real-life marine hydrokinetic turbine
	1 Introduction
	2 Governing equations and numerical methods
	2.1 The LES governing equations
	2.2 The CURVIB method
	2.3 The wall model
	2.4 The fractional step method
	2.5 Calculation of the instantaneous fluid forces

	3 LES of flow past a real-life MHK turbine
	3.1 Summary of field measurements
	3.1.1 Turbine specification
	3.1.2 Measurements of flow velocity, rotor rotation and power

	3.2 Computational results
	3.2.1 Flow past an isolated rotor
	3.2.2 Flow past a complete MHK turbine


	4 Summary and conclusions
	Acknowledgments
	References


	REJ 2017 - Final.pdf
	
	
	





