
 

 

  

 

 

 

 

Equip GRID and GRIDSAT 
Tags with Accelerometers to 
Measure Ocean Waves 

Wave Characterization Modules (WCMs) 
 
Final Report 
 

Bureau of Safety and Environmental Enforcement (BSEE) 
 
Contract: E16PC00015 
 
 
 

 

 

October  27, 2017 

 



 

 

Prepared for: 

Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 

45600 Woodland Road 

Sterling, VA 20166-9216 
 

Prepared by: 

Ben Schreib,
1
 Manuel Sanchez,

1
 Stephen Sporik,

1
 Austin Vershel,

1
 Sam McClintock,

2
 Ted Hale,

2
 

Elizabeth Skinner,
2
 Navid Yazdi,

3
 Siva Aduri,

3
 Mark Hinders

4
 

 

AECOM,
1
 Midstream Technology,

2
 Evigia Systems,

3
 College of William and Mary

4 

 

 
This final report has been reviewed by the Bureau of Safety and Environmental Enforcement 

(BSEE) and approved for publication. Approval does not signify that the contents necessarily 

reflect the views and policies of the BSEE nor does mention of the trade names or commercial 

products constitute endorsement or recommendation for use. 

 

This study was funded by the BSEE, U.S. Department of the Interior, Washington, D.C., under 

Contract E16PC00015. 

 

October 27, 2017 

 

Point of Contact: 

Ben Schreib 

Project Manager 

T: 410.379.5827 

M: 301.305.8170 

E: ben.schreib@aecom.com 

 

 AECOM 

430 National Business Parkway 

Annapolis Junction MD 20701 

aecom.com 
 



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 i 

Table of Contents  

Acronyms and Abbreviations  .................................................................................................................................... iv  

1. Executive Summary  ........................................................................................................................................... 1-1 

2. System Architecture  .......................................................................................................................................... 2-1 

2.1 Commercial-off-the-Shelf Trade Study Summary.......................................................................................... 2-1 

2.2 Design Report Summary ............................................................................................................................... 2-3 

3. System Components  ......................................................................................................................................... 3-1 

3.1 WCM, WCM-Sat, WCM-Buoy ....................................................................................................................... 3-1 

3.1.1 Hardware Components ...................................................................................................................... 3-1 

3.1.2 Enclosures ......................................................................................................................................... 3-3 

3.2 Embedded Software Development Platform ................................................................................................. 3-5 

3.3 Wave Characterization Algorithms ................................................................................................................ 3-5 

3.4 Laboratory Testing ........................................................................................................................................ 3-7 

3.5 Field Testing: Albemarle Sound .................................................................................................................... 3-9 

3.6 Remote User Interface: Cloud Infrastructure and GIS Web Application ...................................................... 3-11 

3.6.1 Software Tools .................................................................................................................................. 3-12 

3.6.2 Cloud Infrastructure .......................................................................................................................... 3-12 

3.6.3 Emulator ........................................................................................................................................... 3-13 

3.7 Local User Interface: Application Dashboard .............................................................................................. 3-13 

3.7.1 Software Tools and Infrastructure ..................................................................................................... 3-14 

3.7.2 Emulator ........................................................................................................................................... 3-14 

4. Ohmsett Testing and Analysis  .......................................................................................................................... 4-1 

4.1 Facility and Equipment Setup and Configuration .......................................................................................... 4-1 

4.2 Data Collection and Analysis ........................................................................................................................ 4-6 

4.2.1 Wave Reflections ............................................................................................................................. 4-16 

4.2.2 Oil Spray .......................................................................................................................................... 4-16 

4.2.3 Towed Test ....................................................................................................................................... 4-18 

4.3 Integrated System Demonstration .............................................................................................................. 4-19 

4.3.1 Test 13 ï Chop, Stroke 12.0, CPM 30.0 ........................................................................................... 4-20 

4.3.2 Test 15 ï Chop, Stroke 3.0, CPM 35.0 ............................................................................................. 4-24 

4.3.3 Test 17 ï Sine, Stroke 18.0, CPM 10.0 ............................................................................................ 4-28 

4.3.4 Test 19 ï Sine, Stroke 12.0, CPM, 25.0 ........................................................................................... 4-33 

4.3.5 Test 20 ï Sine (Advancing), Stroke 7.5, CPM 35.0 .......................................................................... 4-39 

5. Setup, Configuration, Operations, and Training  ............................................................................................. 5-1 

6. Conclusion  ......................................................................................................................................................... 6-1 

Appendix A Hardware and Firmware  

Appendix B  Hardware Setup, Configuration and Operation  

Appendix C  Local Application Dashboard User Guide  

Appendix D  Remote GIS User Interface User Guide  

Appendix E  RF Attenuation Analysis of Crude Oil  

Appendix F  WCM-mounted Skimmer Significant Wave Heights  

Appendix G  WCM-Buoy Significant Wave Heights  

Appendix H  Difference in Significant Wave Height from Skimmer -Mounted WCM and Banners  

Appendix I  Difference in Significant Wave Height between WCM -Buoy and Banners  



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 ii 

Appendix J  Mean and Standard Deviation of Differences of the Significant Wave Height for WCM 
and WCM-Buoy Compared to Banner data  

Appendix K  Mean and Standard Deviation of Differences of the Significant Wave Height between 
Banners  

Appendix L  References  

Figures  

Figure 1-1: Wave Characterization Modules (WCMs) concept of operations .............................................................. 1-3 

Figure 2-1: WCM system architecture block diagram .................................................................................................. 2-2 

Figure 3-1: WCM, WCM-Sat, and WCM-Buoy hardware component architecture ...................................................... 3-1 

Figure 3-2: WCM and WCM-Sat enclosure dimensions in millimeters (inches) .......................................................... 3-3 

Figure 3-3: WCM and WCM-Sat enclosure with external WiFi antenna ...................................................................... 3-3 

Figure 3-4: WCM-Buoy enclosure with external antennas and counter-balance weight ............................................. 3-4 

Figure 3-5: WCM-embedded software development platform ..................................................................................... 3-5 

Figure 3-6: Characteristics of ocean waves (height, length, and period) ..................................................................... 3-6 

Figure 3-7: Experimental setup using springs for laboratory testing............................................................................ 3-8 

Figure 3-8: Plots of wave characterization algorithm steps from acceleration to heave .............................................. 3-9 

Figure 3-9: Mock weir skimmer with WCM-embedded software development platform ............................................ 3-10 

Figure 3-10: Field testing in Albemarle Sound .......................................................................................................... 3-10 

Figure 3-11: Web-based GIS user interface .............................................................................................................. 3-11 

Figure 3-12: iPad application dashboard viewing a WCM gateway report ................................................................ 3-13 

Figure 3-13: iPad application dashboard viewing a WCM node report ...................................................................... 3-14 

Figure 4-1: Wave tank at Ohmsett .............................................................................................................................. 4-1 

Figure 4-2: Ohmsett wave generator ........................................................................................................................... 4-2 

Figure 4-3: Two WCMs, WCM-Sat, and WCM-embedded software development platform mounted to one 
of the Desmi Terminatorôs floats ............................................................................................................ 4-3 

Figure 4-4: Craning the weir skimmer into the Ohmsett wave tank ............................................................................. 4-3 

Figure 4-5: Skimmer and WCM-Buoy deployments looking down from the auxiliary bridge ....................................... 4-4 

Figure 4-6: Ohmsett testing setup (top view) .............................................................................................................. 4-4 

Figure 4-7: Wave tank setup looking east ................................................................................................................... 4-5 

Figure 4-8: Varied significant wave height (Hm0) due to complex wave fields during Test 2 ........................................ 4-7 

Figure 4-9: Significant wave height results from the skimmer for Test 19 ................................................................... 4-8 

Figure 4-10: Test 19 WCM on skimmer versus aux East Banner ................................................................................ 4-9 

Figure 4-11: WCM on skimmer mean and standard deviation by test ....................................................................... 4-10 

Figure 4-12: WCM-Buoy mean and standard deviation by test ................................................................................. 4-11 

Figure 4-13: Mean difference of main bridge Banner versus east aux bridge Banner............................................... 4-12 

Figure 4-14: Difference between the WCM and the east auxiliary bridge Banner significant wave height 
calculations for Test 14 ........................................................................................................................ 4-13 

Figure 4-15: Difference between the WCM and the East Auxiliary Bridge Banner significant wave height 
calculations for Test 8 .......................................................................................................................... 4-14 

Figure 4-16: Albermarle Sound testing ...................................................................................................................... 4-15 

Figure 4-17: Ohmsett Stroke 18, CPM 18 ................................................................................................................. 4-15 

Figure 4-18: Oil-covered WCMs mounted to the skimmer ........................................................................................ 4-17 

Figure 4-19: Oil-covered WCM-Buoy ........................................................................................................................ 4-17 



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 iii 

Figure 4-20: Towed test ............................................................................................................................................. 4-18 

Figure 4-21: Test 13 Chop wave conditions ï Stroke 12.0, CPM 30.0 ...................................................................... 4-20 

Figure 4-22: Test 13 ï Application dashboard screenshot of WCM 28988113 at 2:56 p.m. ...................................... 4-21 

Figure 4-23: Test 13 ï Application dashboard screenshot of WCM-Sat 28988088 ................................................... 4-22 

Figure 4-24: Test 13 ï GIS user interface screenshot of WCM-Sat 28988088 .......................................................... 4-23 

Figure 4-25: Test 15 Chop wave conditions ï Stroke 3.0, CPM 35.0 ........................................................................ 4-24 

Figure 4-26: Test 15 ï Application dashboard screenshot of WCM 28988113 .......................................................... 4-25 

Figure 4-27: Test 15 ï Application dashboard screenshot of WCM-Sat 28988088 ................................................... 4-26 

Figure 4-28: Test 15 ï GIS user interface screenshot of WCM-Sat 28988088 .......................................................... 4-27 

Figure 4-29: Test 17 ï Sine, Stroke 18.0, CPM 10.0 ................................................................................................. 4-28 

Figure 4-30: Test 17 ï Application dashboard screenshot of WCM 28988113 .......................................................... 4-29 

Figure 4-31: Test 17 ï Application dashboard screenshot WCM-Buoy 288988119 ................................................... 4-30 

Figure 4-32: Test 17 ï Application dashboard screenshot of WCM-Sat 28988088 ................................................... 4-31 

Figure 4-33: Test 17 ï GIS user interface screenshot of WCM-Sat 28988088 .......................................................... 4-32 

Figure 4-34: Test 19 ï Sine, Stroke 12.0, CPM, 25.0 ................................................................................................ 4-33 

Figure 4-35: Test 19 ï Application dashboard screenshot of WCM 28988113 at 10:51 a.m. .................................... 4-34 

Figure 4-36: Test 19 ïApplication dashboard screenshot WCM-Buoy 288988119 .................................................... 4-35 

Figure 4-37: Test 19 ï Application dashboard screenshot of WCM-Sat 28988088 ................................................... 4-36 

Figure 4-38: Test 19 ï GIS user interface screenshot of WCM-Sat 28988088 .......................................................... 4-37 

Figure 4-39: Test 19 ï Application dashboard screenshot of WCM 28988113 at 10:53 a.m. .................................... 4-38 

Figure 4-40: Test 20 ï Sine (Advancing), Stroke 7.5, CPM 35.0 ............................................................................... 4-39 

Figure 4-41: Test 20ïApplication dashboard screenshot WCM-Buoy 288988119 ..................................................... 4-40 

Figure 4-42: Test 20 ï Application dashboard screenshot of WCM 28988113 .......................................................... 4-41 

Figure 4-43: Test 20 ï Application dashboard screenshot of WCM-Sat 28988088 ................................................... 4-42 

Figure 4-44: Test 20 ï GIS user interface screenshot of WCM-Sat 28988088 at the north end of the wave 
tank ...................................................................................................................................................... 4-43 

Figure 4-45: Test 20 ï GIS user interface screenshot of WCM-Sat 28988088 in the middle of the wave tank ......... 4-44 

Figure 4-46: Test 20 ï GIS user interface screenshot of WCM-Sat 28988088 at the south end of the wave 
tank ...................................................................................................................................................... 4-45 

Tables  

Table 3-1: Primary Hardware Components ................................................................................................................. 3-2 

Table 4-1: Ohmsett Wave Settings Summary .............................................................................................................. 4-5 

Table 4-2: Mean Differences for All Tests for Each Banner ....................................................................................... 4-10 

Table 4-3: Hm0 for Test 13 ï Chop, Stroke 12.0, CPM 30.0 ....................................................................................... 4-20 

Table 4-4: Hm0 for Test 15 ï Chop, Stroke 3.0, CPM 35.0 ......................................................................................... 4-24 

Table 4-5: Hm0 for Test 17 ï Sine, Stroke 18.0, CPM 10.0......................................................................................... 4-28 

Table 4-6: Hm0 for Test 19 ï Sine, Stroke 12.0, CPM 25.0......................................................................................... 4-33 

Table 4-7: Hm0 for Test 20 ï Sine (Advancing), Stroke 7.5, CPM 35.0 ...................................................................... 4-39 



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 iv 

Acronyms and Abbreviations

6LoWPAN  internet protocol v6 over low-power 
wireless personal area networks 

ÁC  degrees Celsius 

API application program interface 

ARM advanced RISC [reduced instruction 
set computer] machine 

BSEE Bureau of Safety and Environmental 
Enforcement 

CDIP Coastal Data Information Program 

cm centimeter 

COTS commercial off-the-shelf 

cP  centiPoise 

CPM cycles per minute 

CSV comma-separated values 

dBm  decibel-milliwatts 

FFT Fast Fourier Transform 

FIFO first in first out 

g/mL grams per milliliter 

GHz gigahertz 

GIS geographical information system 

GPIO general-purpose input/output 

GPS global positioning system 

GRID Geo-Referencing Identification 

GRIDSAT Geo-Referencing Identification 
Satellite 

H1/3 highest third of the wave heights 

HCl  hydrogen chloride 

Hm0 significant wave height 

IEEE  Institute of Electrical and Electronics 
Engineers 

IFFT Inverse Fast Fourier Transform 

IMU inertial measurement unit 

IP ingress protection; Internet protocol 

JSON JavaScript Object Notation  

kB  kiloByte 

Li  lithium 

LiCl  lithium chloride 

LQI Link Quality Indicator 

MAC medium access control 

MATLAB matrix laboratory 

MCU microcontroller unit 

min minutes 

MM maintenance mode 

mPa*sec  megaPascal second 

N/A not applicable 

n.d. no date 

PPS  pulse per second 

ppt  parts per thousand 

RAM random access memory 

RF radio frequency 

RSSI relative received signal strength 

RTC real-time clock 

S  sulfur 

SBD short burst data 

SO2  sulfur dioxide 

SOCl2  thionyl chloride 

SPI serial peripheral interface 

SSID service set identifier 

TCP/IP transmission control protocol / 
Internet protocol 

TRL Technology Readiness Level 

UDP user datagram protocol 

URL  Uniform Resource Locator 

USB Universal Serial Bus 

UTC Coordinated Universal Time 

V volt 

WAFO Wave Analysis for Fatigue and 
Oceanography 

WCM Wave Characterization Module 

WCM-Buoy Wave Characterization Module ï 
Buoy 

WCM-Sat Wave Characterization Module ï 
Satellite 



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 1-1 

1. Executive Summary 

The purpose of the project, Equip Geo-Referencing Identification (GRID) and Geo-Referencing 

Identification Satellite (GRIDSAT) Tags with Accelerometers to Measure Ocean Waves, was to develop a 

system that quantifies local wave characteristics.  

The intended application of the system is the measurement of wave characteristics such as height, 

length, and period and to convey the information to local responders in real time via WiFi and remote 

reporting through a satellite network. The information will enhance situational awareness during an oil spill 

response, assisting stakeholders and mechanical skimming operations. 

To accomplish the goal of the project, the AECOM team, which included Evigia Systems, Midstream 

Technology, and the College of William and Mary, created a family of devices and applications based on 

the successful GRID tagging system for the autonomous and long-term global tracking of remote assets 

without the need for local infrastructure. We equipped the GRID and GRIDSAT tags with accelerometers 

to measure ocean waves. 

Based on the performance objectives of the project, we modified the baseline design, integrated, 

developed, fabricated, and tested the Wave Characterization Module (WCM), satellite-enabled Wave 

Characterization Module ï Satellite (WCM-Sat), free-floating Wave Characterization Module ï Buoy 

(WCM-Buoy), and local and remote user interfaces. 

We successfully accomplished the following performance objectives of this project: 

1. Enhance the latest generation of GRID and GRIDSAT tags with 3-axis accelerometers and other 

equipment/technology necessary to measure wave characteristics (e.g., wave height, wave length, 

wave period). 

a. We successfully enhanced the GRID and GRIDSAT tags with an integrated inertial measurement 

unit (IMU) and associated microcontroller unit (MCU) with wave characterization algorithms to 

record, interpret, and report out wave data. The WCMs can be mounted on commercially 

available mechanical skimmers to measure the wave characteristics for use during oil spill 

response and recovery operations, providing quantitative feedback to operators and 

stakeholders. We tested several devices in the Albemarle Sound and field tested the entire 

system at the Ohmsett wave tank in Leonardo, NJ, advancing the technology from a Bureau of 

Safety and Environmental Enforcement (BSEE) Technology Readiness Level (TRL) 2ð

technology concept and speculative application formulated to a TRL 5ðtechnology prototype 

demonstrated in relevant environment. 

2. Use enhanced GRID and GRIDSAT tags to equip and test commercially available mechanical 

skimming units for wave characterization with accuracy within 4 inches, including choppy wave 

conditions and various sinusoidal wave conditions. 

a. We mounted several WCMs and WCM-Sats on a weir skimmer along with a free-floating WCM-

Buoy and successfully tested the system through various wave types and conditions such as 

sinusoidal and harbor chop, sprayed the devices with crude oil, and towed the skimmer through 

waves with successful operation and data communication. On average, the WCM attached on the 

skimmer was 2.7 inches higher and the buoy was 1.3 inches higher than the significant wave 

height calculated statistically using the raw data from the Ohmsett sensor Banner as a 

benchmark. The accuracy of our devices throughout all wave types and testing conditions was 

within the 4-inch performance objective. 
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3. Achieve satellite communication to transmit data for operational awareness. 

a. Both the WCM-Sat and WCM-Buoy integrate a satellite modem for global coverage and reliable 

reporting of time, location, and wave information. We successfully designed and deployed a 

cloud-based solution to ingest and display the wave data on an Internet browser that has an 

accessible and user-friendly geographical information system (GIS) interface. This created a 

common operating picture for stakeholders and provided actionable intelligence at local and 

regional levels. 

4. Create a user-friendly operator interface for a skimmer operator. 

a. All three devices, WCM, WCM-Sat, and WCM-Buoy, have an integrated mesh network radio for 

device-to-device communication and a WiFi module for direct communication to a local user in 

real time, reporting wave characterization data. We successfully designed and tested a user-

friendly tablet application dashboard to retrieve and display wave characterization reports to aid in 

situational awareness for skimmer operators. 

The AECOM team envisions a suite of WCMs that provide wave condition data immediately to local 

operators and, when deployed throughout a region, collectively report actionable information to 

stakeholders. Figure 1-1 illustrates the concept of operations that corresponds to the projectôs purpose 

and application of assisting with oil spill response and recovery efforts. 
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Figure  1-1: Wave Characterization Modules (WCMs) concept of operations  

#1 shows a WCM-Buoy characterizing local wave conditions and transmitting information through the mesh network to a WCM. The 
WCM passes along the WCM-Buoy and its own data via WiFi for display on a local application dashboard, providing continuous 
updates to the response vesselôs operators. 

#2 shows a WCM attached to a skimmer transmitting wave conditions through the mesh network to a WCM-Sat for aggregation, 
summarization, and transmission via WiFi to a local user, as well as to the satellite gateway, onto the cloud database for display on 
the GIS user interface for remote stakeholders to view. The free-floating WCM-Buoy calculates local wave conditions and reports 
conditions through the satellite gateway for display on the GIS user interface. 

#3 shows a boom protecting an environmentally sensitive shoreline with the WCM transmitting local wave conditions through the 
mesh network to a WCM-Sat, which then aggregates the wave conditions for transmission to the satellite gateway for display on the 
GIS user interface. Independently, WCM-Buoys deployed throughout the response area report their local wave conditions to the 
satellite gateway for viewing on the GIS user interface to provide a regional outlook.
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2. System Architecture 

Figure 2-1 shows the architecture of the system and interfaces between devices. The primary 

components and functionality of the deployed system are: 

¶ Wave Characterization Module (WCM) ï The WCM is intended to attach to a piece of equipment 

such as a skimmer and includes the hardware and software required to characterize wave 

conditions. The WCM includes a global positioning system (GPS) for accurate time keeping and 

location, radio frequency (RF) module for local mesh communications from device to device, and a 

WiFi module for direct communication to a local tablet for the display of wave characterization 

information on an application dashboard. 

¶ Wave Characterization Module ï Satellite (WCM-Sat) ï The WCM-Sat includes all of the 

hardware and software of the WCM for wave characterization, GPS, mesh, and WiFi 

communications. The WCM-Sat is also intended to attach to high-value assets such as a vessel for 

remote reporting of location information, status, and wave conditions through the global satellite 

network. 

¶ Wave Characterization Module ï Buoy (WCM-Buoy) ï The WCM-Buoy includes all of the 

hardware and software of the WCM-Sat but is intended to be free-floating and stay for an extended 

period on station reporting wave conditions. 

¶ Gateway and node configuration ï Each device can be configured in either gateway mode or 

node mode. When configured as a node, a WCM, WCM-Sat, or WCM-Buoy can only communicate 

its information through the mesh network to another device in the network. There is no pre-

configuration required and joining to a network is autonomous with the ability to hop from device to 

device based on signal strength and availability to reach a gateway module. 

When configured as a gateway, a WCM, WCM-Sat, or WCM-Buoy automatically reports its data 

and the data from the nodes in its mesh network to a user interface locally on a tablet application 

dashboard via WiFi and to the remote geographical information system (GIS) user interface 

through the satellite gateway via the Internet to a cloud-based server. 

¶ Local user interface ï The tablet application is used as a dashboard for local operators to view 

wave characterization reports via WiFi from a WCM, WCM-Sat, or WCM-Buoy configured in 

gateway mode. 

¶ Remote user interface ï The GIS user interface is intended for remote stakeholders to view wave 

characterization reports via satellite communications from a WCM-Sat or WCM-Buoy configured in 

gateway mode. The remote user interface is hosted in the cloud and is accessible from an Internet- 

connected web browser. 

2.1 Commercial -off -the-Shelf  Trade Study  Summary  

The AECOM team assessed available commercial-off-the-shelf (COTS) systems and performed a trade 

study of hardware, software, and protocols considered for the integrated WCM system. 

To meet the projectôs performance objectives, a COTS wave characterization system must be able to 

meet the following criteria while measuring ocean wave characteristics: 

¶ Operating while attached to a variety of booms, skimmers, buoys, and vessels. When attached to a 

boom or a skimmer, the device may have more than one degree of freedom reduced or eliminated, 

in which case additional modeling of the attached device data would be required to correctly 

characterize waves in operational conditions; 

¶ Free-form operation, such as a floating buoy that has three axes of movement; 
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Figure  2-1: WCM system architecture block diagram  

¶ A local mesh network for extended range communication among all devices within the wave 

characterization system. Each device in the system needs to be configurable as a node to pass 

along measurement information or as a gateway to report the collected data; 

¶ Local communication and display of the wave characterization information through a dashboard; 

and 

¶ Non-local communication and reporting through a global satellite network for remote viewing of the 

wave characterization data. 

There were no existing wave-characterization COTS devices that met all of the performance objectives. 

Therefore, a trade study was performed to provide recommendations on the components, software, and 

protocols that should be considered for the design and development of the WCMs and reporting 

applications. These components, software and protocols included the inertial measurement unit (IMU); 

the primary sensor, which is used to record wave motion; sensor microcontroller unit that interprets and 

processes the IMU sensor data; device microcontroller, which packages and directs where the processed 
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data is sent; local wireless protocols and hardware components to communicate the information locally to 

a mobile device application dashboard; and the type of mobile device. The trade study facilitated the 

selection of the best components, devices, software, and protocols, as well as alternates in case 

integration or product issues were discovered during the design, production, and testing phases. The 

trade study findings are the foundation for both the embedded software development platform used as a 

pre-prototype to develop and test our algorithms and for the design of the wave characterization modules. 

The items that were selected were used in developing the design and documented in the design report. 

2.2 Design Report  Summary  

The technology survey and trade study laid the foundation for determining the components, software, and 

protocols to use in detailing the design and functionality of the WCM, WCM-Sat, and WCM-Buoy and 

included the cloud infrastructure, remote web-based GIS user interface, and local wireless application 

dashboard. 

The purpose of the design report was to: 

¶ Provide a description of the pre-prototype WCM-embedded software development platform, its 

components, operation, algorithm development, and test results that influenced the design of the 

WCM family of devices, 

¶ Outline the major components used in the WCM, WCM-Sat, and WCM-Buoy, 

¶ Detail the functionality provided by each component or group of components, 

¶ Show how various components interact and interface as designed, 

¶ Provide a baseline for the WCM, WCM-Sat, and WCM-Buoy detailed design and development, and 

¶ Show how the information is sent and displayed to remote and local operators and stakeholders. 

At the design meeting, it was discussed that the several hundred feet of direct line-of-sight 

communication via WiFi may not provide the desired range for field operations. Through a design 

modification as documented in the external WiFi antenna memo, it was determined to address this 

challenge from two fronts: 

¶ Swap out the WiFi module with integrated antenna internal to the enclosures with a WiFi module 

and external antenna to increase local communication range, and  

¶ Strategically use the mesh radio network to extend the effective range from one WCM, WCM-Sat, 

or WCM-Buoy in node mode by inserting an additional device between the target node and 

gateway, allowing it to hop through one or more intermediate nodes to the final destination of a 

WCM, WCM-Sat, or WCM-Buoy configured as the gateway.
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3. System Components 

This section describes the design elements, modifications, and component integration to the baseline 

design for the WCM, WCM-Sat, and WCM-Buoy along with the methodology and approach to the 

embedded wave characterization algorithms, development, and deployment of the local wireless 

application dashboard and remote GIS user interface. 

3.1 WCM, WCM-Sat, WCM-Buoy  

Figure 3-1 describes the hardware components and communication interfaces within the WCM, WCM-Sat 

and WCM-Buoy. 

 

Figure  3-1: WCM, WCM-Sat, and WCM-Buoy hardware component architecture  

Baseline: All Devices ï Components based on the GRID and GRIDSAT tags, common to all wave characterization modules. 
Baseline: WCM-Sat & WCM-Buoy ï Components based on the GRIDSAT tag, common to the WCM-Sat and WCM-Buoy. 
Modification ï The device MCU firmware modified for the WCM system and sensor MCU messages and commands. 
Integration ï Hardware components and associated firmware integrated to characterize and report ocean wave information. 

3.1.1 Hardware  Components  

The primary hardware modules for the WCM, WCM-Sat, and WCM-Buoy are detailed in Table 3-1. 

The device MCU powers on the sensor MCU and IMU. Upon initialization, the sensor MCU starts to 

collect data from the IMU and processes the raw sensor data through the wave characterization 

algorithms. The resultant wave information is sent to the device MCU for packing into a predefined 

message format. The device MCU powers off the sensor MCU and IMU and powers on the GPS module 

to receive the current time and location. If the device is in node mode, the message is set out through the 

RF module via the mesh network to a gateway device. If the device is in gateway mode, the device MCU 

receives all node messages through the RF module and generates a wave characterization report, 

sending the message first via WiFi, then satellite for WCM-Sats and WCM-Buoys. See Appendix A for 

details regarding each component, its interfaces, and sequence of communication. 
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Table 3-1: Primary Hardware Components 

Component  Model  Interface  Description  

IMU LSM6DSLTR SPI and interrupt 3-axis accelerometer and 3-axis 
gyroscope with 4 kB FIFO 

Sensor MCU MK66FN2M0VLQ18 ¶ GPIO for interrupt 

¶ Serial port communication to the 
device MCU 

Runs algorithms on IMU data to 
calculate wave parameters and 
transfers results to the device MCU 

WiFi Module  ESP8266 ¶ SPI bus 

¶ Power on/off digital signal 

WiFi chipset to deliver wave 
characterization data locally  

Device MCU LPC11U68JBD48 Serial ports for communications with 
the GPS, satellite modem, local 
wireless module, sensor MCU and RF 
module 

Low-power ARM-based MCU that 
coordinates the activity of each 
hardware component 

RF Module JN5168-001-M06 Serial interface and interrupt 2.4 GHz 6LoWPAN module with 
support for application tasks built 
into its firmware 

GPS MAX_7C ¶ Asynchronous serial port and 1 PPS 
signal to connect to the device MCU 

¶ Power on/off digital signal 

Low power and voltage GPS 
module 

Satellite Modem Iridium 9603 ¶ Network ready signal to connect to 
the device MCU 

¶ Asynchronous serial port for data 

¶ Power on/off digital signal 

Satellite modem module for 
communications to cloud server and 
GIS interface 

6LoWPAN = Internet protocol v6 over low-power wireless 
personal area networks 

ARM = advanced RISC [reduced instruction set computer] 
machine 

FIFO = first in first out 

GHz = gigahertz 

GIS = geographical information system 

GPIO = general-purpose input/output 

GPS = global positioning system 

IMU = inertial measurement unit 

kB = kiloByte 

MCU = microcontroller unit 

PPS = pulse per second 

RF = radio frequency 

SPI = serial peripheral interface 
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3.1.2 Enclosures  

Figure 3-2 shows the dimensional drawings of the WCM and WCM-Sat. The enclosure uses thick-walled 

polycarbonate plastic with pressurized screws to provide ingress protection (IP) 67 sealing, which 

provides protection for immersion in up to 1 meter of water for 30 minutes. 

 

Figure  3-2: WCM and WCM-Sat enclosure dimensions in millimeter s (inch es) 

Figure 3-3 shows the WCM and WCM-Sat enclosure with the external WiFi antenna. 

 

Figure  3-3: WCM and WCM -Sat enclosure  

with external WiFi antenna  
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The WCM-Buoy enclosure shown in Figure 3-4 is constructed of polypropylene and painted to be 

resistant to ocean environments and can withstand being dropped without damage to the case material. 

The material is almost the same density of water (x 1.1), so a minimal amount of air captured in the 

circuitry compartment is enough to keep it afloat. The WCM-Buoy is designed so that approximately 75 

percent is submerged to minimize wind impact on measurements. The bottom has several attachment 

points for tethering and for various weights to dampen unwanted motion when deployed. The satellite, 

WiFi, and GPS antennas are epoxied (with marine-grade epoxy) into a recessed lid compartment, with a 

1/16-inch plastic cover epoxied over the antennas. 

 

Figure  3-4: WCM-Buoy enclosure with external  

antennas and counter -balance weight  
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3.2 Embedded Software Development Platform  

After the COTS assessment, technology survey, and trade study, we fabricated several pre-prototype 

WCMs for embedded software development and component testing. As pictured in Figure 3-5, we were 

able to quickly bread-board together the primary hardware components including WiFi and Bluetooth 

versions for further local wireless communication evaluation, ultimately selecting WiFi for its flexibility and 

transmission range. We were also able to test the wireless protocols and data transfer with our tablets. 

The most important enabler from the embedded software development platform was the ability to stream 

raw data from the IMU to develop and refine the wave characterization algorithms in parallel with the full 

design and fabrication of the WCM, WCM-Sat, and WCM-Buoy. 

 

Figure  3-5: WCM-embedded software development platform  

3.3 Wave Characterization Algorithms  

In order to report wave characterization data, we first defined which measurements the IMU could make 

and how the measurements would be used to determine wave characteristics such as height, length, and 

period. 

An ocean wave is the flow of energy traveling from its source, not the water itself, and therefore, anything 

floating on top of a wave, such as a buoy, moves in a circular rise-and-fall pattern (CDIP, n.d.). This 

allows us to measure wave elevation from the surface of the ocean. A WCM-Buoy or WCM attached to an 

object such as a skimmer floating on the oceanôs surface can be equipped with an accelerometer to 

measure its own movement from crest to trough, which translates to the same movement of the wave at 

that particular point. 
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Figure 3-6 highlights the anatomy of a wave and the basis of characterizing a wave or wave train through 

its height, length, and period. 

 

Figure  3-6: Characteri stics of  ocean waves (height, length, and period ) 

Although ñsimpleò waves, well-defined sinusoidal motions, are readily analyzed by elementary methods, 

their regularity does not approximate the variability of ocean waves. Outside of a wave tank, one never 

sees a constant progression of identical waves. Instead, the sea surface is a superposition of waves of 

varying heights and periods moving in differing directions. When the wind blows and the waves swell in 

response, a wide range of heights and periods is produced. When the WCM measures waves at a fixed 

location on the ocean, the wave signals it outputs will be irregular, and although individual waves could be 

identified, there will always be significant variability in height and period from wave to wave. 

Consequently, it is necessary to treat the characteristics of the sea surface in statistical terms. 

The ocean surface comprises many wave components that are generated by the wind in different regions 

of the ocean and then propagated to the point of observation. Complex wave distributions are difficult to 

obtain in explicit form from a random wave model, but numerical algorithms based on the regression 

approximation work well. This method of calculating wave distributions is the only known method that 

gives correct answers that are valid for general spectra. In particular, we selected the open-source matrix 

laboratory (MATLAB) software Wave Analysis for Fatigue and Oceanography (WAFO) toolbox, a third-

generation package of MATLAB routines for statistical analysis and simulation of random waves, to 

calculate the distributions of wave characteristics from observed power spectra of the sea as measured 

by the WCM. WAFO provides a comprehensive set of validated computational tools for statistical analysis 

of random waves and a marine structureôs responses to them (Lund University, 2007). In a random wave 

model, the distribution of wave characteristics, such as wave period and crest-trough wave height, can be 

calculated with high accuracy for almost any spectral type. 

To determine the wave characterization information sent to the user, the WCM first uses the onboard IMU 

and sensor MCU to record and process the raw data. The IMU reports the acceleration and angular 

velocity at a given sampling rate from the 3-axis accelerometer and gyroscope. We found through our 

initial laboratory and field testing that the majority of the motion of the WCM is up and down or heave 

motion. We simplified the displacement calculation to use the scalar magnitude of the 3-axis 

accelerometer data instead of complicated calculations using the gyroscope data. We then integrated the 

acceleration of the heave signal component twice to get the total heave of the sea. Using the heave 

measurements, we performed the standard oceanography spectral and statistical analysis to calculate the 

wave characterization values sent to the user. 

To convert the accelerometer data to heave, we first took a Fast Fourier Transform (FFT). This converts 

the data from the time domain into the frequency domain. We then filtered the data to isolate the wave 
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frequencies of interest. The filtering process determines the w values of the data. We used this 

information to calculate the period in seconds that will be sent to the user. Then, the frequency data were 

divided by w, and an Inverse Fast Fourier Transform (IFFT) was performed to calculate the heave of the 

WCM. Using the heave data, we used WAFO to run the spectral and statistical analysis of the heave to 

determine the wave characteristics, including wave height reported as significant wave height (Hm0), 

presently defined as four times the standard deviation of the wave surface or four times the square root of 

the zeroth-order moment of the wave spectrum. 

3.4 Laboratory Testing  

Testing with several different IMUs, including the WCM-embedded software development platform, we 

took systematic measurements first in the lab and then in the field to refine the algorithms and optimize 

them for the WCM platform. 

We mounted the sensors on several spring-mass combinations to simulate ocean waves in a controlled 

laboratory environment. We choose the spring-mass combinations that would give displacements and 

frequencies in the range of interest for ocean waves in the region where the decisions need to be made 

about continuing to skim or instead to disperse. We released the sensors from a determined distance 

from the ground and allowed the system to oscillate until little motion was evident. 

We began with simple harmonic motion, using a single weighted spring setup to collect data. The 

photograph on the left in Figure 3-7 shows the experimental set up, where the WCM is mounted in the 

weighted basket hanging off a single spring. The basket was released at a variety of heights, and the 

motion was recorded with both the IMU and a GoPro camera. Each band on the witness pole hanging 

next to the basket represents 10 cm. Using the recordings from the GoPro camera, we found the peaks 

and troughs of the harmonic motion and compared them to the calculations of the IMU. 

Once we were convinced the heave calculations for the simple harmonic motion were consistent with the 

physical heave, we introduced more complexity in the experiment. We used combinations of 

springs and fixtures that have multi-frequency responses, as one would expect in actual wave conditions. 

The photograph on the right in Figure 3-7 shows one of these more complex experimental setups. Here 

we mounted the WCM on the top of the board that is weighted at one end. We also suspended the board 

using a spring on either side. Mounting the WCM to a board connected to two springs and varying both 

(1) the weight in the basket and (2) the mounting locations of the springs and weights allowed us to 

create wave motion with multiple frequencies. The two spring experiments generated more complex 

motion with multiple frequencies in the data. We again recorded the motion with a GoPro camera, 

releasing the board from different heights indicated by the witness pole. We then repeated the 

measurements using multiple mounting positions for both the springs and weights. 
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Figure  3-7: Experimental setup using springs for laboratory testing  

The laboratory testing showed that we could accurately calculate the heave motion of the simple 

harmonic motion and more complicated motion with multiple frequencies. We started by fixing the z-axis 

to isolate the heave component to one dimension. We later found that using the scalar magnitude of the 

raw data from all three accelerometers axes gave a close approximation to the heave, allowing us to 

remove some complexity in the algorithm and removing the need for the gyroscope data. 

Figure 3-8 shows the steps of the algorithm to determine the heave of the sensor. For this test, we 

sighted the maximum displacement at approximately 0.9 meters. The top left graph shows the raw 

accelerometer data from the z-axis. The top right shows the frequency spectrum of the data after an FFT 

has been performed. We then filtered the frequency data to isolate the wave frequencies and removed 

the noise, as seen in the bottom left plot. Then, the frequency data were divided by w, and an IFFT was 

performed to create the plot in the bottom right of the heave. Here, the maximum heave was 

approximately 0.39 meter, and the minimum heave was approximately ï0.49. The heave plot shows a 

total displacement of about 0.88 meter, which is less than 1 inch in difference to the displacement noted 

visually during the data acquisition. We did not observe any significant noise or notice any discernable 

drift in the sensor during our data capture. 
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Figure  3-8: Plots of wave characterization algorithm steps from acceleration to heave  

Using the heave data, we ran the standard ocean wave spectral analysis and statistics to calculate the 

wave data sent to the end user using the WAFO software for MATLAB. Once the MATLAB algorithms 

were finalized, they were converted to C code and programmed on the sensor MCU. By using the scalar 

magnitude of the acceleration, we removed the need to store any gyroscope data on the sensor MCU, 

which allowed for a higher sampling rate and longer data collection period on the final device. 

3.5 Field Testing: Albemarle Sound  

In order to collect real-world data for refining the wave characterization algorithms for the WCM and 

WCM-Sat, we fabricated a mock weir skimmer as shown in Figure 3-9. The skimmer mockup 

approximated the buoyancy and dynamics of the actual skimmer, both in terms of the float geometry and 

the weight. The mock weir skimmer shown in Figure 3-9 is built from modular square tubing to provide a 

range of attachment points for WCMs, but the figure does not show that we attached buckets/sandbags 

filled with local sand to approximate the total weight of the real skimmer. The use of local sand allowed us 

to transport and deploy the mock skimmer without heavy equipment. We simply hung the sandbags from 

the frame once the mock skimmer was in the water. 
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Figure  3-9: Mock weir skimmer with WCM -embedded  

software development platform  

One of the embedded software development platforms was also placed inside a buoy for streaming data 

collection over WiFi to compare results. The testing setup is shown deployed in Figure 3-10. We deployed 

a witness pole in the water near the mockup skimmer. Using a witness pole, we noted the wave height 

periodically while streaming the raw data from the mockup skimmer and buoy to the boat. We do not have 

any expertise in visually assessing wave heights, so there was some uncertainty in what we observed 

using the witness pole. Even with the uncertainty, we found that the significant wave heights that were 

calculated were mostly within the performance criteria. 

 

Figure  3-10: Field testing in Albemarle Sound  
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3.6 Remote User Interface: Cloud Infrastructure and GIS Web Application  

The cloud infrastructure provides backend data acceptance from the satellite gateway, processing, and 

interpretation of WCM information such as time, location, and wave characteristics to a web-accessible 

GIS user interface. 

Figure 3-11 is a screenshot from our deployed GIS user interface. A WCM-Buoy with ID 9090 in gateway 

mode is shown reporting a message that includes its wave characterization data along with information 

about the other WCMs in node mode. The other WCMS in node mode would communicate through 

WCM-Buoy 9090ôs mesh network. Additional documentation and a user guide are in Appendix D. 

 

Figure  3-11: Web-based GIS user interface  
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3.6.1 Software Tools  

The remote cloud infrastructure consists of the software components listed below that process the WCM 

gateway report messages sent to the satellite gateway and are run on Amazon Web Services cloud 

servers: 

¶ NginX ï Used as a reverse proxy to manage incoming requests from the gateway. It will facilitate 

which ports are open and what systems (Node application program interface [API], Node Gateway 

Receiver) can communicate through those ports. It works in tandem with the firewall. It is also used 

as the web server for the GIS web application. 

¶ Node Gateway Receiver ï Listens for packages sent by the satellite, and once received starts the 

processing engine. 

¶ JavaScript Object Notation (JSON) Entity Mapper ï Configuration file used by the node 

ingestion server to translate the messages into database entities. If the gateway changes protocols 

or the gateway provider changes, the entity mapper is updated and the rest of the subsystem 

should be unaffected. 

¶ Node Ingestion Server ï Processing engine used to receive incoming messages and translate 

them into MongoDB database entities. 

¶ MongoDB Database ï Used to store the translated entities from the node ingestion server. The 

database structure defines what the entities are and the data type formats of each attribute in the 

entities. 

¶ Apache Solr ï Indexing engine that provides fast search capabilities. 

¶ Node API Server ï Same server as the Node Ingestion Server, but is used as an API server for 

the mapping application. 

¶ Koop ï Data translation engine that can format the database entities into a consumable format for 

open web-based systems. 

¶ Turf.js ï Spatial data manipulation engine used to conduct spatial queries and format MongoDB 

data into GeoJSON. 

¶ Leaflet ï Web-based GIS mapping user interface that displays interactive features that represent 

the WCMs in the field and the messages and status that they send over time. 

3.6.2 Cloud Infrastructure  

The first component of this subsystem is the satellite gateway. The gateway is the conduit for the WCMs 

to relay information from the device to the cloud infrastructure to where it is stored. The gateway enables 

the system to communicate worldwide and outputs information directly into a cloud-hosted database. 

The cloud subsystem translates the gateway messages into a normalized format and stores the 

information in the database. Once the byte formatted message is received from the gateway, the cloud 

infrastructure executes the node gateway receiver engine, which parses the message, retrieves all the 

relevant data needed for the system, and invokes the node processing server. 

Amazon cloud servers offer scalability and provide confidence that what is done on a small scale using 

the platform can be upgraded to support a larger production-ready environment with high availability. The 

hardware that was chosen is suitable to support all server components of this project including NginX, 

node ingestion server and MongoDB database and displayed using Leaflet. 
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3.6.3 Emulator  

We also created an emulator to mimic the satellite messages received from the WCM-Sat and WCM-

Buoy and their associated nodes to test our approach, and we deployed tools before the hardware was 

fully completed and unit tested. 

3.7 Local User Interface: Application  Dashboard  

The native iOS application is designed to run on an iPad and ingest the same WCM gateway report and 

WCM node report messages as the GIS user interface for the user in a simple, easy-to-read dashboard. 

Figure 3-12 is a screenshot of the application dashboard report from a gateway. The app displays which 

device we are connected to through the WiFi service set identifier (SSID), the type of device (WCM, 

WCM-Sat, or WCM-Buoy), which ID we are viewing and at what time, along with its status and wave 

characteristics. Note that the SSID is automatically updated to the current device connected to, but the ID 

panel in the top right corner needs to be selected to view the current gateway or other nodes that are 

available. All data are stored on the tablet locally until deleted and can be exported via email in a comma-

separated values format. Additional features and definitions are provided in Appendix C. 

 

Figure  3-12: iPad application dashboard viewing a WCM gateway  report  
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Figure 3-13 shows the node report view when an ID in node mode is selected. 

 

Figure  3-13: iPad application dashboard viewing a WCM node report  

3.7.1 Software T ools and Infrastructure  

The native application was developed using the Swift programming language and standard APIs for 

connection and handling of data packets between the WCM WiFi and display on an iOS device. All the 

hardware required is built into the iPad tablet. 

The iPad needs to be preconfigured with the SSID and password in settings before launching the 

application. Once the WCM, if in gateway mode, powers up its WiFi module, the iPad will automatically 

connect to the WCM. The iPad will create a socket at the specified Internet protocol (IP) and port number 

using the transmission control protocol / Internet protocol (TCP/IP) protocol to handshake with the WCM 

for data transfer and confirmation. 

3.7.2 Emulator  

We adapted the GIS user interface to send messages over WiFi to the iPad for unit testing the local user 

application dashboard.
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4. Ohmsett Testing and Analysis 

Each piece of the system architecture, starting with the embedded software development platform; 

message emulators to the WCM, WCM-Sat, and WCM-Buoy; mesh networking; and local and remote 

reporting were unit tested and system tested to check the accuracy and correct configuration of the 

reported data. We conducted field unit tests at Albemarle Sound for data collection to refine the wave 

characterization algorithms and conducted full WCM system testing at Ohmsett on September 5, 2017, 

through September 8, 2017. 

4.1 Facility and Equipment Setup  and Configuration  

The Ohmsett wave tank shown in Figure 4-1 is 203 meters long, 20 meters wide, and 3.5 meters deep. 

 

Figure  4-1: Wave tank at Ohmsett  
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The wave generator as pictured in Figure 4-2 has the capability of creating sine waves as high as 1 meter 

and simulated harbor chop waves. The waves are generated by varying the stroke length (inches) of the 

hydraulic arms and the cycles per minute (CPM) of the stroke movement in and out. 

 

Figure  4-2: Ohmsett wave generator  
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The AECOM team provided WCMs, WCM-Sats, WCM-Buoys, embedded software development 

platforms, batteries, mounting hardware, iPads, and laptops for data collection. The WCMs, WCM-Sats, 

and embedded development platforms were secured to a vertical bracket attached to a round plate 

mounted on a Desmi Terminator weir skimmer float provided by Ohmsett, as shown in Figure 4-3. 

 

Figure  4-3: Two WCMs, WC M-Sat, and WCM-embedded software  

development platform mounted to one of the Desmi Terminatorôs floats 

The Desmi Terminator weir skimmer was craned in and out of the tank, as shown in Figure 4-4. 

 

Figure  4-4: Craning the weir skimmer into the Ohmsett wave tank  
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After the WCM-Buoys were lowered into the water, the skimmer and WCM-Buoys were secured to the 

main bridge to prevent excessive drift from the testing area between the main and auxiliary bridges, as 

shown in Figure 4-5. Altimeter Banner sensors extending over the water were used for measuring 

distance to the waterôs surface, and a MATLAB program was used to calculate significant wave height, 

wavelength, and period. One of the auxiliary bridge sensors is shown in Figure 4-5. 

 

Figure  4-5: Skimmer and WC M-Buoy deployments looking down from the auxiliary  bridge  

Figure 4-6 provided by Ohmsett illustrates the testing system setup and configuration with Banner 

sensors. 

 

Figure  4-6: Ohmsett testing setup (top view)  
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Figure 4-7 is a side view of the testing setup looking to the east with the auxiliary bridge on the left side 

and main bridge on the right. We also deployed an anchored witness pole with 10 cm markings and a 

GoPro pointed at the pole to record the wave heights. 

 

Figure  4-7: Wave tank setup looking east  

Table 4-1 summarizes the wave conditions for all the tests performed at Ohmsett. 

Table 4-1: Ohmsett Wave Settings Summary 

Test No. Date Start Time Stroke ( inches)  CPM Wave Type  

1  

2  

3  

4  

5  

6  

7  

8  

9  

10 

11  

12 

13  

14  

15  

16  

17  

18  

19  

20 

21  

22  

9/5  

9/5  

9/5  

9/5  

9/6  

9/6  

9/6  

9/6  

9/6  

9/6  

9/7  

9/7  

9/7  

9/7  

9/7  

9/8  

9/8 

9/8  

9/8  

9/8  

9/8  

9/8  

1:00 p.m.  

2:00 p.m.  

2:52 p.m.  

3:30 p.m.  

10:44 a.m.  

11:23 a.m.  

12:00 p.m.  

2:45 p.m.  

3:33 p.m.  

4:03 p.m.  

12:10 p.m.  

12:53 p.m.  

2:48 p.m.  

3:33 p.m.  

4:01 p.m.  

9:10 a.m.  

10:02 a.m.  

10:22 a.m.  

10:46 a.m.  

11:46 a.m.  

1:10 p.m.  

1:37 p.m.  

18.0  

18.0  

7.5  

7.5  

18.0  

18.0  

18.0  

12.0  

12.0  

6.0  

6.0  

12.0  

12.0  

3.0  

3.0  

15.0  

18.0  

4.5  

12.0  

7.5  

12.0  

18.0  

18.0  

20.0 

35.0  

35.0 

18.0  

18.0  

20.0  

30.0  

30.0  

40.0  

40.0  

30.0  

30.0  

35.0  

35.0  

20.0  

10.0  

35.0  

25.0  

35.0  

30.0  

18.0  

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Sine 

Chop 

Chop 

Chop 

Chop 

Chop 

Sine 

Sine 

Sine (Oil applied) 

Sine (Advancing) 

Sine 

Sine 
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4.2 Data Collection and Analysis  

Once powered up, each device measured and reported wave characterization data. The embedded 

software development platform mounted to the skimmer and in a buoy streamed 1 minute of raw data 

during each data collection time window. The WCM, WCM-Sat, and WCM-Buoy each calculated and 

reported wave height, wave length, and wave period. The data transmitted from each device via WiFi 

were displayed on an iPad, stored on local memory, and exported via email in a comma-separated values 

file with the option of a dashboard screenshot. Data transmitted from the WCM-Sat and WCM-Buoy via 

satellite were stored in a MongoDB database and displayed on the GIS user interface. The raw gateway 

log was saved into a text file with a unique URL that can be accessed via the Internet. 

The WCM reports sea-state features of significant wave height, period, and wavelength to the end user. 

These features are calculated by first recording 1 minute of 3-axis acceleration data and then computing 

the surface elevation of the sea. Once we have calculated the surface elevation, we perform statistical 

analysis to calculate the sea-state features. The statistical analysis was generated using MATLAB WAFO, 

a well-established software toolbox for analyzing waves (Brodtkorb et al., 2000). 

Significant wave height corresponds to the average wave height the human eye would visually estimate 

(Massel, 2013). Historically, significant wave height refers to the average of the highest third of the wave 

heights, and when calculated this way, it is denoted as H1/3. Significant wave height (Hm0) is presently 

defined as four times the standard deviation of the wave surface or four times the square root of the 

zeroth-order moment of the wave spectrum. Both H1/3 and Hm0 are referred to as significant wave height 

and generally have a difference in the magnitude of a few percent. 

The WCM reports significant wave height as Hm0. We performed the statistical analysis based on the 

WAFO software package. In contrast, the MATLAB program used at Ohmsett calculates the significant 

wave height using H1/3. WAFO removes spikes that are over the maximum variation amplitude, then sorts 

the peak to trough amplitudes, and finally calculates the mean of the top third of the data. 

There will also be some difference between raw data from the WCM versus the raw data from Ohmsett. 

The wave measurements from Ohmsett instrumentation are made with a Banner U-Gauge QT50U series 

transducer versus the WCM accelerometer (Banner, n.d.). The Ohmsett transducer readings are collected 

at a different frequency, and Ohmsett is using a different calculation for the wave height. So, some 

differences between Ohmsett and WCM data were expected. To compensate for these differences, our 

team analyzed the Ohmsett data using the statistical algorithms developed from WAFO to calculate Hm0. 

This provided some normalization between the two data sets. 

Another reason for variation between raw data from the WCM versus raw data from the Ohmsett Banners is 

the spatial differences in the locations of the devices. The reflections of the waves from the sides of the tank 

create a complex wave field at different locations.  
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Figure 4-8 shows the significant wave height (Hm0) calculation for the WCM buoy, the WCM-mounted to the 

skimmer, and all three Banner locations for Test 2. Here the Buoy is represented by the crosses, the 

skimmer is represented by the stars, the main bridge Banner is represented by the dots, the west auxiliary 

bridge Banner is represented by the squares, and the east auxiliary bridge Banner is represented by the 

diamonds. Figure 4-8 shows that there is variation due to the location of the data collection device. 

 

Figure  4-8: Varied s ignificant wave height ( Hm0) due to complex wave fields during Test  2 

This plot shows the significant wave height (Hm0) calculation for the WCM buoy, the WCM mounted to the skimmer, and all three 
Banner locations for Test 2. Here the Buoy is represented by the crosses, the skimmer is represented by the stars, the main bridge 
Banner is represented by the dots, the west auxiliary bridge Banner is represented by the squares, and the east auxiliary bridge 
Banner is represented by the diamonds. Here it can be seen that there is variation in the significant wave height due to location in 
the tank. 
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Figure 4-9 shows the significant wave height results from the skimmer for Test 19. Similar plots for each 

test and each Banner location can be found in Appendix F and Appendix G. We used the raw data from 

the east Banner transducer on the auxiliary bridge because the data were physically closest to the 

skimmer during the testing. The crosses are the significant wave heights (Hm0) calculated using the WCM 

data. The triangles represent the significant wave height calculated statistically (Hm0) using the Banner 

data, and the dots are the wave heights (H1/3) calculated using the algorithm from Ohmsett. We found that 

calculating the wave height statistically (Hm0) produces a result on average 3.5 inches higher than the 

wave height generated (H1/3) by the code from Ohmsett. 

 

Figure  4-9: Significant wave height results from the skimmer for Test  19 

This plot shows the significant wave heights for Test 19. The plus signs indicate the significant wave height (Hm0) calculated 
statistically using the raw data from the WCM. The triangles represent the significant wave height (Hm0) calculated statistically using 
a segment of time corresponding to the WCM data from the raw Banner data. The dots represent the wave heights calculated using 
the average of the top third wave height from the same segments (H1/3). Each data point represents a calculation of the significant 
wave height from approximately 60 seconds of raw data. 

Based on the closer agreement between calculating wave heights statistically and physical position of the 

east Banner, the rest of our analysis uses the significant wave heights (Hm0) calculated using the 

statistical algorithm from the east Banner on the auxiliary bridge.  
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Figure 4-10 shows the difference between the significant wave heights calculated using the WCM data 

and the Banner data for Test 19. Here it can be seen that for this test, most of the WCM results are within 

the 4-inch performance criteria, with two outliers. Plots showing the significant wave height (Hm0) for each 

test and Banner location are in Appendix H and Appendix I. 

 

Figure  4-10: Test  19 WCM on skimmer versus aux East Banner  

This plot shows the difference of the significant wave heights calculated for Test 19. The plus signs indicate the difference between 
the significant wave height calculated statistically using the raw data from the WCM and the significant wave height calculated 
statistically using a segment of time corresponding to the WCM data from the raw Banner data. Each data point represents a 
calculation from approximately 60 seconds of raw data. 

We are using the Banner data as our gold standard for comparing our results. The Banner itself has an 

error of 0.2 percent, which results in approximately Ñ 0.1 inch for the wave heights that were generated. 

We have introduced additional error in the way we segmented the raw data from Ohmsett. To segment 

the data, we first determined the minute of data collected by the WCM by looking at the timestamp of the 

data file. We then found that minute in the raw data file from Ohmsett and the minute plus 10 seconds 

before the minute, and 10 seconds after the minute. 
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Table 4-2 shows the mean differences for all the tests for each Banner. On average, the WCM attached 

on the skimmer was 2.7 inches higher and the buoy 1.3 inches higher than the significant wave height 

calculated statistically using the raw data from the east auxiliary bridge Banner. 

Table 4-2: Mean Differences for All Tests for Each Banner 

 Mean Difference (inches)  

From Main  
Bridge Banner  

From West Aux  
Bridge Banner  

From East Aux  
Bridge Banner  

Skimmer 

Buoy 

3.3 

2.7 

3.5 

2.5 

2.7 

1.3 

 

Figure 4-11 shows the mean and standard deviation of the difference between the significant wave height 

from the WCM mounted on the skimmer and the east auxiliary bridge Banner data for each test. 

Differences against the other Banner data are in Appendix J. 

 
Figure  4-11: WCM on skimmer mean and standard deviation by test  

This plot shows the mean and standard deviation of differences of the significant wave height for each test using the WCM attached 
to the skimmer. Each data point represents the mean of the difference between the significant wave height calculated statistically 
using the raw data from the WCM and the significant wave height calculated statistically using a segment of time corresponding to 
the WCM data from the raw Banner data for each test. 
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Figure 4-12 shows the mean and standard deviation of the difference between the significant wave height 

from the WCM Buoy and the east auxiliary bridge banner data for each test. Note that the buoy did not 

report raw data on the last day of testing. For both plots, the mean of a test is represented by the dot, and 

the whiskers are the standard deviation of that test. Here, it can be seen that for all except a few cases, 

the WCM data and the Banner were within 4 inches of each other. 

 

Figure  4-12: WCM-Buoy mean and standard deviation by test  

This plot shows the mean and standard deviation of differences of the significant wave height for each test using the WCM Buoy. 
Each data point represents the mean of the difference between the significant wave height calculated statistically using the raw data 
from the WCM and the significant wave height calculated statistically using a segment of time corresponding to the WCM data from 
the raw Banner data for each test. 
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Again, it is important to note the spatial differences in the locations of the devices and Banner 

measurement locations. The reflections of the waves from the sides of the tank create a complex wave 

field at different locations throughout the wave tank, where each point in the tank is unique and 

experiences different wave conditions. To demonstrate this, Figure 4-13 compares the main bridge 

Banner sensor to the east auxiliary bridge Banner sensor. We observe several outliners and large 

standard deviations between the two Banner sensors on a number of tests. A comparison of the Banners 

is provided in Appendix K. 

 

Figure  4-13: Mean difference of main bridge Banner versus east aux bridge Banner  

This plot shows the mean and standard deviation of differences of the significant wave height for each test between the main bridge 
Banner and the east auxiliary bridge Banner. Each data point represents the mean of the difference between the significant wave 
height calculated statistically using 80-second segments of the raw Banner data from Ohmsett. While there is small measurement 
error in the wave heights being measured by the Banner devices, there is a measurement uncertainty in the wave height due to the 
location of the device collecting data. This is due to the complex wave field generated in the tank. 
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Each test had on average 14 periods of data collection, with the lowest number of data points 5 and the 

largest number of data points 23. The mean was calculated first by finding the difference between the 

significant wave height of the WCM and the Banner data for a given minute in the test. We then took the 

mean and standard deviation of these differences for each test. Test 14 and Test 8 have similar mean 

differences between the WCM and the east auxiliary bridge Banner at 0.3 inches but large discrepancies 

in the standard deviation, where the standard deviation for Test 14 is 2.7 inches and Test 8 is 8.7 inches.  

Figure 4-14 shows the plot of the difference between the WCM and the east auxiliary bridge Banner 

significant wave height calculations for Test 14. Figure 4-15 shows the plot of the difference between the 

WCM and the east auxiliary bridge Banner significant wave height calculations for Test 8. Here it can be 

seen that there was little variation in the significant wave height difference in Test 14, while Test 8 had a 

few outliers that increased the standard deviation. 

 

Figure  4-14: Difference between the WCM and the east auxiliary  

bridge Banner significant wave height calculations for Test  14 
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Figure 4-15: This is a plot of the difference between the WCM and the East Auxiliary Bridge Banner 

significant wave height calculations for Test 8. 

 

Figure  4-15: Difference between the WCM and the East Auxiliary  

Bridge Banner significant wave height calculations for Test  8 

For both skimmer and buoy, the mean values furthest from the performance criteria were calculated for 

the waves created by the 18-inch stroke and 18 CPM setting of the wave generator. This creates a large 

sinusoidal wave with a significant wave height of approximately 22 inches. We believe the discrepancy 

between the wave heights is due to the evenness of the waves in the tank. Figures 4-16 and 4-17 are 

pictures of the wave tank compared to the conditions we used for training our algorithms. We collected 

data in open water under complex conditions using both the buoy and a mockup skimmer. The open 

water conditions were deep-water waves with a water depth of approximately 20 feet, while the water 

depth at Ohmsett was 8 feet. Except in the choppy conditions, the wave tank produced sinusoidal waves 

with all of the energy moving in one direction. This created more lateral motion on the skimmer than in the 

open waves. We used the scalar magnitude of the three axes to calculate wave height, so this lateral 

motion was not taken into account and was folded into the wave height calculation. 
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Figure  4-16: Albermarle Sound testing  

 

Figure  4-17: Ohmsett Stroke  18, CPM 18 
Pictures from data collection on the Albermarle Sound, Figure 4-16 versus the Ohmsett wave tank, Figure 4-17. The top picture 
shows the wave condition on the Albermarle Sound. We used the buoy and a WCM connected to a mockup of a terminator skimmer 
to collect wave data from deep water waves in complex conditions. The bottom picture shows the waves generated at Ohmsett. We 
collected data from the buoy and a WCM attached to a terminator skimmer. The waves generated at Ohmsett were consistent 
sinusoidal waves in shallower water conditions. 
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We calculated the period by dividing the zeroth-order moment of the wave spectrum by the first-order 

moment of the wave spectrum. We found that this was equivalent to the periods calculated by Ohmsett. 

We calculated the wave length by dividing the significant height by the significant wave steepness. This 

resulted in shorter wavelengths than measured on the side of the tank or calculated at Ohmsett. The code 

used at Ohmsett estimates the wavelength based on the first-order dispersion equation. Wavelength does 

not seem to be used much in determining sea state. In the next phase, we recommend changing the 

value to steepness as a value that may prove more useful for skimmer operations. 

4.2.1 Wave Reflections  

The variation observed by Ohmsett in calculated H1/3 and the height of a single wave is typically 10 to 

40 percent. It also appears that in general, the longer periods show a larger difference. In addition to 

interference from reflections (constructive and deconstructive interference), wavelengths greater than 

twice the water depth (8 feet for the Ohmsett tank) experience friction on the bottom of the basin, which 

influences the wave speed and profile as the waves travel toward the north. Harbor chop waves also 

sometimes have ñhot spotsò and can create higher values and greater variances between Banner 

measurement locations during a test run. According to Ohmsett staff, hot spots are likely due to the 

constructive/destructive interference of the waves. For example, Test 6 (Stroke 18, CPM 18) had a 

significant wave height difference between bridge Banner sensors of more than 7 inches for the same 1-

minute time window. This large variance accounts for some of the large standard deviations and averages 

seen from the skimmer-mounted WCM and WCM-Buoy, which were positioned between the main, east, 

and west auxiliary bridge Banner sensors. 

We conclude that the WCM, WCM-Sat, and WCM-Buoy performed remarkably well and were able to 

accurately report localized wave conditions. As the variation observed between the main bridge Banner 

and auxiliary bridge Banner sensors show, complex wave fields create very localized conditions. Our 

wave characterization modules demonstrate why localized sensors on skimmers and around recovery 

areas are critical in making informed decisions because other methods to access wave-field 

characteristics will have an uncertainty due to spatial variations in the waves, even if the measurement is 

nearby. 

4.2.2 Oil Spray  

Prior to Test 19, Ohmsett staff sprayed crude oil on all devices attached to the skimmer, as shown in 

Figure 4-18, and the buoy in Figure 4-19 to see whether there was any degradation in operation. 

The crude oil did not have any discernable effect on the operation, communications, or reporting ability of 

the devices. Any residue or coating of material on the enclosure or antennas has potential to attenuate 

the radio frequency (RF) signals including GPS, WiFi, RF mesh, and satellite. Typically, non-electrically 

conductive residues such as oil have a lower attenuation factor and impact on RF communication 

degradation. We also increased the separation of the internal antennas from the enclosure by a few 

inches to further reduce RF attenuation. See Appendix E for further details and analysis. 
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Figure  4-18: Oil -covered WCMs mounted to the skimmer  

 

Figure  4-19: Oil -covered WCM -Buoy  
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4.2.3 Towed Test  

Prior to Test 20, we positioned the bridges to the northern-most side of the wave tank. During Test 20, we 

started towing the skimmer with WCMs and WCM-Buoy at 0.75 knots toward the south end of the tank as 

pictured in Figure 4-20. We did not observe or record any issues with reporting wave data during the 

towing operation. The mean significant wave height and standard deviation were similar compared to the 

same wave types in Tests 3 and 4. 

 

Figure  4-20: Towed test  
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4.3 Integrated  System Demonstration  

The AECOM team tested several configurations and device settings during our 4 days at Ohmsett. In 

order to increase the number of data points during each test, we configured a WCM attached to the 

skimmer and a buoy to stream raw data, as analyzed in the previous section. We also deployed a WCM, 

WCM-Sat, and WCM-Buoy configured for onboard calculation of wave characteristics and autonomous 

reporting of wave data to the local application dashboard via WiFi and remote GIS user interface via 

satellite to showcase a complete, end-to-end wave characterization solution. 

Several tests with varied wave types and conditions are highlighted below. The significant wave height 

(Hm0) calculated from the Ohmsett Banner sensors is shown with data sent through WiFi to the iPad 

application with screenshots and data sent through satellite captured by the GIS user interface. The iPad 

application screenshots are in Coordinated Universal Time (UTC). Each device has a unique ID and 

associated WiFi service set identifier (SSID). The ID and SSID are: 

¶ WCM (ID: 288988113, SSID: WCME243), 

¶ WCM-Sat (ID: 28988088, SSID: WCM7FE3), and 

¶ WCM-Buoy (ID: 288988119, SSID: WCM4320). 

The WCM, WCM-Sat, and WCM-Buoy ñReport timestampò column in Tables 4-3 through 4-7 is the 

timestamp when the iPad application received the wave characterization data over WiFi. The ñHm0 

Calculation Time Windowò column is the one minute time windows from each of the Banner sensors to 

cover the timestamps of each WCM, WCM-Sat and WCM-Buoy. The GPS was disabled on the WCM and 

the GPS and satellite modem was disabled on the WCM-Buoy to allow for more frequent wave data 

updates because the GPS and satellite modem add several minutes of latency. 

The WCM-Sat acquires a GPS signal after recording wave data but prior to WiFi and satellite 

transmission. Therefore, the WCM and WCM-Buoy report timestamps lag the actual significant wave 

height calculation time window by only a few seconds. However, the GPS initialization can take between 

60 and 90 seconds; therefore, this time offset from the calculation time window is added to the timestamp 

recorded through the WiFi message. 
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4.3.1 Test  13 ï Chop, Stroke  12.0, CPM 30.0 

Figure 4-21 shows the testing configuration and harbor chop wave conditions present during Test 13. 

There were large and varied wave fronts throughout the tank as noted by the witness pole being nearly 

submerged by the oncoming wave and the sizeable peak created between the witness pole and the buoy. 

 

Figure  4-21: Test  13 Chop  wave conditions  ï Stroke  12.0, CPM 30.0 

Table 4-3 summarizes a portion of Test 13 comparing the skimmer-attached WCM and WCM-Sat reported 

significant wave heights to the significant wave heights calculated from the Ohmsett Banners. The harbor 

chop and wave generator settings created large and varied wave heights throughout the tank as shown 

during the 2:56 to 2:57 time period in which the difference between the main and auxiliary east Banners 

was more than 10 inches. The WCM and WCM-Sat reported significant wave heights in line with the wave 

heights observed. 

Table 2-3: Hm0 for Test 13 ï Chop, Stroke 12.0, CPM 30.0 

Hm0 Calculation 
Time Window  

Main 
(inches)  

Aux West  
(inches)  

Aux East  
(inches)  Device  

Report 
Timestamp  

Hm0 
(inches)  

2:54 ï 2:55 37.0754 31.0411 28.6106 WCM 2:56:04 36.6141 

2:55 ï 2:56 28.3820 21.5642 20.2099 WCM-Sat 2:56:34 30.7086 

2:56 ï 2:57 36.6519 26.4310 26.0352 WCM 2:57:59 31.8897 

2:57 ï 2:58 27.5223 28.0460 22.0279    
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Figure 4-22 is a screenshot of the application dashboard from an iPad of WCM with ID 28988113 and 

SSID WCME243. The timestamp is in UTC (ï5 Eastern Standard Time) with no other reported nodes. 

The location is missing because the GPS was disabled, generating a ñNo GPS Fixò error in the status 

window. The wave height in meters was reported as 0.93 meter or 36.61 inches. The overlay of data on 

the left side is the debug mode to view the data retrieve events and byte stream from the WCM to the 

iPad. 

 

Figure  4-22: Test  13 ï Application dashboard screenshot of  WCM 28988113 at 2:56 p.m. 
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Figure 4-23 is a screenshot of the application dashboard from an iPad of WCM-Sat with ID 28988088 and 

SSID WCM7FE3 wave characterization report through WiFi. Here the longitude and latitude are reported 

because a GPS signal was acquired during the WCM-Sat reporting sequence. A height of 0.78 meter or 

30.71 inches was reported at 2:56:34 p.m. local time. 

 

Figure  4-23: Test  13 ï Application dashboard screenshot of  WCM-Sat 28988088 



Equip GRID and GRIDSAT Tags with  
Accelerometers to Measure Ocean Waves  

Prepared for Bureau of Safety and Environmental Enforcement (BSEE) E16PC00015 AECOM 

 4-23 

Figure 4-24 shows the same data as Figure 4-23 from WCM-Sat ID 28988088 but reported via satellite to 

the remote GIS user interface. This figure shows its location in the Ohmsett wave tank with a reported 

timestamp of 2:55:32 p.m. when a GPS lock was achieved, which is before the wave characterization 

report was sent out through WiFi or sent via satellite. The wave height is reported to the nearest tenth of a 

meter. 

 

Figure  4-24: Test  13 ï GIS user interface  screenshot of WCM -Sat 28988088 
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4.3.2 Test  15 ï Chop, Stroke  3.0, CPM 35.0 

Figure 4-25 shows the testing configuration and harbor chop wave conditions present during Test 15. The 

stroke was relatively short, producing moderately sized waves. 

 

Figure  4-25: Test  15 Chop wave conditions ï Stroke  3.0, CPM 35.0 

Table 4-4 highlights a few of the wave characterization reports during Test 15 showing significant wave 

heights for the WCM and WCM-Sat near the significant wave heights generated from the Banner sensors. 

Table 4-4: Hm0 for Test 15 ï Chop, Stroke 3.0, CPM 35.0 

Hm0 Calculation  
Time Window  

Main 
(inches)  

Aux West  
(inches)  

Aux East  
(inches)  Device  

Report 
Timestamp  

Hm0 
(inches)  

4:08 ï 4:09  14.0213 15.5726 12.2604 WCM 4:08:51 14.1732 

4:09 ï 4:10  10.5187 9.9354 12.2864 WCM-Sat 4:09:42 10.6299 

4:10 ï 4:11  12.9406 10.1315 14.6415 WCM 4:10:47 9.8425 

4:16 ï 4:17  12.2832 13.0043 13.3524 WCM 4:17:07 15.7480 

      4:17 ï 4:18 10.6827 12.2256 10.1522 WCM-Sat 4:17:55 15.7480 
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Interestingly, both the WCM and WCM-Sat recorded wave data between approximately 4:16 and 4:17 p.m. 

The WCM-Sat reported via WiFi approximately 60 seconds after the WCM or the amount of time it takes 

for the GPS to acquire a signal and then send out a wave characterization report. Therefore, since both 

devices were recording data during close to the same time window and both were mounted to the 

skimmer, the significant wave height was the same for both devices, only approximately 2.4 inches higher 

than what was measured by the auxiliary east Banner sensor. 

Figure 4-26 is a screenshot of this report from the WCM. 

 

Figure  4-26: Test  15 ï Application dashboard screenshot of WCM 28988113  
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Figure 4-27 is a screenshot of this report from the WCM-Sat. 

 

Figure  4-27: Test  15 ï Application dashboard screenshot of WCM -Sat 28988088 
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Figure 4-28 shows this report on the GIS user interface. 

 

Figure  4-28: Test  15 ï GIS user interface screenshot of WCM -Sat 28988088 
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4.3.3 Test  17 ï Sine, Stroke  18.0, CPM 10.0 

Figure 4-29 is a picture of the relatively small sine waves generated during Test 17. 

 

Figure  4-29: Test  17 ï Sine, Stroke  18.0, CPM 10.0 

Table 4-5 highlights wave characterization reports from Test 17 showing significant wave heights. Again, 

the WCM and WCM-Sat located on the skimmer generated the same significant wave height due to the 

approximately 60-second delay in the WCM-Sat report through WiFi to the application dashboard 

because of the GPS initialization sequence. The WCM-Buoy also reports a similar wave height with all 

three reports within 1 inch of several Banner sensors. 

Table 4-5: Hm0 for Test 17 ï Sine, Stroke 18.0, CPM 10.0 

Hm0 Calculation 
Time Window  

Main 
(inches)  

Aux West  
(inches)  

Aux East  
(inches)  Device  

Report 
Timestamp  

Hm0 
(inches)  

10:14 ï 10:15 5.3056 3.2253 3.1773 WCM 10:15:17 2.3622 

10:15 ï 10:16 3.4383 2.1018 2.0757 WCM-Buoy 10:15:32 3.1496 

    WCM-Sat 10:16:28 2.3622 
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Figure 4-30 is a local application dashboard screenshot of the wave characterization report from the 

WCM as listed in Table 4-5. 

 

Figure  4-30: Test  17 ï Application  dashboard  screenshot of WCM 28988113  
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Figure 4-31 is a screenshot of the WCM-Buoy wave characterization report. 

 

Figure  4-31: Test  17 ï Application  dashboard  screenshot WCM -Buoy 288988119 
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Figure 4-32 is a screenshot of the WCM-Sat report from the local application dashboard. 

 

Figure  4-32: Test  17 ï Application dashboard screenshot of WCM -Sat 28988088 
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Figure 4-33 shows the same WCM-Sat wave characterization report but reported via satellite to the 

remote GIS user interface. The wave height is rounded to the nearest tenth of a meter, and the GPS 

accuracy is within a few meters. The nearby bridges and wave action during the GPS signal acquisition 

may have contributed to some errors in the location, as shown on the map. 

 

Figure  4-33: Test  17 ï GIS user interface screenshot of WCM -Sat 28988088 
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4.3.4 Test  19 ï Sine, Stroke  12.0, CPM, 25.0 

Figure 4-34 shows the wave conditions during Test 19. 

 

Figure  4-34: Test  19 ï Sine, Stroke  12.0, CPM, 25.0 

Table 4-6 summarizes a sample of the wave characterization reports from Test 19. Of particular note, the 

WCM-Buoy, as pictured in Figure 4-34, is closer to the main and aux west Banners than the skimmer, 

whereas the WCM and WCM-Sat mounted on the skimmer are closer to the auxiliary east Banner. This 

relative positioning of the WCM-Buoy is reflected in the slightly lower significant wave height experienced 

by the WCM-Buoy, similar to the main and auxiliary west Banner references. The auxiliary east Banner is 

2 to 5 inches higher over these time periods, reflected by a similar trend in the WCM and WCM-Sat 

significant wave heights. 

Table 4-6: Hm0 for Test 19 ï Sine, Stroke 12.0, CPM 25.0 

Hm0 Calculation 
Time Window  

Main 
(inches)  

Aux West  
(inches)  

Aux East  
(inches)  Device  

Report 
Timestamp  

Hm0 
(inches)  

10:51 ï 10:52  16.5516 19.8027 23.3146 WCM 10:51:38 22.04724 

10:52 ï 10:53 18.5393 17.8026 20.5176 WCM-Buoy 10:52:40 16.92913 

    WCM-Sat 10:53:16 18.50394 

    WCM 10:53:30 19.29134 

 






























