Experience with the GLOBEC Long-Term Moorings on Georges Bank

James D. Irish, Woods Hole Oceanographic Institution

GLOBEC Long-Term Moored Program

The U.S. GLOBEC Northwest Atlantic/Georges Bank Program is studying the physical and biological factors influencing the recruitment of cod and haddock on Georges Bank.  The Long-Term Moored effort is measuring the physical and some bio-optical properties at three locations on Georges Bank (Figure 1) to observe their temporal variability and to complement the shipboard observational and process oriented studies.  These moorings were deployed from the fall of 1994 through the summer of 1999 to obtain a five-year record of variability.  The Southern Flank mooring is the most heavily instrumented and continuously maintained, so will be presented here as representative of moorings on Georges Bank.  The Northeast Peak and Crest moorings have a subset of the southern flank sensors and were not deployed for the full program.  
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Figure 1.  A chart of Georges Bank showing the location of the three moorings sites "O" and supportive CTD stations "+" occupied during the GLOBEC Long-Term Moored effort.  


The Southern Flank mooring site had three moorings and a bottom mounted instrument.  The principal mooring was the scientific buoy with met sensors and in-water sensors on the mooring cable.  Two guard moorings were deployed on either side of the science mooring along the 76-meter isobath to mark and protect the more heavily instrumented scientific mooring.  The guard buoys and science buoy used at the Northeast peak were old steel-hulled buoys converted from 5-foot diameter submarine net floats (Figure 2).  At the southern flank site newer Surlyn foam flotation collar guard and science buoys were deployed (Figure 3, 13 and 14).  The science buoys were taut moored with compliant elastic tethers, and the guard buoys with the more traditional chain moorings (Figure 4).  Both these mooring configurations have built in compliance to allow the buoys and moorings to move with the currents, but still move up and down with the surface waves.  Both these mooring configurations were successfully used in GLOBEC on Georges Bank.  
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Figure 2.  Two Steel Guard Buoys (standing on right and laying down) and steel science buoy (standing on left) after recovery from the Northeast Peak of Georges Bank in August 1999.  The10-watt solar panels for the science and guard buoys can be seen.  They were first mounted low on the buoys so they would be cleaned by the waves, then on later buoys (laying down) the solar panels were mounted on the tower in a nearly vertical orientation.  Both configurations worked well.  The steel guard buoys were moderately fouled after the 10-month deployment.  

Chain Moored Guard Buoys 


The guard buoys from the Northeast Peak (Figure 2), were moored for 10 months from fall 1998 through summer 1999 which chain.  Upon recovery the mooring wear was documented and compared with previous years and with the 11-month deployments on the Southern Flank of Georges Bank.  The mooring design had a 2-meter length of ¾” chain below the buoy where wear was expected to be greater as the buoy moved in the wave field, ½” chain in the water column and again ¾” chain at the bottom.  The chain at the bottom was sized so that it was not expected to wear significantly in the 1-year long deployments of the guard buoys.  The weight of chain on the bottom would supply sufficient compliance for the moorings.  The ½” chain in the water column would be strong enough to survive the year’s deployment, but still be easily recoverable by vessels without the crane or winch capacity of larger research vessels.  The mooring would be recovered with small lifts and chain grabs to snub the mooring after each pick.  If the mooring were to be handled from a ship with mooring winch, 3/8” wire rope could have been used in the water column instead of chain, and has often been successfully used by WHOI.  
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Figure 3.  A foam guard buoy from the southern flank site that was the last mooring to be recovered in the Georges Bank GLOBEC Long-Term moored program.  The weather was sunny and flat calm that added to the joy of a successful recovery of all equipment.  
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Figure 4.  The two types of moorings used in GLOBEC.  The all chain mooring on the left was used for Guard buoys and the compliant elastic tether on the right for the science moorings.  


The corrosion on the chain in Figure 5 is typical of that observed.  It appears as pits over the surface of most of the chain.  In a previous year (Figure 6), similar pits were observed in the chain.  In 1999 the corrosion appeared to be concentrated at the bends in the links, and appear to corrode with the “grain” of the chain.  This is also evident in the section of ¾” chain above the bottom (Figure 7) which shows the same corrosion on the bent corners of the chain where over ¼ of the area of the chain appears to have been removed.  This chain was deployed in a high current region, with higher tensions.  The deployment was for 10 months, where the southern flank shown in Figure 5 and 6 was deployed for 11 months.  In all cases, although major corrosion was observed, the chain was in no danger of breaking, and no buoy was lost through corrosion and wear of the chain.  
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Figure 5.  Northeast Peak Guard mooring 3/4" compliance chain.  The chain is shinny from being dragged about on the bottom, no wear was observed between the links and corrosion was seen at the outside of the bends with pit corrosion overall.  
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Figure 6.  Chain from the southern flank after an 11-month deployment during the fall of 1996 through the summer of 1997.  This is the bottom section of chain that was dragged about the bottom.  Corrosion is more uniform all over the links with characteristic pits.  Minor wear was observed between links, with most of the metal loss occurring on the outside of the links due to corrosion.  


The chain was inspected after each deployment to assure that no excessive or unexpected wear was observed.  Surprisingly, most of the wear was not between links where the chain rubbed together, but was observed on the outside and appeared to be more corrosion than abrasive.  Figures 5, 6 and 8 show the chain in the section that rub along the bottom.  On the southern flank of Georges Bank, the tide is nearly circular, so that the buoy moves around the anchor once every 12.42 hours.  The chain is thus dragged around the anchor in the coarse sand rubbing off any corrosion products.  That is why it appears shiny in Figure 5, as it has just been recovered.  In a few hours, the chain will be covered with a coat of rust.  
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Figure 7.  Northeast peak guard mooring 3/4" chain in a section where the chain was always off the bottom.  The same corrosion was observed with the most metal being lost from corners on outside of the links due to pit corrosion.  


The anchor in all moorings was a simple cast cylinder of iron (Figure 9).  WHOI orders these poured from scrap iron to obtain one-piece anchors of 1,000 to 3,000 lbs weight.  A hole in the middle is used for a galvanized eyebolt to attach the mooring chain.  The nut is welded on the eye on the underside of the anchor.  In the case of the guard moorings, the chain is dragged around the anchor by the tides and the eye acted as a swivel to prevent the chain from being wrapped up and becoming tangled.  No additional swivel was used in the chain guard moorings.  This revolution is evident on the top of the anchor (Figure 9) where circles of wear can be seen.  The inner circle is where the sling link (seen attached to the eye) touched the anchor, then the shackle pin (seen on the sling link), then the chain itself rubbed at the outer rim of the anchor.  Although the anchor shows these signs of wear, no significant wear could be seen on the sling link, the shackle or chain, indicating how soft the anchor was, and how little effect this wear was in the total mooring wear.  
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Figure 8.  The southern flank guard mooring 3/4" chain after 11 months deployment.  Again the overall wear was on the outside and appears like more like a general corrosion product along the grain of the chain rather than pits.  There was little wear between links.


The most wear in the mooring hardware was observed in the shackle that attached the surface buoy to the short section of ¾” chain at the top of the mooring.  This shackle (Figure 10) shows wear on the pin that bears against the buoy mounting, and also on the eye of the shackle where it rubs against the mounting tab on the bottom of the buoy.  The wear shown is typical of that observed, but the shackle is not in any danger of failing.  Where the chain rubs on the round part of the shackle, the wear is not significant.  The mooring tab on the bottom of the buoys has also shown some wear, but after five years of nearly continuous deployment, it is still not in danger of wearing through.  
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Figure 9.  A 2,600 pound anchor of soft cast iron shows wear marks on top due o various components rubbing against it as the mooring swiveled on the eye bolt.  


Another problem that was observed on some of the moorings was at the point where a shackle was used to join two pieces of chain.  If it was in the ¾” chain along the bottom, the shackle was welded, and no problems were observed.  On a few shackles that were not welded, the nut was observed to be loose on the pin when recovered (Figure 11).  This happened in cases where the shackle pin did not have threads all the way to the end.  Apparently the nut was able to back off a few turns, and a few threads corroded so that it is able to freely turn and wear more of the threads.  Then the only thing keeping the shackle and mooring intact is the stainless cotter pin.  This has never been observed on shackles whose pin has threads all the way to the end.  


The conclusion of our observations of performance of the chain guard moorings on Georges Bank is that the technology works well.  The chain is worn moderately, but in no danger of breaking.  The moorings work well with steel buoys made from 5' submarine net floats (Figure 2) and Surlyn foam flotation collar buoys (Figure 3 and 14).  The main thing is to have enough reserve buoyancy to keep the buoy on the surface.  Observations of the steel buoys at the Northeast peak of Georges Bank where currents can reach 3 kts, shows that most of the reserve buoyancy is used up counteracting the drag forces on the mooring and buoy.  That fact that sometimes the guard lights come back flooded may imply that the buoys occasionally do get pulled under water.  One Surlyn foam guard buoy “disappeared” on the southern flank, and was later “found” while dragging for another piece of equipment.  The buoy must have been pulled under by fishing activity to a depth where the foam began to compress and lose flotation.  Then the buoy sank to the bottom.  When recovered, the foam flotation collar was compressed and looked something like the foam cups people send down with submersibles.  After the buoy was recovered, the foam started to expand back toward its original shape.  After a day it was mostly back in shape, and after a month was nearly back to normal size.  Therefore, it is important to have enough reserve buoyancy on foam buoys so that they will not be pulled under water by fishing activity, high currents or waves.  
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Figure 10.  The shackle between the 3/4" chain and a steel guard buoy.  Most of the wear is on the pin.  This is the most worn element in a chain guard mooring.  
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Figure 11.  Junction between the 3/4" chain on left and 1/2" chain on right shows wear on the threads of shackle that allowed the nut to become loose.  It is only held in place by the stainless cotter pin.  In this case the threads on the shackle pin did not extend all the way to the end.  

GLOBEC Science Moorings


The major purpose of the GLOBEC Long-Term Moored Program was to make time series observations of various properties.  These were done from the science mooring with a moored buoy with meteorological sensors on the buoy and water temperature, salinity and bio-optical measurements along the mooring cable and a profiling acoustic Doppler current meter at the top of the mooring.  Elastic elements were placed at the bottom of the mooring to provide compliance and keep the mooring taut.  Figure 12 shows a typical mooring configuration with sensor placement and nominal depths.  The mooring measures the meteorological forcing due to the winds, the velocity profiles from surface to bottom, and the water properties at regular intervals.  Also in the upper mixed layer, and below the pycnocline, bio-optical packages measured some bio-optical properties to couple with the biological observations in the program.  At the bottom of the mooring are an acoustic release and subsurface flotation to bring the bottom part of the mooring back to the surface should the mooring be cut by fishing activity, and to simplify mooring recovery.  
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Figure 12.  A typical southern flank mooring configuration.  


The surface buoy (Figure 13 and 14) was designed for the GLOBEC program.  It consists of an aluminum structure with Surlyn foam flotation collar by Gilman.  The structure was made of 5400 series aluminum to minimize corrosion.  This material is used by the Navy in the superstructure of their vessels, and also used by truckers in their semi-tractor trailers.  In five 
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Figure 13.  A drawing of the GLOBEC buoy.  The basic aluminum frame can be seen with the electronics well in the foam flotation collar.  The four legs of the buoy base were filled with zinc to give the buoy a satisfactory righting moment.  The smaller chamber just below the main electronics well is for additional zinc ballast to give the buoy more stability.  We had it filled in one buoy and not in a second and saw no practical difference in ride with the compliant tethers.  The foam buoy has two chines cut in to make the in-water portion of the buoy approximate a sphere so the waves can exert no tilting moment to the buoy.  The solar panels were mounted in a more vertical position than shown so are not as exposed.  Figure 14 shows a picture of this buoy as deployed in GLOBEC.  

years on Georges Bank, the buoys have proved very reliable and shown no significant corrosion.  A greater than five-year interval between refurbishment is reasonable, and the buoys probably could have gone a year or two more without damage.  
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Figure 14.  The Southern Flank Science Buoy.  The meteorological sensors (wind, air temperature and relative humidity, long- and short-wave radiation and PAR) are located on top of the buoy.  Four 20-watt solar panels are mounted low on the tower.  Above them are the coast guard flashing light and radar reflector. In front of the light can be seen the white cylinder of the ARGOS and GOES radio antenna.  The guard ring at top of the tower protects the sensors and solar panels from damage should the buoy be hit by a boat, or during launch and recovery.  The yellow flotation collar is seen at the bottom around the electronics and battery well.  


The flotation collar was about 78" in diameter and 32" thick.  It was sized to provide about 2,000 pounds of reserve buoyancy when the mooring was deployed with all sensors, batteries, data system, etc.  Two chines were cut into the foam so that the bottom of the buoy nearly approximates a spherical shape.  The nearly constant downward force of the elastic tether would provide a more stable riding buoy.  By making the bottom of the buoy so that it approximated a sphere, the buoy would not be subject to tilting forces by the sea surface.  The buoy was designed so that it would not be a sea surface follower, unlike standard WHOI or NDBC 3-meter discus buoy that is a surface follower.  

The mooring was designed for a 2,000-pound anchor, but often a 2,600-pound anchor was used since it was a standard size in the WHOI inventory.  Initially a Danforth anchor was going to be attached to the dead weight anchor, but it was not found necessary and not used.  The size of the anchor was selected so that the buoy would float it if it were pulled into deeper water.  The elastic tethers could easily carry the load.  The ability to float the anchor would prevent the buoy from being pulled under and lost.  It is not clear that this extra weight were needed in the dead weight anchor as the moorings did not appear to move unless tangled in fishing activity.  They did not move during the winter, but were observed to move as soon as the weather became good and the seas calmed in the spring.  Also, the extra weight could have pulled the buoy under water, but it did not.  We did have the opportunity to “tow” a buoy and anchor trying to shake the acoustic release open after a fisherman’s line had wrapped around the mooring hook preventing it from opening.  The buoy towed very easily without appearing to be pulled down very much.  Therefore, this reserve buoyancy, anchor and mooring configuration appeared to be adequate.  


The buoy was powered by solar panels.  Four 20-watt Solarex panels were placed on the four sides of the tower.  The panels were angled about the latitude plus 10º as suggested for terrestrial usage.  It is not clear if this is optimum.  We have had success with nearly vertical orientation on the buoy’s tower, and others have had success with horizontal mounting.  The four Solar panels charge three 40 ah gel cell batteries through shunt regulators to prevent overcharging.  The three batteries are diode protected from discharging each other, and provide power to the data system and sensors.  The main problem on Georges Bank is to make it through February that is the coolest, has the most cloud cover, and the shortest days.  By the time the end of March arrives, the shunt regulators are dumping much of the power generated by the solar panels.  This lasts until December when the days become short, cold and cloudy.  A sampling program which uses most power during the summer would be optimal, but a steady sampling plan and current drain was utilized here, and no data was lost due to undersizing the solar power.  The battery voltages were being continuously monitored and transmitted with diagnostic and important data via ARGOS.  We could have used the information to alter the sampling program if power became low, but this was not done during GLOBEC.  The advantage of the solar powered buoys over internal batteries is that they can last until the sensors need servicing.  


The data systems used in GLOBEC were a bit dated, but worked well most of the time.  Synergetics Intenational makes modules (Figure 14) that plug together to custom configure the data system to the program need.  In this case a standard sensor interface with 32 inputs that could be individually configured for differential or single ended analog voltages with programmable gain, or frequency counters.  The data system was programmed to power up the sensors at regular intervals, sample each sensor and average the results to hourly values for storage and telemetry.  The radiation sensors were sampled at 10-second intervals and averaged to hourly.  The winds were sampled at 1 Hz and vector averaged to components relative to the buoy, and then once a minute rotated to magnetic north and east components by correcting for the buoy's heading.  Also average wind speed and gust was calculated and saved for each hour.  
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Figure 15.  The Synergetics data system used in GLOBEC.  The modular system includes a WHOI constructed PCMCIA data storage device on bottom, the controller next, then the GOES and ARGOS transmitters, and finally the sensor interface module.  On top on the right is a backup ARGOS transmitter.  The RF relay on the left switched the antenna from the ARGOS to GOES every three hours for the data transmission.  The KVH compass is visible at the bottom.  

The data system had the capability of switching power to four different applications.  In GLOBEC the in-water sensors had both the positive and negative power leads switched.  This left the mooring and sensors floating electrically when the sensors were not being measured to minimize corrosion should there be a cable or sensor problem.  Also, alternate sensors along the array were powered from different switches so that if one sensor shorted out and blew out the switch, then a subset of other sensors would remain on and they would be distributed along the mooring so that some data would be collected.  

The meteorological sensors were mounted on the top of the buoy (Figure 14) about 3 meters above the water surface.  Measurements included an R.M Young wind speed and direction (converted to vector wind components with a KVH compass readings in the buoy data well), Rotronics air temperature and relative humidity, LiCor Photosynthetically Active Radiation (PAR), and EPLEY long- and short-wave radiation.  The anemometers had a limited life due to bearing wear.  They would easily last a year, but by the end of 18 months were showing signs of serious wear.  Therefore, we adopted a one-year fan bearing replacement schedule.  The vane bearing is checked every deployment and appears to last for two years before it becomes worn or becomes hard to turn.  The long wave radiation sensor required a battery that had a 6-month life and was well matched to the 6-month servicing schedule used in GLOBEC.  

Water currents were measured with 300 kHz RD Instruments Workhorse ADCPs.  Earlier measurements with the Broadband ADCPs had poor data return.  No data was lost with the Workhorse ADCPs, and they appeared to work well.  To monitor their operation, they were mounted in frames and placed in-line in the mooring (Figure 16) and RS232 signals run to the buoy.  Also, the systems could be powered from the buoy from 4 smaller 12 volt batteries to provide 48 volts if desired.  However, adequate sampling could be obtained with the three internal batteries in the main Workhorse case and the auxiliary battery pack.  

The ADCPs were set to sample 1-meter vertical bins and returned data from about 8 meters below the surface to about 8 meters off the bottom.  The top was lost due to the instrument having to wait for transducer ringing to stop before good received signals could be received.  The bottom was lost due to direct side lobe reflection contaminating the Doppler shift measurement.  The instruments pinged about once every two seconds for an hour to produce statistical errors below 0.5 cm/sec, and utilize the full power in the three batteries in a bit over 6 months.  The 300 kHz transducers looked out at 20-degree angle from the vertical.  The transducer side lobe reflection from other instruments on the mooring cable contaminated the velocities every 5 meters.  However, this affected only one depth, and the error was only a few percent (toward lower velocity and higher backscattering).  Data from these depths were not kept, and the data from the good bins were averaged together to produce averages every 5 meters.  There may be some contamination of the velocities by the movement of the buoy, but the ADCP frame is mounted on a 1-meter length of chain below the buoy (Figure 16) to decouple any tilting effects of the buoy.  The compliant elastic elements that keep the mooring taught also help to minimize motion effects in the ADCP record.  

Water temperature and conductivity (salinity) were measured by three different instrument packages.  Sea Bird SBE-3 temperature and SBE-4 conductivity sensor pairs were mounted perpendicular to the mooring cable (Figure 17) to maximize flushing.  With the temperature sensor exposed, minimal thermal effects of the mooring cable would be experienced.  With most water motion horizontal, making the conductivity cell horizontal would maximize flushing.  The only problem with inadequate flushing producing salinity spiking was observed in the summer of 1999 when the unaveraged 1-minute samples were recorded to document the internal solitary wave activity on Georges Bank.  These types of sensors were also used on the bio-optical packages discussed below.  
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Figure 16.  RD Instrument Workhorse ADCP in an in-line frame.  The chain connecting the ADCP to the buoy is seen in the back of the picture.  The electrical cable in nylon braid with polypropylene "hair" is run around the ADCP frame from the buoy and joins with the Kevlar strength member at the bottom of the picture.  

These sensors were powered down the electromechanical mooring cable and the frequency modulated signals (FM) from the sensors returned up the cable to the data system for digitizing and storage.  The FM sensor approach has worked well on moorings, and signals have been sent as far as 500 meters up the cable and successfully counted.  Each sensor has its own regulated power supply to decouple any supply voltage fluctuations from affecting the measurement.  The cable can attenuate the FM signal, but the frequency is not affected because of a line driver in the sensor.  Therefore, they have a record of returning high quality data in moored applications.  
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Figure 17.  Sea Bird moored temperature and conductivity sensors mounted in PVC clamps on abrasion protection garden hose on the electromechanical cable.  The white plugs shown on the ends of the conductivity sensor are poison plugs to reduce the biofouling effects.  

Sea Bird Seacats were also used on the moorings at 20, 30 and 72 meters depth.  These instruments (along with the bio-optical packages) were internally recording to provide data in case the buoy data system or solar power failed.  A few times this allowed a subset of the full data to be collected by these sensors while a replacement system was prepared and ship time obtained to service the mooring.  The Seacat at 72 meters below the compliant elastic tethers allowed data to be collected a few meters off the bottom.  This was complemented by temperature and conductivity measurements made less than 1 meter off the bottom by the bottom mounted pressure instrument.  The Seacats were sampled at the highest rate (3.75 minutes) that was allowed by the Lithium batteries capacity and standard memory size.  This sample rate barely resolved the internal solitary waves and alerted us to their presence and effects on the dynamics on the southern flank of Georges Bank.  
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Figure 18.  Moored Seacat and T/C sensors.  The two Seacats in the back were mounted on polyethylene clamps attached to the electromechanical cable similarly to the individual temperature and conductivity sensors in the foreground.  The conductivity cells were mounted vertically on the Seacats, but didn't lead to any better or worse data than the horizontally mounted individual sensors.  

The sensors were mounted in PVC or polypropylene blocks attached to the electromechanical cable at the required interval.  To prevent abrasion on the cable, standard 5/8” garden hose was split and taped around the cable.  Then the mounting blocks were attached with tiewaps and tape (Figures 17 and 18).  This technique worked will except in cases where fishermen tangled their nets or trawl wires with the cable and sensors.  

To couple with the biological side of GLOBEC, some bio-optical properties were measured with bio-optical packages (Figure 19).  These systems were moored at 10 meters and 40 meters depths.  The 10-meter depth package allowed sampling of the surface mixed layer.  The 40-meter depth system sampled the activity below the normal base of the thermocline/pycnocline.  The bio-optical system had internal battery for power, and data system for internal storage of all data.  The system was also capable of communicating via a serial port and line driver for connection to the data and telemetry systems.  In GLOBEC the real-time capability of the data systems was not utilized, so the telemetry of the bio-optical package was not attempted.  
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Figure 19.  Paul Fucile with the bio-optical package.  The data system with batteries is in the large pressure case in the middle of the frame.  The "light" bulb at the top is a PAR sensor, the horizontal dark instrument above the pressure case is a beam transmissometer.  The chlorophyll-a fluorometer is at the lower left.  A temperature and conductivity sensor pair is visible under the pressure case.  The components are mounted on an an-line frame that is shackled into the mooring line and the electrical cable run around it to sensors below.  

The sensors on the bio-optical package included a LiCor 4 Photosynthetically Active Radiation (PAR) sensor (the light colored, light bulb shaped sensor at the top of the package in Figure 19), a 25 cm pathlength Sea Tech transmissometer (the dark horizontal system in Figure 19), a Sea Tech chlorophyll-a fluorometer (bottom left in Figure 19) and a pair of Sea Bird temperature and conductivity sensors (under the pressure case in Figure 19).  In addition, a Wet Labs transmissometer was used in place of the Sea Tech, and on two packages, a Sea Point Optical Backscattering Sensor (OBS) was used in addition to the transmissometer to measure suspended particulate concentrations.  

The PAR sensors were used in conjunction with the buoy downwelling PAR to estimate attenuation distance changes with time and to determine the amount of energy available to drive primary productivity.  The transmissometer and OBS sensors were used to determine the amount of suspended particulates, and the fluorometer the amount of primary productivity.  

All sensors were calibrated once per year to check on sensor operation, drift and assure data quality.  A record was kept of all sensor usage and drift to allow us to determine sensor operations.  In most cases the environmental signal was a couple of orders of magnitude above the sensor drift due to component aging and environmental fouling.  As a data quality check, pre and post calibrations were compared.  Data from nearly sensors were compared, and profiles computed from the individual sensors on the mooring compared with profiles from CTDs taken nearly to assure that the profiles were smooth and consistent.  

Compliant Mooring Design in GLOBEC


The compliant elastic elements allow the mooring system to be designed differently than has traditionally been done.  The basic mooring strength member was a Kevlar core cable around which the electrical bundles of 4 wires per bundle were helixed and run to each sensor pair.  The Kevlar was terminated in eye splices at the proper depths, and a Nylon jacket braided over the Kevlar.  Then the electrical cables were coiled around this core at a helix angle to allow the cables to stretch with the Kevlar without stretching the copper conductors.  A Nylon braid was put over the strength member for abrasion protection, and the conductors brought out through the braid at the proper sensor depths.  Finally, polypropylene "hair" was placed in the outer braid to reduce eddy shedding and resulting cable strumming.  A mooring cable is shown ready for deployment in Figure 20.  
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Figure 20.  The bottom portion of a GLOBEC mooring on deck of the R/V KNOR prior to deployment.  The sensors are seen at the rail, and the cabling laid out on deck.  The electromechanical cable at the left shows the polypropylene hair clearly.  The elastic tether assembly at the right shows a 6-element array.  A swivel is used at the top of the array to prevent it from becoming tangled.  The acoustic release, Seacat temperature and conductivity sensor and subsurface flotation are visible at the top right.  
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Figure 21.  Two ends of a 10-meter compliant element assembly.  Six individual elastic elements are used.  They are shacked to a ring at tech end.  The splices are clearly shown here and are the main trick in this technology.  The curve or bends seen in some splices is where the elements have slipped relative to one another in the splice. This splice shows the maximum amount of bend that should be redeployed.  

Compliant Elastic Tethers 


The heart of the mooring system is the compliant elastic tether.  This is made up of several individual Natsyn rubber elements, terminated and connected to a ring.  This configuration is seen in Figure 21 where a tether is shown after a 6-month deployment.  The light fouling observed on one end is on the lower end, and is typical of deployments on Georges Bank.  More heavily fouling is observed in the upper portions of the mooring.  A single elastic element can stretch several times its length without danger of breaking.  A strain curve (Figure 22), shows that for about 100 % stretch, a 90 pound force is required.  Thus, for the six-part tether used in GLOBEC, operating about a 100% stretch configuration will produce a about 550 pound mean tension in the mooring.  The tension/elongation curve is not linear, and tension increases more rapidly with elongation.  The tether elements are capable of stretching more than 8 times their length, and the rubber breaks before 1,000 pounds of tension is reached.  Therefore, operating them about 100%, with expected stretches to greater than 200% are within standard operating conditions.  
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Figure 22. Elastic element compliance curve.  The data is for a single 1" nominal diameter NATSYN element over a single 4½-hour test.  The upper curve was taken as weight was applied and the lower curve as it was released, showing the hysteresis.  At the end of the test, the element was 4% longer.  Other tests indicate that several months after a 13 month deployment at nearly 200% elongation, the elements were nearly their original length so there is no long term set.  


There are several additional considerations when working with this technology.  The tether can not go slack, as it will have the potential of catching and snagging the rubber elements on other part os the mooring or its own shackles, thimbles, attachment bridle.  It is safer to have the tether stretched more than standard length, rather than risk going slack.  This is generally not a problem in regions with mean or tidal currents.  The tether bundle also requires a swivel as currents, especially tides, (and sometimes winds), will carry the buoy around and wrap up the tethers.  They will fail to work properly and most probably fail.  Therefore, a swivel at one end will prevent this problem.  There was one case in GLOBEC where a tether failed during a storm, and the swivel was later found to be seized up and not swiveling.  This is our only known failure of a tether that was not due to "fisherman bite." 


The crest mooring on Georges Bank was used as a test of this technology.  A buoy was moored in 42 meters of water with a 6-part, 12-meter elastic element.  The region had a rough bottom, and tidal currents typically exceed 1 m/sec.  The north Atlantic waves also are accentuated over the shallow bank, and typically exceed 10 m significant wave height, with the highest in a three-year period prior to GLOBEC of 15 meters.  Therefore, the mooring had to survive the tidal and weather forced current variations and still respond to the large wave fields.  To observe the operation of the tethers, a load cell was placed in the mooring and tension was recorded.  


Figure 23 shows the recorded hourly averaged tension versus the predicted tidal currents (The load cell was not functioning when a current meter was in the mooring.)  The strong correlation is obvious, and so the major tension variations are due to the strong tidal currents.  The lower tension of about 400 pounds is the relaxed condition of the tethers, and the tidal currents adds about 200 pounds tension the daily fluctuations of about ½ m/s, and the beating of the components to get the fortnightly and monthly variations add another 200 lbs of lower frequency variability.  
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Figure 23.  Observed Tension versus Tidal Current Prediction.  The observed tensions (one hour averages of 1 Hz samples) at 42 meters depth on the crest of Georges Bank are shown in the top panel.  The predicted tidal velocity based on harmonic constants from nearby current records is shown at the bottom. It is clear that the majority of the tension variations are due to the drag on the mooring by tidal currents.  The weather forced current fluctuations are seen as the non-tidal component to the top record.  


The load cell was sampled at 1 Hz, and the maximum and minimum values also recorded with the hourly averages.  The minimum tension dropped to about 100 lbs and the cable (and tether) did not appear to go slack.  The maximum observed tension of 1,300 lbs occurred on year day 309 during a storm that the nearby NDBC buoy measured 7-meter significant wave heights Figure 24).  These tensions are well within standard working limits of the tethers, and it is not surprising that the mooring survived for one year in that position.  


The steady downward pull on the buoy, coupled with the spherical shape under water, makes for a more stable riding buoy.  This was a design criterion to allow for better meteorological observations.  However, observing buoy tilts to obtain directional wave spectra are not possible in this configuration.  To give an indication of the steady nature of the buoy, one can stand on one side without it tipping significantly (Figure 25).  
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Figure 24.  Observed Standard Deviation versus Waves.  The standard deviation of the tension within each one-hour average is shown at the top.  The significant wave height from the nearby NDBC Georges Bank buoy is shown below.  It is clear that the high frequency fluctuations of the tension are due to the waves.  

The waves provide a tension that is not observed in the hourly averaged values (Figure 23), and is studied through the standard deviation of the samples in the hourly averages.  The standard deviation of the tension (Figure 24) visually agrees with the NDBC wave data collected nearby.  Therefore, the tensions due to the waves are not significant, only exceeding 100 lbs standard deviation during the 5 November storm.  Therefore, there is a separation of the forcing and response of the mooring.  The mooring moves to reach an equilibrium with the tides and currents that moves the buoy horizontally, and stretches the tether until a steady state is reached.  Then the tethers will still stretch to allow the buoy to move up and down with the surface waves at much higher frequency.  This is shown schematically in Figure 26, which summarizes these findings in a cartoon of forcing and response of an elastic tether mooring.  
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Figure 25.  Scott Worrilow standing on the buoy at sea on Georges Bank.  The downward tension of the tethers allows the buoy to remain upright and indicates the advantage of the tether mooring for providing an upright riding buoy.  


The experience with the elastic tether in GLOBEC was positive.  The moorings and buoys could be reduced in size, the anchor, mooring cable were lighter weight, and the moorings were able to survive the weather forcing on Georges Bank.  The critical factors in the use of tethers is (1) deploying in the exact depth of the mooring design so the tether is stretched optimally and not too much or to little, (2) including a swivel in the mooring so the elastic doesn't get wrapped up, and (3) keeping fishing activity away from the moorings with guard buoys.  Our finding is that when a fisherman tangles his net or wire in the mooring it gets cut - be it a chain, wire rope or rubber tether.  The tether and our Kevlar cables are more easily cut, but we were able to track the buoy with ARGOS and recover the bottom of the array with the acoustic release and backup flotation, so only a few sensors that were torn off the mooring were lost, and the data while the mooring was repaired was lost.  The elastic tether technology is robust, and can be deployed in coastal moorings and can be configured to survive any weather, wave and current forcing.  
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Figure 26.  A Summary Plot of an Elastic Element Mooring.  The mean currents due to tides and weather forced oscillations apply a drag force on the buoy and mooring.  The winds apply a drag force on the buoy.  The mooring then responds by moving to be in approximate equilibrium with these forces as the elastic element is stretched appropriately.  The elastic still has compliance that allows the buoy to go up and down with the wave field.  The total tension in a compliant elastic mooring is less than in an all chain or chain and steel cable mooring.  
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