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Abstract - There has been considerable discussion 
and planning in the oceanographic community 
toward the installation of long-term seafloor sites for 
scientific observation in the deep ocean. The 
Monterey Bay Aquarium Research Institute (MBARI) 
has designed a portable mooring system for deep 
ocean deployment that provides data and power 
connections to both seafloor and ocean surface 
instruments. The surface mooring collects solar and 
wind energy for powering instruments and transmits 
data to shore-side researchers using a satellite 
communications modem. A specialty anchor cable 
connects the surface mooring to a network of 
benthic instrumentation, providing the required data 
and power transfer. Design details and results of 
laboratory and field testing of the completed portions 
of the observatory system are described. 

I. INTRODUCTION 

MBARI has undertaken a major effort to develop the 
technology and techniques for building deep ocean 
seafloor observatories under the in-house Monterey 
Ocean Observing System (MOOS) program. A key 
component of the overall observatory technology effort is 
a moored surface buoy connected to the seafloor using 
an anchor cable that incorporates mechanical strength 
elements, copper conductors for power transfer, and 
optical elements for communications. The complete 
system is named the MOOS Mooring System and is 
shown in fig. 1. Benthic instrument nodes (BINS) are 
connected to the base of the mooring using a lightweight 
bottom lay cable that is installed using a Remotely 
Operated Vehicle (ROV) with a cable laying toolsled 
attachment. 

A major goal of the MOOS mooring observatory 
development has been to address several key areas that 
will enable the deployment of economical buoy-based 
deep ocean observatories. The greatest challenge is 
addressing the survivability of the mooring riser cable. A 
significant investment is also directed at solving the 
“instrument interface problem”. As major infrastructure 
projects, seafloor observatories must provide a flexible 
instrument interface that allows efficient introduction of 
new instruments and sensors that are often installed after 
the system infrastructure is in place. In the specific case 
of a seafloor instrument, the physical interface “plug-in” is 
difficult to access and can only be modified or repaired 
remotely though the telemetry system, or accessed 
physically with limited tools such as ROV manipulator 
arms. The remoteness of the deployment locations and 
the expense of installation and service argues strongly 
for a generic instrument interface and a very high degree 

of reliability, fault tolerance, and remote diagnostic 
capability. 

The overall functional and design requirements of the 
MOOS mooring have previously been described in detail 
[1] and can be summarized as a portable system, 
configurable to a wide range of experiments, providing 
episodic event response using on-board processing, and 
deployable and maintainable using common methods 
and tools in waters up to 4000 meters deep. These broad 
requirements were incorporated into and drove the 
detailed design of each of the mooring’s mechanical, 
electrical and software subsystems. 

We are currently field testing the mooring system 
design at several locations off the California coast. 

II. SYSTEM ARCHITECTURE 

A. System Block Diagram 

The overall system architecture is illustrated in fig. 2. 
The system is partitioned into the “deployed” or at-sea 
and the “shoreside” or land based components. The 
functional building block of the deployed system is a 
MOOS mooring controller (MMC) that acts as a node on 
the mooring network and contains all of the instrument 
and infrastructure input/output and local data logging 
functions. To provide system expandability, multiple 
MMC’s are networked together to increase the number of 
instrument port connections. Identical MMC’s are 
installed on the surface float as well as in each seafloor 
mounted Benthic Instrument Node (BIN) in the system. 

Fig. 1 Buoy and seafloor network. 
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The MMC nodes are networked together using 
standard TCP/IP protocols over 10BASE-T, 10BASE-F or 
EIA-422 on copper media operating at 38.4kbits/sec. 
Each networking media is applicable to a specific 
application in the network.  For example, the long runs 
from the surface to the seafloor and from BIN to BIN can 
reach 10 kilometers and use 10BASE-F. Runs within a 
single housing use 10BASE-T, and short surface and 
Benthic runs use EIA-422 to eliminate the cost and 
complexity of optical connectors. To save power the 
MMC main processor is placed in “sleep” mode 
whenever possible. Traffic from other MMC nodes on the 
network on either 10BASE-T or EIA-422 media generates 
a processor wake-up interrupt.  

Each MMC acts as host for the deployed system 
applications software (Software Infrastructure and 
Applications for MOOS or SIAM) that controls all 
instrument interface, communications and infrastructure 
functions. 

B. MOOS Mooring Controller (MMC) 

The MMC is based around a backplane and cardset 
that conform to the WHOI IBC standard [2]. This 
mechanical specification was chosen because it is well 
documented, compact enough to fit in a 15.24cm (6 inch) 
internal diameter housing and MBARI has pre-existing 
stock of the main chassis extrusions. Four separate 
function cards make up the system. 

The main processing controller utilizes an Intel 
StrongARM SA1110 32 bit processor which was chosen 
because it provides powerful computing power, 
incorporates a rich mix of on-chip peripherals, has 

hardware assistance for power management of the 
processor, and good embedded Linux support. A surface 
mount printed circuit board was developed named 
SideARM containing the processor, 16MB Flash, 64 MB 
SDRAM supporting memory, a Compact Flash socket, 
10BASE-T Ethernet interface, and 16 asynchronous 
UARTs used to interface to external RF communications 
devices and science instruments. Communications with 
the other cards in the system are over a point-to-point 
Serial Peripheral Interface (SPI) bus. A small on-board 
Texas Instruments MSP430 processor continually 
monitors environmental parameters, such as in-housing 
temperature, pressure, humidity, and system 12 Volt bus 
ground fault current. The MSP430 can wake the main 
processor, if it is in a low-power mode, to indicate that a 
particular parameter is outside of a configurable range. 

The Dual Port Adapter (DPA) card provides isolated 
serial device input/output functions and switched power 
for two out-of-housing instruments per card. In order to 
meet the requirement for fault detection and fault 
tolerance each I/O port has fully galvanically isolated 
communications and a high current relay/FET 
combination for power switching up to 12 Amperes. 
Current is monitored locally and a settable level over-
current trip function protects the system from individual 
instrument faults. Ground faults are detected on the 12 
Volt bus and isolated by “walking the tree”, i.e. using the 
DPA interface to shut down individual instruments or 
downstream nodes until the fault is isolated. 

The Radio Frequency Input/Output (RFIO) card 
performs similar fault detection and isolation functions for 
the primary and secondary radio interfaces and the 
pager-reset function. The optical network controller, or 

Fig. 2 MOOS Mooring System Block Diagram 
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Medusa card, is also a custom designed hardware 
platform. A COTS design was not found that met the 
requirements of supporting both fiber optic and standard 
copper interfaces in a small efficient package while 
providing full remote diagnostics and fault tolerance with 
line-to-line fail-over capability. In addition, we required 
low power operation. The core of the card is a level II 
Ethernet switch chip [3] implemented with four fiber and 
two copper interfaces. A dedicated ARM processor [4] is 
incorporated for initial switch configuration and 
management of the diagnostic and fault response 
functions. The optical transmitter/receiver pairs are Small 
Form Factor Pluggable [5] (SFP) modules that 
incorporate built-in diagnostic and status reporting 
functions accessed over an I2C bus for measuring 
transmit and receive power, laser bias and other 
important performance metrics [6]. Incorporating 
standardized SFP modules in the design allows easy 
optical configuration for coarse and standard wave 
division multiplexing and multi-vendor sourcing. The 
Medusa card operates independently from the host 
processor and switches traffic between observatory 
nodes without having to “wake-up” the local host. To 
conserve power, individual ports are shut down when not 
connected into a network. More aggressive power saving 
methods are planned in the future, for example turning off 
all laser transmitters unless there is traffic pending. 

C. MMC Operating System Software 

Linux (kernel version 2.4.9) is used to provide an 
operating system (OS) environment with full MMU 
memory protection and partitioning of applications. The 
OS provides both conventional Ethernet-based 
networking with routing as well as required point-to-point 
networking or PPP. PPP is utilized with Satellite or ISM-
band radio links, and point-to-point tunneling protocol 
with encryption has been demonstrated on this platform. 
A robust Java runtime environment is provided for the 
node application by the IBM J9 Java virtual machine, 
which is specifically tailored for embedded applications. 
The virtual machine is now part of IBM's Websphere 
Device Developer development environment. 

III. INSTRUMENT INTERFACE 

A. Instrument Self Configuration 

The mooring system design includes a unique device 
known as the Programmable Underwater Connector with 
Knowledge or ‘puck’ to solve the configuration 
management problems associated with installing and 
maintaining a field network of instruments and sensors 
[7]. A new instrument not previously connected to the 
observatory system can be plugged in with its associated 
puck and recognized by the local node on the 
observatory network. The appropriate configuration and 
operating parameters are then retrieved from the puck 
and made available system wide , providing “plug-and-
work” functionality. In concept, a puck is simply storage 
memory and a standard protocol to retrieve and parse 
the contents of that memory before the instrument is 
enabled. The puck provides a repository for metadata 
and binary instrument service Java bytecode that is 

always attached logically and physically to its associated 
instrument, as in fig. 3. When the instrument service and 
metadata have been retrieved by the local host and 
executed, the metadata is attached to the instrument's 
data stream. Subsequent operations such as local data 
store, transport and archival on shore occur without 
manual configuration steps. In the future the storage 
memory and protocol can be built into the instrument 
software, or installed as add-on hardware inside the 
instrument pressure case. Currently our COTS 
instruments require an external hardware implementation 
of the puck.   

The combination of the instrument or sensor puck, 
the electrical protection provided by the MMC, and the 
SIAM and SSDS software systems described below, 
forms a powerful and flexible instrument interface.  

B. SIAM and Portal Application Software 

SIAM provides infrastructure and applications 
software at a layer above the Linux OS. SIAM is 
implemented in the Java language, and is responsible for 
autonomous onboard resource management, instrument 
data acquisition and onboard logging, remote instrument 
control and telemetry to shore, automatic "plug and work" 
integration of instruments and their data streams, and 
other features. SIAM does not provide long term onshore 
data archival, processing, and distribution; those 
functions are provided by the Shore Side Data System 
(SSDS) described in section E. below.  

Utilizing the system-wide TCP/IP capability provided 
by the MOOS Mooring Controller and communications 
infrastructure, SIAM is implemented as a distributed 
system. SIAM components, known as services, perform 
operations on behalf of client components. Clients can 
access services from any location on the network. In 
particular, each physical instrument installed on an MMC 
node has an associated Java RMI instrument service that 
executes on that node. Clients interact with an instrument 
only through its instrument service, using a standard 
instrument interface; clients have no direct access to the 

Fig. 3 Puck attached to COTS instrument. 
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instrument device itself. The standard instrument 
interface is a software definition of generic operations 
that can be performed on any kind of instrument, 
including instrument initialization, sample acquisition, 
instrument power control, and retrieval of the instrument’s 
current state. Every instrument service is required to 
support the standard instrument interface. Thus when a 
client invokes a generic operation on a particular 
instrument service, the Java implementation for that 
instrument service translates the operation to appropriate 
serial commands that are issued to the actual instrument. 
However the instrument service only “exposes” the 
standard interface to the rest of the system, and “hides” 
the translation details. Thus any client on the network can 
interact with any kind of instrument through its instrument 
service, without “knowing” the instrument-specific serial 
protocol, or indeed even what kind of instrument it is 
actually dealing with. These features enable SIAM to 
manage instrument operations – including installation, 
initialization, data acquisition, and shutdown – in a very 
generic way, hence greatly simplifying the system design. 

As it operates, each instrument service generates a 
self-describing data stream, consisting of time-sequential 
instrument data packets interleaved with metadata 
packets that describe the context of the data. Metadata 
includes a description of the instrument (unique 
instrument ID, make, model, serial number, structure of 
the data packet, etc), as well as current instrument state 
(sampling schedule, instrument settings, etc). SIAM’s 
instrument service framework ensures that metadata is 
appended to the data stream when appropriate, namely 
at service startup and whenever the service detects a 
relevant change in state.  Thus the data stream contains 
a description and history of the data source, as well as 
the data itself.  

As it is acquired, the data stream is logged locally to 
MMC file storage. The moored system’s surface node 
periodically establishes a wireless link to shore and 
notifies the shore-side portal of link availability. The portal 
client then retrieves the latest data stream packets from 
each instrument service on each node, and distributes 
the packets to the Shore Side Data System. 

These features and others are described in detail in a 
companion SIAM paper [8]. 

C. Shoreside Data System 

The Shore Side Data System (SSDS) receives SIAM-
forwarded data packets from the portal and archives 
them for user or application access. Because SIAM 
provides sophisticated data service features, the SSDS 
can provide advanced data management capabilities to 
users [9]. The simplest example of this is that SSDS can 
use the SIAM timestamps on all data packets to enable 
user data selection by time. The accuracy and 
consistency of the SIAM timestamp makes the data 
management software, and the whole observing platform, 
more integrated and reliable systems. 

At a more advanced level, the robust metadata 
tracking features provided by SIAM and the PUCK, and 
enabled by the Mooring Controller and the operating 
system software, support a sophisticated, complete, end-
to-end data management architecture. Using the 
metadata description reference and other key identifiers 
provided by SIAM for each data packet, the Shore Side 

Data System knows all the key information needed to 
answer science queries about the data. SSDS services 
can search for and deliver data by variable name, 
instrument name, owner, nominal location, deployed 
platform, and many other characteristics. Quick-look plots 
include appropriate title, labels, and axes, and advanced 
applications can be written to "know", for example, the 
units of all the temperature samples in the system, 
adjusting them automatically to be displayed on a 
common axis. 

The value of these features goes beyond simple data 
access and presentation capabilities. When a new 
instrument is deployed, its descriptive metadata is 
automatically served via SIAM and the Shore Side Data 
System, and information about the deployment is thereby 
instantly available to system users. No additional 
programming or operator steps are required to enable 
complete data and metadata services for that 
instrument's data. The implications for observing system 
maintenance are huge, because entire platforms or 
observing systems can be added to the Shore Side Data 
System's repository with no manual intervention. This 
architecture enables rapid system change, growth, and 
turnaround -- for both platforms and data -- at a level 
rarely achieved on scientific research and observation 
systems. 

IV. POWER SYSTEM DESIGN 

A. Power System Goals 

The MOOS power system is designed to collect and 
store energy from the buoy environment, transmit power 
to distant loads over the riser and seafloor cables, and 
make clean power available to buoy and seafloor loads 
via a standardized electrical interface.  The overall 
system is diagrammed in fig. 4.   

The capability of the power system was based on 
goals established during the user requirements survey 
[10].  These goals included a continuous-average power 
delivery capability between 10 and 100 watts, the ability 
to transmit power of 300 W peak down a 4-km mooring 
riser, and the ability to transmit power of 10 W peak to 
the end of a 10-km benthic extension cable.  The power 
system was physically constrained to operate on a buoy 
and riser cable that could be deployed from UNOLS 
coastal-class vessels, and over Benthic cables that could 
be laid by science-class ROVs.    Within those limits, the 
power system is an experiment in maximizing the energy 
collection and distribution capability of small 
oceanographic mooring systems. 

The average power goal of 100W maximum 
corresponds to a yearly energy budget of 3 GJ (900 kW-
hr).  Although this is the energy equivalent of only about 
70 kg of liquid hydrocarbon fuel, the 100W power range 
is very poorly matched to established heat-engine 
technology.   Further, fuel cells and various MEMS 
energy conversion concepts have many years of 
development before unattended year-long operation will 
be practical.  The MOOS system was thus designed to 
exploit, or to be able to exploit, energy naturally occurring 
in the ocean environment, in the form of solar and wind 
power.  
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B. Solar Collection System 

The solar photovoltaic system was developed using  
modeling software [11]  to evaluate tradeoffs between 
collector size and orientation, energy production, 
seasonal dependencies, buoy handling, and 
serviceability at sea, based on the size and performance 
of commercially available photovoltaic modules.   The 
resulting solar array consists of four, vertically oriented, 
160 x 80 cm, 72-cell modules; each rated at 150 W peak 
[12], mounted on the buoy central tower, as shown in fig. 
5 (Higher power modules, to 210 W peak, have since 
been introduced in the same industry-standard form 
factor.)   Each module laminate is removed from its 
supplied frame and bonded to an aluminum honeycomb 
panel, as described below.  In addition to strength, the 
honeycomb offers reasonable thermal conductivity, which 
keeps cell temperatures low and increases electrical 
efficiency. 

Since the buoy photovoltaic system operates in 
conditions that are always cool and frequently overcast, 
the cell operating point (which is designed for 50C 
ambient in full sun) is not well matched to the battery 
charging voltage.  For this reason, a maximum power 
point tracker (MPPT) on each module output is used [13], 
and provides an approximate 25% increase in gross 
energy output from the solar array.  The power trackers 
match the variable 30-38 V module output to the variable 
45-58 V charging voltage of the 48-V (nominal) batteries.  

C. Wind Power 

Wind power provides a second naturally occurring 
energy field that is often complementary to solar power 
on a seasonal basis.  Small permanent-magnet wind 
turbines potentially suitable for buoy use have undergone 
commercial development to serve remote-site and small 
boat applications.  The MOOS power system was 
designed to accept power from turbines in this class, in 
order to gain experience with this energy source and 

evaluate energy output, buoy and sensor interactions, 
and reliability.   The wind turbine impacts the electrical 
design of the power system in that its output can be quite 
large during storm conditions.  In addition the turbine 
must always be electrically loaded; the power it produces 
must be accepted at all times, even when batteries are 
fully charged, in order to avoid over speeding the turbine.  

The turbine employed has a rotor diameter of 1.2 m 
and is rated for 300 W output in 12.5 m/sec wind [14]. 
The turbine’s aero elastic blades intentionally begin to 
stall in high wind conditions to reduce output, but peaks 
of 800W are reported possible by the manufacturer, and  
peaks of 700W have been observed by MBARI in 25 
m/sec storm winds.   These power levels translate into 
very large currents for 12V or even 24V systems (66A or 
33A respectively), and the need to accept them 

Fig. 4 Power System Block Diagram. 

Fig. 5 Surface solar and wind energy collection.
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influenced choice of the power system’s 48V battery bus 
and voltage regulation system. 

D. Energy Storage and Distribution 

The battery bank is implemented as four parallel 
strings of four series-connected 42 A-hr AGM lead-acid 
batteries.  The battery bank size is maximized for the 
available buoy payload and has a nameplate capacity of 
8.1 kW-hr at a 24-hr rate, which provides a conservative 
10-day reserve at a system power level of about 30 
watts.     The 48V bus voltage allows peak current (16A) 
to be handled with reasonably sized cables, connectors, 
and other power-handling component; it also minimizes 
I2R losses in all conditions, and provides for direct power 
to future 48V observatory loads.    Battery bus voltage is 
regulated by dual redundant shunt regulators [15], which 
implement a three-step bulk-absorption-float charge 
sequence tailored to the AGM batteries.  Power in excess 
of battery or system needs is diverted into water-cooled 
load sinks consisting of large power resistors inside oil-
filled cupronickel tubes attached to the buoy bridle.    
Shunt regulation keeps wind turbines (or other 
mechanical generators) safely loaded, and also allows 
potentially available solar energy to be accurately 
measured, regardless of buoy payload requirements. 

Power to loads is either distributed aboard the buoy 
or transmitted over the riser cable to the seafloor.  Local 
loads are powered from a 12 VDC bus, which is 
distributed to instruments through the Mooring Controller 
(MMC).  Seafloor loads are powered by 375 VDC 
transmitted over the mooring riser cable.  Each voltage is 
generated in the power system by transformer isolated 
half-bridge converters, which can be paralleled for 
greater output (or redundancy) if needed.  The 12V 
converter follows Intermediate Bus Converter practice 
and is unregulated, although it uses a simple feed 

forward circuit to reduce the effect of 48V bus variations 
due to battery charge.    The 12V converter exceeds 92% 
(96% peak) efficiency in the 10-25W range, and is 
capable of 50W continuous and 150W intermittent output, 
in order to handle high-inrush or transient loads.  The 
375V converter uses isolation amplifier feedback for 
accurate high voltage control.  It achieves 90% efficiency 
(94% peak) in the 20-50W range, and is also capable of 
50W continuous and 150W intermittent output.  The 375V 
transmission voltage was chosen to deliver 300W with 
90% efficiency over a maximum of 4 km of riser cable 
having 8.6 Ohms/km of round-trip resistance, and 15W to 
the end of a 10 km ROV-laid benthic cable having 52 
Ohm/km resistance.   

The seafloor node power electronics have been built 
in prototype form and are undergoing continuing 
development.  At each seafloor node (BIN), the incoming 
375V is stepped down to 12 V for local use by a pair of 
redundant 25 or 50W COTS converters (possibly custom 
for higher efficiency in future applications).  A 5.5 F super 
capacitor supplies transient and peak loads on the 12V 
bus.  Each node will also supply 375V to three 
downstream nodes, through double-pole switches 
implemented with low-power vacuum relays.  Solid-state 
inrush control limits peak currents during switching 
operations or fault conditions. 

E. Power Status Reporting 

The buoy power system is implemented around a 
“power backplane”, also based on the IBC form factor, 
that carries the system 48V bus.  A set of  circuit cards 
plugs into this backplane, and implements both the high-
power interconnection of the power system elements, 
and the monitoring of power flows for telemetry purposes.  
The functions of the individual cards  are: 1)Solar Array 
and Battery Interface; 2) Wind Turbine and Load Sink 

Fig. 6 Power system inputs and output power, 10-day moving averages, in typical summer conditions. 
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Interface; and 3) DC-DC Converter Interface and Ground 
Fault Detector.  Telemetry data is acquired by a micro 
power sigma-delta A/D at each measurement point, 
chosen to provide high resolution and noise immunity.  
The several A/Ds (i.e. telemetry channels) on each card 
are powered locally and interconnected via a local SPI 
(Serial Peripheral Interconnect) bus operating at 500 
kbits/sec.  Each card’s SPI bus is in turn connected to, 
but electrically isolated from, a SPI bus in the power 
backplane, which in turn is connected to the telemetry 
system controller card, which also plugs into the 
backplane.    

The telemetry controller is a COTS low power data 
logger [16] that runs ‘C’ code, with built-in Compact Flash 
data storage.  A single-threaded scheduler task 
developed at MBARI scans up to 40 A/D converter 
channels at variable rates up to 7 Hz each, within to a 
maximum aggregate rate of 100 channels/sec.  For each 
channel, minimum, maximum, average, and optionally 
standard deviation are calculated after each sample, and 
kept as running values.  A background task 
communicates these values on request to the mooring 
controller (MMC), via serial RS-232 at 38.4 kbits/sec.  
The telemetry controller receives 12V power from the 
mooring controller and is in effect an “instrument” that 
happens to be embedded in the buoy power system.  (A 
future project will add puck functionality to the existing 
software.)  Typical power consumption for the whole 
telemetry subsystem is about 0.5W, although this may be 
reduced in the future by exploitation of further low-power 
modes of the telemetry controller. 

V. MECHANICAL DESIGN 

A. Surface Buoy 

The initial mechanical design goals for the buoy were 
to provide the same or more scientific instrument space, 
use as much of the infrastructure that currently exists 
within the MBARI buoy group as possible, and stay inside 
the weight limits imposed by the Pt. Sur ship’s crane.  
This meant interchangeable parts and tooling compatible 
with the current M1 / M2 Oasis style buoy systems as 
much as possible.  The end result was more than 
doubling the tower volume for instrumentation, from 1m3 
to 2.2m3; an antenna ring that was larger; and an 
elevator system that is virtually identical and therefore 
transparent to the end science users across the entire 
effort at MBARI.  In addition, most of the mounts and 
brackets for instrumentation are directly interchangeable, 
making the final rush of buoy assembly easier.  The total 
assembled weight of the buoy is 1454kg (3200lbs.), 
within 6 percent of our design working weight. 

Increased flotation was necessary to handle the 
increased mooring line loads, discussed below.  Ionomer 
style closed cell foam was used to provide the buoyancy 
and to decrease maintenance load on the buoy group.  
This float has a maximum of 3590kg (7898 lbs.) 
displacement, to handle the expected 1910kg (4200 lbs.) 
maximum mooring line load during a twenty-five year 
storm condition. Existing bolt patterns for tower and bridle 
were maintained to allow hardware interchange between 
buoys. 

The design solutions for the power system 

components were driven by the requirement for 
serviceability and minimum weight, i.e. batteries, control 
cans and solar panels must be accessible, replaceable 
and as light as possible. 

The batteries were packaged in pairs in watertight 
aluminum cases with handles and guards built into the 
case lids. These cases were then installed in wells in the 
foam deck of the buoy, for stability reasons and to allow 
easy access. Once mounted, the cases are vented 
through tubing in the tower legs to Gore membranes 
allowing charging gases to escape. 

The solar panel mounting support design was driven 
by strength requirements to withstand wave slap, weight 
restrictions and the need for an unobstructed view of the 
sun.  Strength with light weight was achieved by backing 
the basic glass panels with one-inch 2024-T3 aluminum 
honeycomb panels [17] for structural support of the solar 
cells.  The engineered panels are sufficiently rigid to 
absorb wave impact/slam pressures similar to what a 
ships hull sees in a seaway.  These were approximated 
from the ABS SWATH design specification to be 13.3 
kn/m2 resulting in a maximum 5mm panel deflection 
which is within the deflection specification for the solar 
panel glass given by the panel manufacturer.  The grab 
handles that cross the face of the solar panels are high 
strength titanium alloy to allow an absolute minimum 
cross section (shadowing of the panel) and yet provide 
the rigidity to give a 200 lb. person the confidence to use 
them.  The solar panel mounting supports are assembled 
from components in-house, with the glass packing of the 
COTS modules bonded to the honeycomb panels and 
the assembly caulked and trimmed out for edge 
protection.  The mounting frame is bolted on the back, 
and the entire panel assembly becomes an access door 
to the interior of the buoy tower. 

B. Riser cable and cable floatation 

 
The buoy mooring cable that incorporates electrical 

and optical conductors along with a strength member 
presents a significant technological hurdle for this 
system.  There is not currently a proven design for this 
element of the system and the MOOS mooring project 
has undertaken significant development and testing to 
develop a reliable riser cable system.  The main 
challenge associated with the use of an Electro-Optical-
Mechanical (EOM) cable to moor a buoy is the low 
stretch tolerance of both the electrical conductors and the 
optical fibers.   The strains in these elements must be 
kept below 0.6% to prevent failure; this is in contrast to 
typical mooring wires and ropes made of nylon or 
polyester that can stretch up to 10%.  These elements 
provide a traditional mooring with significant compliance 
to accommodate buoy motions due to wind and waves. 

 In the MOOS system, a high-modulus Vectran cable 
is used to keep the strains low in the electrical 
conductors and optical fibers.  The fibers in this type of 
cable are extremely strong for their weight in tension, but 
can be damaged by compressive forces.  This situation 
makes these cables relatively intolerant of repetitive 
bending, especially at low tensions where the fibers on 
the inside of the bend are subject to compressive forces.   
Thus, the mooring design must ensure that the minimum 
bend radius of close to one meter is maintained during 
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handling, deployment and service.   
The use of this very stiff cable also necessitates the 

inclusion of other elements in the mooring system to 
provide the needed compliance.  Two techniques are 
used; floatation on the cable induces an “S” shape into 
the mooring to provide geometric compliance, and a very 
stretchy “Snubber” hose section below the buoy provides 
compliance and protection of the cable near the surface.   
The floatation covers about 30 meters of the cable and 
consists of syntactic foam elements that are linked 
together in a manner that creates a bend restrictor that 
maintains the minimum bend radius of the cable as 
shown in fig. 7. At the end of this floated section, 
polyurethane bending strain reliefs provide a transition to 
bare cable that also maintains the minimum bend radius.  

Throughout the design of the mooring system, 
extensive use of the mooring modeling software “WHOI-

Cable” [18] was used to predict the expected loads and 
bending conditions in a wide variety of conditions.  The 
mooring itself is instrumented to monitor the loads below 
the buoy and above the anchor at a high frequency (4 
Hz).  Some of the largest cable and snubber loads occur 
during the free fall “anchor last” deployment as shown in 
Fig. 8. All high frequency data is stored at the mooring 
and a processed subset is telemetered to shore and used 
to validate the computer models of the mooring.  Good 
agreement between the predicted and measured load 
conditions have been found to date [19].  Providing this 
validated modeling tool is a significant goal of the project, 
allowing the system to be confidently deployed in a wide 
range of sea-conditions based only on expected sea-
states. 

C. Snubber Design 

The snubber element below the buoy was developed 
at WHOI [20] and consists of 8 meter vulcanized rubber 
hose sections with nylon woven cord strength elements 
laid at specific helix angles to produce the required 
stress-strain relationship. Testing verified that at the 
predicted maximum working loads of 1400-1800Kg. 
(3000-3940 lbs.), hose strains are 15-20%, as shown in 
fig. 9.  Inside this hose the copper conductors and optical 
fibers are cabled at high helix angle and the cable is then 
spiraled and vulcanized into a “coil-cord” construction. 
This allows repetitive stretch along with the outer hose 
without damage to the copper or fibers.  In the currently 
deployed MOOS system three modular 8 meter hose and 
coilcord sections are used, creating a 24 meter snubber, 
providing compliance and bending strain relief below the 
buoy. 

D. Benthic Instrument Node Design 

The seafloor mounted Benthic Instrument Node (BIN) 
uses the same MMC processor cardset and application 
software as the surface nodes. The electronics chassis is 
enclosed in a Titanium sphere designed to operate to 
depths of 4000 meters. Connection to the subsea 
network is through ROV mateable electro-optical 

Fig. 9 Performance of the snubber hose in tension. 

Fig. 7 Cable float installation. 

Fig. 8 MTM2  free fall anchor drop loads. 
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connectors. Individual connectors are “hard wired” into 
the sphere and physically mounted to the support ring as 
shown in fig. 10. This allows the entire instrument cluster 
to be replaced or recovered on a single ROV dive. 

E. ROV Based Seafloor Cable Installation 

The ability to field assemble a moored deep ocean 
observatory by ROV is a requirement for any placement 
that has instrument locations beyond the mooring anchor.  
To deliver power and data to remote instrument sites, a 
cable must be accurately placed on the seafloor and 
connected to each node to create the subsea network. 
To meet this requirement MBARI has developed fiber 
optic cable laying tool sleds for the Institute’s ROVs, 
Tiburon and Ventana [21]. These sleds currently have a 
weight-limited capacity of four kilometers of fiber-
optic/power cable, and can lay cable to depths of 4,000 
meters. 

The cable laying procedure is to first dive at the 
MOOS mooring anchor site and perform a connection 
with a wet mateable fiber optic connector to a pigtail 
extending from the ROV mounted cable spool. The 
vehicle proceeds along premapped waypoints a few 
meters off the sea floor maintaining visually both the 
bottom and the cable as it is deployed. The maximum 
deploy speed is 1 knot (1.85 km) per hour. Deploying 
approximately 10% more cable length than distance 
traveled avoids tensioning the cable and forming spans. 
This is accomplished using a custom graphic user 
interface that displays the amount of cable deployed 
versus the actual distance traveled across the bottom. 
Upon reaching the BIN the spool containing the 
remaining cable is released from the cable sled, acting as 
an anchor and holding the excess cable in place. Using 
the ROV’s manipulator the connection of the cable with 
the instrument BIN is performed. 

F. Operational Methods and Field tests 

A series of deployments designed primarily to prove 
out the riser cable design have been field testing major 
components of the system. The first mooring deployment 
(MTM1) in late 2003 resulted in riser cable failure in a 
major storm but verified that the loading caused by 
environmental forcing closely matched our modeling 
results [18]. A second mooring field test (MTM2) began in 
April 2004 and is currently in progress in 1500 meters 
water depth offshore from Monterey Bay. We are testing 
the second-generation riser cable system, power system, 
computer hardware, pucks, SIAM and SSDS. We had 
planned to connect the seafloor BIN to the base of this 
mooring but have been forced to delay due to problems 
with riser cable floats moving up the cable. Additional 
floatation has been attached by the ROV Ventana to the 
mooring lower riser cable termination to compensate for 
the movement of the cable floats. The subsea BIN 
connection is currently on hold while the mooring riser 
cable performance is evaluated. 

An important objective of the second test mooring has 
been to gain experience with the ROV operations 
necessary for connecting seafloor networks to the 
mooring base. In the course of investigating the float 
slippage and attaching additional floatation, the ROV 
Ventana approached and worked successfully at the 
mooring anchor on five occasions giving us confidence 
that we will be able to install the necessary observatory 
seafloor components when the riser cable design has 
been verified. In preparation for the BIN connection, 
cable laying toolsled tests have taken place in 1500 and 
3500 meters of water, laying and recovering Benthic 
cable segments without significant problems. 

In June 2004 the third field test (CIMT) of the surface 
portions of the mooring system was deployed as a one-
year deployment in shallow water (70m) near the Santa 
Cruz bight in the Monterey Bay. The mooring is 
configured in an upper water column only configuration, 
i.e., without the OEM cable or Benthic instrument nodes. 
Carrying a science payload, the mooring is instrumented 
with at variety of sensors: CTDs (0,10,20, 40, 55m), 
MBARI ISUS nitrate, pCO2, ADCP, fluorometer, 
backscatter, photoradiometers, wind speed and direction 
and relative humidity. All of these instruments are 
equipped with pucks. Most science instruments are 
sampling at 10-minute intervals. In addition there are 
engineering data streams to provide performance metrics 
for the power system, controller and software 
infrastructure. The wind turbine is not installed, due to 
interactions with sensors (e.g. wind speed, radiometers) 
atop the buoy. 

Data telemetry is received several times per hour 
over a 900 MHz radio link, totaling an estimated 4.5 
Mbytes/day. In an end-to-end test of the SIAM and SSDS 
self-describing data streams, SSDS makes the data 
available [22] as soon as it is received. Users can access 
the data using web browsers, through which basic time-
series plots are provided. SSDS also provides application 
program interfaces (APIs) to allow software agents to 
extract archived data, process them, and archive the 
resulting data products. 

The deployment of an additional MOOS test mooring 
(MTM3) is planned for late 2004 in collaboration with 
WHOI for field-testing the third generation cable design. 

Fig. 10 BIN with Nobska current meter. 
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G. Conclusions 

Progress completed to date has convinced us that a 
portable mooring based seafloor observatory is 
technically feasible. The riser cable system remains 
unproven and high risk but the problems encountered to 
date can be solved with improved designs and continued 
laboratory and field-testing. The computing hardware, 
power system, pucks, SIAM and SSDS portions of the 
system are rapidly transitioning into permanent 
operational systems and represent a significant advance 
in our ability to install and flexibly maintain the instrument 
networks planned for ocean observatories. 
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