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Preface

Nationwide, accurate, and sustainable wave obser-
vations have long been the goal of the U.S. Army
Corps of Engineers (USACE), the National Oceanic
and Atmospheric Administration’s (NOAA) National
Ocean Service (NOS) and National Weather Service
(NWS), along with other Federal and state agencies,
universities, local / commercial interests, and emer-
gency / resource managers. This document presents a
National Operational Wave Observation Plan, which
was developed as an interagency effort coordinated
by the NOAA Integrated Ocean Observing (IOOS®)
Program and the USACE. The USACE worked in
close partnership with NOAA’s National Weather
Service (NWS) National Data Buoy Center (NDBC) in
developing the plan. The Alliance for Coastal Tech-
nologies (ACT) contributed to the plan and facilitated
the development process. The plan was written by a
steering committee of authors.

Work on the plan began in March 2007. At the core
of the plan is an inventory and assessment of existing
assets and community requirements followed by a

gap analysis. This assessment included the use of the
IOOS Observations Registry, the Ocean.US 2007 inven-
tory of US Ocean Observing Systems and surveys

of the IOOS Regional Associations (RA). An Expert
Review Panel was convened August 20-22, 2007 to
critique and review the draft plan and to identify roles
and responsibilities. The draft plan was amended,
refined, and endorsed by the Expert Review Panel.
The plan was reviewed by the National Federation

of Regional Associations (NFRA), NOAA’s Councils
and numerous other panels. This final document is a
synthesis of over 500 comments and suggestions.

The panel would like to acknowledge the support of
Zdenka Willis of the NOAA IOOS Program, Char-

ley Chesnutt of USACE, Paul Moersdorf of NDBC,

and Margaret Davidson of NOAA'’s Coastal Services
Center (CSC). In addition the panel would also like to
thank Lorrie Easterling (NDBC); Jim Boyd (CSC); Sher-
ryl Gilbert, Michelle McIntyre, Ali Hudon, and Sue
Sligh (ACT) for their help and hard work in facilitating
the development of the plan.
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Executive Summary

The deployment of an Ocean Observing System is one
of three central science and technology elements of the
Ocean Research Priority Plan issued by the Joint Sub-
committee on Ocean Science and Technology in Janu-
ary 2007. In support of this goal, this document pres-
ents a national plan for observing waves, one of the
most important ocean variables. The plan is part of the
national Integrated Ocean Observing System (IOOS®)
and is the result of an interagency effort coordinated
by the NOAA IOOS Program and the US Army Corps
of Engineers (USACE). The USACE worked in close
partnership with NOAA’s National Weather Service
(NWS) National Data Buoy Center (NDBC) in devel-
oping the plan. The Alliance for Coastal Technolo-
gies (ACT) contributed to the plan and facilitated the
development process.

Surface gravity waves (wave period range from 1.0

to 30.0 seconds) entering and crossing the nation’s
waters, whether generated by a distant Pacific storm,
local sea breeze, or a Category 5 hurricane, have a
profound impact on navigation, offshore operations,
recreation, safety, and the economic vitality of the
nation’s maritime and coastal communities. Although
waves are a critical oceanographic variable and mea-
surement assets exist, there are only 181 observation
sites nationwide, leaving significant gaps in cover-
age. Just over half of these wave instruments have the
capability to estimate directional waves, though their
directional accuracy varies. Moreover, existing loca-
tions were placed based on local requirements, result-
ing in a useful, but ad hoc wave network with limited
integration of the observations into user products. The
proposed system will increase the wave observation
spatial coverage along and across the US coasts; and
will serve as a stimulus for wave modeling activities
in verification/validation, improvements, data fusion
and assimilation. The wave observation data and
metadata will meet national and international stan-
dards to ensure interoperability and seamless integra-
tion of data. The design will complement existing and
future remote sensing programs (land- and satellite-
based systems) and will coordinate with and leverage
related international efforts, such as the Global Earth
Observation System of Systems (GEOSS).

The plan is comprehensive in that it defines a level

of measurement accuracy that will serve the require-
ments of the broadest range of wave information
users. It identifies existing wave observation assets,
presents a comprehensive integrated system design
and then makes specific recommendations to: (1) up-
grade existing sensors; (2) add additional observations

in critical “gap” locations; (3) implement a continuous
technology testing and evaluation program; (4) sup-
port the Quality Assurance / Quality Control (QA/
QC) and data integration of wave observations from

a large number of IOOS operators; (5) support the op-
eration and maintenance requirements of the system;
(6) include the training and education of IOOS wave
operators; and (7) promote the development of new
sensors and measurement techniques.

The design of the network is based on establishing
four along-coast observational subnets. These include:

e Offshore Subnet: deep ocean outpost stations that
observe approaching waves, prior to their passage
into coastal boundary currents;

*  Outer-Shelf Subnet: an array of stations along the
deepwater edge of the continental shelf-break
where waves begin to transition from deep to shal-
low water behavior;

e Inner-Shelf Subnet: on wide continental shelves
(notably the Atlantic and Gulf of Mexico coasts),
an array of shallow water stations to monitor
cross-shelf bottom dissipation and wind genera-
tion of waves;

e (Coastal Subnet: shallow coastal wave observa-
tions, which provide local, site-specific informa-
tion.

This plan divides the US coastline into seven primary
regions: the Atlantic, Gulf of Mexico, Pacific, Alaska,
Hawaii-South Pacific Islands, Great Lakes, and the
Caribbean Sea. Existing wave observation assets,

and requests for additional assets from the IOOS®
Regional Associations (and partners), were incorpo-
rated into the subnet design structure. This resulted in
a network, that when completed, will include a total
of 296 sensors: 56 in the Offshore, 60 Outer-Shelf, 47
Inner-Shelf, and 133 Coastal. Of these, 115 are new. Di-
rectional upgrades are required at 128 locations.

All observation data supported by this plan will flow
through the IOOS Data Assembly Center (DAC) oper-
ated by NDBC and through the USACE/Coastal Data
Information Program (CDIP) data center at Scripps
Institution of Oceanography (SIO), using IOOS Data
Integration Framework (DIF) compliant standards
and metadata. Use of DIF standards with controlled
vocabulary identification and documentation will
enable wave data to be easily found through an open
data discovery process. To insure that deployed
sensors meet the accuracy requirements of the plan,

a significant effort to test and evaluate existing and
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new sensor/ platform combinations is included, as are
provisions to support and encourage the development
of new wave observation technology.

The proposed Year-1 cost estimate is approximately
$14M, increasing to about $17M per year thereafter,
with capital investment costs being gradually replaced
with operation and maintenance costs.

The establishment and maintenance of an effective and
efficient wave measurement system requires a partner-
ship between federal agencies, state and local agencies,
the private sector, Regional Associations and Regional

Coastal Ocean Observing Systems (RCOOS). Because
of the diversity of observers, funding sources, and
deployed instruments, the USACE and NOAA will
work closely with IOOS partner agencies to encourage
compliance with and adoption of the plan.

In August 2007, a draft of this plan was reviewed by a
panel of wave data collection and application experts.
Their numerous suggestions have been incorporated
into this document, and they unanimously support
both the need for a National Operational Wave Obser-
vation Plan and the proposed design.



A National Operational Wave Observation Plan

1. Introduction

On any given day, the ocean surface is occupied by
surface wave patterns that are derived by differ-

ent mechanisms. A good way to characterize one
wave form from another is based on the wave period
(defined as the time between successive wave crests).
Kinsman (1965) identified waves, from short capillary

forces (Figure 1). This National Operational Wave
Observation Plan focuses on wind-generated gravity
waves as other national programs already focus on the
measurement of tides (NOAA’s National Water Level
Observation Network), and tsunamis (NOAA’s Deep-
ocean Assessment and Reporting of Tsunamis, DART®

waves, to long tidal motion in terms of their rela- program).
tive wave period and their disturbing and restoring
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(after Kinsman, 1965)

Fiqure 1. Approximate distribution of wave energy for various types of ocean surface waves.

The waves entering and crossing the nation’s waters,
whether generated by a distant Pacific storm, local
sea breeze, or a hurricane in the Gulf of Mexico, have
a profound impact on navigation, offshore opera-
tions, recreation, safety, and the economic vitality of
the nation’s maritime and coastal communities. User
requirements for short-term wave information differ:
commercial fisherman want the wave conditions at
their fishing grounds, as well as a forecast for the
length of their trip; ship captains on the Columbia
River want to know if they will be able to safely clear
the waves breaking on the dangerous outer bar before
they leave port; surfers look for large swell while
recreational fisherman and divers seek calm waters;
lifeguards want to know if the high surf warnings

of yesterday will be needed today; marine engineers
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require continuous wave measurements in order to
identify extreme waves; and Navy and commercial
ship captains require wave information for safe and
efficient ship routing to reduce fuel usage. Long-term
wave records are also important for studies of climate
change and the development of climate information
for the design of coastal and offshore structures and
facilities.

The total number of in situ real-time wave observa-
tions number only 181 nationwide, and of those, only
110 report some measure of wave direction. Consider-
ing the nation’s approximate 17,000 mile-long coast-
line, waves are under-sampled and significant spatial
gaps exist. Moreover, the existing measurements are
not well integrated in terms of location, data formats,
access, and user products. One consequence of this
situation was the lack of wave observations in critical
locations during the 2004 and 2005 hurricane seasons,
which adversely affected the preparations, forecast,
response, and post-storm forensic analysis of these
events, including Hurricane Katrina. Although some
additions have been made, this situation still exists
today. It is the intent of this document to correct that
by defining a national wave measurement program
that directly supports the goals and objectives of the
Integrated Ocean Observing System (IOOS®) and
which contributes to the deployment of an ocean wave
observing system, one of three central science and
technology elements of the Ocean Research Priority
Plan issued by the Joint Subcommittee on Ocean Sci-
ence and Technology in January 2007.

Specifically, this plan supports the seven IOOS societal
benefits (Ocean.US, 2006); serves end-user require-
ments; promotes standardization and interoperability;
supports modeling, and includes elements of observa-
tions, analysis, and communications. Of the seven
benefits, waves are specifically important to:

e Predict climate change and weather and their ef-
fects

¢ Conduct safe and efficient marine navigation
e Mitigate the effects of natural hazards

e Ensure national and homeland security

* Reduce public health risks

This plan also addresses the stated international
requirement by the World Meteorological Organiza-
tion (WMO) and Intergovernmental Oceanographic
Commission (IOC) for additional directional wave
measurements’ and represents a significant national
contribution to the Global Earth Observation System
of Systems (GEOSS).

This plan was developed as an interagency effort
coordinated by the NOAA IOOS Program and the

US Army Corps of Engineers (USACE). The USACE
worked in close partnership with NOAA’s National
Weather Service (NWS) National Data Buoy Center
(NDBC), and with input from other interested agencies
of the Interagency Working Group on Ocean Observa-
tions IWGOO). This plan extends the NOAA IOOS
Data Integration Framework (DIF) to include waves as
an integrated variable.

The plan focuses on real-time, in situ, directional
wave sensors required to create a national perimeter-
backbone for deep ocean, shelf, mid-shelf and coastal
observations. This is the responsibility of the federal
agencies and is of fundamental importance to every
IOOS region and to wave modeling and forecasting.
The relationship between a region’s wave observa-
tions, models, and societal goals is shown in Figure 2.
Because observations are necessarily point measure-
ments, they provide information on past and present
wave conditions, and can serve as input to predictive
models that can be used to fill gaps between the obser-
vations; to forecast future conditions; and to address
user products and requirements. As one moves from
offshore to the beach, the observational technology
changes as does the sophistication of the models, the
range of user application, and the accuracy require-
ments of the wave observations.

*

Implementation Plan for the Global Observing System

for Climate in Support of the UNFCCC, WMO/TD No. 1219,
October 2004, World Meteorological Organization, Intergovern-
mental Oceanographic Commission, United Nations Environment
Programme, and International Council for Science. http:/[www.
wmo.int/pages/prog/gcos/Publications/gcos-92_GIP_ES.pdf
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Figure 2. Diagram showing the flow of wave observations through models to example societal goals for each applicable region.

The plan is comprehensive in that it addresses the
spatial coverage and accuracy requirements of the
broadest range of wave information users. It identifies
existing wave assets, presents a comprehensive system
design, and formulates specific recommendations

to: (1) upgrade existing sensors; (2) add additional
observations in critical “gap” locations; (3) imple-
ment a continuous technology testing and evaluation
program; (4) support the QA/QC and data integration
of wave observations from a large number of IOOS
operators; (5) support the operation and maintenance
requirements of the system; (6) include the training
and education of IOOS wave operators; and (7) pro-
mote the development of new sensors and measure-
ment techniques.

2. Background

Federal interest in wave observations date back to the
early 1960’s when congressional hearings into the dev-
astation resulting from the “Ash Wednesday Storm,”
on the East Coast in 1962 resulted in the USACE
initiating a wave measurement program. Similarly,
NDBC started observing waves in 1973 in support of

A variety of techniques have been used for over three
decades for point measurement of surface gravity
waves and those technologies continue to evolve.
However, accurate spatial coverage of the wave field is
also desirable and many cases may be preferable. Spa-
tial wave observations are derived from present and
next generation satellite remote sensing packages and
ground based radar systems. While implementation
of this plan does not specifically require new research
and development, the plan includes and supports
development of new and pre-operational technologies
that would expand coverage and reduce capital and
operational costs.

the NWS. Initially, both programs collected non-direc-
tional wave data; however, coastal engineering activi-
ties of the USACE required detailed directional wave
information to support coastal project designs and
emergency operations. To satisfy that requirement, in
the early 1990’s, cooperative agreements between the
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USACE and NDBC supported the addition of direc-
tional wave sensors on NDBC buoys. That collabora-
tion continues today and provides the foundation for
this plan. As the IOOS® developed, it was recognized
that a significantly expanded network of NDBC buoys
would form the critical deepwater backbone of the ob-
serving system (First IOOS Development plan Ocean.
US, 2006) and in 2005; NDBC began including a broad
range of oceanographic sensors, including directional
waves, into the buoy network.

The growth of wave measurement assets along the US
coastlines provides information to an ever-growing
user community. The importance and interest in
waves is relatively easy to demonstrate. Daily web

hits for wave observations, just in Southern California,
typically number upwards of 100,000/ day and during
a storm can exceed 600,000/ day. The NDBC rou-
tinely receives nearly two (2) million web hits per day.
However since NDBC data flow directly to the world’s

meteorological forecast community, actual data use is
much greater. It is not a question of whether or not
users require wave information, but a question of how
best to meet user requirements.

The concepts describing a wave field at a specific loca-
tion on the ocean surface dates back to the late 1930’s
(Kinsman, 1965). The techniques used are statistically
based, employing time series analysis to quantify the
wave characteristics. The wave field at any point on
the ocean is a combination of passing “component”
wave systems that are distinguished by their height,
period, and direction. Locally generated seas are short
in period and choppy, moving generally in the direc-
tion of the wind and crossing, or traveling with faster-
moving, longer waves, or swell, generated by distant
storm systems. An example of this is shown in Figure
3, where the swells are moving from left to right while
the local wind-seas are moving from top to the bottom
of the figure.

Figure 3. Example of the ocean surface showing long-period swells traveling from left to right and local wind-seas (of short

period) are moving from top to bottom.

With each storm producing a separate and evolving
wave system, the combined wave field at any location
can be quite complex. This presents an observation
challenge both for users and for measurement instru-
ments, since available sensor systems often produce
differing results. For example, some users are looking
for simple measures, e.g., how high are the waves?
Other users need to differentiate incoming swell from
wind-sea, or measure a subtle change in wave direc-

tion that causes a once stable beach to erode. Measur-
ing waves and providing products that suit the user
community becomes a multi-dimensional problem.
The basic principle stems from the wave properties of
height, period and direction. The three quantities are
the first order approximation to the wave field. These
wave properties are derived from the estimation of the
directional wave spectrum quantifying energy levels



at discrete frequencies’, for discrete direction bands.
Because of this complexity, the measurement of waves
is dependent on the capabilities of the specific sensor
being used and is therefore unlike the measurement of
other slowly changing oceanographic variables, such
as ocean temperature, which is independent of the sen-
sor used (excepting for measurement accuracy). This
plan recognizes that in order to serve the full range of
IOOS users, that a national wave observation network
should accurately resolve the details of the directional
spectral wave field. To achieve this requires that the
observations satisfy a “First-5” standard.

Technically, First-5 refers to 5 defining variables at a
particular wave frequency (or wave period). The first
variable is the wave energy, which is related to the
wave height, and the other four are the coefficients of
the Fourier series that defines the directional distribu-
tion of that energy. At each frequency band, not only
is the wave direction defined but the spread (second
moment), skewness (third moment) and kurtosis (the
fourth moment). The skewness resolves how the
directional distribution is concentrated (to the left or
right of the mean) and the kurtosis defines the peaked-
ness of the distribution. Obtaining these three addi-
tional parameters (spread, skewness and kurtosis) for
each frequency band yields an improved representa-
tion of the directional characteristics in the wave field.
For example, high quality First-5 observations can be
used to resolve two component
wave systems at the same
frequency, if they are
at least 60 degrees
apart; whereas
other systems
cannot. Why
is this impor-
tant? One
component
could be the
eroding force on
a beach while the
other could be the
restoring force. While
there are more than
five Fourier coefficients, the
First-5 variables provide the minimum level of accura-
cy required for an IOOS wave observing system, as it
covers both the basic information (the significant wave
height, peak wave period, and the mean wave direc-
tion at the peak wave period) along with sufficient de-
tail of the component wave systems to be used for the
widest range of activities: navigation, maritime safety,
rip current prediction, wave model development and

*

“Wave frequency” is the inverse of, and interchangeable with
wave period; the time interval between successive wave crests.

verification, search and rescue, and hurricane research
applications, etc.

While most directional
wave instruments
presently in use
are able to
resolve basic
wave param-
eters; few are
capable of
satisfying the
First-5 stan-
dard. In general,
for all non-coastal
applications (in wa-
ter depths greater than
10-m) the preferred wave
measurement platform is a buoy. These buoys are ei-
ther spherical, discus, multi-spar, or boat-shaped hull.
The buoy response and the payload estimating the
free-surface waves vary; however they can be quanti-
fied into two types: translational (also referred to as
particle-tracking) or slope-following (or pitch-roll)
buoys. For both types, a variety of different sensor
technologies are used to measure buoy motion. Teng
and Bouchard (2005) noted: “because directional wave
information is derived from buoy motions, the power
transfer functions and phase responses associated with
the buoy, mooring, and measurement systems play
crucial roles in deriving wave data from buoys.” This
dependence is particularly important at low energy
levels and at both short and long wave periods where
the wave signal being measured is weak and potential
for added signal contamination increases.

Wave measurements in shallow water (depths less
than 10-m) are measured with buoys, bottom-mount-
ed or less commonly, surface-piercing instruments
(capacitance and resistance gauges). Surface-piercing
instruments have to be mounted to a structure and are
used close to shore or on offshore platforms and tow-
ers. Bottom-mounted sensors include pressure sensors
and acoustic wave sensors which also measure cur-
rents. All of these systems (buoys, surface-piercing, or
bottom-mount) base their directional estimators on the
measurements of three concurrent time series which
can be transformed into a description of the sea sur-
face. These devices will provide good integral wave
parameter estimates (height, peak period and mean
direction at the peak period). However not all sensor
systems have the capability of returning high quality
First-5 estimates because of the inherent inability of
the sensor to separate wave signal from electronic and
buoy response noise.

Establishing the First-5 capability in directional wave
measurements is critical to the success of this plan.
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The USACE standard for First-5 measurements in wa-
ter depths greater than 10-m, is a translational (parti-
cle-tracking) buoy system with the order of centimeter
accuracy (in terms of the sea surface vertical and two
horizontal displacements) for surface gravity waves.
This has proven sufficient for wave model applications
used to drive demanding sediment transport com-
putations, and is the recommended standard for the
National Operational Wave Observation Plan.

2.1 Value of the National
Operational Wave
Observation Plan

While it is desirable to assign an economic value or
positive cost/benefit ratio to this proposed plan, no
such number yet exists. In fact no such number exists
in support of the existing wave observation system as
much of it supports the common-good, public mis-
sion of the NWS. This makes it even more difficult to
clearly identify the added benefits of expanding and
improving the existing network. However, consider-
able anecdotal and supportive statistics do exist and
will be presented in this section.

The continuing goals of a National Operational Wave
Observing Plan is to save lives, reduce costs, ensure
safe transportation and optimize marine resources.
Among coastal marine users, waves continually rank
very high, fifth, behind salinity, temperature, ba-
thymetry, and sea level according to the First Annual
Integrated Ocean Observing System (IOOS) Devel-
opment Plan (2006). So it is not surprising that the
development of this plan created considerable excite-
ment across the nation among wave data users, I0OOS
Regional Associations, and wave modelers, all anxious
to assist with and benefit from an improved wave
observation system. In fact Regional Associations (and
others) submitted nearly 200 requests for additional
directional wave measurement sites to satisfy their
requirements (see Appendix B).

2.1.a Maritime Safety

According to the Center for Disease Control and
Prevention, commercial fishing is one of the nation’s
most dangerous occupations. In a 2008 article the
center reported an average fatality of 155 per 100,000
versus an average of 4 per 100,000 for all occupations.
Of the fatalities, 79-percent were the result of weather
and about 40-percent resulted from large waves
(http:/ /www.cdc.gov/mmwr/ preview / mmwrhtml/
mmb5716a2.htm). It is difficult to quantify how many
additional lives will be saved by expansion of the
wave observation network due to improved wave
forecast models, better education of the commercial
fishing community. However, improved real-time

access to information at sea, will mean additional lives
will be saved. While these statistics are from one mari-
time industry, the benefit will be shared by all, includ-
ing recreational fisherman, divers, boaters, surfers,
and beach goers. In fact, there should be a reduction
in nationwide drownings of approximately 100 per
year, just due to rip currents.

2.1.b USACE Uses of Wave Data

The USACE is a process-driven organization requir-
ing answers to questions regarding navigational con-
cerns, dredging, beach nourishment, design, overtop-
ping of coastal structures, flooding/storm protection,
construction, operation and maintenance and climate
change. All of these activities are driven by the hydro-
dynamics which requires knowledge of the directional
wave conditions both historically for planning and

in real-time for normal and emergency operations.
Projects are designed and constructed to withstand ex-
treme storm conditions. An underestimation in the de-
sign criteria can compromise the project and result in
significant loss of life and property. An overestimation
means the project may be overdesigned or cost-prohib-
itive. Sediment management, beach nourishment, and
dredging all depend on accurately knowing the direc-
tional nature of the waves, since sediment transport is
proportional to wave direction. As a result, directional
wave accuracies of one or two degrees are required
across the full range of wave periods. Corps-wide
coastal activity costs are in the $100’s of millions per
year. Each year in the U.S., approximately 400 million
cubic yards of dredged material are removed from
navigation channels, berths, and terminals. This plan
directly addresses Corps data requirements and will
positively impact the Corps cost of operations.

2.1.c NOAA Uses of Wave Data

The primary mission of the NWS forecast offices

is to provide accurate and timely forecast informa-
tion to the public. These forecasts are derived from
coarse resolution (on the order of 30-km) models run
by Numerical Weather Prediction Centers. The local
forecasting offices are being asked to supply the public
with information, including wave forecasts, that is an
order of magnitude finer in resolution, and closer to
the shore. NWS forecast offices take full advantage

of local wave observations, but there are a number of
offices which lack real-time wave measurements to
use for forecast guidance. The National Ocean Service
(NOS) is responsible for providing real-time oceano-
graphic data and other navigation products to pro-
mote safe and efficient navigation within U.S. waters.
By volume, more than 95-percent of U.S. international
trade moves through the nation’s ports and harbors,
with about 50-percent of these goods being hazardous
materials. One additional foot of draft for a ship into



a port may account for between $36K and $288K of
increased profit per transit. US ports require wave in-
formation for secure and safe operation. Issues related
to channel depth, width, alignment and obstructions
all increase under storm conditions which can result
in wrecks, loss of life, environmental and economic
disaster. For example, operations at the port of Los
Angles/Long Beach access directional wave data for
safe passage through the harbor entrance. Know-

ing when long period swell energy approaches the
entrance to the Port of Long Beach is crucial. During
these events, the deep draft of the super tankers cause
the ship to pitch and potentially strike the channel
bottom. This information can save approximately $100
to $200K per day in operating costs. Other ports have
similar issues. One benefit of this plan is that all of the
locations served by the NOS PORTS program (http:/ /
tidesandcurrents.noaa.gov/ ports.html) will have wave
observation support.

2.1.d Economic Value of
Observations

The development of the IOOS has always been based
on the economic benefits to the nation with access to a
broader, more comprehensive suite of ocean observa-
tions including waves. Economic studies have been
undertaken, and although they deal with IOOS obser-
vations in general, they are still of value here. Kite-
Powell, et al. (2004) presents a solid analysis of the
benefits that can be derived. For instance the authors
point out that the largest benefits result from data used
by the largest possible groups including recreational
activities because of the “very large number of people
who use beaches, boat on the Great Lakes or in the
coastal ocean, or engage in marine recreational fish-
ing.” Per use benefits are small but the large number
of potential users creates substantial potential benefits.
The report presents order of magnitude estimates of
economic benefits in the range of 10s to 100s of mil-
lions of dollars for activities such as recreational beach
use, fishing, marine transportation, and other activities
upon which wave conditions have an impact.

2.1.e Energy Source

There is an untapped renewable energy source in
wind-generated waves. The energy flux per unit wave
crest length (kW /m) is proportional to the square of
the significant wave height multiplied by the wave
period. Information about the significant wave height
and period in coastal areas of the US would aid the
private sector considering installing systems that con-
vert the kinetic energy of wind-waves to other forms
of useful energy. While there is great variety in the
systems being implemented or proposed to capture
renewable wind-wave energy, there are some common

benefits and challenges. Since a large portion of the
US public lives in close proximity of the coast, there is
a large segment of the population that would benefit
from wave-energy generation. Problems include ef-
ficiently converting wave motion which is slow and
reversing direction. Most generators to date use high
speed single direction motion, e.g. hydroelectric tur-
bines. The survivability of the system in face of ocean
corrosion and storms is a challenge. To date the cost of
the wave power is higher than some other sources of
renewable energy, but the supply is potentially large.
For example, the United Kingdom is actively pursuing
wind-wave energy and estimates that up to 25-percent
of their electrical power could be produced this way

2.1.f Wave Modeling and Research

Wave observations provide real-time information
while wave forecasts depend on numerical prediction
models. Improved wave models are a national objec-
tive as maritime operations (hurricanes, naval activi-
ties, shipping, fishing, etc) all benefit significantly
from being able to make better decisions based on
better wave forecasts. Here lies the paradox, numerical
wave model technologies rely on wave measurements.
Ultimately, wave experts rely on directional wave
measurements to gain knowledge leading toward
improving wave modeling technologies. Historically
these improvements have relied on large-scale, short
term field experiments. These field activities have
diminished over the last decade, and so have model
improvements (Komen et al, 1994; The WISE Group
2007). Increasing the number of directional wave mea-
surements with First-5 capabilities, as proposed here,
will directly lead to improvements of modeling tech-
nologies and will translate into better wave forecasts
for the user community.

2.1.g Wave Observations and
Climate

Although sea level rise garners most of the coastal
climate change attention, the potential for changing
wave climate associated with increasing frequency
and intensity of storms could have significant, and
more immediate adverse economic impact. Long-
term, complete wave observations are the only way to
both quantify the natural variation in wave and storm
climate and any climatic change. Long-term data are
also required to calibrate and verify climatic models
that include waves.

Although additional studies should be conducted to
quantify the benefits of an expanded national wave
observation network, it is clear from the discussion
above that significant benefits will be realized once the
plan is implemented.
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3. Wave Observing System Design

The basic requirement of the National Operational of wave observing stations that will monitor the gen-
Wave Observation Plan is to implement an in situ, eration and evolution of waves from the open ocean,
high quality, 24 /7, real-time operational, First-5 ca- through coastal boundary currents and islands, across
pable sensor network along the entire U.S. coastline the continental shelf, and finally to beaches and harbor

and Great Lakes. The proposed network will consist of ~ entrances (Figures 4 and 5). The subnets are:
a set of four strategically-positioned arrays, or subnets,
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Figure 4. The four wave observation subnets (coastal, inner shelf, outer shelf, and offshore) related to ocean bathymetry on a
wide continental shelf (black area) and numerical modeling requirements. The boundary current is shown in light blue and
denotes a current into the page. This representation is typical of the Atlantic and Gulf of Mexico coastlines.
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Figure 5. The three wave observation subnets (coastal, outer shelf, and offshore) related to ocean bathymetry on a narrow

shelf (e.g., Pacific Mainland, Great Lakes, Pacific Islands)

e Offshore Subnet: deep ocean outpost stations that
observe approaching waves prior to their pas-
sage into coastal boundary currents (e.g., the Gulf
Stream), and which provide an early warning
(approximately 1-day) of large swell or developing
storm wave conditions (e.g., fetch generation areas
off the Pacific Mainland);

*  Outer-Shelf Subnet: an array of stations along the
deepwater edge of the continental shelf-break
where waves exit boundary currents and begin to
transition from deep to shallow water behavior;

e Inner-Shelf Subnet: on wide continental shelves
(notably the Atlantic and Gulf of Mexico coasts),
an additional along-coast array of shallow water
(20- to 30-m depth) stations designed to monitor
cross-shelf bottom dissipation and wind genera-
tion of waves;

e (Coastal Subnet: a project- or local need-driven
set of shallow coastal wave observations, which
provide site-specific information.

The mechanisms that cause changes in surface wave
characteristics are dependent on spatial and temporal
scales. These scales become important because point-
source observations are technically estimates of the
parameter being measured at that location. However,
this statement can be relaxed for waves because of
the mechanisms and scaling relationships that affect
surface gravity waves. In the deep ocean basin, large
synoptic-scale meteorological events are the primary
forcing function of a wave climate, whether they are
local or far-field storms systems. Hence, the number
of measurement platforms required can be minimized
as these spatial and temporal scales are quite large,

a definition of the Offshore Subnet. These locations
assess the time variation in the wave climate, and
satellite remote sensing data complement the point
source measurements with large spatial coverage over
the ocean basin.

Progressing toward the coast, these scales decrease.
Relaxation times (temporal changes in the wave
spectrum), geographical changes (islands, shoreline
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configurations), and depth effects become more impor-
tant. All known mechanisms in the generation, propa-
gation, and transformation of surface gravity waves
are dependent on water depth. This dependency
affects the momentum transfer of the wind to the free
surface, the amount of wave dissipation (e.g., white-
capping), and the transfer of energy to longer wave
periods (lower frequencies). A natural break from
deep to arbitrary water depth is positioned seaward of
the continental shelf. Placement of the Outer Subnet
at this well-defined natural break will provide data,
independent of depth related mechanisms and a broad
“line of sight” to the coast. In essence, the offshore
measurement sites can have multiple uses (model in-
puts, forecasts) for long coastal reaches. They can also
be used for verification of pre-operational, and future
satellite based remote sensing systems. The density of
measurement stations increases along the Outer-shelf
Subnet, relative to the Offshore Subnet, to compensate
for spatial variations. This Subnet has to be landward
of any large-scale currents (e.g., the Gulf Stream,
Florida Current along the Atlantic Coast) or offshore
islands (e.g., the Bahamas Banks, the Channel Islands
in the Southern California Bight).

The Inner-Shelf Subnet can be generalized into two
subclasses. These are dictated by the width of the
continental shelf, extending from hundreds of kilo-
meters wide to almost no shelf, and thus merging
with the Coastal Subnet. It is a transition zone where
wind input continues to pump energy into the wave
system and depth effects become important. Depth
gradients cause a change in the phase and group
velocities affecting the propagation and transforma-
tion of the wave energy. Growth rates, short-period
(high-frequency) dissipation, and the relative rates of
energy migration are functionally dependent on the
water depth. Since large-scale geographical variations
in the shoreline will affect the wave field, point-source
measurements can no longer be relaxed spatially as

in the case of the Offshore and Outer-Shelf subnets,
thus increasing the number of measurement sites and
increasing the spatial resolutions between them.

The Coastal Subnet is bounded by the shoreline, cross-
ing the surf-zone and extending out to water depths
on the order of 20-m, and where applicable, into
harbor and estuary domains. The local spatial applica-
tion of this subnet is more restrictive. Coastal gauges
are particularly useful in understanding the transfor-
mation and dissipation processes of waves as they
traverse complex local bathymetry, eventually break-
ing at the shore. Careful examination of where these
gauges are deployed is required. In general, these as-
sets are required to be seaward of the surf-zone during
extreme events, yet in water depths shallow enough to
minimize short-period (high-frequency) signal loss.

3.1 Existing Network

The existing wave measurement network consists of
181 operational wave measurement devices (Table 1).
This is based on platforms actively measuring waves
24/7 and transferring the information to NDBC for
quality control and dissemination to NWS field of-
fices and over the Global Telecommunications System
(GTS).

Regional maps and additional information pertaining
to the existing point source measurement locations can
be found in Appendix A. The existing network pro-
vides a starting point in the process of evaluating:

e What devices can be classified in a particular
subnet?

e Are the existing sites strategically placed?
e Are there gaps in each subnet?

e What changes are required to achieve a First-5
standard for each site?

There are other sources of wave data providing key
information in regions not specified in the Plan. For
example, active self-recording (delayed-mode) sen-
sors, large-scale field experiments, and historical wave
data which will complement and enhance the planned
network design will be pursued and archived with
new, real-time observations. Ancillary non-directional
wave data extracted from pressure records specifically
designed to measure water levels from NOAA /NOS
Center for Operational Oceanographic Products and
Services (CO-OPS) National Water Level Observa-
tion Network will also augment the directional wave
observations proposed here.

This plan divides the US coastline into seven primary
regions: the Atlantic (Figure 6), Gulf of Mexico (Figure
7), Pacific (Figure 8), Alaska (Figure 9), Hawaii-South
Pacific Islands (Figure 10a and 10b), Great Lakes (Fig-
ure 11), and Caribbean Sea (Figure 12). The subnets
for each region will be presented including existing as-
sets, platform upgrades to First-5 capability, and new
additions. Buoy upgrades can carry two definitions,
both which conform to the First-5 standards outlined
above. The first is to transition a non-directional wave
measurement platform to directional capabilities;

the second would be to upgrade existing directional
measurements to comply with First-5 requirements.
As an example, a 6-m NOMAD (Navy Oceanographic
Meteorological Automatic Device) buoy has a boat-
shaped hull and is not symmetric. This type of buoy
cannot measure wave direction and therefore requires
a companion waves-only buoy (there are presently 38
deployed NOMAD buoys). Wave buoys operated by
existing IOOS Regional Associations assets that do
not resolve directional waves will require directional
upgrades followed by field testing (Section 3.3) to



confirm that they meet the First-5 standard. Table 1 nation, but also to take advantage of their local knowl-
summarizes the existing platforms for each region, the edge and understanding of their user’s requirements.

type of platform, including directional information. o ) ) )
The initial effort in the design was to determine the

IOOS Regional Association (RA) input, requested number of operational wave measurements sites in
specifically in preparation for this plan, provided addi-  each region. This analysis included the physical posi-
tional requirements, particularly for the coastal subnet.  tion, water depth, platform, sensor type and analysis
Each RA request is summarized in Appendix B and packages. A gap analysis was performed assessing
their original submission is provided in Appendix C. where significant coverage was needed to maintain
continuity of the subnets along the coast, and in an
3.2 Network Desi gn offshore direction. Long-term wave hindcasts (the
] o o USACE Wave Information Study http:/ / www.frf.
Station positioning for the existing network was essen- usace.army.mil/ cgi-bin/ wis/atl/ atl_main.html) were
tially ad hoc, based on funding availability and local used to cross-reference areas of large-scale along-shore
requirements. Until now, there has never been an op- wave height gradients. These inflection points gener-
portunity to reassess a.md develqp an integrated wave ally aligned with geographical changes (e.g. capes,
network based on national requirements. embayments, shoals, and offshore islands). Loca-

tions identified from the gap analysis were modified
based on suggested locations provided by the 11 IOOS
Regional Associations, 47 NWS forecast offices and the
requirements expressed by the seven USACE division
and 22 district offices responsible for coastal projects.

The overriding philosophy of the design is to build
the four subnets using existing assets whenever pos-
sible, to upgrade assets to First-5 capabilities, increase
data sampling to near-continuous (e.g., onboard time
series data recorder), and to rely on regional partners’
support, not only in terms of collaboration and coordi-

Table 1. Summary of Existing Wave Observation Platforms
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The preliminary wave design was reviewed by the
Steering Committee and Expert Review Panel. Both
the Steering Committee and the Review Panel were
asked to think broadly beyond specific agency in-
terests and to use the following criteria to select and
prioritize the installation of new wave platforms:

® Broad User Base - Platform types and locations
with broadest possible user-base and wave condi-
tions, including extreme events (e.g., hurricanes).

* Model & Remote Sensing - Platform types and
locations that can be used for model & remote
sensing prediction, validation, and assimilation.

® Meteorological Complexities - Platform types and
locations that account for meteorological complex-
ities, such as the influence of winds and currents
on waves.

e Emerging Technologies - Platforms types that
incorporate emerging technologies, including
improvements to existing technologies.

® Location Trade-offs - Platform location trade-offs
and local forcing, with deep water buoys provid-
ing value to a larger area and shallow water buoys
addressing more regionally specific issues.

The compilation of all requests, recommendations
and reviews produced the network design proposed
here. Itis anticipated that the final design will evolve,
within the framework of the four subnets, as sen-

sors are deployed and results of the observations are
analyzed.

3.2.a Atlantic Coast

The Offshore Subnet for the Atlantic Coast (Figure 6)
will consist of 15 sites. One buoy operated by Envi-
ronment Canada is strategically located at the north-
eastern end of the Atlantic Coast Offshore Subnet. Be-
cause of its location, it would be beneficial to promote
a collaborative effort with the Canadian government
to upgrade this, and other Canadian sites to First-5
capabilities. Of the 15 sites, five sites will be new and
the remaining nine will require directional upgrades.
The Outer Subnet contains 12 sites; nine will be new
and three are existing platforms, with two upgrades to
First-5 capabilities. The Inner Subnet contains 21 wave
measurement sites; 15 exist; 14 are non-directional and
require upgrades to First-5 capability. A total of six
new sites would complete this subnet. The Coastal
Subnet consists of 42 wave gauges; 33 exist now and
26 require directional upgrades. As a first approxima-
tion, an additional 9 new sites are recommended. Of
the new sites, two are to be placed along the ocean
side of Long Island (one in the eastern portion of Long
Island Sound), three along the New Jersey-Delaware
coast, two along the southern Outer Banks of North
Carolina to near Cape Fear, and two along the north-
ern coast of Florida.
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Figure 6. Atlantic Coast Backbone design. Open symbols are non-directional sites, closed symbols are directional sites. The
200-m bottom contour is in cyan, and the north wall of the Gulf Stream is in tan. Note new locations are designated by “N.”
Existing Canadian Buoy is indicated by the large open red circle.

3.2.b Gulf of Mexico

The Gulf of Mexico Offshore Subnet consists of six
sites, including five which exist (Figure 7). All the
existing sites have directional capabilities but require
First-5 upgrades. The Outer Subnet will consist of
nine sites; five are existing (all directional, one First-5),
and four new sites. The Inner Subnet recommendation
is for six sites: one existing site (upgrade to First-5) and

five new locations. Twenty-four locations make up the
Coastal Subnet. This will require an additional 13 new
sites (11 exist, all requiring upgrades to First-5) along
Texas, Alabama, the Florida Panhandle, and Florida’s
western coast, complementing the existing sites along
the Louisiana coastline. Collaboration with the oil
industry will play a critical role in the distribution of
new assets in this domain.
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Figure 7. Gulf of Mexico Backbone design. Open symbols are non-directional sites, closed symbols are directional sites. The
200-m bottom contour is in cyan and the beginning of the Gulf Stream is in tan. Note new locations are designated by “N.”

3.2.c Pacific Coast

Figure 8 displays the Pacific Coast. The Offshore
Subnet will have 17 sites, of which 11 are existing plat-
forms including 1 operated by Environment Canada.
Six of the existing sites are non-directional and require
upgrades and including the one operated by Environ-
ment Canada. The Canadian assets complement the
US wave observations, and cost-sharing vital direc-
tional upgrades should be undertaken. Thereisa
need for six additional sites to address the seasonal,
semi-permanent meso-scale meteorological features
that significantly impact the wave climate along

the Pacific Coast. One will fill the gap west of Point
Conception in California and five will be placed in the
region between the Offshore and Outer Subnets (an-

notated with “MESO” in Figure 8). While the entire
Pacific Coast experiences this phenomenon, prior-

ity for five new sites is given to the northern half of
California and the southern half of Oregon where this
issue is most pronounced, and the waves generated

in this region impact a larger portion of the Pacific
Coast. The design of the Outer Subnet will require 26
sites, of which 25 presently exist, six require upgrades.
Because of the narrow shelf along most of this do-
main, only two Inner Subnet assets are required. They
are located in the Straits of Juan de Fuca and require
First-5 upgrades. The Coastal Subnet has 13 existing
buoys; one requires a directional upgrade. Based on
input from the regional partners, seven new Coastal
Subnet sites are recommended to be located along
Northern California, Oregon and Washington.
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Figure 8. Pacific Coast Backbone design. Open symbols are non-directional sites, closed symbols are directional sites. The
200-m bottom contour is in cyan. Note new locations are designated by “N.” Existing Canadian Buoy is indicated by the

large open red circle.

3.2.d Alaska

The Alaska Network (Figure 9) includes an Offshore
Subnet that is filled with eight non-directional sites
requiring upgrades including two Canadian buoys
which will require joint collaboration. The Outer
Subnet contains 12 sites, (plus three Canadian) 9 ex-
ist, all non-directional, and three new locations. One
non-directional site exists in the Inner Subnet, and
five new locations are recommended. The Coastal
Subnet at this time is concentrated around Cook Inlet,
Prince William Sound and Anchorage proper. Nine
new sites are recommended. The Alaska domain
presents a number of challenges because of the harsh

environment, seasonal influx of pack and floating ice,
ice loads on the buoy contaminating the wave mea-
surements, seasonal recovery and redeployment, local
field support and logistics. These impediments are
not insurmountable but have to be carefully examined
and closely coordinated with the AOOS and regional
partners to provide wave data in areas where they
have not existed before, and to aid in the evaluation
of modeling efforts that will be critical to this area. In
fact, because of the observation challenges in Alaska,
this is one domain where improved wave forecast
models may ultimately allow a reduction in the num-
ber of required in-situ observations.
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Figure 9. Alaska Backbone design. Open symbols are non-directional sites, closed symbols are directional sites. The 200-m
bottom contour is in cyan. Note new locations are designated “N,” Canadian Buoys are indicated by large open red and blue

symbols.

3.2.e Hawaii and South Pacific sites; five exist, including two with directional capabil-
Islands ities. Three require First-5 upgrades. The remaining
site, which was recommended by the regional partners
The Pacific Islands contain two primary domains: the virtually, closes the loop around the islands. Four ex-
Hawaiian Islands (Figure 10a) and the South Pacific isting stations have been identified in the Coastal Sub-
Islands (Figure 10b). The Hawaiian Island domain net. All but one requires a First-5 directional upgrade.
contains a narrow shelf and only two of the four sub- Five new coastal locations are included for the Coastal

nets are required. The Offshore Subnet will contain six ~ Subnet in the South Pacific Islands (Figure 10b).
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Fiqure 10a. Hawaiian Islands Backbone design. Open symbols are non-directional sites, closed symbols are directional sites.
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Figure 10b. Southern Pacific Islands Backbone design. Open symbols are non-directional sites, closed symbols are directional
sites. Note new locations are designated by “N.”
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3.2f Great Lakes wave capabilities in a cost-sharing basis. Of the exist-
ing nine operational sites, three require directional
upgrades and the other six require First-5 upgrades.
There are three new Inner Subnet sites recommended:

In the Great Lakes domain (Figure 11) the Offshore,
Outer, and Inner Subnets fall under one definition.

Hence, any buoy that 1s.located in water depths central Lake Michigan, western Lake Erie, and east-
greater than 10-m is defined as an Inner-Shelf Subnet ern Lake Ontario. The recommended Coastal Subnet
requires twenty new sites. Similar to Alaska, Great
Lakes wave measurement buoys have to be removed
during the winter due to ice cover.

asset. Recommendation for the design consists of

12 measurement sites in addition to the eight loca-
tions operated by Environment Canada. It is strongly
recommended these sites be upgraded to directional
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: Figure 11. Great Lakes Backbone design. Open symbols are non-directional sites, closed symbols are directional sites. Note
= new locations are designated by “N,” Canadian Buoys are indicated by large open red symbols.

3.2.9 Caribbean Sea the remaining six are recommended to be upgraded to
First-5 capabilities. The Caribbean Regional Associa-
tion identified just three Coastal sites: north and south
of Puerto Rico and one in the Virgin Islands.

The Caribbean Sea domain has a fully operational
Offshore Subnet of eight sites (Figure 12). Of the eight,
two are directional but require First-5 upgrades and
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3.2.h Network Design Summary

Table 2 summarizes the existing locations and design

recommendations for each of the regions and the
four Subnets. The network will include a total of 296
sensors: 56 in the Offshore, 60 Outer-Shelf, 47 Inner-

48°W

40°W

Shelf, and 133 Coastal. Of these, 115 are new. First 5
directional upgrades are anticipated at 128 locations.

Supporting information for each existing and new

locations listed in Table 2 is provided in Appendix D.

Table 2. Summary of Planned and Existing Wave Measurement Sites

Offshore Subnet

Outer-Shelf Subnet

Inner-Shelf Subnet

Coastal Subnet

i 5 a = S 12} 5 = %) S = 2] S
Region = @ 2 @ =y @ 2 IS =y @ 2 ® o | 5 2 IS
8 1202l & | xl2 2| & | x|2| 2|8|x|2]| 2
a) w 5 a} w 5 o w 5 o | uw s
Atlantic Coast 141) | 9(1) | 5 |91 | 12 3 9 2 21 15 14 | 42 | 33| 9 26
Gulf of Mexico 6 5 5 9 5 4] 5 6 1 1 24 |11 |13 | 11
Pacific Coast 16(1) |10(1)| 6 |6(1)| 26 25 |1 6 2 2 20 | 13 | 7
Alaska 6(2) (6(2) 6(2) | 12(3) | 9(3) | 3 | 9(3) 1 5 1 15 3
Pacific Islands 6 5 1 3 1 1 9 5
Great Lakes 12(8) | 9(8) | 3 | 9(8) | 20 20
Caribbean 8 8 8 3 3
56 43 37 60 43 22 47 28 27
Total 13 17 19 133| 67 | 66 | 42
“4) 4 @1 e | 6 @1 © | ® (C)

Note: Number of Canadian sites is given in parentheses; these are not included in the totals

A fundamental requirement of all network locations is

for platforms and sensors to possess First-5 capabili-

ties. Since a wide range of instruments and platforms
are presently in use, it is necessary to assess their ac-

curacy. This evaluation process, described in Section

3.3, will be pursued as rapidly as possible and can run
in parallel with normal data collection.
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Existing assets that provide directional wave estimates
that are not First-5 capable will also require payload
upgrades. To be cost-effective, these upgrades will be
staged to take advantage of maintenance/change-out
schedules.

One major step in the build out of all four subnets, but
particularly for the Coastal and Inner-shelf Subnets

is to work closely with each of the regional partners

in assessing their priorities, take advantage of their
support infrastructure, and to cost-share the sensors in
their region. It is envisioned that these denser, near-
shore wave measurements will be operated and main-
tained by the regional partners where appropriate.

3.3. Technology Testing and
Evaluation

Continuous testing and evaluation of operational and
pre-operational measurement systems is an essential
component of the National Operational Wave Obser-
vation Plan, equal in importance to the deployment of
new assets. Testing and evaluation should commence
in Year-1 of the Plan in order to insure that new and
upgraded assets meet the First-5 performance require-
ment before they are purchased and deployed. Inter-
platform tests have been pursued in the past, (O'Reilly
et al, 1996; Teng and Bouchard, 2005), however with
the evolution of sensors, changes in buoy designs, and
new platform systems, a fresh look is required.

The Alliance for Coastal Technology (ACT) was cre-
ated to support the sensor requirements of IOOS and
is well-positioned to support the technology testing
and evaluation component of this plan. In March 2007,
ACT hosted a Wave Sensor Technologies Workshop
that brought together wave sensor manufacturers and
wave data users (full report at http:/ / www.act-us.
info). An overwhelming community consensus result-
ing from that workshop was that:

e The success of a directional (First-5) wave mea-
surement network is dependent in large part on
reliable and effective instrumentation (e.g., sensors
and platforms);

e A thorough and comprehensive understanding of
the performance of existing technologies under
real-world conditions is currently lacking, and

* Anindependent performance testing of wave
instruments is required.

These and other findings from the workshop will be
used to guide the testing and evaluation process. One
of ACT’s strengths is that it has instituted a third-party
mechanism for rigorous, unbiased performance verifi-
cation of existing instrumentation. NDBC and USACE
will work with ACT in conducting tests and evalua-

tions of wave measurement systems. In addition to
aiding in test design and data collection/analysis, ACT
will serve as the independent oversight and coordina-
tion lead.

The first critical step, and the basic foundation for all
technology evaluations, is to build community consen-
sus on a performance standard and protocol frame-
work. Prior to implementation, USACE and NDBC
will develop a Wave Technical Advisory Committee
and convene a Wave Technology Protocol Workshop
(in accordance with ACT’s established Guidelines for
Evaluations). This two-day workshop will bring to-
gether the Advisory Committee, developers/manufac-
turers of wave measurement systems, and the NDBC,
USACE and ACT testing team members. The goals of
the workshop will be to:

e Identify approaches to evaluating the performance
(e.g., comparisons to a presently accepted technol-
ogy / approach) of current operational and pre-
operational (future initiatives) in situ technologies,
recognizing that different standards may need to
be applied for different measurement technolo-
gies;

e Establish basic protocols for how the field tests of
wave measurement systems will be conducted,
and

e Develop specific protocols for how the first set of
system tests will be conducted. These guidelines
will include length of time for testing, analysis
and quality control software and dissemination of
results.

While many of the details for how tests are to be con-
ducted can only be determined during the workshop
described above, where all of the relevant players are
present, it is clear from the original ACT workshop,
the Wave Plan Steering Committee and Expert Panel
Review that both east and west coast locations are
required to appropriately evaluate the performance
of wave measurement systems, given the wide spec-
trum of wave regimes that are of interest. The East
Coast location will capture the dynamically interest-
ing conditions associated with both extra-tropical and
tropical storms, generating substantial wind seas, in
deep water as well as shallow shelf conditions, some
of which are also common to the Gulf of Mexico and
Great Lakes. A West Coast location would capture
long-period swells and deep shelf conditions typical
of the Pacific Ocean. Both the USACE Field Research
Facility (FRF) in Duck, NC, on the East Coast, and the
Coastal Data Information Program (CDIP) at Scripps
Institution of Oceanography (SIO) in La Jolla, CA, on
the West Coast has appropriate local expertise and
validation infra-structure. For Coastal Subnet applica-
tions, the standard is a pressure sensor based direc-



tional array. There is only one active directional array
and it is located at the FRE. The FRF would serve as
the primary test site, taking advantage of this array
and the other wave sensors already located there.

The FRF and SIO would also serve as staging loca-
tions for deep water evaluations further offshore. An
alternative testing site could be considered if an ocean
platform, suitable for mounting a pressure array, were
to be made available through an industry partnership
agreement. In this situation, the evaluation frame-
work would remain the same irrespective of the actual
site. Also, as a first step in the evaluation process,
recent individual wave system testing results will be
compiled and placed on a public-access web site.

As mentioned above, the testing and evaluation ac-
tivities should start immediately at the beginning of
plan implementation and continue annually with the
intent of testing all combinations of platforms, sensor
payloads, and systems. The goal will be for testing to
precede significant capital investment in sensors and
platforms. Facilities will need to be developed or, if
the two existing sites are selected, expanded (e.g., ref-
erence instruments and spares, computing / software
and eventually lab space/equipment for calibration
and training) and staffed.

Procedures and resources will be established to
conduct “in-place” evaluations of wave measure-
ment systems that cannot easily be moved to the
test sites. As a system performance evaluation and
calibration exercise, an agreed-upon wave reference
standard (e.g., instrument of known performance
characteristics) would be deployed next to existing
wave measurement systems for extended periods (e.g.,
6-12 months, always including a storm season) for a
cross-comparison. This type of testing is likely to be
less cost-effective than the test and evaluation center
concept, but appropriate in some circumstances.

3.4. Data Management

A critical component of the National Operational
Wave Observation Plan is moving data and associated
metadata from sensor to user. Observations supported
by this plan will primarily flow through the IOOS
Data Assembly Center (DAC) operated by NDBC and
the USACE/CDIP. NDBC will provide the neces-

sary assembly and timely transport of received wave
data to NWS/GTS to support national and regional
forecasting and warning responsibilities, and to other
wave data users and the public.

The increase in the wave observation network will
require additional resources to quality control (QC),
disseminate and archive the information. The IOOS
DAC currently processes approximately 130,000 spec-
tral wave observations per month from the existing

wave observation network. The final network design
is expected to provide over 200,000 wave observa-
tions per month — an increase of 35-percent. Quality
controlling wave spectral data requires instrumen-
tation that is accurately calibrated and tested; and
automated algorithms to validate and QC the spectral
data. Furthermore, continuous confidence limits of
the measurements should be derived for the basic
wave parameters computed from the First-5 variables
on a monthly basis and then annually to demonstrate
performance fidelity and to isolate potential sensor or
station problems. Such long-term statistics can lead to
skill scores or performance metrics, which are useful to
the user community and the wave modeling commu-
nity, assuring maximum quality assurance.

3.4.a Metadata

A fundamental objective of this plan is the use of IOOS
Data Integration Framework (DIF" ) compliant format
metadata. This is a requirement for data provided by
IOOS wave observers, and by the IOOS DAC, both
for present, and eventually for legacy data holdings
and inventories. Presently, the NOAA IOOS Program
is working toward adoption of the ISO (International
Organization for Standardization) metadata standards
for DIF. Use of Federal Geographic Data Committee
(FGDC) metadata with controlled vocabulary identifi-
cation and documentation will enable wave data to be
easily found through an open data discovery process.

At present, the wave observation community has
limited FGDC-compliant metadata available and they
are not easily discoverable. NDBC distributes the
required metadata that can be accommodated in the
WMO alphanumeric messages; however these formats
cannot contain the full gamut of metadata that ap-
pear necessary to support IOOS. NDBC observations
that are forwarded to the National Centers for archive
are encoded in the WMO F291 format. Implementa-
tion of this waves plan will convert present metadata
management standards into approved ISO metadata
standards. Each data attribute (e.g. unit of measure,
reporting convention, precision, and code definition)
will be encoded and delivered in valid XML formats
and made available to the public for easy access via
I0OS websites. Historical metadata, including sensor
maintenance schedules and software changes will be
archived and made readily available via XML ap-
proved standards. The USACE/CDIP is generating
compliant metadata; a complete list of the FGDC and
XML metadata for all observations is available on

the CDIP website (http:/ / cdip.ucsd.edu) along with

*  DIF-identified standards will be submitted to the DMAC
standards process and by using vetted standard formats, wave and
other I00S data will be more easily discovered and accessed.
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maintenance schedules and historical availability of
data and data products.

The netCDF files accessible via the NDBC OPeNDAP
sever have the potential to convey a great deal of use-
ful metadata about a station’s configuration and how
variables are measured. The files at present contain no
metadata except for station name, location”, and unit
of measure for each variable.

Planned NDBC improvements to metadata are to
unify the procedures for generating, managing, and
making wave observation metadata accessible to users
- including the automatic generation and modification
of metadata based on entries to user databases. Easy
access and user friendly displays of metadata retrieved
directly from the database or website will also be
required.

Buoys may have different error characteristics due to
present and local environmental conditions. This is
true even if they have identical payload and mooring.
Possessing different configurations obviously leads
to additional non-uniformity in data quality. Meta-
data will be used to provide time-varying qualitative
information about data reliability for each instrument
so that the end user can make appropriate decisions
about how to use the data. For example, poor data
quality resulting from difficulty of measuring long,
low swells, common in the Pacific basin, would also
generate flags according to the individual buoys abil-
ity to measure such waves.

3.4.b Standardization of the
Content and of the Data

The NOAA IOOS Program is coordinating the stan-
dardization of data content with national data pro-
viders and the eleven IOOS Regional Associations.
NOAA data centers (NDBC and CO-OPS) make data
available in several standard formats. Except for
archival in F291 and distribution of FM65 and Wave
Spectral Data, IOOS partner’s data are distributed
using the same methods and in the same formats as
NDBC’s own data.

WMO alphanumeric formats are used to distribute
real-time data via the NWS Telecommunications
Gateway (NWSTG). The NWSTG distributes data

to NWS activities via dedicated NWS communica-
tions, to the public and commercial enterprises via the
NOAA Broadcast System (NOAAPort), and interna-
tionally through the GTS. The WMO formats support

* Geo-referenced data will be consistent with NOAA'’s Spatial
Reference System (NSRS) which provides the foundation for all
positioning and navigational activities in the US. Positioning ac-
curacy must also be specified.

real-time analysis, forecasting, warning, model initial-
ization, and model verification, both nationally and
internationally. Wave observations are encoded with
meteorological observations in the US nationally-mod-
ified WMO FM12 format for Coastal Marine Automat-
ed Network (CMAN) stations and WMO FM13 format
for buoy data. Wave spectral data are encoded in the
WMO FM65 format. The formats are described in the
WMO Manual on Codes, WMO No.-306. The units

of measure and parameter names are well-defined for
these codes. Information on the quality control and
instruments or processes used is generally not well
defined. The formats are widely used but not flexible
when it comes to adding new data types.

All of the above formats are very mature and targeted
at specific users that are well prepared in using the for-
mats. The WMO alphanumeric formats are the stan-
dard for distributing real-time data among the govern-
ment and commercial meteorological community, as
well as the wave and ocean modeling communities.

A large variety of users, including the general public,
private industry, and researchers, access the real-time
data in ASCII format from the NDBC and USACE/
CDIP websites. The USACE/CDIP site also provides
access to historical and real-time data products (time
series, spectral and bulk parameters).

Improvements to the wave observation network will
require data standardization improvements that (1)
promote common formats for the users of the observa-
tions as well as the archive of data to replace the aged
NDBC F291 formats at the Long-Term Archive Center,
(2) standardize real-time data exchange formats that
can transport the improved resolution required for
First-5 applications, and (3) promote the adoption of
an IOOS DIF standard.

3.4.c Data Archive and
Mining Historical Wave
Measurements

Many wave data users require long records (e.g. inves-
tigate variations in wave climates, to study extreme
storm conditions, to evaluate improved wave models,
etc.). To support this, the National Operational Wave
Observation Plan includes provision for archiving the
wave measurements. Archive tasks will be further
detailed in the implementation plan, and coordinated
with the data archiving centers: NOAA /National
Oceanographic Data Center, (NODC) and the National
Climatic Data Center (NCDC). Active real-time wave
measurements accessible from the NDBC web site will
follow the procedure outlined below.

At intervals of 45-days all real-time data products will
be quality controlled by the originating data provider



according to the Quality Control Standards specified
in NDBC Tech. Doc. 03-02. These data will then be
transmitted to the Data Assembly Center at NDBC
along with the calibration coefficients for their specific
platform. NDBC will reformat the data consistent
with existing WMO F291 standard. The final wave
measurement data sets will be packaged and sent to
NOAA /NODC for archiving.

Two other wave measurement data sets which are

not naturally included in this process are active, self-
recording (delayed-mode) instruments presently and
historical wave measurements derived from short
duration intensive field experiments, or deployments
serving a specific local need. This plan includes fund-
ing to obtain these data and to process them similarly
to real-time data. Mining for these data sets will be
accomplished through the solicitation of regional part-
ners, inter-governmental collaboration, and the private
sector (e.g. oil companies). In addition to recovery of
these data sets, meta-data will have to be developed.
As a minimum the meta-data should include:

e Location, water depth (NSRS standards, see foot-
note on previous page)

* Measurement device

e Sample rate and length of record
* Analysis methods

e (Calibration records

e Quality control

The centralization of wave data archives, in addi-
tion to a data provider’s own archive, is necessary to
insure long-term preservation of all wave data. As
the implementation of the plan proceeds, there will
be an increasing amount of wave data to be handled.
Discussions are underway with NOAA /NODC and
NOAA/NCDC to determine what the impact of this
increase in data would have on the staff and compu-
tational resources. While it is difficult to estimate the
amount of historical wave data which may exist until
the data discovery has been completed, one can expect
that older data will not be directional and will be less
accurate than more modern data.

3.5. Operation and

Maintenance

The plan requires Operation and Maintenance (O&M)
tasks and funding necessary to sustain a long-term
24/7 nationwide system. Specific O&M activities are
listed below.

3.5.a Field Service Support

After the sensors/systems are deployed, two types of
field services are needed to maintain and operate: (1)
scheduled and (2) unscheduled services. For a sus-
tained, 24/7 measurement system, the sensor systems
and platforms need to be maintained regularly (i.e.,
one should not let them keep running until they fail),
so routine and scheduled field services are needed

to clean, repair, or replace sensors/ platforms. Main-
tenance will be scheduled as appropriate for each
specific sensor/ platform type. Although elements of
the Offshore, Outer and Inner Subnets are maintained
by NDBC during their normal operational routine,

the service of wave systems requires extra time and
resources, as will all new locations. The coastal gauges
also need to be regularly maintained to ensure long-
term and accurate wave observations. In addition to
the scheduled field services, unscheduled field servic-
es will be required to bring failed systems back online
as soon as possible. This plan provides a cost estimate
for both scheduled and unscheduled field services and
the costs shift from capital investment to O&M as the
network matures.

3.5.b Ship Support

Timely instrument servicing is often dependent on
weather, support team, and available ship time. The
enhanced Offshore, Outer-Shelf and Inner-Shelf Sub-
nets will require additional ship time, while coastal
gauges will require ready access to small vessels when
needed. Considering that ship time is expensive,

this plan calls for strong coordination of ship support
resources. To facilitate this aspect of the wave plan,
funding and a mechanism for vessel and deployment
schedules will be coordinated to take advantage of
existing capabilities (NOAA, University-National
Oceanographic Laboratory System, and commercial
vessels), although there should be no impact to the
current US Coast Guard ship support agreement with
NOAA. Additional ship support may be acquired by
NDBC'’s regional coordinators, directly by NDBC, or
by the USACE sponsored CDIP operators. Shared ship
support resources will be the foremost consideration
for deploying and servicing wave sensor systems.

3.5.c Inventory of Sensor Systems

Assurance of a successful long-term operational
system requires that standardized systems. An
inventory of replacement and spare sensor systems
will be maintained in order to insure timely repairs
and replacements. These replacement wave sensor
systems will be stored in multiple locations ready and
calibrated for fast and easy deployment as needed.
Unique or singular instruments will be avoided except
for evaluation purposes. Based on NDBC and USACE
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operational experience, spares equal to 30-percent of
the wave sensors/systems is needed for uninterrupted
and sustained operations. These replacements and
spares would be federally funded and made available
as needed to IOOS wave observers.

3.5.d Sensor System Calibration
and Testing

Sensor re-calibration and testing can be an expensive,
time consuming process which, if not done, can ad-
versely impact data quality. Following the NDBC and
USACE present practices, this plan provides for con-
sistent, federally supported calibration and testing of
wave sensor systems (including those for both offshore
buoys and coastal gauges) operated under this plan.

3.5.e Operator Training

Operational success is dependent on developing
expertise through multiple deployments, including

both successes and failures. Recognizing that some
regional/ coastal observers may not have extensive
experience collecting First-5 quality wave measure-
ments and that staff turnover can often be high, annual
training will be provided in the operational logistics
and data handling steps required for standard instru-
ment types. This training will be done in collabora-
tion with regional partners, will complement vendor
training and will be modeled after ACT technology
training exercises. The training will include lectures,
field demonstrations, and hands-on practical sessions
that cover all aspects of the latest theories and tech-
niques for specific instruments. The training exercises
will also be documented in the form of best practices
guides for broad distribution to wave technology us-
ers. Training will begin early in the implementation

of the wave plan in order to precede deployments by
Regional Coastal Ocean Observing Systems (RCOOSs).
As new technologies become available, additional
trainings will take place as needed.

4. Complementary / Pre-Operational Wave

Observations

This section recognizes the importance to the National
Operational Wave Observation Plan of emerging and
pre-operational in situ, ground-based and space-borne
technologies that will improve and complement wave
observations.

Continuous improvement of the wave measurement
network requires incremental upgrades of existing
instrumentation and the identification, nurturing and
adoption of innovative technologies as they are prov-
en. Research and development of new sensors and
sensor platforms is necessary to improve the continu-
ity of the operational data stream, and for improved
accuracy and reliability, while reducing the capital
and/or maintenance cost per station. Pre-operational
technologies are those devices that have undergone
extensive research, have been field tested beyond the
“proof of concept” stage and are awaiting further
evaluation prior to a full operational implementation.

Directional wave measurements can be estimated
remotely from satellites and by ground-based radars.
These observations have a unique advantage over in
situ sensors, as they are able to image the entire wave
field directly and over large areas. Satellite synthetic
aperture radar (SAR) and Advanced Synthetic Ap-
erture Radar (ASAR) can image the ocean surface
day and night, and in all weather conditions. Present
SAR sensors such as the Canadian RadarSat-1, Eu-
ropean ERS-2 and Japanese ALOS/PALSAR and the
European ENVISAT ASAR can provide sea surface

information with 25-m resolutions over long strips
about 100-km wide, or 100-m resolution over 500-km
wide area strips (e.g. Pichel, 2008). Nearly the entire
US East Coast (about 2100-km) can be covered by a
low earth orbiting satellite pass in 5 minutes. New
SAR sensors such as the Canadian RadarSat-2, Italy
Cosmo-SkyMed, and German TerraSAR-X can im-
age the ocean surface at a spatial resolution as small
as 1 meter. Unlike altimeter systems (e.g. Europe’s
JASON-2) which provide only wave height estimates,
SAR systems have the capability to provide First-5 di-
rectional spectral estimates along large swath widths,
with repeat cycles from 10 hours to two days.

Remote wave observations may also be measured by
ground-based high frequency (HF) and nautical radar
instruments. The two primary commercially avail-
able HF radar technologies are direction finding and
phased-array systems. These have significantly differ-
ent wave measurement capabilities. Direction finding
HF systems can only provide a single, averaged (over
a radial rings of about 1-km radial spacing) wave
observation. In contrast, phased-array HF systems
provide two-dimensional spatial mapping of indepen-
dent wave observations with maximum ranges up to
about 100-km. Preliminary inter-comparisons between
a phased-array radar system with a directional wave
buoy measurements showed promise (Voulgaris et al,
2008, Shay et al, 2008; Haus, 2007). Nautical radars
can provide continuous directional wave properties



at very high spatial resolution for ranges up to 2- to
4-km.

Remote-sensed directional wave estimates comple-
ment and expand point source directional wave obser-
vations. Moreover, much of the infra-structure (data
manipulation, product generation and data manage-
ment) can be shared, reducing costs and increasing
data integration.

Another technology that falls into the pre-operational
category is acoustic current profilers. These sys-

tems are used to measure waves, as well as currents.
Upward looking acoustic current profilers directly
measure the pressure response of the free surface
(when equipped with a pressure sensor), or follow the
free surface itself (using a surface-tracking acoustic
beam), and use sub-surface wave velocities computed
using the Doppler shift in returns from an array of
the upward-looking acoustic beams. Estimates of the
directional waves are constructed from these data us-

ing linear wave theory relationships to the free surface.

Another example is the Air-Sea Interaction Spar (ASIS,
Graber et al. 2000) buoy which provides a stable plat-

form to measure surface fluxes and directional wave
spectra.

To encourage technological development, this plan
includes funding for to help develop pre-operational
wave measurement efforts. The ACT technology dem-
onstrations model will be used to support the testing
of pre-commercial or emerging wave measurement
technologies. The goals of these demonstrations will
be to help developers refine their instrumentation and
to highlight the potential and capabilities of new tech-
nologies. The FRF and SIO test facilities will be made
available (e.g., protocols, equipment/ reference stan-
dards and technical staff) to technology developers
through an application process, which will facilitate
the continuous development, evaluation, and infusion
of these new capabilities.

The National Operational Wave Observation Plan also
encourages investment in research and development
of critical wave observation technology through other
funding sources such as the Small Business Innovation
Research (SBIR) Program.

5. Roles and Responévibilities

This plan is an interagency effort coordinated by the
NOAA IOOS® Program and the USACE. Implemen-
tation and oversight of this plan is the cooperative
responsibility of the USACE and NOAA-NDBC. The
Interagency Working Group on Ocean Observations
(IWGOO) will work to facilitate the cooperation and
involvement of other agencies.

In general the Offshore Subnet will be the responsibil-
ity of NDBC; the Outer and Inner Subnet observa-
tions will be co-shared and coordinated by NDBC and
USACE. The USACE will oversee the Coastal Subnet.
Establishing and maintaining an effective and efficient
wave measurement system requires the partnership

of federal agencies (NOAA, USACE), state and local
agencies, the private sector, and Regional Associa-
tions (RA) and Regional Coastal Observing Systems
(RCOOS). Because of the diversity of observers, fund-
ing sources, and deployed instruments, the USACE
and NDBC will work closely with INGOO partner
agencies to encourage compliance with the plan
(First-5 sensors; data handling, sensor locations). The
USACE and NDBC will coordinate on the oversight of
other aspects of the plan including Test and Evalua-
tion, Training, and System Enhancements.

The USACE, NDBC and their partners will meet an-
nually to update the inventory of established sites, to
review the design and implementation progress, and
to establish priorities for the next two fiscal years. It is
envisioned that wave modeling activities, an increased
user-base, requirements from regional partners and
other US Government agencies will change in the fu-
ture. Hence, a Waves Oversight Committee will meet
annually to review the wave system design, assess any
new input for directional measurements, evaluate suc-
cess/ failures, prioritize system deployments, and rec-
ommend any changes to the overall structure. During
this annual review, wave data providers and users will
participate and provide feedback on the success of the
plan. As the operational system matures, validation
of that capability will be evaluated. Metrics will be
determined, some of which will include data recovery,
sensor and platform survivability; specifics based on
the user community; and other identifiable informa-
tion that will facilitate the procurement and deploy-
ment of new or refined technologies and procedures.
Interaction with partners, particularly during the
initial start-up of the network, will be important to re-
fining and improving the plan. Input will be obtained
through presentations at Regional Association meet-
ings, web surveys, workshops, and questionnaires.
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6. Costs and Schedule

Based on the information provided in the previous
sections, a simplified calculation of costs through

the next five years is provided in Table 3. A refined
analysis of costs based on specific upgrades to wave
systems or the placement of desired instruments in
specific locations will need to be performed before ex-
act costs are known. These will be developed as part
of an implementation plan. Yearly and total costs for
Offshore, Outer-Shelf, Inner-Shelf, and Coastal Sub-
nets are based on a generic unit price for locations that
require “waves only” buoys, or for new buoys that

are placed, regardless of the depth/distance from the
shoreline. Inventory costs are computed as 30-percent
of the costs for developing the four subnets. Field ser-

vice support is calculated using current costs to keep a
similar network of buoys operating along the coast-
line. Note that these costs and activities are in addi-
tion to existing funded NDBC and USACE programs.
However, this plan and the associated costs take into
account existing infrastructures, signed agency agree-
ments and leveraging of available resources that will
dramatically reduce overall costs and reduce risks to
the success of the system. Since the cost estimate cov-
ers a series of investments, deployments, upgrades,
and support activities, a decrease in available dollars
would slow the deployment of the network, while an
increase in available resources would reduce the time.

Table 3. National Operational Wave Observation Plan: Cost Estimates ($k)

|  YR1 YR2 | YR3 | YR4 YR5
Offshore Subnet
Upgrades (37) 600 960 960 960 960
New (13) 600 900 900 900 600
Outer-Shelf Subnet
Upgrades (22) 500 500 500 400 300
New (17) 920 920 920 690 460
Inner-Shelf Subnet
Upgrades (27) 195 325 455 455 825
New (19) 360 600 600 360 360
Coastal Subnet
Upgrades (42) 520 520 650 520 520
New (66) 1,560 2,040 2,280 1,320 720
Test and Evaluation
Test and Evaluation | 1,200 1,300 1,500 1,600 1,700
Data Management
I00S DMAC 200 200 250 250 250
Metadata 150 100 100 100 100
Standardization/QA/QC 50 50 50 50 50
Archiving / Data Discovery 200 250 300 300 300
Operation & Maintenance
Field Service Support 75 1,250 1,000 1,250 1,000
Ship Support 5,000 5,000 5,000 5,000 5,000
Inventory 1,580 2,030 2,180 1,680 1,270
Sensor Calibration 100 150 300 500 500
Observer Training 75 75 50 50 50
System Oversight 200 200 200 200 200
Complementary Wave Observations
Pre-Operational 200 400 400 400 400
Total 14,285 17,770 18,595 16,985 15,065




With the growth of deployed wave observing system
assets, ship time will increase. Most of the deployed
wave systems have used ship time provided by US
Coast Guard partnerships, NOAA'’s fleet or through
regular external partnerships. Over the past few years,
the demands for ship time have risen, and fluctuating
fuel prices have added to the uncertainty of ship con-
tract costs. A rough order of magnitude cost for ship
time to support the existing and new platforms in the
Offshore Subnet and the Outer-Shelf Subnet is about
$5M per year - assuming ship time from partnerships
continues.

In Year-1 there are two primary objectives. The first

is to begin testing and evaluating existing assets, a
requirement prior to making substantial capital invest-
ments in new assets to insure that they provide First-5
capabilities. There are at least thirteen different wave
buoys and gauging methods that estimate wave char-
acteristics and most have not been rigorously evalu-
ated. In addition, as regional partners begin to pur-
chase and deploy wave sensors, there will be a need

to provide guidance on the performance of various
directional wave measurement devices. Meeting this
challenge will require test sites, metrics, and opera-
tional standards to First-5 capabilities. Testing would
begin at the FRF in Year-1 and at the SIO in Year-2.
Also in Year-1 the Outer-Shelf Subnet directional assets

/. Summary

For the first time, experts in the wave community
have designed a wave network that meets the nation’s
needs. The development and implementation of this
National Operational Wave Observation Plan will pro-
vide a consistent network of accurate First-5 direction-
al wave measurements along the US coast from deep
to shallow water. The design is based on four subnets
which acknowledge the natural scaling of the genera-
tion, propagation and transformation of directional
waves. The underlying motivation of this schema

is to align the observation system with wave model-
ing activities with the goal of significantly improving
wave forecasts (Cardone et al., 1994; Komen et al. 1994;
The WISE Group, 2007). First-5 quality directional
measurements will not only provide verification of
modeling efforts, they will also lead to improvements
in technological advancements, useful in data fusion
and assimilation techniques, improve and extend a
wide range of wave observation-based products and
serve as ground truth for the next generation of wave
models and satellite based remote sensing systems.

The plan divides the US coastline into seven primary
regions: Atlantic, Gulf of Mexico, Pacific, Alaska,

will begin to be evaluated using “in-place” testing.
Four sites (Atlantic, Gulf of Mexico, Pacific, and the
Great Lakes) will be selected, based on operation and
maintenance schedules in order to minimize costs.

The second Year-1 objective is to begin to realize the
benefits of the network design by focusing on filling
out the Outer and Coastal Subnets with known First-5
compliant devices. The Outer Subnet will provide the
deepwater boundary conditions for improved shallow
wave forecasts. The Coastal Subnet is where the most
users of real-time observations reside, and provide
point-source sites for model verification. Also during
the initial years, work will begin on the data formats,
standards, and protocols necessary to achieve wave
data integration across the IOOS.

Full deployment of the National Operational Wave
Observation Plan will begin starting in Year-3 and
continuing until the design has been completed.

Although the costs and scheduling spans just five
years, after that activities shift to sustaining the sys-
tem: operation and maintenance, inventory, sensor
calibration, field service support, sensor replacement
and data management. This is anticipated to equal the
Year-5 cost and increase annually according to the rate
of inflation.

Hawaii-South Pacific Islands, Great Lakes, and the
Caribbean Sea. The subnets for each region were

first defined by incorporating existing assets and

then expanded based on physical principles of wave
mechanisms, and requests from the Regional Associa-
tions. When completed, the observation network will
include a total of 296 sensors: 56 in the Offshore, 60
Outer-Shelf, 47 Inner-Shelf, and 133 Coastal. Of these,
115 will be new locations. Directional upgrades are
anticipated at 128 locations. This design has for years
been used successfully along the California coast to in-
corporate wave measurements with modeling in order
to fulfill the needs of a large user community for both
real-time observations and forecast wave conditions.

Multiple tasks will be undertaken during the imple-
mentation process including testing existing di-
rectional platforms to determine First-5 capability;
rigorous field evaluation of pre-emerging technologies
that could substantially reduce procurement costs;
and deployment of new assets. The plan will sup-
port IOOS® DMAC data requirements and flow wave
data through the IOOS Data Assembly Centers and to
permanent data archives. An integral part of this plan
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is to continuously review the deployment progress mented will equally serve requirements for general
and to add or modify the placement of new directional =~ wave information in the form of height, period, and

wave assets. direction. It will also serve users requiring detailed,

_ _ highly accurate directional wave information. The na-
The proposed cost estimate starts in Year-1 at about tionwide availability of real-time directional wave data
$14M, and then increases to about $17M per year, with will provide timely information to commercial, Naval,
capital investment costs being gradually replaced with 4 yecreational boating; minimize loss-of-life and
operation and maintenance costs. These numbers property through improved forecasts, aid the US Coast
represent the increased costs for upgrades and new Guard in their search and rescue mission, and serve
sensors, and are in addition to the costs of maintaining e heavily populated US coastlines during storms,
the existing network. hurricanes, and tourist seasons.

The benefits to the large and diverse community of
IOOS users will be significant. The plan, when imple-
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Appendix A: Existing Wave Measurement
Locations by Regional Association Domain

As of August, 2007, the existing national wave net-
work consists of 181 wave measurement devices occu-
pying the US coastal and offshore waters. The count is
based on the platforms actively measuring waves 24/7
and transferring the information directly to NDBC for
routine posting. This does not include historical sites
no longer active, or sites that are monitoring and post-
ing wave conditions from sponsored web sites. These
locations are displayed in Figure A1, which is decep-
tive in its depiction of the existing network since the
size of the symbols (approximately one-degree) gives
the impression that the entire coastline is covered by
wave observations. Closer inspection of Figures A2 —

160°W

A13, which show the array regionally, better illustrates
the sparseness of the existing network for the nation’s
coastlines.

Of the 181 sites, 111 are operated and maintained by
NDBC (including sites funded by government and
private sectors); plus eight new sites scheduled for fu-
ture deployment. Thirty-four of the 181 are supported
or co-supported by the US Army Corps of Engineers
and the State of California Department of Boating and
Waterways. The remaining 28 are supported by vari-
ous Regional Associations. More than half of the wave
instruments have the capability to estimate directional
waves, though their accuracy varies.

120°W

Longitude

Figure A1. Location of existing, and scheduled deployment of wave measurement devices approximate location of Gulf

Stream, tan line, and 200-m depth contour, cyan line.
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It is also worthy to note there are 36 additional wave
buoys maintained by Environment Canada covering
the Atlantic, Pacific and Great Lakes. Some of these
assets (15 identified) are crucial to the offshore subnet
to establish a seamless boundary.

Figures A2-A13 sieve the wave measurement locations
based on the platform and region. In most cases this
is either a buoy (hull size defined) or bottom mounted
sensor package. The latter case would either be a
pressure sensor(s), Acoustic Doppler Current Pro-
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filer (ADCP), an Acoustic Wave and Current Profiler
(AWCP).

The geographical area covered by each of the Regional
Associations is approximate and are defined as closed
polygons. In some cases Environment Canada buoys
are plotted in a given RA domain (NERACOOS, NA-
NOQOS, AOOS, GLOS). The PacIOOS figure is divided
into two parts: the Hawaiian Islands, and the South
Pacific Islands.
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Figure A2. Existing wave sensors for the Northeastern Regional Association of Coastal Observing Systems 200-m depth

contour, cyan line.
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Fiqure A3. Existing wave sensors for the Mid Atlantic Coastal Ocean Observing Regional Association approximate location
of Gulf Stream, tan line, and 200-m depth contour, cyan line.
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Figure A4. Existing wave sensors for the Southeast Coastal Ocean Observing Regional Association approximate location of
Gulf Stream, tan line, and 200-m depth contour, cyan line.
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Fiqure A5. Existing wave sensors for the Gulf of Mexico Coastal Ocean Observing System Regional Association 200-m
depth contour, cyan line.
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Figure A6. Existing wave sensors for the Caribbean Regional Association 200-m depth contour, cyan line.
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Figure A7. Existing wave sensors for the Southern California Coastal Ocean Observing System 200-m depth contour, cyan

line.
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Figure A8. Existing wave sensors for the Central and Northern California Coastal Ocean Observing System 200-m depth
contour, cyan line.
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3-m

70°N _ 6-m
8 10-m
Buoy-Other
WaveRd
Gauge ey
. Unknown @
] )
(5]
&l

60°N

55°N F

50°NQ_
165°E 180°W 165°W 150°W 135°W
Longitude

Fiqure A10. Existing wave sensors for the Alaska Ocean Observing System, Environment Canada platforms are included

200-m depth contour, cyan line.
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Figure A11. Existing wave sensors for the Pacific Islands Integrated Ocean Observing System, Hawaiian Islands (200-m
depth contour, cyan line).
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Figure A12. Existing wave sensors for the Pacific Islands Integrated Ocean Observing System, South Pacific Islands.
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Appendix B: Regional Association Requests

In 2005, NDBC received IOOS® funds to add oceano-
graphic sensors to the weather buoy fleet. NDBC
reached out to the IOOS Regional Associations (RA) to
understand their oceanographic requirements as they
related to the NDBC platforms (both buoy and Coastal
Marine Automated Network or CMAN stations). Each
RA responded with recommendations for ocean cur-
rents, temperature, salinity and wave observations for
the NDBC platforms. Almost unanimously, the RAs
asked for directional waves for the buoys and CMAN
stations.

To better understand the RA requirements for waves
relative to this plan, the NDBC Regional Association
Coordinators for Coastal Ocean Observation Networks
(RACCOONS) again solicited the RAs in May 2007

for specific wave requirements including directional
upgrades to existing NDBC assets, new wave observa-
tion sites.

Since the time frame to obtain the RA requirements
was short, less than three months, the information
included in the report varies by RA and by system

requested. Most RAs provided detailed responses

to wave observations using existing NDBC buoy or
CMAN platforms. New measurement sites were iden-
tified with fixed longitude/latitude locations. In some
cases, only general locations were mentioned. For
these specific sites, there was no mention of what spe-
cific device needed. The locations were not reviewed
or eliminated based on physical restrictions (e.g., the
Gulf Stream, very shallow water, harbor entrances).
Other groups were also contacted. The USACE field
offices: New York, Detroit, Mobile and Alaska Districts
provided input. In general, their selected locations are
very near the coast. NOAA’s National Ocean Service,
Physical Oceanographic Real-Time System (PORTS)
also requested wave measurements near PORTS sites.

The panel anticipates that the number of requested
wave measurement sites will increase. The informa-
tion received to date is summarized in Table B1 and
Figure B1. Graphics for individual Regional Associa-
tion requests are shown in Figures B2-B13. The RA
original responses are included in Appendix C.

Table B1. Regional Association Wave Measurement Site Request

Directional Upgrades
Regional Association CMAN Buoy New Wave Sites

GOMOOS 3 7
MACOORA 2 19*
SECOORA 1 2 26*
GCOO0Ss o*
SCCOO0S 1 1
CenCOOS 2 6
NANOOS 1 0 11
ACOOS 2 5 10
PaclOOS 2 16**
GLOS 1 2 22*
CaRA 1 ey
NOAA-PORTS 13

TOTAL 5 20 145

*Includes USACE Input from New York, Detroit, and Mobile Districts

**Counted but not plotted (only general information)
***Two identified, remainder not plotted
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Figure B1. Location of Regional Association requests (70000 series station numbers) for wave measurement devices, approxi-
mate location of Gulf Stream, tan line and 200-m depth contour plotted in cyan.
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Figure B2. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Northeastern Re-
gional Association of Coastal Ocean Observing Systems, and 200-m bottom contour plotted in cyan.
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Figure B3. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Mid-Atlantic
Coastal Ocean Observing System Regional Association, approximate location of the Gulf Stream, tan line, and 200-m bottom

contour plotted in cyan.
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Figure B4. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Southeast Coastal
Ocean Observing Regional Association, approximate location of the Gulf Stream, tan line, and 200-m bottom contour plotted

in cyan.
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Figure B5. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Gulf of Mexico
Coastal Ocean Observing System-Regional Association, approximate location of the Gulf Stream, tan line, and 200-m bottom

contour plotted in cyan.
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Figure B6. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Caribbean Region-
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al Association, approximate location of the Gulf Stream, tan line, and 200-m bottom contour plotted in cyan.
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Figure B7. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Southern Califor-
nia Coastal Ocean Observing System, 200-m bottom contour plotted in cyan.
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Figure B8. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Central and North-
ern California Ocean Observing System, 200-m bottom contour plotted in cyan.
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Figure B9. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Northwest As-
sociation of Networked Ocean Observing Systems, 200-m bottom contour plotted in cyan.
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Fiqure B10. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Alaska Ocean
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Observing System, 200-m bottom contour plotted in cyan.
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Figure B11. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Pacific Islands
Integrated Ocean Observing System, Hawaiian Islands, 200-m bottom contour plotted in cyan.
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Fiqure B12. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Pacific Islands
Integrated Ocean Observing System, for the South Pacific Islands.
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Figure B13. Upgrades to existing and new (70000 series station numbers) wave measurement sites for the Great Lakes

Observing System.

The Northeastern Regional Association of Coastal
Ocean Observing Systems (NERACOOQS) have only
requested three existing NDBC buoys to be upgraded
to directional capabilities, and seven new sites along
the south shore of Massachusetts. This area has been
heavily gauged through the existing Gulf of Maine
Ocean Observing System, (GoMOOS) and the need
for wave measurements are balanced by the existing
array.

Alternately, the Mid-Atlantic (MACOORA) is much
smaller in size compared to NERACOOS, there are
few existing sites, so the request for new assets is
substantially larger. However, again the majority of
the sites are designated as coastal, and exemplifies a
critical need for more wave information in Long Island
Sound.

The Southeast Coastal Ocean Observing Regional As-
sociation (SECOORA), made a very concerted effort in
the evaluation of their existing wave sites and the pro-
cesses of this region. Tropical systems tend to track in

this region. The interaction of the Gulf Stream is also a
major influence affecting the wave environment. Also,
the continental shelf increases in width making the
spatial variation in the wave environment highly vari-
able, requiring more sites to capture these processes.

The Gulf of Mexico Coastal Ocean Observing System
Regional Association (GCOOS-RA) has focused on
building the observing system by integrating observa-
tions from many sources. These include contributions
from state resource agencies and the activities of the
Gulf of Mexico Alliance. The role of NDBC and their
operational buoy network in the Gulf of Mexico is
also a critical element. These assets have directional
wave capabilities. In addition there has been an influx
of meteorological and current measurements derived
from the oil industry. The Texas coast alone contains
three NWS forecast offices, in Corpus Christi, Galves-
ton and Brownsville; the USACE district offices have
multiple projects along the Texas coastline. Itis a
shoreline reach susceptible to tropical systems, justify-
ing additional wave measurements.
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The Caribbean Regional Association (CaRA) focused
more on the Coastal Subnet. The two sites north and
south of Puerto Rico replace existing NOAA’s National
Center for Environmental Prediction virtual buoys,

a wave model output. Four other locations are de-
fined at harbor entrances, (San Juan, Ponce, Charlotte,
Amalie) and in the shallow-water reefs along the south
shore of Puerto Rico.

The Southern California Coastal Ocean Observ-

ing System (SCCOOS) and CeNCOQOS (Central and
Northern California Ocean Observing System) already
have considerable coverage through existing Coastal
Data Information Program (CDIP) and NDBC sta-
tions. They requested only one upgrade and one new
site. The CeNCOOS has requested four new locations
to complete the existing array, while the NOAA /NOS
PORTS program requires waves for both Los Angles/
Long Beach Harbor and San Francisco (two sites that
have existing CDIP buoys that could be used). No
Coastal Subnet sites were added because of the model-
ing efforts embedded in CDIP that provide near full
coverage of this domain. The one Offshore Subnet
location completes the existing NDBC array along the
US Pacific Mainland coast.

The Northwest Association of Networked Ocean
Observing Systems’ (NANOOS) priority is to expand
the Outer-Shelf Subnet. In Alaska, AOOS, requires

directional wave data in the Coastal Subnet, specifi-
cally in the Seward, Valdez and Cook Inlet/ Anchorage
areas to aid in commercial ship traffic and recreational
fishing. The two NDBC sites in the Bering Sea remain
a critical area for directional wave upgrades not only
to commercial fishing industries, but also for require-
ments of the USACE Alaska district.

The Pacific Islands, PaclOOS, has its own unique set
of challenges, small islands with fringing reefs isolated
by large expanses of open-ocean. Twenty new sites
were requested for these areas including American
Samoa, the Commonwealth of the Northern Mariana
Islands, the Federated States of Micronesia, Guam,

the Republic of the Marshall Islands, the Republic of
Palau. Two existing NDBC sites (51001 and 51028),
were identified as critical, to be maintained at all costs.
One site, northwest of the Hawaiian Island chain, was
requested for directional upgrades.

The Great Lakes Observing System (GLOS) Regional
Association requested two directional upgrades to
existing NDBC platforms, three Inner-Shelf Subnet
additions, and ten new Coastal sites, where there are
three along the Chicago shoreline (USACE-Chicago
District). One additional assessment of the GLOS is to
integrate and upgrade to directional, the Environment
Canada assets.



Appendix C: Requirementé Matrix

This appendix includes the input from the Regional quirements including directional upgrades to existing
Associations in response to the May 2007 request from NDBC assets, new wave observation sites. This appen-
NDBC Regional Association Coordinators for Coastal dix provides supporting information to Appendix B.

Ocean Observation Networks for specific wave re-
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Table of Wave Requirements by Regional Association
AsRseg(I:(i)ant?(l)n Category 1: Moored Buoys Category 2: Wave Profilers
Northeastern Installed NDBC Buoys — Needs Directional Waves
Regional
Association WMO # Location
of Coastal 44027 | Jonesport, Maine
Ocean 44011 | Georges Bank
Observing 44013 | Boston
System
(NERACOOS)
Mid-Atlantic Installed NDBC Buoys — Needs Directional Waves
Coastal
Ocean WMO # Location
Observing
System 44009 Delaware Bay
(MACOORA)
New Buoy Locations
Latitude Longitude Location
39.50 -72.50 Shelf Break
41.20 -72.27 Eastern Long Island Sound
41.08 -71.42 SSE of Block Island
38.3 -74.00 Btwn Balt. And EI. Trunk
Canyons
39.39 -72.13 Hudson Canyon @Shelf
Break
39.62 -73.26 Off Barnegat Inlet NJ
' 40.47 -72.50 Off Middle Long Island
38.77 -74.97 Delaware Bay Entrance
Ches Bay Entrance
Lynnhaven Anchorage
York River between the Elbow
the river entrance
Between 12 and 24 fathom
Curve near Duck, NC
Between 12 and 24 fathom
Curve at Cape Henlopen
Long Branch, NJ
Westhampton, NY
Shinnacock Inlet
Long Beach, NY
Jones Inlet
East Central
Long Island Sound
Staten Island, NY
Raritan Bay
Montauk Point, NY
Manasquan Inlet, NJ
Southeast Installed NDBC Buoys — Needs Directional Waves
Atlantic
Coastal WMO # Location
Ocean 41025 Diamond Shoals
Observing 41004 [ Edisto
System
Regional New Buoy Locations
Association
(SECOORA) Latitude Longitude Location
27.33 -82.64 C15
36.21 -75.69 Duck 20m
25.56 -79.88 E of Miami
35.91 -75.59 Jennette's Pier
34.34 -76.42 Lookout Shoals
35.59 -75.46 Pea Island
34.62 -75.80 E of Cape Lookout




Table of Wave Requirements by Regional Association

Regional . . ;
Association Category 1: Moored Buoys Category 2: Wave Profilers
New Buoy Locations (continued)
SECOORA

(continued) 32.51 -78.16 E of Charleston, SC
29.00 -76.00 E of New Smyrna Beach
26.83 -79.50 E of West Palm Beach
24.63 -80.55 Florida Straits
27.98 -85.76 West Florida Shelf 1
26.99 -85.00 West Florida Shelf 2
25.44 -84.55 West Florida Shelf 3
29.08 -83.08 Cedar Key
29.24 -80.97 Daytona
24.52 -81.77 Key West
25.77 -80.10 Miami
26.14 -81.84 Naples
30.08 -85.73 Panama City
30.29 -87.28 Pensacola
27.40 -83.70 No S. Florida Buoys
26.00 -83.00 No S. Florida Buoys
27.50 -80.20 No S. Florida Buoys
25.30 -80.20 No S. Florida Buoys
Gulf of New Buoy Locations
Mexico Installed C-MAN Stations — Needs Directional Waves
%)Cf;gl Latitude Longitude Location :
Observing 28.80 -93.60 Gulf Gap Region WMO # Location
System K : SGOF1 Tyndall AFB
(GCOOS) 28.15 90.20 Gulf Gap Region
Caribbean Installed NDBC Buoys — Needs Directional Waves
Regional New Stations
Association WMO # Location
(CaRA) 41043 | Hurricane Buoy Latitude | Longitude Location
Around Reef Shallows
New Buoy Locations
Latitude Longitude Location
17.50 -66.50 PR Virtual Buoy #1
19.00 -66.50 PR Virtual Buoy #2
Harbor Entrance San Juan
Harbor Entrance Ponce
Charlotte Amalie
Southern Installed NDBC Buoys — Needs Directional Waves
California
Coastal WMO # Location
Ocean 46054 | Santa Barbara
Observing 46025 | Santa Monica Basin
System
(SCCOO0Ss)
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Table of Wave Requirements by Regional Association

AsRseg(I:(i)ant?(l)n Category 1: Moored Buoys Category 2: Wave Profilers
Central Installed NDBC Buoys — Needs Directional Waves
California
Ocean WMO # Location
Observing 46014 | Pt. Arena
System 46023 | Pt. Arguello
(CeNCOOS)
New Buoy Locations
Latitude Longitude Location
41.25 -124.43
39.85 -124.14
38.65 -123.71
36.17 -122.09
36.60 -125.70
Northwest Installed NDBC Buoys — Needs Directional Waves
Association Installed C-MAN Stations — Needs Directional Waves
of Networked WMO # Location
Ocean 46050 Stonewall Banks WMO # Location
Observing DMNO3 | Desdemona Sands
Systems New Buoy Locations
(NANOOS)
Latitude Longitude Location
44.20 -124.80 Heceta Bank (Mid-Shelf)
48.30 -124.03 Interior St. San Juan de Fuca
45.37 -124.47 Washington Shelf
47.85 -122.44 Puget Sound
48.74 -123.11 Boundary Pass
48.31 -126.24 Juan de Fuca Eddy
46.15 -124.82 Astoria Canyon
44.62 -124.11 Yaquina Bay
43.40 -124.43 Coos Bay
Alaska Installed NDBC Buoys — Needs Directional Waves
Ocean Installed C-MAN Stations — Needs Directional Waves
Observing WMO # Location
System 46060 | West Orca Bay WMO # Location
(AOOS) 46061 | Seal Rocks DRFA2 | Drift River Terminal, AK
46076 Cape Cleare BLIA2 Bligh Reef Light, AK
New Buoy Locations
Latitude Longitude Location
59.55 -149.87 | Resurrection Bay
57.92 -152.00 | Kodiak
59.39 -140.06 | Yakutat
56.88 -135.70 | Sitka
54.16 -164.43 | Unimak Pass
58.46 -158.43 | Bristol Bay
56.89 -170.36 | St. Paul
57.93 -136.71 | Near Juneau
55.95 -134.58 | Near Wrangell




Table of Wave Requirements by Regional Association
AsRseg(I:(i)ant?(l)n Category 1: Moored Buoys Category 2: Wave Profilers
Pacific Installed NDBC Buoys — Needs Directional Waves
Islands
Integrated WMO # Location
Ocean 51002 Detect winter swells from the west.
Observing 51001 Maintain Directional Waves
System 51028 | Maintain Christmas Island (should Boeing
(PaclOOs) Sea Launch terminate sponsorship) to meet —
requirements to detect southerly swell 24 (/;—'%
hours before arrival =
—
New Buoy Locations @
%
Latitude Longitude Location
America Samoa Buoys (4)
Guam, T.T, Pac NW Buoys
(16)
Great Lakes Installed NDBC Buoys — Needs Directional Waves
Observing
System WMO # Location
(GLOS) 45004 | Marquette
45002 N. Michigan
New Buoy Locations
Latitude Longitude Location
44.90 -87.13 NE of Whitefish Point, WI
44,55 -86.82 Between Frankfort, Ml and
Kewaunee, WI
42.36 -80.07 Btwn Long Point, ON and
Presque Isle, PA
43.52 -78.71 North of Olcott, NY
47.29 -91.26 Silver Bay MN
47.97 -89.69 Grand Portage MN
46.82 -89.28 Ontonagon Ml
47.25 -88.63 Keweenaw Upper Light MI
46.65 -86.40 Grand Marais MN
45.90 -85.56 Lansing Shoal Light Ml
44.15 -87.57 Manitowauk WI
43.39 -87.88 Port Washington WI
40.42 -80.22 Chicago Upper Intake IL
44.63 -86.23 Port Betise
4151 -81.72 Cleveland West Phead OH
42.16 -80.07 Erie Pierhead PA
43.26 -77.60 Rochester Harbor NY
44.13 -76.33 Cape Vincent NY
44,48 -73.30 Lake Champlain, NY
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Appendix D: Table of Existing and New Wave
Observation Locations

This appendix includes detailed information for each
existing and proposed wave measurement site, orga-
nized into the seven regions and four subnets. These
tables provide the supporting details for Tables 1 and
2 including: an NDBC identification number, location,
depth (if known), gauge/buoy type, hull diameter and
whether the sensor measures directional waves (2D)

or not (1D). Wave instruments which are not included
in the plan, either because they are too shallow and
would be in the surf zone during storms, owned by
Environment Canada, a near duplicate of an adjacent
instrument, or not in a useful location are indicated by
“omitted” being entered in the Subnet column.
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