
FR
O

M
 T

H
E 

A
R
CH

IV
ES

Find Similar Titles More Information

Visit the National Academies Press online and register for...

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National 
Academies Press.  Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy 
of Sciences. 

To request permission to reprint or otherwise distribute portions of this
publication contact our Customer Service Department at  800-624-6242.

Copyright © National Academy of Sciences. All rights reserved.

Instant access to free PDF downloads of titles from the

10% off print titles

Custom notification of new releases in your field of interest

Special offers and discounts

NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF ENGINEERING

INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=19570

Pages
259

Size
8.5 x 10

ISBN
0309328160

Measuring Ocean Waves:  Proceedings of a 
Symposium and Workshop on Wave Measurement 
Technology (1982) 

Committee on Wave-Measurement Technology; Marine 
Board; Commission on Engineering and Technical 
Systems; National Research Council 

http://www.nap.edu/catalog.php?record_id=19570
http://www.nap.edu/related.php?record_id=19570
http://www.nap.edu/catalog.php?record_id=19570
http://www.nas.edu/
http://www.nae.edu/
http://www.iom.edu/
http://www.iom.edu/


I~ 

s~v Ocean Instrumentation to Serve Science and Engineering 

A' MEASURING OCEAN WAVES 
~, Proceedings of a 

Symposium and Workshop 
on Wave-Measurement Technology 
April22-24, 1981 
Washington, D.C. 

Convened by the 
,{ t Committee on Wave-Measurement Technology 

":l Marine Board 
J 

?- Commission on Engineering and Technical Systems 
, National Research Council 

NATIONAL ACADEMY PRESS 
Washington, D.C. 1982 

NAS-NAE 

JAN 0 71963 

LIBRARY 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


NOTICE: The project that is the subject of this report was approved 
by the Governinq Board of the National Research Council, whose members 
are drawn from the councils of the National Academy of Sciences, the 
National Academy of Enqineerinq, and the Institute of Medicine. The 
members of the panel responsible for the report were chosen for their 
special competence& and with reqard for appropriate balance. This 
report has been reviewed by a qroup other than the authors accordinq 
to procedures approved by a Report Review Committee consistinq of 
members of the National Academy of Sciences, the National Academy of 
Enqineerinq, and the Institute of Medicine. 

The National Research Council was established by the National Academy 
of Sciences in 1916 to associate the broad community of science and 
technoloqy with the Academy's purposes of furtherinq knowledqe and of 
advisinq the federal qovernment. The Council operates in accordance 
with qeneral policies determined by the Academy under the authority of 
its conqressional charter of 1863, which establishes the Academy as a 
private, nonprofit, self-qoverninq membership corporation. The Council 
has become the principal operatinq aqency of both the National Academy 
of Sciences and the National Academy of Enqineerinq in the conduct of 
their services to the qovernment, the public, and the scientific and 
enqineerinq communities. It is administered jointly by both Academies 
and the Institute of Medicine. The National Academy of Enqineerinq and 
the Institute of Medicine were established in 1964 and 1970, respec­
tively, under the charter of the National Academy of Sciences. 

This report represents work supported by Grant Number N00014-82-G-0032 
between the Office of Naval Research and the National Academy of 
Sciences. 

Copies available in limited quantity from: 

Marine Board 
Commission on Enqineerinq and Technical Systems 
National Research Council 
2101 Constitution Avenue, N.w. 
Washinqton, D.C. 20418 

Printed in the United States of America 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


IIARIH BOARD 
of the 

CCNIISSIOlt Cll DIGIHERING AND TECHNICAL SYS'l'DIS 
NATIONAL RESEARCH COUNCIL 

John E. PUpae, Chair.an 
Taxaa A ' M University 
College Station, Taxaa 

Ronald L. Gear, Vice Chairman 
Shell Oil Company 
Houston, Taxaa 

William M. Benkert 
American Institute 

of Merchant Shipping 
Washington, D.c. 

H. Ray Brannon 
Exxon Production Research 
Houston, Taxaa 

John D. Costlow, Jr. 
Duke University Marine Laboratory 
Beaufort, North Carolina 

Clifton E. Curtis 
Center for Law and Social Policy 
Washington, D.c. 

Robert G. Dean 
University of Florida 
Gainesville, Florida 

Edward D. Goldberg 
Scripps Institution of Oceanography 
La Jnlla, California 

A. Dudley Haff 
Annapolis, Maryland 

Arthur J, Haskell 
Matson Navigation Company 
San Francisco, California 

James A. Higgins 
Stanley Aaaociatea 
Washington, D.C. 

Griff c. L" 
McDermott, Inc. 
New Orleans, Louisiana 

Bramlette McClelland 
McClelland Engineers, Inc. 
Houston, Taxaa 

STAPP 

Allen E. Schuaacher, Vice Chairman 
American Hull Insurance Syndicate 
New York, New York 

J. Robert Moore 
University of Texas at Austin 
Austin, Taxaa 

Hyla s. Napadeuky 
IIT Research Institute 
Chicago, Illinois 

Fredric Raichlen 
California Institute of Technology 
Pasadena, California 

Clifford M. Sayre 
E. I. DuPont de M-oura and Coepany 
Wilmington, Delaware 

Eric Schenker 
University of Wisconsin-Milwaukee 
Milwaukee, Wisconsin 

Willard P. Searle, Jr. 
Searle Consortium, Inc. 
Alexandria, Virginia 

Julian H. Bingman 
Maritime Institute for Research 

and Industrial Development 
Washington, D.C. 

Nathan Sonenahein 
Global Marine Development, Inc. 
Newport Beach, California 

Marshall P. Tulin 
University of California 
Santa Barbara, California 

James G. Wenzel 
Lockheed Missiles and Space Ca.pany 
Sunnyvale, California 

John P. Wing 
Boo&, Allen and Hamilton 
Bethesda, Maryland 

Jack w. Boller 
Executive Director 

Donald w. Perkins, Senior Staff Officer 
Assistant Director for Planning and Pinancea 

Charles A. Boo~n, Senior Staff Officer 
Michael E. Gaffney, Senior Staff Officer 
Aurora M. Gallagher, Senior Staff Officer 
Richard R. Rumke, Senior staff Officer 

Hi 

Gale M. Munson, Adainiatrative Assistant 
Doria c. Holmes, Administrative Secretary, Financial 
8. Ann Anaary, Adlliniatrati ve Secretary 
Phyllis Johnson, Secretary 
Terrie Noble, Secretary 
Richard MacKinnon, Office Aide 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


COMMITTEE ON WAVE-MEASUREMENT TECHNOLOGY 

c? b . Ro ert G. Dean, Cha1rman 
University of Florida 
Gainesville, Florida 

Frank Hsu 
Amoco International 
Houston, Texas 

Foster H. Middleton 
University of Rhode Island 
Kingston, Rhode Island 

Denzil Pauli 
Marine Planning Consultant 
Silver Spring, Maryland 

Richard J. Seymour 
Scripps Institution of Oceanography 
La Jolla, California 

LIAISON WITH FEDERAL AGENCIES 

A. w. G:reen 
Naval Ocean Research and 

Development Activity 
Bay St. Louis, Mississippi 

Norden E. Huang 
NASA Wallops Flight Center 
Wallops Island, Virginia 

Y. Phil Hsueh 
National Science Foundation 
Washington, D.C. 

William Iseley 
National Oceanic and Atmospheric 

Administration 
Rockville, Maryland 

iv 

Charles D. Kearse 
National Oceanic and Atmospheric 

Administration 
Rockville, Maryland 

Sheldon Lazanoff 
Fleet Numerical Oceanographic 

Center 
U.s. Navy 
Monterey, California 

Paul Teleki 
u.s. Geological Survey 
Reston, Virginia 

Edward Thompson 
Coastal Engineering Research 

Center 
U.S. Army Corps of Engineers 
Port Belvoir, Virginia 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


Preface 
John B. Flipse 

Summary 
Robert G. Dean 

Needs for Wave Data 

~Operational Needs for Wave Data 
Ledolph ~er 

viesearch Needs for Wave Data 
Leon E. Borgman 

('· 
Remote Sensing Systems 

CON'l'BNTS 

~urvey of Remote Sensing Techniques for 
Wave Measurement 

Norden B. ~ng 

~mote Sensing of Ocean Waves by 
Surface Contour Radar 

Edward J. ?lsh 

/ The Use of Synthetic Aperture Radar (SAR) 
to Measure Ocean Gravity Waves 

R. A. SqdChman, B. s. K4sischke, J. D. Ly~n, 
and G. "· ~dows ./ v' 

~Status of HF Radars for Wave-Height Directional 
Spectral Measurements 

Donald E. ~rick 

~Aircraft and Satellite Measurement of Ocean Wave 
Directional Spectra Using Scanning-Beam Microwave Radars 

Frederick C.J"lckson, W. Travis W~ton, and 
Paul L. Baker 

/ 

v 

Paqe 

vii 

1 

14 

28 

38 

80 

95 

112 

119 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


In Situ Systems 

~Review of Wave Measurement 
Richard J. S~ur 

Using ~ ~ Systems 

~ave Measurements Using Surface-Mounted Instruments 
, A. G. ~ker 

~itch-Roll Buoy Wave Directional Spectra Analysis 
L. R. ~lane and F. H. 'ddleton 

/ Subsurface Wave-Measuring Systems 
George z. JOrristall 

Systems of the Future 

Lwave-Measurement Technology in the 1980s 
A. w. Jreen 

Workshop Sessions 

155 

160 

181 

194 

210 

Results of the Workshop 224 

The Ten Most Important and Urgent Problems for Wave Measurement 226 

Note: Units of Measurement 238 

Speakers 240 

Participants 243 

Glossary of Acronyms 247 

vi 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


PREFACE 

John E. Flipse 
Chainaan 

Marine Board 

An issue of highest priority to the Marine Board is the development 
and promulgation of technology to serve the ocean science and 
engineering professions. The measurement of ocean waves has long been 
of particular interest, as wave data and an understanding of wave 
phenomena are essential to ocean engineering and to many marine 
operations. wave data and the calculations made using these 
measurements are needed to validate scientific theories and conceptsr 
to determine design loads for efficient offshore structuresr and to 
forecast the response of marine vehicles to this complex excitation 
medium. 

These needs create diverse and challenging demands: for synoptic 
worldwide measurement and for intensive site-specific studiesr for 
detailed analyses of various wave spectra and for simple--but reliable 
and timely--forecaster for a general picture of an area's waves and 
for exclusive focus on the rare extremes. 

The differences in requirements have led to diverse approaChes to 
the development of wave-measurement teChnology by increasingly 
separated communities. In the interest of establishing a central 
wave-measurement program to serve many needs, the Engineering 
Development Office of the National oceanic and Atmospheric Administra­
tion asked the Marine Board to prepare a summary of the present state 
of the art in wave-measurement technologies, to promote exchange of 
methods and results among experts conducting research with different 
wave-measuring systems, and to identify the most significant problems 
remaining for research and development in wave measurement. The 
Marine Board agreed to this request, and in 1981, the National 
Research COuncil appointed a committee under the direction of the 
board to review the status of the leading wave-measurement 
technologies, and to define present and future needs. 

The Committee on wave-Measurement TeChnology convened a meeting 
of about 80 experts who met for three days in April 1981 to deliver and 
hear formal presentations detailing the technologies, and to develop 
in a structured workshop a list of problems in wave measurement most 
urgently needing attention. 

The meeting that is the subject of these proceedings was also 
planned to complement and enhance two meetings on closely related 
topics planned for the same year: a Symposium on wave Dynamics and 
Radio Probing of the ocean Surface* held in May, followed in 

*The proceedings (in preparation) will be published by Plenum 
Press. 

vii 
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SUMMARY 

Robert G. Dean 
Chairman 

Symposium and Workshop on Wave-Measurement Technology 

The technology of wave measurements has developed rapidly in the past 
two decades. Remote sensing of ocean waves has advanced from concepts 
to operational systems--to systems that demonstrate considerable 
potential for wide use in the near future. The development of in situ 
systems in the same period, although proceeding at a slower pac8; has 
achieved significant improvements in reliability, in reduction of 
costs, and in ability to measure directional characteristics. 

The technological re~nses to wave~easurement problems have 
addressed a variety of diverse and urgent needs. At the time this 
symposium was convened, many in situ and remote sensing systems were 
known to be available, but general uncertainty surrounded the quality 
of their data. 

In the interest of meeting these needs, members of the technical 
community met for a three-day symposium and structured workshop to 
review the status and prospects of wave-measurement technologies, 
identify the most pressing or important problems remaining to be 
solved, and attempt a preliminary description of research and 
development directed to solution of these problems. 

Formal presentations addressing the needs of users for ocean wave 
data initiated the symposium, and technical papers were offered in 
response detailing the principal wave-measuring systems and their 
results, as well as one speculating about wave~easuring systems of the 
future. In the workshop sessions, each participant developed state­
ments of the outstanding problems remaining to be solved. These were 
then displayed (similar statements were grouped together), and each 
participant assigned a weighted vote to the ten he or she considered 
most important or urgent (or both). The formal presentations and 
results of the workshop are briefly recapitulated in this summary. 

Needs for Wave Measurements 

L. Baer ("Operational Needs for Wave Data") describes the variety of 
users for wave data, and the economic justification for gathering data. 
The results of one survey indicate that the annual cost savings to 
engineering construction alone from good-quality wave information 
would be $100 million to $1 billion per year. In addition, the safety 
of recreational and commercial vessels and the integrity of offshore 
structures could be enhanced by improved wave data. Baer shows that 

1 
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fairly short unbiased records can nevertheless result in substantial 
bias in the extrapolated values; thus, a meaningful wave-measurement 
program should be committed to establishing a fairly long record to 
reduce this bias to acceptable limits. With the possible exception of 
the offshore petroleum industry, most commercial users are unlikely to 
collect long-term data. In addition, events such as hurricanes, 
giving rise to unique data, cannot be predicted sufficiently before 
their occurrence to plan and carry out experiments for the event. 
Thus, a governmental agency needs to take responsibility for 
collecting, reducing, disseminating, and storing long-term wave data. 
Rapid advances in less expensive, more reliable instrumentation should 
allow a cost-effective program to be instituted in the very near 
future. 

The types and quality of wave measurements required for research 
or statistical treatment are discussed by L. E. Borgman ("Research 
Needs for Wave Data"). These requirements differ with application: 
~ctral representation, for example, may range from low-frequency 
tides to high-frequency capillary waves. Probability description 
needs include those for daily operational purposes and may extend to 
return periods of 1 x 106 years (required, for example, in nuclear 
power plant design), and the environment of interest may vary from the 
relative homogeneity of deep water to the strong spatial gradients of 
the nearshore. Pbur major research problems are, first, the 
properties of successions of individual waves, including the effects 
of "groupiness" and the associated first- and second-order 
kinematics. There is considerable uncertainty about the relative role 
of nonlinearities in the character of wave groups. Improved 
understanding will require more definitive field measurements of the 
two-dimensional sea-surface character and theoretical developments. 

Second, knowledge of the interaction of waves with currents, 
bottom bathymetry, winds, and other forces or features of the physical 
environment--while much needed for coastal design and engineering, as 
well as understanding and predicting hurricane damage--is lacking. 
Several coastal sites could be selected for long-term and fairly com­
plete instrumentation. 

Third, understanding rare, extreme events requires better defini­
tion of the long-term statistics of an area, and of the effects of such 
events on vessels, fixed structures, and the nearshore environment. 
Long-term wave measurements would be required in areas prone to extreme 
events (such as hurricanes), as would be well-organized plans to inves­
tigate and document effects of the event immediately after occurrence. 

The fourth problem is that of wave directionality. Both in~ 
and remote sensing instrumentation is under development that should 
allow the routine, reliable, and continuous measurement of directional 
~ctra. Por example, reviewing the directional measurements that can 
be made today, Borgman indicates that the directional spread of waves 
sensed by heave~itch-roll buoys may be fairly broad, but the principal 
direction can be obtained within approximately 4o-so. 
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Borgman makes an appeal for maintaining data quality through pre­
and post-measurement calibrations and through careful documentation of 
the data characteristics for future users. 

Remote Sensing of Waves 

A number of different approaches can be used for remote sensing of 
water waves. Several are still being developed; thus, their long-term 
potential, reliability for routine measurements, and costs are not 
available. Among the attractive features of remote sensing systems are 
their ability to obtain wave data over a large area; freedom from fixed 
in~ supports or bottom-mounting with umbilical cords or data links 
to shore; (in some cases) ability to sample in extreme conditions' and 
(for some systems) relatively low cost. 

N. B. Huang ("Survey of Remote Sensing Techniques for Wave 
Measurement") gives a detailed, comprehensive review of the various 
principles used in remote sensing, and of the systems in operation or 
development, and describes recent results. A helpful tabular summary 
developed b¥ Huang sets out characteristics for nine remote sensing 
systems, such as status (operational or developmental), accuracy of 
wave parameters measured, spatial coverage, platform, data acquisition 
time, data processing requirements, restrictions on operational 
environmental conditions, initial system cost, and data reduction 
cost, some of which is used here to compare various systems (see Table 
1). 

B. J. Walsh ("Remote Sensing of Ocean Waves by Surface Contour 
Radar") describes an airborne surface contour radar (SCR) that produces 
a near real-time topographical map of the sea surface. A 0. 085° x 
1.2° radar pencil beam is oscillated laterally to measure the sea 
surface within a swath approximately half the aircraft's altitude in 
width. The length of each swath is approximately 5 km· At each of the 
51 points measured in one oscillation, the measured range distance is 
corrected for the off-vertical angle of the beam to yield the true 
vertical distance between the aircraft and the sea surface. The con­
tamination owing to vertical aircraft motion is minimized by removing 
the double integration of aircraft motion sensed by a vertical acceler­
ometer. An onboard computer with color-coded display portrays the 
sea-surface topography, and can also analyze the data with a 
two-dimensional fast Fourier transform to produce wavenumber spectra. 

One feature of the analyzed data requiring interpretation is that 
initially a 1800 directional ambiguity appears in the directional 
spectrum. This ambiguity is eliminated through spectra obtained from 
two flight lines, each of which produces a different "encounter 
spectrum." The information available from the two flight lines is 
adequate to identify the image spectrum and to correct the actual 
~ectrum for any drift of the aircraft due to crosswinds. 

Additional notable features of the SCR are that it does not 
require calibration against sea-truth data, it yields quantitative 
results, and it can see through clouds· Although the SCR is not 
available commercially, the quality and type of results it yields 
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should be widely applicable to a number of practical projects and 
scientific studies. The comparisons of significant wave-heiqht results 
from an SCR fliqht and buoy data (collected in the course of the 
Atlantic Remote Sensinq Land-Ocean Experiment, or ARSLOB), and sea­
surface topoqraphy data from a different type of airborne elevation 
sensor are qenerally qood. Huanq assesses the system as •quasi­
operational,• the initial cost as $0.5 million, and the accuracies of 
measurement of wave parameters as follows: siqnificant wave heiqht, 
Hs ± 5 em, or ± 5\; wavelenqth, L ± 5 m1 principal wave direction, 
e ± 2°. 

0 R. A. Shuchman ( •The Use of Synthetic Aperture Radar ( SAR) to 
Measure Ocean Gravity waves•) qives an account of measurinq ocean 
qravity waves usinq synthetic aperture radar (SAR). SARis an 
airborne or spacecraft-borne system that synthesizes a very narrow 
beam by the motion of a fairly broad physical antenna beam. It is of 
interest that there is no consensus about the actual imaqinq mechanism 
of SAR. The most widely accepted view is that the radar resonantly 
interacts with the shorter waves (on the order of centimeters) that 
tend to be accentuated on the crests of lonqer waves. SAR data 
consist of the •phase history• of the scatterinq points, which, 
throuqh analysis by optical or diqital transforms, yields the 
wavenumber spectrum. There is as yet no method for scalinq these 
spectra to determine absolute enerqy, but researchers are confident 
this will be possible in the future. 

Three airborne SAR systems routinely collect water-wave 
infomation. In addition, a SAR system was mounted on Seasat 
(launched in June 1978). Since the measured signal return requires 
the presence of short waves, SAR can only operate if winds are in 
excess of approximately 3 m/s, significant wave heiqhts are qreater 
than 1 m, and the lonqer wavelenqths exceed 25 m. Huanq lists the 
cost of a SAR system as qreater than $10 million, and the followinq 
accuracies in wave parameters: L ± 3\, 9o ± 2°. * SAR has been 
applied with favorable results to the comparison of measured and 
calculated wave refraction patterns off Cape Hatteras. Additionally, 
there is evidence that SAR is capable of detectinq internal qravity 
waves and surf beat (lonq second-order surface waves). 

D. E. Barrick reviews the status of hiqh-frequency {HF) radars 
for the measurement of sea-surface characteristics (•status of HP 
Radars for wave-Heiqht Directional Spectral Measurements•). These 
systems use polarized electromagnetic waves that are reflected back to 
the radar owinq to the Braqq effect. The directional spectra are 
extracted from a portion of the returned siqnal produced by the 
interaction of all pairs of wave trains in the wave spectrum. In 
addition to wave-heiqht information, ocean currents cause a Doppler 

*A new liqhtweiqht, airborne X-band SAR beinq developed by 
Environmental Research Institute of Michiqan for the petroleum 
industry will cost approximately $2.5 million, exclusive of the 
aircraft. [Note added in proof by R. A. Shucbaan.J 
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shift in the signal from which the strength and direction of the 
current can be extracted. 'l'wo applications have been made of HF radar 
to measure ocean waves: sky wave and surface or ground wave. 
Sky-wave systems, through reflectance of the transmitted signal from 
the iono~here, allow sea-surface characteristics to be monitored to a 
distance some 3000 km from the source/receiver. The short-term 
tem~al characteristics of the ionosphere contaminate the returned 
signal and must be accounted for in the analysis. 

Huang reports the following accuracies: Hs ± 8\, for Hs > 1 
m1 period, T ± 1 Sl e0 ± 7°, for unimodal waves. Huang also notes 
that it is possible to obtain the one-dimensional spectrum only for 
certain data sets. 

Surface-wave or ground-wave radars can be very compact and appear 
ideally suited for the measurement of nearshore directional apectra and 
currents. The spatial resolution of the patch of illuminated sea 
surface varies from kilometers to tens of kilometers, and through 
diffraction of the transmitted signal beyond the horizon, ranges up to 
50 km are possible. Surface-wave or ground-wave radars are 
categorized according to whether the transmitted signal is narrow- or 
broad-beam. The narrow-beam radar requires the physical size of the 
antenna to be hundreds of meters. Most initial efforts were directed 
to narrow-beam systems, since the interpretation of the returned 
signal is more straightforward. Analysis techniques are much simpler 
for the longer wave periods (> 10 s), but methodologies have been 
developed for wave periods as low as 3 s. Analysis of data from three 
narrow-beam radars and comparison to data from heave-pitch-roll buoys 
in study areas indicate the following accuracies: Hs ± 5\, 
T ± 0.5 s, e0 ± 7°. 

Broad-beam surface-wave radars have the very attractive feature 
of small antennas. The height of the antenna is of the order of 2 m 
and can be placed directly on the beach on a portable support. In 
addition to currents, this system yields the same directional informa­
tion as a heave-pitch-roll buoy. Some development is still under way 
for extraction of the directional spectrum for wave periods less than 
9 S• Huang assesses the system as "operational" with the following 
accuracies: Hs ± 5\, for Hs > 1 m; T ± 0.5 s; direction ± 4°, 
for unimodal waves. The system scans a patch size of 0.5 km up to a 
distance of 50 km offshore. The cost of the system is approximately 
$100,000. 

F. c. Jackson ("Aircraft and Satellite Measurement of Ocean Wave 
Directional Spectra Using Scanning-Beam Microwave Radars") describes 
wave measurement by pulsed microwave radar operating in a conical scan 
near vertical incidence. The radar "illumination pattern" is broad 
compared to the scale of the waves, and the signal is averaged 
laterally. Thus, only those waves oriented to the incoming radar 
signal survive this spatial averaging. Jackson has developed an 
elegant theory to interpret the radar return signal to yield quantita­
tive directional wavenumber spectra. 
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A number of interesting comparisons of the radar's data to sea 
truth have been carried out, including eight overflights of areas near 
Waverider buoys or pitch-and-roll buoys. The significant wave heights 
range from 1.3 m to 9.4 m, and the radar-determined values are within 
0.4 m of those deteDDined by the buoys. Comparisons of the direc­
tional spectra with those obtained from a heave-pitch-roll buoy are 
encouraging: generally good agreement obtains for one-dimensional 
energy spectra, and the differences appear qualitatively to be of the 
same order as the limits of the 90\ confidence interval. The cost of 
the system as estimated by Huang is $5-10 million. The system is 
assessed as •developmental,• and as offering the following accuracies 
for wave parameters: Hs ± 20 em, 80 ± 5°. 

In~ Systems 

R. J. Seymour ( •Review of Wave Measurement Using In Situ Systems•) 
surveys in situ instrumentation used for wave measurements, 
recognizing the following types: wave-measuring buoys, shipboard 
records, bottom~ounted height sensors, surface-piercing wave staffs, 
and fixed-orientation directional systems. Many (but not all) of 
these systems are best suited for shallow-water applications where a 
cable can be extended from shore, or when the wave-induced water 
pressure can be sensed (or both) • 

For some applications, such as computation of longshore sediment 
transport at a particular locality, it appears that nearshore measure­
ments are most effective, owing to the inhomogeneity of the wave field 
resulting from shoaling, refraction, reflection, and diffraction of 
waves during propagation across the continental shelf· Measurements 
conducted in deep water can be extended computationally onto a fairly 
long.segment of coastline if the transformation processes can be 
adequately represented. 

The most significant recent advances enable routine measurement 
of the directional characteristics of water waves, among them addi­
tional development of the heave-pitch-roll buoy introduced by Longuet­
Higgins et al. (1963), and the •slope array• developed by Seymour and 
Higgins (1978), which consists of four pressure sensors on the corners 
of a steel frame 6 m square. 

A. G. Parker ( •wave Measurements Using Surface-Mounted 
Instruments•) reviews the characteristics and requirements of surface­
mounted sensors, such as those affixed to piers or to offshore plat­
foxms. These were among the earliest in situ systems, and have the 
advantages of ruggedness and relative ease of recovery and servicing. 
Parker emphasizes planning in making the proper selection of a measure­
ment system. The measurement period, quality of results, method of 
analysis, and uniqueness of data are factors guiding selection of the 
optimum sensor system. If the primary requirement is to measure severe 
stoxm waves, for example, ruggedness of the instrument should be em­
phasized. Parker characterizes surface-mounted sensors as visual, 
electrical, acoustic, float, optical, radar, and other types. He notes 
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the value of the frequently dismissed data set from shipboard observa­
tions. 

For cases in which a one-dimensional spectrum is adequate, many 
of the needed data are collected by a wave-guide system (e.g., Baylor 
Wave Staff) in which the roundtrip travel time from the above-water 
emitter to the water surface is measured. An advantage of wave-guide 
sensors is that they are affected leas by corrosion and biofouling than 
resistance or capacitance wave gauges. 

The acoustic gauge has no physical link to the water surface; 
rather, it beADle a Bi9Jlal downward, and the time required for the 
roundtrip of the Bi9Jlal serves to locate the water surface. The 
analysis must include calibration for the variation of the speed of 
sound in air as a function of temperature. The primary limitation is 
the relatively high attenuation of the signal: for fairly high 
frequencies (=40 kHz), which are desired to produce a narrow beaJil, 
distances are limited to approximately 10 m for a relatively low-power 
system. 

Recently developed downward-directed lasers, using both continuous 
waves and pulsed waves, have many inherent advantages, including loca­
tion above the water surface, independence from environmental factors, 
and ease of installation. The advantages of downward-directed radar 
systems are similar to those of laser systems, with the additional 
feature of being less susceptible to contamination than the optical 
lena of a laser. For cases in which the measurement of wave direction 
is required, several sensors can be installed in an array. The 
horizontally scanning Doppler microwave radar can be used to yield 
principal wave directions over a wide area. 

L. R. LeBlanc ("Pitch-Roll Buoy Wave Directional Spectra 
Analysis") presents methods of analysis for extracting directional 
spectra from heave-pitch-roll buoys. The data discussed are from an 
BNDBCO "orbital-following" buoy deployed during the 1980 ARSLOE 
program.* The "slopes" sensed by the orbital-following buoy result 
from the gradient in the vertical direction of the horizontal component 
of water-particle velocity. A "drogue-like" element suspended below 
the buoy tracks, approximately, the horizontal motion at the 
(below-surface) elevation of this element, whereas the buoy at the 
surface tends to follow the motion of the water particle at the 
surface. Since the measured slope would appear to depend nonlinearly 
on the wave properties, the theoretical approach to establishing the 
associated transfer function is not clear. LeBlanc states that the 
transfer function is established from the data, and presumably this is 
based on the known relationship between total energy densities in the 
sea-surface displacement and gradient of the horizontal velocity 
component.** Derived directional spectra are presented for a 

*Atlantic Remote Sensing Land-Ocean Experiment, October 6 to 
November 30, 1980, off Duck, North Carolina. 

**A si9Jled square-root nonlinear correction factor is applied to 
the pitch-roll data prior to Fourier analysisJ however (as observed in 
the ARSLOE data set), this factor seems to have minimal influence on 
the data, presumably because the heave sensor responds linearly to 
wave motion, and the directional spectra calculations are baaed on 
cross-~ctral correlation of the heave sensor with the pitch-roll 
sensors. In the correlation process, the nonlinear components average 
out. [Note added in proof by L. R. LeBlanc. 1 
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substantial storm that occurred during the ARSLOB program: 
significant wave heights of the spectra range from less than 2 m to 
approximately 5 m, with associated wind speeds of 7.5 m/s to 16.2 m/s. 

G. z. Forristall (•subsurface Wave-Measuring Systems•) addresses 
the capabilities and limitations of subsurface measuring systems, with 
special emphasis on pressure and velocity sensors. A review of 
previous investigations employing subsurface pressure measurements 
reveals a number of attempts to evaluate the linear pressure-transfer 
coefficient in wave-by-wave analyses. In general, these attempts have 
lead to the conclusion that the ratio, n, of measured to predicted 
pressure-response function is higher and lower than unity at low and 
high frequencies, respectively. Forristall argues that this 
conclusion is merely an artifact of analyzing individual waves 
composed of many frequency components on the basis of a single 
frequency component. Convincing results of a simulation are presented 
to support this view. However, careful measurements and Fourier 
analyses carried out by Cavaleri et al. (1978) support the behavior 
found by previous investigators. 

Forristall describes his experiments to investigate this matter 
further. A sensitive pressure transducer was located 12 ft above the 
seafloor of the Gulf of Mexico (in water 68 ft deep), beneath a Baylor 
inductance wave staff. The results are presented in the form of the 
spectra of pressure and water surface, coherence, and the response 
function ratio, n, versus frequency. In general, coherence is near 
unity over frequency ranges in which the sea-surface spectrum is large. 
For the more energetic spectra, the value of n is near unity over the 
frequency range of high spectral energy. For the lower and higher 
frequency ranges, the values of n are higher and lower than unity, 
respectively, a result generally consistent with those obtained by 
other investigators employing the wave-by-wave analysis. For one 
spectrum of reasonably low energy and with the peak energy at higher 
frequencies (5-6 s), the coherence is again high, yet the value of n 
is approximately 1.2. Forristall states that "the reason for this 
behavior is not )Q\own, but we suspect that it may be due to poor 
response of our recording scheme at low signal levels.• Forristall 
concludes that it should be possible, using high-quality pressure 
sensors, as well as Fourier analysis and linear wave theory, to recon­
struct the sea-surface displacement (or its spectrum) for wavelengths 
greater than twice the submergence depth of the pressure sensor. 

Forristall reviews three programs in which electromagnetic current 
meters were used to describe the directional wave spectrum. The Ocean 
Test Structure, for example, was fitted with 5 wave staffs and 11 bi­
axial electromagnetic current meters mounted on a platform 20 ft x 40 
ft (in plan view), installed in 66 ft of water in the Gulf of Mexico. 
A thorough analysis by Borgman and Yfantis (1979) indicates marginal 
advantages from the availability of a large number of sensors. 
Additionally, the analysts were unable to identify any cases of 
bimodality in the directional spread during storm events. 
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ruture Ma&surement Systema 

A. W. Green ("Wave-Measurement Technology in the 1980s") briefly 
recapitulates the evolution of wave-measurement systems and projects 
their future course of development. Advances in inatruaentation and 
microprocessors will certainly dominate as the slow evolution of wave 
sensors and more rapid development of electronics and procedures of 
analysis continue into the future. 

Green considers several wave~eaaurement ayatemar for example, a 
pitch-roll buoy system in which rotational motions would be detected 
by the Sagnac effect in a fiber rinq interferometer. This effect 
occurs with rotation of the interferometer about a normal axisr thus, 
the interferometer functions as a solid-state qyroacope with no movinq 
parts. It is capable of detectinq rates of rotation as slow as lo-3 
deqree per hour. 

In a second system, the use of arrays of upward-lookinq sonar 
transducers to define the directional wave spectrum should become less 
expensive and more reliable with further development of the 
electronics. These sensors have the inherent advantaqe of linearity 
over near-bott~ounted pressure sensors. Arrays of platform~unted 
downward-lookinq radars or lasers could also be employed to define the 
directional spectrum. As noted by Parker, the above-water location of 
the active elements of this system would simplify installation and 
maintenance, as well as the qeometric characteristics of the array. 
Green describes a futuristic air-deployable heave-pitch-roll buoy 
fitted with instruments to sense meteoroloqical parameters and a 
telemetry link throuqh a satellite to a qround station. 

Results of the Workshop 

The workshop was structured to elicit from all participants state­
menta of problema and needed development in wave~eaaurement technol­
ogy, and by proqreaaive steps of distillation, redefinition, qroupinq, 
refinement, and rankinq, the meetinq's sense of the ten most signifi­
cant problems demandinq attention, in order of importance. The par­
ticipants developed a detailed description and auqqested proqram for 
the resolution of each problem (see "Results of the Workshop"). 

As defined and ranked by the participants in the meetinq, the ten 
moat urqent problema for research and development in wave-measurement 
technology area 

Priority 11 Technology for Measurement, Analysis, and Reportinq of 
Directional Wave Spectra 

Systems need to be developed that will function in 
shallow and deep water, and in hiqh seas. These systems 
should operate reliably for extended periods, be 
inexpensive enouqh to be used routinely, and provide 
directional data verifiable by calibration and intercom­
parison. 
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Assurance of Data Quality and Improvement of Data and 
Di~lay Techniques 

Procedures should be developed to ensure the calibration 
of wave-11leasurinq systems, and to better document the 
characteristics of any software employed. Where helpful, 
standardized methods and units should be used. 

Program for Intercomparinq Various Measurement Systems 
to Determine Differences in Resultinq Data Sets 

A field proqram should be planned for intercomparison of 
many in situ and remote sensors, and sustained until a 
sufficiently wide ranqe of environmental conditions has 
occurred. The proqram miqht be seen as an extension of 
ARSLOE, which allowed several very useful inter­
comparisons to be made. Larqe-scale wave basins are 
beinq constructed in which realistic directional spectra 
can be qenerated: these basins may form a controlled but 
size-limited element of the intercomparison proqram. 

Nearshore wave Fields and Related Processes 

Wave-measurement and analysis technoloqies need to be 
improved to allow better definition of the directional 
wave field in nearshore areas, where stronq spatial 
qradients exist. 

Nonlinear Phenomena 

An understandinq must be qained of nonlinear phenomena 
and their effects on the measurement and interpretation 
of wave characteristics. In addition, measurement 
procedures should be developed to identify or isolate 
nonlinear effects, such as the enhancement of shorter 
waves on the crests of lonqer waves, and the forms of 
breakinq waves over a wide ranqe of relative water depths. 

Development of Remote Sensors 

Available microwave sensors should be optimized for 
accuracy, resolution, and calibration in coastal, tower, 
ship, aircraft, and satellite operation. There is a 
particular need to deploy, on an operational basis, some 
of the sensors that are now available only in breadboard 
form. 

Global Wave-Measurement Systems 

Development should be pursued of a qlobal wave­
measurement system consistinq of remote sensors and a 
central data bank for reportinq and distributinq results. 
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Buoy Development 

Buoys offer significant near-tera potential for the 
routine measurement of deep-water directional spectra. 
Areas requiring special attention are buoy transfer 
functions, robust solid-state sensors, onboard siqnal 
processors, survivability in extreme sea states, and 
development of expendable buoys with several months' 
reporting life. 

New Sensors and Processing Techniques for Integration 
into Wave-Measurement 8ysteas 

Deficiencies that could be remedied by new sensors and 
processing techniques include measurement of: capillary 
waves1 ocean surface curvature and higher-order descrip­
tors, wave-induced, large-amplitude water-particle 
motions; moment\Dil of breaking waves; and concurrent meas­
urement of surface-wave and bottom topographic parameters. 
Techniques need to be developed for the processing, storage, 
and presentation of the multidimensional parameters of 
surface waves. 

Priority 10: Wave-Measurement Resolution and Accuracy Needed and 
Attainablel Development of Procedures and Instruments to 
Iaprove Resolution 

The users of wave data should be identified and grouped, 
and the resolution needed b¥ each group quantified. 
Analytic procedures and new sensors could then be 
developed to aake measurements where information of the 
desired quality is now lacking. In the meantime, 
available information aay be usefully applied to 
enhancing the resolution of instrument data. 
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OPERATIONAL NEEDS FOR WAVE DATA 

Ledolph Baerl 

Introduction 

Information about ocean waves is needed to improve our understandinq 
of the ocean's dynamics and its interactions, and to desiqn and operate 
ships and offshore platforms, to plan shippinq routes, and to desiqn 
enqineerinq works--ports and harbors for example, or beach protective 
systems--to understand coastal processes, and for commercial and 
recreational fishinq. 

While ocean waves have been studied and measured for these and 
other purposes, demands have increased in recent years for more and 
better wave data. Besides the ranqe of needs for wave data entailed 
b¥ ocean science and enqineerinq, those responsible for planninq the 
use of coastal lands or for emerqency preparedness need accurate 
knowledqe of wave conditions in advance of their occurrence, the 
effects of the waves, and the nature and probability of particularly 
destructive waves. 

Assessment of Needs 

The National Oceanic and Atmospheric Administration has investiqated 
these demands in the course of planninq how they miqht be met. The 
results of a preliminary survey of users of wave data in three 
cateqories--federal aqencies, state and local qovernments, and other 
public entities and private industry--and of their needs are arrayed 
in Fiqure 1. While these results cannot be reqarded as complete, they 
indicate that a larqe number and variety of users need wave data, and 
that the applications for which the data are required qroup naturally 
into six cateqories: ocean and coastal enqineerinq, coastal and 
offshore operations, coastal erosion projects and evaluations, 
evaluation and mitiqation of coastal hazards, environmental quality 
assessments, and wave enerqy. 

Table 1 offers a brief summary of a national study carried out in 
1977 that concluded the savinqs to enqineerinq construction alone from 
qood wave information would be from $80 to $100 million a year. A 
workinq qroup at the Ocean wave Climate Symposium later that year 
estimated annual savinqs of about $1 billion from better wave data. 
savings to shippi nq from better forecasts would probably be even 

leoastal Waves Proqram, National Oceanic and Atmospheric 
Administration 
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FIGURE 1 Users and Uses of Wave Information 

Ocean and Coastal Coastal and Offshore Bnviroaaental 
Byineeriy 02erations Coastal Erosion Coastal Hazards Assesaeents Wave Enerai 

FEDERAL USERS 

National Oceanic and Atmospheric 
Adainistration u u u u 

u.s. Corps of Engineers u u u u u 
U.S. Coast Guard u u 
u.s. Navy u u 
u.s. Geological Survey u 
Bureau of Land Management u 
Nuclear Regulatory Commission u u 
Department of Energy u u 
Maritime Administration u 
Federal Emergency Management 

Adainiatration u 
.... 
1.11 

TYPICAL STATE AND LOCAL GOVERIIMBNT USERS 

Port Authorities u u u u 
Coastal Planning Organizations u u u 
Recreational Organization• u u u u 
Civil Defense Directors u 
Public Works Department u u u u 

PRIVATE INDUSTRY AND OTHER PUBLIC USERS 

Ship Design u u 
Coastal and Offshore Desian u u u 
Fishing u 
Recreational Boating u 
Offshore Oil and Gas Production u u u 
Dredaing u u u 
Salvaae u u 
Shore Protection u u u u 
Shipping u u 
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Table 1 Annual savinqs to enqineerinq construction from improved 
wave data (1977 survey) 

Structure or Activity 
Marine Operations 
Breakwaters 
Prevention of Coastal Erosion 
Submarine Pipelines 
Offshore Structures 

TO'l'AL 

Savinqs (in millions of dollars) 
10 

10-20 
20 
20 

20-30 
80-100 

larqer--and contribute to maritime safety. Someday, the nation should 
decide to spend a few million dollars in the interest of savinq 50-100 
times as much. 

The wave-data users as shown in Table 2 need wave data for three 
basic types of activities. These activities are developing enqineerinq 
design criteria, preoperational planninq, and operational decision 
making. 

Enqineering design criteria are applied to ensure that offshore 
structures, coastal works, buoys, and ships will function as intended, 
and meet aqreed-upon standards of safety, efficiency, and economy. 
Lonq-term probabilistic descriptions of the physical environment are 
vital to establishinq adequate criteria. The development of these 
criteria requires relatively sophisticated wave information such as 
directional spectra, extreme value statistics, and such nonlinear 
properties as wave shape and qroupiness. 

Operational decisions, on the other hand, are often taken quickly, 
in response to prevailinq or ensuing conditions. Ship captains, for 
example, need timely short-term forecasts of such relatively simple 
parameters as significant wave height, direction, and period. If these 
two very different needs could be met, the needs for wave data for 
pre-operational planning (schedulinq, routinq, and cost analysis) 
would also very likely be met. 

Table 3 is abstracted from a recent internal NOAA assessment of 
over-all needs for marine environmental information in the waters of 
the United States. The decisions that must be made by a representative 
qroup of six major users of marine environmental information (offshore 
oil and qas operators, transportation industries, commercial fisheries, 
marine recreation, construction, and local communities) were analyzed 
in some detail. The wave data needed for these decisions were then, 
upon consolidation, assumed to represent the needs of all users: these 
are set out in Table 3. Generally, wave-height data are needed with 
accuracy of the order of 0.3 m at the 3-sigma level in a range of 
spatial resolutions from 1 to 1000 km2, and temporal intervals from 
2 to 6 hours. The consolidation process tends to raise the resolution 
requirements, quicken the required response times, and elevate the 
hiqher prio~ities. I should note that assiqnment of highest priority 
(number 1) was restricted to cases of nearly real-time safety. Thus, 
for example, climatoloqical information that is considered absolutely 
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Table 2 Wave-data needs by major activities and purposes 

Major Activities 
Bnqineerinq design 
criteria 

Preoperational 
planninq 

Operational 
decisions 

Purposes for Which 
Data Needed 

Offshore structures, 
coastal works, ports, 
submarine pipelines, 
naval ardhitecture, ••• 

Schedulinq, routinq, 
estimatinq and 
analyzinq costs 

Safety, efficiency 

Data Required 
Wave direc­
tional spectra, 
statistical 
analyses of 
extreme waves, 
nonlinear 
properties 

Near-term and 
lonq-ranqe 
forecasts, 
qeoqraphical 
statistics 

Forecasts of 
significant 
wave heiqht, 
direction, and 
period 

necessary but not urqent for immediate safety decisions, rates 
priority-2 designation. I should also point out that scientific 
research needs for data were not considered. 

NOAA's Plans to Meet Needs 

The set of users' requirements set out in Table 3 can only be met by a 
combination of forecast and statistical products based on measurements, 
analysis, and theory. The wave measurements that were qenerally 
thought to be the necessary foundation for analyses and forecasts are 
qiven in Table 4. These are the requirements that it may be possible 
to meet in the reasonably near future: needs that exceed the probable 
state of the art are not shown. A preliminary plan to make the needed 
observations is sketched in Fiqure 2: basically, a line of widely 
spaced but sophisticated wave~easurinq systems around the United 
States, and near the edqe of the continental shelf, auqmented by 
~cial measurements inshore of the network and a minimum suite of 
measurements coverin9 the high seas. Wind fields and other such 
necessary information would, of course, be provided on a qlobal basis. 

A limited federal budqet cannot provide all needed data with 
today's state-of-the-art wave~easurement systems. We must plan for 
relatively few direct observations and interpolation by some 
scientifically credible means to estimate the waves in other places. 
The preliminary plan of measurements for the NOAA Coastal Waves 
Proqram pictured in Fiqure 2 calls for about 20 wave-measurement 
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TABLE 4 Su..ary of Required Observations 

s-plina Interval Resolution Accept 
Accuracy Space Time Space Ti•e Delay 

Parameter Prior in 1% !!au S!!l2 SDa:~~:2 IWia Sa22 Shr12 Shtl 2 l!a1s1 
66. Waves-Directional 2 Eq. to True 400 line 4+ Line dona 10 1/2 2 66. Total 25 locations. 

Spectra o.s. shelf edae Need observations at 
sia. ht. hiahest conditions even 
10° if not at standard 

observation ti•e· If 
directional spectra are 
not available. eeasure 
frequency spectra only. 

67. Waves-Frequency 3 !q. to True Variable 4+ Inshore 1 1/2 2 67. Total 25 locations 
Spectra o.s. sia. from shelf which are shifted 

ht. line frequently • 
68. Waves Frequency 4 Eq. to True Note 4 .. " .. .. 68. Retvork totalina 

Spectra o.s. sia. about 100 pel'lllanent 
ht. locations (potentially w 

coop. with local 
0 

aaencies). 
69. Waves-Directional 3 Eq. to True Note 4 Open Ocean L L 3 69. Min. 10 locations. 

Spectra o.s. 10° If directional spectra 
not available. measure 
frequency spectra only. 

70. Sianificant Height 3 o.s. True 150 2 Global .. .. .. 70. Prefer spectra if 
feasible. 

78. Local Conditions 
(for toxic spill 
.ove.ent) 
Wave Direction 3 Eq. to t. o-360 10 24 Near Spill s s 1 78. Special network of 

Sig. ht. up to 5 sites. 
Wave Spectra 3 !q. to " .. .. " .. " " 

10. 

L • Large Scale; 100 km~ and 3-6 hr resolution PRIORITIES: 1 - Critical to Safety 
s • S..ll Scale; 100 ~2 and o.s-1 hr resolution 2 - I•portant 

3 - Desirable 
4 - Useful 
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locations on the continental shelf. None is shown for the California, 
Washington, and Oreqon coasts, where wave-measurement proqrams are 
beinq planned or carried out by the u.s. Army Corps of Bnqineers. The 
dots farther offshore designate data buoys operated by the NOAA Data 
Buoy Office, most of which also measure waves. 

Objectives for Accuracy 

Table 5 shows the preliminary objectives for accuracy established for 
the NOAA Coastal Waves Proqraa. Those set for actual measurements are 
considered achievable and reasonable; those set for hindcasts and other 
analyses are derived. These values should meet the needs of many 
different users; however, some users have already suqqested that higher 
objectives of accuracy should be set for wave period. 

Table 5 Preliminary CWP accuracy objectives (30) 

o Parameters Derived from Measurements (Not Includinq Statistical 
Confidence) 

Individual Heiqht 
Significant Heiqht 
Period of Maxiaua Variance 
Mean Direction 
Spectral Enerqy Density 
Resolution of Wave Enerqy Directional Spectra 

o Parameters Derived from Hindcasts of Directional Spectra 
Significant Height 
Period of Maximum Variance 
Directional Resolution 

o Output Products (Including Statistical Confidence and 
Representativeness) 

Nonextreae Heiqht Statistics 
Nonextreae Spectral Density Statistics 
Extreme Heiqht for 100-Year Return Period 

*Based on heiqhts of 3 a or more. 

Problems to be Resolved 

±5\ 
±2\ 
±0.5 s 
±so 
±10\ 
±15° 

±10\ 
±o.s s 
±150 

±10\ 
± 15\ 
±15\ 

Error Some exciting new results hiqhlight issues of accuracy. The top 
set of curves in Fiqure 3 shows the bias in estimating the 100-year 
aaxiaua significant wave heiqht from records of various lenqth and 
random errors in the measurements. Bias results from the ordering 
process used in the analysis. Such a bias can be removed if the 
underlyinq system accuracy is known. The errors shown are for 90 
percent confidence and are total-systea errors: sensor error + 
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Figure 3 Bias in estimations of 100-year maximum significant wave heiqht 
from various records (top); effects of errors in the records on 
confidence intervals (bottom) 
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sampling variability + nonstationarity effects + analysis errors. 
Since sampling variability alone is 10-15 percent at 90 percent 
confidence for typical 17-minute records, there must be errors of 
significant size in the records. 

The set of curves at the bottom of Figure 3 shows the effects of 
errors in the records on the confidence intervals for the 100-year 
maximum significant wave height. A complete risk analysis to establish 
optimum design criteria must consider the width of these confidence 
intervals. The curves also show that we can never achieve high 
accuracy with hindcasts alone because the larger errors do not 
completely cancel. These values are significant. Biases might 
typically be 3-6 m1 confidence intervals are typically 10-15 m. 

Calibration The measurement system may pose problems in meeting 
objectives of accuracy as well. Figure 4 shows calibration plots of 
the most commonly used wave-measuring instrumented buoy. The top curve 
gives the calibration corrections specified by the manufacturer. The 
bottom curve is the calibration curve that NOAA's Engineering Support 
Office measured on a rotating arm. The amplitude differences between 
the manufacturer's specification and the measurements are sometimes as 
great as 8 percent, and almost all have indicated that wave measure­
ments will be too low.* We hope to carry out an intercalibration 
program between facilities conducting similar tests to gain more 
knowledge of inaccuracies of this type. 

Among the questions to be answered is whether significant changes 
occur in heave response as a function of current speed and mooring 
configuration. What accuracy do we really have? Nonlinear effects 
need to be evaluated. Known frequency-dependent phase relationships 
could have significant implications for the phase relationships of the 
different spectral components that make up individual wave heights. A 
further implication, depending on the results, could be that zero­
crossing analyses, groupiness studies, and many other techniques of 
analysis and research cannot be effectively applied to the data 
collected bf these instrument systems. 

Data Communications We have found that the reliability of communica­
tions systems on standard instrumented buoys declines with distance. 
As a pilot test, NOAA operated three such instrumented buoys in the 
Atlantic about 25 km off Ocean City, Cape Henry, and Cape May. Many 
phase-lock losses were discovered in the telecommunications to the 
shore. Only 47 percent of our records were found to have good com­
munications. The Institute of Oceanographic Sciences also reported 
interference problems off the coasts of England in its 1979 Annual 
Report. NOAA has since substituted a narrow-band filter and a more 

*The manufacturer of this instrument has made a design change 
that appears to correct the problem. 
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directional antenna on these buoys, and achieved much higher 
reliability. We now have buoys on order modified to communicate via 
GOES satellite for deployment farther offshore--and it is hoped, with 
improved reliability. These satellite communication systems offer 
"thresholding," or the capability of taking more data when the waves 
are high or otherwise interesting. The problem, of course, is that 
satellite communication systems are much more expensive and have 
significant power limitations. 

Directional Resolution Figure 5 illustrates a problem in acquiring 
directional wave measurements with the available instrumented buoy 
systems. Pitch-roll buoys and equivalent systems provide only five 
Fourier coefficients to discriminate directions. The plot shows that 
use of the standard analysis (as proposed by Longuet-Higgins and 
others) for the coefficients supplied by such a system yields resolu­
tion of about 130°. This means that two individual spectral 
components of the same frequency that are 90° apart could not be 
resolved: the resulting directional plot would look like the dashed 
curve. If, on the other hand, all the energy were in a single spike, 
the directional distribution would look like the solid line. Even for 
this spike spectrum, the computed directional distribution is much 
broader than that found in the Stereo Wave Observation Project (SWOP). 

Perhaps the only useful directional information from such systems 
is the mean direction for each frequency, which can be extracted with 
reasonably high resolution. Hindcast models based on wind fields can 
then be used to define a more precise directional spectrum for measure­
ment. Several new methods of analysis are being developed that might 
improve the resolution. Some method is obviously needed for computing 
directional spectral components with much higher resolution than is now 
available. 

Summary 

Table 6 gives a brief summary of the principal wave-measurement prob­
lems I feel most urgently need attention to meet the needs of users. 

Table 6 Wave-measurement problems needing attention 

Data Quality: Evaluations and Standards 
o Over-all accuracy--influence of mooring, calibration specifi­

cations, variability with environmental conditions, standards 
for analysis 

o Reliability--phase-lock losses 
o Phase-shift effects on true wave heights 

gperational Limitations 
o Range/depth 
o Power-supply limitations on operating time 
o Message-length limitations of satellites 
o Reliability in all weather conditions 
o Directional resolution 

System Cost 
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Figure 5 Broadening of spectra owing to methods of analysis* 

*SOURCE: M. D. Earle, personal communication. 
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Evaluatinq the quality of the data and establishinq standards are 
basic. We need to know the accuracy of measurement methods even if 
the objectives we set cannot be met. We need improved analytical 
methods or better measurement systems (or both) to achieve qreater 
accuracy and to account for nonlinear effects. Many problems also 
remain to be solved in providinq the data needed for ocean science. 

Problems affectinq the reliability of communications, such as the 
phase-lock losses mentioned in a precedinq section, must be overcome. 
There are many serious operational limitations in available systems1 
amonq them, a special problem with directional resolution. 

Practical considerations also need attention. We lose too many 
expensive instrumented buoys, especially in hiqh wave conditions, when 
we need the data most. Operational needs require lonq-term measure­
ments, especially when the waves are hiqh. Finally, we need to lower 
the cost of wave~easurinq systems. 
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RESEARCH NEEDS FOR WAVE DATA 

Leon B. Borgman 1 

Abstract 

Research in ocean wave phenomena may be classified in different ways: 
1) by wave frequency or period, 2) by probabilistic frequency or return 
period, 3) by environment of occurrence, 4) by area of application, 5) 
by potential for new results, and 6) by degree of innovation. The 
problems that appear important to individual researchers are condi­
tioned by their experience within these various classifications. Pbur 
significant problem areas are selected in this paper for detailed 
examination and discussion of needed data. These are 1) probabilistic 
properties of sequences of waves, 2) the statistics of wave interaction 
with current and bathymetry, 3) probabilities for extremes of coastal 
floodinq and wind-wave effects, and 4) measurement systems for wave 
directionality. Finally, the suqqestion is made that 5-10 percent of 
each project budqet be set aside to fund subsequent analysis of the 
data by another aqency or university to extract information of a more 
qeneral nature than that for which the project was planned. 

A Research Parable 

"Three mountain climbers separately studied a mountain to determine how 
it could be climbed. One, findinq snow and ice, decided to prepare 
himself by learninq ice techniques. Another encountered a rocky 
overhanq, and spent years learninq technical rock-climbinq methods 
usinq pitons and ropes under tension. The third climber was confronted 
with larqe inclined rock slabs that could be traversed by friction-­
carefully balancinq vertically over the rocks with rope-soled 
shoes--so he perfected that technique. When they returned to climb 
the mountain, each failed because he encountered problems for which he 
had not prepared. They met in the villaqe below the mountain, and 
decided to pool their efforts and try aqain. This time, with the 
expert for that particular terrain leadinq the rope whenever 
difficulties were encountered, they reached the top after a great deal 
of effort••••" 

The obvious point of this story is that a variety of skills is 
required to solve most problems. Researchers rely on each other. But 

luniversity of Wyominq 
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there are other analogies to the real world of research: it is not 
always clear which mountain needs to be climbed. Of course, for truly 
"pure" science, the problem is attacked just because it is 
"interesting." More commonly, there is some audience urging the 
effort. Most ocean engineering is "applied," although the connection 
is sometimes indirect. In reviewing the needs for ocean wave data by 
scientists and enqineers, a good starting point is to examine what 
"mountains" need to be climbed, who constitutes the "audience," and 
what array of "climbing" techniques may be needed. 

A Multivariate Overview 

Each participant in a meeting such as this one needs to re-examine his 
area of expertise to see how it may effectively interrelate with the 
various a~ects of the field. There are many ways to subdivide ocean 
wave research. The field may be viewed as multivariate, with each 
coordinate axis providing another way to classify the various a~ects 
of wave phenomena as they interact with the geographic features of the 
earth. 

Some of the coordinate axes in the multivariate space are as 
follows. waves may be classified by frequency, as shown in Fiqure 1. 
This dimension extends from very low-frequency waves, such as tides and 
tsunamis, through storm waves and very high-frequency wavelets and 
"eat's paw" ripples. Probabilistic frequency is another classification 
of waves. The return period for wave intensity provides a measurement 
basis for this axis, as given in Fiqure 2. Another dimension for wave 
classification is by environment of occurrence, which lends itself to 
subdivision according to distance from land, as shown in Fiqure 3. 
Coastal flooding is at one extreme and deep-ocean phenomena at the 
other. The area of application for various aspects of wave research 
is really a multivariate subspace, but for purposes of discussion, a 
loose subdivision can be made (such as that shown in Fiqure 4) by 
concerns related to real estate (coastal flooding, beaches), enerqy 
and minerals (offshore oil, seafloor mining), commerce (harbors, ship 
routing), food (fisheries, oyster beds), and defense (storm forecasting 
for military logistics). 

Two additional, somewhat more abstract dimensions that are never­
theless significant in organizing wave research are the scale of 
examination and the potential for significant new results. Wave 
features may be studied individually, regionally, or on an oceanwide 
scale, as indicated by Fiqure S. New concepts or equipment may make 
certain areas of wave research particularly ripe for significant 
discoveries (see Fiqure 6). In particular, the statistical examination 
of previous deterministic problems has often led to new insights and 
interpretations of old problems. 

The six dimensions mentioned do not, of course, provide an 
exhaustive description of the multivariate space. There are other 
dimensions. Three come immediately to mind: political pressure for 
solutions to problems, historical thrust or direction (mainstream 
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topics versus unusual research fields), and deqree of innovation. 
other, perhaps more siqnificant, dimensions may occur to the partici­
pants attendinq this meetinq. 

An important implication of this analysis is that each investi­
qator of wave problems occupies a reqion within the multivariate space 
of wave research. By virtue of education, research history, and 
intellectual interest, each has valuable, intimate knowledqe of some 
part of this space. Conversely, that part is not the whole space, and 
some deqree of tolerance is needed for the knowledqe and viewpoints of 
other researchers. 

The author's subspace and viewpoint have been influenced by a 
statistical, qeoloqical, and civil enqineerinq education, an interest 
in extreme statistics, spatial qeostatistics, the statistical theory 
of waves, and related measurement systems, a lonq history of projects 
related to the u.s. Army Corps of Enqineers and the oil industry in 
coastal and continental shelf waters, and of course, an academic 
perspective. Certainly, the recommendations for ocean wave data 
presented in this paper should be judqed as representative of this 
particular combination of history and interest. 

Some Specific Problems 

Four siqnificant areas of research* requirinq ocean wave data have 
been selected for review: l) properties of successions of individual 
waves, 2) wave interactions with other environmental aspects, 3) 
extremal probabilities for coastal floodinq, and (4) wave 
directionality, in qeneral. 

Sequences of Waves 

It has lonq been suspected that storm damaqe to structures as diverse 
as offshore oil riqs and coastal breakwaters may be as much related to 
the particular sequences of waves as to the intensity of individual 
waves. wave qroupinq, in both heiqht and direction, may be a major 
determinant of breakwater damaqe, for example. It is common to find 
in field measurements that the hiqhest was not the most forceful wave. 
One may conjecture that the flow structure of precedinq waves set the 
staqe for a very intense horizontal surqe of water in the present wave. 

To study this problem adequately, more data are needed than 
present technoloqy can provide, althouqh oil companies have recently 
made intensive efforts to study the total assemblies of wave 
properties in a "bump" of water as it strikes a fixed-leq platform. 

*The brevity of this review and the number of investiqators who 
have made important contributions to these topics preclude a complete 
historical account. 
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The difficulties are conceptual as well as related to the lack of 
data. How should the direction of an individual, short-crested wave 
be defined as it impinges on the structure? What is the detailed 
water-particle-velocity structure within the moving mound of water? 
What are the multivariate probability laws relating the various 
geometric properties of a succession, or group, of these short-crested 
waves as they reach the structure? Perhaps some sort of rapid, 
computerized scan is needed of the two-dimensional water-level 
elevation in or surrounding the structure as a function of time. 
Certainly, a substantial amount of theoretical and conceptual develop­
ment is required for interaction with data collection. The inte9ration 
of the concept of individual wave-travel direction with the probabili­
ties of other wave properties is itself a relatively undeveloped 
subject. The same can be said of the probabilities related to 
sequences of waves. 

Collecting data to answer these questions would entail innovative 
techniques applied very intensively for short periods of time. It 
would probably not be appropriate to extend such an effort over many 
years, unless the data collection could be automated and managed via 
radar or some similar shore-mounted system. 

Interaction of Waves and other A~ects of the Environment 

Investigating the interaction of waves with currents, bottom bathym­
etry, winds, shoaling, and other aspects of the environment demands 
statistical analysis or a deterministic Fourier decomposition, since a 
mixture of waves with different frequencies and travel directions is 
usually present. Nonlinearities, in particular, and the apparently 
statistical nature of the data need to be resolved. This problem area 
is really the battle9round of coastal processes, since it relates 
directly to coastal erosion and breakwater damage, and to diverse 
operations on most of the continental shelf. The extrapolation of 
deep-water wave forecasts over the shelf to the shore, as well as 
shallow-water wave-generation processes, is pertinent to problems of 
interaction, e~cially if site-specific wave predictions are to be 
made in very shallow water. 

The data for this area of research should be gathered over a long­
term period covering many seasons, and directional measurements should 
be among the data collected. It would be desirable to select one area 
of coast for a fairly dense array of instrumentation, both alongshore 
and extending to relatively deep water. Much more would be learned 
from an area-intensive deployment of instrumentation than from the same 
instrumentation spread thinly over all coasts. A good argument can be 
made for several clusters of instrumentation at various typical coastal 
sites1 nevertheless, a "critical mass" of instrument density is 
necessary for real progress in understanding coastal interactions. An 
instrument density below this critical mass is relatively ineffective 
and might as well be replaced with a few gauges placed to gather 
climatological data. If funds are limited, it would be better to 
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instrument one area adequately, and deploy a few qauqes over the rest 
of the area for fundamental climatoloqical data. 

Extremal statistics of Coastal Ploodinq and Associated Wind Waves 

Lonq-term climatoloqical extremes are significant in coastal floodinq 
and coastal erosion, but extreme events are rare, and difficult to 
intercept with operatinq instrumentation. In addition, hiqhly site­
~ecific characteristics of the nearshore bathymetry, the topoqraphy 
of the land, and the pattern of veqetation influence the severity of 
floodinq and associated wave attack. An unusual amalqam of deter­
ministic lonq-.rave surqe theory, extremal statistics, and storm wind­
wave climatoloqy is required. More accurate storm hindcastinq and the 
further development of joint probabilities for storm path, intensity, 
and scale characterizations are needed. 

Two types of data measurements could be used to make more accurate 
predictions of the extremes of coastal floodinq. One would be from 
rather evenly spaced nets of wave-measurement devices alonq the coasts 
of flood-prone areas. These would need to be maintained continuously 
and routinely, as is the present tide-qauqe system. Both the lonq­
wave surqe and the shorter wind-.rave activity would need to be 
recorded. The wind-wave measurements would also be useful for cali­
bratinq and verifyinq storm wave hindcasts and storm routinq when 
extreme events do occur. 

The second type of useful data measurement would be performed 
after extreme coastal floodinq occurs. Immediately after the storm, a 
team of specialists would document the magnitude of floodinq and any 
special features with photoqraphs and measurements. These would 
subsequently be compared with mathematical and statistical models. 
Some such activities are undertaken, of course, bf the concerned 
qovernment aqencies and other interested researchers. Further 
standardization of procedures and improved methods for data 
dissemination and follow-up studies are called for, as well as 
sustained support. 

Wave Directionality 

The qeneral topic of wave directionality is not particular to sinqular 
qeoqraphic settinqs1 rather it has direct pertinence to all scales of 
research and enqineerinq problems respectinq waves, from wave 
qeneration in major storm systems to the study of individual waves 
surqinq aqainst a breakwater. 

The three most important qeometrical characteristics of an indi­
vidual wave are heiqht, period, and direction. One miqht also add 
crest heiqht and some measure of short-crestedness. Of these, wave 
direction appears to be the most significant parameter that is not 
routinely measured, al.thouqh short-crestedness is also rarely deter­
mined. Both are stronqly related to the directional mixture of waves 
present. 
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Most investiqators of wave effects have recoqnized the importance 
of wave direction, but it is difficult to measure routinely. Buoys, 
arrays of wave qauqes, and instrument arrays, includinq subsurface 
current meters, have all been used to determine the characteristics of 
wave direction. Most systems require careful, continuous attention 
to keep the instrumentation operational. Three techniques appear to 
offer promise for successful routine operations: the tilt-and-roll buoy 
(van der Vluqt et al., 1982), a fixed-space array of bottom-pressure 
cells (Seymour and Hiqqins, 1978), and a platform~unted wave staff 
with velocity qauqes measurinq horizontal water-particle-velocity 
components at several depths beneath the staff (Forristall et al., 
1978). All three systems have been used by various investiqators in 
more or less routine measurement proqrams, but some development 
research would still be desirable. 

The data measurements needed for wave-directionality studies 
entail continued use of these systems in a variety of environments to 
qain more infomation about their accuracy and reliability. 

One other system for measurinq wave direction, at least in the 
hiqh-frequency end of the ~ctral density, should be mentioned: shore­
based or airborne radar. It appears to offer the substantial advan­
taqes of beinq operable in severe weather and qivinq qood reqional 
pictures of wave directional! ty. Its primary disadvantaqes appear to 
be cost and certain frequency resolution problems. 

For in situ instrumentation such as wave qauqes, there is a point 
of dimini&hinq return in increasinq the number of instruments in the 
array: not only are there more instruments to maintain, but other 
problems arise. If the instruments are too close toqether, they carry 
the same informational content as other qauqes near~. On the other 
hand, if the qauqes are too far apart, apparent spatial nonstationarity 
in the random wave field is often encountered. Thus, the three systems 
mentioned earlier appear to represent the cost-effective compromise for 
routine measurements. However, for special, one-time studies, more 
elaborate systems may well be appropriate. 

General Comments 

The accuracy needed in wave measurements varies with the application. 
However, measurements of low accuracy collected routinely are often 
more useful than those of hiqher accuracy qathered sporadically. 
Often, some type of replication and statistical processinq can provide 
accuracy sufficient for parameter estimates, even if considerable noise 
affects the data. A well-known example is the averaqe of a random 
sample of size n. The arithmetic averaqe has a standard deviation 
of O/n~, althouqh the oriqinal data have a standard deviation of O• 
The population mean is determined with substantially more precision 
than the scatter of the raw data. 

The same qeneral comments apply to determininq the principal 
direction of wave travel and the dispersion of wave enerqy about that 
direction from wave measurements with a tilt-and-roll buoy. The 
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~parent s.preadinq function for the directional s.pectrum as determined 
from the first two Pourier harmonics may be quite broad. In spite of 
this, the principal direction and diapersion may be determined with 
substantially better precision. Some examples of this are presented 
in Table 1 (Borgman et al., 1982). The root~an-square error in 
determination of principal direction and dispersion was determined 
both analytically and by simulations to obtain the results listed. 
The rms errors of 4°-10° are quite acceptable for most applica-
tions. 

Considerinq the substantial experience of most of the participants 
in the meetinq, it ~pears unnecessary to emphasize the reqular cali­
bration of~~ ocean instruments before, durinq, and after data 
collection. Many problems with data analysis and interpretation are 
related to inadequacy of calibration procedures. In fairness to 
investiqators, it should be mentioned that lack of critical calibration 
may be owinq to circumstances beyond the control of the data collection 
personnel. 

Whatever efforts are dedicated to collectinq data, the data may 
become useless in time. Every researcher is aware of larqe bodies of 
data, collected at substantial cost, that are quietly becominq 
obsolete in storaqe, as the personnel who know the format and s.pecial 
features of the data dis.perse to other jobs and other concerns. 
Insufficient money was set aside for analysis. This may be true even 
if the data were completely analyzed for the particular purpose for 
which they were collected. It is the author's stronq opinion that at 
least some portion of each data collection budqet should be dedicated 
to further analysis of the data as they pertain to the qeneral fields 
of ocean science and enqineerinq. This final analysis phase may be 
difficult to justify to research administrators, but the value to the 
profession makes the effort worthwhile. An independent facility is 
best suited to perform the analysis to extract the aspects of the data 
of qeneral usefulness. About 5-10 percent of the total budqet miqht 
be a qood fiqure to set aside for this qeneral post-analysis. 

Epilogue 

The research parable beqinninq this discussion continues: 

"When the three climbers reached the top, they saw that they were 
not really at the mountain top. The slope dropped slightly to a saddle 
and then rose steeply to a much hiqher crest. And they proceeded aqain 
to learn new techniques so they could ascend this new crest." 

The final obvious point to the story is that in research there are 
always new problems to solve and new techniques to develop. The 
participants are invited to qather on the promontory to which we have 
climbed and plan our ascent to the next hiqher crest. 
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Table l Accuracy of detezmination of directional spreadinq function 
parameters by a tilt-and-roll buoy* 
(N • 1024, ~t • l a) 

Case l (Symmetric, unimodal) (57° effective width) 

Fourier Coefficients: ~al • -.923, b1 • 0, ~a2 • .725, b2 • 0 

Parameter: 

ms error 

- by theory 

- by simulation 

Case 2 (Syllllletric, bimodal) 

Principal Direction Dispersion 

2.5° 

2.,0 
2.,0 

Fourier cOefficients: ~al • -.462, ~l • -.462, a2 • 0, b2 • 0 

Parameter: Principal Direction Di!P!rsion 

ms error 

- by theory 

- by simulation 

Case 3 (Nonsymmetric, bimodal) (82° effective width) 

Fourier Coefficients: ~al • -.839, ~bl • -.084, na2 • .593, b2 • 0 

Parameter: Principal Direction Dispersion 

ms error 

- by theory 

- by simulation 

*SOURCE: L. B. Borgman, R. Haqan, and A. J. Kuik (1982), •statistical 
Precision of Directional Spectrum Estimation with Data from a Tilt-and-Roll 
Buoy,• Advanced Topics in Ocean Physics (in press). 
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SURVEY OP REMOTE SENSING TECHNIQUES 
POR WAVE MEASUREMENT 

Norden E. Huangl 

1. Introduction 

Remote sensing, by definition, is to sense or measure something without 
direct physical contact by the instrument or the observer. By this 
criterion, remote sensing of ocean waves is not only the most widely 
used method, but also the oldest one--visual observations made with 
human eyes. Visual observations of sea state are routinely recorded 
by all research vessels and oceangoing ships. These data constitute 
the bulk of the existing data base used by engineers as well as 
scientists (Wiegel, 1974). 

As our interactions with the ocean increase, the need for detailed 
quantitative sea-state data also increases. The data base and sources 
of data are woefully inadequate for several reasons, among them the 
subjective nature of visual observation. Statistical analysis of the 
distribution of visually observed data reveals large variations and 
significant bias (Parsons, 1979). Second, the geographical distribu­
tion of the data sources is quite uneven. Observations are abundant 
in the heavily used sea lanes, but hardly available in meaningful 
quantity elsewhere. This leaves vast areas, including some near­
coastal regions, grossly underrepresented in the data base, or not 
represented at all (Meserve, 1974). Third, the historical data base 
derived from visual observations is biased low owing to practices of 
ship routing that seek to avoid extreme sea states. Nevertheless, 
extreme sea states provide the most important of needed information. 
Before quantitative remote sensing technologies and methods came of 
age, in situ methods were studied intensively. In~ methods were 
reviewed recently by Ribe (1979). 

The most critical problem with in situ methods is the limited area 
of coverage. Not all ocean surface areasare equally accessible. Even 
unattended buoys cannot achieve the desired coverage, nor can they 
provide sea-state data globally. The need for more versatile 
measurement methods and the advancement of radar and space technology 
in recent years have led to the rapid development of quantitative 
remote sensing methods for ocean wave measurements. The advantages of 
remote sensing methods for oceanographic studies have been discussed 
by various investigators, such as McGoogan (1975), Apel (1976, 1980), 
and HUang (1979). This discussion will be limited to wave 
measurements. 

lNASA Goddard Space Plight Center, Wallops Plight Facility 
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Surface waves are ubiquitous. Because the ocean wave is a surface 
phenomenon, it is ideally suited to measurement by remote sensinq 
techniques. Waves are not just the source of information for remote 
sensinq, but also a source of noise. For example, wind speed at the 

. ocean surface measured by a scatterometer depends on short-wave inten­
sity (Jones and Schroeder, 1978). wave Doppler shift measured by radar 
provides surface current information (Stewart and Jay, 1974). On the 
other hand, ocean surface waves influence measurements of mean sea 
level by an altimeter (Jackson, l979a). The study of waves by any 
means is thus a necessary step in establishinq remote sensinq 
techniques to monitor the oceana. 

A brief review of the principles of remote sensinq techniques for 
ocean waves is offered in the succeedinq section, followed by a summary 
of remote sensinq instruments and recent results. The last section 
discusses new approaches to wave studies in liqht of newly available 
information and promisinq developments. 

2. The Principles of Remote Sensinq Techniques 
for Ocean Wave Measurements 

Great proqress has been made in the study of ocean waves since World 
War II. Scientific proqress can only be commensurate with observa­
tional techniques, and improved understandinq of ocean wave phenomena 
leads to demands for better measurements. New observational methods 
usinq electroma~etic (EM) waves to make ocean wave measurements are 
amonq the latest developments in ocean wave studies. 

The commonly used EM wave ranqes and their wavelenqth-frequency 
designations, accordinq to the Radio Requlations of the International 
Telecommunications Union (see, for example, Westman, 1974), are qiven 
in Fiqure 2.1. Since all EM waves in ocean water for ocean wave 
measurements have to rely on the information from backscatterinq at the 
ocean surface, the key to establishinq any EM remote sensinq technique 
is a clear understandinq of the physical processes involved in the 
interaction of electromaqnetic and ocean waves. 

This interaction is basically the backscatterinq processes, 
reviewed recently by Valenzuela (1978). When the EM wave encounters 
the ocean surface, a certain portion of its enerqy will be reflected 
by the random ocean surface. This reflected EM wave contains useful 
information about the reflectinq surface. The scatterinq of the EM 
wave from a rouqh surface is a classical problem. General reviews of 
this subject can be found in Beckmann and Spizzichino ( 1963), Shmelev 
(1972), and Lonq (1975). A solid foundation of theoretical work has 
been laid for usinq the backscattered EM signal as an information 
source to measure ocean waves (Barrick, l968a,b, 1970, l972a,b; 
Barrick and Peake, 1968; Brown, 1978; Mikhailov, 1960; Moore, 1978; 
Rice, 1951; Valenzuela, 1967, 19~8, 1978; Wait, 1971; Wriqht, 1968). 
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Electromagnetic wave ranges and their wavelength-frequency designations, 
according to the Radio Regulations of the International Telecommuni­
cations Union 
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In simple te~s, there are two basic backscattering processes, 
specular and Bragg scattering (shown in Figure 2.2). Specular 
scattering is limited by 

(2.1) 

but 

(2 .2) 

where 6iis the angle of incidence of the EM waves with respect to the 
vertical, ~ is the surface elevation, r is the radial distance from the 
nadir 
angle 
type. 

point, and the over-bar designates the mean. As the incidence 
increases, the scattering process becomes the resonant Bragg 

For this case, 6i is limited by 

l/2 

{ <~>zl <e. ~ 7oo ar ~ - 1 
(2. 3) 

and the scattering is generated only by those waves that satisfy the 
resonant condition given by 

(2. 4) 

where ke is the wavenumber of the EM wave and k is the wavenumber of 
the ocean waves. All these scattering processes are inco~orated by 
Brown (1978) in an eleCJ&nt composite rough-surface model. As the 
amplitude of the ocean wave increases, the second- and higher-order 
contributions to the scattering processes will become more obvious. 
In fact, this higher-order backscattering process is basic to certain 
techniques for measuring the ocean wave ~ctrum. The details of the 
mathematical derivations and expressions can be found in Valenzuela 
(1978) and Barrick (1978). Most of the predominant remote sensing 
techniques for measuring the ocean's wave field use the microwave 
portion of the EM system, and can be described generally as radar. 
"Radar" will be used in this paper as a convenient label for remote 
sensing techniques, but the reader should understand that instruments 
using other portions of the EM spectrum are included. 

Since the backscattered EM wave is the only source of information 
about ocean waves collected by a remote sensor, measurements must be 
based on the EM wave processes of transmission and reflection. Two 
basic measurement techniques are used in any active BM remote sensing 
system, as described in the succeeding subsections. 
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2.1 Ranging 

The most important and basic function of a radar is to measure the 
distance between the radar and the target by transmitting a pulse and 
measuring the time elapsed between transmission and return. The return 
pulse is recorded by a set of range gates, each with a specific width, 
but usually fixed at the same value, designated as pulse duration 
width. The minimum distance rut between two points on the ground that 
a radar can discriminate can be calculated as 

t = 2R 
c 

t + T = 2(R +rut) 
c 

where c is the s.peed of light (3 x 108 m/s). 

and 

R=~ 
2 

(2. 5) 

Therefore, 

(2.6) 

(2. 7) 

If the radar sends the pulse at repetition periods of T seconds, then 
the maximum unambiquous distance that can be measured is given by 

R 
max 

cT =-
2 

(2.8) 

Equation (2.6) gives the range information, (2.7) the resolution limit, 
and (2.8) the range limit. To achieve better resolution, a narrow 
pulse is necessary. This was made possible by the pulse-compression 
technique, which reduces the pulse width to a few nanoseconds (see, for 
example, Skolnik, 1962). Besides these theoretical limitations, prac­
tical limitations of power and pulse shape are important criteria in 
radar design. Details can be found in standard references on radar 
systems, such as Skolnik (1962). 

Although ranging is the most elementary function of radar, prac­
tical problems arise in attempting to use the ranging technique for 
wave measurements. To measure the height of individual waves, for 
example, the radar footprint must be small in comparison to the ocean 
wavelength, and meeting this requirement demands a very large radar 
antenna. For a dense set of data, the radar will have to have very 
high pulse repetition. Both requirements make a direct range device 
to profile individual waves from satellites infeasible. However, 
successful airborne systems have been designed and constructed using 
both laser (Hoge et al., 1980) and radar (Kenney et al., 1979). 

It should be pointed out that the range gates could be used to 
measure the stretching of the returned pulse by the ocean waves. This 
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is a variation of the ranging technique that will yield wave-height 
statistics. A detailed discussion is given in a subsequent section. 

Finally, the range information can also be obtained by continuous­
wave (CW) radar or amplitude-modulated (AM) and frequency-modulated 
(FM) radars using phase-shift information. This will be discussed 
together with the Doppler effect in the next section. 

2.2 Doppler Effect 

The relative motion of the radar and the target produces the Doppler 
effect--a frequency shift, or a rate of change of phase. Consider a 
radar signal of the form 

(2.9) 

where f 0 is the frequency of the BM wave tranamitted. For a moving 
target traveling at a velocity, V, the range between the radar and the 
target is changing constantly as 

R = Ro + Vt (2 .10) 

If the signal is sent by the radar and reflected by the target, the 
reflected signal at time t would be 

(The signal was sent at t- ~t.) Since 

2R 
~t- -= c 

2 (R0 + Vt) 

c 

then (2.11) and (2.12) will give the returned signal as 

2f0V 4'Tl'f R 
( ) . [ (f ) ( 0 0) ] sr t = s0 s1n 211' 0 - ---;;- t - c 

Thus, the returned signal would have a different frequency 

c 

(2 .11) 

(2.12) 

(2 .13) 

(2.14) 
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and a phase shift, qiven by 

foRo 
' - 41T-r c 
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(2.15) 

The difference between the transmitted and returned frequency is the 
Doppler shift, fd, or 

--=-c 
2V 
).r 

(2.16) 

where Ar • c/f0 is the wavelenqth of the tranSIIlitted EM wave. The 
Doppler shift is directly related to the relative velocity of the radar 
and the tarqet, and inversely proportional to the BM wavelenqth. The 
tarqet velocity can be measured by usinq the relationship qiven in 
(2.16). One of many exaaplet of Doppler-effect applications is the 
measurements of wave-phase velocity made by Wriqht and Keller (1971). 

By use of the phase shift qiven by (2.15), distance can be 
calculated in terms of the EM wavelenqth as 

R • .!!:.. ' o 41T "r (2 .17) 

Thus, by monitorinq the phase shift, the distance can also be measured. 
In real applications, the phase shift can be derived from the phase 
chanqe from an amplitude~dulated CW signal. Then, the phase trackinq 
will be with respect to the envelope of the modulated signal rather 
than the carrier. The phase shifts of a CW laser and radar have been 
used by Ross et al. (1970) and Barnett and Wilkerson (1967). 

A combination of the basic techniques is used for ocean wave 
measurements in most applications. These are described in the 
succeedinq sections. 

3. Instruments and Results 

Althouqh the basic techniques of radar measurements are simple, a 
variety of different combinations of the basic techniques have been 
used in design and construction of instruments for actual wave 
measurements. This section reviews the available instruments and 
results. Por the reader's convenience, a few commonly used classifi­
cation schemes of radars are qiven first. 
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3.1 Classification of Radars 

Radars can be classified by various characteristics. The 
following commonly used criteria of radar classification define 
instrument functions and their products. 

3.1.1 By the EM wave Signal Source Radar systems can be classified 
as active and passive devices. The active device has both a trans­
mitter and a receiver. The signal received is sent and controlled by 
the transmitter, which is an integrated part of the instrument system. 
The transmitter and the receiver usually employ a single antenna, as 
in most radars, but this is not necessary. The transmitted EM waves 
can be in any EM wave range, such as visible laser light, microwaves, 
and high frequency (HF). In general, the transmitted EM wave serves 
as the active probing agent of the instruments. Active devices are 
designed to measure the changes in geometric shape and spatial location 
of the target, and are therefore ideal for wave measurements. 

The passive device has only a receiver. The signal is either from 
emissions or reflection of other natural EM wave sources. Since most 
of the emission processes are controlled by physical properties of the 
target, such as temperature, color, or salinity, they are usually not 
good sources of wave infomation. The results are subject to wide 
variation in uncontrollable environmental conditions because of the 
unknown quality and quantity of the EM wave source. Consequently, most 
wave-measurement instruments are active devices. The only passive 
devices used for deducing wave-field characteristics are limited to 
various photographic methods--stereo photography, for example (Cote et 
al., 1960), and still photographs (stilwell, 1969). 

3.1.2 By the EM Wave Characteristics Many characteristics are used 
to ~cify the EM waves1 the two most common are the waveform and 
wavelength. 

Radars can be divided by waveform used into pulse and CW radars. 
The CW radars include the amplitude-modulated and frequency~dulated 
variations, in which wave information is given by phase and Doppler 
shifts. The pulse radars can be further divided into beam-limited and 
pulse-limited radars, as shown in Figure 3.1. A beam-limited radar 
requires a large antenna to focus the beam and produce a small foot­
print. In close-range measurements--from aircraft, for example--the 
footprint could be much smaller than the ocean wavelength. Thus, the 
ranging information could effectively profile the ocean surface (as in 
most profilometers and their variations). The pulse-limited radar 
derives statistical wave information from the incoherent reflection of 
EM waves that stretches the returned pulse. Since there is no need for 
a large antenna to focus the beam, this technique is better suited to 
space applications. Using pulse-compression techniques, the pulse can 
be narrowed to as little as 3 nanoseconds, the pulse of the Seasat-1 
altimeter. 

If radar is classified by EM wavelength, the principal types rely 
on microwave and HF waves. The visual band is limited to cameras or 
laser devices. 
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3.1.3 By Antenna Characteristics The geometric shape of the radar 
antenna controls the transmitted and backscattered EM beam shapes. 
Depending on the shape of their antennas, radars can be classified as 
pencil beam or fan beam, both shown in Figure 3.2. The pencil-beam 
radars need large antennas to focus on the sea surface. The beam 
width, e , or the angular resolution is given by 

(3.1) 

where D is the diameter of the antenna. The fan-beam radars have 
asymmetric antennas. The resolution power of the beam is unequal, but 
can be determined by the different linear dimensions of the antennas 
using equation (3.1). 

Beam width is not the only way to limit the footprint of a radar 
in ocean wave measurements. The pulse width should also be considered. 
A narrow-pulse radar will also have a limited footprint, even if the 
beam width is large. 

Other than the geometric shapes, the relative locations of trans­
mitter and receiver are also used to classify radars, as shown in 
Figure 3.3. Most radars are monostatic. Bistatic radars are common 
in ground-based systems. The sweep aperture radar employs a multiple 
transmitter/receiver system and the motion of the platform to create 
an effectively stationary radar. This greatly facilitates the Doppler 
measurements of target motion from a moving radar. However, in order 
to use the sweep aperture, the height of the spacecraft, H, has to be 
known precisely to determine the antenna separation, L. The formula 
is simply 

2VH 
L = -­c 

This concept is discussed in detail by Bush and MacArthur (1979). 

(3.2) 

Synthetic aperture radars use a single antenna for transmitter and 
receiver. The information received is processed coherently to produce 
an image of the ocean. This technique is discussed in detail in 
Section 3.2.8. 

3.1.4 By Look Angle The radars can be classified according to the 
look angle of the transmitter and receiver as nadir-looking, 
side-looking, and scanning. Most nadir-looking devices to measure 
waves are based on ranging, or a variation of ranging such as pulse 
stretching. Altimeters and profilometers are nadir-looking radars. 

There is a much wider variety of side-looking devices. Almost all 
the side-looking devices use the Bragg scattering process to generate 
the returned signal, and the measured quantities are derived by a com­
bination of ranging and the Doppler effect. The beam width can be 
narrow, as in the real aperture radar, or wide, as in the synthetic 
aperture radar. For the real aperture, the antenna can be rotated to 
generate a scanning pattern of footprints. 
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A variation of the side-looking technique is the near-grazing­
angle radar, used principally in qround-based systems. In this case, 
the radar beam is almost parallel to the surface. The Bragg resonant 
condition approaches 

(3.3) 

These near-grazing-angle radars can transmit the EM wave directly as 
ground waves or surface waves with very limited ranging (less than 100 
miles) or indirectly as sky waves reflected from the ionosphere, 
extending the range to a few thousand miles. 

3.1.5 By Outputs Classified by their outputs, radars can be divided 
into imaging and nonimaging devices. Most of the imaging radars are 
active side-looking devices. The ranging resolution is achieved by 
transmitting a short pulse: resolution of a few meters can easily be 
accomplished. The azimuth resolution for the ~ge can be achieved two 
different ways, as shown in Figure 3.4. One is by using a real 
aperture. According to the antenna theory, the angular resolution is 
given by (3.1). Thus, the spatial resolution is 

RA 
~R = __.!.. 

D 
(3.4) 

The real aperture radar uses a fan beam to increase its resolution 
power in the azimuthal direction. However, even with the fan beam, 
the minimum separable target distance increases directly with the 
range. This requirement makes the use of real aperture radar cumber­
some for satellite-borne systems. 

The second method to achieve azimuth resolution is by using 
synthetic aperture. Details of the synthetic aperture technique can 
be found in many of the standard references1 for example, Rihaczek 
(1969), Harger (1970), Kovaly (1976), and Hovanessian (1980). The 
synthetic aperture technique is basically that of sensing the Doppler 
effect on the backscattered signal from different looking angles, and 
processing the infoDD&tion coherently. The theoretically attainable 
spatial resolution in the azimuthal direction is given by 

D 
~R = 2 (3.5) 

The amazing fact is that the resolution is independent of the range. 
However, owing to the curvature of the pulse front, the phase shifts 
are different for different looking angles. This effect is called 
unfocusing. An unfocused radar can only achieve a spatial resolution 
of 

~R - !(I~A ) ~ - 2 r (3.6) 
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The unfocusing effect can be corrected if the relative speed of the 
radar with respect to the target is known. Owing to the antenna 
pattern of the radar beam, the best actually achievable spatial 
resolution for a focused radar is approximately 

LlR = lQ_ 
2 (3.7) 

Since R is almost always much larger than D, the resolution power of 
even an unfocused synthetic aperture radar is lllUCh better than that of 
a real aperture system. Because of the coherent processing of the 
information, the data reduction task is a much more complicated process 
for synthetic aperture radars. 

In addition to radars, cameras are also image-forming devices. 
All methods other than those mentioned in this section produce 
nonimaged outputs. 

3.2 Some Remote Sensing Instruments for Wave Measurement and Results 

Having classified the instruments by their characteristics, we can now 
discuss some of the specifics of the instruments and offer examples of 
the results they produce. 

3.2.1 Camera Cameras using the visible region of the BM spectrum 
under natural illumination are obvious extensions of human eyes. The 
first known serious attempt to use the camera as an instrument to study 
waves was made by Schumacher (1928) with stereo photos. The areas 
imaged were too small to be of any practical use. Later, photos were 
taken from aircraft by Cox and Munk (1954a,b). In this set of 
experiments, the sun glitter pattern was used to deduce the 
probability density function of the surface slope distribution of 
surface waves. The results are classical pieces of work that are 
still in use today. 

Cox and Munk's pioneering work was followed by another ambitious 
project in the late fifties known as the Stereo Wave Observation 
Project, or SWOP (Cote et al., 1960). Synchronized cameras on two 
airplanes produced stereo-pairs of pictures that were then used to 
construct the ocean wave-height contour. Three-dimensional 
wave-elevation data were painstakingly read from the stereo pattern, 
and two-dimensional wavenumber spectra were made. Typical results of 
the BWOP project can be found in Neumann and Pierson (1966). The 
results of this project also became classical examples of early 
attempts to study the ocean wave field. The cumbersOID8 data 
processing procedures required by the stereo photographic method 
favored the development of other remote sensing methods. 

Stilwell proposed using a single sn~shot of the ocean surface 
wave pattern. A wavenumber spectrum is then produced by optical 
Fourier analysis. Considerable research has been conducted to 
automate the data analysis as reported by Stilwell and Pilon ( 1974), 
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Sugimori (1972, 1973, 1975, 1976), Xasevich (1975), and Peppers and 
Ostrem (1978). Efforts to use satellite photographs were reported by 
Noble (1970) and Apel et al. (1975). 

Although a wide range of wave-related phenomena was studied by 
photographic methods, including directional spectrum, directional 
spectrum evolution under shear current, and even the detection of 
internal waves, none has ever become a serious mainstream remote 
sensing technique for waves. The principal shortcomings of 
photographic methods are the uncontrollable source of natural 
illumination and requirements for clear visibility of the field. For 
quantitative data, natural light has to be uniform, the camera must be 
pointed at the optimal angle with respect to the waves, and the 
visibility must be good. After these conditions are met, the 
brightness of the negative has to be rigorously controlled. Even 
under ideal conditions, the ~ctrum produced cannot be assigned an 
absolute scale of energy content. Consequently, the results are 
largely qualitative in nature and thus fail to meet the quantitative 
requirements of many applications. A recent sUDD&ry of photographic 
techniques can be found in Monaldo and Kasevich (1981). 

For certain applications, such as those described by Gotwols and 
Irani (1979) and many coastal wave pattern studies (Stafford et al., 
1973), cameras are still very powerful and economical tools compared 
to other methods. 

3.2.2 Laser or Radar Profilometer The principle of a profilometer is 
use of a beam-limited ranging device to measure the distance between a 
moving platform and the ocean surface. By virtue of the small 
footprint of the beam-limited device, its measurements are a faithful 
profile of the surface. To measure the wave profile precisely, the 
beam has to be as narrow as possible, and the distance between the 
platform and ocean moderate. As profilometers were developed, laser 
devices were heavily favored to meet these conditions, but the limita­
tions lasers suffer because of low power and cloud interference have 
recently made radars as attractive as lasers for profilometry. 

Profilometers using radar (Barnett and Wilkerson, 1967) and laser 
( Schule et al., 19711 Liu and Ross, 1980) have provided many important 
results in wind-wave studies, especially on the generation and growth 
of waves as functions of fetch. Because the profilometer collects data 
along the flight line only, the value of the data would be seriously 
degraded for a complicated wave field consisting of more than one wave 
component coming from different directions. This complication has 
limited the application of profilometry in the past to sea states 
dominated by a locally generated wind-wave field, and limited the 
measurements to the upwind and downwind directions. Even in these 
restricted applications, Hammond and McClain (1980) have shown that 
aliasing in the data still occurs owing to the finite angular spreading 
of the wave field. 

Two recent developments have considerably enhanced the role of the 
profilometer in wave studies. One is using a single profilometer to 
profile the wave field in more than three directions. On each flight 
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track, a special projection of the total wave field can be obtained. 
With the geometry of the flight tracks known, data from multi­
projections along the tracks provide the necessary information for 
determination of the mean directions and energy levels of any number 
of wave components. A recent experiment carried out at the Grand Banks 
~ McClain et al. (1982) produced quantitative results that were used 
not only to delineate the various directions of propagation for the 
wave components, but also for a wave-current interaction study. 

The second development is conversion of the beam transmitter from 
a fixed position to a scanning pattern, allowing the radar or laser 
beam to profile an area rather than a single line. These data can be 
used to reconstruct the three-dimensional surface of the ocean. A 
laser device has been constructed ~ Hoqe et al. (1980), and a 
corresponding radar device, the surface contour radar (SCR), is now 
fully operational and can produce a two-dimensional wavenumber 
spectrum in near real time (Kenney et al., 1979). 

Since the results of a profilometer depend critically on the 
measured distance between the radar and the surface spot profiled, the 
motion of the platform becomes an important source of error. Various 
schemes have been proposed to deal with the problem; for example, ~ 
Walsh (1977) and McClain et al. (1980). Although a complete resolu­
tion has still not been achieved, the results are highly accurate for 
many applications. A more severe restriction of the profilometer is 
its footprint size. Owing to the limitations of angular resolution 
inherent in radars and the power limitations of lasers, today's 
profilometers cannot be used in space. Por regional measurements, 
however, the SCR can provide the most complete and reliable data on the 
directional wave spectrum available. 

3.2.3 Radar Altimeter The radar altimeter is a simple nadir-looking, 
pulse-limited radar. It was first proposed ~ Godbey (1965) and Prey 
et al. (1965) for measuring mean sea level, and for calculation of the 
geostrophic current at the ocean surface (Huang et al., 1978). 

'lhrough the pioneering work of Miller and Hayne (1972), Miller and 
Hammond (1972), Yaplee et al. (1971), Barrick (1972a,b), Godbey et al. 
(1970), and McGoogan (1974), it was shown that the stretching of the 
returned pulse shape recorded ~ the range gates can be processed to 
produce the probability distribution function of the surface wave 
elevation. The first successful measurement was made ~ Walsh (1974) 
using the Naval Research Laboratory radar with a pulse width of 1 
nanosecond. Subsequently, the radar altimeter on board the satellite 
Geos-3 with a pulse width of 12 nanoseconds produced the first 
successful quantitative wave-height measurement from space. The 
results can be found in papers ~ Fedor et al. (1979) and Parsons 
(1979). Seasat-1 also provided highly accurate significant wave-height 
data (Townsend, 1980). As a result of these satellite missions, the 
altimeter is regarded as an operational instrument for wave-height 
measurements. 

Recent developments~ Walsh (1979), Huang and Long (1980), Huang 
et al. (198la,b), and Huang (1981) could extend the results of 
altimetry far beyond the original concepts, as described in Section 4. 
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3.2.4 Doppler Radar The Doppler radar is a cw, side-looking, 
nonimaging device desiq.ned with the simple idea of measuring the 
Doppler effect produced ~ the relative motion between the radar and 
the target. Since it is side-looking, the returned signal comes 
primarily from those waves that satisfy the Bragg condition. 
Different components of waves can be measured ~ using different radar 
frequencies. Ground-baaed Doppler radar has been used extensively by 
the Naval Research Laboratory: Wright (1966, 1968, 1978), Pidgeon 
(1968), Wright and Keller (1971), Xeller and Wright (1975), Larson and 
Wright (1975), Plant and Wright (1977, 1979), Lee (1977), and Plant et 
al. (1978). Theoretical work has been done ~ Haaselmann (1971), who 
proposes using second-order backscattering to measure the wave 
~ctrum. The theoretical analysis has been extended by Valenzuela 
( 1974) • 

The radars as used now in the laboratory or the field are fixed, 
and the Doppler effect is thus produced ~ the wave motions alone. 
Specific results produced so far constitute the most detailed studies 
of interaction between EM and ocean surface waves. Among these results 
are discovery of the upwind propagation of wave components in an active 
generating wave field, the growth of spectral components as a function 
of time, and the modulation of short waves ~ long ones. Since the 
Doppler radars measure the particle and phase velocities and frequency 
of the waves, it is possible to use linear wave theory to deduce the 
amplitude of the wave observed. Spectra can also be deduced from such 
information as shown in Figure 3.5. 

A recent study ~ Plant has extended the application of the 
Doppler radar to moving platforms, such as aircraft and satellites. 
Since the speed of the platform, whether aircraft or satellite, is much 
higher than that of wave motion, the Doppler effect could be treated 
as produced ~ the platform motion alone. Active research is still 
under way to make the system operational. 

3.2.5 Dual-Frequency Spectrometer The dual-frequency spectrometer is 
a CW, side-looking, nonimaging radar. The technique uses the Bragg 
scatter condition matched ~ the EM wavelength at the difference of the 
frequencies transmitted. The condition is given as 

k = 2 
21Tllfr 
---sin ei 

c (3. 8) 

where k is the ocean wavenumber and flfr is the radar wave frequency 
difference. By varying the frequency difference of the transmitted EM 
waves, as well as the incidence angles and the azimuth angle of the 
antenna axis, the full two-dimensional gravity wave spectrum can be 
determined from a moving platform. 

This method was first proposed ~ Ruck et al. (1972) for a 
stationary platform. Later, theoretical and experimental studies by 
Weissmann (1973), Weissmann and Johnson (1977), Schuler (1978), ~ 

and Hasselmann (1978), Plant (1977), Plant and Schuler (1980), and 
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Johnson et al. (1981) have substantially extended the oriqinal ideas 
and established the feasibility of usinq the dual-frequency techniques 
from movinq platfoDDs. 

Recent experiments with aircraft measurements by Johnson et al. 
(1981) showed that the location of the resonant line aqrees exactly 
with the theoretically predicated value qiven in equation (3.8). How­
ever, the signal-to-noise ratio of the preliminary data is still quite 
low. An example of the spectrum is qiven in Piqure 3.6. Additional 
work in the data-reduction alqorithm is needed to make this technique 
fully operational. The method could be coupled with the scanninq 
short-pulse ~ctrometer to become an inexpensive, low data-rate system 
for directional wave-spectrum measurements. 

3.2.6 Short-Pulse Spectrometer The short-pulse (SP) spectrometer is 
a near-nadir lookinq, pulse-limited, scanninq, nonimaqinq radar. In 
fact, the first SP ~ectrometer tested was identical to the altimeter 
flown on Geos-3, the only difference beinq that in the spectrometer 
mode the radar looks sliqhtly off-nadir. The basic idea of the SP 
spectrometer is to detect the modulation of backscattered power caused 
by the reflectivity chanqes induced by larqe qravity waves. The 
measurement principle is shown in Piqure 3.7. To the first approxima­
tion, the measured result is proportional to the larqe wave slope in 
the plane of incidence. A directional wave spectrum can be obtained 
by rotatinq the antenna. 

The idea of the SP spectrometer was first proposed by Tomiyasu 
(1971), usinq a wide-band radar model. The theoretical analysis was 
extended by Jackson (1974), and preliminary field tests were performed 
by LeVine (1974) and Harger and LeVine (1975) in the nonscanninq mode. 
The major breakthrough in use of the SP spectrometer was not made until 
Jackson (1979b, 1981) applied the Doppler filter technique proposed by 
Alpers and Hasselmann (1978) for the dual-frequency radar to the SP 
~ctrometer. Theoretical analysis by Jackson showed that a qood 
directional slope spectrum could be obtained for radar incidence anqles 
between 8° and 15°. However, because the modulation of reflected 
power by the larqe waves depends on the existence of small waves to 
serve as reflectors, the method would not w~~well for low winds (w S 
5 m s-1 > or high values of wave steepness ((~ )~/Ao S 0.015), 
where ~ is the surface elevation and A0 is the length of the energy­
containinq waves). 

Field testing of the SP spectrometer has been quite successful. 
Details of the results can be found in Jackson's paper in these pro­
ceedings ("Aircraft and satellite Measurement of Ocean Wave Directional 
Spectra ••• "). The major difficulty in the interpretation of the 
spectrometer results is in the accurate transformation of the spectrum 
pattern into absolute energy units. The absolute energy level could 
be provided by the addition of an altimeter operated in conjunction 
with the ~ctrometer. Even with this difficulty, the scanninq SP 
spectrometer will still be an important wave-measuring instrument 
because it is inexpensive, because it has a low data rate, and because 
it produces a directional apectrum of ocean waves. 
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3.2.7 Side-Looking Airborne Radar (SLAR) SLAR is a short-pulse, fan­
beam, side-looking, real aperture, imaging radar. It has long been 
used for military surveillance purposes (see, for example, Skolnik, 
1962). Application of SLAR to ocean wave measurements was suggested 
by Moore and Simonett (1967). A more detailed discussion was given 
recently by DeLoor and Brunsveld van Hulten (1978). Owing to the 
limited spatial resolution of the real aperture radar (as discussed in 
Section 2), the SLAR can only be used from an airplane for wave 
measurements. 

The spatial resolution is not the only problem with SLAR. The 
SLAR technique depends on the coherent processing of variations in the 
scattered power induced by the small scatterers and modulated by the 
large waves. The distribution of the scatterers varies considerably 
for any independent sample. Any average of the samples will have to 
be made within the de-correlation time scale. For the open ocean, this 
time scale is of the order of milliseconds (Long, 1975). Furthermore, 
the existence of the scatterers depends on wind conditions. Experi­
ments have shown that SLAR can only obtain usable images in conditions 
of light and moderate winds. For high winds, the image is too speckled 
to show any wave pattern. Even with a perfect wave image, determining 
the absolute energy level of the s.Pectrum is an unsettled issue. 
Because of these problems, SLAR has not been seriously developed for 
general ocean wave measurements. For certain applications in coastal 
areas, where the wave patterns are more predictable, SLAR can be very 
valuable. An example of a wave image derived from SLAR is shown in 
Fiqure 3.8. 

3.2.8 Synthetic Aperture Radar (SAR) The need for finer spatial 
resolution and practical limitations on the size of antennas make the 
synthetic aperture technique a logical choice for radar development. 
The early history of SAR development can be found in Sherwin et al. 
(1962). Recent reviews have been made by Cutrona (1970), Harger 
(1970), and Hovanessian (1980). 

The application of SAR to ocean wave measurement was suggested by 
Cutrona (1970). The first demonstration was made by Moskowitz (1973). 
Accelerated development of SAR was prompted by the Seasat-1 project. 
Brown et al. (1976) reported good examples of wave measurements by SAR. 

SAR is a side-looking, narrow-pulse, wide-beam, synthetic aper­
ture, imaging radar. The range resolution is achieved by the narrow 
pulse, and the azimuth resolution develops from the coherent processing 
of the image from different look angles. The theoretical limit of the 
spatial resolution is the antenna size. SAR is a potentially powerful 
instrument for ocean studies, and its applications are not limited to 
waves. The richness of the information contained in the data collected 
from Seasat-1 is still dizzying to ocean scientists1 nevertheless, 
interpreting the SAR image for wave measurements is not free of 
problems. 
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The ocean wave patterns determined by X-band SLAR at a height of 
300 m from an airplane 
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Some uncertainty exists about the exact imaqe-forminq mechanism. 
Generally accepted models of modulated power returned from scatterers 
by lonq waves were used in most of the theoretical studies, such as 
those of Elachi and Brown (1977) and Valenzuela (1980). Since the 
detailed modulation mechanism is still unknown for an active wind-wave 
field, the interpretation of the imaqe produced is subject to some 
question. Attempts to determine the absolute enerqy level of the 
spectrum measure by Jain ( 1977) have been unsuccessful. So far, the 
most complete foDaulation of imaqe formation by SAR is that proposed 
by Valenzuela (1980). The results indicate a number of potential 
sources of imaqe distortions. The effect of orbit motions helps to 
both form the imaqe and deqrade it to qive false wavelenqth and wave 
patterns, as reported by Jain (1978), Alpers and Rufenach (1979), Raney 
(1971), and Swift and Wilson (1979). 

Oonflictinq requirements of the SAR design place an inherent limit 
on the imaqe quality. For finer resolution, SAR needs a lonqer inte­
qration time, but the motion of the waves could cause defocusinq if the 
inteqration time overlaps with the frequency of the waves to be imaqed. 

FurtheDDore, the SAR imaqe is influenced by the scatterer distri­
bution. Althouqh hiqh sea-state data have been collected by Elachi et 
al. (1977), the quality of the imaqe deteriorates quickly with hiqher 
wind speed. Other effects on the scatterer distribution are the SAR 
look anqles and the influence of other dynamic processes in the ocean. 
Since the scatterers consist of small waves, any other motions in the 
ocean, such as currents or fronts, will all influence the imaqe 
quality. The sensitivity of the SAR imaqe is certainly an asset, but 
sometimes has detrimental side effects. 

The data processinq requirement for a SAR imaqe is also a problem 
deservinq proper attention for any applications. 

Even with these problems, SAR still emerqes as the leadinq 
candidate for a qlobal ocean wave-measurement system. Recent studies 
by Beal (1980), Brown et al. (1976), Elachi (1976, 1978), Elachi et al. 
(1977), Shemdin et al. (1978), and Shuchman and zelenka (1978) have 
proved the value of SAR in wave measurements despite the problems. A 
very complete description of SAR in the whole spectrum of ocean studies 
can be found in Beal et al. (1981). 

The qeneration area of the waves is pinpointed by the directional 
distributions of the s.P&Ctra. A detailed spectrum is shown in Fiqure 
3.9b. SAR has qreat promise for other applications, such as detection 
of shear current, ocean eddies, frontal boundaries, bottom topoqraphic 
features, ice, and wind. 

3.2.9 Hiqh-Frequency (HF) Ground-Based Radar The term hiqh frequency 
is loosely used here to designate any frequency between 3 and 30 MHz 
with wavelenqth between 10 and 100 m. 'l'he basic principle of the HF 
radar is the stronq Doppler effect on the Braqq-scattered signal at 
both first and second order. Since it is qround-based, the radar beam 
is always nearly parallel to the ocean surface. The Doppler shift in 
the Braqq line of the returned power is qi ven by 

2C0 

llf = ~ (3.9) 
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where C0 is the phase velocity of the ocean waves that satisfy the 
Bragg condition. Since the Bragg resonant condition requires 
Ar = A/2, and the dispersion relationship also relates the phase 
velocity with length of the wave as 

c = (~)'J 
0 21T (3.10) 

the return si~al of the HP radar could be used to measure the 
existence of a particular wave component using equations (3.9) and 
(3.10). This phenomenon was discovered by Crombie (1955). His report 
was one of the first addressed to quantitative remote sensing of ocean 
waves. 

Later theoretical work by Wait (1966) related the strength of the 
returned signal voltage at the Doppler peak to the height of the ocean 
waves. Subsequent work by Barrick and Peake (1968) and Barrick 
(1972b) has further extended the analysis to bistatic confiqurations 
of the radar system. 

More significantly, Barrick (1971, 1972b), Trizna et al. (1977), 
and Lipa (1977) extended the analysis to the second order and 
established the relationship between the second-order Doppler spectrum 
and the directional wave-height spectrum of the ocean waves. I~ the 
higher-order analysis of data, a minute over-all shift of the spectrum 
was found to relate to the ocean surface current. The ability of HF 
radar to measure surface current and vertical current shear was 
studied by Stewart and Joy (1974) and Barrick et al. (1974). 

Because the spatial resolution is determined by the EM wavelength 
and the antenna dimension, as in equation (3.1), the long EM wavelength 
of HF radar requires an antenna of unreasonable size to achieve 
acceptable beam width for spatial resolution. ~ solve this problem, 
a Stanford-Scripps team developed a synthetic aperture technique that 
employs a small omnidirectional receiving antenna moving along various 
directions at a constant speed. The Doppler shift induced by this 
motion can be related to the wave direction of a specific wavelength 
range. The results are reported by Teaque et al. (1973) and Tyler et 
al. (1974). 

The long wavelength used by HF radar also makes both direct 
ground-wave and indirect sky-wave propagation possible. The sky wave 
depends on the refraction of HF waves by the ionosphere, which is 
almost invisible to microwaves. The sky wave can propagate a long 
distance (4000 km maximum) from a single reflection, making measure­
ments possible at a distance, even for ground-based systems. To 
achieve spatial resolution in the sky-wave mode, the antenna has to be 
rather long. Earlier results by Tveten (1967) and Ward (1969) have 
proved the feasibility of this method. However, due to the motion and 
the inhomogeneities of the ionosphere, as well as the layered 
structure of the atmosphere, high-quality data are not available all 
the time. 

Other drawbacks of the HF technique are its susceptibility to 
external noise interference and the limited range of ground-wave 
propagation ("'200 :·-·•i. Eve.1 with t.hese limitations, the simplicity of 
the system, the low data rate, the versatility of operational modes, 
and the richness of the information offered all make the HF radar an 
attractive choice for regional monitoring of ocean waves. 
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An excellent review of HF radar techniques can be found in Barrick 
(1978). A more detailed report of recent developments is qiven by 
Barrick in these proceedinqs ("Status of HF Radars for Wave-Heiqht 
Directional Spectral Measurements"). 

3.2.10 Acoustic Methods This review centers on the use of EM waves 
for sensinq, but the same principles and techniques can readily be 
applied to acoustic waves. In fact, owinq to the limited propaqation 
of BM waves in water, sonar was developed before radar, and remains the 
principal method of underwater detection today. A summary of the sonar 
method can be found in Creasey (1976). 

Althouqh acoustic waves have superior propagatinq properties 
underwater, problems militate aqainst usinq acoustic waves to measure 
surface waves. If the sonar is located underwater to measure waves 
from below, the beam-bendinq caused by variations in temperature and 
salinity as a function of depth forms a shadow zone near the surface 
layer. Bendinq of the beam can also cause errors in measurinq the 
slant range. If the sonar is used in the air above the water surface, 
the propaqation ranqe is limited to about 10 m. Furthermore, the 
signal-to-noise ratio is always a problem for acoustic methods in 
monitorinq a natural phenomenon such as surface waves (Little, 1969). 
Finally, for the underwater techniques, platform mobility is also a 
problem. 

Althouqh there have been some efforts to develop the acoustic 
counterpart of EM instruments by Essen (1974, 1979), Essen and 
Hasselmann (1970), and Essen et al. (1978), the acoustic method has 
never been seriously considered as a surface wave measurement 
technique, particularly in comparison to the BM methods. The only 
application of the acoustic method in wave measurements today is in 
small-scale laboratory experiments. 

4. New Approaches to Wave Study and Uses of Wave Data 
Suqqested by Remote Sensing Techniques 

The traditional solution to obtaininq wave information over a large 
area is to make a limited number of direct wave measurements, and to 
close the data qaps between observation stations usinq models such as 
those of Pierson and Moskowitz (1964) or JONSWAP spectral functions 
(Hasselmann et al., 1976). The inputs for these models are all from 
external variables such as wind speed, duration, and fetch. Such 
models are also used for wave predictions. The rationale for this 
approach is obvious. Wave data of any form are not readily available 
everywhere, but wind data in some form are. Since ocean waves are 
generated primarily by wind, the available wind field data should 
enable one to obtain the ocean wave field. It is all very loqical. 

On closer examinati~n, flaws become evident in this approach. To 
beqin, the validity of existinq models is continqent on satisfyinq 
restrictive conditions. More fundamentally, the lack of detailed 
understandinq of the wind-wave qeneration, propagation, and decay 
mechanism makes the models based on external variables uncertain even 
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in the most favorable conditions. But real situations are far from 
ideal. The lack of reliable observations of atmospheric conditions 
over the vast ocean area makes qeostrophic wind prediction less than 
perfect. Couplinq the hiqh-level wind speed to the surface throuqh a 
planetary boundary model is also frauqht with uncertainties. 
Remote sensinq techniques such as scatterometry have been developed to 
provide direct wind data (see, for example, Jones and Schroeder, 19781 
Jones et al., 1979). Although derived wind speeds are inferred from 
sea states, these data have qreatly improved the input quality of the 
models. 

With advanced development of remote sensinq techniques, an 
entirely new source of wave data has become available. This new source 
provides wave data directly, and almost as frequently as wind data. 
Thus, remote sensinq techniques offer an internal wave-data source 
rather than the purely external environmental conditions. The 
usefulness of the internal variables can be illustrated by considerinq 
the output of altimeters. 

As discussed briefly in Section 3, the altimeter is a simple 
nadir-lookinq, pulse-limited radar. Wave information is contained in 
the stretched returned pulse waveform, as shown in Piqure 4.1. The 
waveform of the returned pulse has been analyzed extensively by Brown 
(1978) and Hayne (1980). With detailed calibration data on the trans­
mitted pulse sh~e, and the record of the satellite pointinq anqles and 
the returned wave shape, a successful deconvolution can produce the 
true probability density function of the surface elevation, as shown 
in Piqure 4.2. Recent experimental and theoretical studies by Walsh 
(1979), Jackson (1979a), Huanq and Lonq (1980), Huanq et al. (l98lb), 
and Huanq (1981) have shown that various wave and wave-related 
phenomena can be modeled with an internal parameter of the wave field, 
the significant slope, defined as 

§ = <\)~ 
0 

(4.1) 

This variable can be derived from the altimeter data by calculatinq 
both the rms wave heiqht (Parsons, 1979) and the skewness, K3 (Walsh, 
1979), from the probability density function. Theoretical and experi­
mental studies by Lonquet-Hiqqins (1963), Huanq and Lonq (1980), and 
Huanq et al. (198la) have shown that 

(4.2) 
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Thus, using (4.1) and (4.2), one can solve for Ac, with c?/'1 given. 
Then by the dispersive relationship for a random wave field (see, for 
example, Huang and Tung, 1976), the frequency of the energy-containing 
waves can be calculated. With this infoxmation, a qeneralized apectrua 
model would yield the frequency spectrum for the wave field. An 
example of the -.pectrua given by this approach and comparison to field 
data from JONSWAP can be found in Huang et al. (198la). 

A family of new models for the dynamic. of the upper ocean has 
been proposed by Ruanq (1981), baaed on the availability of values for 
the significant slope and the breaking-wave theory developed by 
Lonquet-Higgins (1969). Of crucial importance to wave studies is 
calculation of the wave attenuation rate from energy loss by wave 
breaking, as this determines wave propagation and decay characteris­
tics. 

In addition, by considering the nonlinear effects, various 
statistical properties of waves as derived by Lonquet-Higgins (1957, 
1963, 1975, 1980) can be parameterized by the internal variable. 
These properties include the group lenqth of the wave field and extreme 
wave conditions. Such information is of qreat use to ship operations 
and engineering activities. Besides its role in theoretical studies, 
the internal variable has also been found to control the empirical 
relationship between nondimenaional enerqy, fetch, and frequency, as 
reported by Huang et al. (198lb). 

The altimeter data collected by Geos-3 over three and a half years 
provided a rich global data base of wave climate. This data base was 
analyzed and compiled by McMillan (1981). The density of data distri­
bution is shown in Piqure 4.3, and a map of percentaqe of waves higher 
than 3.5 m distribution is shown in Piqure 4.4. Ott (1980) used this 
data base to extract the probability of occurrence of siqnificant wave 
height for Heather Field in the North Sea. The agreement between 
satellite and conventional data suggested that altimeter data are as 
reliable as any existing data, as shown in Piqure 4.5. 

Remote sensing techniques have made progress in the last two 
decades, and promise more: the instruments available today are an 
incipient sample of what might be possible. With the successful teat 
flights of the Space Shuttle, it now becomes practical to put antennas 
100 m or more in diameter into orbit. New approaches to remote sensing 
must now be considered. The Large Antenna Real Aperture Radar (LARAR) 
discussed by McGoogan and Walsh (1978) is an attractive option. Using 
a contiquous active puahbroom radar system, a radar can use an array 
feed system. With the sweep aperture concept developed by Bush and 
MacArthur (1979) to cancel forward motion, the satellite can be treated 
as a stationary platform for Doppler measurements of wave motion. 
Combining these capabilities into a single system, the LARAR could 
provide wave~tion data, imaging, and contouring and monitoring of 
roughness changes at a low data rate, and in a real aperture mode. 
Within the next two decades, the increasing capability offered by the 
Shuttle will be fully explored. 
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Figure 4.4 
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Figure 5.1 SAR image of N~ntucket Island showing different sur­
face features in addition to surface waves 
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SAR and operational apaceborne Doppler radar and spectrometers are 
also under active study. Applications of SAR to ocean studies have 
already been demonstrated by Baal et al. (1981). The next 20 years 
will witness more quantitative results from the mature remote sensing 
techniques. Bven before the absolute calibration of the remote sensing 
techniques is established, an orbiting satellite instrument will 
provide a uniform standard for sea-atate mea•urement• that will allow 
expeditious intercomparisons ·to be made of different measurement 
systems at various locations in the world. 

5. Conclusion 

The progress of science has always advanced in step with the progress 
of observational methods. Wave study is certainly not an exception. 
During the last two decades, remote sensing techniques have provided 
us with more and more quantitative data. Their rapid development has 
in some re~ects outstripped not only some of the older and established 
~ ~ wave-measurement methods, but also our understanding of wave 
phenomena and dynamics. Interpretation of the remotely sensed data 
depends crucially on this understanding. The SAR image shown in Figure 
5.1 clearly demonstrates the power and powerlessness of the remote 
sensing techniques in their present stage. As discussed earlier, a SAR 
image is believed to be fomed by the scatterers, i.e., the small 
waves. Then the features in Figure 5.1 are all complications of the 
interactions between the small waves and the large waves, the currents, 
the frontal structures, and even the bottom topography. We are glad 
to be able to see all these features, but we are also dismayed at not 
being able to explain them. 

Remote sensing techniques are only tools. They provide us with 
raw infomation, but not always answers. The results occasion._ally 
raise as many questions as they answer. Nevertheless, remote sensing 
opens new vistas for wave measurements and for wave studies. The 
remotely sensed results force us to more study of waves1 the more we 
learn, the more infomation we will be able to derive from remote 
sensing techniques. These techniques have played and will continue to 
play an indi~nsible role in wave observations for operational and 
research purposes. 
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RBMO'l'B SENSING OP OCEAN WAVES 
BY SURPACB CONTOUR RADAR 

Edward J. W&lshl 

Introduction 

The Surface Contour Radar (SCR), developed jointly by NASA Wallops 
Pliqht Center (WP'C) and the Naval Research Laboratory, is an airborne, 
computer-controlled 36 GHz bistatic radar that produces a real-time 
topoqraphical map of the surface beneath the aircraft. Piqure 1 shows 
a nominal measurement qeometry. The SCR, described in detail by Kenney 
et al. (1979), was designed to measure the directional wave ~ctra of 
the ocean surface. Of the remote sensinq instruments described in 
these proceedinqs, the SCR operates by the simplest measurement concept 
and offers the qreatest ease of data interpretation, since it involves 
a direct ranqe measurement. 

SCR System 

'l'he SCR is flown in a WP'C P-3 aircraft. An oacillatinq mirror scans a 
o.eso x 1.2° pencil beam laterally, measurinq the elevations at 51 
evenly spaced points on the surface below the aircraft within a swath 
approximately as wide as half the aircraft's altitude. Piqure 2 shows 
the horizontal resolutions in terms of the aircraft altitude, h. At 
each point, the SCR measures the slant ranqe to the surface, correctinq 
in real time for the off-nadir anqle of the beam to determine the 
elevation of the point with ree,pect to the horizontal reference. 

'l'he elevations are false-color coded and displayed on the SCR's 
color TV monitor to allow real-time estimates to be made of significant 
wave heiqht (SWH), dominant wavelenqth, and direction of propagation. 
These estimates allow the aircraft altitude and flight linea to be 
optimized durinq the fliqht, freeinq the operations from dependence on 
prior knowledqe of wave conditions. As the SCR can also map terrain, 
it is well suited for work in coastal areas. 

Correction for Aircraft Motion 

The aircraft qenerally experiences some altitude variation as data are 
beinq acquired that contaminates the elevation measurements. An 
extreme example is shown in the top curve of Piqure 3, an elevation 

lNASA Goddard Space Plight Center, Wallops Plight Pacility 

80 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


81 

FREQUENCY DIVERSITY: 35.7, 38.3GHz 
RANGE RESOLUTION: 1, 2, 4,7 REAL· TIME DISPLAY 

OF SEA SURF ACE 

/ 
/ 

Figure 1 

Figure 2 

/ 
/ 

/ 
/ 

/ 

.l m IS THE SEA SURF ACE 
DOMINANT WAVELENGTH 

The basic measurement geometry of the Surface 
Contour Radar (SCR) 
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The SCR antenna and mirror orientation, and 
the spatial resolution in terms of aircraft 
altitude (h) 
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profile from the center of the swath: the aircraft was flyinq parallel 
to the crests of a 5.5 m SWH sea whose dominant wavelenqth was 140 m. 
In this example, it would clearly be difficult to remove the aircraft 
motion from the elevation data by hiqh-pass filterinq of the raw data. 
An independent estimate of aircraft motion is obtained by doubly inte­
qratinq the output of a vertically mounted accelerometer. The bottom 
curve in Piqure 3 shows the result when the accelerometer-determined 
aircraft motion has been subtracted from the raw elevation data. A 
parabola of the form a0 + aly + a2y2 (where y is the alonqtrack 
distance) that was least-squares fitted over the data span has also 
been removed from the elevation data. This procedure compensates for 
any uncertainties in the initial values of aircraft altitude and 
vertical velocity and the accelerometer constant. The resultinq 
elevation data may still contain some small residual aircraft motion, 
but it is obvious that they are much lower in amplitude and in 
frequency than the wave data. 

Airborne oceanoqraphic Lidar 

Piqure 4 shows a more typical set of data, taken when the aircraft was 
travelinq perpendicular to the crests of waves of wavelenqths approxi­
mately 45 m. The aircraft motion is apparent in these uncorrected 
elevation data. Also shown is a comparison between the SCR elevation 
data and elevation data from the WPC Airborne OCeanoqraphic Lidar (AOL) 
which is also on the P-3 aircraft. The AOL elevation data were 
acquired in profilinq mode usinq 200 pulses per second. The qeneral 
aqreement is excellent, although the instruments are separated by 8 m 
alonq the center of the aircraft (the data sets have been shifted into 
alignment). The AOL also has a scanninq mode usinq a 5Hz conical scan 
at 15° off-nadir rather than the 10 Hz raster scan employed by the 
SCR. In its scanninq mode at 420 m altitude, the AOL would look at the 
waves 1 s before and 1 s after the SCR encountered them. The AOL can 
also measure fluorescence (Hoqe and Swift, 1981) and bathymetry (Hoqe 
et al., 1980). The instruments are quite complementary: the SCR 
cannot see through waterJ the AOL cannot see throuqh clouds. 

Results 

Piqure 5 shows close-up views of qrey-scale-coded SCR elevation data 
taken on the same day within minutes of each other durinq the Atlantic 
Remote Sensinq Land-OCean Experiment (ARSLOB). The wind was blowinq 
from approximately 45° at 9 m/sJ SWH was 1.6 m, and the dominant 
wavelenqth was 65 m. The data were taken at a 215 m altitude (ALT) 
alonq the three different aircraft qround tracks (GTK) indicated in 
the headers. The troughs are dark and the crests are liqht so that 
the data have the visual appearance of waves illuminated by a 
low-anqle sun. Distance alonq the qround track increases to the riqht 
in each case by approximately 5 m per line (the qround speed (GS) 
divided by L/S, the number of scan lines per second). The data point 
separation on the display is approximately the same alonqtrack 
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Center swath profile of SCR elevation data before (top) and after (bottom) removal of aircraft 
motion using accelerometer data 
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Comparison of center-swath elevation data from SCR and a profiling 
AOL laser system 

Figure 5 Grey-scale-coded elevation data taken 
at 215 m altitude for three differ­
ent flight directions. The header in­
formation indicates latitude (LAT), 
longitude (LON), aircraft ground track 
(GTK), drift angle (DA), roll (ROL), 
altitude (ALT) in m, range resolution 
(RES) in ns, ground speed (GS) in m/s, 
and the contour interval (CI) by which 
the data are divided before being dis­
played. The angles are in degrees. 
There is considerable distortion, owing 
to the disparity between alongtrack and 
crosstrack dimensions. -Copyright © National Academy of Sciences. All rights reserved.
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and croaatrack. The actual croaatrack spacing of the 51 elevation 
points is the altitude divided by 100, which means that there is quite 
some geometric distortion in the displays. The lateral dimension has 
been exaggerated by a factor of approximately 2 relative to the 
alonqtrack dimension, which makes the waves appear long-created in the 
case of the aircraft ground track of 45° and short-created in the 
case of the 314° ground track. The exaggeration also distorts the 
apparent angle of propagation in the data displayed for a 1790 
ground track. 

Two-dimensional fast Fourier transforms (FPTs) are performed on 
groups of 1024 scan linea, as shown in Figure 6 for four elevation data 
seta taken at 400 m altitude, where there is little geometric distor­
tion in the elevation display. The data have been oriented in the 
proper ground track directions. The alonqtrack dimension of approxi­
mately 5 km produces an alonqtrack ~ctral resolution of 2~/5000 
m-1 in wavenumber apace, whereas the croaatrack resolution is 
approximately 2rr/200 m-1, thus, the grid of FPT points is badly out 
of proportion. 

Figure 7 shows a grey-scale-coded raw spectrum in which the 
alongtrack and crosstrack separation of the FPT points is about the 
same. The altitude for the data set associated with this PPT was only 
211 m, so the swath width was approximately 110 m. The alonqtrack 
distance was 4.8 km, giving a geometric distortion in Figure 7 of 
approximately 44:1. At the origin of the PPT can be seen a bright 
region which is due to residual aircraft motion that the accelerometer 
did not remove. 

When displaying the final spectrum on the color TV monitor, the 
~ctrum is oriented with respect to true north and data points are 
filled in crosstrack, so the display is in proportion. Figure 8 shows 
false-color-coded ~ctra for three different aircraft ground tracks 
(the directions are indicated by the white radials from the origin) and 
two different altitudes, 400 m and 200 m. The actual ~ctrum in 
k-space is taken to be in the direction toward which waves are 
traveling, not the direction from which they are coming. This means, 
for example, that the actual spectra are in the third quadrant in 
Figure 8. The 180° ambiguity in the first quadrant is an artifact 
of the PPT process, since the same elevation data could represent waves 
traveling in either direction. The elimination of this ambiguity is 
discussed in a succeeding section that describes correction of such 
"encounter" spectra for the effects of aircraft velocity and drift 
angle (the difference between the aircraft's heading and the aircraft's 
ground track). 

It is reassuring that essentially the same spectrum is obtained 
independent of altitude and heading. The noise in the ~ctra can be 
reduced by increasing the number of degrees of freedom through inco­
herent averaging of a number of spectra for the same flight direction. 
Figure 9 shows the results of averaging four spectra taken on a 315° 
ground track at 215 m altitude. It is a false-color-coded variance 
~ctrum in which 10 color levels change at the 1, 4, 9, 16, 25, 36, 
49, 64, and 81 percent levels relative to the spectral maximum. The 
banding in Figure 9 parallel to the aircraft ground track is the effect 
of the poor lateral spectral resolution. Even so, the spectrum is 
still well defined. 
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Figure 6 
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Grey-scale-coded elevation data acquired Octo­
ber 23, 1980, at 400 m altitude (where the geo­
metric distortion is small). The data are 
oriented in the directions of the aircraft ground 
tracks, with north the ordinate. 

Grey-scale-coded variance spectrum before corrections for 
geometric distortion and rotation (to orient with respect 
to true north) 
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Figure 8 
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False-color-coded variance spectra for two altitudes and 
three flight directions (here reproduced in black and 
white) 
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The average of four false-color­
coded variance spectra (here repro­
duced in black and white). Data 
taken at 215 m altitude for the 
flight direction indicated by the 
white radial. The color changes 
at the 1, 4, 9, 16, 25, 36, 49, 64, 
and 81 percent levels relative to 
the spectral peak. 

Grey-scale-coded elevation data, 
acquired November 12, 1980, at 
400 m altitude ---Copyright © National Academy of Sciences. All rights reserved.
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Figure 10 shows data from another ARSLOB set, taken at 400 m 
altitude. The wind was blowinq at about 9 m/s from about 3500 and 
the SWH was approximately 2.5 m. Fiqure 11 shows the averaqe of four 
variance spectra for each of two different fliqht directions 
(false-color coded as in the precedinq example). The aqreement between 
fliqht directions is excellent. Fiqure 12 shows the same spectra with 
a qrey-scale codinq where the qrey-scale is cycled through sliqhtly 
more than twice. The spectral peak is black and the first transition 
between white and black occurs at the 25 percent level relative to the 
spectral peak. If one examines the Figure 12 spectra carefully, it is 
apparent that the encounter spectrum (in the third quadrant) and the 
180° ambiguity of the imaqe (in the first quadrant) are more widely 
separated for the northeast qround track than for the southeast qround 
track. Also, the radial joininq the spectral peaks is rotated 
clockwise in the southeast qround track spectrum relative to the 
northeast qround track. These chanqes are caused by the aircraft 
velocity and drift anqle, and must be corrected to obtain the actual 
spectrum from the encounter spectrum. 

Correction for Aircraft Velocity and Drift Anqle 

Fiqure 13 shows the miqration of a representative samplinq of points 
in k-space. The base of each vector is the oriqinal spectral component 
position. The arrowhead shows the apparent position to which that 
component would shift owinq to an aircraft qround speed of 100 m/s when 
there is no drift anqle (top) and when there is a 10° drift anqle 
(bottom). When the aircraft follows its nose, the drift anqle is 
zero. If there is a crosswind from the left, the aircraft qround 
track will drift to the riqht relative to its headinq. For no drift 
anqle, all the points in k-space miqrate antiparallel to the aircraft 
qround track: the maqnitude of the chanqe is proportional to the 
magnitude of the oriqinal k-vector (Lonq, 1979). When the drift anqle 
is nonzero, the k-vectors additionally rotate in the direction 
opposite to the aircraft headinq relative to the qround track. 

Fiqure 14 shows overlaid plots in k-space of the encounter spectra 
of Fiqure 11. The curves in Fiqure 14 extendinq from the lower riqht 
to upper left correspond to the northeast qround track, and the curves 
extendinq from the lower left to upper riqht correspond to the south­
east qround track. The curves are linear in variance, plotted as the 
"third" dimension, so the ordinate represents both variance and a 
direction of 73°. Bach set of curves shows the high alonqtrack 
resolution and the coarse crosstrack resolution (indicated by the wide 
lateral separation of the adjacent curves). A 7-point smoothinq filter 
has been applied to the curves in the alonqtrack direction, and 
wavenumber& smaller than 2~/500 have been arbitrarily set to zero. 
The SWH observed on th• southeast qround track was hiqher than that 
observed on the northeast qround track. Because it was started from 
the end of the northeast qround track, the southeast qround track was 
farther from shore, and the increased wave heiqht was probably a 
fetch-limited effect. To compensate crudely for that effect, all the 
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Figure 11 False-color-coded variance 
spectra (here reproduced in 
black and white) which are 
the average of four spectra 
for each of the indicated 
aircraft ground tracks (in­
dicated by the white radial) 
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Figure 12 The same variance spectra 
as Figure 11, but grey-scale 
coded: the spectral peak is 
black and the first transi­
tion from white to black is 
at the 25 percent level rela­
tive to the spectral peak . 
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The migration of points in k-space for 
aircraft ground speed of 100 m/s and drift 
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OVerlay of the variance spectra of Figure 11 
' before the corrections of Figure 13 
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variance values in the PPT for the southeast ground track were reduced 
b¥ 20 percent before plottinq them relative to those for the northeast 
qround track. The actual encounter spectra for the two fliqht 
directions are in the lower riqht, and the 180o ambiguous spectra 
are in the upper left. The heavy pairs of vertical linea represent 
arbitrary reference points for the two ground tracks. 

Piqure 15 pictures the same data as Piqure 14 after they have 
been corrected in the JIUlnner indicated in Piqure 13. In applyinq the 
corrections no ~priori knowledqe of the direction of propaqation was 
assumed. In effect, all the data were assumed to be real and corrected 
accordingly. It can be seen that the corrections have caused the two 
reference lines to coalesce in the actual spectrum of the lower riqht, 
while they are spread farther apart in the 180° ambiguous spectrum 
in the upper left. The corrections compensate the actual spectrum, but 
are in the wronq direction for the other, and worsen the disparity 
between the fliqht directions. Rejection of the ambiquous lobe of the 
spectrum can be done b¥ computer, comparinq the squares of the 
differences at the crossinq points for perpendicular fliqht lines on 
the spectral lobes. The procedures to combine the two fliqht 
directions into a sinqle spectrum for comparison with the ARSLOE in 
situ data are now beinq developed. 

Piqure 16 shows some false-color-coded data (here in black and 
white) taken at an altitude of 800 m with SWH of approximately 5 m, 
and dominant wavelenqth of 220 m. By varyinq the aircraft altitude, 
the spatial resolution and swath width can be adjusted as dictated by 
the sea state. 

Other Features 

Another feature of the SCR is that it acquires backscattered power 
information simultaneously and perfectly reqistered with the elevation 
data. By bankinq the plane, backscatterinq information from nadir to 
about 27° off-nadir can be obtained toqether with detailed 
information on the surface elevation variation. As the plane turns in 
a circle, the radar will pass through all az~uthal directions relative 
to the local wind. This should be a very powerful technique for 
interpretinq SAR and SLAR data. 

Conclusions 

The SCR offers a convenient means of makinq direct measurements with 
hiqh resolution of directional wave spectra. It requires no calibra­
tion aqainst sea-truth data, and may, in fact, find important applica­
tion in verifying the measurements of other remote sensinq systems. 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


Figure 15 

93 

OVerlay of the variance spectra of Figure 
11 after the corrections of Figure 13 

Figure 16 False-color-coded elevation data 
(here reproduced in black and 
white) acquired at 800 m altitude, 
and the variance spectrum for a 
day when the significant wave 
height (SWH) was 5 m, and the 
dominant wavelength was 220 m. 
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THE USE OP SYNTBB'l'IC APBRl'URB RADAR ( SAR) '1'0 
MBASURB OCBAN GRAVITY WAVBS 

R. A. Shuclwlan, *1 E. s. JCasischke,l 
J. o. Lyden,l and G. A. Meadows2 

Abstract 

This paper reviews the use of synthetic aperture radar (SAR) to detect 
water gravity waves. SAR data, collected by aircraft and satellites 
durinq a series of oceanographic experiments, have been used to 
demonstrate the ability of this imaqinq remote sensor to measure water 
gravity waves in a variety of sea states. Por example, wave 
refraction was successfully documented in the coastal reqions near 
cape Hatteras, North carolina, usinq Seasat SAR satellite data. SAR 
has also been successfully used to measure internal gravity waves and 
lonq-period "surf beats.• Several parameters determine the visibility 
of gravity waves in SAR imaqesz radar wavelenqth and polarization, 
anqle of incidence and radar look direction (relative to the wave 
propaqation direction), as well as ocean wavelenqth, wave heiqht, and 
wind speed and direction. In qeneral, waves travelinq toward or away 
from the SAR line of siqht are more visible in the imaqery than waves 
travelinq perpendicular to the SAR line of siqht. 

Introduction 

Considerable research durinq the past decade has explored SAR's ability 
to detect and measure gravity waves on the oceans and Great Lakes. 
The purpose of this paper is to review this research and to identify 
areas where additional study is needed. 

SAR is a coherent airborne (or spaceborne) radar that uses the 
motion of a moderately broad physical antenna beam to synthesize a very 
narrow beam, thus providinq fine azimuthal (alonqtrack) resolution 
(Brown and Porcello, 19697 Harqer, 1970). Pine ranqe (crosstrack) 
resolution is achieved by transmittinq either very short pulses or 
lonqer coded pulses which are compressed by matched-filterinq tech­
niques into equivalent short pulses. The coded pulse is usually a 
waveform linearly modulated in frequency. 

Presenter 
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The phase history of a scatterinq point in the scene is either 
recorded on photoqraphic film as an anamorphic (astigmatic) Fresnel 
zone plate or on diqital tapes. The parameters of the phase histories 
are set in the azimuth direction by the Doppler frequencies produced 
by the relative motion between the sensor and the point scatterer, and 
in the ranqe direction by the structure of the transmitted pulses. 
These optically recorded SAR phase histories are a collection of 
superimposed zone plates, representinq the collection of point 
scatterers in the scene. SAR optical processinq is described by Kozma 
et al. (1972). Diqital processinq techniques are reviewed by 
AusheDDan (1980). 

The principle in imaqinq any surface with a radar is that the 
backscatter of microwave enerqy (echo) received by the radar receiver 
mostly contains information about the rouqhness characteristics 
(shapes, dimensions, and orientations) of the reflectinq area. The 
parameters that influence the SAR imaqe of the ocean surface include 
the motion of the scatterinq surfaces, the so-called speckle effect, 
system resolution, and noncoherent inteqration, as well as contribu­
tions attributable to wind, waves, surface currents, and surface 
tension. The orientation of ocean waves to the radar look direction 
must also be considered. Attempts to understand the SAR ocean-wave­
imaqinq mechanism entail consideration of factors pertaininq to wave 
orbital velocity, Braqq-scatterer velocity, and lonq (or resolvable) 
wave-phase velocity (Teleki et al., 1978). 

This review paper discusses the use of both aircraft and space­
borne synthetic aperture radars. The aircraft data here presented 
were collected by the BRIM* X-L SAR, flown at the time in an 
ERI~owned c-46, and now installed in the cv-580 aircraft of the 
canada centre for Remote Sensinq (CCRS). This X-L system, described 
by Rawson et al. (1975), consists of a dual-wavelenqth and 
dual-polarization synthetic aperture radar that simultaneously imaqes 
at X-band (3.2 em) and L-band (23.5 em). (A c-band [5.6 em 
wavelenqth] capacity was recently added to the system.) Alternate 
x- and L-band pulses (chosen to be either horizontally or vertically 
polarized) are transmitted and reflections of both polarizations are 
received1 thus, four channels of radar imaqery are simultaneously 
obtained. Both polarizations of X-band are recorded on one film, and 
both polarizations of L-band on another. The data presented in this 
paper were obtained from the horizontal-transmit, horizontal-receive 
channel (HH) of both the x- and L-band receivers. Polarization 
effects have not been analyzed. The resolution of the BRIM aircraft 
SAR system is approximately 3 m in both ranqe and azimuth. The swath 
width of the X-L system is approximately 6 km. 

Two other aircraft SAR systems routinely collect ocean qravity 
wave information. One is an X-band military system ( uPD-4), flown on 
an RF-4 jet. The characteristics of this Goodyear-built system are 
similar to those of the X-band portion of the BRIM SAR system, with 

*ERIM: Environmental Research Institute of Michiqan 
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the exception that the swath width is 18.5 km. The Jet Propulsion 
Laboratory (JPL) also operates an L-band SAR for gravity wave 
measurement (Shemdin, 1980a,b). This system has a resolution of 
approximately 15 m and a swath width of approximately 10 km. 

A spaceborne SAR system specifically designed to image ocean 
gravity waves was launched in June of 1978 as part of the NASA Seasat* 
satellite (Jordan, 1980). This SAR operated at L-band and produced 
imagery with a ground resolution of 25 m by 25 m. The Seasat SAR 
imagery had a swath width of 100 km and lengths of up to a few 
thousand kilometers. 

Theory 

Although the SAR wave-imaging mechanism is not completely understood, 
several theories have been proposed that appear to explain the modula­
tion of the radar backscatter, which leads to the wave patterns 
observed in SAR images (Raney, 1971J llachi and Brown, 1977J Raney and 
Shuchman, 1978J Alpers and Rufenach, 1979J Barger, 1981J Valenzuela, 
19801 Jain, 1978J Shuchman et al., 1981). 

The fundamental backscatter mechanism is believed to be Bragg 
scattering (Wright, 1966)J that is, transmitted radar energy with wave­
number K interacts in a resonant or constructive interference fashion 
with ocean surface waves with wavenumber Xw such that 

Kw • 2K sin 6 

where Kw = 2TI/L and K = 2TI/A are the wavenumbers1 L and A are the 
wavelengths, re~ctively, of the ocean wave and the radar1 and e is 
the incident angle. Por the X- (3.2 em) and L-band (23.5 em) SAR 
considered in this study, with a nominal incidence angle of 45°, the 
equation leads to Bragg water waves of 2 and 17 em (for the x-
and L~nds, re~ctively). These correspond to the capillary and 
ultra-gravity wavelength regions which are typically abundant in the 
presence of wind fields of low to moderate strength. 

In general, three mechanisms contribute to wave patterns observed 
on SAR imagery: 1) tilt modulation, 2) hydrodynamic modulation, and 
3) velocity bunching effects. Tilt modulation refers to periodic 
variation in the local incident angle caused by the long gravity 
waves. As the incident angle changes, it modulates the cross-section 
of the surface that backscatter& the microwaves. 

Hydrodynamic modulation, as reported by many investigators 
(Alpers et al., 19811 Alpers and Basselmann, 19781 Phillips, 1981), 
refers to straining of the small ocean Bragg waves due to divergence 
of the surface velocity field due to the long gravity waves. This 
straining can be considered as a modulation of the height of the Bragg 
ocean wave. 

*The entire Seasat satellite system suffered a catastrophic power 
loss approximately 100 days after launch. 
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It has been suqqested by Phillips (1981) and several others that 
the short capillary and ultra-qravity waves are modulated by the lonqer 
qravity waves. Phillips suqqests that the qravity waves compress the 
small waves and increase their heiqht in the crest reqion of the 
qravity wave, and likewise, elonqate the shorter waves and decrease 
their heiqht in the trouqh reqion. This compression and expansion is 
thouqht to result from the straininq of the shorter waves by the 
orbital velocity of the qravity wave (Wriqht et al., 19807 Alpers and 
Rufenach, 1979). 

The qreater the compression and expansion of these small wave 
structures, the hiqher the contrast on the SAR imaqery, as compression 
and expansion cause certain portions of the lonq wave to contain a 
hiqher amplitude of Braqq (resonant) scatterers than other parts of the 
wave, leadinq to a modulated imaqe that closely corresponds to the 
prevalent qravity wave field. 

The velocity bunchinq effect refers to a periodic azimuthal 
tarqet displacement on the imaqery. This displacement (the well-known 
"train off the track" phenomenon) is caused by a radial component 
(parallel to the radar line of siqht) of the orbital motion of the 
lonq qravity waves (Alpers et al., 19817 Shuchman et al., 19817 
Vesecky and Stewart, 19827 Raney, 19807 Harqer, 1981). 

Tilt and hydrodynamic modulation are maximum for ranqe-travelinq 
waves and minimum for azimuth-travelinq waves. The velocity bunchinq 
effect is maximum for waves travelinq at approximately 45° to the 
ranqe direction. 

Synthetic aperture radars are sensitive to velocity components 
present in the imaqed scene. Effects of wave motions present in SAR 
imaqery may include: 1) imaqe displacement, smearinq and loss of 
focus in the azimuth directionr and 2) loss of focus in the ranqe 
direction. Some of these effects can be removed durinq processinq of 
the SAR sicpal histories by makinq appropriate adjustments to the 
processor. The effects that cannot be removed durinq processinq may 
reduce the detectability of qravity waves, and can also influence the 
wave spectral estimates obtained from SAR wave data. 

When usinq a SAR system to imaqe movinq tarqets such as ocean 
waves, unique problems occur in correlatinq the siqnal data. Because 
movinq tarqets perturb the Doppler frequencies, and hence the phase 
histories recorded by the siqnal receiver, conventional processinq of 
these sicpal histories produces imaqes of the waves that are defocused 
relative to a stationary tarqet. Defocusinq by the alonqtrack 
(azimuth) velocity of the movinq ocean waves can be refocused by 
re-adjustinq the azimuth (cylindrical) focus by an amount proportional 
to the relative velocity of the wave train with respect to the SAR 
platform velocity. 

Similarly, the radial motion of a movinq ocean wave imaqed by a 
SAR will also perturb the siqnal history of a scatterer. Radial wave 
velocity (motion toward or away from the radar look direction) produces 
an apparent tilt to the phase history as well as azimuthal shift in the 
imaqe. Essentially, the scatterer history shifts across the siqnal 
record. This is referred to as "ranqe walk" and can be compensated 
for by a rotation of the cylindrical optics in the processinq of the 
siqnal histories. The azimuthal imaqe shift is not correctable. 
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A number of investigators (Shuchman, 19811 Shuchman et al., 19791 
Jain, 19781 Shuchman and Zelenka, 1978) designed and evaluated 
algorithms to enhance SAR-imaged gravity waves through focusing (i.e., 
accounting for water-wave motion). The investigators generally agree 
that azimuth- and range-traveling waves can be better detected, 
respectively, by adjustment of focal distance and by rotation of the 
cylindrical telescope in the SAR processor. Enhancement of ocean waves 
has been successfully attempted using these techniques on JPL's L-band 
and BRXM's X- and L-band data (Jain, 19781 X&sischke et al., 1979). 

The importance of the defocusing effect owing to azimuth and range 
wave motion is twofold. First, it can be used to determine the 
direction of ocean wave propagation. Second, it can be used to make a 
rough estimate of the phase velocity associated with these waves. 

Analysis Techniques to Extract Gravity 
wave Information from SAR Data 

It should be noted that SAR-derived spectral estimates of water 
gravity waves are wavenumber directional spectra of the radar return 
intensity. The spectral estimates obtained do not represent 
wave-height infoDD&tion, at least not in an easily extracted form. 
The modulation transfer function (i.e., SAR gravity-wave-imaging 
mechanism) is not yet totally understood. The determination of this 
transfer function, as well as determination of wave height using SAR 
data, will be a major scientific advancement. It will then be possible 
to use SAR gravity wave data to obtain power spectral density 
estimates of the sea surface. 

There are four recognized techniques for extracting estimates of 
wave period and direction of the dominant gravity wave from SAR data. 
These are two-dimensional Fourier transforms, both optical and digital, 
a semi-causal technique, and a new one-step spectral estimation routine 
that extracts the wavenumber directly from the SAR signal histories. 

By passing a monochromatic, collimated beam of light through the 
film image of the gravity waves imaged by the SAR, a two-dimensional 
optical Fourier transform (OFT) of the image is created (Barber, 1949, 
Shuchman et al., 1977). If a digital image is made, the same process 
can be accomplished on a computer by taking a fast Fourier transform 
(PPT) of the data (Shuchman et al., 1979). Producing an FFT has the 
advantage over an OPT of allowing distributional wave spectra, as a 
function of wave frequency or direction, to be generated in addition 
to the dominant wavelength and direction. Figure 1 presents an example 
of actual wave images from the Seasat SAR and the resulting OFT and FFT 
generated from the data. 

A new two-dimensional spectral-estimation algorithm related to 
maximum entropy, called the semi-causal model (Jain and Ranganath, 
1978), has been applied to SAR imagery of ocean waves (Jackson and 
Shuchman, 1982). The ~ctral estimates generated with this technique 
were compared to PPT-derived estimates of identical data sets and 
reference functions. Results indicate the semi-causal model can 
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successfully produce ~ectral estimates of truncated data sets (i.e., 
1-2 wave cycles). However, as with one-dimensional maximum entropy, 
the two-dimensional semi-causal model is sensitive to the 
autoregressive order and to noise, and exhibits spectral splittinq in 
some cases. 

A new technique has been proposed by Hasselmann ( 1980) to extract 
spectral wave info:mation from SAR. Hasselmann has derived a simple 
method for determininq the two-dimensional surface-imaqe spectrum from 
the return si~al of a SAR without explicitly forminq an imaqe. This 
alqorithm, called a signal-imaqe Fourier transform (SIFT), has recently 
been programmed at BRIM, and is beinq tested and evaluated usinq 
Seasat SAR data. 

Recent investiqations have explored several possible methods of 
measurinq wave heiqht from SAR throuqh detailed examination of various 
system and imaqe parameters. Jain et al. (1982) showed that speckle 
correlation techniques applied to SAR data are a possible means of 
obtaininq wave heiqht. Harqer (1982) showed that phase information in 
the SAR-recorded signals can be related to wave heiqht. Thomas (1982) 
statistically correlated the imaqe contrast in diqitally processed 
Seasat SAR wave data to wave heiqht. Althouqh preliminary results are 
promisinq, each of the methods is still considered experimental. 

SAR Versus Sea-Truth Spectral Comparisons 

A series of experiments has been carried out over the past seven years 
to demonstrate that SAR can be used to determine the wavelenqth and 
direction of qravity waves. Amonq these experiments are Marineland, 
West Coast (Shemdin, 1980a,b); DUCKEX (Mattie et al., 1980); GOASEX 
(Gonzalez et al., 1981); JASIN (Allan and Guymer, 1980); MARSEN 
(Anonymous, 1980); and ARSLOB (Baer, 1981). 

Fiqure 2 (after Vesecky and Stewart, 1982) is a scatterplot of 
ocean wavelenqth information obtained from the Seasat SAR compared to 
~~ocean wavelenqth sea-truth data obtained from a pitch-and-roll 
buoy. Fiqure 3 (after Vesecky and stewart, 1982) is the direction of 
wave propaqation obtained from the Seasat SAR, aqain compared to sea­
truth measurements. Based on these data, seasat SAR estimates of 
wavelenqth are biased sliqhtly hiqh; the averaqe error is about 12 
percent. For wave direction, there appears to be no significant bias; 
the averaqe error is about 15°. The Seasat SAR wave analysis 
indicates that dominant wavelenqth and direction can be measured by 
the Seasat SAR, provided the waves in question are evident in the SAR 
imaqe (Vesecky et al., 1981). Directional wave information provided 
by a SAR has a 1800 ambiquity, but selective Doppler processinq, as 
reported earlier (Shuchman and Zelenka, 1978), can resolve it. The 
data included in Fiqures 2 and 3 represent significant wave heiqhts in 
the 1 m to 5 m ranqe. ocean wavelenqths shorter than 100 m in lenqth 
were not observed by the Seasat SAR. The wind speed for all the 
observations mentioned exceeded 3 m/s. 

Fiqures 4-7 are scatterplots of S~derived estimates of wave­
lenqth and direction versus sea truth for x- and L-band data of 
Marineland, GOASBX (aircraft), and Lake Michiqan experiments. Neither 
wavelenqth nor directional information appears biased: accuracies are 
about 13 percent and 10 percent, respectively. 
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Detenaination of wave Refraction and Long-Period Gravity Waves 

Recently completed work by Shuchman and Kasischke (1981) has revealed 
that SAR imagery can be used to document refraction of qravity waves 
as they enter shallow coastal waters. Images of waves approaching cape 
Hatteras, North carolina (from the Seasat SAR), were analyzed for 
measurements of wave direction and lenqth. These compared favorably 
to those computed by classical wave-refraction techniques. The 
correlation coefficients of BAR-derived and model-derived parameters 
were 0.76 for wavelenqth and 0.55 for wave direction (significant at 
p • 0.99). Recent investigations (Meadows et al., 1982a) indicate 
that the correlations can be improved significantly by taking into 
account the modifying effects on qravity waves of traversing the Gulf 
stream. 

Additional studies by Schwab et al. (1980) and Shuchman and 
Meadows (1980) have shown that aircraft SAR directional wave spectra 
approaching the Lake Michigan shoreline do correlate with predicted 
wave refraction. 

SAR data have also been demonstrated to be capable of discrimi­
nating long~eriod internal waves off the coast of southern california 
(Apel, 1981) as well as in every major ocean basin imaged by Seasat. 
Recent work by Meadows et al. (1982b) has demonstrated the ability of 
SAR X-band data to successfully image low-amplitude, long-period 
signals. The signals appear to correspond to a "surf beat" generated 
by the incident wind-wave field. 

Limitations of SAR in Detecting Gravity waves 

There are limits to using a SAR to image qravity waves that are still 
being defined. An example is the recent JASIN experiment during which 
the Seasat SAR successfully imaged qravity waves in 13 of 18 possible 
opportunities (Vesecky et al., 1982). A study of the sea-truth data 
for those occasions when the Seasat failed to image qravity waves 
revealed that one of two conditions prevailed: either the waves had a 
very low significant wave height (Hl/3 < 1.3 m), or the waves were 
traveling in a direction close to azimuth with respect to the radar 
line of sight. Additionally, wind speed and direction with respect to 
the qravity wave appeared to be influencing factors. Kasischke and 
Shuchman (1981) found a significant linear correlation between wave 
contrast (or wave detectability) on the SAR data and wave height. 
Earlier studies by Teleki et al. (1978) revealed that for X-band SAR 
data (collected by an aircraft~unted SAR), gravity waves were more 
clearly visible when the waves were traveling in a range direction 
with respect to the radar line of sight. 

work has also been carried out to determine the sensitivity of 
various radar parameters to the discrimination of gravity waves. The 
important radar parameters include the radar wavelenqth, SAR platform 
velocity, radar look direction, polarization, and angle of incidence. 
Working with Marineland data, Teleki et al. (1978) concluded that 
optimum wave images result when the radar is looking primarily upwave 
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or downwave1 that is, when waves propagate toward or away from the 
aircraft in the range direction. Figure 8 (after Teleki et al., 1978) 
is a graph of modulation depth (wave crest-to-trough contrast) versus 
radar look direction for x- and L-band airborne SAR data collected at 
Marineland. Observe in Figure 8 that when the SAR is looking upwave 
or downwave (i.e., when the SAR line of sight is perpendicular to the 
wave crests), higher contrast or more visible waves result. It should 
be noted that the significant wave height is approximately 1.5 m for 
the 8 s swell presented in Figure 8. Range-traveling waves are more 
clearly discernible in SAR imagery because in the range direction, the 
SAR uses a train of very short pulses. Therefore, waves traveling in 
range appear quasi-stationary relative to the sampling time. 
Differences in the modulation depth of range-traveling waves (Figure 
8) also indicate that better-quality wave images can be generated with 
x- than with L-band data. Consequently, wave spectral peaks derived 
from x-band images can usually be more accurately defined than those 
from L-band images. 

A possible explanation for the higher quality of X-band imagery 
was given by Shuchman and Zelenka ( 1978), who suggested that X-band 
data have a greater depth of focus than L-band data1 therefore, the 
waves movinq in the azimuth direction are not appreciably defocused, 
as commonly occurs in L-band images of comparable resolution. The 
X-band also incorporates a shorter synthetic aperture length or 
integration time than L-band, hence reducing motion errors. 

A further x- and L-band comparison is given in Figure 9. Figure 
9 represents a two-dimensional fast Fourier transfo~ (FFT) of simul­
taneously obtained x- and L-band SAR data from GOASEX. The data, all 
collected within 30 minutes, represent a 10.2 s swell with a 2.5 m 
significant wave height. Note from the figure that for this higher 
wave height and lonqer ocean wavelength, BAR imaging of the gravity 
waves is less sensitive to frequency and radar look direction (compared 
to the Marineland data). Figure 10 represents one-dimensional direc­
tional distributions (180°) of the relative magnitude of energy at 
the dominant wavenumber of the data presented in Figure 9. Also 
plotted are the wavenumbers immediately above and below this peak 
value. Figure 10 indicates there is no significant change in the 
directional spectral width of the six BAR-derived ocean spectra. 

SUmmary and Recommendations 

This paper presents evidence that both aircraft and spaceborne SARa 
have the ability to detect the wavelength and direction of gravity 
waves. It should be mentioned that the spectral estimates presented 
are wavenumber and directional spectra of the radar return intensity. 
The data do not represent wave-height information in a direct sense. 
SAR intensities (i.e., crest-to-trough modulation) have been success­
fully correlated to wave heights, but the exact mathematical modulation 
transfer function (i.e., SAR gravity-wave-imaging mechanism) is not 
totally understood. Obviously, a mathematical expression describing 
the SAR imaging mechanism of ocean waves needs to be developed. 
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When ocean waves are visible in the SAR imagery, the imagery 
generally represents the dominant wavelength and direction indicated 
by in situ sea truth. The accuracy of the SAR estimate of dominant 
wavelength is typically within 15 percent, and the direction of propa­
gation within about 120. 

The ability of SAR to image gravity waves successfully depends on 
parameters of the physical environment as well as parameters of the SAR 
system. Generally, waves propagating either toward or away from the 
radar line of sight are most easily detected by the SAR. 

More research is needed exploring the use of SAR to detect wave 
height so that true power spectral density can be obtained. The spec­
trum of SAR intensity is not now being fully used. The spectrum shape 
as reported by McLeish et al. (1980) and Vesecky et al. (1981) more 
closely resembles a wave-height spectrum than a slope spectrum. A 
mathematical expression for the SAR imaging mechanism would be quite 
useful in better explaining the SAR-derived ocean surface wave 
spectrum. 

SARs hold promise for remote sensing of dominant ocean gravity 
waves and the direction of their propagation throughout the ocean 
basins. SARs now have a prohibitively large data rate when operated 
from satellites. ~chniques need to be explored to lower these data 
rates, yet still obtain the required geophysical information. An 
example of such a technique is Hasselmann's SIFT algorithm. 
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STATUS OF HF RADARS FOR WAVB-HBIGHT 
DIRECTIONAL SPECTRAL MEASUREMBNTS 

Donald E. Barrickl 

Introduction 

This manuscript is a concise review of the status of high-frequency 
(HF) radars for measuring various descriptors of the ocean wave-height 
directional spectrum. It is not intended as a historical account of 
the many developments and contributors to the subject over the past 
three decades; other reviews serve that purpose (e.g., Barrick, 1978; 
Barrick and Lipa, 1979a; Georges, 1980). Nor is it meant to develop 
the theory and techniques of HF radar in sufficient detail for planning 
HF radar programs; again, other published research papers and reports 
serve this purpose. Finally, no attempt is made to review every MF/HF 
experiment perfoDDed or analyzed, although several very clever tech­
niques have been tried (e.g., bistatic arrangements, synthetic aperture 
systems, and balloon-borne antennas); rather, techniques are discussed 
that appear to have potential for practical, operational ocean 
monitoring. 

The next section reviews very briefly the principle• of HP radar 
sea echo that make it possible to measure the wave-height directional 
spectrum. The section following discusses the capability and status 
of sky-wave (over-the-horizon) radar for making wide-area ocean surface 
measurements. The final section discusses the application of HF 
ground-wave radars to measuring the wave-height directional spectrum, 
both for coastal use and for deployment from offshore platforms or 
ships, and their accuracy. In all cases, the limitations as well as 
the advantages of HF radars are indicated. · 

Background Physics 

At high frequencies, the highly conducting sea favors vertically 
polarized electromagnetic waves, in both propagation and scattering. 
For sky-wave radars, where the energy incident to the ocean from the 
ionosphere is generally randomly polarized, vertical polarization is 
selected from the incoming radiation, and scattered back toward the 
radar. In nonionospheric propagation, as from a coastal radar out to 
an ocean patch 40 km from shore, vertical polarization is intentionally 
transmitted and received. This mode is called "qround wave" or 
"surface wave," in contrast to the sky-wave mode. At high frequencies, 
vertically polarized surface-wave radiation will propagate a consider­
able distance beyond the horizon of the mean spherical sea owing to 
diffraction. As a result, given moderate amounts of transmitted 

lwave Propagation Laboratory, National Oceanic and Atmospheric 
Administration 
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power (e.g., 100 W average), a coastal backscatter radar at water level 
can obtain usable sea echo out to a diatance of 60 Jcm from shore at a 
frequency of 25 MRz. 

The sea is a atrong scatterer of high frequenciea1 in fact, the 
backscattered power per unit area from the ocean is generally greater 
than that for land, even when the land includes mountains, tall build­
ings, or trees. It ia the motion of the ocean wave acatterera, how­
ever, that gives the sea echo the unique characteristic that allows 
extraction of wave-height directional ~ctra, surface currents, and 
wind patterns. This unique characteristic is the spectral spread in 
echo energy due to the Doppler effect of moving targeta. 

The scattering mechanism itself ia the Bragg effect. only wave 
traina of a given wavelength (period) and direction of propagation-­
either singly or in combination--can contribute to the backscattered 
signal. The atrength of the signal is proportional to the heights of 
the waves in these spectral wave trains. Since the velocity of a wave 
train is proportional to the square root of its wavelength, however, 
different wavelength/direction combinations in the wave-height 
directional ~ctrum yield their signal echo energy at unique, 
mathematically determinable positions in the echo spectrum. 

To first order, the radar wave is backscattered ~ two wave 
trains--or Fourier components of the wave spectrum: wave trains moving 
toward and away from the radar whose ocean wavelengths are half the 
radar wavelength. This is ahown schematically in Figure 1. These two 
wave trains produce two sharply peaked ~ctral echoes symmetrically 
placed about the transmitter frequency, their amplitudes are propor­
tional to the heighta of the wave traina moving toward and away from 
the radar. At 25 MHz radar frequency, theae echoes therefore originate 
from wave trains whose wavelengths are 6 m. When a current is 
present, it imparts an additional common velocity to these wave 
trains, resulting in a further symmetrical shift of the two peaks to 
one side, as shown in the bottom half of Figure 1. This additional 
frequency shift, 6f, is directly proportional to the component of 
current velocity pointing toward the radar, Vcr• It is this latter 
shift, 6f, that has been exploited~ HF coastal radara (Barrick et 
al., 1977) to map surface currents. 

The wave-height directional spectrum is extracted from a different 
part of the echo ~ctrum, that produced ~ the simultaneous interac­
tion of two ocean wave trains. The mathematical expresaion for the 
echo spectrum in this case is an integral involving the wave-height 
directional spectrum twice; all of the mathematical factors appearing 
in this integral are determined from fundamental hydrodynamic and 
electromagnetic principles, and are completely known. Therefore, this 
integral equation can be inverted (and has been, with success) to give 
the wave-height directional spectrum. 

Status of Sky-wave Radars 

HF radio signals of frequency less than 25 MHz can be totally reflected 
from ~e ionosphere, which is a layer of charged particles whose 
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effective reflective heiqht (7 MHz and 25 MHz) lies between 100 and 300 
km above the earth. Thus, a sinqle reflection from the ionosphere can 
extend radar surveillance of the ocean to distances of 3000 km from the 
station. 

The ionosphere, however, is a hiqhly variable factor in the radar 
equation. Its density varies from day to niqht, summer to winter, with 
latitude, and in response to solar storms and their resultinq emis­
sions. Althouqh averaqe ionospheric conditions can be predicted or 
measured (by ionospheric soundinqs), temporal variations of the order 
of tens of seconds over spatial scales of the order of a few kilometers 
are larqely unpredictable. These unknown variations in the effective 
reflectinq layer produce Doppler spectral distortions in the signal of 
the same order as the expected variations produced by the sea echo. 
Therefore, the extraction of useful sea-state and current information 
is complicated by the ionosphere itself. 

A joint research proqram of the Wave Propaqation Laboratory (NOAA) 
and the Remote Measurement Laboratory (SRI International) has attempted 
to develop techniques for copinq with the ionospheric distortions, and 
to determine the resultinq accuracy of sky-wave radar for wide-area 
ocean wave measurements. other countries also have active sky-wave 
proqrams for sea-state monitorinq. A recent review of sky-wave 
sea-state radars is offered by Georqes (1980). 

Sky-wave radars have measured wave heiqht to an accuracy of 3\, 
dominant (lonq-wave) direction to an accuracy of 3°, and dominant 
period to an accuracy of 1.0 s (Lipa et al., 1981). In another 
situation, sky-wave radars measured wave heiqht to an accuracy of 7\, 
and measured the five parameters of a nondirectional wave-heiqht 
directional ~ctral model: aqreement with buoy measurements was quite 
qood (Maresca and Georqes, 1980). However, both sets of experiments 
were conducted under favorable ionospheric conditions. Furthermore, 
the data were analyzed in a research mode in which echo time series 
taken in the field were later reduced and interpreted on computers in 
the laboratory. , 

Experiments to study the limitations, utility, and accuracy of 
real-time operation of sky-wave radars beqan in 1981. Software was 
developed that allowed the radar operator to scan a larqe ocean sector 
(out to 3000 km) at a pre-selected qrid of points, in order to map wave 
heiqht in real time. Preliminary analysis indicates that reasonable 
and accurate wave heiqhts were mapped over several days as winter 
storms moved across the North Pacific. An exact assessment of accuracy 
is difficult to make. The only comparative wave-heiqht information 
available for most of this wide area was provided by NOAA and Navy wave 
forecasts, and a few ship reports, both sources that are known to be 
quite inaccurate. All the qeneral wave patterns recorded aqree very 
well, however, demonstratinq that ionospheric conditions can be suf­
ficiently compensated to permit daily, real-time, synoptic maps of wave 
heiqht, the sinqle most important parameter of the wave-heiqht direc­
tional spectrum. Wind direction maps (from sky-wave radar measurements 
of short wave directions) can also be made available in real time. 
Future real-time software should allow extraction of other important 
wave descriptors, it is not now clear, however, whether the entire 
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wave-height directional ~ctrum can be routinely measured with 
sky-wave radar, owing to ionospheric distortions. 

Status of Ground-wave Radars 

The physical interaction of RP radar waves with the sea surface is the 
same for sky-wave radars and ground....,.ve radars. Therefore, if the 
distortions imposed on the sky-wave signal by the ionosphere can be 
removed, the re~~&ining echo for both syst ... is effectively the same, 
and the methods of analysis discussed in this section are applicable 
to either system. 

Narrow-Beam Ground-Wave Radars 

The fundamental theoretical solutions for first- and second-order sea 
backscatter at high frequencies assume that a finite patch of ocean 
surface is viewed from a single, fixed direction (Barrick, 1972a,b, 
1978J Barrick and Lipa, 1979a). This is what a narrow-beam radar 
does: an antenna whose aperture length is many wavelengths forms a 
beam whose angular width is a few degrees. The effective pulse width 
at a given time delay after pulse transmission thus defines an 
approximately rectangular patch of sea surface, whose dimensions 
typically vary from several kilometers to several tens of kilometers 
on a side. The requirement that antenna sizes be many wavelengths to 
form a narrow beam means the physical dimensions of antennas must be 
hundreds of meters at high frequencies.* Several such systems have 
been used in the past to obtain ground-wave HF sea echo. Because the 
mathematical expressions for the back-scattered signal spectrum are 
most straightforward for narrow-beam geometries, initial 
investigations of obtaining wave-height directional spectral 
parameters concentrated on measurements taken from those narrow-beam 
experiments. 

If a given patch of sea can be observed by one radar from only a 
single direction, then only limited information about wave directional 
spectra can be obtained for that patch. There is a right-left ambi­
guity in wave direction about the line of sight. This means that when 
the directional spectrum is expanded in an angular Fourier series about 
the look direction to the patch, all odd (i.e., sine) coefficients in 
the series are indeterminate. Purthermore, some inaccuracy can occur 
in retrieving the even coefficients when the data are noisy (Lipa and 
Barrick, 1982). Nonetheless, success at extracting the most important 
wave directional ~ctral parameters has been achieved, vindicating the 
theoretical methods. 

*It is possible to circumvent the requirement for large antennas-­
for example, by synthetically forming a large aperture by driving a 
receiver along a road several kilometers long (Tyler et al., 1974). 
While of limited interest for research experiments, the methods are 
impractical for routine, long-term, operational monitoring. 
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Sketch showing principles of first-order Bragg backscatter 
from the sea. Upper plot shows positions of echo energy in 
the signal spectrum from wave trains half the radar wavelength 
traveling toward and away from the radar. Lower plot shows 
symmetrical shift of these peaks by a current whose radial 
speed is v cr 

Photograph of compact crossed-loop/monopole antenna system 
for coastal wave-height directional spectral measurements, 
as operated at Pescadero, California, during January 1978. 
The antenna is less than 2 m tall. 
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Data from three narrow-beam radars have been analyzed and compared 
to heave-pitch-roll buoy requirements in the scatter area. One set was 
taken from a seriea of experiment& done at San Clemente Island (off 
california) b¥ a westward-lookinq NOAA/Navy/ITS qround-wave facility 
in 1972. A second was from a northwest-lookinq qround-wave system 
operated by Stanford University off Pescadero, california, between 1976 
and 1978. The third set is narrow-beam sky-wave radar result& from the 
Wide Aperture Radar Facility in CAlifornia (owned by SRI Interna­
tional), selected for minimal ionoapheric distortions. 

'Dleoretical methods for invertinq data from narrow-beam systems 
were developed b¥ Lipa and Barrick (1980) for wave periods 10 s and 
qreater. In this reqion, the inteqral equation is simplified by 
linearization. These methods were applied to the data from the three 
experiments by Lipa et al. (1981). The results confirm the theoretical 
methods, and show, for example, that wave heiqht can be measured to an 
accuracy of ± 5\ (rms), wave period to ± o.s s (rms), and direction 
within 7° ( rms). 

Some external means of resolvinq the left-riqht directional ambi­
quity was of course required. Lipa (1978) developed and demonstrated 
inversion techniques for extractinq accurate wave-heiqht directional 
spectral info~tion (based on the Stanford system) for wave periods 
down to 3 s, cases for which linearization of the inteqral equation is 
not possible. 

Broad-Beam, Scanninq, Ground-Wave Radars 

Ground-wave radars with vertical polarization muat have their antennas 
on the beach, as cloae to the seawater as possible, in order to achieve 
maximum distance. The larqe antenna sizea required for a narrow-beam 
system, as discusaed above, make such systems uneconomical and environ­
mentally unattractive for coastal or offshore sites. The most compact 
and unobtrusive antenna system that can provide the same anqular 
info~tion for wave spectra as a pitch-roll buoy is the crossed-loop/ 
monopole technique discussed by Barrick and Lipa ( 1979b). Use of this 
confiquration for both transmittinq and receivinq reducea the size of 
the antenna system further, and increase& the anqular resolution. A 
picture of such a system, operated at Pescadero, california, in 1978, 
is shown in Fiqure 2. Althouqh this antenna system does not mechani­
cally rotate, diqital switchinq of siqnals amonq the three antenna 
elements (under microproceasor control) causes a broad beam to rotate 
in anqle. 

An HF radar with a compact antenna system such as this is ideally 
suited to coastal observations of wave-heiqht directional spectra. In 
fact, the crossed-loop/monopole technique has been employed in two 
experiments for directional wave-field meaaurements: at Pescadero, 
california, in 1978, and at Duck, North carolina, in 1980. Operation 
in coastal waters, however, requires accountinq for a number of factors 
in analysis of the data. 

Evaluation of the accuracy of the wave directional spectral 
measurements usinq the crosaed-loop/monopole coastal HF radar under 
fetch-limited and current-distorted reqimes is not yet completed. 
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Also, development and evaluation of software for this system for 
measurinq waves with 9 s periods and less are still under way. 
However, the success so far achieved indicates that the system will be 
an ideal tool for detailed research investiqations of coastal wave 
processes, and also for routine monitorinq of wave directional spectra. 

Use of this system from offshore platforms promises to be even 
simpler for the followinq reasons: 1) the water in the area is 
usually deep; 2) fetch variations are rarely present over the small 
areas of radar coveraqe; 3) current patterns are uniform over the area 
covered. Experiments in 1983 will employ the system on an offshore 
platform to evaluate its performance in this important application. 
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AIBCRAPT AND SATELLITE MBASORBMBN'1' OP OCEAN WAVB 
DIRI!CTIONAL SPBCTRA USING SCANNING-BBAM MICROWAVE RADUS 

Frederick c. Jackson,*l w. Travis Walton,l 
and Paul L. Baker2 

Abstract 

A microwave radar technique for remotely measuring the vector wave­
number spectrum of the ocean surface is described. The technique, 
which employs short-pulse, noncoherent radars in a conical scan mode 
near vertical incidence, is shown to be suitable for both aircraft and 
satellite application. The technique has been validated at 10 ka air­
craft altitude, where we have found excellent agreement between buoy 
and radar-inferred absolute wave-height spectra. 

1. Introduction 

Por several years, we have been endeavoring to develop a microwave 
radar technique for measuring ocean wave directional spectra that 
would be suitable for satellite application. Basically, we have been 
seeking to define an alternative to the coherent imaging radar 
approach that was adopted for seasat, the nation's first oceanographic 
satellite (Baal et al., 1981). Our motivation has been to find an 
alternative measurement approach that would at the same time 1) be 
simpler and less costly, 2) be capable of truly global measurements, 
and 3) be more accurate. 

In this we believe we have been successful. Theoretically, and 
on the basis of aircraft flight experiments, we have determined that 
such global-scale satellite measurements are feasible. The measure­
ments can be made with relatively simple, noncoherent short-pulse 
radars operating in a conical scan mode near vertical incidence, 
8 ~ 1oo. No new technological developments are required. Rather, 
these measurements can be made with existing space-qualified hard­
ware. For example, with some relatively minor modifications such as 
the addition of a modest-gain scanning antenna, the Seasat altimeter 
can be adapted to perform these measurements. The measurements are 
inherently of high resolution spectrally in both wavenumber and 
direction, and as we shall see, they will be remarkably accurate as 
well. 

A typical satellite measurement geometry is illustrated in Figure 
1. For the assumed satellite altitude of 700 km and incidence angle 
of 10o, the radius of the scan pattern on the ocean surface is 
approximately 130 km. A 3 rpm antenna rotation rate is selected as a 
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(a) Typical satellite measurement geometry; (b) scan pattern on the 
ocean surface, 700 km altitude, 10° incidence angle, and 3 rpm scan 
rate 
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reasonable compromise between coverage and integration time require­
ment•• The measurement cella (not to be confused with the instan­
taneous field of view, or antenna "footprint") are roughly 130 km 
squares situated one on either side of the subsatellite track. 
Basically, the measurement product consists of two statistically 
stable estimates of the polar-symmetric vector wavenumber spectrum, 
one on either side of the subaatellite track. If less than 180° of 
look is allowed, then these measurements can be confined to an area 
considerably smaller than the naainal 130 km square, as is evident 
from Figure 1. 

Although the technique we shall be considering employs short­
pulse waveforms, it is not in its most fundamental aspect different 
from the two-frequency technique investigated theoretically by Alpers 
and Hasaelmann (1978) and experimentally by Johnson et al. (1981). In 
both techniques the basic measurement principle is the same. This is 
the directional.selectivity that results as a natural consequence of 
the phase-front matching of electromagnetic and ocean wave components. 
The choice of waveforms, and the manner of detection, are, however, 
critical. Jackson (1981)--hereinafter referred to as J--has shown 
that the narrow-band two-frequency technique has, inherently, a very 
low signal-to-noise ratio (SNR) compared to the short-pulse tech­
nique. Basically, this is because the sea spectrum is relatively 
broad-band, whereas the two-frequency beat-wave siqnal is compara­
tively narrow-band. For large footprint dimensions this results in 
modulation signal power being detected only in a very narrow spectral 
band, and consequently, the signal energy is small compared to the 
fading variance. 

Our work differs from that of Alpers and Hasselmann ( 1978) in 
another important re~ect. This is in the choice of incidence angles. 
Alpers and Hasselmann (1978) were concerned with large-angle measure­
ments, whereas our concern is with small angles of incidence. There 
are several reasons why we have chosen to study small-angle scatter. 
First, as should be apparent from the above discussion of the measure­
ment geometry, small angles'of incidence are necessary at satellite 
altitudes in order to keep the scan radius to a minimu111. If the nadir 
abJle is too large, the scan pattern on the surface may exceed the 
scale of homogeneity of the wave field. Second, the reflectivity modu­
lation mechanism in near-vertical backscatter is simpler and more pre­
dictable than it is in large-angle backscatter. In the near-vertical, 
specular backscatter regime, the contrast modulation does not depend 
on the strong--and essentially unpredictable--hydrodynamic modulation 
of the short Bragg-diffracting water wave. The modulation mechanism is 
primarily a geometrical tilting effect, and consequently, it is more 
amenable to accurate modeling. Another reason for choosing small inci­
dence angles is an obvious one, that the greater cross-section and 
lower link loss near nadir demand less transmitter power and antenna 
gain. This is an important consideration in the wide-band measurement 
approach that we are advocating. 
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In succeeding sections, we will discuss the three major 
conceptual elements that constitute the measurement technique, namely, 
1) the principle of directional selectivity, 2) the modulation 
mechanism in near-vertical backscatter, and 3) the use of short-pulse 
waveforms to detect the range reflectivity modulation. The discussion 
is intended to provide a basic understanding of the measurement tech­
nique and to provide such results and formulas as will be found useful 
in the analysis of the aircraft data. For a fuller and more detailed 
theoretical treatment, the reader is referred to J. 

2. The Measurement Technique 

2.1 The Principle of Directional selectivity 

We are concerned with fairly narrow antenna beams in a high-altitude 
measurement geometry. The relevant geometry is illustrated in Figure 
1. The situation desired is one where 1) the antenna footprint is 
large compared to the scale of the waves, and 2) the curvature of the 
wave front is small compared to the directional spread of the waves. 
Now obviously, if the lateral beam spot dimension is large compared to 
the scale of the waves, then the waves cannot be resolved in azimuth 
(short of resorting to synthetic aperture). Rather, the wave contrasts 
will be averaged laterally across the beam. What is the effect of this 
lateral averaging? To understand the effect, imagine a Fourier decom­
position of the two-dimensional reflectivity field into an angular 
~ectrum of plane contrast waves. (The reflectivity field can be 
imagined to be that measured by a very high resolution, real aperture, 
imaging radar looking in the same azimuth direction.) Referring to 
Figure 2, it is apparent that the effect of the lateral averaging is 
to eliminate or "cancel out" any plane surface contrast wave that is 
not aliqned with the beam direction. only those surface waves whose 
phase fronts are "matched" to the electromagnetic (EM) phase front can 
survive the lateral averaging. The effect of the broad footprint is 
then to isolate or resolve surface contrast wave components whose wave 
vectors ! = (K, t) are aliqned with the beam direction. 

The directional resolution is determined by and limited by 1) the 
finiteness of the beam spot size in azimuth Ly, and 2) the curvature 
of the wave front within the beam spot. If we assume a Gaussian-
shaped azimuth gain pattern, 

G(y) = exp (-y2/2L 2 ) y 
(2.1) 

then it follows (e.g., from the Fresnel zone solution in J) that the 
directional resolution ot, defined as the half-power spectral window 
width in azimuth, is given by 

(2.2) 
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where R is the altitude. The first and second terms in (2.2) derive 
from the finite-footprint and wave-front curvature effects, 
respectively. In our aircraft experilllent c;reometry I H "' 10 Jcm, e "' 13° I 
and Lv "' 300 m (half-power width Ly* = 2h ln 2 Iy "' 700 m). For a 
typicAl 200 m water wave, we have ot "' 17°. In a typical satellite 
measurement, H = 700 km, e = 10°, and Iy = 8.5 Jcm (Ly* = 20 Jcm), 
in which case ot"' 5°.* 

2.2 The Reflectivity Modulation in Near-Vertical Backscatter 

Ne&r Vertical incidence 1 e ~ 15°1 microwave backscatter from the Sea 
occurs b¥ means of quasi-specular reflections from wave facets 
oriented noxmal to the radar's line of sight. The average backscatter 
cross-section ao is proportional to the probability density function 
(pdf) of orthogonal surface slopes satisfying the specular condition 
for backscatter: o~/ox = tan 8; O~/oy = 0. The cross-section is 
given b¥ (e.g., Valenzuela, 1978) 

o0 (8,t) = pn sec4 Sp(tan e,o) (2.3) 

where p is the slope pdf expressed in the radar's coordinate system, x 
is the plane of incidence, and p is a (diffraction) modified, noraal­
incidence Fresnel reflectivity (Brown, 1978). 

Hydrodynamic modulation is a second-order effect in near-vertical 
backscatter. Consider that, first, for most microwave frequencies, 
the most strongly forced waves, the gravity-capillary waves, lie under 
the diffraction limit--about three EM wavelengths in the horizontal, 
according to Brown (1978). Thus, they are only weakly sensed, and to 
the extent that they are, it is via a diffuse diffraction field that 
can be only very weakly modulated b¥ geometrical tilting. Second, the 
specular component derives from the entire wave ensemble, including 
waves on all scales, from the scale of the dominant waves we are 
seeking to measure down to the scale of the diffraction limit. For 
this large ensemble of waves, it is reasonable to assume that hydro­
dynamic forcing and wave-wave interaction effects are of secondary 
importance. To the extent that hydrodynamic nonlinearities affect the 
EM modulation, they are to be attributed to the entire wave ensemble 
rather than a particular water-wave component. Neglecting second­
order effects, the surface can be treated as a free-wave superposition 
possessing Gaussian statistics. If the large-wave slopes are then 
assUIIled to be small compared to the total rms surface slope, the modu­
lation can be modeled by the following linear "tilt model." 

The backscatter cross-section of a small patch of sea surface of 
area A (cf. Figure 3) is given by o = cr0A, where the noraalized 
cross-section o0 is assumed to be the average crO of the sea surface 

*The directional resolution quoted in J (equation 79) is wrong. 
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in a tilted reference frame. Thus, if e• and t• are the local inci­
dence and azimuth anqles, we suppose that o0(patch) = o0(9',t'). 
Por small larqe-wave tilts ~' the fractional cross-section variation 
is qiven by 

~0' 60° 6A -=-+-
0 0o A 

(2 .4) 

The elementary surface area is that •rea contained in the ranqe 
interval c6T/2. To first order in 6, A is qiven by 6y(c6T/2) esc 9'. 
Provided that ~ << e I the local incidence anqle can be approximated 
by 9' ~ 9 - ~~/~x. Thus, to first order in ~ it follova that ~A/A = 
cot 9 ~~/~x.Since the azimuthal dependence of oO is small compared to 
the e dependence, it follows that the tilt term ~ao;ao is also propor­
tional to the larqe-wave slope component in the plane of incidence. 
Prom (2.3), 

(2. 5) 
00 

The fractional ranqe reflectivity modulation 
averaqed laterally across the beam: 

seen by the radar is ~0/0 

(2.6) 

The directional modulation spectrum is defined by 

P (K, t) = (2~)-l f<m(x, t)m(x + ~' t)> exp (-iK~) d~(2.7) 
m 

where the anqle brackets denote ensemble averaqe. Now let G be qiven by 
the Gaussian pattern (2.1), and consider the limitinq case of very 
larqe footprints, KLy >> 1. It is easy to show then that Pm is 
proportional to the directional slope spectrum as 

P (K t) = IZff [cot 9 - d ln p J 2 K2F (K t) 
m' L atan9 ' (2 .8) 

y 

where P is the two-sided, polar-symmetric heiqht spectrum defined so 
that the heiqht variance 

<~2> = ~~~2F(K, t)K dK dt 

The rms modulation depth, by definition, is qiven by 

~(t) = <m2 (x, t)>~ = [~2Pm(K, t) dK]~ 

(2.9) 

(2 .10) 

It should be pointed out that, strictly, the larqe-footprint limitinq 
form is valid only if Ly is much larqer than the lateral 
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de-correlation scale of t5z;;t5x. This is equivalent to the condition 
XLy >> 1 in the 9eneral case of directionally spread seas, but not in 
the case of unidirectional, long-crested swell. We have encountered 
such a swell in our aircraft experiment, where the crest len9th was 
very lon9 compared to the antenna beam width. In such a case a 
separate calculation must be carried out, one which accounts for the 
curvature of the BM wave front. But aa the case we encountered was 
exceptional amon9 our data, we have ne9lected to perform such a 
calculation. · 

Now it is only conaistent at this point to assume that the slope 
pdf is Gauaaian. Indeed, it would be inconsistent to asaume other­
viae, since the tilt model is predicated on an assumption of free, 
noninteractin9 waves, and this can only imply normal statistics. The 
Ku-band scatterometer data of Jonea et al. (1977) analyzed by Wentz 
(1977) show in fact that the pdf is nearly normal. More interestin9 
thou9h 1 the data indicate that the pdf at Xu-band frequencies is 
very nearly isotropic. This ia convenient, as it simplifies the 
measurement of bi- or multi-IDOdal directional spectra, since the 
sensitivity is independent of azimuth, and no relative wei9htin9 of 
different directional components is required. If the slope pdf is 
Gaussian and iaotropic, then the sensitivity coefficient, the factor 
of K2P in (2.8), can be written as 

a: ~[cote+ 

where <1Vz;l 2> is the mean-square wave slope effective at the 
particular radar operatin9 frequency (diffraction-effective 
mean-square slope). 

(2.11) 

The linear tilt model solution (2.8) is identical to the first 
tera in the series expansion of the 9eometrical optics solution 
obtained by J. 'Dle second-order teraa consist of an BM and a 
hydrodynamic (hydro) tera. The two terms are of comparable ma~itude, 
both acalin9 as the lar9e-wave steepness t50 : K0<z; 2>~ to the fourth 
power. The BM tem is independent of hydrodynauiic nonlinearity and 
arises in scatterin9 from a normally distributed sea surface. The 
hydro tem is due to the non-Gausaian statistics associated with 
hydrodynamic nonlinearity, and is 9iven in terms of various third­
moment statiatica in wave hei9ht and slope. Since these statistics 
scale with t50 (aee J7 also Ruan9 and Lon9, 1980), the result is that 
both EM and hydro teras scale as t50 

4 • The calculation• of the 
second-order BM term carried out in J indicate that, first, the tera 
is 9enerally small, and second, the least haraonic distortion occurs 
in the neighborhood of 10° incidence. The smallness of the 
second-order teras requires that the followin9 inequalities should be 
satisfied: 

i) 

ii) 

t5 cot e << 1 
0 

0 tan e 
0 

(2.12) 
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If i) is violated seriously, an obvious consequence is that the phase 
front, or pulse, may intersect the surface at more than one point. A 
less extreme but more general consequence of violating i) is the 
confounding of the surface range coordinate with the wave height. The 
range coordinate will suffer a displacement ox = ~ cot e. The net 
rer~t will be a dispersion of the range coordinate by an amount 
<~ > cot e. This dispersion will represent a limit to the smallest 
wavelengths observable by this technique. Since <~2>~ = Oo/Ko' 
it follows that the upper limit on wavenumber as a function of the 
peak wavenumber is of the order of 

(2.13) 

For example, if e = 10° and o0 ~ 0.05 (fully arisen seas), then Kmax 
~ 3.5 Ko· In steep developing seas, o ~ 0.1, in which case Kmax ~ 
1.75 K0 • To illustrate the nature of tge spurious response associated 
with the violation of ii), take the extreme case of swell under calm 
conditions. Obviously, if tan e > o0 , then no backscatter occurs, since 
there are no wave slopes satisfying the specular condition. If tan e < 60 , 

the backscatter will now occur in periodically spaced bursts at points 
on the swell profile satisfying the specular condition. The back-
scatter will look like a string of delta functions, and will bear 
little resemblance to the swell profile save in its periodicity. 
Clearly, for the measurement to have decent fidelity (to the slope 
spectrum) there must be sufficient small-scale roughness, or in other 
words, a sufficient density of specular points. Practically, this 
means that the local wind speed should be in excess of several meters 
per second. 

Some 9Uide to the selection of the "best" incidence angle may be 
had by assuming that the effects of violating i) and ii) are equally 
undesirable. Then we can minimize the sum i) + ii) with respect to e. 

I 12 -1 This yields tan e = < V~ >. Por example, if the wind speed is 10 m s 
then using (4.8) we get e = 10°. More work along the lines established 
in J is required to get a better idea of what is really the best angle 
for minimizing the measurement nonlinearities. unfortunately, the air­
craft data are of little or no use to us here. This is because at the 
relatively low aircraft altitudes, the elevation beam width must be 
fairly broad in order to generate a sufficiently large beam spot for 
wavenumber resolution. In our aircraft experiment geometry, the 100 
elevation beam width makes it virtually impossible to establish the 
optimal angle, since the likely range of e lies within the beam width. 

2.3 The Short-Pulse Technique 

In principle, the range reflectivity modulation spectrum Pm(K, ~) can 
be measured by either short-pulse or two-frequency techniques. 
However, as shown by J, the narrow-band two-frequency technique has, 
inherently, a poor measurement SNR (signal-to-noise ratio) compared to 
the short-pulse technique. This is due to the use of narrow-band 
waveforms that completely fill the beam. The analysis bandwidth OK 
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in this caae is equal to the reciprocal of the ranqe footprint 
diaension--the •record lenqtb.• Hence the SNR « Pm(K)oK will 
necceasarily be amall when the footprint dimension is larqe. Since 
Pm « Ly -l and OK « Lx -l, it follows that the two-frequency SNR is 
inversely proportional to the footprint area, as noted by Alpers and 
Hasaelmann ( 1978). 

In the short-pulse technique,* wide-bandwidth, short pulses are 
used to resolve the wave structure in ranqe. Backscattered pulses are 
inteqrated in surface-fixed ranqe bins, · and the ranqe modulation 
~ctrum is computed diqitally from the observed sample of the ranqe 
modulation m(x, t). For narrow pencil beaas, the curvature of the 
wave front can be neqlected, and the surface ranqe can be taken to be 
a linear function of the signal delay time T. If the motion of the 
platform is accounted for, then 

x = cT/(2 sin 6) + Vt cos t: x' + Vt cos t (2.14) 

where c is the ~ed of liqht, V is the platform speed, and x and T 
are referred to the center of the beam spot at t • 0. The coherency 
of the radiation results in random siqnal fadinq akin to the speckle 
observed when a coherent laser illuminates a "rouqh" surface, such as 
an ordinary piece of bond paper. The backscattered field statistics 
are complex Gaussian, the amplitude is Rayleiqh-distributed, and the 
detected power is exponentially distributed (Moore et al. 1 1975). If 
the measurement inteqration time is short (< 1 s), the surface can be 
regarded essentially as frozen. Consider the backscatter of a short 
pulse of lenqth 6-r. The surface ranqe resolution cell is qiven by 

6x = c6T/(2 sin 6) (2.15) 

It is assummed that 6x is small compared to the dominant wavelenqth. 
'!'he backscattered power in a pulse transmitted at a time ti can be 
modeled as a weakly modulated noise process of the form 

W. (x', t) • W (x', t)[l + m(x, t)]w(x, t.) 
1 0 1 

(2.16) 

where w0 « G2 (x)o0(6, t)is the averaqe backscattered power profile 
and w is the unit exponential fadinq process. The de-correlation 
lenqth of the w-process is equal to the ranqe resolution, more 
qenerally, if excess bandwidth ia employed, the de-correlation lenqth 
is qiven by the reciprocal of the pulse bandwidth (Moore et al., 
1975). Since the auto-correlation function of the fluctuatinq 
component of the w-process is concentrated near the oriqin, it follows 
that the spectrum of the (normalized) backscattered power is qiven by 

Pi(K, t) ~ O(K) + p (K, t) + [l + ~2 (t)]P (K) m w 
(2 .17) 

where o is the Dirac delta function. The fadinq spectrum is essentially 

*The terminoloqy may be due to Tomiyasu ( 1971) • 
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the ~ctrum of the transmitted pulse. This follows because the 
backscattered field is given by the convolution of the pulse waveform 
with the surface impulse response, which, in the absence of modu­
lation, is a complex Gaussian white noise process. For a Gaussian 
pulse shape with half-power width 6T one finds (cf. J, equations 5 and 
70 ~ .!5·>: 

(2 .. 18) 

An integration of N independent pulses will reduce the fading variance 
by a factor of N- 1 Because of the platform motion, the backscattered 
pulses must be integrated in range bins that are fixed in the surface, 
otherwise the wave contrasts will be smeared out by ranqe walk. This 
can be accomplished simply by delaying or advancinq the trigger siqnal 
to the samplinq qates according to the line-of-siqht relative speed 
between the platform and the surface. The N pulse averaqe can be 
expressed as 

N 
WN(T) = N-l L w. (T +ft.) 

i=l 1 1 

where the rate of chanqe of signal delay f = -(2V/c) sin 9 cos ~. 
omitting the de term and neqlecting ~2 , then the spectrum of the 
N-pulse averaqe is qiven by 

(2.19) 

(2.20) 

If thermal noise is negligible, then the SNR is just the ratio of the 
signal spectrum to the residual fading spectrum, SNR • NPm/Pw• 
Usinq (2.18) for Pw and assuming K << 2~/6x, we have 

SNR = 2/2~ ln 2 NP (K) 
6x m- (2.21) 

The number of independent pulses depends on the pulse repetition 
frequency (PRP), the Doppler bandwidth Bd, and the integration time 
Tint• If the PRF > 2Bd, the siqnal is essentially continuously 
sampled, and hence N • BdTint• If the PRF << Bd' then the 
individual pulses are independent, in which case N • PRP x Tint• 
The Doppler bandwidth is determined by the interference rate of waves 
backscattered from the lateral extremities of the ranqe resolution 
cell. Prom elementary considerations, or from equation 72 in J, 

(2.22) 

Here Bd is the half-power, post-detection Doppler spread in hertz, A 
is the EM wavelenqth, and Scp = <Ly*/H) cos e is the half-power azimuth 
beam width. 
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The measurement integration time is limited by the azimuth scan 
rate, which in turn is driven by covera98 requirements. The 
integration time should not be lon9er than the time it takes to move 
one footprint dimension. The modulation si~al can only be built up 
coherently when the radar ia viewin9 the same portion of the surface. 
When the beam moves to view a new, statiatically independent patch of 
aea, the ran9e modulation ai~al will evolve randomly, and further 
integration will proceed in an incoherent faahion, not only with 
re~ct to the acintillation or fadin9·noise, but with reapect to the 
modulation signal as well. Thus~ Pm and Pw will be driven 
down as N-1. Thus, as the beam moves to view a new piece of the 
surface, the signal stren9th 9oes down as 1/Tint while the SNR 
approaches an asymptotic value. Since the antenna rotation is 
9enerally more rapid than the beam • s translation, the azimuth scan 
rate deteEB!nes the choice of integration ttae. Let us arbitrarily 
require that the beam move no more than one-half of its aztauth 
dimension. Then the integration time is set by 

Tint ~ ~~/2t = B~ esc 6/2t (2.23) 

An interestin9 consequence of (2.23) is that the SNR is independent of 
the footprint dimensions and hence of the antenna 9ain. This follows 
because the integration 94in N a: Tint a: Ly, while the signal spectrum 
Pm a: r.y- 1 • Thus, while the azimuth beam width affects the modulation 
ai~al strencJth (weakly as Ly -~), it does not affect the measurement 
SNR. 

The number of degrees of freedom (DOP) in a measurement of Pm(X) 
is detemined by the number of elementary wavenumber banda oX"' 211/L,c* 
contained in the spectral estimate. Por example, consider an analysis 
with 2 5' resolution. Then the DOP of the estimate is 9i ven by 
(Blackmann and Tukey, 1958) 

DOF 'V 2(0.25)/oX 'V KLx*/4~ 

Por example, if L,c* = 20 km and X ""' 2~/200 m, then DOF "' SO. 

3. A satellite System 

These measurements can be made with a modified Seasat-class radar 
altimeter. The pertinent Seasat altimeter characteristics are 
(TOwnsend, 1980): 

Frequency: 
Pulse type: 

Pulse len9th: 
Peak power: 
PRP: 
Detection: 

13.5 GHz 
Linear PM, 1000:1 pulse 
compression 
3.2 ns compressed 
2.0 kW 
1000 Hz 
Noncoherent square law 

(2.24) 
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One can modify the Seasat altimeter* in such a way that it can perfora 
a dual function, first as an altimeter per .!!.• and aecond as a 
"directional wave spectrometer." In the conventional altimeter mode, 
mean altitude and wave heiqht are detem.ined from the delay time and 
broadeninq of the leadinq edqe of the averaqed return of nadir­
directed pulses. There are several ways whereby transmitted pulaea 
may be shared between the inatrument'• nadir altimeter mode and 
off-nadir spectrometer mode1 for example, by power dividinq or time 
sharinq. Modification would entail the addition of a aeparate 
receivinq section (post IP) and microprocessor as well a• a separate 
rotatinq antenna. Pulse trackinq, inteqration, and spectral analysis 
functions would be incorporated in the separate microprocessor. As an 
example, let us consider addinq a 1 m diameter, 3 rpm rotatinq antenna 
to the existinq instrument. If we assume a 700 km satellite altitude 
and 100 nadir anqle, then the measurement qeometry i• that of Piqure 
1, and the relevant measurement parameters are: 

Velocity: 
Beam width: 
Spot size: 

Rotation rate: 
Ranqe resolution: 
Doppler bandwidth: 
Inteqration time: 

v = 7 km s- 1 

Be = B<f> = 1.6° 
Lx* "' Ly* = 20 km 
<Lx "' Lv = 8. 5 km) 

t = 3lt00/20 s 
~x c 2.8 m (from 2.15) 
Bd = 18 lsin tl kHz (from 2.22) 

Tint = 0.26 s (from 2.23) 

The PRF equals Bd at t "' 3° of foreward or aft. Por most azimuths 
the PRF << Bd so that the number of independent samples is qiven by 

N ""' PRF x Tint • 260 • + 24 dB 

Pbr illustrative purposes let us assume a Phillips cutoff spectrum 
with a cos It spreadinq factor: 

F(K, t) = 
O.OOS(4/37r) coslt 

0 

(t - t )K-.. I K ~ K 
0 0 

I K ~ K 
0 

Assume a 200 m water wavelenqth and upwave/downwave looks. Let the 
mean-square slope as a function of wind speed be qiven by (4.8) and 
let u • 10m s- 1 • Then we have (cf. 2.8, 2.10, and 2.21): 

SNR = 260 x 0.22 = + 18 dB 

*Unfortunately, the Seasat enqineerinq unit is no lonqer 
available for this purpose. 
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The directional resolution given by (2.2) is o~ = 4.7°, but this 
assumes no rotation of the beam. Since the beam moves about so 
during the integration time, the actual resolution will be somewhat 
less. We have already calculated the DOF in the last section: 
DOF ~ 50. At 100 incidence, oO ~ + 5 dB and is very nearly 
independent of wind speed. A link equation assuming 3 dB in losses 
and a noise factor of F a 6 dB gives a signal-to-thermal-noise ratio 
of + 6 dB. Thus, thermal noise is not a problem, even if half the 
transmitter power is shared with the altimeter mode. 

The spectrometer mode does not require the full pulse compression. 
For example, a partial compression of the chirped waveform to 20 ns 
(17.3 m surface range resolution) would be quite adequate. The excess 
bandwidth, of course, is still useful for reducing the fading variance. 
With 20 ns resolution, something like 1024 sample gates would 
adequately sample the return (17.7 km of surface range). The 
spectrometer mode data can be merged with the altimeter mode data 
stream in a way that is compatible with the existing instrument's data 
system. For example, the spectrometer data might consist of 58 6\ 
bandwidth spectral estimates covering the wavelength range 50-1000 m 
output at a nominal four frames per second. These data can easily be 
merged with the altimeter data without exceeding the 10 kb s-1 data 
rate of the existing system. Thus, onboard recording, and hence fully 
global coverage, is possible. 

The above figures clearly indicate that these measurements are 
feasible. Yet, have we missed something, erred in our thinking 
somehow? The aircraft data to be presented below convince us that we 
have not. 

4. Aircraft Validation 

4.1 The Fall '78 CV-990 Mission 

The Goddard Ku-band Short-Pulse Radar was built up from the Geos-3 
satellite altimeter breadboard obtained from General Electric Co. in 
1974, and it shares the following characteristics with the spacecraft 
instrument: 

Frequency: 
Pulse type: 

Pulse length: 
Peak power: 
P~: 

Detection: 

13.9 GHz 
Linear FM, 100:1 pulse 
compression 
12.5 ns compressed 
2.5 kW 
100 Hz 
Noncoherent square law 

Prior to 1978, the radar was flown on several aircraft missions with 
fixed-azimuth, variable-elevation antennas. A description of the 
Goddard radar as it was configured in 1975 is given by LeVine et al. 
(1977). A major breakthrough in our program occurred in 1978, when we 
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had an opportunity to fly piggyback, free of charge, on the l~onth­
long Convair-990 Nimbus-7 Underflight Mission. For this mission, 
one of the fixed-azimuth printed-circuit antennas was modified (by 
sawing it in half) and adapted to an azimuth scan. Also, the data 
system was redesigned to allow continuous recording at the full PRF. 
Figure 4 shows the rotating antenna installed in the CV-990's instru­
ment "sled." It is shown surrounded by a cylindrical baffle which was 
designed to protect a neighboring radiometer from possible RFI. Also 
shown in Figure 4 is a 120 x 12o, nadir~directed rectangular horn 
antenna, which served in our instrument's "altimeter" mode. The nadir 
horn and rotating antennas are shown connected by a wave-guide switch; 
this switch could be activated b¥ a mode-change command from the 
radar's control panel in the aircraft cabin. The rotating antenna 
characteristics are: 

Boresight incidence angle: 
Azimuth beam width: 
Elevation beam width: 
Rotation rate: 

The boresight angle was chosen so that an elevation sidelobe at 15.80 
to the main-beam axis would be directed toward nadir. The return from· 
the sidelobe, which was recorded in the same frame as the main-beam 
return, allowed us to calculate the range on the surface without 
having to calibrate for absolute time delay. This is important in the 
relatively low-altitude (10 km) aircraft geometry where a rather broad 
elevation beam width is required to generate a large enough range 
footprint extent for wavenumber resolution. Thus in the aircraft 
geometry, wave-front curvature in the elevation plane is not 
negligible, and if not properly accounted for, the curvature will 
result in a considerable dispersion of the surface wavenumber. If T 
is the time elapsed from the time of the nadir sidelobe return, then 
given the aircraft altitude from the plane's operational altimeter, 
the surface range x as measured from the nadir point can be calculated 
according to the equation 

2 2 2 
X + H = (cT/2 + H) (4.1) 

Of course, in the satellite measurement geometry, we can linearize 
(4.1) to get (2.14). The aircraft measurement geometry is illustrated 
in Figure 5. At the nominal aircraft altitude of 10 km, the footprint 
dimensions are Lx* • 1500 m and Ly* = 700 m, approximately. 
Because of the rapid roll-off of ao with 8, the backscattered power 
peaks inward of the boresight angle. Generally, the peak return 
occurs in the vicinity of 130 incidence. The metallic baffle and 
the poor radome environment in general spoiled the gain pattern to 
such an extent that we have not attempted to measure a0 either as a 
function of elevation or azimuth angle. Figure 6 is an example of the 
(azimuthally averaged) average backscattered power profile: the 
large ~ 30 ripple near the beam axis caused by diffraction by the 
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Figure 4 Antennas mounted in the CV-990 instrument "sled." View is upward, looking into the sled with the radome 
cover removed. The rotating antenna is surrounded by a cylindrical baffle. The nadir-pointing horn 
antenna is connected to the rotary antenna by a wave-guide switch. The other antennas shown belong to 
the SMMR (simulator microwave radiometer). 
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~-8M 
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(a) (b) 

Aircraft measurement geometry: (a) elevation view; (b) plan view 

~~--------------------------------------~ 

Figure 6 

SURFACE RANGE X. M 

INCIDENCE ANGLE e 

Azimuthally averaged, average backscattered 
power profile, Tape 37/File 1. The upper 
and lower dashed curves represent, respec­
tively, the average maximum and minimum 
values over 360° of azimuth. 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


135 

baffle is obvious. The poor gain pattern is unfortunate, as, ideally, 
we want to estimate the tilt model sensitivity term o ln p/o tan 6 
directly from the observed cross-section roll-off. The gradient of 
the slope pdf and mean-square slope are internal parameters of the 
measurement; yet, in the analysis to follow we shall have to rely on 
external parameters in order to calculate the tilt model sensitivity a. 
That is, we will have to use a mean relationship between the mean­
square slope and the buoy-observed wind speed in order to verify the 
prediction of the tilt sensitivity coefficient (2.11). 

The digital data system consisted of a high-speed waveform sampler 
(Biomation co.), two 6 k-byte buffers, and a high-speed (75 ips) 1600 
bpi tape drive. The Biomation sample gates were selectable and could 
be set to 2, 5, 10, or 20 ns. Quantization was 6 bits and the maximum 
frame size was 1024 samples. Generally, we recorded in the 
spectrometer mode at a 5 or 10 ns rate, taking 512 samples at the full 
PRP. Shaft encoder and other housekeeping data were recorded in the 
first two tape tracks. 

The Fall '78 Mission took in 19 flights of approximately 5 hours' 
duration in the period October 24 to November 19, 1978. About half 
these flights were over ice, the remainder over water. Approximately 
fifty 2400-ft tapes were written with ocean backscatter data; roughly 
half these data were taken in the instrument's spectrometer mode and 
the remainder in the altimeter mode. The spectrometer files are by 
and large 1-2 minutes long. The 1 minute files, amounting to only six 
antenna rotations, are a bit short on equivalent DOF, and consequently 
the spectra from these files are noisy. 

In this paper we are only concerned with validating the technique, 
and so we shall be examining only a small subset of the Fall ~78 
Mission data set; that is, we shall be examining only those files for 
which we have corroborative •surface truth." Table 1 is a SUJIIIDa.ry of 
the surface-truth data set (spectrometer mode) • This data set 
consists of overflights of three types of wave-recording buoys, 
including two NOAA data buoys (N.E. Pacific), a waverider (Norwegian 
Sea), and a pitch-roll buoy (N.E. Pacific). Colocation was generally 
within 100 km spatially and within 1 hour temporally. 

4.2 Data Analysis 

The digital flight tapes were reformatted and compressed by averaging 3 
consecutive pulses. Also, the spectrometer mode data were standardized 
to 10 ns resolution. Figure 7 is an example of the backscatter data 
contained on the reformatted tapes. The figure shows 1500 pulse 
returns, intensity-coded, and stacked vertically, on a CRT display. 
These (essentially raw) data were further processed on a general­
purpose computer as follows: 

1) The equally spaced array in time W{m6T), m • 1, 2, ••• , 512, is 
converted to an equally spaced array in surface range according to 
(4.1). The nominal surface range resolution 6x = 8.1 mat 13° 
incidence; however, it was more convenient to array the data in 
equally spaced 12 m surface range bins. 
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Table 1 Fall '78 Mission Surface-Truth Data Summary (Spectrometer Mode) 

Tape/ Date GMT (mean) Alt. Hdg. Buoy 
Flt. File ( 1 978) Start Stop Lat. Lon. [km] [ OT) IDa 

6 27/1 10/30 1801:13 -04:32 71.6->N 19.0°E 5.7 248 TROMSO 
7 29/1 11/01 0840:12 -42:20 72.4 23.2 9.5 051 • 
9 36/1 11/03 0811:45 -18:32 71.3 18.2 9.4 247 • 

10 45/2 11/06 0950:00 -50:45 71.2 18.9 9.5 356 • 
1 1 -/3 " 0954:30 -55:30 71.8 19.2 • 011 • 

• 
17 85/10 11/17 0001:30 -02:30 42.2 131. 70W 9.6 071 EB-16 
• 86/4 " 0036:49 -37:45 45.2 130.8 9.5 345 EB-21 
• -/6 " 0049:15 -50:15 45.9 129.9 9.5 091 • 
18 89/2 • 2135:30 -36:30 50.0 145.1 9.3 267 PAPA 
" 89/3 " 2142:45 -44:15 50.2 145.6 4.5 96 • 
" 90/7 11/18 0000:30 -01:30 46.3 131.5 8.4 134 EB-21 
" -/9 " 0007:00 -07:46 45.9 130.5 8.4 104 " 
19 91/6 11/19 2026:40 -27:40 45.6 131.6 8.7 232 " 
• 94/2 • 2315:40 -17:14 41.9 128.9 8.7 128 EB-16 

a TROMSO • Waverider buoy, weather station Tromsoflaket, 71.5°N, 19.0°E 
EB-16 • NOAA data buoy 46002, 42.5°N, 1300W 
EB-21 a NOAA data buoy 46005, 46.0°N, 1310W 

Wind Wind 
H speedb dir.b 

GMT [m1 (m s-1 ] [ 0 T] 

1725 4.2 1 o. 1 330 
0825 2.4 4.6 240 
0831 9.4 18.4 280 
0818 3.1 11.5 190 
1118 2.8 • • 
1132 2.3 • • 
0000 2.2 7.9 325 
0000 1. 9 6.1 009 

• • • • 
2104 3.5 8.8-12.9 130 
2138 3.3 • • 
0000 1.3 5.7 189 

• • • • 
2100 4.2 14.4 003 
2400 4.0 10.3 333 

Co location 
Dist. Time 
[km] [hrs J 

3 0.6 
100 0.3 

13 0.3 
11 1. 5 
10 1.4 

1. 6 
14 o. 0 
29 0.6 
83 o.8 

6 0.5 
42 o.o 
41 o.o 
14 0.1 
65 0.6 

119 0.7 

PAPA • NOAA pitch-roll buoy, weather station PAPA, 50.0°N, 145.00W 
b Wind speed and direction at nearest 3-hourly reporting time (no height or stability corrections applied) 
c Unresolved data problem (possibly high A/D bias level) 
d Wind speed • 8.8 m s- 1 at 2138Z; 12.9 m s- 1 at 2029Z 
e Unidirectional, monochromatic swell--Eq. (2.8) not applicable; see text 

Note 

c 
c 

.... 
w 
0\ 

d 
d 
e 
e 
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Figure 7 CRT display of 3-pulse average backscatter data. The 
sample gate setting is 10 ns and the frame size is 512. 
The display represents 512 consecutive 3-pulse averages 
stacked vertically. The tick marks are placed every 250 
pulses, or, equivalently, every 90° of antenna rotation. 
The "S" pattern is the result of antenna rotation combined 
with aircraft motion. 
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2) The geometrically corrected data are then subjected to two 
algorithms. In the first, no motion correction is applied7 the data 
are smoothed in range, and averaged over the several rotations of the 
antenna.. This produces a.n estimate of the average backscattered power 
W0 (x, t). In the second algorithm, the motion compensation is 
applied. That is, the array is transformed according to x + x + Vt cos ~. 
The data have been processed in 15° azimuth blocks7 given the 6 rpm 
rotation rate, this means we have integrated N • 42 independent 
pulses. (The pulses are generally independent even for forward/aft 
looks, since the sea-Doppler spread is generally greater than 100Hz.) 
The decision to process in 15° blocks was made some time ago1 this 
seemed reasonable, as the nominal directional resolution is about 
17° (200 m wave) and tests indicated no loss of signal strength. 
However, this is about equal to the angle subtended by the footprint, 
and therefore the 15° is at odds with our prior dictum ( 2. 23) to 
allow no more than half a beam width's movement in azimuth. Thus, the 
problem of the appropriate integration time for the aircraft data is 
still somewhat open, and requires a second and more careful examina­
tion. (As discussed in section 2, choosing too long an integration 
time will not affect the spectral shape, only the siqnal strenqth7 that 
is, the si911al strength will start to drop as the integration becomes 
incoherent with respect to the modulation si9114l• Thus, it is possible 
that we may have to re-examine our conclusions about the precise values 
of the sensitivity coefficient.) 

3) The accumulated N-pulse average is normalized by the the 
estimate of the average power W0 (x, t), and unity is subtracted. (The 
azimuthal dependence of W0 is probably mostly due to asymmetry in 
the radome environment.) The data are then rewindowed by a cosine­
squared window. In the high altitude range (8-10 km) the window end 
points are take~ to be x • 800 m and x • 3872 m, and at the low 
altitudes (4-6 km) these values are halved. The midpoint of the 
window corresponds roughly to e = 13.5°. 

4) Estimates of PN(K, t) foreach 150 azimuth block are computed 
using a 256-point fast Fourier transform. These estimates are then 
ensemble-averaged over the several rotations of the antenna. 

Figures 8a-8f are polar contour plots of the processed directional 
spectra P42• (K, t) in units of meters, where PN* :: 4nPN is the one­
sided (in X) spectrum as a function of wavenumber in cycles per 
meter. The noise background has not been subtracted in these plots, 
but as the SNR is quite hiqh (+ 10-20 dB), the background noise level 
is insignificant. Thus, these spectra can be viewed as directional 
slope spectra (one need only supply the "calibration constant" a). 
Fiqure 8a is the directional spectrum of a storm sea, significant wave 
height Hs • 9.4 m, dominant wavelength • 330 m. This spectrum (Tape 
36/File 1) was produced from a long run, and hence it is very stable. 
Fiqures 8b and Be are examples of bimodal spectra. Fiqure Be 
represents a fairly low sea state (Hs • 1.9 m). The "rattiness" of 
this ~ctrum is characteristic of the noisy spectra from the short 
files (<six rotations). Fiqure Sf is an interesting example. It is 
the observed ~ctrum of a unidirectional, ~330 m monochromatic 
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Q.D .... ... a. ...... 

a.D .... ... a. ...... a.&¥ L,. ... a._.. 

Qal.- ... a. ..... Q,ft . ........ ...... 

Polar contour plots of the (one-sided) directional spectra 
4'JTP42 (K, t) in units of meters. Top of the figures is 00 
radar azimuth • aircraft headinq. The wavenumber rinqs are 
spaced every 0.005 cpm (first rinq, 200 m wavelenqth, second, 
100 mJ and third 66.7 m). The labeled contour level (CLEV) 
increments are low by a factor of 2; they should read: (a) 
Tape/File • 36/1, CLEV = 9.08 m; (b) Tape/File = 91/6, CLEV 
• 5.00 m, (c) Tape/File = 85/10, CLEV = 3.00 m; (d) Tape/File 
89/3, CLEV • 5.16 m, (e) Tape/File 90/7, CLEV 2.8 m. 
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swell running under fairly light winds. Visually, from the vantage 
point of S.4 km, the sea surface had the striking appearance of a 
diffraction grating. The crest length was for all practical purposes 
infinite (> 40 km). (The eye can easily detect any deviations from a 
straight line.) It follows then that if the radar system's response 
were perfect, the observed spectrum would be a symmetrical pair of 
delta functions. The blossoming in Figure Sf thus represents, in 
effect, the system transfer function (for this 330m wave).* 
According to (2.2), the directional dispersion should be approximately 
300 for this wave; indeed, this is the amount of dispersion seen in 
the spectrum. The wavenumber dispersion is determined by the finite­
range footprint dimension of 1500 m. If we figure roughly a dispersion -.. OK ~ 1/Lx* ~ 7 x 10 cpm, this accords with the observed wavenumber 
dispersion in Figure Sf. 

Lastly, respecting Figure S, we note the asymmetry that is evident 
in several of the spectra. This is obviously related to asymmetry in 
in the wave-slope distribution. What is significant here is that the 
asymmetry is by and large rather small, and this would indicate that, 
by and large, the second-order hydro4ynamic effects are small. 

Figure 9 is a series of cuts through the directional spectrum 
PN(K, ~) of Tape 36/File 1. The figure is intended here to show that 
the forward face of the (slope) spectrum is sharply defined and 
stands clearly away from the residual antenna-pattern energy near de. 
This rather "clean" situation will not obtain for the nondirectional 
spectra we shall be computing in the following. 

4.3 Absolute Nondirectional Comparisons 

For these comparisons, we will need to take a closer look at the 
residual fading spectrum which must be subtracted from PN to give 
the directional modulation spectrum Pm• Because of the nonlinear 
time delay versus surface range relationship (4.1) that obtains in the 
aircraft geometry, the formula (2.1S) for Pw will not be exact. The 
pulse spectrum in the surface wavenumber domain will be similar to the 
pulse spectrum only when there is a linear relationship between 
surface range and delay time. Nevertheless, (2.1S) may stand as a 
fair approximation. If we assume as a nominal range resolution the 
resolution at 13.50 incidence, i.e.,~ c S.l4 m, then (2.1S) gives 
(with N • 42) 

4lTPw 
-- = 0.5S [m] exp [-0.5(K/0.033) 2 ] 

N 

where K is given in cpm. Figure 10 is a plot of the azimuthally 
integrated value of PN in the wavenumber band 0.021S-0.0250 cpm 

(4.2) 

*Actually, this is the spectral window; one might also refer to 
Figure Sf as a map of the spectral "point spread function," to 
borrow a term from the visible imagery people. 
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Estimation of the background fading noise level. The 
level of the azimuthally averaged directional spectrum 
in the wavenumber band 0.0218-0.0250 cpm for 12 files 
is plotted versus buoy-observed wind speed. The data 
from the adjacent files 45/2 & 3, 86/4 & 6, 89/2 & 3, 
and 90/7 & 9 have been averaged together. An eyeball 
extrapolation to zero wind speed yields the value of 
the residual fading variance spectrum predicted by 
equation(4.2). 
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(center frequency • 0.19 Hz) for several files, where the buoy­
observed wind speed is used as an ordering parameter. From the plot, 
one sees that an extrapolation of the observed PN to zero wind speed 
(and hence, presumably, to zero modulation depth) yields the value of 
the residual fading variance predicted by (4.2). The pulse spectrum 
roll-off between zero wavenumber and 0.023 cpm (42 m wavelength) is 
about 20,. 

With Pm computed from PN by subtracting (4.2), the directional 
height-frequency spectrum S(f, t) is computed using the tilt model 
solution (2.8). Assuming the linear, deep-water dispersion relation­
ship, it follows that 

S(f, t) = (2/af)Pm(K, t) (4.3) 

where S is the polar-symmetric spectrum expressed in m2/Hz/rad. In 
computing (4.3), the measured modulation spectrum is symmetrized 
according to 

P + O.S[P (K, t) + P (K, t + 180°}] (4.4) m m m 

~etrizing the spectrum, of course, has the advantage of doubling the 
DOF. The nondirectional spectrum is now computed according to 

s (f) 
12 

= (af)- 1 (1/12) L 4nP (K, ti) 
i=l m 

- 4nP (K)/af m 

(4. 5) 

As we have pointed out before, the sensitivity coefficient a should 
ideally be calculated on the basis of the observed cross-section roll­
off, but the poor antenna gain pattern has made this virtually 
impossible. Thus, we will have to make do here with an indirect means 
of verifying the tilt model predictions. First, let us measure a by 
taking the ratio of the area under the radar spectrum to the area 
under the buoy spectrum. That is, let 

0.2 Hz 

4 4nP (K) d ln f aH 2 (radar) m 
c s (4.6) a = -meas 0.2 Hz H 2 (buoy) 

Jf s (f) df s 
c 

where fc is a low-frequency cutoff, and the significant wave height 
Hs: 4<r,; 2>~ (where the low-frequency deficit is understood). The 
low-frequency cutoff is necessary because the antenna-pattern effects 
can be quite severe in the nondirectional spectra computed according 
to (4.5). This is because the antenna-pattern enerqy is omni­
directional and therefore makes a large contribution to the azt.uthal 
average. This should be apparent from Fiqures 8, 9, and 11. (Alao, 
the 1/f factor in qoing to the height spectrum will maqnify any errors 
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Table 2 Measured Versus •Theoretical• Sensitivity Coefficient 

Radar 
Tape/File 

36/1 
45/2 

-/3 
85/10 
86/4 
-/6 

89/2 
-/3 

91/6 
94/2 

Low-frequency 
cutoff 
fc [Hz] 

0.055 
0.070 

0.067 
0.080 
0.090 
0.085 
0.090 
0.085 
0.060 
0.055 

Measured 
/aH8 

10.90 

Buoy 
Hs [m] 

9.4 

amers 
[m- 1 

1.34 
4.55' 3.1} 1.64 

~4.47 2.8 2.95 
4.39 2.3 
4.16 2.2 3.58 
3.72}3.80 1.9 4.00 
3.86 
4.87 3.1a 2.47 
6.86 4.90 
6.29 4.2 2.24 
6.38 4.0 2.74 

a Hs with energy below fc subtracted (~Hs = -0.2 m) 
b Average wind-speed of 10.9 m s- 1 assumed 

Inferred 
<IVt 12 > 

0.061 
0.041 

0.030 
0.028 

ath!p] 
[m 

1.36 
2.27 

3.42 
4.57 

Inferred 
Hs [m] 

9.35 
2.97 

2.25 
1. 78 

0.039 0.041 2.49b 3.09 
0.042 
0.044 
0.041 

5.12b 3.03 
1. 92 4.54 
2. 81 3.80 

Mean ~Hs • o. 00 ml 
Rms ~ H8 • o. 1 6 m 

Altimeter 
mode 
Hs [m] 

2.52 

2.31 

3.1a 

4.78 
3.66 

.... • c.n 
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in the specification of the fading noise background level, producing, 
in effect, a "1/f noise" background.) 

Table 2 lists the measured alphas for 10 files, representing 
basically seven independent observations. The cutoff frequency in 
each case is chosen arbitrarily as the frequency of the minimum 
between the de and the spectral peak. Figure 11 gives five examples 
of the inferred directional heiqht spectra based on the measured 
alphas. Figures 12a-12e compare the inferred nondirectional spectra 
with buoy observations. The five examples shown are plotted auto­
scaled, linear-linear; they cover a range of sea states from 
Hs = 1.9 m to 9.4 m, and include a variety of spectral forms. It is 
seen that the agreement is generally excellent over the entire range 
from fc to 0.2 Hz. The minor discrepancies that are apparent in some 
of these comparisons can be attributed, for the most part, to sampling 
variability, geophysical variability (colocation error), and antenna­
pattern contamination. One does not need to look for explanation in 
terms of second-order scattering effects. These effects are £Y and 
large so small as to be masked £Y the larger errors. For example, 
consider sampling variability. The 90\ confidence interval on the 
buoy spectrum in Figure 12a is (0.6 s, 1.9 s). Thus the confidence 
interval on the peak of the spectrum is 130\ of the full scale of the 
figure! The pattern contamination is evident in all figures, but it 
is only severe in the case of Figure ac. Here, the frequency is low 
and the spectral density is low. If one examines all the figures, it 
appears that the antenna-pattern-related de component has a spectral 
density of about 2 m2/Hz in the vicinity of 0.08 Hz; this would 
account for the apparent discrepancy in Figure 8c. Yet, there still 
may be a real low-frequency whitening due to second-order scattering 
effects (intermodulation products--see J); however, it is not possible 
with the present data to distinguish the real whitening from antenna­
pattern contamination. One would need a much larger footprint to 
reduce the de component. There does, on the other hand, seem to be 
evidence of second-order effects on the high-frequency side: these are 
manifest in the slightly more rapid roll-off of the radar spectrum. 
This apparent "droop" is related to (2.13) and has been predicted by 
J. (We will defer for the moment a discussion of the colocation 
errors.) 

From these comparisons, we conclude that the measurements can be 
made with good spectral fidelity. But, what about absolute spectral 
levels? Let us check the measured alphas. How do they compare with 
(2.11)? An immediate check on the liLy dependence is possible with 
files 89/2 and 89/3. The ratio of the altitudes is 9.3/4.5 • 2.07; 
the ratio of the alphas is 4.90/2.47 = 1.98 (a 4\ difference). Thus, 
the asymptotic liLy dependence is verified. Now, using (2.11) let 
us infer a mean-square slope from the measured alphas. Let us assume 
a nominal incidence angle of 13P. Then, inverting (2.11), we obtain 

0 

< IVz; 12> = 2 ~ 13 ( 4. 7) 

[Lyameas] - cot 13° 

~J 
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The inferred mean-square slope values are tabulated in Table 2 and 
plotted in Figure 13 as a function of the buoy-observed wind speed. 
No corrections were made for anemometer height or atmospheric 
stability. An eyeball regression yields the relationship 

(4.8) 

for the wind speed range of approximately 5-20 m s-1. Equation 
(4.8) is in perfect agreement with the XU-band scatterometer data 
analyzed by Wentz (1977), at least up to the largest wind speed 
(12 m s-1) in Wentz's data set. In fact, Wentz's data are not 
plotted, because they are sensibly no different, and would only 
clutter the plot. Equation (4.8) also agrees with Wilheit's (1979) 
analysis_of passive microwave data. It predicts slope variances that 
are ~ 60\ of the optical values reported by Cox and Munk (1954) and 
which, interestingly, lie between their "clean" and "slick" surface 
observations. Our inferred mean-square slope values (4.8) are thus 
consistent with our knowledge of what the XU-band effective slopes 
should be and strongly .support our conclusion that the tilt model 
solution (2.8) is a correct first-order relationship.* 

Now let us use the regression result (4.8) in (2.11) to compute a 
"theoretical" alpha. The "theoretical" alpha can then be used to 
compute a "radar-inferred" absolute height spectrum and significant 
wave height. Table 2 is a tabulation and Figure 14 is a plot of the 
results for the "inferred" wave height for the seven independent cases 
analyzed. Over the wave-height range 1.9-9.4 m the mean difference 
between the radar-inferred and buoy Hs is 0.00 m (sic) and the rms 
difference is 0.16 m. This is truly remarkable considering that 1) we 
are using only a first-order, back-of-the-envelope theory, 2) our 
measurement geometry is not ideal (broad elevation beam width), 3) we 
have had to rely on external parameters (buoy wind speeds) rather than 
internal parameters (cross-section roll-off), and 4) the data are 
subject to sampling variability as well as geophysical variability 
(colocation errors). Some information as to the last source of error 
is available to us through the instrument's altimeter mode. The 
altimeter mode algorithm consisted of epoch realignment, and an 
iterative least-squares fitting of an error function to the leading 
edge of the average pulse return. Hs was computed from the measured 
temporal dispersion a according to 

H = [4c2a2 - H 2]~ s p 
(4.9) 

where Ho • 4.91 m (compare with Fedor et al., 1979). The altimeter 
wave he1ghts are shown in the last column of Table 2 and are plotted in 
Figure 15. The altimeter Hs show a positive correlation with the 
~ectrometer mode minus buoy Hs residuals indicating that colocation 
errors are a significant component of the error budget. This probably 

*A factor of 2 error in the computation of Pm from the FFT led 
to the wrong result for mean-square slope in Jackson et al. (1981). 
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explains the discrepancy in the bimodal spectrum comparison of Figure 
12e. However, there does remain the possibility that the sensitivity 
coefficient is not truly isotropic. Data from future flights with an 
improved radome should enable us to resolve this question. 

4.4 Directional Comparison 

The single directional comparison available to us is with a pitch-roll 
buoy operated by Duncan Ross of NOAA's Miami Labs. The buoy was 
deployed from OWS PAPA in the Pacific. It produced five records in a 
several-hour period up to and including the time of overflight. Two 
radar files, 89/2 and 89/3, are available for comparison, but 89/3 is 
preferred because of its greater length, even though it is at the 
lower altitude. The directional height spectrum from 89/3 is shown in 
Figure lld, and the nondirectional comparison is made in Figure 12d. 
Because of the basic 1800 ambiguity in the radar spectrum, a true 
direction of wave travel must be assumed if first harmonics are to be 
compared. (As suggested by Prof. w. J. Pierson (personal 
communication), perhaps the most objective way to compare buoy and 
radar data is on the basis of the first two angular harmonics, since 
these are linearly related to the slope auto- and cross-spectra 
obtained from the buoy record.) To facilitate the comparison, the 
radar spectrum is set identically equal to zero in the half-space 
which the buoy indicated to be opposite to the direction of dominant 
wave travel. Because the sea is rather broadly spread in this case 
(apparently due to wind turning) and because there is swell running 
at ~ 90° to the dominant wave direction, this ad hoc procedure will 
necessarily result in some error, particularly-at the low swell· 
frequencies. 

The amplitudes and phases of the first and second harmonics of the 
angular distribution are compared to the buoy data in Figure 16. The 
reason that there is a bias in direction is apparently due to the fact 
that the buoy's compass card had slipped, and true direction was 
figured after the fact from the general meteorological conditions. 
There is evidently good agreement in first-harmonic amplitudes from 
the peak to 0.2 Hz, but the second-harmonic amplitudes disagree by 
almost a factor of 2 over most of the range. Why? Our quess is that 
the problem is with the buoy, but the reader may judge for himself. A 
standard practice in the analysis of pitch-roll b~oy data is to assume 
a model angular distribution function such as the following 

(4.10) 

The first and second harmonics of this distribution can then be equated 
to the observed first and second harmonics to give two estimates, s1 
and s2, of the spreading parameter s as a function of frequency 
(Cartwright, 1963). If the two a-parameters are identical, then the 
actual angular distribution is perfectly represented by the model 
function (4.10). Figure 17 is a plot of the two a-parameters for the 
radar data. They are practically equal over the entire range of 
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frequencies. This makes sense, since accordinq to Figure 18, the 
radar data do appear to be consistent with a cosine-power distri­
bution. Butnow, the buoy data ~~appear to be consistent with a 
cosine-power model. This is apparent from Figure 19, which shows the 
radar data fallinq neatly on Cartwriqht' a ( 1963) curve, while the buoy 
data scatter over a larqe area above the curve. 

This consistency of the radar data versus that of the buoy data 
naturally inclines us to believe more in the radar results, especially 
as we are biased in that direction. Nonetheless, we should avoid 
drawinq hasty conclusions. In truth, the disagreement here is not as 
qreat as Figure 19 miqht lead one to believe. Firat, there is aqree­
ment in the first harmonic and s 1 values. At the peak, s1 -~.9, 
which implies a half-power spread of 85°. second, the half-power 
spread is not very sensitive to the a-value, at least for s > 5 or so. 
While the buoy a-values scatter considerably, they average about 
a2 • 10 near the peak. This implies a spread of 59°, which, 
really, is not so far away from 85°. Further, the average of the 
two values, 72°, is quite close to the observed radar half-power 
spread of 67° at 0.114 Hz. 

still, we are skeptical of obtaining from buoys the kind of 
intercompariaon data we need to qain a full understandinq of the 
limits of accuracy of these radar measurements. We are looking 
forward to qetting these intercompariaon data from the NASA Surface 
Contour Radar (Walsh et al. , 1981). 

s. Conclusion 

we have described a rather simple microwave radar technique for 
measurinq directional wave spectra. We have shown that satellite 
measurements on a truly global scale are possible with this tech­
nique, and we have, in our opinion, provided a firm theoretical and 
experimental basis for the technique. While further aircraft 
experimentation is warranted and desirable, we are going to be limited 
by the constraints of the relatively low aircraft altitudes. That is, 
at aircraft altitudes in a near-nadir geometry, there is no way to 
avoid both a relatively broad beam width on the one hand and a 
relatively small footprint on the other. Both of these factors make 
it difficult to investiqate second-order scatterinq effects: we may 
have the theory, but we will be unable to verify it satisfactorily. 
Without a space experiment, there is little reason to expand the 
theory of measurement further; that is, to qo beyond Jackson's (1981) 
theory. 

we do intend, however, to improve the aircraft radar system. For 
example, we are replacing the 12' nadir horn antenna with a much 
broader beam-width, standard-qain horn. This should permit accurate 
measurements of the isotropic cross-section roll-off and mean-square 
slope for better estimates of the first-order sensitivity coefficient. 
This type of measurement has been described by Hammond et al. (1977). 
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second angular harmonic 
amplitudes compared with 
theoretical relationship 
of Cartwright.* The data, 
from radar file 89/3 and 
buoy record 2104 z, are 
contained in the frequency 
range 0.078 Hz to 0.145 Hz. 

*D. E. Cartwright (1963), "The Use of 
Directional Spectra in Studying the 
Output of a Wave Recorder on a Moving 
Ship," Ocean Wave Spectra (Englewood 
Cliffs, N.J.: Prentice-Hall), pp. 
203-218. 
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REVIEW OF WAVE MEASUREMENT 
USING IN SITU SYSTEMS 

Richard J. Seymourl 

Introduction 

The need to record wave climates, with data collected as frequently as 
several times a day for periods of years, has resulted in the develop­
ment of a variety of wave-measuring instruments that can be mounted at 
a location and operated with little or no attention for very long 
periods. For reasons which will be noted, these instruments tend to 
be located either in rather deep water or very close to shore; few are 
placed at intermediate depths. In deep water, the instruments obtain 
wave data of greatest generality, particularly if the local depth is 
such that the wave-field intensity and direction have not been signi­
ficantly altered by contact with the ocean bottom. These deep-water 
data, then, in theory, provide the input for predicting the wave field 
over a very broad area. The accuracy of the prediction, in practice, 
depends on the complexity of the intervening bathymetry and state-of­
the-art techniques for estimating wave refraction, diffraction, and 
shoaling. Measurements made very close to shore--for example, just 
outside the surf zone--have very limited generality. Nevertheless, 
these data require little or no further projection, and thus minimize 
the errors in estimating what will happen to waves as they traverse 
the shelf. Measurements of waves at intermediate depths have the 
disadvantages of both deep and nearshore measurements and the 
advantages of neither. They are therefore seldom employed in the 
study of wave climates, although they may be of considerable interest 
to researchers studying wave transformations on the shelf. 

Because of the obvious differences in the local environment, 
instruments to measure waves in shallow and deep regimes have taken 
di verqent paths of development. Recently, however, the construction 
of fixed platforms in very deep water has allowed systems to be 
installed near the extremities of the shelf that were previously 
suitable only for nearshore use. 

The details of the configuration and performance of in situ wave­
measurement systems will be covered in three succeeding papers of these 
proceedings. Here, an overview is presented of the capabilities and 
limitations of !!_ ~ instruments as a group. 

lscripps Institution of Oceanography 
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In addition to cateqorization by the water depth at which they 
take wave measurements, a number of other natural qroupinqs suqqest 
themselves for classifyinq in situ instrwaents. Some confiqurations 
are capable of measurinq only wave intensity (normally, by means of a 
time history of sea-surface elevation), without reqard to the 
directional properties of the wave field. A second qroup is able to 
measure the directional distribution of wave intensity with varyinq 
deqrees of resolution in frequency and direction space. 

All the ~ situ instruments here mentioned that measure only 
intensity can be used more or less continuously, and are therefore 
suitable for wave-climate studies. Of those instrwaents that also 
measure direction, some are inherently unsuitable for continuous use, 
and some have not yet demonstrated this capability. The nearshore 
technique, for example, of usinq cinematoqraphy on a field of fixed 
wave poles, requires too much labor, and depends too much on visibility 
to be useful for any applications beyond occasional research. 
Directional buoys, now under development and demonstration, are not yet 
continuously operable. The ~ ~ instruments here identified have 
been arranged by physical type within the functional framework set out 
in Table 1. Bach qeneral type will be discussed in succeedinq 
sections. 

Table 1 Classification of in situ wave instruments ---
wave Heiqht Wave Direction 
Only Continuous Short Term 

Deep 
water Buoys ?? Buoys 

Shipboard 
Recorders 

Near Bottom- Arrays Cinematoqraphy 
Shore Mounted 

SUrface- current 
Piercinq Meters 

wave-Measurinq Buoys 

Vertical Accelerometer Buoys 

Vertical accelerometer buoys are a class of surface-followinq buoy, 
usually ~herical in form, which are routinely moored in water depths 
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of 200 a and less. Typically, they return data by telemetry links to 
shore or to the GOBS satellite. They measure wave intensity by double­
integrating the output of an accelerometer held vertical by a pendulum 
to produce the required time history of buoy heave motion. The sta­
tistics of the buoy heave are then related to the wave statistics 
through a linear transfer function. There are two general methods to 
stabilize the accelerometer. In the first (Waverider), the pendulum 
is contained entirely within the spherical float so that the buoy need 
not be stabilized. In the second (Ahillla, Wave-Track), the buoy itself 
is stabilized in the vertical by an external pendulum. Buoys of the 
first type are used for deep-water data in the national wave-climate­
measurement progr&lllS of canada, Australia, the United States, and 
several other countries. 

Su~ended Pressure Sensor 

A variation of the accelerometer buoy measures buoy heave with a 
pressure sensor suspended at a considerable depth below the buoy. If 
the mean depth of the pressure gauge is such that the horizontal 
variations in pressure caused by waves are negligible, then the gauge's 
time history of pressure is proportional to that of buoy heave. 

Directional Buoys 

The first directional buoy was developed in Great Britain, and has 
been refined by researchers in Japan and the United states. Usually 
in the shape of a discus, it follows the tilt of the sea surface, and 
may or may not follow changes in its elevation as well. These buoys 
are unmoored, typically, because they tend to capsize in large waves 
if restrained. 

Data are normally recorded on board: two components of tilt and 
heave and a compass heading. These data are sufficient to provide 
estimates of principal directions for each frequency interval. 
Because they are WUDOored, directional buoys of this type can be used 
only for intermittent research activities, such as providing sea truth 
for remote sensing techniques. 

A second class of direction-measuring buoys--moored, with 
telemetry systems, and with the promise of continuous operation--is 
being developed following the principles of the vertical accelerometer 
systems. As previously noted, they are not yet operational. 

Shipboard Recorders 

A shipboard recording system that employs an accelerometer to sense the 
ship's vertical motion and a pressure gauge to sense waterline changes 
has been installed as an~~ instrument in very deep water on 
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weather ships. It has been well intercalibrated with Waverider buoys 
and provides deep-sea data not normally attainable with sinqle-purpose 
instruments. 

Bottom-Mounted Heiqht Sensors 

The most commonly used bottom-mounted system is a pressure sensor that 
provides frequency-domain statistics which can be related to sea­
surface-elevation statistics by linear theory. The use of the 
instrument is narrowly prescribed by depth. Hiqher frequencies are 
qreatly attenuated with depth, but limited by the signal-to-noise ratio 
in shallow depths. In areas with qreat tidal extremes, the depth 
window can be quite small. Research proqrams demandinq hiqh resolution 
normally use differential qauqes that remove all or part of the static 
head from the dynamic ranqe. Cheaper and more reliable absolute qauqes 
have been found acceptable in many wave-climate studies. 

Upward-lookinq sonar has been used in Japan as the preferred 
bottom-mounted system. It eliminates the depth restrictions of the 
pressure sensor, but introduces calibration errors owinq to 
temperature, salinity, and bubble content. 

Surface-Piercinq Wave Staffs 

The first wave qauqe was undoubtedly a pole with stripes on it, and · 
these staffs are still used for certain applications in which visual 
observations are acceptable. 

AUtomatic and remote recordinqs were made possible by the 
addition of electrical contacts at fixed locations to produce step 
qauqes. 

Modern wave staffs make continuous measurements of water elevation 
by determininq chanqes in resistance, capacitance, or travel time. 

Fixed-Orientation Directional Systems 

Arrays 

Directional arrays are qroups of individual sensors, usually pressure 
qauqes or wave staffs, arranqed to extract directional information 
about the wave field from the phase correlations amonq the elements. 
The design of these arrays is somewhat artistic, attemptinq to balance 
those sacrifices in frequency and directional resolution necessitated 
by economics, and quided by the assumed characteristics of the wave 
climate. · Arrays take the form of linear and polyqonal confiqurations. 
In qeneral, the more elements, the better the resolution; the scale is 
determined by the the lonqest wavelenqths the confiquration can 
resolve. Given enouqh elements, arranqed with appropriate spacinqs, 
an array can produce a very creditable directional spectrum. A compact 
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four-element square array is used extensively in the United States, and 
has directional resolution that compares favorably with that of the 
tilt buoys. It also measures two components of sea-surface slope. 

Two-Axis Curnmt Meters 

The current meter most commonly used to determine the directional 
properties of waves is the electromagnetic flow meter. This instrument 
produces directional information comparable to that of the square slope 
array, but is more difficult to maintain. It senses voltages induced 
~ the flux of a conductor, seawater, through a magnetic field produced 
in the sensing head of the flow meter. 

A second class of current meters measures two components of the 
drag force on a sensing head that ranges in configuration from a sphere 
to a nylon brush. Since drag is not linearly related to velocity, 
cross-spectral analysis is required to sort out the unbiased principal 
wave directions. 

Cinematography 

Particularly in Japan, a technique has been used consisting of a large 
number of striped poles arranged in a grid and photographed with a 
motion picture camera. The wave heights at each pole are measured 
frame by frame to provide a three-dimensional representation of the 
local sea surface. In addition to containing sufficient data, in 
theory, to construct a directional spectrum, the data set also provides 
a look at spatial inhoJDOgeneity, a benefit that may offset the 
tremendous effort of digitizing the data. · 

Status of .!!!_ ~ Systems 

Papers following this brief summary address the capabilities and 
limitations of the 110re important !!!._ ~ wave-measurement systems for 
various applications, and the analytic techniques used to enhance the 
capability of these systems or compensate for their limitations. The 
status of surface-mounted sensors is reviewed by Parker, Le Blanc and 
Middleton present the results of analyzing pitch-roll buoy data to 
yield directional spectra, and Forristall gives recent results for 
subsurface wave-measuring instruments. 
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WAVE MEASUREMENTS USING SURFACE-MOUNTED INSTRUMENTS 

A. G. Parkerl 

Abstract 

Described in this paper are some of the design considerations for 
obtaininq wave measurements, and in brief, the techniques available 
for wave heiqht and direction measurements usinq surface-mounted 
sensors. 

Introduction 

The reasons for needinq to know wave-climate characteristics at a 
particular location are extremely varied. They ranqe from the work­
boat captain's "There's waves hiqher than x meters out there and my 
contract says I don't have to qo out!" to the requirements for 
operatinq offshore riqs implied by the limits on operatinq equipment 
and the need to know the loads imposed, to the needs for data of 
enqineers desiqninq structures for specific locations, and those of 
researchers who need accurate and diverse wave information--often from 
very remote sites--to understand oceanic processes. 

With such a variety of requirements and users, it is hardly 
surprisinq that a diverse selection of instruments is available to 
provide wave information. The instruments present data from different 
sources, in many ways, and with different deqrees of accuracy. 

It is .because of this diversity in requirements and solutions, and 
the confusion that often arises as a result, that this meetinq has been 
called. I do not think that we will fully solve any of the problems 
before us. No simple answers are possible for what are very complex 
problems. Rather, I hope that by discussinq the problems and the 
available options we will all leave with a better understandinq of the 
advantaqes and disadvantaqes of various techniques, and the directions 
in which modern technoloqy is advancinq in the field of wave measure­
ments. In the past decade or two, we have come a lonq way, but there 
is still a lonq way to qo before we can say that we understand to our 
satisfaction any aspect of wave measurement. 

In this paper, I concentrate on measurements usinq sensors 
mounted at the surface. The oriqinal request was for a paper on 
surface-piercinq qauqes, but sensors are now available that are 
mounted close to the surface yet do not pierce it. Since these are 
part of the same family as surface-piercinq qauqes, it is sensible 
that they should be included. 

laceanoqraphic Instruments Section, National Maritime 
Institute, Enqland 
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It is not my intention to go into the technical details, 
problems, and advantages of every available sensor, or ot all the 
kinds of sensors, but to discuss in general the problema and 
requirements of wave measurements made at the surface, and how these 
are met by various types of instruments. 

Planning: What Measurements, When? 

Long before any specific instrument is chosen, considerable thought 
must be given to answering the above questions. It is rare tor marine 
data gathering trials to be simple. Most are complex operations 
involving considerable expertise, equipment, analysis, and finance. 
Time spent in planning is therefore well worthwhile. 

First, one must ascertain what results are required, including 
their degree of accuracy, frequency range, sampling frequency, the 
periods for which data are required, and the total period during which 
data should be gathered. The workboat captain wants to know, in real 
time, the maximum (or significant or rms) wave height, requiring 
accuracy of about 10 percent, and often no penaanent record. 

At the other extreme, researchers need highly accurate long-term 
data, all recorded in a manner suitable for easy transfer to a 
computer. In the middle, the rig operator needs real-time data, 
perhaps already processed, on which to base engineering decisions. As 
critical as knowing the data is knowing the penalties that may be 
incurred by missing measurements, or by relying on those of decreasing 
accuracy. 

Knowing the kind of results required, the methods of data 
analysis can be determined. The following questions about the 
physical a~ects of analysis should be considered together with those 
of the mathematical aspects. Is a computer or microprocessor required 
tor on-line analysis? Should raw data be recorded for later 
analysis? Is analysis needed, or will a digital/analog display 
suffice? If the data are on a paper chart, what is the intended use 
ot the chart? 

With the programs for data analysis established, it should be 
possible to determine the program necessary to acquire the data. Then, 
and only then, can the choice of sensors, and of conditioning and 
recording equipment be made. 

Considerations in Choosing the Sensor 

After these initial stages in planning, consideration turns to the site 
at which the wave data must be obtained, since the site will restrict 
the choice of sensors. Some of the questions that should be raised at 
this point include the following: 

o Is a structure available at the site? 
o If so, can a sensor be mounted on it? 
o Will a sensor at that site be vulnerable to accidental damage 

or vandalism? 
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o What sort of power supply is available? 
o How accessible is the structure? 
o Is it manned? 
o Is it of a size and shape that may alter the local wave 

pattern? 
o If no structure is present, can one be installed? 
o If not, is the site suitable for buoys? 
o If so, what type of buoys? 
o How far away is the nearest structure or the shore? 
o What is the prevailing physical environment? 
o What sort of wave climate characterizes the site? 
o What is the water depth? 
o What is the current? 
o Is the area polluted? 
o If so, by what type of pollution? 
o What is the local topography, and will it affect the 

measurements? 
o Is radio transmission necessary? 
o If so, will there likely be transmission interference? 

If the first two questions can be answered "yes," then it is 
almost certain that the method of measurement chosen will involve an 
instrument mounted at the surface. Even if they cannot, however, 
answers to the other questions might well indicate that 
surface-mounted instruments on custom-built structures or buoys are 
preferable to, say, satellite or seabed instruments. 

Once the survey of the measurement site is complete, the most 
suitable sensor can be selected. 

Choice of Sensor 

Any sensor or measurement system must fulfill specific requirements, 
but in most cases, it should meet at least the following specifications. 
(Parker, 1978): 

o It must be durable, surviving mechanical loads, corrosion, 
fouling, and other processes. 

o It should selectively respond to the aspect of the environment 
it is designed to measure, remaining insensitive to all other 
aspects of the environment. If it does respond significantly 
to another environmental feature, this response should be well 
understood and monitored. 

o ·Its response characteristics should not change significantly 
during the measurement period despite large changes in the 
environment. 

o Its calibration should be simple, and calibration in labora­
tory conditions should also be valid at sea. Calibrations 
done at sea are very expensive and difficult to do with 
accuracy. 
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o It should be easy to check and service on location. 

o It should aeasure the target parameter accurately. 

o In soae cases, it should consume little electrical power. 

o It should be relatively inexpensive to replace, since by the 
end of the aeasureaent period (and often before), it will be. 
lost or useless. Initial cost is only one consideration, 
however, since the cost of sending a teaa to a reaote location 
to replace an instrument that has failed, or whose calibration 
has drifted, is often many tiaes greater than the instrument's 
initial cost. 

Unless such specifications are established and aet, it is all too 
easy to end up with instruments that are wholly unsuitable for the job. 
We probably all know of cases in which instruments have not been chosen 
because of their suitability for a particular task, but rather because, 
•we've already got one of these so we can use that,• or •we can get one 
of those delivered within x weeks for only y dollars,• or •I've always 
wanted to try one of these, let's see what it's like on this job.• 
Alaost invariably, choices made on these bases fail miserably. 

Surface-aounted sensors (Driver, 19807 Ribe, 1979; Pitt, 1980) 
fall conveniently in six groups: visual, electrical, acoustic, float, 
optical, and radar. 

Visual Observations 

The use of visual observations is probably the aost common, and at the 
saae tiae aost underrated way of obtaining wave data. Visual observa­
tions have been routinely obtained froa several thousand ships since 
1949, and a great aaount of data is already available. For exaaple, 
Figure 1 (Hogben, 1980) shows the number of visual observations in the 
North Sea, compared with the number of instrumented data stations. An 
indication of the accuracy of these data for determining significant 
wave height can be obtained from Figure 2 (Hogben and Lumb, 1967). 

If data on significant wave height are required, then the use of 
a human observer might be seriously considered. Visual observations 
are a valid way of obtaining wave data and should be treated as such. 
A considerable aaount of time and expense can often be saved by using 
an observer or previously obtained data of this type--if not for the 
main data collection program, at least to provide baseline data for 
the main prograa. 

Electrical 

Virtually all the truly surface-piercing instruments--that is, those 
that are always partly above and partly below the surface of the 
water--are electrical sensors. This type of sensor detects the 
location of the surface by using it to change the electrical 
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Visual observations versus instrument 
data 
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Figure 2 
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characteristics of a circuit normally either resistive, capacitive, or 
wave guide. 

Resistive In ita simplest form, a resistive staff consists of a 
single resistance wire vertically piercing the sea's surface so that 
the wire is neither totally immersed nor totally dry. AC voltage is 
supplied to the ends of the wire, and the resistance of the wire is 
measured by connecting it into, for example, a bridge circuit. 
Seawater wetting the wire shorts out the lower section of the wire1 
thus, the resistance of the wire varies linearly with the length of 
wire immersed. AC voltage is used to prevent polarization of the 
water. The frequency used is normally of the order of l kHz, which is 
rather surprising, since frequencies of 50-60 Hz, or even lower, are 
sufficient to prevent polarization and are more readily available. 

Since the resistance of the wire is inversely proportional to its 
cross-sectional area, the resistance change per length immersed can be 
increased by using a smaller-diameter wire. However, the finer the 
wire, the more vulnerable it is to damage, so it is often mounted on 
an insulated straining member. Corrosion and fouling (either by 
pollution or by the growth of marine organisms) will change the 
resistance between the wire and the sea, and will therefore affect the 
calibration. The finer the wire used, the greater will be changes 
owing to contamination. To improve its sensitivity without making it 
too fine, the wire can be helically wound onto a straining member, 
greatly increasing the length of wire immersed per meter change in 
water level. An example is the Nova Scotia s~aff, shown from an 
unusual viewpoint in Figure 3, looking down from a research tower. 

Because of their susceptibility to fouling, these types of staff 
should be used only when regular maintenance is possible. If regular 
cleaning is not possible, stepped resistance staffs can be used. These 
use a resistance ladder network, with the nodes of the ladder connected 
to the sea by closely spaced electrodes. Thus, standard precision 
resistors, chosen to give good signal levels, can be insulated from the 
sea and connected to it only by the electrodes. The resolution of this 
type of staff is dependent on the spacing between electrodes. 

Another version, exemplified by the Btrometa BV, uses pressure 
switches activated by water pressure in place of the electrodes of the 
stepped gauge. A further refinement is the use of a resistance element 
and a contact strip encased within a flexible waterproof sheath. As 
the water level rises, pressure on the sheath forces the contact strip 
onto the resistance element, shorting out a part of it. The Seawave 
Recorders Metritape (Figure 4) is an example of this type of instru­
ment. 

Since resistive staffs depend solely on the length of wire 
immersed and not on any electrical field effect, the tension applied 
to the wire need not be very great, but the wire must be held taut 
enough to prevent wave-induced vibrations. 
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Figure 3 Nova Scotia wave staff 
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Seawave Recorders Metritape, a resistive wave 
staff 
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This type of qauqe is very attractive, as the measurement of 
resistance is a straightforward technique, which, combined with the 
wire characteristics, makes a linear instrument that is accurate yet 
inexpensive. The type of instrument is not immune to foulinq: Figure 
5 shows the instrument pictured in Figure 4 after 2 months' use. 

capacitive The most common form of capacitive sensor (for example, 
the Ooaaex, shown in Figure 6) uses a sinqle insulated conductor 
mounted vertically and partially immersed. The conductor, powered by 
AC voltaqe, acts as one plate of a coaxial capacitor, with seawater 
forminq the other plate. The insulation material is the dielectric. 
~us, the capacitance of the staff is proportional to the water level 
around the staff. The thinner the insulatinq material, the qreater 
the capacitance chanqe of the instrument with depth, but also the more 
fraqile it becomes, and the more susceptible to chanqea in the 
dielectric constant owinq to an oil film or foulinq. 

The varyinq capacitance of the staff can be used as part of the 
tuninq circuit of an oscillator. Thus, as the water level chanqea, the 
output frequency of the oscillator chanqea. Modern electronics enable 
very accurate measurement of small frequency chanqes1 thus, a robust 
staff can be assembled with a thick layer of inaulatinq dielectric 
material, since quite small chanqea in its capacitance can be converted 
into small but accurately measurable frequency chanqea. 

wave Guide Probably the moat widely known and used of the wave-quide 
staffs is the Baylor wave Gauqe. This instrument uses two parallel, 
vertical cables of stainless steel wire piercinq the surface, which 
are held under considerable tension to minimize their movement. An 
electromagnetic wave at 0.6 MHz is transmitted down the cables and 
reflected from the water surface. The standinq wave ratio of the 
signal is measured' it is proportional to the lenqth of the 
nonimmeraed staff. 

A coaxial transmission line staff has been developed by zwarts in 
Canada. It uses a central conductor tube with a perforated tube 
(allowinq the water level to rise and fall within) that is separated 
from the conductor tube by insulated spacers. Electromagnetic pulses 
travel down the annular apace inside the wave quide and are reflected 
back by the water surface. The coaxial transmission line is used in 
the tuninq circuit of a Gunn-diode oscillator, and the period of the 
output pulse is proportional to the nonimmersed lenqth of the staff. 

Obviously, wave-quide staffs are electrically more complex than 
resistive ones, and their sellinq price reflects this. However, they 
tend to be less prone to contamination and can be made much more 
robust. 
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Figure 5 Biofouling of wave staff: two months' use 
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Bxcept in extreme conditions, such as in the aeration produced by 
breakinq waves or wettinq of wires by blown spray that causes errors, 
electrical staffs have very good response characteristics. They can 
be used to measure a wide ranqe of frequencies, includinq those of 
tides and surges, they are accurate, generally of good long-tena 
stability, relatively easy to check, and usually inexpensive. However, 
because aoae portion of these instruments is always iDaeraed, they 
suffer from corrosion and foulinq, and are particularly vulnerable to 
damaqe from floatinq objects, such as debris or supply vessels. They 
must be reqularly checked and cleaned. Divers are normally required 
for installation and JUintenance procedures, leadinq to considerable 
delays and costa. 

Acoustic 

This type of instrument is essentially an echo sounder that works in 
air instead of water. A tranaaitter/receiver crystal mounted above the 
water surface transmits a pulse of acoustic enerqy in a narrow beam 
down to the surface and detects reflected echoes. The transit time for 
the pulse is proportional to the distance between the transducer and 
the surface, and to the speed of sound in air (VA). Since VA is only 
about 340 a/s, the transit times are relatively easy to aeasure. 
Moreover, VA for dry air depends only on the square root of absolute 
temperature, and over normal atmospheric ranqes, the effects are s .. ll 
and easily corrected. Humidity causes very small alterations, and 
is almost invariably ignored. 

This method would therefore appear very attractive. It has been 
used quite widely (with pulses in the ultrasonic band, at about 10 kHz) 
for measurement of levels in tanka and in tide qauges. However, the 
attenuation in air of acoustic pulses is hiqh, and increases rapidly 
with frequency. At about 40 kHz, the aaximua distance to a surface 
that can be measured with a simple low-power system is about 10 m. 
To extend the ranqe, pulses of sonic frequency must be used, but this 
can lead to errors of up to 20 cps, dependinq on how ~~&ny cycles of the 
returned echo are received before the triqger level of the electronic·s 
is reached. At this level, errors increase with decreasinq frequency. 

Because of problema in qettinq higher ranqea and narrow beam widths, 
and because of loss of signal in extreme conditions, this type of 
instrument is not widely used for measurements of ocean waves. 

Ploat 

A widely applied method of measurinq tides and levels in tanks relies 
on a float that rises and falls with the liquid level and that drives 
a mechanical recordinq system by a connectinq cable. At least one 
version of this type of qauqe (Van Essen BV) has been adapted for wave 
measurement by mountinq the float in a perforated tube where ita level 
rises and falls with the waves. Because of ita larqe mechanical aove­
menta and the maintenance such a device requires, it is probably not 
suited to many wave-measurement needs. 
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Optical 

OVer the last few years, several wave-height instruments have appeared 
on the market that use laser-based sensors mounted above the surface. 
The lasers, which no~ally operate in the infrared or visible spectrum, 
project a very narrow beam of collimated light downward to the sea 
surface. Photo-detectors are used to pick up the reflections. 

Two principal systems are used. In the first (e.q., BMI and Jtrupp 
Atlas), pulses of light are transmitted and the tia8 until the reflec­
tion is received is measured (see Fiqure 7). In the second, a contin­
uous beam is amplitude-modulated at a set frequency and transmitted. 
The transit time can be determined by measurinq the phase chanqe in the 
modulated siqnal between the transmitted and the reflected light. 

Ideally, the measurement function of this type of instrullent should 
not be affected by environmental conditions or time, as the speed of 
liqht is constant, and it should not require calibration or checkinq 
to preserve accuracy. Correct operation and aliqnment can be checked 
simply by introducinq a reflective plate into the beam at a known 
distance from the head. 

As the speed of light is approximately 3 x 108 ra/s, the transit 
times are very shortr thus, the electronic circuits must have extremely 
fast rise times. To obtain resolutions of the order of 0.1 m, tiainq 
must be accurate to at least 0.3 nanosecond. The use of lasers and 
very high-speed electronics for processinq .. kes these devices much 
more expensive than their surface-piercinq counterparts. However, the 
considerable advantaqe of havinq all of the sensor .aunted well above 
the water, and in a position where it is readily accessible for main­
tenance or replacement in the event of malfunction, often outweighs the 
disadvantaqe of higher initial cost. 

The pulsed type of instrument has proved very successful, progress­
inq recently from the status of research tool to that of routinely 
installed aonitorinq equipment. It is not as likely as a continuous­
beam instrument to pick up the stray reflections from the surface that 
introduce errors, althouqh both types are probably subject to error in 
very calm conditions, in horizontally driven rain or foq, or when the 
tops of the waves are aerated. 

RAdar 

In principle, radar or radio altimeter devices (e.q., Plessey or SAAB) 
are very similar to the laser devices, except that they reflect micro­
waves rather than light waves from the sea surface. Normally, either 
frequency~odulated or pulsed types of transmission are used. A proto­
type system has been developed by the National Maritime Institute and 
Plessey. 

The advantaqes and disadvantaqes of these systems are similar to 
those of optical instruments, with the exception that a micro-
wave transmitter may be less susceptible to contamination than an 
optical lens. Radar instruments are qenerally more expensive than 
optical instruments. 
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Figure 7 Laser-based system for wave-height measurement 
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other Types 

If a structure is not available on which to mount a wave sensor, there 
are two options: to install a structure or to use buoys. Close 
inshore, the former might well be feasible and could take the form of 
a fairly simple piled pole, on which any of the sensors described here 
could be used. Farther offshore, the use of buoys is probably 
indicated. 

There are four types of buoys that might be selected: 

o Small dedicated wave-height measuring buoys, such as Wave­
rider, Wavecrest, or Wave Track, that use an accelerometer 
heave sensor. 

o Much larger surface-contouring buoys, such as Marex or DBl, 
used to gather a range of oceanographic and meteorological 
data, including wave data, normally from an accelerometer 
heave sensor. 

o Spar buoys desiqned to float vertically in the water and 
remain insensitive in heave to wave motions. Any of the 
previously described sensors can be mounted on these buoys. 

o Shipborne wave recorders, such as that desiqned by the 
Institute of Oceanographic Sciences, consisting of accelerom­
eters to measure longer waves and pressure units to measure 
the shorter ones, each of the two pressure transducers being 
mounted on either side of the ship 1-3 m below the water line. 

Wave Direction 

Considerable interest has been expressed for many years in direc­
tional wave measurements, but there are still no operational techniques 
that give satisfactory results. Part of the problem, I feel, is that 
many of the users who need directional information cannot really 
~cify what they want. Do they merely want a measure of predominant 
wave direction (whatever that might be), or do they want directional 
wave ~ctra? If so, to what anqular resolution? Until these 
questions are resolved, directional sensors are unlikely to move out 
of the arena of research into general production and use. However, it 
is worthwhile to review some of the techniques. 

Predominant Direction 

If the most basic of directional information is required, at least four 
methods are available to obtain it: visual observations, spar-on-its­
side buoy, a two-buoy wave buoy, and a structure-mounted horizontally 
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scanninq radar. As with wave-heiqht aeasur8lllents, the uae of a qood 
observer is often underrated. Quite accurate directional information 
can be obtained from visual records. Bndeco haa produced a spar buoy 
(the second method) that floats on its side and is moored at ita 
center. This system, in the absence of current, aligns alonq the 
crests of the predominant waves for certain wave periods. The addition 
of an accelerometer sensor will yield wave heiqht as well as direction. 
Third, one of the moorinq options for the NBA Wavecrest buoy is for the 
active buoy to be moored to another surface buoy, which is convention­
ally moored to the seabed, as in Fiqure 8. In the absence of currents, 
this "dumbbell" arranqement will align normal to the crests of the 
predominant waves, so the addition of a compass will qive the pred~ 
inant wave direction. Pourth, much useful information can often be 
obtained with a standard centiaetric, low-power, microwave radar unit 
with a slow scan rate, adjusted to emphasize the sea clutter, rather 
than to suppress it. With a little traininq, it is relatively easy to 
determine predominant directions from the display, or from Fourier 
analysis of the ·presented data. 

Directional Spectra 

To obtain spectral information, a minimum of three measurements must 
be taken and used to determine the first five coefficients in a finite 
Fourier series for directional wave enerqy. The way measur8lllents are 
obtained is not critical. '!'hey may take any of the followinq forms, 
for example: 

o Measurement of three heiqhts from three staffs (any of the 
staffs described could be used) mounted in a trianqular 
pattern, with the spacinq between the staffs determininq the 
wave frequency ranqe for which the measurements will be 
effective. 

o one heiqht measurement from a staff and measurements of two 
horizontal components of particle velocity in the waves, or 
two horizontal components of force imposed on the structure. 

o FUll three-dimensional measurement of the particle velocities 
near the surface. 

o one heiqht measurement and two orthoqonal measur8lllents of 
local wave slope. It is this ayat8lll, as in buoys outfitted 
with pitch, roll, and heave sensors, that has proved moat 
successful (e.q., those manufactured by lOS, Marex, Datawell, 
Nereides, and Bndeco). A prototype syst8lll is illustrated in 
Fiqure 9. However, one frequently forqotten feature of most 
of these buoys is that the signal from the accelerometer heave 
sensor noDBally used has phase laqs of 300°-360° dependinq 
on frequency, but the pitch and roll signals do not. Data 
proceasinq techniques should allow for these differences. 
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Two-buoy wave-measurement system: (a) as deployed; (b) schematic illus­
tration of mooring arrangement 
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Figure 9 Ocean data buoy with heave, pitch, and roll 
sensors for wave measurements enabling derivation 
of directional wave spectra 
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If more accurate resolution of the directional spectrum is 
required, aore than three measurements must be made. This can be done 
by using much larger arrays of staffs or more sophisticated buoys, 
such as the IOS cloverleaf buoy, which by measuring local wave 
curvature as well as slope enables the determination of up to nine 
coefficients in the Fourier series for directional wave energy. Both 
options involve complex and vulnerable installations, as well as 
considerable data handling and expert analysis. Therefore, while they 
are invaluable to researchers, they are not yet suieable for routine 
data gathering projects. 

Another technique that has shown great promise for producing 
spectral information is the use of a horizontally scanning true Doppler 
microwave radar. Since this technique yields information on both the 
position and the speed of the target, height and directional data can 
be obtained together with information about surface currents. This 
type of system is still in the research stage. 

Data Handling and Analysis 

A complete account of recording and analysis techniques is much beyond 
the scope of this paper1 it would necessitate a major work that would 
be out of date by the time it was published. 

Present-day electronic techniques are so good that data can be 
recorded and manipulated in several ways with equivalent ease. The 
skill lies in selecting an economical solution--the minimum needed to 
produce the required results--and selecting the simplest system to 
achieve it. One of the most serious problems today is that it is easy 
to collect too many data. We all do collect too many, saying that the 
data might eventually prove useful, but they seldom do1 more often, 
they become a nuisance. 

The first major decision that should be made, then, concerns 
which data really need to be recorded. For many operational require­
ments, not much more than a very simple permanent record is really 
necessary, and the choices come down to whether a digital or analog 
display will be used, where the display will be placed, whether to use 
engineering units or not, and whether to include high/low alarms. If 
permanent records are required, then what type should they be? The 
answer depends almost entirely on the uses planned for the data and 
where and when the data will be reviewed and analyzed. Although still 
widely used for wave recording, paper charts are, quite rightly, 
rapidly giving way to modern magnetic tape cassette recorders or data · 
loggers, for which the choice again coaes down to digital versus 
analog displays. 

For data manipulation in real time, the mighty aicro is coming 
more and more into its own in wave measurement, particularly with the 
advent of the versions now available that .consume very little power. 
Much can be done with these devices, and a wide range of input and 
output options can be exercised to record, display, transmit, or plot 
the data. 
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Data handlin9 is no lon9er difficult, but great care must be 
taken in threadin9 throu9h the labfrinth of available options and 
selectin9 those most suited to the work at hand. Careful plannin9 and 
detailed knowled9e of the task and its applications are necessary to 
select any hardware. 

Conclusions 

In this paper, I have attempted to describe the prospects and problema 
of 9atherin9 ocean wave data with surface-mounted sensors, includin9 
some of the requisite plannin9 considerations, brief accounts of some 
of the types of surface-mounted wave sensors available, and 9eneral 
comments on the options for data recordin9 and analysis. 
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PITCH-ROLL BUOY 
WAVB DIRETIONAL SPECTRA ANALYSIS 

L. R. LeBlanc*l and F. H. Middletonl 

Introduction 

In many different engineering operations offshore and in coastal 
regions, one of the most valuable in situ aeasurements for engineers 
is that of sea state. until recently, operating engineers who design 
floating, seai-subaersible, and bottoa-mounted structures for use in 
hostile regions had to be content with rough power ~ctral density 
(PSD) information. In soae cases, the sensor used to measure wave 
height was one of several types of wave staffs attached to a fixed 
platform or pier. In other cases, when no stationary reference frame 
was available, useful results were obtained by wave-following buoys of 
several types. 

Por offshore oil and gas operations, commercial fishing, pleasure 
boating, shipping, design of harbors and breakwaters, dredging, pipe 
laying, beach protection, and other activities, more information than 
simple PSD data is required. In aany situations at sea, the direction 
of wave propagation is nearly as important as the sea state itself. 
This is particularly obvious in the dependence of vessel response to 
the angle of attack of waves on the bow. The daaage from storm waves 
impinging on a beach also depends heavily on the angle of the waves• 
approach. 

The deployment of multiple staffs and buoys in a spatial array has 
been successful in measuring wave ~ctra and direction of wave propa­
gation, but the cost of deployment and retrieval is high, and the 
practice is limited to shallow water. Longuet-Higgins et al. (1963) 
discuss the directional wave spectrum observed by a single free­
floating buoy that was designed to follow the surface of the sea in 
displacement and in slope. Directional wave spectra were extracted 
from data on the motion of the buoy. They are as accurate, then, as 
the buoy's ability to follow the motion of the water particles. 

A soaewhat different approach is described in this paper. A 
single saall buoy, either free-floating or tethered to an anchor, is 
designed not to follow the slope of the water surface, but instead to 
pitch and roll according to the orbital particle-velocity gradient. 
'l'he dynamics of this buoy system are such that the data obtained on 
heave, pitch, roll, and compass bearing can be transformed into 
complete directional wave spectra. The data processing technique is 
presented in this paper, and applied to an ocean storm experiment. The 
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buoy used to produce these data was an Bndeco Model 956 wave-Track 
buoy and the experiment was conducted as part of ARSLOB (Atlantic 
Remote Sensinq Land-ocean Experiment, fall 1980). 

Buoy Comparison 

Sensinq the direction of propaqation of storm waves with a sinqle 
device or buoy is convenient. Two basic methods are available. 
Fiqure 1 illustrates the principal difference between the slope­
followinq and orbital-followinq buoys. The slope buoy experiences zero 
pitch-roll at the crest and the trouqh of the wave, while the orbital 
buoy experiences maximum pitch-roll at the crest and the trough. Thus, 
for the slope buoy, the phase difference between the wave displacement 
and wave slope is 90° in the presence of an ideal sinusoidal wave, 
and in the same situation, the orbital buoy has a phase difference of 
0° between the displacement siqnal and the pitch or roll siqnal. The 
difference between the phase behavior of the two buoys is quite insiq­
nificant in the analysis presented in a succeedinq section. 

The slope-followinq buoy is qenerally constructed in the form of 
a raft, or a toroid that is axially symmetric. The orbital-followinq 
buoy is usually tall and thin, and moored so that the vertical 
particle-velocity differential from top to bottom provides a tiltinq 
torque to the assembly. This technique for sensinq the direction of 
wave propaqation is quite similar to that of usinq various vector 
current-meter arrays, as reported in the literature (for example, 
Forristall et al., 1978). 

Theory 

The primary transducer in the buoy is a qimbaled accelerometer that 
maintains vertical orientation. The accelerometer output is double­
inteqrated and filtered to produce a siqnal, ~1, that is proportional 
to the vertical displacement of the buoy assembly as it follows the 
motion of the waves. This siqnal can be represented in fast Fourier 
transform representation as shown in equation (1), wherein Bln is the 
displacement Fourier coefficient: 

00 

~1 
1 I E ejnwot a-
T ln n=-oo 

(1) 

00 

t2 1 I E2n 
8 jnw0 t .. -T n=-oo 

(2) 

00 

1 I jnw t t a- E3n e o 3 T n=-oo 
( 3) 
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Figure 1 Principal pitch-roll buoy types 
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The buoy is equipped with a magnetic compass and a two-axis 
inclinometer of a special design. The compass output and the two 
inclinometer signals are combined to produce the north-south 
pitch-anqle signal and the east-west roll-anqle signal. These signals, 
~2 and ~3, respectively, and their correspondinq Fourier coeffi­
cients E2n and E3n• are identified in equations (2) and (3). 

Equation (4) indicates how the heave Fourier coefficient Blnr 
for frequency bin n, is produced by summinq the plane-wave buoy heave 
response over all anqles, ~' from 0° (N) to 3600 (N): 

E1n a Hln 6~Dn(~) ejK·X d~ (4) 

E 2n • 82n 

E3n • 83n 

2IT 6 cos~ Dn(~) 
trr 6 sin~ Dn(~) 

ejK·X d~ (5) 

(6) 

Hln is the combined frequency transfer function of the heave response 
and electronic inteqrator of the buoy, which is, of course, independent 
of ~. Dn(~) is the directional Fourier coefficient of the sea used 
to compute the directional spectrum, which is the final objective of 
the buoy system. ~n and 11:3n are the frequency transfer functions 
of the N-S and the E-W pitch and roll channels. Because of the axial 
symmetry of the buoy assembly, H2n and H3n are identical, each 
representinq the dynamic roll in response to the propaqatinq wave 
field. The amplitude and the phase of each of these frequency transfer 
functions are important in the analysis, as will be indicated later. 

Once the Fourier coefficients Elnr E2nr and E3n are 
determined from (4), (5), and (6), one can compute the real and 
imaqinary parts of the cross-spectral density as shown in equations 
(7) and (8): 

1 • 
CO i l • Re {T- <E. E1 >} n, , 1n n 

1 • 
QUO i 1 = Im {T- <E. E1 >} n, , 1n n 

(7) 

(8) 

In equations (7) and (8), the anqle brackets denote ensemble averaqinq, 
and all possible combinations of (7) and (8) for i • 1, 2, and 3 can 
be displayed in the matrix form of equation (9). Note that only six 
terms in the matrix are unique. 

{CO + jQUO } a 
n n 
~ ~ l n11 con12 + jQUOn12 con13 + jQUOnl3 1; 

CO - jQUO CO CO + jnrn (9) 
n12 n12 n22 n23 vvvn23 j 

con13 - jQUOn13 con23 - j~0n23 con33 J 
The auto-spectral terms in (9) are the diaqonal elements, COnllr 

COn22, and COn33, the heave CO spectrum, the N-S pitch CO spectrum, 
and E-W roll CO spectrum. Equation (10) shows that the first of these, 
COnll• is produced by combininq equations (7) and (4), in which! is 
the vector wavenumber with components ( k cos ~, k sin ~) , and X means 
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f(x, y). Small k is the magnitude of the wavenumber for a plane wave 
propagatinq in the direction ~. The purpose of equation (10), 

21Tl * 
con11 • 1Hlnl2t T <Dn(~)Dn(~)> d~ (10) 

is to relate the heave CO spectrum, COnll' to the directional Fourier 
coefficient of the sea acting upon the buoy, Dn(~). 

In equations ( 10) and (11) , Gn ( ~) is the directional spectrum, 
which is related to the directional Fourier coefficients of the sea in 
the manner of equation (11). 'l'o get equation (10), one combines (7) 
and (4): 

G (~) =! <D (~)D*(~)> 
n T n n 

(11) 

There is the important matter nov of determining the magnitude and 
the phase of each of the frequency transfer functions, Hln' H2n, 
and H3n--all combined re~nse operators. This must be done if one 
can hope to produce the directional spectrum from the available 
measured time-aeries channels. One could place a pitch-roll buoy in 
an ideal plane-wave field, or in a wave tank, and measure the required 
amplitude and phase characteristics of heave, pitch, and roll. This 
scalinq could be done more efficiently, however, bf operating in some 
way on the measured data. Fortunately, this can be done partially once 
the three CO spectra--COnll, 00n22' and COn33--are computed from 
equation (7) • 

Inserting equations (7) and (8) into (5) and (6) yields equation 
(12), and after rearrangement, equation (13) for the calibeation 
constants: 

CO +CO = n22 n33 co 
nll 

(12) 

(13) 

This scale-factor result can be put into a useful form by equation 
(14), which includes amplitude estimates of the roll response operators 
and their measured phase characteristics. The matrix quantity {Pn} 
can be called an instrument transfer function matrix. 

ejal 
0 0 

jHlnl 

{P } = 
I eja2 

I 0 0 (14) n a 

I 
n 

eja3. 

L 0 0 a 
n 
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Actually, the phase characteristics can be obtained in a wave tank or 
even in the field, where a undirectional sea condition might prevail. 
The heave channel re~se operator, Hln' is measured in a sea teat 
configuration. 

When the instrument transfer function matrix is ~plied now to the 
cross-spectral density matrix (equation 15) , a new compensated CO and 
QUO matrix, {<:xn}, results as shown in equations (16) through (21). 
This new cross-spectral density matrix is a valuable product of the 
data because it leads in a simple way to the desired directional 
spectrum, Gn (cp), of equation (22). The five Pourier coefficients, 
&o, a1, a2, bl, and b2, are related easily to the {an} 
matrix elements by equations (23) and (24). 

{P } {CO + jQUO } {p*}T = {y } 
n n n n n 

where {yn} = phase and amplitude corrected CO and QUO spectra. 

211' 
ynl1 = t Gn (cp) dcp 

211' 
yn12 • t cos cp Gn (cp) dcp 

211' 
ynl3 = t sin cp Gn (cp) dcp 

211' 
yn22 = fo cos2 cp Gn (cp) dcp 

211' 
Y n23 = /0 cos cp sin cp Gn (cp) dcp 

211' 
yn33 = fo sin2 cp Gn (cp) dcp 

ao 1 2 
G (cp) =-- +- L {a cos (icp) +b . sin (icp)} 

n 211' 1Ti=1 i 1 

ao = Ynll a1 = Ynl2 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 
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Results 

Durin9 October 1981, a most interestin9 lar9e-scale ocean wave 
experiment vas performed off the coast of North carolina: the Atlantic 
Remote sensin9 Land-Ocean Experiment, or ARSLOB. One of the orbital 
wave buoys that performed successfully throu9h the life cycle of a 
storm was a Type-956 Bndeco wave-Track Buoy. Throu9h the sponsor of 
this research pro~ am, Dr. Ledolph Baer of NOAA, the data tape vas made 
available to the authors. The heave displacement, the N-S pitch, and 
the B-w roll si~als were processed as outlined in the fore90in9 
discussion. The buoy was pr~ammed to transmit these three si~ls 
continuously through the life of the storm. 

Fi~e 2 is a computer printout sample of the processed data for 
a 17-minute data segment. The wave band was divided into 20 frequency 
bins, and all of the five Pourie~ coefficients for each bin are indi­
cated. Also, the ener9Y density in each bin vas computed and listed 
in the printout. The most interestin9 features of sea state durin9 a 
storm are perhaps the direction of wave propa9ation and the period of 
the most ener9etic components of the wave field. Fi~es 3 through 10 
are two-dimensional plots of contours of constant ener9Y density from 
the quiet before the storm throu9h the calm followin9. The plots are 
cartesian for simplicity of computer plottin9 and for ready identifica­
tion of their main features. Wind direction and speed are indicated 
by the heavy horizontal line in each fi~e1 si~ificant wave hei9ht 
(Hl/3) in each instance is 9iven in the fi~e caption. 

Startin9 with Fi~e 3, Hl/3 was only 3 ft and the wind vas just 
starti~ to build out of BNB direction. The wind observation vas 
obtained from the NDBO buoy some 30 km farther offshore from the 
Bndeco, which vas about 12 km offshore. Here, the nine small contours 
surround regions where nonzero ener9Y density was found. 

Ten hours later, the wind had increased by 50 percent and moved 
slightly to the northeast. Fi~e 4 shows a fairly lar9e ener9Y peak 
at about a 6 a period, just a few de~ees away from the wind direction. 

Twelve hours later, as seen in Fi~e 5, the wind had dropped a 
bit and the ener9Y had spread out in the direction-frequency plane, 
leavin9 one major peak still where the previous one existed. Note that 
a small contour means a undirectional and monochromatic wave field 
rather than small ener9Y density. As would be expected here, Hl/3 
had fallen slightly from the previous observation. 

Fi~e 6 shows si~s of the storm coming on some 10 hours later. 
The wave period of the main peak held at about 6 a, Hl/3 had risen 
to 10 feet, and the wind ma~itude had also risen, by about one third, 
in a steady direction. The height of the ener9Y density peak is very 
lllUch increased. 

Fi~e 7 illustrates the situation 12 hours later: Hl/3 had 
risen by 20 percent, the wind had decreased somewhat, and a new ener9Y 
peak appeared in line with the wind, but now with a shorter period. 

In Fi~e 8 the storm is near its peak--the wind is high and has 
llloved to almost southerly rather than easterly direction. More 
important, the dominant wave period has perhaps doubled, and the peak 
has moved toward the new wind direction. 
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EHVIROHMEHTAL DEVICES CORPORATIOH 
TYPE 956 D!RECTIOHAL WAVE-TRACK BUOY 

AR~LOE TAPE - HORTH CAROLINA 
IHSTRUMEHT 9560001 

START: 23-0CT-80 AT t3:15:ee 
STATISTICS 

FOURIER COEFFICIEHTS 
BAHD FREQ A0 AI 81 A2 82 

2 .037 31.68 e. 12 -8.10 -10.24 -1.48 
3 .062 3.49 -0.55 €1.15 -0.09 -e.s2 
4 .€186 0.78 -0. 17 -€1.09 -fl. 18 0.23 
5 • 11e 13.58 -£1.133 e. 10 -a. 18 e. 10 
6 .135 €1.42 -€1.1)4 a.a1 -e.es 0.03 
7 .159 8.70 4.134 1.83 0.72 3.89 
8 .184 35. 15 25.22 6.75 14.52 9.22 
9 .208 19. 18 9.82 8.42 -1.45 1 ! . 7'3 

Hl .232 9.72 4.3e 3.08 -0.51 4.41 
11 .257 4.39 1.1)6 13.82 l. 13 -e.es 
12 .281 3.51 1. 32 1.1313 13.113 1.4:' 
13 .306 2.137 e. 13 0.74 -0.62 0. 15 
14 .33e 1.22 13.07 0.32 -€1.46 EL 12 
15 .354 1.56 -13.04 0.53 -£1.24 e. !4 
16 .379 t. '52 a.2s ' ~.45 -13.47 fl.25 
17 .4133 0.2~ ELI34 e.l3s e.e3 -13.11 
18 .428 0.48 0.as -e.l:l1 13.136 -0. 11 
19 .452 EL39 -€1.131 0.136 EL 18 -13.05 
2€1 .477 €1.32 e. 12 -a.e4 -€1.139 -0.€19 

FREQUEHCY CENTER CEHTER EHERG':' BEST BEST SPREADIHG 
BANDNUI'EER FPEQUENCY PERIOD DENSITY ANGLE 1 At-!GLE 2 F~CTOR 

2 .037 26.9 31.68 291. 291. 13.7 
3 .1362 16.3 3,49 32 • 231. IL4 
4 . 1386 11.6 13.18 156. 257. 1:'.7 
5 .11a 9. 1 0.58 10 l. 101: !:'.4 
6 • 135 7.4 €1.42 154 • 2313. !3.2 
7 .1~9 6.3 8 . 7'0 -29. 133. 2.! 
8 . 184 5.4 35. 15 ; 19. 96. 5.8 
9 .203 4.8 19. 18 -1. 83. 4. 1 

10 . 232 4.3 9.72 -16 . 97. 2.4 
11 .257 3.9 4.39 58. 96. a.9 
12 • 281 3.6 3.5i -31. 125 • 1.8 
13 .30t5 3.3 2.07 47. 47. 1.1 
14 .33~1 3.0 1.22 -~ .j(. 31. c.;-
15 . 354 2.8 1.56 59 • 59. ! .~ 
16 .37~ 2.6 t. 52 29. 29. t.J 
17 .403 2.'5 0.29 45. 305. 13.6 
18 .42~· 2.3 e.~ 198. 382. ::1.2 
19 .452 2.2 0.39 99. 99. 0.4 
2E:'I .477 2. 1 13.32 2~7. 381. 1.3 

SIGNIFIC~NT ~~VE HEIGHT CH 1/3) . 7.0 ROOT-MEAH-SQUARE l~VE HE JGHT • 5.1!1 

Figure 2 Sample ~ave-data printout 
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Figure g is just four hours later, past the peak of the storm1 the 
wind has moved to southwest, nearly offshore, and is still blowing 
well. H113 has dropped, and the dominant wave direction peak has not 
re~onded to the direction change in the wind. Ten hours later 
(Figure 10), the wind is still strong, but now is offshore, and the 
sea has greatly quieted. 

Conclusions 

TO compare this'analysis of orbital buoy data with that of Longuet­
Higgins et al. (lg63) of slope buoy data, reference is made to equa­

* tiona (25), (26), and (27) : 

s 
G (cp) a: (1 + cos cp) 

n 
(25) 

/a/ + b2 
s 1 = lc2 + b2 a - al 0 1 

(26) 

Best angles, cpl, cp2 (27) 

The first of these equations represents a useful model of a directional 
wave ~ctrum. In this expression, s is the power of (1 + cos cp), 
which is referred to as the "spreading coefficient." The size of s is 
actually a measure of the directivity of a wave band component--large 
s, high directivity, low ·~read." 

A word should be said about angular resolution, because this 
concept is important to the user of wave-buoy data. When one says that 
the di~ectional resolution is goo, it is important to remember that 
this refers ~cifically to a single frequency. That is, if two waves 
of the same frequency propagate at an angle between them of less than 
goo, then the buoy cannot distinguish the two waves. Instead, the 
buoy will indicate a vector sum of the two waves. At first, this seems 
a serious limitation, but such an occurrence depends on wind direction, 
duration, fetch, water depth, and other factors being just right, and 
as these conditions cannot last, the effect is likely to be transitory. 

Por engineering purposes, the most important wave-direction 
measurements are reliable indications of the height and directions of 
the most energetic parts of the wave field. In considering the design 
and operation of a structure placed in the North Sea, for example, the 
most important data concern the direction from which a wave field may 
strike the structure, and the energy and wavelength of the wave 
~ctrum. Similarly, the angle of attack of a sea upon a shore is as 
important as the significant wave height. 

*To relate the results of this work to those referenced for a 
slope buoy, two best angles were defined by Longuet-Higgins et al. 
(lg63). The reader is directed to that work for a definition of "best" 
angles. 
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In the results section of this paper, the point is made that wave 
data alone are sufficient to derive both the aaplitude and the phase 
of the heave and the pitch-and-roll frequency transfer functions. 
This offers a neatly effective way to avoid complex and expensive tank 
calibrations for the bydrodynaaics of an individual orbital buoy. The 
point is particularly iaportant when physical changes are made in the 
buoy at the time of deployment. The installation of a larger battery 
pack to extend the period of the buoy's use, for example, will change 
the height of the seawater level on the buoy, and the added mass will 
clearly influence heave, pitch, and roll. The auto-calibration tech­
niques set out in this paper obviate the need for recalibration each 
time changes are made. 
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SUBSURFACE WAVE-MEASURING SYSTEMS 

George z. Forristalll 

Abstract 

Pressure transducers were one of the first means used to measure waves 
in coastal waters. Nevertheless, some stigma has been attached to 
their use, since the wave signal is attenuated by overlying water. In 
some investigations, the correction for this attenuation has not been 
done, or has been done improperly. Contemporary high-resolution 
instruments and digital data processing techniques can now be used to 
get accurate wave data in many situations. An intercomparison between 
a wave staff and a pressure transducer mounted 56 ft below mean water 
level was conducted at the Buccaneer platform in February 1980. The 
analysis showed that ~ctral methods could be used to convert the 
pressure record to wave height for attenuation factors up to about 10 
to 1. Past-re~nse current meters can be used in conjunction with 
pressure transducers or wave staffs to estimate the directional wave 
~ctrum. In the past few years, this technique has become more or 
less routine. SOme recent examples include the Ocean Test Structure 
experiment to study wave forces on platforms, a fatigue~nitoring 
program at the Cognac platform, an experiment to study the attenuation 
of waves propagating over a soft muddy bottom, and a tripod used for 
study of the bottom boundary layer. 

Introduction 

In relatively shallow water, it is often convenient to use pressure 
transducers to measure surface waves. The transducers can be made 
quite accurate: subsurface placement eliminates. the problems associated 
with mounting surface-piercing gauges and with buoys, which can be 
destroyed by fishing. Much good work has been done with pressure 
transducers, for example, the classic study of wave propagation across 
the Pacific Basin by Snodgrass et al. (1966). Yet Kinsman (1965, 
P• 144) enjoins us not to "go around making general statements about 
the sea surface on the strength of bottom pressure records," and many 
ocean engineers instinctively distrust results obtained from pressure 
records. 

The difficulty with pressure records is that they do not exactly 
duplicate the wave heights above them, but present instead a highly 
filtered version of those heights. For a sinusoidal wave with 
frequency f and wavenumber k described bf linear theory, 

lshell Development Company 
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P = H cosh (kz) 
cosh (kD) (l) 

where the pressure P and the wave heiqht H are both expressed in units 
of lenqth (head), D is the water depth, and z is the heiqht of the 
pressure transducer above the bottom. If the depth is small compared 
to the wave lenqth so that kD is small, the pressure and wave heiqht 
will be nearly equal. However, if a qauqe is installed on the bottom 
in 100 ft of water, the pressure from a wave with a period of 5 a will 
be attenuated by a factor of 67. 

Bven though the pressure record is not directly equal to the wave 
heiqht, it should be possible to recover wave height from the record 
if the filter function is known. Equation (l) is often used for this 
purpose, but there are several possible problems with its use. The 
dynaaic pressure due to the kinetic enerqy of wave orbital motions has 
been neqlected in its formulation, and it is based on linear theory, 
which only approximates the solution of the boundary value problem for 
waves of finite steepness. Theoretical calculations can be used to 
show that errors resultinq from these problems should be relatively 
small, but verification of equation (1) in field conditions is still 
hiqhly desirable. 

Real ocean waves are not sinusoidal, but complex and irreqular. 
It is thus natural to use Pburier analysis to decompose the wave and 
pressure records into their component frequencies and verify that 
equation (1) describes the transfer function between the variables. 
It is also possible to select individual waves from the record and 
apply equation (1}, usinq the wavenumber& appropriate to the periods 
of those individual waves. This wave-by-wave analysis iqnores the fact 
that individual waves contain harmonics other than the frequency of 
the zero crossinq period, but the technique is apparently still widely 
used. 

Grace (1978) measured swell in 37 ft of water off Honolulu usinq 
a resistance wave staff and a Bendix wave pressure qauqe. Defininq 

n = H cosh (kz) 
P cosh (kD) (2) 

he found from a wave-by-wave analysis that n was qreater than 1 for 
lonq waves and decreased to less than 1 for shorter waves. There was 
much scatter in the observed values of n for this type of analysis. 

Tubman and SUhayda (1976) found a similar decline in n with 
decreasinq wavelenqth in their wave-by-wave analysis of measurements 
from East Bay off the Mississippi Delta. The water depth at the site 
was 65 ft and the waves were considerably shorter than those studied 
by Grace. SUhayda (1977) pointed out that pressures hiqher than those 
predicted by linear theory were consistent with an elastic response of 
a soft bottom. 

Grace (1978) also performed a Fourier analysis of one of his 
records and found that n in equation (2) was very close to unity for 
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component waves to D/L • 0.3, where L is the computed length of the 
component wave. It is possible, however, to explain the discrepancy 
between the results of the two methods of analysis. If the zero 
crossing period for a wave is long, a small correction factor appro­
priate to a long wave is applied, even though short-wavelength com­
ponents contribute to over-all wave height. The wave height calculated 
by correcting the pressure record is thus likely to be too small. The 
opposite effect may occur when the zero crossing wave period is short, 
since the correction factor chosen may be too large. 

The problems of wave-by-wave analysis of pressure data can be 
illustrated using simulated wave-height and pressure data. We 
performed such simulations using specified wave spectra with phase 
angles given by a pseudo-random number generator. The wave time series 
was synthesized using the inverse Fourier transform and the pressure 
time-series was produced by applying equation (1) to each Fourier com­
ponent of the wave spectrum. Thus, n • 1 exactly for all frequencies 
if a spectral analysis of the simulations is performed. In contrast, 
a wave-by-wave analysis leads to the large scatter shown in Figure 1. 
This particular simulation was for a Pierson-Moskowitz spectrum at a 
wind speed of 25 miles per hour and a water depth of 65 ft with the 
pressure transducer on the bottom. The scatter in the values of n and 
the decline of n with increasing D/L are similar to the features 
observed in the real data discussed above. Simulations with different 
spectral shapes gave somewhat different results, with broad spectra 
producing the most variation in n, as expected. 

The simulations clearly show that pressure records should not be 
corrected with wave-by-wave analysis, and that equation ( 1) should be 
verified by spectral analysis. Simpson (1969) performed a spectral 
analysis of measurements made from the end of a pier at Blackpool. The 
water depth at high tide was 20 ft and the pressure transducer was 
mounted 8 ft from the bottom. The wave staff used was a capacitance 
type, the pressure transducer an LC oscillator tuned by a capacitor 
whose plates were moved by the pressure. Results of the analysis 
agreed very well with equation (1) up to (D - z)/L • 0.4. 

Bsteva and Harris ( 1970) made similar measurements from the Steel 
Pier in Atlantic City. Mean water depth was 15.5 ft, and the lowest 
pressure gauge was near the bottom. They found good agreement with 
equation (1) for D/L up to 0.3, noting that for higher waves, n in 
equation (2) was closer to 1 and showed less scatter. 

Cavaleri et al. (1978) made measurements from a tower in the 
Adriatic Sea in 52 ft of water. A resistance wave staff was used, and 
the pressure transducers were set at various depths to 48 ft during 
the experiments. Their spectral analysis showed that n was neither 
constant nor close to unity, but decreased from 1.2 at low frequency 
to 0.8 at high frequency. They found no evidence of finite-amplitude 
effects. 

The weight of the evidence suggests that equation ( 1) may be used 
to convert pressure measurements to wave heights, but in view of the 
careful work by Cavaleri et al. (1978), some doubt must remain. 
Additional data would be welcome, particularly those obtained from 
measurements in deeper water. We recently installed a pressure 
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transducer in a study of the attenuation of waves by a soft bottom, 
similar to the work of SUhayda (1977), and at his site. Thus, we were 
quite interested in learning the response of the transducer and 
conducted a short comparison experiment at the Buccaneer platform. 

'J.'he Buccaneer Comparison Experiment 

The Buccaneer production platform is located approximately 25 miles 
south of Galveston, Texas, in 68 ft of water. An oceanoqraphic 
station was maintained at the platform for a number of years and 
collected some interesting information on storm waves (Forristall et 
al., 1978). The station is no longer operated continuously, but some 
of the hardware, including the wave staff, remains in place. The 
bottom in the area is stiff clay alternating with sand. The location 
was logistically convenient for the test. 

The two structures comprising the platform are connected by a 200-
ft bridge. A Baylor inductance wave staff was stretched between the 
center of the bridge and a 20,000-pound deadweight anchor on the sea­
floor. The wave staff was calibrated by shorting it at two points 
before and after the test. The pressure transducer used was a 
Digiquartz manufactured by Paroscientific, which functions by sensing 
the vibrational frequency of a piezoelectric crystal. The precision 
and accuracy of the instrument in static tests are quite remarkable. 
We checked the performance of the instrument prior to installation by 
comparing its output to a mercury barometer to within 0.01 inch of 
mercury. 

The pressure transducer was installed by mounting it on a taut 
wire loop previously used to hold current meters and lowering it to 12 
ft above the seafloor. Its frequency signal was converted to a 
voltage by a specially designed circuit, and both this signal and that 
of the wave staff were recorded on a low-speed Geotech recorder. 

Continuous recordings were made by the system from February 6 to 
February 26, 1980. A moderately strong winter storm that arose soon 
after installation produced south to southeasterly winds up to 30 miles 
per hour. The weather for the rest of the recording period was rather 
mild, producing no large waves. After the analog tape was recovered, 
all of the data were digitized at two samples per second and subjected 
to cross-spectral analysis. 

Figure 2 shows an example of the analysis for a period during the 
storm at 2100 CST, February 7. All three panels of the figure have a 
common frequency ordinate. The bottom curve shows the power spectrum 
from the wave staff in ft2/Hz, which has a reasonably sharp peak at 
f • 0.123 Hz. 'J.'he top panel of the figure shows the coherence squared 
between the wave staff and pressure transducer. It is very close to 1 
for the range of frequencies over which the pressure signal is above 
the noise level. The value of n calculated from the transfer function 
and equation (2) is shown in the middle panel. For the frequency range 
over which the coherence is high, n is close to 1, showing that linear 
theory adequately describes the attenuation of pressure with depth, 
and that equation (1) can be used to convert pressure records to 
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wave-height records over a reasonably wide frequency range. For the 
example given in Figure 2, it seems that the compensation could be 
carried out reliably to about f • 0.22 or (D - z)/L • o.s. 

The results shown in Figure 2 are representative of all cases in 
which the significant pressure variation exceeded 1 ft. When the 
signal was smaller, the analysis showed much more scatter from unity 
in n. Pigure 3 represents a record taken a little over 2 days after 
that of Figure 2. The wave spectrum has decreased considerably and 
components with frequencies less than 0 .15 Hz have al.Jaost disappeared. 
The pressure signal is thus quite weak. The coherence between wave and 
pressure is still high over a wide range, but n is rather far from 
unity. Although n is relatively constant in the example plotted, it 
was not constant across all low wave-height records. Figure 3 illus­
trates the worst case. The reason is not known, but we suspect that 
it may be the poor response of our recording system at low signal 
levels. 

No information on the phase between the wave and pressure signals 
is given in Figures 2 and 3, since the phase difference was always 
small when coherence was high. The pressure transducer was located 
about 6 ft north of the wave staff, and the phase lag of the pressure 
behind the wave for f • 0.123 on February 7 was about 5°, consistent 
with a wave propagating northward. There was also a tendency for the 
phase lag to increase with increasing frequency. 

The high coherence between the wave and pressure records suggests 
that it should be possible to use equation (l) to construct one of the 
signals, given the other. Figure 4 shows the results of this compen­
sation for a short section of the data that were analyzed in producing 
Figure 2. The top pair of traces in Figure 4 shows the measured 
pressure and the wave signal converted to pressure using equation ( 1). 
Both traces were shifted up arbitrarily by 10 ft for display. The 
bottom pair of traces shows the measured wave height and the pressure 
compensated for hydrodynamic attenuation through the inverse of equa­
tion (1). Both compensations were made in the frequency domain and 
converted to time series using the inverse fast Fourier transfora. 
Since the coherence drops off rapidly for high frequencies, only 
frequencies below 0.215 Hz were used in the compensations. 

The top two curves in Figure 4 are nearly identical, showing that 
a pressure time-series near the bottom can be accurately calculated 
from a wave-height time series. The bottom traces also agree, but 
there are some errors in the details of the compensated pressure. 
High-frequency components are missing, and the details of the peaks of 
the individual waves are not reproduced exactly. 

The difference between the comparisons is due to the attenuation 
of the high-frequency components. For (D - z)/L greater than 0.5, the 
pressure signal drops off very rapidly' thus, the high-frequency com­
ponents of the waves are irretrievably lost. We conclude that pressure 
can be accurately calculated from wave measurements and wave measure­
ments from those of pressure, and that both calculations are good 
enough for many practical purposes, provided that data on the 
high-frequency components are not required. However, it would not be 
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sound to use pressure measurements to study wave features such as the 
skewness caused by nonlinearities. 

Usinq contemporary instruments and methods of analysis, it is 
possible to convert pressure measurements to wave heiqhts for frequen­
cies such that (D - z)/L is less than 0.5. The compensation for 
attenuation should be applied in the frequency domain to each indi­
vidual Fourier component. For site surveys, the components above the 
hiqh-frequency cutoff miqht be restored by fittinq an equilibrium ranqe 
to the measurements. 

The Directional Spectrum from Current-Meter Measurements 

SUbsurface sensors can also be used to estimate the directional wave 
spectrum. One obvious method would be to set out an array of pressure 
transducers, and this has in fact been done with some success. How­
ever, the use of electromaqnetic current meters has become much more 
popular in the past few years. 'l'he current meter measures the oscil­
lations under the waves, qivinq directional information equivalent to 
a trianqle of wave gauqes or a tilt-and-roll buoy. 

Blectromaqnetic current meters were used to measure the 
directional properties of waves 15 years ago by Bowden and White 
(1966). The instruments have now been made sufficiently stable and 
reliable to be used almost routinely. Several recent experiments 
usinq these instruments are described below. 

The ocean Test Structure 

Much of the recent work with electromaqnetic current meters has been 
done by the offshore oil industry. The desiqn of offshore structures 
can be improved by knowinq the directional spectrum, and the structures 
themselves are a good place to mount the instruments. 

In November 1976, Exxon installed the OCean Test Structure in 66 
ft of water in the Gulf of Mexico. Althouqh the structure was 20 x 40 
x 120 ft, it was actually intended as a larqe-scale model of prototype 
platfoDDs for exploration and production that are much larqer. The 
proqram attracted the support of many other companies and drew on the 
talents of several consultants for instrumentation and analysis. 
over-all descriptions of the proqram are qiven by Harinq et al. (1978) 
and Geminder and Pomonik (1979). 

'l'he experiment was desiqned to produce an improved understandinq 
of the forces caused by storm waves. 'l'he structure and instrumentation 
system were designed to enable calculation of the total lateral load 
and overturninq moment from strain measurements made at the base level. 
In addition, local forces were measured at many locations and a 
detailed description of the waves was provided by 5 wave staffs and 11 
electromaqnetic current meters. The instrumentation layout is shown 
in Fiqure 5. The data acquisition system recorded 96 channels of 
information at 10 Hz durinq storms. 
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The Ocean Test Structure 

Wave-staff and current-meter 
locations at the Cognac platform 
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The large number of oceanographic sensors on the platform per­
mitted an investigation of different methods of describing the 
dinctional spectrum. A single curnnt meter and wave staff provide 
only limited information about directional spreading. This inforaation 
seems beat used in determining the parameters of a unimodal and 
symmetrical function. The parameters give the mean direction of travel 
and some measure of the spreading at each frequency. The method works 
well if the true spectrum is unimodal and symmetrical at each fre­
quency, but poor results will be obtained if these conditions are not 
met. Previous experiments with high directional resolution have indi­
cated that the directional form is usually simple, but the issue is far 
from resolved. The Ocean Teat Structure results provide a valuable 
opportunity to determine the optimal number of sensors for obtaining 
directional spectra. 

Borgman and Yfantis (1979) calculated the cross-spectrum between 
each pair of a set of sensors and formed a large system of equations 
for the Fourier coefficients of the spreading function. A method of 
weighted least squares was used for the solution of the system. They 
found that even though there were many sensors, only a few coefficients 
could be nliably calculated, since the spatial separation of the 
sensors was rather small compared to the wavelengths of interest. 
However, they were still able to test for bimodal spreading functions. 
They could not clearly identify any cases of bimodality in several 
hours of data from different storms. This negative result is quite 
useful, since it suggests that a single wave staff and current meter 
provide enough data for moat purposes. It seems that different 
directions of wave travel are largely separated into different 
fnquency ranges. 

Cognac Platform 

After structures are designed and installed, the need often remains to 
monitor the waves and the response of the structure, particularly when 
the structure or the site is new. The Cognac platform just south of 
the Mississippi delta is such a structure, constructed at sea from 
three huge prefabricated pieces to form the largest oil production 
platform. It stands in just over 1000 ft of water. 

The design of the cognac platform took into account results from 
a fatigue analysis (~nra and Marshall, 1979), since the fundamental 
period was in the range where almost continuous wave action was 
expected. Millions of low-stress cycles could damage the structure 
through fatigue. The analysis showed, however, that directional 
spreading of the waves substantially reduced the stresses. 

More platforms will certainly be built in similar environments and 
water depths, so it is valuable to monitor the Cognac platform's per­
formance, and to compare actual performance to the design calculations. 
Por this purpose, a rather complete system of instrumentation was 
designed and installed with the platform. A 32-channel microcomputer 
data acquisition system records such variables as strain in selected 
platform members and acceleration of the deck. Estimates of the 
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directional wave ~ctra are deduced from the measurements of a wave 
staff and two electromagnetic current meters. Figure 6 shows the 
arranqement of the wave staff and current meters. 

The current meters are supported on a taut wire system of the type 
described by Forristall and Hamilton (1978). It consists of a single 
wire rope stretched over an upper and lower sheave and tensioned with 
an adjustable spring above the upper sheave. The current meters are 
clamped in frames which are supported by the taut wires. The meters 
may be raised or lowered by rotating the sheaves. The system has been 
proved in several installations. It provides a nearly rigid mount with 
minimal interference to the incident flow. 

For the Cognac instrumentation project, the current meters were 
originally set at 7 and 27 ft below mean water level. The upper meter 
was set high to provide good directional information on short waves, 
which cause the bulk of fatigue loads1 the bottom meter was placed low 
enough that it would only rarely come out of the water (in high storm 
waves, for example). 

The monitoring program has been in constant operation since the 
spring of 1979, and many useful data have been collected, including 
measurements during Hurricanes Bob, Frederic, and Allen. 

The Sea wave Attenuation Measurement Program (SWAMP) 

The Cognac wave measurements are also being used as data in a program 
focusing on the attenuation of waves as they propagate over a soft 
bottom. The Mississippi delta lies just north of the Cognac platform, 
and the soft sediments deposited there can attenuate water waves 
through frictional dissipation. 

TO obtain quantitative information on this mechanism, SWAMP was 
initiated the summer of 1979, using a Waverider buoy moored in 70 ft 
of water in East Bay. The Cognac system and the buoy obtained data 
during Hurricane Frederic. In December 1979, the shallow-water 
measurements were extended to include platform-based measurements using 
a wave staff and two electromagnetic current meters. This system has 
been described by Forristall et al. (1980). The wave staff and current 
meters are supported by a mast hung from a 200-ft bridge connecting 
two platforms. Figure 7 shows the current meters mounted on the mast 
just before the mast was rotated into the water. The mast is designed 
to be reasonably transparent to waves propagating through it. Guy 
wires stiffen it, keeping it almost motionless, even in storm waves. 

The first step in the analysis of the SWAMP data is comparing the 
directional wave ~ctra measured at Cognac and those measured at the 
site in East Bay. In order to determine accurately the degree of 
attenuation owing to the deformable bottom, transformations due to the 
shape of the bottom contours must first be calculated. Thus, we 
perfoDDed a complete refraction analysis for each frequency and 
direction of travel at the shallow-water site. 

Figure 8 shows the result of refracting the spectrum that was 
measured at 1200 COT on september 12, 1979, during Hurricane Frederic. 
The directional spreading is described by the parametric form 
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Figure 7 The SWAMP instrument mast being lowered into the 
ocean. One spherical current meter is visible at 
the end of the mast and the other is held by a 
frame above the mast. 
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8(8) = N(s) cos28 (8 - 8 ) 
0 

where eo is the mean direction of travel, s the parameter of 

(3) 

spreading, which increases as the directional spread narrows, and N(s) 
is included to normalize the area to unity. The refraction was done 
separately for each direction and frequency band, and the results were 
then reparameterized for purposes of comparison. The refraction and 
shoalinq correction reduces the enerqy in the spectrum and also rotates 
the wave rays so that they are travelinq closer to due north and are 
closer to unidirectional. Shieldinq by the passes of the delta 
prevented most of the enerqy above 0 .10 Hz from enterinq East Bay. The 
values of 80 and s above those frequencies in the refracted spectrum 
thus describe the few rays that curved around the passes. 

Durinq Frederic, only the Waverider was in place in shallow water, 
so no directional measurements are available for comparison. The 
measured power spectrum (Forristall et al., 1980) was still much less 
than the refracted spectrum, showinq attenuation by a nonlinear 
process. Analysis of storm data, includinq directional measurements, 
is now in proqress. 

The Boundaxy-Layer Measurement System ( BLMS) 

Measurements of the directional spectrum usinq current meters do not 
necessarily need to be made from platforms. The same sort of system 
is also well suited to makinq measurements in the bottom boundary 
layer. The dynamics of this layer have been one traditional focus of 
sediment transport studies, but they are also important to the desiqn 
of pipelines. The fluid velocity very near the bottom qoverns the 
stability of a pipeline laid on it. To prevent wasteful overdesiqn, 
the pipeline should not be buried when its weiqht on the bottom is 
sufficient to prevent its motion in storm waves. 

The American Gas Association (AGA), a trade qroup that sponsors 
many research projects to better the industxy, has funded work on the 
stability of pipelines for several years. The association's latest 
project was the desiqn, construction, and deployment of a bottom­
supported tripod holdinq a stack of five current meters and a pressure 
transducer, as well as related equipment (Dick and James, 1980). 

The complete instrument packaqe is shown in Fiqure 9. The current 
sensors are spaced at 9, 18, 37, 73, and 145 inches above the bottom, 
with rouqhly loqarithmic spacinq to provide maximum information about 
the wave and current boundaxy layers that are expected to have a 
loqari thmic structure. The tripod is supported on the ocean floor by 
three disk-shaped pads: these provide stability in storm conditions and 
maintain a low pressure on the bottom. Data are stored on sea Data 
cassette recorders in a burst mode, triqqered by storm events that 
exceed preset thresholds. 

Analysis of the data usually beqins with determination of the 
directional spectrum, usinq data from the top current meter (which is 
least affected by boundaxy-layer effects) and the pressure transducer. 
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1. Current Meter 
2. Recording and Control Module 

3. Camera 

4. Pressure Sensor 

Figure 9 Arrangement of the boundary-layer measurement 
system tripod and instruments 
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In this case, attenuation of the high-frequency components of the 
spectrum is of little consequence, since the pressure transducer and 
current-meter signals are affected nearly equally. The signals that 
penetrate to the sensors are the only ones important in producing the 
boundary layers. 

Conclusions 

SUbsurface sensors have an important role in wave measurement. Pres­
sure transducers can be used to measure the wave spectrum for wave­
lengths greater than twice the water depth if spectral techniques are 
used in the data analysis. The use of current meters to estimate the 
directional spectrum has now be.come routine and is an excellent choice 
for this purpose whenever a stable location for the meters can be 
found. 
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WAVE-MEASUREMENT TECHNOLOGY IN THE 1980s 

A. w. Greenl 

1. Introduction 

In the preparation of this presentation, I reviewed the evolution of 
in situ wave-measuring systems since the early 1960s.2 While this 
effort uncovered measurement systems that I had never heard of or had 
long forgotten, I was also struck by the number of wave detectors that 
had not changed. I was particularly impressed with the fundamental 
progress achieved in the early 1960s: many of the scientific and 
technical problems we face today were first defined then. Most of our 
gains since that time have been in refinements of measurement systems 
through adaptations of integrated circuit technologies, the most 
important of which are microprocessors. such improvements in 
measuring systems, and the widespread availability of digital 
processing systems designed to sample numerous sensors at high rates, 
have provided the basis for recent improvements in our understanding 
of the physics of wave-train instabilities and wave-group 
phenomenology. 

Thus, I begin the presentation of wave-measurement technology in 
the 1980s with a brief review of the advances critical to the develop­
ment of in situ systems in the past two decades and attempt to project 
their further development (Section 2). In Section 3, I describe novel 
wave-sensing methods that might be used in systems of the near and 
mid-term future, and in section 4, I synthesize some of these ideas to 
simulate futuristic in situ ocean wave-measurement systems. 

2. Evolution of Wave-Measuring Systems 

In the 1960s, a typical in situ wave-measurement system consisted of 
analog detectors, such as heave sensors, capacitive-, inductive-, or 
resistance-type wave staffs that were linked in some fashion to a data 
logging unit (Figure 1). The heart of the data logging subsystem was 
a multichannel, multispeed FM tape recorder, an analog (or hybrid 

lphysical Oceanography Branch, Naval Ocean Research and Develop­
ment Activity, u.s. Navy 

2For general references on the evolution of wave-measurement 
technology, see National Academy of Sciences (1963) Ocean Wave Spectra 
(Englewood Cliffs, N.J.: Prentice-Hall); American Society of Civil 
Engineers (1974), Proc. Int. Symp. Ocean Wave Measurement and 
Analysis, Vol. 1, September 9-11, 1974, New Orleans, Louisiana; Farve, 
A. and K. Kasselmann (1977), Turbulent Fluxes through the Sea Surface 
(New York: Plenum Press). 
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A SIMPLIFIED BLOCK DIAGRAM OF A WAVE MEASUREMENT/DATA PROCESSING SYSTEM 1960-1970 
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analoq/diqital) ~ctrum analyzer, and an analoq plotter. More pros­
perous workers were eventually able to afford hiqh-speed analoq/ 
diqital converters (A/D) connected to diqital tape recorders. The 
diqital records were analyzed on mainframe computers that could be 
proqrammed to perform the appropriate analysis. Calibration data for 
the analoq system could be incorporated at this staqe. In a few 
instances, interactive qraphic display was available from the mainframe 
computer. 

By the mid- to late 1970s, the typical measurement systems 
included the same types of detectors, but were equipped with diqital 
data loqqinq systems made up of microprocessor-controlled A/Ds coupled 
with diqital tape recorders (Fiqure 2). A local microprocessor-based 
minicomputer was often available for partial analyses of incominq data, 
controlled by interactive qraphics terminals. Initial evaluations of 
data quality could also be performed routinely. More extensive 
analyses were made on the mainframe computer, which was able to 
convolve calibration data with the data stream and perform data quality 
checks. A larqe selection of library proqrams was available for time 
series analysis. Diqital systems qreatly improved the stability and 
accuracy of measurements, the earlier analoq systems were subject to 
drifts of references and were difficult to calibrate. 

In some cases, the wave detector was coupled to the data loqqinq 
system by a telemetry link. If space and power were sufficient, the 
entire measurinq system, includinq the wave detector, the 
microprocessor-controlled data loqqinq unit, and the telemetry link 
could be packaqed as a remote station. The addition of a fast Fourier 
transform module, appropriate filters, and data conditioners enabled 
the remote station to preprocess spectral data. This new feature 
considerably reduced the communication linkaqe requirements. A system 
of this description has been used by the National Data Buoy Office 
(NDBO) for its larqe wave-recordinq data buoys (Steele and Johnson, 
1979). 

Two notable trends in these developments are: conversion of data 
to a diqital format immediately after collection, and an increasinqly 
versatile data loqqinq system. One or more microprocessors function 
as data stream manaqers or as onboard computers proqrammed to analyze 
selected sequences of the data streams. The microcomputers are also 
capable of deconvolvinq the data stream with the transfer function of 
the wave detector. The final data product is stored on a diqital tape 
recorder for later retrieval, or on a low-power, random-access memory 
until transmitted via the telemetry link. Tasks deleqated to the larqe 
computer are usually only those that require considerably qreater 
capacity than that of the microcomputer at the measurement site. These 
jobs include consistency checks between data and models, multidimen­
sional probability distributions of larqe data sets, or computations 
of spectral transfer amonq the components of the wave spectrum. 

These advances have been made possible by the concurrent shrinkinq 
in size of inteqrated circuit components and the remarkable increase 
in computer power. This trend should continue over the next decade. 
More on-site data analysis will allow us to select data from the 
measurement stream so that particular events of interest can be 
analyzed without havinq to wait for access to a mainframe computer. 
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We should also note that there has been little evolution in wave­
detector systems. There are numerous possible reasons for thisJ among 
the most important, perhaps, is that available detectors give the 
desired responses. The consistent use of the same types of detectors 
also gives a continuity to measurements from one system to the next, 
although it is quite clear that there are no well-defined standards for 
the detector. Consistent differences between wave-measuring detectors 
have been noted by a number of authors (see Hasselmann et al., 1973), 
but the reasons for these differences are now fairly well understood. 
One change that has occurred is the qreatly increased number of wave 
detectors that can be serviced by a given data system. wave-measure­
ment systems in use today may have the capabilities to service arrays 
of 50 to 100 detectors. Using a qreater number of detectors in a given 
experiment permits finer space-time resolution of particular events or 
processes in the wave field. Based on the observation that few changes 
have been made in wave detectors in the recent past, I surmise that few 
will be made in the next decade. 

3. Sensors for the Future 

In this section, I speculate freely about future adaptations of present 
and emerging technologies for wave detection. I also briefly discuss 
the implications of compressing wave detection and data logging 
systems. 

A New Pitch-Roll Sensor 

Vali and Shorthill (1976) showed that a fiber ring interferometer 
detects anqular rotations owing to the Saqnac effect. The Saqnac 
effect (see Post, 1967, for details) occurs when the ring interferom­
eter is rotated about an axis normal to the plane of the interferom­
eter. The interferometer (Fiqure 3) is composed of a long segment of 
fiber-optic wave quide that is wound around a support, a beam splitter, 
a light source (laser, laser diode, or other line source of light), and 
a fringe detector. The light beam is split so that each portion 
propagates from opposite ends of the fiber. The light waves emerging 
from the ends of the wave quides form interference patterns (fringes) 
when they are superposed. When the interferometer is rotated at 
anqular velocity Q , there is a shift in the fringe pattern, 

where L is the lenqth of the fiber loop, R is the radius of the loop, 
A iS the free-space wavelenqth of the light, cis its free-space 
velocity, and Q is the anqular rotation rate. Variants of this device 
have a long and interesting history (Post, 1967). Lin and Giallorenzi 
(1979) showed that the fiber ring interferometer could detect Saqnac­
effect rotations with sensitivities on the order of 1/1000 degree per 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


MULTI-TURN SINGLE-MODE 

OPTICAL FIBER LOOP 

Figure 3 

214 

SAGNAC EFFECT 

FIBER RING INTERFEROMETER 

FRINGE PATTERNS 

SCHEMATIC REPRESENTATION OF A 3-AXIS SAGNAC EFFECT nGYRO" 

SOURCE & FRINGE 
DETECTORS 

A HALL EFFECT 
,_,AGNETOMETER 
(EARTH REFERENCE) 

Figure 4 

Copyright © National Academy of Sciences. All rights reserved.

Measuring Ocean Waves:  Proceedings of a Symposium and Workshop on Wave Measurement Technology
http://www.nap.edu/catalog.php?record_id=19570

http://www.nap.edu/catalog.php?record_id=19570


215 

hour. This sensitivity is much greater than that required to detect 
pitch and roll on a wave-followinq buoy. 

The device could be the "ultimate" pitch-roll detector. First, 
it has no movinq parts. Second, it shows no inherent drift. Third, 
it can be constructed very inexpensively from easily obtainable com­
ponents, and its confiquration can be made robust. Nested interferom­
eter rinqs (Fiqure 4) could be confiqured as a sensitive inertial 
naviqation system, or as a Saqnac-effect pitch-roll detector, with much 
less strinqent design requirements and at somewhat lower costs. These 
detectors would be linear in their response to pitch and roll, whereas 
those used today, operatinq on mechanical principles, are subject to 
resonances and liable to hiqhly nonlinear response under some forcinq 
conditions. 

The absence of movinq parts would also eliminate the mechanical 
failures of present-day pitch-roll sensors. A three-axis Hall-effect 
magnetometer could furnish an "earth reference" for the new sensors. 

SUbsurface Wave-Heiqht Detectors 

Bottom-mounted pressure transducers have been used successfully for at 
least a decade to measure pressure fluctuations due to surface waves. 
These detectors have a linear response when the waves are in the 
shallow-water reqime, and when local, dynamically qenerated pressure 
fluctuations are removed. The limitations of these detectors are well 
known, and appropriate transfer functions can be used to compensate for 
some of the errors introduced by the sensors. Robert Dean (private 
communication) recently developed a variant of the pressure transducer 
array (Fiqure 5), that may replace the arrays now in use. This device 
detects differential pressures between elements of the array. The mean 
hydrostatic field over the array is subtracted as a background measure­
ment, and the differential pressures across the array are measured 
directly. This method reduces random error in the estimates of 
pressure gradients caused by takinq differences amonq total pressures-­
measurements that include a larqe hydrostatic term. 

Direct measurements of water-heiqht variations can also be made 
usinq sonar. Roderick (1979) demonstrated that arrays of ultra-hiqh­
frequency sonar transducers could be used to measure surface-heiqht 
variations with a hiqh degree of resolution (Fiqure 6). I believe this 
method of wave detection has not been more extensively used because it 
requires the coordinated application of techniques from two distinct 
disciplines, acoustics and hydrodynamics. In addition, the high data 
rate demands specialized processinq methods. 

Sonar wave detectors have one decisive advantaqe over pressure 
transducers; namely, their response to surface displacements is 
inherently linear. Instrument noise is mostly predictable, althouqh 
problems can be caused by air bubbles. 

Since the publication of Roderick's work, the costs of assemblinq 
sonar wave detectors may have decreased with larqe-scale integration 
of the circuits. For instance, the transducer, driver, amplifier, 
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detector, and timing circuitry required for a basic system are now 
available on a single LSI (large-scale, integrated) circuit, the cost 
of which is quite low. These circuits are commonly used in depth 
sounders and in fish detectors on recreational boats. Measures of wave 
steepness and directional spectra can be obtained from arrays of these 
sonar transducers. Advances in integrated circuit technology would 
also reduce the size of the data control network that was originally 
used in Roderick's demonstration of the concept. 

Substitutes for wave staffs 

Sea state is often continuously monitored on offshore structures by 
wave staffs that detect resistance or capacitance changes caused by 
water-surface displacement. Although these systems have proved quite 
reliable, they are subject to marine fouling and are sometimes expen­
sive to maintain. 

There are two interesting alternative detectors for wave measure­
ments from stable platforms in shallow water. One is radar sounding 
of the water surface by a narrow-beam radar transmitter/receiver 
mounted on the platform. Such a system is now under development at 
Grundy Environmental Systems in San Diego, california. Ranging from 
the platform to the sea surface is also possible with ultra-high­
frequency sonar. This method may have an advantage in that parametric 
beam-foDDing can produce a sufficiently small footprint at an accept­
able power level. To the best of my knowledge, there is no development 
under way of a sonar system to measure wave direction. 

As or. Allan Parker notes in these proceedings ("Wave Measurements 
Using Surface-Mounted Instruments"), laser wave-height systems are 
already in service. Arrays of radar, acoustic, or laser transducers 
could be used to make measurements of wave steepness and directional 
spectra with the appropriate processing equipment, but special data 
processing methods would have to be developed for the high data rates. 
In many cases, maintenance of these systems could be somewhat less 
costly than maintenance of existing wave-staff systems. 

Compression and standardization of Wave-Height Measurement Systems 

With the large-scale integration of electronic circuitry available 
today, the reduction of an entire data'logging system, including data 
quality control, filtering, and spectral analysis modules, could 
conceivably be compressed to a volume less than 1000 cc. This could 
include mass-storage devices based on bubble memories, with capacities 
equivalent to the standard digital cassette. Compression of the data 
processing electronics, combined with standardization of circuitry, 
would lead to significant cost savings for users: the data computer 
would incorporate a standard computer communications interface. 
Reduction in costs would also allow system redundancy, further 
increasing system reliability. 
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I have mentioned some possibilities in this section for new types 
of sensors and modifications of data logging systems. In the succeed­
ing section, I wish to show how these features can be synthesized into 
wave-measurement equipment with a broad range of applications. 

Designs for Wave-Measuring Systems of the Future 

The extensions and applications of technologies I have mentioned are 
conceptually possible. The principal constraint acting against their 
development is lack of an interested sponsor. No government agency 
appears willing and financially able to undertake the necessary 
developments, and the private sector may see the risks as high and the 
ultimate financial reward as relatively low, owing to the limited 
number of users. If the need for wave data is indeed qreat, we might 
anticipate that investments will be made in modernizing our wave­
measurement systems. In the spirit of futurism, I propose some novel 
systems that might have important advantaqes. 

Deep-Water Wave Monitors 

Pitch-roll buoys of various forms have been used since the 1960s to 
measure wave steepness and the directional properties of wave fields. 
The response of pitch-roll buoys to wave forcing is fairly well known 
for most methods of deployment (see Blendermann, 1980, for a general 
review). Little attention has been given to standardizing these wave­
following buoys, perhaps because there are few desiqns. Lack of 
diversity, however, stems from the limited number of users of these 
systems, not from optimization of desiqn. 

As noted in a previous section, the NDBO pitch-roll buoy is a 
prototype of future systems, with the exception that it does not follow 
the trend to compression of the electronics and wave-detection 
packages. wave~nitoring systems could be reduced to a size that 
would allow deployment from small ships or from aircraft. Of course, 
the large data buoy system must also provide measurements of atmo­
spheric pressure and wind speed, but these, too could be obtained by 
means of a much smaller integrated system. 

The shrinking of a system's size, such as that of the NDBO buoy, 
would offer several economic advantaqes. The compression in size and 
standardization of the electronic package, wave detectors, and other 
sensors could potentially lower the unit cost. Costs associated with 
large seagoing vessels for deployment and maintenance could be 
appreciably reduced. The vessels required to deploy the large data 
buoy systems cost in excess of $10,000 a day to operate. A deployment 
sequence may require 2-10 days, and servicing is required in the event 
of equipment failures or accidents with fishing and cargo vessels. 
Total deployment and maintenance costs are high, perhaps from $50,000 
to $100,000 a year. This cursory analysis suggests it would be 
beneficial, in terms of costs and resource allocations, to explore the 
development of much more compact and standardized systems. 
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Agencies other than NOAA have need of wave-climate measurements 
in remote areas. Units deployable by air would be of considerable use 
to the Navy, since they would afford access to reqional wave climates, 
and would furnish ground-truth data for future wave-measurinq satellite 
systems. An advanced deep-sea wave-measurement system of this type can 
be depicted as a block diagram (Fiqure 7) that includes the followinq 
elements: 1) data manaqement and processinq modules, which would be 
the heart of the system; 2) nonvolatile, low-power memory, providinq 
mass data storaqe when the telemetry linkaqe cannot be used; 3) pitch­
roll detectors in the form of a three-axis Saqnac-effect qyro; 4) 
local earth-fixed reference, furnished by a three-axis Hall-effect 
magnetometer; 5) subsurface current and temperature sensors attached 
to the bottom of the buoy; 6) a surface meteoroloqy package consistinq 
of a pressure transducer (barometer), and water-surface and air 
thermometers; 7) wind-speed measurements inferred from multispectral 
analysis of subsurface sound field (see Shaw et al., 1978, concerninq 
this application); B) the telemetry link, most likely throuqh a 
satellite to a ground station. A satellite Doppler naviqational 
system also would be included as a check against naviqation data 
furnished by the qyro and compass system. The tethering system for 
the buoy would be determined by the particular application. In remote 
areas, where synoptic coverage for many months is needed, buoys could 
be deployed from ships of opportunity or possibly from the air. In 
remote locations, buoys could be considered expendable, if their unit 
cost is below that of their recovery. 

Synchronized Arrays of Wave Buoys 

The final glimpse into the future of in situ measurement systems might 
be regarded as an attempt to answer some fundamental scientific 
questions about the evolution of wave groups and the soliton-like 
behavior of wave packets in developinq seas. Determininq the physical 
processes of wave-group evolution requires a relatively dense array of 
sensitive measuring devices. Simultaneous measurements of deep-sea 
waves uninhibited by boundaries and water depth could be made by 
freely drifting arrays of buoys outfitted with synchronized timinq and 
accurate position-finding systems and with a small response function 
programmed in the onboard data system so that the dynamical response 
of the buoy would be compensated in the recorded measurements. 

Acoustic trackinq from buoy to buoy can also enhance the spatial 
resolution of the array. Twenty years aqo, systems of this complexity 
would have appeared to be far beyond the borders of the futuristic in 
the territory of the outlandish (and may still be); however, we should 
note that within the last 20 years, we have qained the capability to 
mount entire data systems, includinq recordinq for mass data storaqe, 
in containers of only a few thousand cubic centimeters, and it seems 
almost believable that we can develop systems for upper-ocean measure­
ment on this scale. The primary factor inhibitinq development of any 
of these new systems is lack of the necessary concerted and continuous 
efforts. 
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4. Discussion 

Preceding sections give a brief summary of the obvious trends in wave­
measurement technology. COntinued compression of the data loggers will 
continue regardless whether the "wave-measuring community" adopts the 
advances. Incorporation of the more exotic devices, such as the 
Saqnac-effect pitch-roll detectors, is a more remote possibility, but 
the benefits could be great, since the instruments could furnish 
absolute orientation data. Freely drifting buoys equipped with flow 
velocimeters could provide accurate estimates of upper-ocean currents; 
these measurements are not reliable now, since undetermined platform 
motions cause signficant errors. 

Standardization and Calibrations 

No physical standards laboratory has been established for large-scale 
calibration of wave-measurement systems. The lack of physical 
standards or references for wave measurements creates problems in 
comparing results among systems using different wave-detector elements 
and data processing. All too often, problems that have arisen in the 
limited number of intercomparisons of wave-measurement systems have 
been iqnored, or simplistic explanations of the differences have been 
given without sound justification in terms of data and theory. 
Adoption of standard references and tests for wave-measurement systems 
could eliminate these problems. The use of detectors without moving 
parts would qreatly ease testing and maintaining the reference 
standards. Fortunately, most of our shallow-water wave detectors are 
solid state, but deep-water units depend on mechanical linkages or 
direct measurements of force; consequently, there are inherent 
problems of drift of the electronic references and the sensors. 
Adoption of a standard data logging module would help eliminate 
inconsistencies in the initial treatments of the data. If this 
workshop could start a long-term effort to develop wave-measurement 
references and standards for in situ instruments, it would be a 
notable result. --

More Technical Challenges 

I have restricted this discussion of wave measurement to the technology 
of sensors and ancillary electronics. There are other technological 
challenges that have defied us for years and will continue to do so in 
the future. First, marine fouling of detectors is an ever-present 
threat to wave detectors in deep and shallow waters, particularly when 
long-term measurements are required. In highly productive zones 
disabling fouling of instruments can occur within a few weeks if 
anti-foulants are not applied. Measurements that use undisturbed 
detectors for more than six months are subject to fouling, even with 
the application of anti-foulants. Although research has considerably 
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advanced understanding of biofouling processes, there is still no 
long-term anti-foulant treatment. 

A second technical (and sociological) challenge is the loss or 
destruction of moored and bottom-implanted systems in ship collisions 
and fishing activities. The production of much smaller, less con­
spicuous buoys could reduce the hazards, and the reduction of costs (by 
standardizing parts and reducing sizes) could make buoys less expensive 
to lose. 
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RESULTS OF THE WORKSHOP 

An important objective of the meeting that is the subject of these 
proceedings was to identify and describe the outstanding problems 
requiring solution in wave measurement. In the interest of this 
objective, the steering committee planned workshops structured to 
elicit as much of the expertise and informed opinion of the assembled 
participants as possible. From a full list of problems articulated by 
all participants, consensus would be sought on the ten most important 
or urgent, and their order of priority. 

Nominal Groups 

The structure selected by the panel for the workshops was that of 
nominal groups (Van de Ven and Delbecq, 1971). In nominal groups, the 
members work in one another's presence, but without interaction. It 
has been demonstrated that in the critical phase of program planning 
reserved for speculative consideration of all aspects of a problem, 
interacting groups tend to generate and pursue far fewer ideas than 
nominal groups (Delbecq and Van de Ven, 1971). The nominal group 
technique allows a period for the silent generation of ideas. Bach 
member then presents an idea in turn, continuing until all ideas are 
recorded or the allotted time expires. The ideas are not discussed: 
questions may be asked for clarification of statements. 

First Workshop 

Participants were divided arbitrarily into six nominal groups to 
develop statements of the principal problems facing wave measurement. 
Close to 300 individually numbered statements, each recorded on a large 
wax-backed card, were brought to the committee at the conclusion of 
the first workshop. The committee grouped similar statements together 
and gave them a single number. The statements were then displayed, and 
each participant given a ballot to cast weighted votes, 10 for the 
first-ranked through 1 for the last-ranked, most important or urgent 
problems. Scores were tallied by the committee in preparation for the 
second workshop, and presented to the participants. 

Second Workshop 

A chairman was selected for each problem, and participants divided by 
interest to develop a clear description of the problem, and the outline 
of a program addressing the problem. These were recorded by each 
group on large flip-chart sheets. 
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In plenary session, the participants reviewed and refined each 
elaborated priority in turn until satisfaction was expressed by the 
assembly. The consensus statement of the meeting respecting the most 
important and urgent problems of wave measurement is set out in the 
succeeding section. 
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THE TEN MOST IMPORTANT AND URGENT PROBLEMS FOR WAVE MEASUREMENT 

1. WAVE DIRECTION Technology of directional wave-$Pectra 
measurement, analysis, and reportinq 

Problem Several siqnificant problems limit wave-direction information 
for operational applications, ocean and coastal enqineerinq, and 
scientific studies. These problems include: 

Lack of technology for use in hiqh sea states and in deep 
water where there are no fixed platforms available. 

Lack of directional resolution systems at reasonable cost to 
provide directional resolution consistent with wave models 
(used for forecastinq and hindcastinq) and with resolution 
needed for such studies as wave refraction (and diffraction), 
sediment transport, wave-current interactions, and for 
calculation of wave forces. 

Need for well-accepted analysis procedures to improve direc­
tional resolution based on both $Pectral and non$Pectral 
concepts. Most directional information is now provided by 
statistical techniques, but there is evidence that other 
methods of analysis, such as data-adaptive techniques, can 
significantly improve resolution. 

Existinq directional measurement systems (and nondirectional 
systems) have uncertainties at both very low (less than o.os 
Hz) and very high (qreater than 0.20 Hz) frequencies. Data at 
very low frequencies are needed for swell studies. Data at 
both high and low frequencies are needed for wave-qeneration 
studies. 

Better resolution in shallow water is complicated by nonhomo­
qeneous spatial variations in wave conditions owinq to local 
bottom effects. 

There is no consensus on how qood existinq systems are or on 
their limitations (includinq re$POnses). 

Over-all, there is a need for directional measurement systems 
that will work in shallow water, in deep water where there are no 
platforms, and in high seas. Ideally, these systems should operate 
reliably for lonq-tenD periods, be inexpensive enouqh to be used for 
applications rather than just short-term special studies, and provide 
directional data verifiable by calibration or intercomparison. 

Program To define present capabilities, it would be most useful to 
conduct a series of intercomparison experiments. Actual needs of the 
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users of data and technical requirements should be defined first. 
Synthetic experiments using simulated data and available field or 
laboratory data will be very useful in the experimental desiqn. 
Laboratory experiments can also improve understanding of the physical 
processes of various techniques. 

Field experiments comparing .!!!, ~ and remote instruments should 
be carefully designed so that all systems sample at the same time and 
place. Selecting a region of the ocean expected to be homogeneous 
would be best for the first experiments. High-resolution systems are 
needed as a basis for comparison. 

Several possibilities for the development of new systems should 
be investigated. Low-frequency acoustic backscattering should work in 
a fashion analogous to radar backscattering. It would be desirable to 
mount sensors on the bottom in shallow water, if this is feasible. 
Angled arrays of electromagnetic ranging sensors mounted on platforms 
could give improved resolution. 

Faster and less expensive methods for analyzing surface images 
should be developed. High-density data storage and in ~ processing 
methods should be developed for in~ systems. 

2. DEVELOPMENT OF DATA QUALITY ASSURANCE AND DATA DISPLAY TECHNIQUES 

• Problem Data quality assurance is a fundamental problem to all 
data acquisition and analysis programs. Without this assurance, bounds 
cannot be set on the measurement results in terms of their relation to 
the actual phenomena being measured. Thus, the users of the data can 
have little faith in their application. 

There are several components of the quality assurance problem for 
oceanographic measurement and data processing systems. First, the 
manufacturer or supplier of the sensor system (either.!!!_~ or 
remote) must ensure that the instrument responds in a repeatable and 
quantifiable manner to the measured quantity. Second, the data 
analysis software must be understood by the user(s). Third, reporting 
of the data must seek to minimize errors of interpretation, and 
maximize the communication and understanding of the data. 

The goal is to establish a systematic and coordinated program for 
improving the data quality assurance in ocean measurement systems, 
techniques, and presentation. 

Program Data quality assurance for ocean measurement systems 
encompasses three categories: the sensor-related aspects, the data 
processing aspects, and the data display and presentation aspects. 

Data quality assurance is defined as the use of systems or 
techniques that can be error-bounded, and that can serve as a reference 
for other systems. 
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For the data acquisition/sensor system, a useful course of action 
would be to develop a commonly understood and accepted reference system 
and apply it to "validate" other systems. The reference system used 
for a particular measurement technology may be dependent on the 
measurement goal, but it should be traceable to other reference 
systems. Similarly, the reference system may be intended for use in 
the laboratory or the ocean site, depending on the measurement need, 
but it should be a system accepted by all suppliers and users. 

For the data processing portion of the system, data quality 
assurance would be greatly enhanced by requiring that all processed 
output be accompanied by a clear, quantitative statement of the 
processing techniques used. It is expected that these techniques will 
eventually become commonly accepted practices. Deviations from common 
practice should be accompanied by an explanation. Systems that combine 
sensing and data processing must, of course, observe both sets of 
accepted practice. 

For data quality assurance in the di~lay and presentation of 
data, standard practices and formats need to be promulgated. In those 
cases for which these practices and formats are not suitable, a clear 
quantitative description of the techniques used should accompany the 
display or presentation (or both). 

3. PROGRAM FOR INTERCOMPARING VARIOUS MEASUREMENT SYSTEMS TO 
DETERMINE DIFFERENCES IN RESULTING DATA SETS 

Problem Since there is no absolute standard, it is necessary to 
intercompare various measurement systems to determine the differences 
in resulting data sets. This is difficult; we do not have full 
knowledge of the transfer characteristics, the interactions of the 
systems with the environment, or the natural variability of the 
environment. 

Some systems provide point data over a period of time. Others 
operate over space. A wide range of environmental conditions must be 
considered. 

'l'he Atlantic Remote Sensing Land-Ocean Experiment (ARSLOE) took 
much-needed initiative respecting the problem of intercomparison, but 
did not test all systems adequately. Methods are needed for establish­
ing the equivalent of a homogeneous environment, but one that varies 
over time, to provide the whole dynamic range of environmental condi­
tions. One unsolved problem is how to perform the intercomparisons 
taking appropriate account of the probabilities. 

Program Evaluation of ARSLOE results needs to be expeditiously 
completed and reported to inform decisions about the next steps in the 
intercomparison program. 

Statistical methods for intercomparing data from different types 
of measurement systems are needed. 

A long-term international committee consisting of a broad range 
of scientists and engineers should be established to develop and 
promote experiments and methodologies for intercomparison of 
wave-measurement systems. 
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4. NEARSHORE WAVE FIELDS AND RELATED PROCESSES 

Problem The nearshore wave field has severe measurement problems owing 
to very large gradients in both alongshore and cross-shore directions. 
Present measurement technology is capable of limited-resolution point 
values of the three-dimensional wave field. There is a need to develop 
measuring technology to improve resolution and broaden the area of 
coverage to allow definition of spatially inhomogeneous fields. 

To understand the variability of these fields, measurement and 
analysis techniques need to be developed for sediment-boundary layer 
and air-sea interactions, long waves, surf beat, edge waves, and 
nearshore circulation and breaking waters. 

Program 

1. Create a remote sensing system applicable to defining inhomo­
geneous nearshore wave fields. 

2. Develop in ~ measurement capability within the surf zone 
for: 

o run-up 
o percolation, pore pressure 
o breaking-wave characteristics 
o velocity field, especially near bottom 
o long waves. 

3. Develop in ~ capability for higher-resolution directional 
measurement outside the surf zone. 

4. Improve understanding of: 

o nonlinear effects of shoaling 
o wind-wave interactions close to shore 
o wave-current interactions 
o wave-topography interactions. 

5. Establish nearshore wave climatologies through extensive 
regional networks in a variety of coastal regimes. 

5. NONLINEAR PHENOMENA 

Problem Nonlinear phenomena have a significant influence on the 
interpretation of wave measurements and the dynamics of surface 
waves. Examples of specific problems for the interpretation of wave 
measurements include: 

o What is the influence of nonlinear wave shapes on buoy 
measurements? 

o What is the influence of wave nonlinearity on the interaction 
of electromagnetic (e.g., microwave radar) waves and ocean 
waves? How do standard perturbational and asymptotic 
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scattering theories break down as wave slopes and nonlinear 
wave motions increase? What is the effect on extraction of 
accurate radar measurements? 

o What is the role of short-wave interactions with longer waves 
in the interpretation of microwave radar measurements? 

Examples of specific problems in understanding the dynamics of surface 
waves include: 

o What are the modulational or wave-grouping properties of ocean 
waves? 

o What are the relationships between short waves (capillaries, 
short gravity waves) and longer gravity waves in the ocean? 

o What measurements of breaking waves and whitecaps need to be 
made to identify the role of these waves, upper-layer mixing 
processes, surface energy balance, and extreme wave properties? 
For interpretation of electromagnetic measurements? 

o What part do nonlinear wave processes play in sediment 
transport in coastal environments? 

o How are surface waves altered (and how much) by interaction 
with spatially inhomogeneous currents? 

Program 

1· Develop a measurement system capable of resolving short-wave 
(capillary) properties along longer waves. 

2. Initiate a research program to identify the relationship 
between properties of waves and electromagnetic backscattering 
as a function of increasing wave steepness. 

3. Create a system to measure spatial wave-modulation properties. 
4. Conduct research to identify and measure relationship between 

nonlinear wave properties and coastal transport processes. 
s. Develop a measurement system for simultaneous, spatially 

distributed measurements of waves and surface currents. 
6. Characterize and improve measurement capability of buoys for 

nonlinear wave shapes. 
7. Measure the effects of wave-current interactions on waves. 

6 • DEVELOPMENT OF REMarE SENSORS 

Problem Microwave sensors now available should be optimized for 
accuracy, resolution, and calibration, and for coastal, tower, ship, 
aircraft, and satellite operation. New sensors need to be developed 
to measure other ocean parameters, such as rainfall, differences in 
air and sea temperatures, the directional wave spectrum, surface 
currents, and nearshore processes. Each of these parameters has an 
effect on waves and wave measurements. Maximum use should be made of 
radars able to measure both amplitude and velocity (HP through 
microwave Doppler radars). 
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Proqram 

1. Develop improved understandinq and models of the interaction 
of EM waves with the ocean surface. 

2. Further improve sinqle-frequency and multifrequency, pulsed 
and coherent radars (HF throuqh microwave). 

3. Teat various sensors in Space Shuttle and aircraft for later 
routine use in satellites. 

4. Develop efficient means for processinq remotely sensed data 
and efficient means for distributinq the data to users. 

s. Consider applyinq inverse scatterinq techniques to infer ocean 
parameters. 

7. IMPLEMENTATION OF GLOBAL WAVE-MEASUREMENT SYSTEM 

Problem Global wave information in forecast, nowcast, and 
climatoloqical data base forms is needed ~ numerous users, such as 
deep-sea mininq concerns, shippinq industry, and coastal communities, 
and for national defense. Remote sensinq techniques are the only 
feasible means for providinq continuous wave and wind information in 
real time, as well as for the qlobal wave climatoloqical data base. 

Spaceborne and qround-based sensors are available in either 
operational or advanced developmental staqea. A proqram should be 
undertaken to provide the needed data. 

Research on nonlinear wave phenomena and development of new 
remote sensors should be carried out simultaneously to support the 
task of interpretinq remotely sensed data. 

Proqram 

1. Significant wave heiqht (H1; 3 > and other wave statistics can 
be measured ~ altimeters, as demonstrated ~ previous 
satellites. An operational satellite should be launched as 
soon as possible, or an altimeter should be incorporated into 
one of the NOAA satellites. 

2. HF radar systems, operatinq in both qround- and sky-wave modes 
can provide larqe-area measurements immedia~ely, and should be 
routinely deployed for this purpose. 

8 • BUOY* DEVELOPMENT 

Problem 

Lack of adequate 
transfer functions 

Transfer functions for wave-measurinq buoys 
are needed to extract system errors so that 
data of consistently hiqh resolution and 
accuracy can be produced 

*Small wave-measurinq buoy systems, their sensors and associated 
components, and transfer functions. 
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Lack of relative 
current data 
affecting transfer 
function 

Lack of solid­
state sensors 

Lack of onboard 
signal processors 
and data quality 
control 

Lack of capabil­
ity in extreme 
sea states 

Lack of small, 
expendable wave­
measuring buoys 

Lack of adequate 
power systems 

Program 

232 

Wave-measuring buoys do not provide 
measurements of flow relative to the body. 
The relative flow measurements are critical 
for accurate representation of the wave-buoy 
transfer functions. 

The sensors now used in wave-measuring buoys 
lack the robustness and reliability that could 
be obtained with solid-state sensors. 

Present wave-measuring buoys do not include 
data quality control, processing, or analysis 
hardware on board. 

Available systems also lack the capability to 
make measurements in extreme wave conditions. 

There is a need for small, expendable 
wave-measuring buoys that provide basic wave 
measurements with modest accuracy and 
reliability. 

The power supplies for small wave-measuring 
buoys are not adequate for moderate- to 
long-term deployment. 

The mode of data communication and telemetering 
from wave buoys should be upgraded for 
transmission of digital data and data 
housekeeping functions. 

1. Transfer functions: studies should be instituted to determine 
transfer functions for existing wave-measuring buoy systems. The 
investigations should include flow measurements to determine the 
transfer functions of the transducer elements in the electronics, but 
they must also encompass: 

o The hydrodynamic response of the hull to wave motion and 
ambient currents 

o The effects of various mooring-system configurations on the 
over-all transfer function of wave-measuring buoys 

o Methods for determining errors derived from extrapolation of 
laboratory measurements of transfer functions to sea 
conditions. 
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2. Sensor reliability: a program should be undertaken for research 
and development of several types of solid-state motion sensors plus 
ancillary data processing hardware and software. This program should 
also include investigations of the physical phenomena that could be 
most reliably used to make motion-sensing elements. An important 
factor is that these motion-sensing elements be economical and easily 
tested for consistency of response. The program should progress to 
the stage that a "best" sensor could be integrated into a platform 
that possesses the optimum hydrodynamic response function for the 
particular sensor. 

3. Onboard processing: it is generally considered feasible to 
develop ~ecialized data processing equipment of sufficiently small 
size and power consumption that a significant amount of data 
processing could occur at the scene of wave measurement. Development 
of the electronics should be undertaken to formulate data processing 
~irements, including the degree of local programming of various 
types of data, and electronic systems that could be adapted to these 
~irements. It is also highly desirable to develop data systems 
that would be able to detect data errors, system errors, and data 
transmission errors. As the data transmission and processing problems 
are solved, parallel efforts need to be made to improve the telemetry 
ground stations. 

4. Wave measurements in extreme sea-state conditions: the 
development program for these wave-measuring buoys should include a 
number of intermediate evaluations to assess performance in extremely 
high sea-state and sea-state/current conditions, which could be 
encountered in typical deployments. Research on methods for 
deployment of wave-measuring buoys in high sea-state conditions should 
be initiated at the outset. Several configurations should be 
evaluated in identical conditions. Special consideration should be 
given to recovery of a maximum amount of recorded data. This may 
include the development of ~ecial types of sensors, or 
motion-detection algorithms that are activated only in extreme 
conditions. 

s. Expendable buoys: the developments necessary to improve the 
accuracy and reliability of buoys will lead to more sophisticated 
systems that will probably be more expensive. In parallel with these 
developments, work should be undertaken on much less sophisticated 
wave buoys with ostensibly shorter lifetimes and less sensitivity; 
however, these devices must be made robust enough to be deployed by 
air, ships, or boats of opportunity, with minimum cost in manpower or 
resources. This development would not be aimed at providing data to 
improve basic knowledge about surface wave fields, but would be 
accessible enough for use over large areas of the ocean. The data 
gathered by this type of device would also be of aid to industrial 
concerns that are strongly affected by ambient wave fields. The 
research or development program associated with this type of system 
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would have to draw elements from other programs, such as solid-state 
sensors. The requirements of compact size and durability may require 
that ~cial electronic circuits be developed for this particular 
application. 

6. Power supplies: at least three possibilities for improving the 
power supplies of wave~easuring buoys should be investigated: 

o Achieving high reliability and power density by adaptating 
available technology 

o Hybrid or mixed sources of power for use in specialized 
applications; for example, photovoltaic power supplies with 
standard batteries 

o Using the enerqy of the wave field to supply base-level power 
that could be augmented by other power supplies. 

The three programs should be concurrent: the latter two possibilities 
could require significant engineering development work. 

9. NEW SENSORS AND PROCESSING TECHNIQUES FOR INTEGRATION INTO WAVE­
MEASUREMENT SYSTEMS 

Problem As general problems of sensors and processing systems are 
inherent to other priorities for wave measurements, the specific 
subject of this priority is needed measurements for which techniques 
either do not exist or are totally inadequate for field measurement 
programs. 

The technological gaps to be closed through the development of 
new sensors and signal/data processors are: 

1. Routine measurement of high-frequency and capillary waves 
2. Measurement of ocean surface curvature and higher-order 

descriptors (parameters) of ocean surface waves 
3. Routine field measurements of wave-induced, large-amplitude 

motion of water particles 
4. Concurrent measurement of surface wave parameters and bottom 

topography to obtain interaction data 
s. Spatial/temporal views of wave patterns and amplitudes from 

fixed sensors not available from present single-point in situ 
sensors or remote sensors: while aircraft-mounted remote---­
sensors can provide the resolution necessary for the patterns, 
lack of amplitude and expenses of platforms militate against 
their routine use 

6. Techniques for the processing, storage, and presentation of 
the large amounts of data generated by wave~easuring systems, 
both in situ and remote. -----
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Program The problems stated here have been addressed in the past by 
scientists and engineers, but supporting technologies have now been 
developed that can aid solution. Advances in acoustics and in 
electro-optics, as well as their transducers and the associated 
electronics and microprocessors, provide a wide range of new 
directions for sensor and processor development. Other phenomena, 
such as electromagnetics, also provide new bases for systems 
development. 

Any program, even using new technology, can profit by reviewing 
prior attempts both in the same application and in somewhat different 
applications to the problems of other fields. 

The six technological gaps can be grouped into three areas: 

o Individual wave characteristics (1, 2, and 3) 
o wave-field characteristics (4 and 5) 
o Data handling and presentation (6). 

The first five programs would have the same first phase: 

Phase 1 The known and postulated spatial/temporal 
characteristics should be reviewed, and their parameters identified 
and quantified so far as possible or necessary. This review should 
take into account the effects of interactions between waves and other 
phenomena where applicable, and review experiments involving similar 
measurements, both in the laboratory and in the field, to determine 
the sensitivities and other characteristics of such interactions. 

Phase 2 Experimental sensor-system concepts should be developed 
based on the results of Phase 1, as well as expected environmental 
conditions, human factors, and costs. 

Phase 3 From the most promising concept developed in Phase 2, an 
experimental measuring system should be fabricated and evaluated both 
in the laboratory and in the field, taking into consideration the 
unique conditions of each. 

Phase 4 Technical results and other factors, such as application 
to ~ecific field measurement programs, alternatives, and economics, 
should be further explored to enable specifications to be made for 
prototype enqineering models. 

Phase 5 The further development of prototype instruments should 
be accompanied by further enqineering tests directed to (among other 
questions) verification of the' quality of the data obtained, and 
determination of the instruments' reliability and maintainability. 

Specific Comments on Technology Gaps 1-5 

Gap 1 studies of high-frequency and capillary waves are most 
likely conducted in conjunction with the excitation phenomena. Thus, 
lower-frequency wave measurements and wind measurements may be desired 
simultaneously. The concurrent measurement techniques should be taken 
into account. 
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Gap 2 The data obtained of wave curvature and higher-order 
descriptors can be useful both for the development and verification of 
wave theory and as inputs to wave-buoy signal-processing circuitry. 
The sensor and programmatic approach for these two applications may be 
quite different, and perhaps conducted by different groups. The data 
and sensor concepts should be coordinated between the groups to 
provide greater visibility of the options. 

Gap 3 The measurement of large-amplitude wave-particle motion is 
four-dimensional and very dependent on depth and wave spectra. The 
closing of this gap will probably have to be taken in small steps, and 
may require concepts totally different from those of prior attempts, 
such as a combination of suspended-sediment particle scattering with 
Doppler and holography techniques using either optics or acoustics. 

Gap 4 The concurrent measurement of wave parameters and bottom 
topography very likely will involve the concurrent use of two separate 
sensor systems whose data would be merged and correlated in a separate 
shore-based computer. 

Gaps 4 and 5 From the perspective of wave measurement, gaps 4 
and 5 are related: the objectives of each entail obtaining from 
fields of waves a number of wavelengths wide and long. Gap 4 has the 
added complication of concurrent topographic measurements of the ocean 
floor. 

Gaps 5 and 6 These also have related technologiesJ however, the 
overlap is in the processing, storage, and presentation of large 
quantities of multidimensional wave data, which is the topic of the 
technological program to close gap 6. 

Proposed Program for Gap 6 Vast quantities of ocean wave data are 
being routinely collected using systems placed aboard ships and other 
manned offshore platforms, from moored buoys, and from other 
unattended systems such as shore~unted seismic sensors. However, 
the quantities of these data are relatively miniscule compared to 
those of multidimensional data that may become available from remote 
sensing systems using shore, aircraft, and satellite platforms. Data 
from Seasat have given an initial view of data possibilities. The 
problems of processing, of displaying multidimensional parameters, and 
of storing and recalling data from these remote sensing systems are 
looming. Likewise, the data from in situ systems required to close 
gaps 4 and 5 will present similar processing, display, and data 
storage/recovery problems. 

Many organizations will be concerned with the use of systems that 
may evolve from an attack on gap 6. Furthemore, data analysis and 
presentation from other fields may be applicable. These may include 
such diverse fields as internal medicine, petroleum exploration, and 
intelligence, as well as the closely related fields of meteorology and 
climatology. 
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The Phase 1 approach to gap 6 may well merit a multidisciplinary 
workshop on gigabyte data processing and display. Better 
understanding could be gained from many perspectives: the extent of 
the problem throughout the engineering and scientific communities, 
approaches that have been tried, advances made, failures, and 
promising directions for the future. 

Tentative ~cifications could then be developed for application 
to wave data. These would have to be refined further through some 
working organization, together with further analysis of various 
technological approaches. 

Since the specifications for analysis and presentation of various 
data uses may differ in the required degree of sophistication, several 
of the more promising technological approaches will need to be 
pursued. Detailed ~cifications and analysis will be required in 
order to understand the systems to be developed and their various 
interfaces. These proposed solutions will need circulation through 
the engineering and scientific communities for comments on approach as 
well as utility. 

One or more of the more promising approaches to data analysis, 
presentation, storage, and recovery should be implemented on a trial 
basis to verify their utility. It would be desirable that the 
evaluation include use of the system for similar problems in other 
fields (as identified in the workshop). Some hardware subsections may 
well require development, but available display systems, computers, 
and storage media would be employed as much as possible. 

Revision of s.Pecifications and full systems development would 
follow an evaluation of the trial phase. 

10. WAVE-MEASUREMENT RESOLUTION* AND ACCURACY NEEDED AND ATTAINABLE, 
AND DEVELOPMENT OF PROCEDURES AND INSTRUMENTS TO IMPROVE 
RESOLUTION 

A classification of wave-data users--engineers, scientists, government 
agencies, industry, marine fisheries, shipping, oil spill operations, 
defense, and others--needs to be developed, and the resolution needed 
for each application and data type determined. Then: 

o The areas where present resolution is insufficient should be 
identified. 

o Software procedures and new instrumentation to make 
measurements and perform data analyses for these areas should 
be developed. 

o Ways need to be studied and tried for combining information 
from all sources to enhance resolution of instrument data. 

*Resolution is defined as ability to separate two "bumps" near 
one anotheri accuracy is defined as nearness to standard or "true." 
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NorB: UNITS OP MBASURBMBNT 

The International System of Units (SI) has gradually been accepted and applied 
in many scientific and enqineerinq activities of the United States, owinq to 
the several advantaqes of the system and to the efforts of national orqaniza­
tions that develop voluntary consensus standards (for example, the Institute 
of Electrical and Electronics Bnqineers, IBEB7 American National standards 
Institute, ANSI7 and American Society for Testinq and Materials, ASTM). Never­
theless, many applications of wave data are in fields of activity that still 
routinely use Enqlish units, and the SI recoqnizes for practical purposes such 
units as temperature in deqrees Celsius* and the nautical mile. Thus, the 
reader of these proceedinqs may notice that various units from different 
systems are used in reportinq wave~asurement results. Some key SI units and 
conversions are presented here for the reader's convenience. 

ACCEPTED SI UNITS 
SI 

Quantity Unit 

Lenqth meter 
kilometer 

Time second 
Plane radian 

Anqle 

DERIVED SI UNITS 

Frequency hertz 
Velocity 
Acceleration 
Wavenumber 

SI 
Symbol 

m 
km 
s 
rad 

ACCEPTED FOR USE WITH SI 

Tempera- degrees 
ture Celsius oc 

Plane deqrees 0 
Anqle minutes 

seconds .. 

Formula 

plane anqle between 
two radii of a circle 
that subtend on the 
circumference an arc 
equal in lenqth to 
the radius 

one per second 
meter per second 

Conversion to Units 
of other Systems 

m ~ 3.3 ft (em ~ 0.4 in) 
km ~ 0.6 mi 

meter per second squared 
one per meter 

oc X 9/5 + 32 • °F 
10 -(1T/l80) rad 
1' -(1T/l0,800) rad 
1" -(1T/648,000) rad 

ACCEPTED POR PRACTICAL REASONS 1 BUT NOT FOR COMBINATION WITH SI UNITS 

Unit 

nautical mile 
knot 

Abbreviation 

nm (or nmi) 

kn 

Formula 

nautical miles 
per hour 

Conversion to SI Units 

1 Jllll - 1852 Ill 

1 kn • 0.5 m/s 

*The intervals of temperature in kelvin and degrees Celsius are the same 
(X • 0 c + 273.15)7 expression in kelvin is preferred for thermodynamic 
temperatures, in deqrees Celsius for ordinary temperatures. 
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A participant* in the meeting that is the subject of these proceedings 
proposes that a uniform set of SI units be used for all wave observations: 

wave height m, em 

wavelength m 

Free-surface spectral m2/Hz, cm2/Hz (or 
density cm2/JDHz) 

Water depth m 

Altitude of aircraft 
or satellite m, km 

wavelength of radar 
or microwave signals em 

Temperature °Celsius 

Dimensions of wave-
measuring systems em, m 

Particle velocity cm/s 

Velocity spectra em2/s2/Hz (or cm2/s2/JDHz) 

Group or phase speeds cm/s, m/s (or km/hr) 

Other participants noted in the course of the meeting and subsequent 
communications that a consistent definition of spectral density (ft2/Hz, 
ft2/rad/s, or m2/Hz) would be a most useful convention for reporting 
wave~easurement results and for intercomparisons. 

*David H. Shonting, Naval Underwater Systems Center 
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Experiments 

ARSLOB 

DUCICEX or DUCK-X 

GARP 

GOASBX 

JASIN 

JON SWAP 

Marine land 

MAR SEN 

SWOP 

GLOSSARY OF ACRONYMS 

Atlantic Remote Sensing Land-ocean Experiment for 
sensor intercomparison, sensor development testa, 
and data for wave~el verification, 6 October 
to 30 November 1980, offshore Duck, North 
Carolina. Organized by the u.s. Army COrps of 
Engineers Coastal Engineering Research Center and 
the National Ocean Survey of NOAA with 
participation of people from four nations and 
many federal agencies. 

Duck, North carolina, Experiment, 12 August to 9 
October 1978, intensive collection of sea-truth 
data to verify ocean monitoring by Seasat. 

Global Atmospheric Research Program of the world 
Meteorological Organization and the International 
Council of Scientific Unions, to study general 
circulation of the atmosphere, and entailing a 
aeries of experiments or subprograms of 
oceanographic interests. 

Gulf of Alaska Seasat Experiment for the 
validation of seasat data, conducted in September 
1978, and involving research vessels, weather 
ships, data buoys, and instrumented aircraft. 

Joint Air-sea Interaction Experiment, an 
independently organized multinational effort 
(officially associated with GARP) to collect in 
~ surface data concurrently with collection-of 
seasat data in an area of the North Atlantic 
between Scotland and Iceland, July-August 1978. 

Joint North Sea Wave Project, July-August 1969. 
An independently organized multinational 
experiment to provide data for study of wave 
growth and decay. 

Experiment conducted off Marineland, Florida, to 
validate airborne SAR measurements of the ocean 
surface. 

Marine and Atmospheric Sensing Experiment, North 
sea, september-October 1979. Experiment to 
validate remote sensing of wind waves, currents, 
and internal waves. 

Stereo wave Observation Project, North Atlantic 
(39~, 650W), 25 October 1954. Simultaneous 
stereo photography of the ocean surface from two 
aircraft to determine the form of the directional 
wave spectrum. 
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.INSTRUMBNTS PL&TFORMS 

AOL 
CO DAR 

LARAR 

SAR 
SCR 
SASS 

SLAR 
SMMR 

VIRR 

Airborne oceanic Lidar 
Coastal ocean Dynamics 
Application Radar 

Large Antenna Real Aperture 
Radar 

Synthetic Aperture Radar 
Surface Contour Radar 
Seaaat-A SCatterometer 
Side-Looking Airborne Radar 
Scanning Multichannel Microwave 

Radar 
Visible Infrared Radiometer 

GOBS 

Seaaat 

XBRB 

Geostationary Operational 
Environmental satellites-­
a aeries launched by NOAA 

Satellite equipped to 
monitor ocean parameters, 
launched in 1978: about 
100 days of operation 

Experimental Environmental 
Research Buoy 

OIGANIZATIONS, FBDBRAL AGBNCIBS AND UNITS 

CBRC 

BNDECO or Bndeco 

BRIM 

FNOC 

JPL 

NASA 

NDBO 

NMl 

NOAA 

NORDA 

NOS 

NRL 

ONR 

Coastal Engineering Research Center, u.s • .A1'11ly 
Corps of Engineers 

Environmental Devices Corporation 

Environmental Research Institute of Michigan 

Fleet Numerical Oceanographic Center, u.s. Navy 

Jet Propulsion Laboratory 

National Aeronautics and Space Administration 

NOAA Data Buoy Office 

National Maritime Institute (United Kingdom) 

National Oceanic and Atmospheric Administration 

Naval Ocean Research and Development Activity 

National ocean Survey of NOAA 

Naval Research Laboratory 

Office of Naval Research 
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