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should be incorporated as complementary
instruments, specifically in regard to ocean
temperature measurements, salinity meas-
urements, and inference of high windspeeds
due to the presence of surface foam.

Parallel analytical and experimental efforts
are recommended to establish the accuracy
with which windspeed can be measured from
the percent foam coverage.

PART C

LOCAL PHENOMENA

This section is devoted to the oceanic and
coastal phenomena with dimensions ranging
to 100 km. The two major categories dis-
cussed are waves (their generation and
dynamics) and ocean-land related problems.

The dynamics of surface waves in both
capillary and gravity ranges indicates that
microwave technology provides a superior
means of measuring simultaneously the
spatial and temporal properties of ocean
waves. The need for basic studies of physical
phenomena in support of active microwave
sensing is indicated. Active microwave scat-
tering from surface waves is discussed in
terms of wave dynamics. Ocean waves re-
ceive most of their energy from wind. The
state of the art in wind measurements by
conventional methods shows a gross inade-
quacy of present surface-sampling techniques
for global weather and wave forecasting;
microwave technology offers the potential to
alleviate many of the problems. Global
aspects of wind climatology are included in
the discussion of large-scale phenomena in
the section entitled “Global Wave Statistics.”
The subject of internal waves is relatively
new and is less well understood in comparison
with surface waves. Internal waves, even
though they exist well below the microwave
skin depth, are frequently detectable through
surface manifestations such as convergence
zone slicks, which have been v151ble in Earth
Resources Technology Satellrte (ERTS)
imagery. Internal waves may also -possibly
be detected from surface temperature anom-
alies in the divergence zones. Thus, by

'

monitoring surface properties with micro-
wave sensors, a mathematical model for the
prediction of internal waves might be de-
veloped.

The second category deals with the inter-
action between the ocean and its land bound-
aries in the coastal zone. The monitoring of
shoreline changes is very important for coas-
tal engineering and oil-drilling structures,
beach erosion, coastal navigation, and recrea-
tion. The wave climate, the single most
important parameter affecting coastal proc-
esses, could be monitored in great detail over
large areas by satellite-borne active micro-
wave Sensors.

All these phenomena influence the ocean-
surface structure in various ways, which are
detectable by active microwave instruments.
The signatures of signals obtained by such
instruments and their relationships to oceanic
and coastal processes provide an invaluable
aid to understanding these processes.

WAVES

Human activities on the sea are very much
influenced by waves, which damage struc-
tures and cargoes, change shorelines, and
slow the progress of ships. A better under-
standing of waves and better wave predic-
tions will benefit marine activities and yield
concomitant economic benefits.

In the past, wave measurements have been
difficult, and understanding of the genera-
tion, propagation, mutual interaction, and
decay of waves on the ocean is based on
several good oceanographic experiments. In
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the following paragraphs, the present under-
standing of wave spectra is outlined, and the
ways in which microwave systems may

facilitate wave measurement and how this .

might provide scientific and economic benefits
are discussed.

Ocean waves may be defined as undulations
of the surface with time scales in the range
from 0.025 to 25 sec, corresponding to wave-
lengths in the range from 0.02 to 1000 m,
respectively. These are subclassified as (1)
gravity waves, with time scales in the range
from 0.1 to 25 sec, length scales from 2 cm to
500 m, and heights to 30 m, or (2) capillary
waves, with time scales in the range from
10 to 102 sec, length scales from 0.5 to 2.0
cm, and heights of less than 1.0 em. Ocean
waves are random, and a time record of the
ocean-surface displacement in a storm region
may contain wave periods in the entire range
indicated earlier. Far from a storm center,
waves become more organized as the longer
waves propagate more rapidly out of the
region. Long waves occurring away from
storm centers are referred to as swells. Long
waves approaching a coastline are influenced
by the drag of the bottom and become shal-
low-water waves. Wave energy is eventually
dissipated through breaking in an active
near-shore area called the surf zone. Wave
energy is also dissipated offshore through
viscous effects and by breaking, which is
evidenced by the presence of whitecaps. The
processes of wave generation by wind; the
transfer of energy between the various wave
spectral components by wave-to-wave inter-
action; and the dissipation of energy by
viscosity, breaking, and bottom effects are
extremely complex and constitute a research
area under intensive investigation by theore-
ticians and experimentalists.

The statistical properties of gravity waves
vary slowly in time and space and can be
described locally by a three-dimensional
Fourier transform F (k, ¢, ») ; that is, the sea
surface can be considered as a superposition
of waves of all wavelengths L= (2x)/k and
periods T= (2x)/o traveling in all possible
directions ¢. Usually, the larger waves

(L>1m) are assumed to obey the dispersion
relation applicable to infinitesimal amplitude
gravity waves (o’=gk). This reduces the
dimension of the spectrum by one, and the
resulting function is the directional spectrum
¥ (k, $) =y1 (0, ). The sea surface is now de-
scribed as a superposition of plane waves
with various wavelengths and directions.
These wave components are generated by
the wind, interact with other wave com-
ponents, propagate away from their gener-
ating area, and eventually decay. Clearly,
study of these processes requires a simple,
routine method of measuring these individual
components of the wave spectra. Such a
method does not now exist.

Integration of the function y (%, ¢) over all
angles yields the one-dimensional spectrum
¢ (0). This is the more easily measured
spectrum of sea-surface elevation measured
at a point. Integration of y (o) gives the
variance of wave height at this point <Z2>.
This statistic is frequently reported in terms
of the significant wave height H,,,, which
historically has been defined as the average
of the highest one-third of waves present in
a sea. More recently, it has been taken to be

H1/3:4<Z2>1/2 (3—13)

where <> indicates ensemble average.

The statistics of the ocean surface, especi-
ally the statistics of wave-number distribu-
tion, are poorly known, In fact, F (k, ¢, »)
has never been measured. In discussing what
is known about the various spectra, it is
convenient to consider the simplest first.

From the wave-height variance, the rms
wave height, <Z2>1/%, and significant wave
height are easily estimated. Most data come
from “eyeball” estimates of significant wave
height reported by transient ships and, less
commonly, from accelerometers on weather
ships and buoys. Large amounts of data are
available: atlases give wave climate over the
world’s oceans, wave height is routinely in-
cluded in weather reports from ships, and
wave height is routinely predicted by such
groups as the Fleet Numerical Weather Cen-
tral and the National Weather Service.
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The one-dimensional spectrum is commonly
measured with wave staffs or accelerometers
mounted on buoys and ships. The general
shape of the function and its relation to
windspeed, duration, and fetch are reason-
ably well known for wavelengths greater
than 1 m. Little is known of ¢(w) in the
region between 1 m and 1 ecm because few
measurements have been made. The equiva-
lent funetion y (k, ¢) is almost unknown for
these wavelengths because the dispersion
relation «?*=gk cannot be applied accurately
to short waves. This has important conse-
quences. Microwave signals are Bragg
scattered by ocean wavelengths in this band,
and lack of knowledge of the generating
mechanisms of these waves hinders, to some
extent, the application of active microwave
systems that use sea scatter for inferring
such factors as oceanic winds. Conversely,
the Bragg scatter can be used to investigate
this wavelength region of y.

The directional spectrum ¢ (k, ¢) is not
well known. Measurements have been taken
a few times in a few selected places, but the
dependence on windspeed, duration, and
feteh could be better described.

Capillary waves have been traditionally
investigated by theoreticians and experi-
mentalists with academic interests. More
recently, and with the onset of microwave
instruments as remote sensors, capillary
waves have attracted more attention from a
more practical point of view. The roughness
of the sea is interpreted by the density and
structure of capillary waves, which respond
to windspeed. The detection of sea-surface
roughness by active microwave instruments
offers the potential of remote determination
of windspeed.

Laboratory studies by Wright and Keller
(ref. 3-36) indicate that Bragg scattering
dominates radar return signals for angles
greater than 20° from the vertical. The
primary return is from capillary waves. The
dynamics.of capillary waves, therefore, as-
sume central importance in understanding
radar return at higher angles of incidence.

Capillary waves are sensitive to wind

forcing, local currents, orbital velocities of
long gravity waves, and changes in surface
tension due to slicks induced by oil spills or
biological activity. Laboratory experiments
by Shemdin et al. (ref. 3-37) (fig. 3-23)
indicate that a linear relationship exists be-
tween capillary wave slope energy ¢ and
windspeed W for each frequency. A satura-
tion level is achieved at a certain windspeed
beyond which the slope energy remains con-
stant. Higher frequencies achieve saturation
at higher windspeeds. The same study (fig.
3-24) also indicates the influence of long
waves on capillary waves at various wind-
speeds. These results provide an understand-
ing of the scatter evidenced in relating
windspeed to radar backscatter. Indeed,
windspeed is only one of the variables that
affect capillary waves, which in turn deter-
mine the magnitude of the backscatter.
Imaging radar has the capability of de-
tecting long gravity waves and directions
primarily because capillary waves vary in
intensity along the profile of long waves.
The variation is induced directly or indirectly
by the orbital velocities of the long waves.
The interaction between capillary waves and
long gravity waves is nonlinear, and a com-
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Fi1Gure 3-23.—Wind dependence of slope spectral
values at different frequencies.
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F1GURE 3-24.—Dependence of slope spectral values
at 13 and 30 Hz on mechanically generated waves.

plete understanding of the process is under
investigation. Presently, it is not evident
how one may obtain heights of the long
gravity waves from variations of the radar
imager return from various phase positions
along the profiles of the long waves. The
remote determination of the directional wave
spectra is of central importance to users
involved in structural design and protection
in coastal and offshore areas.

Microwave technology now provides a
means of simultaneously measuring the
spatial and temporal properties of ocean
waves. This is far superior to the traditional
methods of measuring the time history of
water-surface elevation at a fixed position
or the spatial distribution of waves from a
photograph. The dynamics of wind-gener-
ated capillary waves as revealed by a Doppler
radar mounted on a wave tank are far more
complex than the traditional understanding
based on hydrodynamics. The surface drift,
for example, can increase wave dispersion

ACTIVE MICROWAVE WORKSHOP REPORT

by as much as 100 percent. The modulation
of capillary waves by long gravity waves can
be more easily investigated by active micro-
wave instruments in a wide range of wind-
speeds.

For larger ocean waves, active microwave
measurements are expected to produce rou-
tine estimates of significant wave height
H,,; and of the directional wave spectrum
v (k, $). The dispersion of a high-resolution
altimeter pulse gives H,,; directly. High-
resolution real and synthetic aperture radars
have shown images of waves. Suitable optical
or digital processing is expected to yield the
directional spectrum (or slope spectrum)
of large ocean waves.

Satellite measurements of the directional
spectrum of ocean waves are expected to have
a number of important benefits to pure re-
search, ocean engineering, and marine ac-
tivities. First, development of the satellite
instruments will lead to simple, reliable
techniques for measurement of the spectrum.
Given the development of such a technique,
substantial benefits will acerue from the
increased knowledge of ocean waves.

Wave forecasting models can benefit
greatly by direct measurement of wind and
waves with appropriate microwave sensors.
Daily .global coverage of areas of approxi-
mately 1000 km? will verify and update
numerical models for forecasting wind and
waves. Representative spot measurements
over areas of approximately 5 km? will be
more useful. Windspeed resolution of ap-
proximately +2 m/sec over a range up to 50
m/sec will be needed to cover storm areas.
Measurement of wavelengths from perhaps
25 to 500 m and a resolution of 5 to 256 m will
also be needed.

For pure research, measurements of the
spectrum as a function of windspeed and
fetch can be used to test theories .of wave
generation. To date, only a few measure-
ments of wave growth have been published.
Measurements near the edge of strong cur-
rents can test theories of wave trapping and
refraction by current shears; the effect could
be substantial but has never been measured.
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Measurements made in conjunction with
simultaneous oceanic internal wave fields can
test theories for the generation of internal
waves by surface waves; internal waves have
often been measured. Internal waves affect
the propagation of sound in the sea, but no
generally accepted theory for their genera-
tion exists.

Routine measurements of wave size and
direction will lead to reliable catalogs of wave
climatology of benefit to marine engineering
activities. A few examples can be listed as
follows:

1. Offshore structures are designed to
withstand the largest expected waves from a
particular direction. Improved wave clima-
tology will lead to more reliable, less costly,
and safer designs.

2. The siting and design of breakwaters
and harbors depends on the expected direc-
tion of arrival of large waves, and these
data can be supplied by satellite.

3. Ships are often slowed and their cargoes
damaged by large waves. If the oceanic wave
field were known, ship routing predictions
could be optimized for most economic opera-
tion. The wave field will be measured by
satellite and its future development will be
predicted from the improved models of wave
generation that are themselves produced
from satellite data.

4. The wave spectra are also important in
more accurate forecasting of mixed layer
dynamics, and hence the entire range of
fluxes of heat, momentum, and energy be-
tween the ocean and the atmosphere.

As indicated, the dynamics of capillary
waves have a central function in radar return
from the ocean surface at angles greater than
10° from the vertical. Field measurements
of capillary waves are extremely limited at
the present time and must be developed.
Recent laboratory measurements of capillary
waves by Shemdin et al. (ref. 3-37) verify
the existence of strong interactions between
capillary waves and long gravity waves.
Wright and Keller (ref. 3-38) more recently
placed an X-band Doppler radar over the
same laboratory facility and found that the

return from the water surface is strongly
modulated by the long gravity waves. Suf-
ficient evidence already exists that suggests
that radar return is governed not only by
wind but also by all physical and dynamical
factors that control the generation and decay
of capillary waves.

The imaging radar detection of long gra-
vity waves is another manifestation of the
aforementioned observations. Although the
wavelength and direction can presently be
obtained from the imaging radar, wave
height is not yet obtainable. Research into
the dynamics of capillary wave modulation
by long waves and the effect on surface back-
scatter may be useful in relating heights of
long gravity waves to the modulation of the
capillary wave backscatter over the wave
profile. Photographic methods exist (ref.
3-39) by which directional wave-number
spectra of long waves can be obtained. The
aim must be to develop the methodology by
which the imaging radar information can be
treated as an all-weather “photograph’ from
which directional wave-number spectra can
be extracted.

The full utilization of active microwave in-
struments for remote sensing will require a
comprehensive program of basic studies of
physical phenomena, evaluation of instru-
ments, and comparisons with sea truth. The
basic studies must include the response of in-
struments to wind and capillary waves in the
presence of long gravity waves, currents, and
surface agents. Field and laboratory pro-
grams will both help toward this end. Of
paramount importance will be the availa-
bility of an adequately instrumented field sta-
tion to monitor wind, capillary and gravity
waves, currents, temperature, and surface
tension. Airborne microwave instrument
measurements can then be compared directly
to the sea truth to delineate the various fac-
tors influencing the return,

The existing capability to predict ocean
waves is primitive compared to what might
be done subsequent to further development of
satellite microwave instruments as remote
sensors. The potential can only be realized
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in conjunction with numerical models, be-
cause the satellite coverage will not be fre-
quent enough to monitor continuously the ra-
pid changes normally encountered in storms.
The periodic coverage will be best utilized to
improve numerical models, which then be-
come useful on an operational basis with
continuous updating of new information.

WINDSPEED

From a historical standpoint, airborne re-
mote sensing for oceanography began in
January 1785 with the first balloon flight
over the English Channel, from Dover, Eng-
land, to the forest of Guines, France. How-
ever, the only remote-sensor system available
at that time, and for a long time to come, was
the human eye. The only observable phe-
nomena probably seen on the sea surface by
the observers were surface waves and white-
caps. At that time, the balloon flight itself
was more important that any observations
made. It is interesting to note that, once
again, lighter-than-air craft are being con-
sidered as a platform for remote-sensing ex-
periments.

In the early 19th century, technology had

not yet advanced to the point at which in-
strumentation existed for the purpose of
measuring windspeed and wave height. Prob-
ably the oldest and best known of the rela-
tionships between windspeed and wave
height is the Beaufort wind scale (table 8-
IIT) designed by ‘Admiral Sir Francis Beau-
fort in 1805. The scale was based on the ef-
fects of various windspeeds on the amount
of canvas that a full-rigged frigate of the pe-
riod could carry. Table 3-III, a condensed
modern version of the original Beaufort
scale, describes the sea surface appearance
as a function of windspeed.
. With the development of the cup anemom-
eter in the second half of the 19th century,
(supposedly) accurate information on wind-
speed could be obtained. Although other,
more accurate wind-measuring systems have
been developed through the years, data from
any windspeed sensor located on the sea sur-
face should be considered with caution.

Ever since man has been able to estimate
or measure windspeed and wave height, he
has attempted to form some empirical rela-

TABLE 3-111.——Condensed Version of Beaufort Wind Scale

Beaufort Windspeed, Description of effects
number Definition m/sec on sea surface
0.... Calm Under 0.5 Sea mirror smooth.
1.... Light air 05t01.5 Ripples present without foam crests.
2.... Light breeze 2.1to03.1 Small wavelets; crests glassy but do
not break.
3.... Gentle breeze 3.6to5.1 Large wavelets; crests begin to break;
: occasional whitecap.
4.... Moderate breeze 5.7 to 8.2 Small waves becoming longer; fre-
. quent whitecaps.
5.... Fresh breeze 8.7t010.8 Moderate waves; many whitecaps.
6.... Strong breeze 11.3 to 13.9 Large waves form; white foam crests
more extensive; streaks develop.
7.... Moderate gale 14.4 t0 16.9 Sea builds up: streaks very noticeable
in wind direction.
8.... Fresh gale 17.5 to 20.6 Moderately high waves; well-defined
streaks.
9.... Strong gale 21.1t024.2 High waves; dense streaks.
10 ..., Whole gale 24.7 to 28.3 Very high waves; sea surface appears
white.
11 ... Storm 28.8t032.4 Exceptionally high waves; sea covered
with large patches of foam.
12 ..., Hurricane 32.9 or more Air filled with spray and foam; sea

completely white; driving spray.
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tionship between the two. Probably the most
famous of the studies was that of Sverdrup
and Munk (ref. 3-40). For the first time, an
attempt was made to relate windspeed to the
significant wave height (the average of the
one-third highest waves in a long sequence of
waves at a given location) and predict the
significant wave height at other locations
from wind-velocity information. The signifi-
cant wave-forecasting technique lends itself
readily for computer application and, indeed,
continues in operation on a daily basis by
both the National Weather Service and the
Navy’s Fleet Numerical Weather Central.
Unfortunately, the significant wave method
is not able to fully describe what is occurring
at the sea/air interface. For this purpose,
the directional wave spectrum and momen-
tum transfer rates are needed.

In the late 1940’s, the English pioneered
in experimenting with wave spectral proc-
essing, which led eventually to techniques for
obtaining shipborne ocean-wave records with
the Tucker meter. The wave spectral concept
received added impetus from the superposi-
tion theory, which describes the sea surface
as an infinite number of sinusoidal waves
with different heights, periods, and phases
all traveling in different directions. This
theory is the basis for numerical prediction
of ocean-wave spectra. Within 11 yr, many
spectral forms were developed that purported
to describe the limiting wave spectrum for a
specific windspeed (i.e., a fully developed
sea).

The fundamental requirement for produc-
ing accurate ocean-wave spectral forecasts is
accurate wind velocity data over a dense data
network. This data network is scarce at the
present. In addition, the quality of available
wind-velocity data is questionable. Numer-
- ous factors can adversely affect wind-velocity
observations at sea as well as any unknown
possible malfunction in the anemometer sys-
tem itself. Some of these factors are the fol-
lowing:

1. Instrument sheltering: Mast-mounted
anemometers could be sheltered by the mast
and produce erroneous observations.

2. Anemometer height: Most anemometers
aboard ships are not located .at a standard
height above the sea surface. Because wind-
speed does vary with elevation above the
surface, windspeeds should be adjusted to a
standard level.

3. Atmospheric stability: Atmospheric
stability is important in determining how
windspeed varies as a function of elevation
above the sea surface. Stability is a function
of sea-air temperature difference. Under neu-
tral stability conditions, when the air and
sea-surface temperatures are equal, wind-
speed varies logarithmically with elevation.
This neutrally stratified air may range in
thickness from a fraction of a meter to per-
haps 1500 m in the extreme.

4. Ship motion: Ship motion will tend to
truncate high- and low-windspeed estimates
by changing the effective anemometer height;
hence, the rougher the sea, the greater the ef-
fect. The wind-velocity vector must also now
be corrected for the forward translation of
the ship.

Windspeeds at sea are sometimes estimated
by nonanemometer means such as the follow-
ing:

1. Wind estimates from visual wave-height
estimates: Observers would estimate the
wave height and then correlate their observa-
tions with a windspeed/wave-height scale
such as the Beaufort scale. :

2. Whitecap density : The windspeed could
be estimated from the percentage of white-
caps and foam present on the sea surface,
Whitecap production begins with a 6- to 7-m/
sec windspeed. At approximately 12 m/sec,
the wind hurls the whitecaps downwind in
the form of streaks.

3. Navigational estimates: Wind velocity
could be estimated by vector addition from
the position, heading, and drift of a ship.

Windspeed may also be inferred from the-
following other data:

1. Synoptic weather maps: Geostrophic
and gradient winds may be estimated from
surface weather maps where there are no
ship observations.

2. QOcean-wave records: Windspeed may
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be inferred from the variance of a wave spec-
trum obtained by spectrally analyzing an
ocean-wave record.

From the previous discussion, one can see
that the deficiency in oceanic wind data is due
not only to technology but also to the paucity
of ships at sea at any specific time. At no time
are there more than six weather ships syste-
matically obtaining ocean wave records on
the world’s oceans. Furthermore, there are
no longer any weather ships flying the U.S.
flag. The primary means for obtaining wave
data at sea is by visual techniques. For the
purposes of wave forecasting and describing
what is océurring at the sea/air interface,
visual wave observations are inadequate. A
visual wave-height observation does not sup-
ply encugh information. In addition, accu-
rate visual wave-height observations are dif-
ficult to make in rough seas and at night.

The wave records obtained systematically
at the six foreign weather ship locations have
proved to be invaluable. Unfortunately, proc-
essing of these wave records for spectral
content is delayed for as long as 30 days or
more because each ship remains on station
for several weeks and no processing facilities
are aboard. Furthermore, not all the wave
records are processed: those that are proc-
essed are not widely distributed and are
mainly used for research. The processed
wave records from the Tucker-type shipborne
wave recorders yield only a one-dimensional
spectrum. The most desirable method for
ocean-wave prediction is the directional wave
spectrum (i.e., the distribution of spectral
wave energy with wavelength and direction).
Although techniques exist for obtaining di-
rectional wave information, there remains no
operational program (except in research ex-
periments) for obtaining these data.

The orbiting of an active microwave sen-
sor aboard a satellite has the potential for
revolutionizing the methods by which global
ocean wind and wave information are ob-
tained and for improving the quality of pres-
ently obtained information. For both mete-
orologists and oceanographers, this could
represent a great increase in the amount of

global ocean wind and wave information to
become available on a regular basis for both
short- and long-range weather and wave pre-
diction. The knowledge of Southern Hemis-
phere sea-surface conditions would improve
tremendously, because little information is
presently available from the Southern Hemis-
phere oceans by conventional means. Large-
scale air/sea interactions between the North-
ern and Southern Hemispheres could be
monitored and studied. Predictions of upper-
air meteorological parameters would im-
prove as a result of more reliable lower
boundary (surface) input parameters. The
total impact of an active microwave system
orbiting the Earth cannot now be deter-
mined; however, the process of monitoring
and forecasting the marine environment
could be revolutionized by having such a sys-
tem in orbit.

To provide the most meaningful informa-
tion about global-scale ocean winds and
waves, certain minimum specifications are
required for parametric values (table 3-IV).

TABLE 3-1V.—Sensor Specifications for
Remote Sensing of Surface Winds and Waves

(¢) Deep Water (global)

Surface winds:

Velocity, m/sec ...... 2 to 50 (=2 or 10 percent)
Direction, deg .................. 0 to 360 (=%20)
Field of view, km ,..................... 20 by 20
Sample intervals, km ...................... 250
Waves:
Length, m .................... 50 to 500 (*£25)
Direction, deg .................. 0to 360 (*=10)
Height, m ........ 0.5 to 30 (=0.5 or 10 percent)
Fieldof view,km ..................... 20 by 20
Sample intervals,km ............ ... ... 250

(b) Shallow water (local)

Surface winds:

Velocity, m/sec ....... 2 to 50 (=2 or 10 percent)
Direction, deg ................... 0to 360 (%5)
Fieldof view,km ............ ... ........ 3by3
Sample intervals, km ....................... 50
Waves:
Length, m .................... 50 to 500 (==25)
Direction,deg ..............c.... 0to 360 (*5)
Height, m ........ 0.5 to 30 (0.5 or 10 percent)
Field of view,km ....................... 3by3
Sample intervals,km ............. ... ... ..., 50
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Active microwave technology has not yet
been proved capable of providing information
over the entire windspeed range recom-
mended. As a result, a complementary multi-
frequency passive microwave system should
be part of the total sensor package aboard a
given orbiting satellite. This system would
allow more complete coverage of the required
windspeed range, although greater complex-
ity is necessitated by the inclusion of a pas-
sive system. The incident angle, polarization
(preferably both horizontal and vertical),
frequency, and atmospheric attenuation be-
come important factors to be considered. Be-
fore operational deployment of such a com-
bined system, a breadboard version should be
tested aboard the Space Shuttle or as a scien-
tific experiment aboard another satellite.

Information on global sea-surface condi-
tions has many applications. Accurate sea-
surface conditions are important to commer-
cial fishing, both near shore and in the open
ocean; naval operations; optimum-time ship
routing; search-and-rescue operations; deep-
sea and near-shore drilling operations; long-
range weather prediction; hurricane detec-
tion, tracking, and prediction; near-shore
recreational activities; and further scientific
research. Within these major categories are
numerous smaller categories. Essentially, a
satellite system providing global wind and
wave information on an operational basis
will be immediately cost effective. Such a glo-
bal ocean system has long been awaited by
meteorologists and oceanographers.

INTERNAL WAVES

The existence of modes of internal oscilla-
tion in a stratified fluid has been known since
the early part of the century, when such
waves were postulated to explain the phe-
nomena of “dead water” in Norwegian fiords.
An internal wave is simply a trapped gravity
wave propagating in a medium having verti-
cal density variations, with the normal gravi-
tational restoring force reduced by the buoy-
ancy presented by the density changes. The
dominant mode is a low-frequency, low-speed
oscillation that exhibits very little surface

amplitude but appreciable horizontal surface
velocities.

Internal waves can be generated by a va-
riety of mechanisms. Wind stress that ex-
cites a spectrum of surface gravity waves is
one source; the surface waves scatter and
form an interference pattern that is felt at
depth, thereby generating an internal wave
that propagates freely. Another mechanism
is the scattering of tides by bottom roughness
or depth discontinuities presented by the
edges of continental shelves and island areas.
A third mechanism is shear-flow instability
caused by current systems such as the Gulf
Stream.

The usual method for observing internal
waves involves towing thermistor strings
through the water to sense the associated
temperature variations. Recently, Apel et al.
(ref. 3—41) have shown that periodic surface
slicks seen in ERTS-1 images serve to “tag”
the underlying internal wave and thereby
render them visible on a synoptic scale for
the first time. Such slicks are probably due
to the concentrations of oils arising from the
convergence of wave-associated surface cur-
rents mentioned earlier. The oil damps the
small capillary wave structure that is largely
responsible for variations in the optical re-
flectivity of the surface. The periodic nature
of the internal waves then leads to periodic
surface slicks, which are a familiar sight at
sea, especially on the Continental Shelf. In
shallow water (200-m depth), these slicks
usually appear in packets of a few kilometers
in extent and consist of individual striations
spaced at 500 to 1000 m. The slicks are gen-
erally oriented paralle] to the local bottom
topography.

Because changes in X-band radar reflec-
tivity of the ocean surface result from es-
sentially the same sources as do changes in
optical reflectivity (i.e., capillary wave varia-
tions), one would expect internal wave-slick
patterns to be visible to an imaging radar un-
der conditions similar to those occurring for
visible radiation.

Whether such waves have ever been ob-
served on radar images is not known; nor is
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it readily apparent what frequencies, polari-
zations, or incident angles are needed. How-
ever, an estimate is obtainable from the va-
riation in radar cross section with windspeed
and incident angle. From unpublished curves
of radar cross section available elsewhere in
this study, one deduces that, for windspeeds
below perhaps 5 m/sec, X-band frequencies
at incident angles from 15° to 35° might be
suitable. Resolutions of 10 m on the ocean
surface should be more than adequate.

Further vague indications also exist that
deepwater internal waves may leave very
subtle signatures that might conceivably be
visible with imaging radar. Observations of
this sort would represent a significant ad-
vance in the understanding of an important
oceanic phenomenon.

LAND/SEA INTERACTION

Land/sea interactions are most pronounced
on the Continental Shelf and in the vicinity
of islands. An estimated 90 percent of man’s
ocean activity occurs in water depths shal-
lower than 30 m. In this region, the wave
climate represents the single most important
environmental factor affecting offshore plan-
ning and design. Tides and currents are
equally important for navigation, fishing,
and recreation. The Continental Shelf has a
width scale of approximately 100 km and a
mean maximum depth of less than 200 m.
Around islands, ocean/land interaction can
occur over a region 500 km along a given
dimension.

Significant modification of the wave climate
occurs in shallow water through shoaling, re-
fraction, bottom friction, and breaking. In
the presence of sharp discontinuities, wave
diffraction is dominant in spreading the wave
energy. Available procedures for wave fore-
casting are predominantly for deep water.
The state of the art for extending deepwater
forecasts ‘to shallow water is in the embry-
onic stage, Isolated procedures exist for
evaluating refraction and diffraction of sim-
ple waves. Attenuation of waves by bottom
friction has been assessed with the aid of
quadratic friction coefficients, which have

been shown not to be completely satisfactory.
Combined refraction and diffraction schemes
have also been tried for single wave compo-
nents. Directional spectra methods are being
developed by the oil industry, but the results
have not been published.

The use of remote-sensing methods can aid
in providing significant information on the
transformation ‘of wave direction across a
continental shelf. The return from a radar
image can provide an all-weather photograph
of waves over the entire region from deep-
water to shore. Existing refraction and dif-
fraction schemes can be verified. A low-
altitude altimeter with a 3- by 3-km spot
size can provide wave-height information
along a path transecting the shore.

The catastrophic changes imposed on the
shoreline by major storms in the coastal re-
gions are obvious because the changes oc-
cur rapidly. Such monitoring of shoreline
changes is particularly suited to observation
by radar systems, which can assess shoreline
damage and changes even before the storm
has subsided enough to permit visual obser-
vation.

In addition to this use for storm damage
assessment, aerospace radar systems are ap-
plicable to shoreline form analysis. During
the last decade, there has been increasing sci-
entific interest in alongshore variations in
coastal processes and their relationship to
rhythmic and crescentic beach morphology,
shoreline erosion, and overwash processes.
Efforts are underway to formulate the physi-
cal processes responsible for the alongshore
variation; however, research is needed to
characterize the beach features, their distri-
bution in both time and space, and their
relationship to erosion trends and overwash
processes. Alongshore variations in coastal
processes and shoreline form were not under
investigation until the 1950’s. Consequently,
only recently have the effects of these dy-
namic features on the beach dune system
been recognized. Aerial photographs of the
coastline have assisted in this recognition.
Radar imaging systems can extend the ob-
servation.
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The study of shoreline form is far more
than an academic exercise. Briefly, significant
alongshore features of sandy coasts are cusp-
like forms of that shoreline called shoreline
sand waves, which migrate along the coast.
The wavelength of the features range from
approximately 100 m to 10 km. The larger
sand waves are fundamental to the stability
of the shoreline; therefore, the success or
failure of the several types of costal engineer-
ing structures and facilities depends on an
understanding and surveillance of these
shoreline phenomena. The shoreline sand
waves are part of a hierarchical pattern, the
elements of which are often superimposed.
These elements include (1) small cusps, or
cusplets, only 1 m across; (2) beach cusps,
which are up to tens of meters in length;
(3) the shoreline sand waves, or giant beach
cusps already mentioned; (4) secondary
cusps spaced from 25 to 50 km ; and (5) cusps
spaced from approximately 100 to 200 km.
Dolan has shown (ref. 3—42) that sand waves
are important in focusing the destructive
power of storm surges and storm erosion
damage.

In addition, these sand waves migrate ap-
proximately 200 m/yr along the mid-Atlantic
coast. Accelerated erosion (associated with
the passage of a shoreline sand wave embay-
ment) can severely damage a barrier dune
(if one is present), cause the loss of valuable
shore property, or destroy structures located
too close to the shore. Passage of the sand
wave point, or horn, leads to propagation of
the beach. The point of focus of storm surge
energy is gradually changed. Thus, the fore-
casting of storm effects must be modified in
accordance with shoreline changes.

A significant advantage of radar imagery
over visual photography is the acquisition of
both shoreline shape and wave-energy spec-
trum information. Thus, the interactive sys-
tem can be studied. The application of active

microwave techniques to the coastal region
is more extensive than the .specific task of
storm damage interaction and assessment.
Optimum use of remote-sensing instru-
ments will require coverage over a 100-km-
wide area with a 3- by 3-km spot size over
10-km intervals. Wavelength measurements
are needed in the range from 25 to 500 m,
with height measurements to 20 m. Wind
measurements to 50 m/sec, with a resolution
of =2.0 m/sec, are desirable to monitor storm
propagation across the Shelf. In the vicinity
of islands, somewhat larger coverage, spot
size, and sampling interval would be useful.
Further improvement in remote-sensing
capability can be achieved by the comparison
of remotely sensed data with high-altitude
photographs in good weather. The presence
of directional wave gages will aid in inter-
preting results. Direct measurements can be
used to test existing numerical schemes for
wave transformation in shallow water and
to develop new ones.
. The derived benefits from improved shallow
water wave climate data will be primarily in
beach erosion prevention and minimization
of hazards along the shoreline. The design
and placement of offshore structures such as
nuclear power plants, deepwater oil ports,
and oil drilling rigs will also benefit.

INLAND AND ESTUARIAL WATERS

The objectives of a study done by D. E.
Bowker of LaRC were to define the needs in
the coastal zone related to the four LaRC-
established national priority areas of pollu-
tion, fisheries, hazards, and geography/car-
tography. The approach to this study was to
fund four independent contractors—The Vir-
ginia Institute of Marine Science (VIMS),
Old Dominion University (ODU), TRW Sys-
tems Group (TRW), and Ocean Data Sys-
tems, Inc. (ODSI)—to study the problem.
The results are summarized in appendix 3B.
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PART D

LARGE-SCALE PHENOMENA

This section deals with oceanic phenomena
with horizontal scales from approximately
100 km up to the widths of the oceans them-
selves. Their very size makes these phe-
nomena difficult to monitor by surface-based
methods, so that satellite-mounted active mic-
rowave techniques are especially valuable and
may be the only way of gathering the infor-
mation needed for scientific progress.

An important class of large-scale features
consists of those concerned either directly or
indirectly with the vertical topography of the
ocean surface, estimated from the center of
the Earth. This class includes the shape of
the geoid, which is determined by the internal
mass structure of Earth; the quasi-stationary
anomalies due to spatial variations in sea
density and steady current systems; and- the
time-dependent variations due to tidal and
meteorological forces and to varying cur-
rents. These features are discussed in sub-
sequent sections. All these features make use
of the techniques of radar altimetry, although
currents can also be studied by satellite track-
ing of floats.

Certain large-scale phenomena could, in
principle, be usefully observed by satellite al-
timeters; however, it is unlikely that the nec-
essary precision (approximately 1 em) could
be obtained in the near future. Steric varia-
tions in sea level, due to time-dependent
changes in water density, notably at annual
and semiannual periods, are known from
shore-based tide gages to have amplitudes of
less than 10 cm in most parts of the ocean.
Tsunamis sometime reach meters of ampli-
tude at a coastline, but in the open ocean
where they would be most useful to measure,
they merely consist of long waves of a few
centimeters’ amplitude and some tens of kilo-
meters’ wavelength. Prospects for detecting
tsunamis by altimetry are discussed by
Greenwood et al. (ref. 3-43).

MARINE GEODESY

Background

The primary function of geodesy is to de-
termine the shape of the Earth by carefully
measuring the geometric distance between
points on its surface. For years, this ap-
proach seemed to be satisfactory because the
surveyed areas were limited to portions of
continental crusts and the measurements
were not required to consider the micromove-
ments of the solid Earth crust, which was
considered as a perfectly rigid body. Prob-
lems related to the choice of a common refer-
ence datum for all those local determinations
were approached through the use of a theore-
tical surface called the geoid, which is an
equipotential of the Earth gravity field.

The geoid on land is not a physical surface;
it is determined through a numerical process
that involves the computation of an integral
of gravity anomalies called the Stokes for-
mula. The geoid on the oceans was long con-
sidered to be in coincidence with the physical
surface of the sea (refs. 3—44 and 3-45).

During the last 10 yr, the problems of geo-
metric geodesy have been extended to the open
oceans mainly through the needs of accurate
navigation and positioning. Marine geodesy
has appeared as a separate scientific endeavor
because most of the hypotheses of practical
“land” geodesy were found to poorly match
the physical properties of the ocean environ-
ment. At the same time, the accuracies of the
available instruments for distance measure-
ments were drastically improved so that
movements of the crust of very small ampli-
tude had to be considered.

Presently, serious difficulty is encountered
in coping with the shape of the Earth per se,
and marine geodesy must be concerned with
four important surfaces (ref. 3-46): the
physical surface of the Earth crust, the phys-





