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THE ROLE OF SPACEBORNE SYNTHETIC APERTURE 
RADAR IN GLOBAL WAVE FORECASTING 

Ocean wave research at APL using synthetic aperture radar (SAR) strongly suggests that a properly con
figured spaceborne SAR could substantially improve global ocean wave forecasts. A critical demonstra
tion of the science and technology is planned for the early 1990s, when a real-time on-board SAR processor 
designed at APL will be mated to a NASA shuttle imaging radar to collect tens of thousands of globally 
distributed directional spectral estimates over a six- to eight-day period. A detailed comparison with oper
ational wave forecasts should reveal the intrinsic value of the satellite information. 

DESCRIBING AND PREDICTING 
OCEAN WAVES 

Stormy seas have inspired writers and terrorized sailors 
for centuries. More than 2500 years ago, the psalmist 
proclaimed that only "those who go down to the sea 
in ships" will witness "the works of the Lord . .. For 
He commandeth and raiseth the stormy wind, which 
lifteth up the waves thereof. They mount up to the 
heaven, they go down again to the depths . . ." 1 More 
recently, 51 days into his one-man voyage around the 
world in the American Promise, Dodge Morgan con
veyed some aspects of the terror: 

The relentlessness of the violent rolling motion demands 
a tough constitution. There is no respite, no haven, ex
cept in the sturdiness of the mind in its goal to ignore 
the ceaseless motion. It is easy to see a man losing his 
mind if he loses his ability to see and understand that 
it will end. It will end. So it's you and I, chaos, one on 
one, and I am going to make an alliance with time and 
outlast you . . . 2 

The stormy sea is aptly described as chaos by the soli
tary sailor. 

Yet, there are patterns; there is order. There are waves 
in the sea, waves with characteristic heights, periods, and 
directions. Chaotic, apparently random seas may con
sist of many separate wave systems, each having large 
local variability in even these three simple descriptors. 
Moreover, a sufficiently long sequence of waves (e.g., 
about a hundred) can be fairly well described by its spa
tial or temporal distribution of height as a function of 
both frequency and direction, that is, by its directional 
spectrum. Entire fields of waves can be described by spa
tial arrays of temporally evolving directional spectra. 

How well and how far into the future can the state 
of these evolving wave fields be predicted? The accura
cy of a wave forecast depends on at least three elements: 
(1) a detailed knowledge of the history of the wind field 
(or, more precisely, momentum flux) at the ocean sur
face, (2) an understanding (or model) of how the wind 
raises the waves and how the resulting waves are propa
gated and dissipated, and (3) an understanding of how 
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local currents interact with the waves and how the waves 
interact with each other, especially within storms or in 
the presence of rapidly changing winds. Other more elu
sive factors, such as the gustiness of the wind and the 
discrete nature of numerical models, impose ultimate 
limits on predictability. 

THE MOST EXTREME WAVES 

The wave climate over the Earth varies considerably. 
Wind waves generated in the Southern Hemisphere be
tween 45° and 65°S contain far more (annually aver
aged) total wave energy than any other comparable area 
on the planet. In this zone, Geosat altimetric measure
ments 3 indicate that the mean annual significant wave 
height is about 3.5 m, with a seasonal variability of only 
± 20%. At any given time in every season, four to six 
major storms, some containing large regions of waves 
that are twice the mean wave height (8 to 10 m) 
and individual wave groups that are occasionally twice 
again as high (16 to 20 m), migrate around the Antarc
tic ice pack from west to east. Some of the energy 
released from these events is dissipated locally in mix
ing the upper layers of the ocean, but a large fraction 
propagates generally eastward in wave trains, whose 
southern component tends to erode the edges of the ice 
pack, and whose northern component can, at times, cre
ate havoc along the southern coasts of South America, 
Australia, and Africa. In some of these coastal areas, 
the old swell finds new life as it encounters a strong op
posing current. In the Agulhas Current off South Afri
ca, the rejuvenated waves can experience a local doubling 
in amplitude, creating a well-known hazard for ship pi
lots traveling around the Cape of Good Hope4 (see Fig. 
1). Similar but less dramatic wave enhancement can oc
cur at the North Wall of the Gulf Stream during even 
a moderate northeaster. U.S. Navy ships routinely ex
perience difficulty in this area. In 1989, for example, a 
freak wave swept three sailors and several missiles off 
an elevator aboard the aircraft carrier USS Dwight D. 
Eisenhower. Only two of the men were rescued. 5 
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3. Freak waV~5 of up to 65 feet in h~,gltt, preceded by a deep 

trough, may be encountered ;n the area between he edge of 
the continental shelf and 20 miles to seaward. These co'; occur 
when a strong southwesterly ;s blowing, the sea IS rough and 
the barometric pressure IS low. 

Figure 1. Storms circling the Southern Ocean (top), as seen from the Apollo 17 spacecraft in December 1972. The naviga· 
tion map (bottom) corresponds to the boxed area in the photo, which is the region off East London , South Africa. The map 
notes the danger from freak waves up to 20 m (65 ft) high , which are among the highest waves found anywhere on the globe. 

Although ocean storms do not sink modern naval 
ships, their detrimental effects on seakeeping can 
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nevertheless be paralyzing. Authors of a recent paper 
stated the following: 

55 



R. C. Beal 

Because of poor seakeeping above 50o N, today's frigates 
can make their maximum speed only about 400/0 of the 
time annually and can achieve a speed of 24 or more 
knots only about 25% of the time during the winter ... 
During the winter they were limited to speeds of 15 knots 
or less, 20% of the time ... In the Greenland-Iceland
United Kingdom Gap, the commanding officers of to
day's frigates report that they may be able to use their 
hull-mounted sonars only about one day out of three 
during the winter and operate their helicopters only one 
day out of four. 6 

The response of a ship to the sea is a strong function 
of its size but is also tightly coupled to the directional 
character of the sea waves. Figure 2 shows the typical 
variation of roll with heading for (A) a destroyer in 6-m 
significant wave height and (B) a frigate in 2.3-m sig
nificant wave height. 7 In a long-crested (narrow spec
trum) sea, a heading change of only 300 can, for some 
headings, reduce roll by a factor of 3 (see blue area of 
Fig. 2A). On the other hand, in a short-crested, bimo
dal sea, roll is virtually independent of heading (Fig. 2B). 
Improved global directional wave forecasts have impor
tant consequences for both the merchant marine and na
val fleets worldwide, not only in the safety of deck 
operations, but also in the efficiency of transit and con
sequently in increasing the effective operational area. 

SATELLITE SCATTEROMETRY AND 
NUMERICAL WAVE MODELS 

Future progress in global wave forecasting depends 
directly on improvements in global wind fields, model 
physics, and global directional wave measurements and 
related assimilation schemes. 

Wind and wave estimates with sufficient density and 
coverage to be of value to the global numerical models 
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Figure 2. Variation of roll with heading. A. A destroyer in 
6-m significant wave height. B. A frigate in 2.3-m significant 
wave height. The blue area in part A highlights how a head
ing change of just 30° can reduce ship roll motions by a fac
tor of 3. (Courtesy of W. C. E. Nethercote, 1990.) 
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must come from satellite platforms. Remote techniques 
to measure wind and waves over the oceans have been 
explored, both theoretically and experimentally, for more 
than 25 years.8 Both passive and active microwave 
techniques are attractive because of their all-weather, 
24-hour potential. Properly designed radar scatterome
ters transmitting at a wavelength of a few centimeters 
have been shown to be sensitive indicators of both wind 
speed and direction. The evidence from the Seasat scat
terometer flown in 1978 is strong enough that future 
wind-measuring scatterometers are planned for the Eu
ropean Space Agency (ESA) Remote Sensing Satellite 
(ERS-l) in 1991 and for the Japanese Advanced Earth Ob
serving Satellite (ADEOS) scheduled for the mid-I990s. On 
board ADEOS will be the NASA-developed scatterometer 
originally planned for the U.S. Navy's Remote Ocean 
Sensing System (NROSS), an ambitious multisensor con
cept that fell to budget cuts in 1986. The ESA and NASA 
scatterometers should nevertheless permit substantially 
improved global wind field estimates by the mid-1990s. 

Meanwhile, wave-modeling physics and global data
assimilation schemes are also advancing, particularly with 
the advent of the new generation of supercomputers. The 
U.S. Navy has been using a supercomputer to produce 
global directional wave forecasts since early 1984 and 
expects to upgrade again in the early 1990s. The Euro
pean Centre for Medium-Range Weather Forecasts has 
been using a Cray supercomputer for third-generation 
global wave forecasts since early 1987. With a single 
processor rate in excess of 100 MFLOPS (million floating 
point operations per second), a 48-hour global forecast 
(3 0 x 30 grid every three hours) requires less than five 
minutes of computing time. Effective assimilation of 
sparse satellite wind data from ERS-l and ADEOS will cre
ate even more stringent computational demands in the 
early 1990s. Efficient and clever algorithms are required 
to blend the new satellite measurements objectively into. 
the existing conventional forecasts. Global estimates of 
the full two-dimensional (directional) wave spectrum will 
be essential to "close the loop" in this blending process 
and to provide a continuous measure of the quality of 
the forecasts. 

THE FUTURE ROLE OF SPACEBORNE 
SYNTHETIC APERTURE RADAR 

Just as active microwave radars have been shown to be 
useful for monitoring the surface wind field, they can 
be equally useful for monitoring the surface wave field. 
Whereas spaceborne scatterometers apparently can be 
tolerated with a surface resolution of perhaps 10 to 
50 km, accurate monitoring of the energetic surface 
waves (wavelengths between about 100 and 600 m) re
quires a spatial resolution of 30 to 50 m, both along the 
satellite velocity vector and normal to it. In effect, a high
resolution radar image of the wave field must be formed. 
But for this image to be of value in estimating the direc
tional height spectrum, the brightness of the image (or 
the intensity of the radar backscatter) must have a known 
relationship to the wave height. Only a few radar tech
niques have been shown to be potentially useful for re-
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mote ocean wave monitoring; only the synthetic aperture 
radar (SAR) has actually flown in space. 

In a typical spaceborne configuration (Fig. 3), the SAR 

antenna beam is located in the plane normal to the ve
locity vector, about 20 0 to 30 0 from nadir for ocean 
wave imaging. Range (cross-track) resolution is obtained 
by transmitting a narrow pulse and measuring the delay 
of the return, as in conventional radars. Azimuth (along
track) resolution is obtained by creating a synthetic aper
ture, typically consisting of several hundred to perhaps 
a thousand real antenna lengths. The synthesis is accom
plished by transmitting at least two pulses while the sat
ellite moves forward by one antenna length. This 
constraint is called "filling the aperture"; if violated, it 
can cause the SAR to produce false images and a high 
level of background noise. For a typical azimuth anten
na dimension L and satellite velocity V (about 10 m and 
7 km/s, respectively), the maximum allowable interpulse 
period is T = L/2 V, and the maximum attainable cross
track swath is cT/(2 sin 0) ::::: cL/(4 V sin 0) ::::: 100 km, 
where C is the speed of light and 0 = 30 0 (off-nadir an
gle). Assuming that the aperture is properly filled, azi
muth resolution is determined by the length of the 
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\ 

Figure 3. Geometry of a spaceborne synthetic aperture radar, 
illustrating both the real and synthetic beams. L = real an
tenna length (::::: 10 m), D = synthetic aperture length (::::: 10 km), 
fa = azimuth resolution limit (:::::5 m), H = satellite altitude 
(= 800 km), V = spacecraft velocity (= 7 km/s), and () = off
nadir angle (:::::30°). 
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synthetic aperture, which can be as long as the product 
of the satellite velocity and the interval over which a 
point in the scene is illuminated by the radar beam. Con
sequently, shorter antennas with broader beams permit 
potentially higher resolution. The upper limit to azimuth 
resolution is about L/2, but to attain this limit, all the 
returns (typically hundreds or even thousands) from each 
range bin must be stored and cross-correlated with a 
reference function consisting of a Doppler history of a 
point source at that particular range. 

Real-time SAR processing of large swaths requires large 
digital memory banks and high-speed parallel compu
tations on the Doppler histories of the full set of scene 
elements. Real-time SAR processing of large swaths re
mains problematic, especially from satellites. For col
lecting ocean wave spectra, however, the swaths can be 
small and spatial continuity is not essential. In that spe
cial case, present digital technology combined with an 
efficient architecture can achieve real-time processing in 
a practical space-worthy configuration. As described in 
the concluding section, APL is planning to demonstrate 
such a processor in 1993 as part of the NASA Space Ra
dar Laboratory. 

RESEARCH HIGHLIGHTS 
OF THE PAST DECADE 

In 1978, the NASA Seasat L-band SAR provided the first 
opportunity to monitor the spatially evolving direction
al wave spectrum from space. Several Seasat passes were 
analyzed by APL investigators over tracks of up to 
1000 km. One such pass along the U.S. East Coast ex
hibited clear evidence, in its evolving spectra, of deep
water dispersion, convergence of wave rays back to ear
lier generating sources, refraction in the Gulf Stream, 
and shallow-water shortening. Analysis of this single pass 
illustrated the value of spaceborne SAR for global 
monitoring of the directional wave spectrum. 9 

As the number of analyzed spectra began to accumu
late, however, it became clear that the Seasat SAR lacked 
the ability to respond to all but the longest waves travel
ing in the azimuth direction of the spacecraft and, even 
worse, appeared to rotate other wave systems away from 
the azimuth direction. This problem is now widely recog
nized as a fundamental limit for SAR imaging of the 
moving ocean. Because the SAR is a Doppler measuring 
device, it misregisters scene scatterers having radial ve
locity components according to the relation 

where 

V 

R 
Llxa V Vrs 

azimuth displacement, 
range from the spacecraft to the 
scene scatterer, 
spacecraft velocity, and 
radial component of the scatterer 
velocity. 

A typical R/ V ratio for a satellite at 800-km altitude, 
such as Seasat and the European ERS-l, is about 130 s. 
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A typical root-mean-square (rms) scatterer velocity might 
vary from 1 to 3 mis, depending on the sea state. This 
rms velocity ensemble of scatterers produces a "smear
ing" in the azimuth direction, that is, an azimuth fall
off or low-pass filter in the wave-number spectrum. 
Thus, a typical random ensemble of ocean scatterers 
might cause a smear of nearly 400 m in a high sea. The 
only practical way to reduce the smear is to lower the 
altitude of the spacecraft, but lower-altitude orbits en
counter additional drag, which must be offset with ac
tive propulsion. 

In 1984, the NASA Shuttle Imaging Radar-B (SIR-B) 

provided a second opportunity to acquire ocean wave 
spectra from spaceborne SAR. The shuttle SAR was an 
important test of the role of R / V in ocean wave imag
ing, since its altitude was only 230 km and its cor
responding R/ V was less than one-third that of Seasat. 
With SIR-B, several ocean wave data sets were acquired 
simultaneously with independent aircraft estimates of 
directional wave spectra. One such experiment occurred 
off the coast of Chile. Flights under the shuttle by a 
NASA P-3 aircraft with a surface contour radar (SCR) 10 

and a radar ocean wave spectrometer (ROWS) II pro
duced nearly simultaneous and coincident estimates of 
the spectrum. Also, the Navy's Global Spectral Ocean 
Wave Model (GSOWM)12 produced forecast spectra ev
ery 12 hours. On three days out of four, the three sen
sors (SAR, SCR, ROWS) agreed well, confirming the 
fundamental advantage of the low-altitude SAR orbit. 
But on the day with the lowest sea state (1.6-m signifi
cant wave height) when most of the energy was concen
trated at wavelengths shorter than 100 m, substantial 
azimuth falloff occurred even at the low shuttle alti
tude. 13 Fortunately, the waves contained so little ener
gy as to be of minor operational importance. The 
GSOWM forecast often differed substantially from the 
sensor estimates, strongly suggesting that spaceborne SAR 

would be valuable for validating and updating global 
ocean wave forecasts, especially in regions where wind 
measurements are either poor or sparse. 

More recently, in March 1987, eight nations in Eu
rope and North America participated in a more com
prehensive wave experiment conducted in the Labrador 
Sea. The experiment was called LEWEX (Labrador Ex
treme Waves Experiment). Over a seven-day interval, 
thousands of estimates of the directional wave spectrum 
were obtained from several ship-deployed directional 
buoys, two ship radars, three aircraft radars (a Canadi
an C-band SAR, the NASA SCR, and the NASA ROWS), and 
nine wind-wave forecast models. Although LEWEX was 
originally planned to coincide with a NASA shuttle flight 
(SIR-B ' ), the Challenger accident in early 1986 caused a 
major reconfiguration of the experiment. 

The comprehensive LEWEX results will be published in 
a series of articles in the next issue of the Johns Hop
kins APL Technical Digest (Vol. 11, Nos. 3 and 4). 
Among other things, the LEWEX results have indicated 
the following: (1) The low R / V ratio SAR spectral esti
mates, when collected close to nadir, describe the direc
tional spectrum of ocean waves longer than 100m as 
well as the other two aircraft techniques do, reinforcing 
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the SIR-B Chile results; (2) the wave model forecasts, par
ticularly when driven by separately derived winds, can 
be in gross disagreement with one another when describ
ing the directional aspects of the wave field; and (3) wind 
field errors often constitute the single largest source of 
poor wave forecasts. 

The implication from LEWEX is that spaceborne SAR 

estimates of the global directional wave spectrum, if col
lected from a low-altitude ( < 300 km) orbit and properly 
assimilated into the numerical models, could substan
tially improve the present state of global wave forecast
ing. Of course, global forecasting will also be improved 
by the advent of satellite wind measurements. Ideally, 
satellite wind and wave measurements will be collected 
and assimilated into models simultaneously, although not 
necessarily from the same satellite platforms. 

THE NEXT FIVE YEARS AND BEYOND 
More than 25 years ago, a group of radar experts and 

oceanographers meeting at Woods Hole Oceanograph
ic Institute proposed the use of spaceborne radar for 
global wave monitoring. 8 More than 15 years ago, APL 

proposed to NASA a global ocean spectral sampling mode 
to enhance the Seasat SAR,14 which itself was then only 
an option on the newly conceived ocean remote sensing 
satellite. In the spectral sampling mode, small patches 
of ocean a few kilometers on a side were to be sampled 
every 250 km along track. The resulting data would be 
stored in an on-board tape recorder and transmitted each 
orbit to one of three ground stations. Within 24 hours, 
all the oceans would be sampled as if thousands of buoys 
had been uniformly deployed along the satellite track. 

It was an ambitious idea at the time, and we now 
know that it was also premature. The excessive Dopp
ler smearing from Seasat's high altitude would have se
verely limited the value of the spectra for wave fore
casting. Now, with the hindsight of hundreds of analyzed 
spectra from Seasat and SIR-B and several thousand more 
from LEWEX, we are preparing once again to execute the 
1974 concept, this time in the NASA SIR-C. The Space Ra
dar Laboratory, which includes SIR-C, is the next step 
in NASA'S Earth Science and Applications Program to 
explore the role of multifrequency, multipolarization 
SAR. Nearly 50 experiments will be conducted by inves
tigators from 13 countries in six scientific research areas: 
ecology, geology, hydrology, oceanography, radar cali
bration, and electromagnetic scattering theory. The 
Space Radar Laboratory will contain three separate 
transmitters at L, C, and X bands; the L and C chan
nels will operate in both horizontal and vertical polari
zation. Investigators at APL will be participating in 
oceanographic experiments in both the Northern and 
Southern hemispheres. In addition, APL is developing an 
experimental on-board SAR processor to produce nearly 
continuous real-time ocean wave spectra from the C
band channel. The concept is similar to that proposed 
for Seasat in 1974, but with the following improvements: 

1. Nearly contiguous azimuth coverage will increase 
the statistical reliability of the spectral estimates by about 
a factor of 3 over that proposed in 1974. 
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2. The low R/ V ratio of the shuttle will improve the 
azimuth resolution of the spectra by a factor of more 
than 3, and should allow distortion-free monitoring of 
the more energetic waves in the ocean, especially in the 
Southern Hemisphere, where the waves tend to be longer 
because of the unlimited fetch available to the wind. 

3. In addition to the on-board tape recorder storage 
proposed in 1974, the processed spectra from SIR-C will 
be multiplexed into a real-time telemetric downlink of 
the Space Radar Laboratory. They will then be relayed 
at S band through one of two NASA Tracking and Data 
Relay Satellites (TORS) to White Sands, New Mexico, and 
from there through the Domestic Satellite (DOMSA T) re
lay to the shuttle mission control at Johnson Space Cen
ter in Houston (see Fig. 4). Nearly instantaneous (within 
a few seconds) reception of the measured spectra will 
be available, even from the remote Southern Ocean. 

On the ground, the raw spectra will be converted 
through a series of linear transformations to estimates 
of directional wave spectra. They will then be sent via 
standard 9600-baud telephone lines to an APL archiving 
computer, where they will be immediately accessible 
from numerous remote sites, including the Navy's Fleet 
Numerical Oceanography Center at Monterey. In col
laboration with the Center's personnel, we plan to make 
direct comparisons of the sAR-measured spectra with the 
model-predicted spectra for the duration of each of the 
three shuttle missions, the first of which is now sched
uled for 1993. The SIR-C experimental processor data 
should thus accomplish two major objectives that have 
eluded us for nearly 20 years: (1) It will illustrate in a 
statistically significant way, and over global scales, how 
much a spaceborne SAR could improve current opera
tional directional wave forecasting, and (2) it will demon
strate the technical feasibility of a spaceborne real-time 
SAR processor. 

As military budgets shrink in the 1990s, the Navy will 
have to take maximum advantage of smaller, more high
ly mobile surface forces. Improvements in medium-range 
(3- to 10-day) ocean wave forecasts will take on an add
ed importance in the safe and reliable extension of naval 
power to remote parts of the globe. To enhance reliabil
ity, surface forces should have direct access to satellites 
for environmental updates. In such a cost-conscious en
vironment, a tailored special-purpose wave-monitoring 
satellite, whose predicted performance could be based 
on an actual global demonstration, might become espe
cially attractive. 
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