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Imaging Radar Observations of Directional Properties of Ocean Waves
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SEASAT-A synthetic aperture radar (SAR) and side-looking airborne radar (SLAR) images of ocean
waves are examined in the form of normalized directional distributions of backscatter variance at series of
frequencies. This method provides a more detailed description of radar results than have contoured
two-dimensional wave number spectra and reduces some of the uncertainties in relating radar measure-
ments to the waves. The range of aspects of the radar distribution that parallel those of ocean waves is
defined. Within this restriction, not only can dominant wave frequencies and directions be determined
accurately, but also the shape of a directional peak at a frequency, its directional width, and the
background level can be determined approximately. Some of these aspects are examined with SLAR
images obtained near reference wave measurements. Through its superior directional resolution, the radar
appears to have distinguished two wave trains at a single frequency only 20° different in direction. The
SEASAT-A satellite SAR provided an unusual opportunity to examine directional properties of waves in
the hostile environment about Hurricane Fico. A swell highly dispersed in frequency and direction at a
distance from the center of 450 km had a minimum observed directional width of 11°. Wave directions,
their changes with frequency, and directional widths were in accord with those expected from the hurricane
winds. Thematic maps of the direction and width of the swell energy as it spread across the ocean surface
show smooth changes in these properties over distance, with relatively small scatter of individual values.
These patterns also are in accord with those from a simple hurricane wave emission concept, but details of
the distributions show distinct departures that must represent unrecognized smaller-scale fluctuations of

the process.

INTRODUCTION

High-resolution radar imagery has often shown ocean waves.
This observation has led to a number of studies of the relation-
ship between radar images and ocean waves [Alpers et al.,
1981]. The patterns are sufficiently similar that Gonzalez et al.
[1979], Shuchman and Kasischke [1981], and Rosenthal et al.
[1981] could derive accurate values of the wavelength and
direction of dominant ocean waves from satellite radar
measurements. However, wave-induced variations in intensity
of radar reflectivity may not be simply related to any single
property of the waves themselves such as height or slope.
McLeish et al. [1980] and Beal [1981] observed radar spectra
to change with frequency and wave number in a manner be-
tween that of wave height spectra and slope spectra. Vesecky
and Stewart [1982] found such spectra to agree better with the
wave height spectrum, while Pawka et al. [1980] reported
variable comparisons. Wright et al. [1980] found that wave
parameters alone did not explain the extent of the radar modu-
lation. Thus, even the nondirectional transfer function relating
radar and ocean wave properties is not yet known.

The present effort attempts to derive some properties of
hurricane-generated ocean waves from radar measurements
without a full knowledge of the transfer relationship. A pro-
cedure for presenting the radar spectra as directional distri-
butions that are interpreted within a number of restrictions has
been developed. Both side-looking real aperture airborne radar
(SLAR) and satellite synthetic aperture radar (SAR) images
were analyzed. The SLAR results were tested in part against
reference wave measurements. The reference data available to
us did not furnish directional distributions of wave energy
adequate to evaluate fully those from the SLAR. A more critical
test of the radar results has been a comparison of SAR wave
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imagery with the unique wind patterns within a hurricane. In
this case, the radar-derived directional distributions could be
related to the generating wind fields in some detail. In addition,
the radar images showed some further directional properties of
a swell as it spread across the ocean surface.

In the analysis of SEASAT SAR optically correlated data
from a different storm, Gonzalez et al. [1982] derived only a
dominant wavelength and direction from each spectrum. Al-
though they could show rough relations between the radar-
derived wave characteristics and the storm, more detailed inter-
pretation even of the dominant wave field alone produced
unsatisfactory results. Considerably finer interpretation is pos-
sible from the present digitally correlated data.

PrrcH-ROLL Buoy, AIRBORNE SLAR, AND
SEASAT SAR WAVE MEASUREMENTS

The general procedures for data collection and analysis
follow those given by McLeish et al. [1980]. A pitch-roll buoy
was used to obtain directional wave measurements from the
Canadian ocean station vessel Vancouver, which was located at
50°N, 145°W and making routine meteorological observations.
Five 34-min wave records obtained on November 17, 1978,
between 1811 UT and 2138 UT gave an average spectrum with
a [requency interval of 1/128 Hz and 140 degrees of freedom.
Unfortunately, there was a slip of the compass card in the buoy,
and a direction correction of —50° was applied to the calcu-
lated wave directions to produce a fit with the direction of the
dominant waves as predicted from weather maps. The correc-
tion is estimated to be within 20° of correct.

The analysis procedure calculated a wave height spectrum
from the buoy vertical acceleration data. Mean wave directions
were obtained using both acceleration and buoy tilt measure-
ments. In addition, two sets of estimates of the directional
distribution of wave energy were derived as P in the equation
E(0, f) = cos*™} 1(6 — 0) where E is the normalized variance
of wave height, 0 is direction, and § is mean direction at the
frequency [cf. Longuet-Higgins et al., 1963]. One estimate, P1,
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was calculated from the first harmonic of the directional Fou-
rier transform, and the other, P2, from the second harmonic.
The width of the one-hall power peaks was calculated by
W = 4 cos™ ! exp [0.5(In 0.5)/P].

The SLAR is a Westinghouse APD-7 radar with a 9-mm
wavelength and a nominal 8-m resolution cell installed in an
aircraft. Two film images produced in conjunction with the
buoy measurements of November 17 have been analyzed. One
image was obtained at 2047 UT while 14 km E of the ship with
an aircraflt heading of 142°, and the other was made at 2055 UT
while 52 km E-SE of the ship with a heading of 43°. The flight
altitude of 52 m led to depression angles varying about 1°. The
film segments were digitized, and Fourier analysis was per-
formed on arrays of 128 by 128 values of film density at
intervals representing 5.56 m to give two-dimensional wave
number spectra with 2 degrees of freedom. Averages of 24 such
spectra from each image led to two final spectra with 48 degrees
of freedom.

The SEASAT-A satellite operated from July to October 1978
with several microwave instruments that made measurements
of the ocean [Born et al., 1979]. The synthetic aperture radar
system, useable only when the satellite was in the vicinity of a
prepared ground station, quickly demonstrated an ability to
image ocean waves [Gonzalez et al., 1979]. Jordan [1980] has
described the performance of the instrument. During revolution
251 on July 14, the SAR recorded three successive 100 km by
100 km areas of the ocean surface north of Hurricane Fico.
Two-dimensional arrays of readings of backscattered radar
energy were produced by a digital correlation technique ac-
cording to Wu et al. [1981]. Digital processing has been report-
ed to give much higher quality radar data than has been
produced through optical transform techniques [Vesecky and
Stewart, 1982]. The values were spaced at about 17-m intervals
and represented a resolution of 25 m. Twelve locations were
selected in each image, and 128 by 128 value arrays in 16 areas
at each location were used for spectrum calculations. Each
resulting average spectrum represented an area of 9 km by 9 km
and contained 32 degrees of freedom.

METHODS OF RADAR SPECTRUM ANALYSIS

The radar results in this paper were derived from two-
dimensional wave number spectra and are analyzed as normal-
ized directional distributions of radar variance density. Wave
numbers were selected to correspond to wave frequencies speci-
fied at intervals of 0.01 Hz. This manner of display allows more
quantitative examination of radar results than have the contour
plots of two-dimensional spectra [cf. Schwab et al., 1981;
Gonzalez et al., 1982 ; Meadows et al., 1983] and either avoids or
minimizes several uncertainties in the interpretation of radar
data in terms of ocean waves. Through the interpretation meth-
ods described herein, a number of properties of ocean waves
can be determined from a radar with only a limited knowledge
of the applicable transfer function.

A directional distribution of radar variance density was ob-
tained by selecting a series ol points along a semicircle on a
radar two-dimensional wave number spectrum centered on the
origin with a fixed radius representing a selected frequency and
with intervals of 1° in direction. Corrections for wave motion,
aircraft lateral drift, and radar geometry eflects were small and
were omitted in these calculations. The variance density at each
point was determined by interpolation among the nearest three
spectrum values. Each value was divided by the maximum of
the series. A resulting value represents the sum of the radar
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variance densities from waves propagating in two opposite
directions.

Separately normalizing the directional distributions at each
frequency removes the effect of frequency dependence ol an
unknown radar transfer function and simplifies the interpreta-
tion of the spectra. Also, with linear waves at a single frequency,
the wave height spectrum, the slope spectrum, and some related
spectra are all proportional, so that the relative effects of the
different wave properties in generating a radar pattern are
irrelevant to the directional distributions.

The mean direction of a radar peak at a frequency was
determined by averaging by eye the normalized directional
distribution in the region between the half-power points. A
correction for radar geometry distortion resulting from the
difference between horizontal distance and slant range was
applied to the mean directions in further calculations from
satellite data. The width of a peak is the difference in direction
between the one-half power points.

A radar may be expected to show best those waves traveling
in the range direction and least well those in the azimuth
direction, which is defined as along the flight path [Shuchman
and Zelenka, 1978]. The directional transfer function is variable
and not well known in a particular case but tends to change
smoothly with direction [ Alpers et al., 1981, Figure 6] and may
not always vary significantly with direction [ Elachi, 1978]. The
change in this function over a small range of directions must
thus be of limited extent. Although the entire 180° range of a
radar spectrum semicircle is plotted here, only amplitudes
within a single directional peak in a narrow range of directions
are compared. In particular, the relative amplitudes of peaks in
significantly different directions may not be accurately shown
by these directional distributions. The peaks here commonly
have widths of 20°-40°, so that the measurement of a one-hall
power point requires the use of a range of directions of 10°-20°.
The change in the directional response function over such an
interval is considered small. Directional distributions at very
low frequencies were not produced, in part because the spectra
contain little directional information there and also in order to
avoid confusion by patterns not from ocean surface waves, such
as wind patterns or internal waves. In addition, a high-
frequency limit was selected to be well below that required by
resolution cell size to reduce possible aliasing in the calcula-
tions.

Although each component of a wave pattern leads to a
corresponding component of the radar pattern, the transfer
function relating these need not be linear, the superposition of
radar components need not parallel that of waves, and the
radar form from a sinusoidal wave may not be sinusoidal
[Alpers et al., 1981]. However, the Fourier transform of the
nonsinusoidal radar pattern reflected from a sinusoidal wave
will contain a fundamental component with the same wave
number and direction as the wave. Additional radar compo-
nents will occur as harmonics at multiples of the principal wave
number. In order to avoid these harmonics, only frequencies
less than 22 times the frequency of the maximum will be
studied in detail here. This restriction avoids the effect of spec-
trum whitening in frequency described by Alpers et al. and
ensures that the radar components examined pertain to the
intended wave components. Furthermore, the dispersed swell in
the third Fico radar image should fit the conditions suggested
by Alpers et al. for linear radar mapping, and evaluation of the
radar results should be possible. Thus, at least with the satellite
radar data and under the series of restrictions imposed in the
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present calculations, the directional distribution of a radar
peak at a frequency should be similar in shape, direction, and
width to that of the waves represented.

The presentation of radar spectra as directional distributions
is similar to that of McLeish et al. [1980]. Directional distri-
butions from radar images were also given by Pawka et al.
[19801].

SLAR OBSERVATIONS OF WAVES
NEAR BUuOY MEASUREMENTS

The 1800 UT surface weather chart (Figure 1) shows a storm
south of Alaska as it approached the ship. The reference pitch-
roll buoy measurements were collected simultaneously with
nearby SLAR-generated imagery of the ocean waves. Winds at
the ship were steady from 130° at about 10 m/s at the time;
before a weather front passed earlier that day, the direction was
150°, and the wind speed reached 13 m/s. The rapid speed of
movement of the storm, also about 13 m/s, requires that domi-
nant waves in the area of the ship resulted from the local wind
history and were not swell propagating out from the higher
wind regions of the storm.

The buoy-derived wave height spectrum, direction of wave
propagation from the first directional harmonics, and the ex-
ponents of the cosine distribution P1 and P2 are shown in
Figure 2. The wave height spectrum observed by the buoy has a
single, sharp peak at 0.12 Hz, in approximate accordance with
the observed wind history of the previous 12 hours. The signifi-
cant wave height was 3.4 m, consistent with the higher wind
speed. As mentioned above, the indicated direction of the domi-
nant waves had been set to about 330° to be consistent with the
earlier winds. Wave directions in the range 0.2-0.3 Hz were
indicated by the buoy to be parallel to the wind, while higher-
frequency waves were to the west. Each estimate of P has a
single major peak near 0.12 Hz.

The bump in the wave height spectrum at 0.07-0.08 Hz is, by
itsell, not of major significance. However, this bump and obser-
vations that the wave directions near 70°-80° differed from the
others and that the P plots showed local peaks near that
frequency indicate the buoy to have recorded a swell moving
east through the region.

The two SLAR images were processed to two-dimensional
wave number spectra, Figures 3a and 44, and directional spec-
tra at series of frequencies, Figures 3b and 4b. The radially
symmetric wave number plots distinguish separate wave

Fig. 1. Surface pressure weather chart for 1800 UT November 17,
1978, south of Alaska. The track of the storm center over the previous
12 hours and the location of the wave measurements are marked.
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Fig. 2. Wave measurements from buoy. The wave height spectrum
at three vertical scales, mean direction, and cosine directional distri-
bution exponents P1 (below) and P2 (above) are shown at 1/128-Hz
frequency intervals. The wind direction is shown to be toward 310°.

groups, while the directional plots reveal more readily fre-
quencies of the maxima, mean directions and widths of the
dominant peaks at each frequency, and the general background
level. Similar patterns were recorded in the two cases even
though the data were collected at locations 40 km apart and the
aircraft headings at the two times were 99° different. The angle
between the major wave propagation direction and the radar
beam directions was 60°-80° in one case and 20°—40° in the
other. The spectra show no trend toward lower values near the
sides of the plots (azimuth directions), and no major influence
of a directional transfer function is apparent. The mean direc-
tions of the wave peaks at each frequency as given by radar are
close to those from the buoy; they are seen in Figure 5 to
undergo similar and significant overall change with frequency.
The standard deviation of the radar-buoy differences in that
figure is 6° as compared with a maximum difference of the buoy
values of 20°.

The two sets of P values in Figure 2 are not close but differ by
factors greater than 2. These values, obtained from the buoy
data through the assumption of a cosine power shape direc-
tional distribution, show the actual shape of the directional
spectrum to be different. However, a cosine power shape for the
spectrum of a wave group seems probable. Other buoy data
have fit it [ Longuet-Higgins et al., 1963], and directional spec-
tra from radars show approximately such a shape near the
frequency of the spectrum peak. We conclude that the present
buoy spectrum appears to contain one or more additional
variance components which lead to a different directional
shape.

One additional component might consist of reverse waves,
those propagating in directions opposite to the main waves.
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Fig. 3a. Two-dimensional wave number spectrum from airborne
radar at 2047 UT. Two dots give the location of the maximum, and
contours represent 50% and 25% of it. A nonlinear frequency scale
corresponds to the wave numbers. Z = UT.

Indeed, Doppler radars have shown small amounts of reverse
waves. Crombie et al. [1978] reported 1-4% of the energy of the
dominant waves to be traveling in the opposite direction. The
reverse waves were attributed to wave-wave interactions. These
transfer wave energy to the growing low-frequency side of the
spectrum peak and can produce both forward traveling and
reverse waves. Stewart and Teague [1980] found 1% reverse
wave energy which they concluded was reflected from a shore,
while Tyler et al. [1974] recognized a 2% level of reverse waves
as part of an isotropic component. However, the second com-
ponent of the present buoy spectrum may not consist entirely of
reverse waves. The appendix gives a method of calculating their
effect on P1 and P2. The calculations show that the pair of P
values at 0.125 Hz in Figure 2 would represent 9% reverse
waves if such were the case, a greater amount than previously
detected by radar. Furthermore, the radar directional spectra of
Tyler et al. [1974] and McLeish et al. [1980] show additional
energy to be distributed over the entire range of directions
reported, not just in reverse directions, and so could buoy
spectra. It is noted that reverse waves cause a decrease in Pl
but do not change P2 and, therefore, could be consistent with
the buoy values.

Alternatively, a broad spread in direction might be approxi-
mated by an isotropic distribution, again calculated in the
appendix. The level of an isotropic component in the buoy
spectrum at 0.125 Hz that would give the observed behavior in
P is 3% of the peak. The earlier radar measurements of 1-4%
reverse wave energy are in agreement with this value, as are the
background levels in a single direction of about 4% in the
present radar data. Also, both the buoy and the radar spectra
must contain instrument noise which need not be oriented with
the waves. Other directional shapes could also cause P1 not to
be close to P2. However, except at the few frequencies where
crossing wave trains overlap, various considerations indicate
most such shapes to be improbable.
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Peak width values [rom radar and from buoy measurements
of ocean waves represent somewhat different properties of the
directional distribution. A width value from radar data repre-
sents a directional peak alone, as seen through an incompletely
determined transfer function. Only under the restricted con-
ditions described above need its influence be small. In contrast,
a buoy-derived width represents the cosine power shape that
best fits the entire directional spectrum. The fit is influenced by
all waves at the frequency, not just the dominant peak. Com-
parison of width values from the two instruments is therefore
not straightforward.

Figure 6 presents a comparison of calculated directional

- o

0.160HZ
»5X

X
s34,

Q0.150 HZ
«SX

0.140HZ
«5X

o 1X
1850,

0.130HZ
«5X

1%
1879.

0.120HZ
« 5X

< IX
1491.

0.110HZ
+5X |/

1%
798.

0.100 HZ /_f‘\\\\/.ﬁ\/\\\/\/\,
.5X

21X

1086. .
0.090 HZ /vr’“\,\’/‘f
.SX /4/

< IX
1450.

0.0B0 HZ e
.5X - /\/

o IX

1562.
0.070HZ
«5X :

JIX

2
RADAR 321/2047

Fig. 3b. Directional spectrum from airborne radar at 2047 UT.
The two direction scales along the bottom represent the two directions
represented by each variance value. The radar range direction is in the
center of the horizontal axis. The value of the peak in each plot is given
to the upper left. Reference dotted lines show 0.1 and 0.5 times the peak
value. The arrow at the top shows wind direction.
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widths from the buoy at frequencies containing a single domi-
nant wave group (as shown by radar) with measured values
from the radar. Directional widths from the two radar spectra
are nearly the same and do not show an influence from the
different aircraft headings. Three plots of buoy-derived widths
shown in Figure 6 represent different sets of estimates of P. The
values in the top line were derived from P1 and are somewhat
greater than those deduced from corresponding P values by
Forristall et al. [1978]. The second (next lower) curve, showing
results derived from P2, represents wave peak widths if the
differences between P1 and P2 result from reverse waves. The
last buoy curve represents widths if the differences between P1
and P2 result from an isotropic additional component. At
frequencies between 0.10 Hz and 0.12 Hz, isotropic calculations
fail, and a different component, possibly reverse waves, must be
present in the developing region of the spectrum.

Even the buoy widths assuming an isotropic component are
an average of 25° greater than the radar values, although they
had been corrected for extraneous variance in the buoy data.
Compass errors in the buoy data occur when the buoy tilts on a
wave and the swinging compass container jerks against its
tether. These errors widen a directional peak, although in-
herently not as a function of frequency. The slope of the rms fit
of the narrowest buoy widths versus frequency is within 15% of
that from the radar and so is in accord with the predicted effect
of random compass errors. This figure not only supports the
accuracy of the present radar calculations but also indicates
wave distributions to be harrower than previously reported
buoy results [e.g., Mitsuyasu et al., 1975].

The buoy data describe the dominant waves as having a peak
at 0.12 Hz with a single mean direction. In contrast, directional
distributions from both radar spectra show two peaks at that
frequency, separated in direction by about 20°. A wave group
toward 350° appears in both sets of radar distributions at the

peak frequency and at a few lower frequencies. Waves toward-

330° appear in both sets at and a few frequencies above the
peak frequency. Because of uncertainties in the probability
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Fig. 4a. Two-dimensional wave number spectrum from airborne
radar at 2055 UT.
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Fig. 4b. Directional spectrum from airborne radar at 2055 UT.

structure of the wave field, it is difficult to evaluate quantita-
tively the likelihood that the separate peaks in the radar spectra
represent separate wave groups of the sea. They are, however,
consistent with the time history of the local wind conditions
described earlier. The existence of this double peak is supported
not only by its occurrence in two separated images but also by
its repetition at independent adjacent frequencies and the con-
sistent changes between them. Belousov et al. [1982] reported a
radar image to contain two groups of waves at overlapping
frequencies in directions 37° apart. The widths of the two peaks
were 35° and 40°.

As seen in Figure 5, the radar peak changed direction with
frequency, and some of the variance at 0.16 Hz was nearly
parallel to the wind direction (toward 310°). However, other
energy toward 330° also is present at that frequency in the
radar distributions.
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Fig. 5. Mean direction of wave peak versus frequency in storm
south of Alaska. Radar measurements at 2047 UT (pluses) and at 2055
UT (crosses) are compared with buoy measurements (arrows).

The 0.07- to 0.08-Hz east-moving swell barely detectable in
the buoy data constituted the dominant waves over that fre-
quency range in the radar distributions. This energy may have
come from a storm 3000 km to the west which had generated
such waves 3 days earlier. Weather charts for the time period
indicated that the generating area was no more than 800 km
wide, so that a directional width of 15° or less would be ex-
pected, in contrast to the indicated 60°-70°. In principle, a swell
can be scattered as it propagates across the ocean surface, and
the directional width increased. However, Snodgrass et al.
[1966] deduced the effect to be small, and Munk et al. [1963]
estimated peak widths of less than 14°-37° in waves that had
traveled much farther than these. It is not known whether the
greater width of this peak results from some property of radar
measurements of the low swell or from actual scattering of the
waves in passing through the steep waves and the currents in
the storm.

SATELLITE OBSERVATIONS OF WAVES
FroM HuURRICANE Fico

Waves generated by a hurricane offer several advantages for
the study of radar patterns and of wave properties. The source
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Fig. 6. Width of wave peak in storm south of Alaska versus fre-
quency. Symbols as in Figure 5, but top buoy curve was derived from
P1, next curve from P2, and third curve with equations in the appen-
dix.
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of the waves is compact and reasonably well located in time
and space. The generation region is delimited by the maximum
and minimum radii of wind speeds high enough for wave
generation and by the rapid change of wind direction with
distance around the storm. Yet the winds are sufficiently intense
to generate waves, ever in the short fetch, that lead to a sea or
swell adequate for measurement. The hurricane may move
rapidly in comparison with the scale of the storm and the wave
travel time, and the strong winds follow highly curved tracks.
As a result, the mean directions of the waveés vary significantly
across a limited portion of the ocean surface. In contrast,
large-scale wind systems may generate waves that have little
variation in direction over distances to be considered here.
Moreover, not only were most appropriate northern hemi-
sphere storms at incorrect distances to produce extraneous
swell, but the northeast trade winds in the region were light and
variable during the observation period. On the other hand, the
direction of wave energy in a hurricane cannot be predicted
accurately because of the rapidly changing winds and the
strong wave-wave interactions occurring among the many
crossing waves. Also, there are seldom many ship reports within
a hurricane to aid in determining the wind distribution.

Figure 7 shows the approximate winds and significant wave
heights in the vicinity of Hurricane Fico and the regions of
three SAR images. When SEASAT passed at 1330 UT July 14,
1978, the eye was at 14.9°N, 121.9°W. The hurricane had been
moving west at 5 m/s with a maximum sustained wind speed
near 40 m/s and a radius to maximum wind estimated to be
60-70 km [Ross et al., 1983]. The speed of the hurricane motion
was equal to the group velocity of waves with a frequency of
0.16 Hz. In contrast with the previous example, the bulk of the
energy of the waves examined here outran the storm and was
moving forward away from the generating area.

Figures 8-10 contain directional spectra in the three regions
derived from averages of the two-dimensional spectra calcu-
lated at 12 subsections in each region. The spectra at different
distances from the storm have significantly different character-
istics. However, the high-frequency portions of the spectra in all
three regions contain a narrow peak superimposed on a fairly
large uniform background. Each peak is in the range direction
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Fig. 7. Winds and waves near Hurricane Fico at 1300 UT July 14,
1978 [after Teleki et al., 1979]. The three regions of radar images and
the hurricane track are marked.
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of 250° and is about 20° from the wind direction given by a
numerical wind model of the hurricane of Ross et al. [1983]. Its
width is much less than previously reported for high-frequency
waves beneath hurricane winds [Forristall et al., 1978]. Accel-
eration of reflecting elements on waves moving in range causes
smearing in the azimuth direction on a SAR image [Alpers et
al., 19817, which may lead to spectrum variance in the range
direction. These inconsonant aspects of the high-frequency por-
tions of the SAR spectra thus might represent an aspect of the
system performance and not directly the waves. The total vari-
ance of the peaks in the frequency range 0.13-0.17 Hz is nearly
3 times as great in region I as in region III, a probable result of
the different wind speeds.

The maximum energy in Figure 10 occurs at 0.08 Hz with a
well-defined directional peak and represents a dispersed swell
in the most distant area recorded. The directional peaks con-
taining maximum energy in the areas nearer the storm in
Figures 8 and 9 are less well defined. Some of the additional
low-frequency variance in those figures might result [rom ex-
traneous swell that was generated in distant storms. Examin-
ation of earlier weather maps and calculation of wave energy
travel time indicate that various wave groups arriving from
200°-230° in the frequency range 0.06-0.09 Hz could have
come from high-latitude southern hemisphere winter storms
after having traveled 10-13 days [cf. Cartwright et al., 1977].
Similarly, a storm near the Aleutian Islands might have gener-
ated a swell that after 7 days would arrive from 310°, the
approximate direction toward which some Fico swell is seen to
propagate. Ross et al. [1983] compared the present radar spec-
tra with wave spectra predicted by a numerical model. The
model spectra did not contain the additional swell. The con-
taminants were energetic enough in relation to the hurricane
waves in regions I and II so that the directions and widths of
the hurricane-associated peaks could not be examined in those
areas. In region III, however, the sharp low-frequency peak
extended well above the interference and could be measured
accurately.

A mean direction was determined subjectively for each of the
individual spectra in the third image at several frequencies, and
the averages of 12 readings were plotted versus frequency in
Figure 11. The scatter of the points from a smooth curve is
much less than the overall direction change. The concave cur-
vature in Figure 5 could not be examined at low frequencies
because of apparent swell from an unrelated storm. In this
figure, however, both concave and convex curvature are seen
and are attributed to a single cyclone. The concave curvature
over much of the frequency range can be attributed to the
curving wind flow about the cyclone, but the break giving an
opposite curvature at lowest frequencies is attributed to a swell
emitted earlier from the moving region of high winds in the
storm. The turning of the swell with frequency can be corre-
lated with the movement of the hurricane. Figure 12 shows
directional plots of the swell at the single farthest location in
the third image with frequency intervals of 0.002 Hz. At this
small separation, some of the variance values at adjacent fre-
quencies are interpolated within the same sets of wave number
values in the two-dimensional spectrum and are not indepen-
dent. However, the consistency of shape and steadiness of
changes over the series of plots indicate that even somewhat
minor features of the plots may be significant. Widths are as
small as 11°, and some background levels are less than 5% of
the peak. The energy in the radar spectrum has a frequency
bandwidth of only 0.02 Hz. Detailed analysis of these wave
directions seems possible.
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A simple manner of wave emission from a hurricane is as-
sumed for evaluation of the radar observations. A wave train is
‘emitted’ perpendicular to a radius from the eye, with a maxi-
mum energy at a distance referred to as the ‘radius of maximum
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waves.” The use of this approach with the present data is
supported by observations of Elachi et al. [1977]; the dominant
waves ahead of an earlier hurricane moved nearly in the storm
direction, and those behind the eye often moved across the
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track. But waves near the radius of maximum wind were nearly
perpendicular to the radius, and those ahead and to the right of
the storm were oriented in accord with this description. Fur-
thermore, the waves are considered to travel in accord with
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linear wave theory. Snodgrass et al. [1966] reported swells to
travel great distances across the ocean in good accord with that
theory and with little dissipation.

With these assumptions, the turning with frequency of the
swell can be compared with the measured speed of the hurri-
cane. Directional distributions at low frequencies from the 12
spectra from the third image were recalculated at 0.002-Hz
frequency intervals, and mean wave directions were obtained.
Radar geometry corrections were applied, and the 12 values at
each frequency were averaged. A straight line fitted to the
values at six frequencies changed direction by 4.31° between
0.070 Hz and 0.080 Hz and had an rms difference from those
values of 0.16°. The trajectories of these two wave trains and the
hurricane direction of motion constituted a triangle with
known angles and with lengths of the sides proportional to the
distances traveled. The triangle was solved numerically for
relative lengths of the sides. Equating the travel times of the
first wave train with the sum of that of the second wave train
and that of the hurricane gave a calculated speed of the hurri-
cane of 5.56 m/s or about 10% different from the observed
value. The exact direction of hurricane advance is not critical to
this calculation, nor are absolute wave directions. A difference
of 10° would give a value of hurricane speed differing by 3 m/s,
less than other possible errors. However, the amount of wave
turning with frequency is critical. Even a 1° difference in turn-
ing leads to a hurricane speed difference of nearly 1 m/s, which
could reveal a discrepancy in the data. The closeness of the
calculation illustrates the high accuracy of the direction values
derived from the SAR.

The average wave direction and the hurricane eye positions
were combined to indicate the location of the source of the
0.078-Hz waves. These data, when considered in conjunction
with the wave group velocity, indicated that the swell in the
center of the northern radar image had originated at a distance
of 90 km from the center of the storm and the wave energy had
propagated about 550 km by observation time. These waves
had traveled for 15 hours, while others in the image had trav-
eled as much as 3 hours longer or shorter. In comparison, Black
[1979] calculated wave origin distances of 100-250 km from
the center of a major hurricane. The distance to maximum
waves can hardly be less than the radius to maximum winds or
so great that the wind speeds are too low to generate such
waves. Thus, the present calculation implies some degree of
accuracy of mean wave direction measurements. An error of
+5° in the present values leads to distances of 40 and 145 km,
and the direction error must be less.

The mean direction of 0.078-Hz waves at each of the 12
locations on the third radar image is marked at the correspond-
ing point in Figure 13. The resulting thematic map represents
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the spreading over the ocean surface of the directions of waves
from a small moving storm. Gently curving contour lines show
the overall change in direction to be much larger than the
random scatter of the values. The assumption of a small un-
changing generation region moving steadily with the storm,
combined with the position of the wave source derived from the
radar data, requires that the contour lines be a fan-shaped
array radiating from the position of the source at observation
time, as shown in the figure. The rms difference between the
direction values and those from the fan array is only 2.6°.
Although the observed directions fit reasonably well, significant
departures of the curved contours show that hurricane wave
emission is not fully as assumed. Fluctuations in the wind field
around the storm and in the hurricane movement may have
caused some of the differences.

Measurements of the horizontal patterns of wave directions
now becoming available can be highly valuable in showing how
waves vary with distance. Shuchman and Kasischke [1981]
plotted wave orthogonals from radar over an area and com-
pared them with those from refraction theory. Beal [1981]
showed that wave directions along a line were consistent with a
presumed source 500 km away. In the present study, the source
is relatively small and moving with a component transverse to
the wave direction, and further details of the wave pattern may
be deduced from the radar measurements.

The thematic map in Figure 14 shows the widths of the
directional peak of 0.078-Hz waves at 11 locations in area IIL
Comparison of the values with the smoothly curved contours
indicates the random variability to be small in comparison with
the overall change in width. Also, the overall change is com-
parable with what may be predicted. The travel times of 12 and
18 hours to the nearest and farthest locations should lead to a
ratio of widths of the order of 1.5. The observed ratio is 1.8, or
only 20% different. Predicted contours curve slightly in the
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Fig. 13. Distribution over the area in the third image of the mean
directions of 0.078-Hz waves. The hurricane track follows the arrow
along the bottom. The curved lines in the third image represent an
approximate contouring of the directions, and the fan-shaped array of
straight lines represents predicted directions.

opposite direction, and the different observed patterns of the
contours must result from properties of the wave emission from
a hurricaneé not recognized at present.

The observed widths of the directional properties of the
spectra can also yield information on the characteristics of the
generation region of the storm. The average of the 11 radar-
derived directional widths from the northernmost region (III of
Figure 14) at 0.078 Hz is 17.2°. For a travel distance of 550 km,
an angular spread of 17.2° implies a generation region for these
waves 165 km wide. The narrowest spread in region III was 11°
and represents a generation region of 125 km in width. Since
the directional properties were observed to be symmetric, twice
the 90-km distance from the eye to the peak generation arrived
at previously would represent an independent estimate of the
maximum width of the region. Thus, the directional widths
observed in the spectra are consistent with an otherwise in-
ferred width of the generation region.

Figure 15 shows the manner in which waves changed with
distance from a hurricane. Low-frequency 0.078-Hz waves were
examined, since dispersal is more rapid and development of
new waves is slower than at higher frequencies. Directional
distributions at each spectrum location along the west side of
the area extending north from the storm are combined in the
single figure. As the plots in Figure 12 show, a well-dispersed
swell gives a single, clear-cut peak which, in the present obser-
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vations, is nearly triangular. The simple description of hurri-
cane wave emission mentioned above would require the width
of a peak to increase steadily and possibly change direction as
the storm was approached, but otherwise it would maintain its
original shape. The calculations of fetch width from Figure 14
were based on that concept. However, the observations of the
transition between swell and sea waves show a somewhat differ-
ent development.

The directional plots in Figure 15 represent waves along a
row of locations. The swell in the northernmost plot at IIIA3
had a narrow peak toward 295°, but the waves in the southern-
most plot at IA1 showed a broad spread between 220°-240°
and 300°. The plots between them illustrate the manner in
which the change occurred. At locations near IIIA3, the 295°
waves varied irmgularly in direction by about 5° and turned to
about 305° by IIA1. Here another wave train, toward 270°-
280°, became dominant. Indications of this second wave train
are visible in the two plots above this one. Farther south, the
305° waves became weaker, and other wave trains showed
varying amplitudes until at location IAl there was a single
irregular peak with a width of 60°-80°. Thus, with both swell
and sea waves present, the changes in wave directions with
distance from the storm consisted more of a changing of the
amplitudes of different wave trains than of the turning or
broadening of a single wave train.

A similar overlapping of sea and swell at individual fre-
quencies appears from the averaged Fico spectra. Combining
the 0.07-Hz and 0.08-Hz results gives a locally generated sea

s
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Fig. 14. Distribution over the area in the third image of the widths
ol the peak of 0.078-Hz waves. Locations of spectra are identified as
shown along the right and within the area of the bottom image.
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direction of 272° near the storm (Figure 8) and a swell direction
of 302° in the farthest area (Figure 10). The intermediate dis-
tance spectrum (Figure 9) shows two peaks: sea waves toward
275° and swell waves in the direction 305°. Overlapping is also
indicated by the plots at successive frequencies in Figure 9. In
this example, radar observations distinguisled wave groups at
a single frequency which were only 30° different in direction.

Forristall et al. [1981] found swell from a hurricane to be
separated in direction and frequency from the locally generated
sea waves. The peak width of the swell may be calculated from
the wave gauge and current meter data to be 35°. At intermedi-
ate frequencies, however, the P1 values from such data were
low, and only a broad spread, not a double peak, could be
indicated.

The manner of change of directional distributions with dis-
tance as well as the shapes of the contour lines in the maps of
mean wave direction and directional width is not in full accord
with the present understanding of wave generation and is ex-
pected to require a more detailed examination of the winds
within a hurricane and the interactions among the waves there.

Optical corielations of SAR data may show different qua-
lities of ocean wave patterns at different ranges. In fact, Gon-
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zalez et al. [1982] could not recognize any waves in the first
quarter swath of images near Hurricane Ivy. In contrast, the
present digitally correlated data gave spectra of uniform high
quality across the entire set of ranges, and Figure 15 was
derived entirely from the first quarter of the swath.

SUMMARY

We have examined real and synthetic aperture radar images
of ocean waves with significantly different geometries and
found several properties of the waves to be measured by the
radars.

1. A limited range of aspects of the radar spectra was
defined within which radar spectrum properties represent cor-
responding properties of the waves. Mean directions and
widths of groups of dominant waves were derived at individual
frequencies.

2. Accuracies of radar direction and width values were
evaluated by comparison with in situ measurements and
straightforward concepts of wave propagation. Directions of
swell from a hurricane were accurate to within about 5°. Direc-
tional width values were less than those from buoy measure-
ments but probably greater than the actual widths.

3. More detailed analysis of the radar data allowed further
deductions concerning the hurricane waves to be made. (1)
With the hurricane known to be moving west, its speed was
calculated from the wave directions at different frequencies. (2)
With the hurricane position known with other observations
from the satellite, wave travel distance, travel time, and differ-
ence in travel time across a radar image were calculated. (3)
Distance from the center of the storm to the generation area of
maximum waves was calculated to be 90 km, in accord with an
estimated radius of maximum winds of 60-70 km. (4) Both
mmean wave direction and directional width at a frequency
varied over a 100 km square area in general accord with
predictions from the hurricane. However, both showed definite
departures that are attributed to variations in the hurricane
winds or in the wave generation process. (5) Locally generated
wind waves were distinguished from a swell through changes
with distance and frequency.

APPENDIX

Directional properties of a measured wave spectrum at a
frequency may be examined through its partial Fourier trans-
form. With a coordinate system aligned with the mean direc-
tion of the dominant waves, the Fourier coefficients are

2z
A, = I E_(0) cos (n 0) d0 1)
0

whete n is the harmonic number, n =0, 1, 2 here, and X
represents the particular spectrum or component. In the pres-
ent analysis, X may designate the dominant wave group F with
a spectrum directional shape E6) = [cos2® (6/2)]; reverse
waves R with Eg(6) = E{8 + =) so that the spreading exponent
Py = Pg; an isotropic background B so that A,;, = 4,5, =0; 0r
the sum of the components, S. The amounts of the lesser
components may be expressed by

My = Aor/Aor = —Asr/A1r = A2r/A2r
My = Aog/Aor
so that the Fourier coefficients of the total spectrum are
Aos = Aor + Aor + Aop = Aol + Mg + My) 2
Ays=Ayr+ Ajg = A (1 — Mp) 3
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Ays = Ayp + Ay = A1 + My) @
and so
ﬂ=ﬂ___l_MR )
Aos Aor 1+ Mg+ My
ﬂ_@ 1+ Mg 6

Ags Aop 1+ Mg+ My

The quantities on the left are derived from buoy measurements
through LCS [Longuet-Higgins et al., 1963] calculations. The
cosine exponent P is related to the Fourier ratios by Cartwright
[1963, Equation 17]:

Ay P
it VAL 7
Agr P41 @
A __P P—1 ®)
Ag P+1P+2

Thus
P A1+ Mt M, o
P+1 Aps 1—M,

P P—1 Ayl+Mg+M, 0

P+1P+2 Ay 1+M,

These equations allow P to be determined if My or My is
known.

If Mz = 0, P may be calculated with (10), and then My with
).

Ifinstead My = 0,(7) and (8) lead to

24,5/A Azs/Aos\ !
P = (l + 28 OS)(I _ 25 lOS (11)
AIS/AOS AIS/AOS
Next, M is evaluated with (9):
P
My (12)

=1
(P+ 1A,5/Aos

Calculation of the height of the background relative to that of
the dominant wave peak uses [Cartwright, 1963, Equations 14
and 15]

My (2P + 1)

BT 2n 22F1ITP 4 |) (13)

Equations (11) to (13) provided the buoy values in the dis-
cussion above. This approach is somewhat more general than
the LCS method in that it can give correct values of P with an
isotropic background, although any discrepancies will not be
apparent in the results. These equations emphasize the impor-
tance of knowledge of the different components in a spectrum.
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