Reports

Bistatic-Radar Observation of Long-Period,
Directional Ocean-Wave Spectra with Loran A

Abstract. Bistatic-radar scattering from medium- to long-wavelength (80 to 200
meters) ocean waves has been observed with the use of loran A (1.85 megahertz)
transmissions and a receiver located 280 kilometers away. The received echoes
have been converted into a time-delay, Doppler-frequency map in which the effects
of anisotropies in the ocean-wave spectra are clearly shown. The distribution of
the echoes in delay-Doppler space is consistent with Bragg scattering from trains

of dispersed ocean waves.

Bragg (or resonant) scattering from
ocean-wave structures has been pro-
posed by Crombie as a principal source
of medium- to long-wavelength (15 to
300 m) radar echoes from the surface
of the sea (Z). A small body of experi-
mental and theoretical literature (2),
dealing mostly with backscatter effects
in this frequency range, provides some
credible evidence for the Bragg scatter-
ing mechanism, but relatively little sys-
tematic investigation of the scattering
process has been carried out.

Peterson, Munk, and Nierenberg, on
the assumption that the Bragg hypoth-
esis is correct, have recently proposed
a bistatic-radar method for determin-
ing the directional wave spectra of the
sea (3). In this report we briefly de-
scribe the proposed technique and pre-
sent new observational results from an
experiment to determine its feasibility.
We believe our experimental results
strongly support the Bragg mechanism
as the principal source of long-wave-
length radar echoes from the sea. In
addition, the effects of anisotropies in
the ocean-wave spectra are clearly
present. One earlier experiment (4)
is known in which bistatic geometry
and loran A transmissions were used,
but this experiment differs from the
work reported here in the methods of
data processing, analysis, and interpre-
tation.

Briefly, the Bragg scattering hypoth-
esis is as follows. The ocean surface at
any particular point is considered to be
made up of linearly superposed gravity
wave components, each of which
travels in a particular direction with a
phase velocity v given by v2 = gL/2x,
where g is the acceleration due to grav-
ity and L is the wavelength. Strong
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radar echoes are obtained only from
those particular components of the wave
spectrum that satisfy the condition for
resonant scattering from periodic struc-
tures. If we assume that waves propa-
gate along the surface, this condition
is that the distance L between wave
crests is given by

L = (n\secn/2)/2

where M is the wavelength of the inci-
dent probing wave, 5/2 is the half-angle
between the radar transmitter and the
receiver at the scattering point, and n
is an integer greater than zero. Other
nonresonant scattering mechanisms un-

Point Arguello©

" Fig. 1. Bistatic-radar geometry. Loran A

transmitters are located on the California
coast at Point Arena and Point Arguello;
the receiving site is at Sunset Beach. The
geometrical figures are ellipses, with foci
at Point Arena and Sunset Beach, and
circles which contain the line between
Point Arena and Sunset Beach as a chord.

doubtedly exist but are believed to play
only a minor role in this wavelength
regime. Since the Bragg condition is
satisfied only by those wave components
whose perpendiculars bisect the angle
included between the transmitter and
the receiver, it is selective in terms of
the direction of travel and ocean wave-
length from which echoes are obtained.

In our experiments we used coherent
pulse trains from two loran A stations
at Point Arena and Point Arguello on
the California coast. The receiver was
located almost midway between the two
transmitters at Sunset Beach. The pulses
were of approximately gaussian shape,
had a duration of 50 usec, and were
repeated at 29.8-msec intervals. Al-
though signals were always received
from both stations, the differences in
their arrival times allowed them to be
separated and treated independently in
the data processing. Because of the
very long radio wavelength of the
loran A transmitter with respect to ob-
served ocean-wave spectra, it was as-
sumed that the Bragg condition would
be fulfilled only for the first-order res-
onance, n = 1. Furthermore, on theo-
retical grounds, echoes corresponding to
n > 1 are expected to be relatively
much weaker. These assumptions were
later borne out by the data. A map of
the California coast (Fig. 1) shows the
geometry of the experiment.

The unique features of the experi-

~ment reported here arise from the com-

bination of the bistatic geometry and the
Bragg scattering mechanism. According
to elementary geometrical principles,
the locus of all scattering points that
form echoes with the same time-delay
excess (after the arrival of the direct
wave) is an ellipse with foci at the
transmitting and receiving sites. The
line perpendicular to an ellipse at any
point is also the bisector of the angle
subtended by the lines between the foci
and that point. Consequently, to satisfy
the Bragg hypothesis, a particular
ocean-wave component must be propa-
gating along a line perpendicular to the
ellipse on which it is observed, and it
must have the proper spatial period. As
a consequence of the secant 7/2 law,
the longest observable ocean waves
move along the semiminor axis of the
ellipse, whereas the shortest waves
travel along an extension of the line
connecting the transmitter and the
receiver.

Echoes from the sea are also shifted
in frequency by the motion of the
waves. It is a simple matter to show
that, owing to the dispersive nature of
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the gravity waves, each wavelength ob-
served at a fixed time delay has a unique
Doppler shift. Thus, a simultaneous de-
termination of time-delay and Doppler
shift permits resolution of the echo into
a spectrum which can be associated
with a unique set of ocean-wave com-
ponents.

The loci of points of constant Dop-
pler shift may also be given a simple
geometrical interpretation. Constant
Doppler shifts arise from those points
where the transmitter-receiver base line
subtends a constant angle. All such
points lie on a circle which contains the
base line as a chord. Unfortunately, the
orientation of the waves has no particu-
lar relation to the circle, as it does to
the ellipse. A pair of ellipses and circles,
representing the delay and Doppler loci,
have been superposed on Fig. 1.

Using the dispersion relationship and
the Bragg condition given above, one
can show that

fDoppler = =x \/(g/w)\) Ccos 17/2 =
=+ fmnx \/COS "1/2

is the equation for the Doppler shift of
the radar echo. It may also be shown
that the Doppler shift is exactly equal
to the ocean-wave frequency.

The receiver output is processed by
the use of standard delay-Doppler tech-
niques. Successive data samples, taken
at a fixed time-delay excess after the
arrival of the direct pulse, are formed
into estimates of power spectral density
as a function of delay. These estimates
are then displayed on delay-Doppler
coordinates in the usual manner (5). To
the first order, the echoes are sorted
into a set of mutual delay-Doppler bins
of dimensions comparable to the trans-
mitter pulse length and the reciprocal
of the observation time, respectively.
However, the amplitude effects associ-
ated with variations in the propagation
path lengths and the areal extent of the
echoing area must be accounted for. It
is clear from Fig. 1 that the surface
area contained within the intersection
of two successive delay and Doppler
loci is not constant. Furthermore, the
propagation path loss, which is inversely
proportional to the square of the prod-
uct of the distances to and from the
echoing point, r; and 7, respectively,
also varies with location on the ocean
surface. These areal and propagation
effects may be expressed in terms of the
delay-Doppler coordinates as
dA 8
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Fig. 2. Predicted delay-Doppler spectrum
from a homogeneous, isotropic sea. It is
assumed that the radar cross section per
unit surface area is independent of wave-
length. The spectrum for zero delay is not
shown.

where a is the distance between the trans-
mitter and the receiver, @ = fpoppier/
fmax and &= (r; + r2)/a are the nor-
malized delay-Doppler coordinates of
the echo, and dA is the differential ele-
ment of the surface area contained in
(@, @+ da) and (¢, £+ df).

The amplitude weighting function,
given above, is plotted in Fig. 2, with
an arbitrary ordinate scale. Since no
directional or wavelength dependencies
in the ocean-wave spectrum are in-
cluded, this plot may also be inter-
preted as the echo delay spectrum
expected from a homogeneous, iso-
tropic, uniformly scattering sea. Echoes
may be observed only within a certain
permitted region of the delay-Doppler
space. The sharp cutoffs in delay-Dop-
pler coordinates arise jointly from the
Bragg scattering assumptions and the
dispersion relation for gravity waves.
Echoes from near the experiment base
line are weighted most heavily. Echo
strength decays slowly with increasing
delay because the propagation losses are
partially compensated by a very rapidly
increasing element of area. The ob-
served delay-Doppler spectra will be
somewhat smoother than the one shown
here because of the averaging effects of
finite pulse widths and frequency win-
dows.

A geometric analysis of the point
mapping from ocean-wave spectrum
space to delay-Doppler space has been
carried out by Nierenberg and Munk
(6). Barrick has examined the details of
the scattering process, using perturba-
tion theory under the assumption of a
gently undulating sea (7).

The loran A transmitters at Point
Arena and Point Arguello operate on
a carrier frequency of 1.85 Mhz or

162-m wavelength with a peak trans-
mitted power in excess of 800 kw (8).
The transmitted frequency is derived
from an oscillator having a stability of
one part in 10° or better. The spectra
of the direct signals from two of the
stations were examined at high resolu-
tion and were found to be less than
0.002 hz in width at the —20 db points.
Echoes with signal-to-noise ratios of 10
to 20 db are obtained. A number of

~ different stations operate on the same

frequency, but these stations may be
distinguished by their repetition rates,
or, in the case of pairs of stations for
which the same repetition rate is used,
by the time phase of the pulse trans-
missions.

Observations were made in the late
afternoon of 15 March 1970. Signals
with the common pulse period of 29.8
msec from Point Arena and Point Ar-
guello were used. Spurious signals
from other loran transmissions on the
same frequency were present, but we
have eliminated these from the data by

* taking advantage of their known peri-

odicities.

A coherent detection scheme with a
single radio-frequency mixer was used
to receive the echoes. Spectral estimates
with a resolution of 0.003 hz were
formed from sets of samples taken at
the same excess delay, corresponding
to a path length difference of 15 km,
with the use of a Hamming data win-
dow and a single Fourier transform.
The coherence properties of the sea
surface are not yet sufficiently well un-
derstood to permit a calculation of the
reliability of the spectral estimates.

The delay-Doppler transforms of the
signals from Point Arena and Point
Arguello are shown in Fig. 3. Succes-
sive range bins are presented in iso-
metric projection. Positive Doppler
shifts are to the right and correspond to
waves approaching the transmitter-
receiver base line. The large, narrow
spike in the center of each part of Fig.
3 is the direct, unshifted signal, fol-
lowed by reflections from  stationary
objects. The theoretically predicted
maximum and minimum Doppler shifts,
under the Bragg scattering assumption,
are indicated by the solid lines. Data
from the two stations were taken about
an hour apart, so they do not repre-
sent simultaneous measurements. How-
ever, the sea conditions should not have
changed appreciably during the period
of the two measurements. The ordinate
is linear in power. However, the scales,
which are arbitrary, differ by a factor
of 5; the data from Point Arena are
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Fig. 3. Observed delay-Doppler spectra from (a) Point Arena to Sunset Beach and
(b) Point Arguello to Sunset Beach stations, 15 March 1970. Solid lines indicate the
boundariés of echoes under a Bragg scattering hypothesis. Each delay increment rep-

resents an increase of 15 km in the propagation path length.

exaggerated with respect to those from
Point Arguello.

Several features of the data are worth
noting. First, the Doppler-shifted sea
echoes closely follow the range of fre-
quencies predicted by the Bragg-scatter-

ing mechanism and gravity wave propa- .

gation. Second, almost all of the echoes
from Point Arguello, and the echoes
from Point Arena in the first several
range bins, represent waves whose mo-
tion was predominantly toward -the
coastline. Those echoes from Point
Arena in later range bins represent
waves moving away from the coastline.
There is a region in the Point Arena
data, between delays of 300 to 600
usec, where there are waves traveling
both toward and away from the coast-
line. These waves may have coexisted
in the form of standing waves, or may
have been in quite separate parts of
the sea as mirror images about the
perpendicular bisector of the experi-
ment base line. At delays greater than
600 usec there are strong echoes from
waves moving away from the coast.
No waves moving toward the coast
were observed at long delays.

It appears that the strongest reflec-
tions originated in a region between
Sunset Beach and Point Arguello, ex-
tending from about 50 to 125 km from
the shore. These echoes originate in an
area where the ambiguities of interpre-
tation are minimal and correspond to
waves traveling toward the shore. In the
Point Arena data, strong reflections
could have arisen in patches of ocean
within about 20 km of either Sunset
Beach or Point Arena with the waves
traveling toward the shore, and in re-
gions 70 to 140 km offshore, again from
either Sunset Beach or Point Arena,
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with waves traveling away from the
shore. In future experiments antenna
directivity may be used to resolve the
ambiguities. However, on the basis of
the prevailing wave patterns near the
coast, it appears likely that the near-
coastal echoes came from an area near
Point Arena. Echoes corresponding to
n greater than unity in the Bragg equa-
tion would have Doppler shifts that
vary as Vn. No such echoes were ob-
served.

We interpret the predominant fea-
tures in the observed scattering func-
tion as being due to Bragg scattering
from extremely long-period components
of the ocean-wave spectrum, principally
on the basis of the strict conformity of
the delay-Doppler spectra to that pre-
dicted by the Bragg scattering hypoth-
esis. For the most part, no distinct
echoes appear outside the permitted re-
gion, whereas for those regions where
echoes are present in great density the
echoes follow the limits of the Bragg
scattering curve within the resolution of
the experiment. One major exception to
this general statement occurs in the
data from Point Arena at short delays,
that is, from areas closest to the Cali-
fornia coast. Here there is a Doppler
shift slightly greater than that predicted
by the Bragg mechanism, correspond-
ing to motion along the experiment
base line of about 1 foot (0.30 m) per
second. We believe that this discrepancy
is due to current flowing parallel to the
coast (southeast) in this area. Such a
current movement would be expected
to offset the entire delay-Doppler spec-
trum in frequency by an amount cor-
responding to the component of the
current velocity normal to the. echo-
ing wave. We are unable to explain

bistatic

the several additional small echoes
that appear in the data.

This experiment has demonstrated
the possibility for remote sensing of
directional ocean-wave spectra by the
bistatic observation of Bragg scattering
of radio waves. Time-delay, Doppler-
shift processing of the scattered radio
signals provides areal resolution and the
identification of ocean waves of particu-
lar lengths and their direction of travel.
The ocean waves described in this re-
port have lengths of between 81 and
about 200 m, probably “swell” from
distant sources.

The theory of ocean wave generation
suggests that wavelengths with speeds
up to the surface wind speed are excited
when sufficient fetch exists. A long-
wavelength cutoff is predicted since
longer waves would travel faster than
the winds that generate them (9). Obser-
vations in which multiple frequencies
are used should permit the measurement
of this cutoff wavelength and hence
give information on surface wind speeds
in the generation region.

More refined, multifrequency experi-
ments could make possible the measure-
ment of the power spectral density of
the ocean surface over a range of sur-
face scales. Two-dimensional ocean-
wave spectra could be obtained from
multifrequency observations
similar to the single-frequency =mea-
surements described in this report. Al-
ternatively, highly directional antennas
might be used with monostatic mul-
tifrequency radars. Surface wave propa-
gation should permit observations at
distances of up to about 500 km from
the observing stations. Very much
larger regions should be observable if
ionospherically propagated transmis-
sions were used. In this case, however,
great care would be required to correct
the observations for Doppler shifts
caused by variation with time of re-
flection height from the ionosphere.
These shifts could be greater than the
Doppler shifts produced by ocean
waves. In addition, more than one
propagation mode may be present
simultaneously with differing Doppler
shifts, Ionospheric absorption would
limit low-frequency observations dur-
ing the daytime, whereas high-frequency
propagation would be limited during
the night by reduced ionospheric elec-
tron density. It appears probable that
it would be possible to observe the cut-
off wavelength of ocean spectra with
the use of ionospheric propagation.
However, variations of propagation loss
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with frequency would probably limit the
accurate measurement of ocean-wave
spectra if ionospheric propagation were
_ used. )
ALLEN M. PETERSON
CALVIN C. TEAGUE
G. LEONARD TYLER
Center for Radar Astronomy,
Stanford University,
Stanford, California 94305
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Potassium-Argon Ages of Lunar Rocks from Mare

Tranquillitatis and Oceanus Procellarum

Abstract. Crystalline rocks from Mare Tranquillitatis have yielded potassium-
argon dates as old as 3.8 X 107 years. Crystalline rocks from Oceanus Procellarum
give potassium-argon ages as old as 2.8 X 109 years. Evidently the maria are an-
cient features of the moon and were not formed contemporaneously, a conclusion
that also has been verified by other methods. The potassium-argon ages of rocks
from Oceanus Procellarum show much more loss of argon than the rocks from
Mare Tranquillitatis, an indication that the rocks at Oceanus Procellarum have
experienced more severe shock effects or longer cooling rates.

Analyses of argon in the Apollo 11
crystalline rocks returned from Mare
Tranquillitatis were performed in the
National Aeronautics and Space Admin-
istration Lunar Receiving Laboratory.
When these determinations are com-
bined with the best available potassium
values, in many cases from adjacent
samples (I, 2), these rocks give K-Ar
ages in the range of 2.2 to 3.8 X 10°
years.

We have recently determined K-Ar
ages of 21 whole rock samples returned
by Apollo 12 from Oceanus Procel-
larum. These ages are the first of this
type to be obtained on Apollo 12 ma-
terial. We measured the argon content
by mass spectrometry, using the basic
techniques described previously (I, 3).
The potassium content, in most cases in
adjacent samples, was determined by
optical emission and atomic adsorption
spectroscopy (3, 4). The potassium con-
tent for rock 12054 was obtained by
gamma-ray analysis and that for rock
12055 was obtained from the average
of Apollo 12 crystalline rocks (3).

A histogram of K-Ar ages for 20
Apollo 12 rocks is shown in Fig. 1. The
precision of the analytical results is such
that the error of the K-Ar ages is less
than 0.1 X 10° years. For comparison,
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the histogram of Apollo 11 rocks is also
given (5, 6). The Apollo 12 samples
show a range in K-Ar ages of 1.4 to 2.8
X 109 years.

An exceptional Apollo 12 rock not
shown on the histogram of Fig. 1 is
sample 12013. This rock is very differ-
ent from other lunar rocks of both
Apollo 11 and Apollo 12 in both its
chemistry and noble gas content (3). It
appears to be an igneous or volcanic
breccia containing about 70 percent
anorthitic plagioclase. It is enriched in
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Fig. 1. Histogram of K-Ar ages of lunar
rocks. (a) Apollo 12; (b) Apollo 11. The
numbers in each block refer to the last

two digits of the generic sample number.

K and U and is similar to the residual
melt of a fractional crystallization (3).
Table 1 presents a summary of the crys-
tallization ages of K, U, He, and Ar
determined in rock 12013. Three mea-
surements were made for one single
chip. The sample for measurement 1
was a single piece, for measurement 2
a crushed piece, and for measurement
3 a finely ground portion. The concen-
trations of radiogenic argon and helium
are very large, as would be expected
from the high potassium and uranium
contents. It is apparent from the data
in Table 1 that the concentrations of
radiogenic *He and spallogenic 3He and
36Ar (also 21Ne and 38Ar) are essentially
the same for the three measurements of
rock 12013. However, the concentra-
tion of radiogenic 40Ar in measurement
1, the uncrushed piece, is an order of
magnitude greater than that in the
crushed samples (measurements 2 and
3). The K-Ar age drops from the high
value of 7.9 X 10° years for the un-
crushed piece to between 3.6 and 3.8
X 10° years for the crushed sample.
This sample apparently contained excess
radiogenic argon in voids so that simple
crushing released it. The loss of this
excess #°Ar must have been essentially
complete for after continued grinding
of the rock (measurement 3) there was
no further reduction in the 4°Ar content.
That no #°Ar produced in situ was re-
leased during crushing can be inferred
from the constant concentration of *He
for all three measurements. The U-He
age is only 1.4 X 109 years, far lower
than the K-Ar age. This indicates that
a portion of the 40Ar produced in situ
may have been lost with the *He some-
time during the rock’s history. Thus, the
K-Ar ages of measurements 2 and 3
(which are in agreement within the lim-
its of our experimental and sampling
errors) may represent a lower limit to
the age of crystallization of rock 12013.
This age is much greater than any K-Ar
age listed in Fig. 1 for other Apollo 12
rocks.

Rock 12013 seems to represent very
old material and was ejected to the
Apollo 12 landing site a relatively short
time ago. The surface exposure age is
about 35 million years (7). The Xe con-
tent consists mainly of a trapped com-
ponent with about 10 percent spallo-
genic Xe. There is, however, less than
10—11 cm3/g of excess 129Xe from the
decay of extinct 12°T (as well as fissio-
genic xenon from plutonium), as com-
pared with the xenon component
trapped in the solar wind (8) and with
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