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Ocean Surface Current Measurements with a 
Single-Station, Doppler/Spaced-Antenna Radar

B.L. Weber, D.B. Wuertz, P.T. May, R.G. Strauch,
D.A. Merritt, and K.P. Moran

ABSTRACT. We conducted a preliminary experiment to determine the 
feasibility of using one radar to measure the two-dimensional ocean surface 
current. The Doppler method was used to measure the radial component 
and the Spaced Antenna (SA) method was used to measure the transverse 
component of the current. This dual method produced current measurements 
that showed consistency over range and time, demonstrating potential for 
the technique. However, the experiment also raised some questions. On 
occasions, the SA method seemed to be very sensitive to noise, producing 
apparently erroneous results. Therefore, we have planned a more definitive 
experiment with improved radar antennas, with improved data acquisition, 
and with independent current observations for comparisons.

1. INTRODUCTION

Ocean surface currents have been observed remotely with Doppler radars for decades. 
During the 1970s and 1980s, modest power, shore-based HF radars were developed to 
measure ocean surface currents out to ranges of 50 km using ground-wave propagation 
(Frisch and Weber, 1982; Frisch and Weber, 1980; Barrick et al., 1977). These could 
monitor coastal circulation continuously in time over approximately 1000 km2 with two 
radar units separated by about 25 km. Two separated radar sites are necessary in order 
to measure both components of the surface current because Doppler radars only measure 
the radial component of the current.

Now the Wave Propagation Laboratory (WPL) is engaged in determining whether 
one radar station can provide both components of the surface current (May, 1989). If that 
is possible, some of the advantages are obvious. The radar hardware costs, the mainte­
nance requirements, inter-site data communications, and the demands upon personnel are 
reduced. But, more important, it would create some new applications, e.g., when only 
one site is available, as on offshore oil platforms and along rugged or otherwise restricted 
coastlines.

The single-station radar would use the Doppler method to measure the radial compo­
nent and the SA method (Briggs, 1984; Vincent et al., 1987; Larsen and Rottger, 1989) to 
measure the transverse component of the ocean surface current. Both methods have been 
used successfully for years to measure winds in the atmosphere (Briggs, 1980; May et al.,



1988; May, 1990). The Doppler method (Strauch et al., 1987; Wuei'tz et al., 1988; Weber 
and Wuertz, 1990) and the SA method (May, 1988; Hocking et al., 1989) can produce 
reliable, accurate wind measurements.

In November 1988, WPL conducted an experiment off the coast of Santa Barbara, 
California, using radar equipment borrowed from one of its VHF (49.8 MHz, A = 6 m) 
wind profilers from the Colorado network. Instead of looking upwards into the atmosphere 
though, the radar looked horizontally out over the ocean.

The antennas were different from those used in wind profiling. A simple five-element 
Yagi antenna was used for transmitting and two linear arrays of whips for receiving. The 
transmitting antenna was located midway between the two receiving antennas and all 
antennas were situated on a cliff about 120 feet above mean sea level. All had their 
boresights pointing in the same direction, 151.5° counterclockwise relative to true north. 
Several different sizes of receiving arrays separated by different distances were used. In 
this paper, we report only data collected with two receiving arrays, each of four elements 
spaced A/2 apart and separated by 2A. With such small arrays, the receiver beamwidths 
were very broad (about 30°), too broad for some of the interesting flows that can exist 
in the Santa Barbara Channel. This is one deficiency that will be corrected in future 
experiments.

Data acquisition was identical, in principle, to that used in wind profiling except the 
sample interval was larger (about 0.5 sec) and longer time series (512 points) were used to 
compute Doppler spectra. This reduced the largest measurable velocity from that used in 
wind profiling applications, while increasing the velocity resolution. Both timing changes 
were necessary because the largest velocities in the ocean are smaller than those in the 
atmosphere. The Doppler spectral width was ± 1 Hz, which was suitable for the .75 Hz 
Bragg frequency of the 3 m ocean waves doing the backscattering with the low currents 
observed in this experiment. However, larger currents would produce larger Doppler shifts, 
requiring wider spectra. That can be accomplished by reducing the sample time interval. 
Just over 4 minutes of data were collected in this way every 15 min from 0530 to 1445 
UTC on 16 November 1988. In the next experiment, we shall record data continuously 
over the hour to provide many more Doppler spectra for averaging.

Because of computer memory limitations, data were collected only at six ranges along 
the boresights of the antennas, starting at 1.45 km from shore and at 0.9 km intervals out 
to 5.95 km. Greater ranges could have been easily achieved since the peak signal-to-noise 
ratio at the farthest range exceeded 30 dB. In the next experiment, we plan to have many 
more range gates along with beam steering to give measurements over the total offshore 
coverage area of the radar.

The main purpose of the present paper is to demonstrate with measurements and 
analysis how the dual Doppler/SA method works. In the process, we reveal some of 
the potential weaknesses of the SA technique when applied to complicated circulations 
in coastal waters. This in no way diminishes the need for further experimentation and

2



Fig. 1. Radar geometry showing the positions of the first (Rj) and second (#2) receiving 
antennas relative to the transmitting antenna (T). All three antenna boresights are parallel and 
directed along the y-axis. Radar backscatter comes from all illuminated parts of the sea surface 
at each angle (f> within the antenna beam. That angle also gives the direction of propagation for 
a backscattering ocean surface wave whose wavevector is k. The ocean surface current velocity V 
is shown with its transverse vx and parallel vy components.

analysis, however, because the benefits are great if the technique can be made to work 
with acceptable accuracy and resolution to measure ocean surface currents.

2. THEORY

The Doppler spectrum and the cross spectrum for one range cell are modelled as 
follows (see Appendix):

/
if 2d<t> exp(~y^) exp(ik -r12/2)

f / (u> - u>B - k - v)2\ / (w + uB - k • vf \ 1
r+ exp{------------2^--------- )+s- exp{-------------2^----------))

(1)

where S is the spectral density at the Doppler frequency a;, where a>jg is the Bragg fre­
quency, k is the wavevector of the ocean surface wave doing the scattering, and t> is the
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ocean surface current velocity vector. This spectrum is a function of the integrated contri­
butions from all parts of the ocean within the antenna beam, where <f> is the angle-of-arrival, 
positive counterclockwise from antenna boresight (Fig.' 1), which is perpendicular to the 
baseline of the receiver antennas. As it stands, this expression gives the cross spectrum. 
The Doppler spectrum is obtained by setting to zero 1*12, the separation of the two receiver 
antennas.

The first exponential function gives the Gaussian antenna beam pattern, where <f>0 
equals the two-way full beamwidth at half power divided by \/Sln2. The second exponential 
function gives the phase difference between the two receiver antennas, where k is the ocean 
surface wave wavevector and r 12 is a vector giving the relative positions of the two receiving 
antennas. The next two terms give returned signals backscattered from advancing and 
receding ocean surface waves, respectively, with wave energies of s+ and s_, which are 
assumed to be uniform across the range cell. The exponential factors in each of those 
terms give the Gaussian Doppler line shapes for each backscattering direction within the 
range cell, where u>b gives the Doppler shift due to the phase velocity of a Bragg wave, and 
k-v gives the Doppler shift due to a uniform ocean surface current v in the scattering patch. 
Doppler broadening due to current variations within the scattering patch is described by 
u>0.

By assuming that the transmitter and receiver antenna beams are not too wide, we 
can make the small angle approximation so that

k-v = k vx sin<f) — k vy cos<f> ~ k vx <j) — k vy 

k - ru/2 = — k d sin<f> ~ — k d <f>
(2)

where vx is the transverse velocity (positive to the right) and vy is the radial velocity 
(positive away from the radar). The separation between the two receiver antennas is 2d. 
If the antenna beam is too wide, then the full analysis (see Appendix) must be used.

Since we are interested in velocity measurements, it is useful to convert the various 
frequencies with the following identities.

u> = k v

u)b = k vb (3)

u>0 = k v„

where v is the Doppler velocity, vb is the Bragg velocity, and va gives the Doppler velocity 
broadening.
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Then the integral (1) can be evaluated to give

Vvl +

+ exp

(t> - t’B + t>y)2

2(yl + vl4>l)

(f + tig + Vy) kdvxjv + vb +
2(t>1 + vl<f>20) ('vl +

(kdvofa)* \
2 (vl+vltl))

VB + Vy)4>\

(Vo +vl<t>l)
(4)

which gives the cross spectrum and, when d is set to zero, it gives the Doppler spectrum. 
The exponential factor in the first row gives the reduced magnitude of the cross spectrum 
compared with the Doppler spectrum. That factor equals unity when d = 0 for the 
Doppler spectrum. The next two terms give the advancing and receding Bragg lines. The 
first exponential in each of those terms gives the line shape and the second exponential 
gives the phase factor for the cross spectrum. That phase factor does not exist in the 
Doppler spectrum, for which we take d = 0.

By taking the Fourier transform of (4), we obtain the autocorrelation and cross­
correlation,

{kdvpfoyC(t) ~ 27TV,
Wo + Vl**)

p(ik(+vB +

(vl+vlti
Vo + vl$\

(5)

where t is the lag time and the autocorrelation is obtained by setting d — 0.

The radial velocity vy is derived from the Doppler shift of the Bragg lines in the 
Doppler spectrum, which is obtained for either receiver by setting d = 0 in (4). The 
average position and shape of the Bragg lines are described by the second exponential 
function in (4). It shows that the Bragg lines are broadened by random surface current 
velocity vaxiations va within the scattering patch and by the transverse current velocity 
vx due to finite antenna beamwidth <f>0. That broadening can reduce the accuracy of the 
radial velocity estimate by increasing the error in locating the peaks of the Doppler-shifted 
Bragg lines. The radial velocity enters the autocorrelation through the phase.
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The transverse velocity vx can be derived from either the cross spectrum (4) or the 
cross-correlation (5). First, we show the standard method using the latter. Then, we 
demonstrate how the transverse velocity is derived from the cross spectrum.

The conventional formula for the transverse velocity (May et al., 1989) is

Vx =
— dr'
T'2 + Tl (6)

where r' is the lag of the peak in the cross-correlation and tx is where the autocorrelation 
amplitude drops from a peak value at t = 0 to the level of the cross-correlation maximum 
amplitude. The distance d, rather than the separation 2d of the receiving antennas, appears 
here because of the geometric doubling for backscattering (2). If a “target” moves a 
distance x, then the backscattered field pattern will move a distance 2x.

We can derive this formula (6) from (5), which shows that

d v0 <t>0
vl + vl 4>l (7)

and

- d (ft
vl + v\ <t>l' (8)

Keep in mind that (6) is applied in general, whereas the results (7) and (8) were derived for 
the simple model of uniform current with Gaussian random fluctuations. Does (6) apply 
for other more complicated current models that might exist in coastal regions? Probably 
not, as this analysis assumed uniform currents with no curvature.

Now consider the cross spectrum (4), which can be used to derive the following alter­
native formula:

vx =
k d v\ sc

“cs + Sts v{ (9)

where scs is the slope of the phase of the cross spectrum as a function of Doppler velocity,

a —
kdvx(j)\

(10)

where

v
2

l
vl + vl * (ii)
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is computed from the width of the Bragg line, which is the same for both the Doppler 
spectrum and the cross-correlation, and where

(k d v0 <t>0)2
acs = -------- 5-------

v i
(12)

is computed from the ratio of the amplitude of the cross spectrum to that of the Doppler 
spectrum. Keep in mind that these results were derived for a uniform flow with Gaussian 
random variations. They would not be expected to apply in general for more complicated 
circulation patterns (R0yrvik, 1983). In the case of complicated flows, the SA method may 
not even give the mean current. Furthermore, if the current is rotating everywhere about 
the radar with no radial velocity component anywhere in the antenna beam, then no flow 
is detectable.

3. MEASUREMENTS

On 16 November 1988, radar measurements were made from 0530 to 1445 UTC. Time
series with 512 points spaced 0.5 s apart (just over 4 min) were taken simultaneously on two 
receiving antennas every 15 min at six ranges along the antenna boresights starting with 
1.5 km from the radar and separated by 0.9 km intervals. Radar hardware and computer 
software limitations prevented antenna beam steering and restricted the number of ranges 
and the lengths of the time series. In the next experiment, beam steering, more ranges, 
and longer time series will be implemented.

All of the data presented in this paper were averaged over 2 hours (eight samples) in 
order to reduce the variance in the cross-correlation and cross spectrum. Two-hour time 
averages are undesirable when the currents are changing rapidly, which they sometimes 
appeared to do in the Santa Barbara Channel during our observations. Without this 
averaging, the variation in the computed transverse current components was so large that 
we observed numerical instabilities in the method. The next experiment will allow more 
frequent sampling so that shorter time averages can be used.

Figure 2 shows a typical Doppler spectrum, autocorrelation, and cross-correlation 
taken during a time when the radar apparently made good measurements for both the 
radial and transverse current components. The Doppler spectrum contains two strong, 
broad lines that are shifted slightly to the left of the upper tick marks indicating the 
locations of advancing and receding Bragg lines in the absence of currents. This shift, 
indicates the presence of a small current component away from the radar. Meanwhile, 
the cross-correlation (bottom of Fig. 2) shows a positive time lag, which indicates a 
transverse current component going from right to left across the antenna boresight. The 
high frequency structure on both the cross-correlation and autocorrelation are produced 
by the mixing of signals from the advancing and receding Bragg lines (5). That structure
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Fig. 2. The Doppler spectrum, autocorrelation, and cross-correlation for the first range gate 
(1.45 km), averaged from 0630 to 0830 on 16 November 1988. In each case, the average consisted 
of eight samples spaced 15 min apart. Each sample was derived from a time series of 512 points at 
intervals of 0.5 s. This is an example of measurements that produced a reliable transverse velocity 
component.
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Fig. 3. The phase of the advancing and receding Bragg lines in the cross spectrum corresponding 
to data in Fig. 2. The left figure shows that phase before de-aliasing and editing. The right figure 
shows that phase afterwards.

has a smaller amplitude when the energy in one line is much greater than that in the 
other. The amplitude of that structure is greatest when the energy in both Bragg lines is 
the same.

The phase of the cross spectrum corresponding to the data in Fig. 2 is shown in 
Fig. 3. We see the expected linear relationship between the phase and the Doppler shift 
across the Bragg lines (4). Note that the phase in the upper frame appears to be aliased. 
Therefore, we had to de-alias it before computing the phase slope (10). Furthermore, 
we had to remove some bad points (using an editing technique developed by Wuertz and 
Weber, 1989) that were apparently caused by phase noise. Although that noise is not too 
large in this case, it was sometimes so large that the phase slope calculation was unstable.

Figure 4 shows an example when the SA method did not work as well as the previ­
ous example. Note that the high frequency structure on the autocorrelation and cross- 
correlation is larger than in Fig. 2. The Doppler spectra in both figures tell why. The 
receding and advancing Bragg lines have nearly the same energy in this case (Fig. 4), 
whereas the advancing line is much stronger in the earlier case (Fig. 2). Here the cross- 
correlation has no perceptible maximum, destabilizing the computation of the transverse 
velocity using the standard method (6). From the narrowness of the Bragg lines in the 
Doppler spectrum, we might guess that the transverse current component is weak. The 
widths of the Bragg lines put an upper limit on the transverse velocity component (May 
et al., 1988). Looking at the phase of the cross spectrum (Fig. 5), it is difficult to see 
clearly a straight line, which would make the computation of the transverse component 
using the phase slope method (9) difficult. We expect a nearly horizontal line in small 
currents. When this happens phase noise can present a real problem with this method. 
Averaging is intended to suppress the phase noise. Note also that there are fewer points 
in the phase plot with narrow Bragg lines (Fig. 5) than in the plot with broad Bragg lines 
(Fig. 3). That also affects the reliability of the small current measurements.

The radial component of surface current velocity in the first example (Figs. 2 and 3) 
is 0.6 cm s-1. The transverse component is -21.3, -16.5, and -17.9 cm s-1 as computed

9
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Fig. 4. The Doppler spectrum, autocorrelation, and cross-correlation for the fifth range gate 
(5.05 km), averaged from 1300 to 1500 on 16 November, 1988. In each case, the average consisted 
of eight samples spaced 15 min apart. Each sample was derived from a time series of 512 points 
at intervals of 0.5 s. This is an example of measurements that produced an unreliable transverse 
velocity component.
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Fig. 5. The phase of the advancing and receding Bragg lines in the cross-spectrum corresponding 
to data in Fig. 4. The left figure shows that phase before de-aliasing and editing. The right figure 
shows that phase afterwards.

by three different methods: (i) the simplified standard formula (6) assuming r* = 0 (this 
corresponds to the “apparent velocity” which is recognized to give an over-estimate), (it) 
the standard formula using the width of the autocorrelation to compute rx, and (***) the 
phase formula with the cross spectrum (9), respectively. The average of the three is -18.6 
cm s_1 with a standard deviation of 2.0 cm s_1.

The radial component in the second example (Figs. 4 and 5) is -6.8 cm s-1. The 
transverse component is 6.7, 2.7, and 14.4 cm s-1 as computed by the three different 
methods. The average of the three is 7.9 cm s-1 with a standard deviation of 4.9 cm s-1. 
This case demonstrates the instability of the SA technique when a distinguishable peak 
in the cross-correlation cannot be found and the phase of the cross spectrum is noisy. 
Judging from the narrowness of the Bragg lines, we believe that this is a case of such small 
transverse velocity that the backscattered pattern decorrelates by the time it translates 
from one receiving antenna to the next. There were other cases with even larger variances 
in the three measurements. Perhaps the receiving antennas could be spaced more closely 
together in weak currents. We expect all three methods to produce the same transverse 
velocity under ideal conditions when the velocity is uniform across the antenna beam and 
when there is no noise. Therefore, when the three methods produce significantly different 
results we suspect that actual conditions deviate from this ideal and the SA computation 
is unreliable. We anticipate making further improvements in stabilizing this computation. 
In contrast, the radial velocity measurement using the Doppler spectrum is very stable 
because that involves the computation of a simple shift in the positions of the Bragg lines.

Fig. 6 illustrates the measurement of the transverse current component as a function 
of range at a time when the three different methods showed consistency. Two methods used 
the standard formula with the cross-correlation (6). But the simplified standard method 
giving the apparent velocity did not use the width of the autocorrelation (7), by assuming 
tx = 0. When those two methods agree, the results from the SA technique are generally 
accepted, although it is well known that the apparent velocity is an over estimate. The 
third method used the phase formula with the cross spectrum (9). It gave measurements 
in between the other two. Finally, Fig. 7 shows the measurements as a function of time

11



10 -I

> -30

Range (km)
Fig. 6. Transverse velocity vx and parallel velocity vy as a function of range, averaged from 
0630 to 0830 on 16 November 1988. The dashed line gives vy, while the other three lines give vx 
derived with different methods. The line with circular symbols was derived using the simplified 
standard method, i.e., (6) with tx = 0. The line with square symbols was derived with the 
standard method (6). The line with triangular symbols was derived using the cross-correlation 
phase (9).

-20-

-30-

Time from 06:30 (hr)
Fig. 7. Transverse velocity vx and parallel velocity vy as a function of time from 0630 to 1400 
on 16 November 1988 at a range of 3.3 km. The dashed line gives vy, while the other three lines 
give vx derived with different methods. The line with circular symbols was derived using the 
simplified standard method, i.e., (6) with tx = 0. The line with square symbols was derived with 
the standard method (6). The line with triangular symbols was derived using the cross-correlation 
phase (9).
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at one range. All three methods showed consistency as a function of both range and 
time. However, their differences are a sizeable fraction of the estimated transverse velocity 
component. Some of the SA methods employed here may contain biases that are not 
important for the high winds observed in the atmosphere but which are noticeable for the 
smaller currents observed in the ocean.

4. CONCLUSIONS

This experiment accomplished one of its modest goals: to demonstrate the SA method 
of measuring transverse currents on the surface of the ocean. But it also raises some 
questions about the applicability of the method in weak currents. The SA method has 
been applied for years in the measurement of winds in the atmosphere, where the winds 
are typically much stronger than ocean currents. Is there a lower velocity limit below which 
this method is impractical? That is one of the important questions we hope to answer in 
the next experiment and with further theoretical analysis.

Another potential problem is related to antenna beamwidth. With the Doppler 
method, narrower beams give better spatial resolution and better velocity resolution at 
the same time, whereas, the SA method relies upon the finite beamwidth of the antennas 
in order to sense the transverse current component. Broadening the antenna beam can 
help in the measurement of that component, but at the expense of spatial resolution. And 
when the circulation pattern in coastal waters is complicated, the velocity is no longer 
uniform across the antenna beam, violating a fundamental assumption of the technique.

In spite of these problems, we feel that the method is worth pursuing because of the 
potential benefits of single station operation. Those benefits are gained at the expense of 
more complicated analysis and greater sensitivity to noise. Therefore, our next experiment 
will be designed to better evaluate the accuracy and the limitations of the single station 
Doppler / Spaced Antenna radar.

APPENDIX

The received RF signal scattered from the ocean surface can be viewed as a superpo­
sition of plane waves as follows.

E(r,t) = d2ks dws E(ks,us) exp i(ks-ra - ujst) (A—1J )
where t is the time of reception by an antenna located at position r relative to the transmit­
ter antenna. This integral includes all scattered RF waves coming from different directions 
within the radar antenna beam.

13



It is assumed that the scatter is caused by ocean surface waves, where the wavevector 
of each scattered wave is

h ,=ki + k (A-2)

where ki is the wavevector of the transmitted RF wave incident upon the ocean and where 
k is the wavevector of the ocean surface wave doing the scattering. All of these wavevectors 
are taken to be positive when pointing away from the radar.

The ocean wavevector As determines the scattering geometry. For near backscattering,

As, ~ -ki ~ As/2 . (A-3)

Thus, backscatter is produced by ocean waves (Bragg waves) with wavelengths equal to 
half the RF wavelength and propagating radially either towards or away from the radar. 
As a result, a different ocean wave is involved in the backscattering at different azimuth 
angles within the antenna beam.

The wave frequency of each scattered component is

u3 = Wi + uu (A-4)

where is the wave frequency of the transmitted RF wave incident upon the ocean and 
where u>d is the frequency Doppler shift, which equals the frequency for the ocean surface 
wave doing the scattering,

a;,* = ±u>b + As • v (A-5)

where u>b is the Bragg frequency \/g1c, with the plus sign for waves propagating towards the 
radar and the minus sign for waves propagating away from the radar. Thus, in general, 
the backscatter Doppler spectrum contains two dominant lines called the receding and 
advancing Bragg lines corresponding to ocean waves propagating away from and toward 
the radar. The Doppler shifts of those lines are due to the phase velocities of these Bragg 
waves plus the velocity of any surface current. The ocean surface current v is positive 
going away from the radar. Therefore, since k (A-3) is negative toward the radar, currents 
toward the radar will cause additional positive Doppler shifts.

The position of each RF receiver relative to the transmitter antenna is denoted by

r = r; + r, (A-6)

where fj is the location of the scattering ocean wave relative to the transmitter and where 
r, is the location of the receiver relative to the scattering ocean wave. Now, the transmit­
ter and receiver antennas are closely spaced together compared with the distance to the
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scattering target and, as a result, the received radar signal can be attributed entirely to 
near backscattering. Then, ra ~ —Ti and both are much larger in magnitude than r.

Therefore, the backscattered RF received signal (A-l) can be represented by

E(r,t) ~ exp i(k{ • V{ — uit) J dvr (.E+(fc,vr) exp(-iu)Bt) 

+ E-(k,vr) exp(-\-iu)Bt)^exp{ik • (r/2 — vi))

(A-7)

where vr is the radial component of surface current velocity defined by kvr = —k • v and 
where E± gives the strengths of the received signals in the advancing/receding Bragg lines, 
which are proportional to the waveheights of the advancing/receding ocean surface waves 
causing the backscattering. They are also proportional to the directional antenna gain.

This integral (A-7) is over the radial component of current velocity, which replaces the 
scattered frequency (A-4). This current can vary as a function of position inside the radar 
scattering patch, so that the integral is actually over the area of that patch. Furthermore, 
the exponential factor in front of the integral will be ignored since it is not important for 
this analysis and is removed through RF signal processing, e.g., the transmitted frequency 
u>j is removed from the received signal through mixing with the local oscillator.

A spectral analysis of the received signal (A-7) gives the radar Doppler spectrum,

5'(r,u;) = E(r,u>)E*(r,w) ~ dvr S±(k,vr) S(u> — u>d) (A-8)J 
in which S±(k, vr) = E±(k,vr)E±(k,vr) is the ocean wave spectrum and where the asterisk 
indicates the complex conjugate. Take special note of the fact that this spectrum is the 
same for both receiver antennas. The only difference in their received signals enters through 
the phase (A-7) because of the difference in their locations r. That phase information is 
lost in the power spectrum of both receivers.

The Doppler spectrum and the ocean wave spectrum in (A-8) are sometimes defined 
using an ensemble average over randomly varying components. However, the integral 
relation (A-8) follows directly from (A-7) without any statistical averaging. This is because 
the time series (A-7) contains a superposition of sinusoids caused by backscattering from 
ocean waves. And, sinusoidal time series lead to delta functions in the Doppler spectrum
(A-8).

We obtain the autocorrelation by taking the inverse Fourier transform of the Doppler
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spectrum (A-8). That is,

/
+oo

dr E(r,t + r)E*(r,r)
-oo

/
+oo

du S(r,a?) exp(—i<j)t)

-oo

~ J dvr ^S+(k,vr) exp(—iu)Bt)

+ S-(k, vr) e*p(+iu>B^)) exp — ifc •

(A-9)

which shows that the antenna position-dependent phase term in (A-7) is also lost in the 
autocorrelation. The autocorrelation and the Doppler spectrum provide complementary 
pictures. One may be preferred over the other for particular applications, but they both 
contain the same information, just in different forms. The spectrum (A-8) is useful in 
separating signals when their Doppler-shifted frequencies are recognizably different. Those 
same signals are not separated in the autocorrelation.

The cross spectrum is formed by taking the product of the amplitude spectra for the 
two receivers. That is,

=E(ri,w)E*(r2,u>)

dvr S±(k,vr) f>(u) — Wd)exp ik • r 12/1

(A-10)

J 
which is identical to the power spectrum (A-8) except for the phase containing the sepa­
ration of the two receiver antennas, 1*12 = — 7*2, where the subscripts 1 and 2 denote the
two receiver antennas. This phase is larger for larger separations between the receiving 
antennas and it is a function of the directions for the backscattering ocean waves. This 
phase factor is at the heart of the spaced-antenna method.

We obtain the cross-correlation by taking the inverse Fourier transform of the cross
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spectrum (A-10). That is,

/+oo

-oo
dr E(ri, t + t)E*{t2 , r)

/
+oo

duj S(ri2,u) exp(-iu)t)
-OO

exp(-iu)Bt)

(A-ll)

+ S-(k,vr) exp(+iwst)^Jexp ik ■ (ri2/2 — vt)

which is identical to the autocorrelation (A-9) except for the phase factor containing 
the separation of the receiver antennas and the ocean wavevector. As with the Doppler 
spectrum and the autocorrelation, the cross spectrum and the cross-correlation provide 
complementary pictures.
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