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PROBING THE OCEAN SURFACE WITH 
MICROWAVE RADAR 

A simple physical picture is presented to show how microwave radiation is scattered from a rough 
surface that evolves with time. In particular, a model is proposed for computing the electromagnetic 
field scattered from a moving tilted plane containing small-scale roughness. The properties of the ocean 
surface are then incorporated in this model to qualitatively explain the variation of measured Ku-band 
radar cross sections and Doppler spectra as a function of the phase of a long ocean-surface wave. 

INTRODUCTION 
Considerable interest in the physics underlying the 

scattering of microwave radiation from the ocean sur
face has been generated by rapid advances in ocean re
mote sensing with microwave radars during the past 
decade or so. Those advances have been triggered by the 
extremely rich and varied data set collected during the 
Seasat mission in 1978. Although the Seasat satellite was 
operational for only three months, much of the data are 
still being examined. Further, many of the features visi
ble in the synthetic aperture radar (SAR) images collected 
by Seasat have not yet been adequately explained. I 

The Seasat radars (SAR, wind scatterometer, al
timeter), as well as those carried by subsequent satellites, 
have been generally used to collect backscatter cross
sectional data. Because of the high satellite speed, the 
coherence of the backscattered field is dominated by plat
form motion, and subtle effects caused by the time evolu
tion of the short-scale surface waves (which are respon
sible for the backscattered power) usually cannot be mea
sured. It is possible, however, to measure those effects 
from fixed or slowly moving platforms, and much infor
mation about surface-wave physics can be obtained from 
such coherence measurements. 2 We may find, in fact, 
that the only practical method for instantaneously mea
suring the ocean-surface roughness spectrum, at least in 
the short-wave region, is by using microwave techniques. 

Clearly, an understanding of how the evolution of the 
ocean surface affects the scattered electromagnetic field 
is essential for an assessment of the feasibility of obtain
ing quantitative oceanographic data from a remote
sensing platform. Developing such an understanding is 
difficult, not only because of the problems associated 
with computing the scattering from a random surface 
with a broad band of roughness scales, but also because 
of the complicated hydrodynamics sometimes needed to 
describe the motion of the surface. One can, however, 
make "reasonable" assumptions about the surface be
havior and then use those assumptions in the scattering 
models to calculate the scattered fields and compare them 
with measurements. As I will show, it is possible to de
scribe seemingly complicated features of the scattered 
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fields with relatively simple assumptions about the sur
face structure. 

I begin this article by presenting a general description 
of rough-surface scattering, which shows how surface
wave motion can affect the backscattered electromag
netic field, primarily through a simple Doppler-shift 
mechanism. I will then proceed to the specific problem 
of scattering from the moving ocean surface and show 
a few examples and comparisons with data. 

GENERAL DISCUSSION 
OF ROUGH-SURFACE SCATTERING 

Given a plane-wave electromagnetic field of the form 

B[ = Bo exp[i(k . fl - wot)] , (1) 

incident on a "smooth" perfectly conducting surface 
along the direction of k, the field Bs scattered in the 
direction K is given by 

Bs (fO'!) 
Boi q2 ei(kro - wof) 

= -

47r qz ro 

X J G(x)exp(iq . f 1) dx , 

where 

Ikl (= IKI) is the radar wave number, 
q = k - K, 

(2) 

Wo = elk I is the radian frequency of the radar 
c = speed of light, 
G(x) is a function that describes the radar foot
print, and 
x is a two-dimensional vector in the horizontal 
plane. * 

*For all computations in this article, we assume that the ocean is a 
perfect conductor. This assumption simplifies the mathematics and does 
not change any of our general conclusions. 
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The three-dimensional vector fl in Equation 2 gives the 
distance from the center of the radar footprint to an ar
bitrary point on the ocean surface where the height 
(above the mean level) is 'Y/(x,t). Explicitly, 

(3) 

where i z is a unit vector in the vertical direction. The 
distance from the center of the radar footprint to the 
radar platform is ' 0 ' Equation 2 says that the scattered 
field is simply proportional to the sum of the phase 
shifts, exp(q . f 1), associated with each point on the 
scattering surface weighted by the value of the antenna 
footprint at that point. This is the Kirchhoff expression 
for the scattered field, which is exact for smooth mirror
like surfaces, but does not give the correct polarization 
dependence for the scattered field when the surface con
tains roughness scales on the order of the radar wave
length. It has recently been shown, however, that this 

deficiency can be corrected in a straightforward man
ner. 3 Further, we have found 4 that Equation 2 actually 
contains the essential features (except for the proper 
polarization dependence) of the heuristic composite mod
el, which has been used extensively to compute radar 
scattering from the ocean surface (see, for example, 
Ref. 5). We will therefore use Equation 2 to further our 
general discussion of rough-surface scattering. Later, a 
more complicated expression that we have used for com
parisons with data will be briefly discussed. 

Suppose now that the surface is moving with horizon
tal velocity V H' Such a velocity might be caused by tid
al flow, for example. To compute the field scattered 
from the same region of this surface as in the case of 
the stationary surface, we must replace 'Y/(x,t) in Equa
tion 3 with 'Y/(x - V Ht,t), since the surface is moving 
through the radar footprint with velocity V H' If we 
further assume the special case of backscattering for 
which k = K so that q = 2K, Equation 2 becomes 

B k 2 ei(kro - WO)l ~ 
Bs (fo,t) = ~ - G(x)exp[ -2iKH 

27rl Kz ' 0 

where Kz and KH are the vertical and horizontal com
ponents of K, respectively. If we change integration vari
ables, Equation 4 can be rewritten as 

fect of the moving surface is seen in Equation 5 as the 
familiar Doppler shift, 

2K . VH . (6) 

One can show that Equation 4 will also result when the 
surface is stationary and the platform is moving with 
velocity - V H • 

To proceed further, it is convenient to partition the 
surface height 'Y/(x,t) into long scales specified bY'Y/dx,t) 
and short scales specified by 'Y/s(x,t), such that 

'Y/ (x,t) 'Y/L (x,t) + 'Y/s (x,t) , (7) 

with 2Kz'Y/S(X,t) < < 1. We may then expand the short
wave portion of the exponential term in Equation 5 to 
obtain (with V H = 0) 

(8) 

Note that 'Y/s (x,t) appears linearly in Equation 8 while 
'Y/L (x,t) appears exponentially. 

As a simple form for 'Y/(x,t), which can be evaluated 
analytically and also, as we shall see later, has some rel
evance to backscattering from the ocean, we assume that 

'Y/L (x,t) (9) 

and 

'Y/s (x,t) hs cos (Kx - Ot) . (10) 

The long-scale surface is a plane whose height increases 
linearly along the x-axis with slope tana and is indepen
dent of y. The elevation of the entire plane is moving 

(4) 

e i [krO - (2K- v H + wO) I) r 
Kz '0 J 

G(x)exp[ -2iKH . x - 2iKz 'Y/(X,t)] dx , (5) 

where we have assumed that IV Htl is small compared 
with linear dimensions of the radar footprint. * The ef-
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· Since the correlation time for microwave fields back scattered from 
the ocean surface, even at low wind speeds, is on the order of a few 
tenths of a second or less, this is a reasonable assumption if the foot
print size is on the order of I m or more and the current is on the 
order of I ml s or less. 
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along the z-axis with velocity Vz • The short-scale sur
face is sinusoidal with amplitude hs' wave number K, 
and frequency 0 propagating along the x-axis. Figure 1 
shows a plot of such a surface as a function of x as time 
increases. * If we chose a Gaussian radar footprint of 
the form 

G(x) ( 
X2 + y2) 

exp -2 2 
L 

(11) 

where L is a characteristic footprint dimension, then we 
can integrate Equation 8 with the surface defined above 
to obtain 

the so-called Bragg condition. Thus, for a radar of fixed 
wave number and incidence angle, the strongest contri
bution from this term will occur from surface rough
ness scales corresponding to twice the radar wave number 
projected onto the scattering (not the horizontal) sur
face. This scattering mechanism, sometimes called tilted
Bragg scattering, approaches 8[K ± 2k sin(O[ - a)] as 
L approaches 00. 

Finally, we see from Equation 13 that the Doppler 
velocity associated with the field scattered from TJ(x,t) 
has two components. The horizontal component is equal 
to the phase speed, OJ K, of the short-scale surface; the 
vertical component is just the long-scale surface motion 

Bo L 2k2 e i[kro - (k V + WO) /) [ [ L 2k2 . 2 (Q 
- -- exp - SIn v [ 
4i Kz ' O 2 cos2 a 

- ex) J - iK, h, 

X (exp [- 4 (2ksin(0[ - a) + K) 2J + exp [-
8 cos a 

4 (2k sin (0[ - a ) - K) 2J)] , 
8cos a 

where O[ is the radar incidence angle, the radar is look
ing along the x-axis, and the Doppler velocity V is giv
en by 

V (13) 

The expression in Equation 12 for the field scattered 
by our hypothetical surface contains some interesting fea
tures. To examine these features, we note that backscat
tered power is proportional to IBs (ro,t)12; that is, 

(12) 

Vz • In the following section, we will see that the sim
ple example discussed above has much in common with 
the more complicated problem of scattering from the 
0cean surface. 

SCATTERING FROM THE OCEAN SURFACE 

To particularize our discussion of rough-surface scat
tering to the ocean surface, we must now introduce some 
details of the properties of that surface. As everyone who 
has looked at the ocean knows, its surface contains a 

Power ex exp [- L2~2 sin2(0[ - a)J + K/h/ (exp [- L 2 (2ksin(O[ -a) +K) 2J 
cos a 8 cos2 a 

+ exp [ - L 22 (2k sin ( O[ _ a) _ K) 2J ) 2 . 
8 cos a 

(14) 

The fIrst term in Equation 14, proportional to the square 
of the first term in braces in Equation 12, depends only 
on the long-scale portion of the surface and is maximum 
when the radar incidence angle O[ equals the slope an
gle a of the long-scale surface. This term is the "specu
lar" scattering contribution and is analogous to reflection 
from a mirror. It approaches 8(0/ - a) as the footprint 
size L approaches 00. 

The second term in Equation 14 depends on both the 
long- and short-scale portions of the surface and is max
imized if 

K = ±2k sin(O[ - a) , (15) 

*The numerical values of the parameters used to generate the surface 
shown in Figure I are Ci = 5° , Vz = 0.1 mis, hs = 0.5 m, K = 0.63 
m - I, and 0 = 2.48 S - I (see Eqs. 10 and 11). These values are con
venient for illustrating the features of 'Y/(x,t), but have no other partic
ular physical significance. 
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broad band of roughness scales ranging from tens (or 
even hundreds) of meters down to small ripples with 
wavelengths that can be even shorter than the wavelength 

16~----~------~----~----~------~ 

20 40 60 80 100 
Distance along x -axis (m) 

Figure 1. Sinusoid on tilted plane surface at 0,1 5,30, and 
45 s (see Eqs. 10 and 11 and related discussion). 
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of a microwave radar. This broadband structure plays 
a crucial role in determining the nature of the backscat
tered electromagnetic field. In fact, one significant defi
ciency in current research on microwave remote sensing 
of the ocean is the lack of detailed knowledge of the 
shape of the ocean surface and its evolution. A statisti
cal description of the surface is all that is generally avail
able, and this is usually given in terms of a surface-wave 
spectrum 1/;(K) that is related to the autocovariance of 
the surface height by 

(~(O,O)~(x,t) > = i ,p(K) cos(K . x - Ilt) dK. (16) 

Here, Q and K are related through the surface-wave dis
persion relation 

Q(K) (17) 

where g is the acceleration due to gravity, Ko (= 363 
m - 1) is related to the surface tension of water, and V 
is any additional background current such as we dis
cussed above. 

Most of our knowledge of 1/;(K) comes from point 
measurements of the wave-height frequency spectrum 
1/;(Q) taken with a wire wave gauge or pressure sensor, for 
example. These measurements can then be converted to a 
K-spectrum using the dispersion relation of Equation 17 
along with a critical assumption about the angular de
pendence of 1/;(K) as a function of K. Measurements of 
1/;(Q) corresponding to waves of about 10 cm length or 
more can be made in the open ocean, whereas measure
ments for shorter waves are usually carried out in wave 
tanks. Several empirical models that parameterize these 
data in terms of the wind speed (or friction velocity) have 
been developed, and Figure 2 shows plots of 1/;(K) ver
sus K for one such model, developed by Bjerkaas and 
Riedel, 6 for wind speeds of 5, 10, and 15 m/s. Note 
that as the wind speed increases, the spectral peak also 
increases and moves to smaller K-values (longer waves) 
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Figure 2. Wave-height spectrum versus K for wind speeds 
of 5, 10, and 15 m/s. 

as expected, while the energy at K-values corresponding 
to 1 m or shorter waves (K ~ 6 m - 1) remains gener
ally constant with wind speed. In this so-called satura
tion region, 1/;(K) varies like K - 4

• Note also that the 
surface-wave wave numbers in the saturation region 
coincide roughly with the electromagnetic wave numbers 
of microwave radars. 

Using the properties of the height spectrum and the 
results of the simple scattering example discussed earli
er, we can now begin to construct a qualitative picture 
of microwave backscattering from the ocean surface. A 
schematic of our hypothetical scattering experiment is 
shown in Figure 3. Again, most of the wave energy in 
the ocean surface is concentrated at the spectral peak, 
so we can consider the surface to be composed of a dom
inant wave with wavelength determined by the K-value 
at the peak. For a fully developed spectrum with a wind 
speed of 10 mis, for example, the wavelength of such 
a wave is about 100 m. This dominant wave is repre
sented by the sinusoidal surface in Figure 3. The short
er surface waves (in particular, the microwave-radar 
Bragg waves) are shown as sinusoids propagating over 
the surface of the dominant wave. Since we know from 
the form of the spectrum that these short waves have 
much less energy than the dominant wave, their ampli
tude is much smaller. As shown in Figure 3, all the waves 
are propagating in the wind direction (with phase speeds 

Ku-band 
radar 

Figure 3. Qualitative representa
tion of radar scattering from the 
ocean surface. 
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depending on K) toward the radar. If the radar foot
print is small compared with the length of the dominant 
wave, then the portion of the long-wave surface sam
pled by the radar may be approximated by the tangent 
planes shown in the figure. The slope of these tangent 
planes depends on the phase of the dominant wave, and 
the maximum slope is only a few degrees, even at rela
tively high wind speeds. Further, these planes have a ve
locity component along a direction normal to their 
surface that depends on the orbital velocity of the dom
inant wave. The surface at each point on the front face 
of the wave moves up while each point on the back face 
moves down; as the planes move up and down, the 
small-scale waves of course move across them. 

This picture recalls our simple example of short waves 
propagating on a plane. We now want to apply the re
sults of that example to the present case, which is more 
relevant to ocean-surface scattering. Suppose we have a 
Ku-band radar (frequency, 14 GHz; wavelength, 2 em) 
with a footprint of a few meters probing a surface such 
as that shown in Figure 3, looking into the wind at an 
incidence angle ()/ = 20°. What sort of backscattered 
power and Doppler velocity do we expect? On the basis of 
our previous example and the qualitative picture of the 
surface in Figure 3, we expect that the Doppler velocity 
should shift back and forth between plus and minus the 
orbital velocity of the dominant wave as the scattering 
surface in the radar footprint shifts between the front 
face and rear face of the long wave, respectively. This 
shifting is caused by the heaving motion of the long-wave 
surface discussed above. There should also be a mean 
Doppler velocity equal to the phase speed of the Ku
band Bragg waves. For the above geometry, this can be 
determined (from Eqs. 15 and 17) to be = 0.25 mis, 
corresponding to about an 8-Hz frequency shift. The 
Bragg wave number as defined by Equation 15 will de
crease on the front face of the wave because the surface 
there is tilted toward the radar, and will increase on the 
back face because the surface tilts away. Since there is 
more power in the surface-wave spectrum at lower wave 
numbers, the backscattered power from the front face 
of the wave should, according to Equation 12, be greater 
than that from the back face. Thus, in our example the 
backscattered fields corresponding to the higher Doppler 
frequencies should have more power than those with 
lower Doppler shifts. 

We have some experimental measurements cor
responding closely to the situation just described, 7 and 
we can use them to check the validity of our specula
tions. Specifically, we have about 20 minutes of com
plex Ku-band radar data collected from the Chesapeake 
Light Tower during the SAXON Experiment sponsored by 
the Office of Naval Research. These data were taken in 
= lO-m/ s winds blowing almost directly toward the ra
dar. We have determined the average frequency of each 
I-s segment of the data, and we show in Figure 4 a histo
gram of the number of occurrences of each frequency. 
One sees from this figure that a significant fraction of 
the data has Doppler frequencies quite different from 
the 8-Hz Bragg frequency. This suggests that the mo
tion of the long-wave surface plays an important role 
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Figure 4. Histogram of 1-s average Doppler frequency. 

in the scattering. We have partitioned the range spanned 
by Doppler frequencies in Figure 4 into eight bins, each 
containing an equal number of samples. The vertical 
dashed lines in the figure show the boundaries of these 
frequency bins. On the basis of our previous discussion, 
we interpret the field samples in these bins as having been 
scattered from a particular phase position on the long 
wave. The highest frequency bin, for example, contains 
samples of the field scattered from the phase position 
that has the largest velocity component toward the radar. 

To continue, we look at the average auto covariance 
functions and Doppler spectra determined from the fields 
in each frequency bin in the histogram of Figure 4. The 
autocovariance of the backscattered field is given by 

R(t) = (18) 

where A eff is the effective footprint area, and we have 
normalized R ( t) so that R (0) is the cross section per 
unit area. The Doppler spectrum is simply the Fourier 
transform of R (t) and is given explicitly by 

(19) 

The peak position of the Doppler spectrum indicates the 
intrinsic frequency of the signal, and the area under the 
spectrum is the cross section per unit area. Using Equa
tions 18 and 19, we have computed an average Doppler 
spectrum for each frequency bin in the histogram of Fig
ure 4. (Since the autocovariance function R (t) falls to 
zero in about 20 or 30 ms, the I-s data samples used to 
generate the histogram are more than long enough for 
a meaningful Doppler estimate.) These eight spectra are 
shown in Figure 5. From the lowest to highest center 
frequency, they correspond to the lowest to highest fre
quency bins in the histogram of Figure 4, respectively. 
Note that the area under the spectra increases as the cen
ter frequency increases. This is in good agreement with 
our speculations, based on the simple model discussed 
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earlier, that the signals with the highest-frequency Dopp
ler shifts should contain the most power. Thus, the larg
est spectrum in Figure 5, with center frequency of about 
90 Hz, is representative of scattering from the front face 
of the long surface wave; the smallest spectrum, with 
center frequency of about - 30 Hz, results from scatter
ing from the conjugate phase position on the back face 
of the wave. The center frequencies of the largest and 
smallest spectra are not symmetric about zero frequency 
as one might expect, because there was also a mean sur
face drift toward the radar during the experiment (cor
responding to the V H term in Eq. 5), which, along with 
the motion of the Bragg scatters, causes the mean Dopp
ler offset of about 25 Hz seen in Figure 5. 

We see, then, that the Doppler frequency of the back
scattered radar signal is a measure of the velocity of the 
ocean surface. Since we can relate this surface velocity 
to the surface height using Equations 16 and 17, we can, 
in principle, measure the surface-height spectrum ~(K) 
with the radar. The possibility of making such measure
ments has been recognized by Plant et al. 2 and was also 
confirmed using the Ku-band data discussed above. Fur
ther, since we know that surface waves obey the disper
sion relation of Equation 17, we can also use Doppler 
measurements to discriminate surface-wave-induced mo
tion from other motion sources. As discussed by Jen
sen elsewhere in this issue, Doppler measurements from 
a multi frequency delta-k radar have recently been used 
to measure the velocity of oceanic internal waves. 

The comparisons with experimental data give us con
fidence that our ideas about how radar scatters from an 
evolving ocean surface are qualitatively correct. What 
is left now is to make quantitative comparisons with the 
available data. As stated earlier, the simple expression 
for the backscattered field given by Equation 8, although 
containing the essential features, does not correctly pre
dict all the details of the back scattered field (e.g., polar
ization effects). Following the same basic approach as 
outlined above and in Ref. 4, we have developed a more 
precise expression for the scattered field that does include 
many of those details. (The derivation of this expression 
will not be given here, but the interested reader may re
fer to Ref. 8 and references contained therein.) It should 
be mentioned, however, that our expression does give the 
proper V-V and H-H polarization cross sections in the 
small-wave-height limit and also the proper (polariza
tion-independent) specular scattering when no small-scale 
waves are present. The time dependence is included in 
this model by assuming linear evolution of the surface
wave spectrum, essentially using Equation 16. We have 
used this model to predict the dependence of Doppler 
spectra on such parameters as radar frequency, incidence 
angle, and look direction with respect to the wind. 8 

Further, applying concurrent in situ measurements of 
the long-wave spectrum as well as winds and mean sur
face currents, we have used it to make a quantitative 
prediction of the mean Doppler spectrum associated with 
the Ku-band radar data discussed above. A comparison 
of this prediction with the measured mean spectrum 
shows very good agreement (Ref. 7 and Thompson, Got
wols, and Keller, unpublished). 
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Figure 5. Average Doppler spectra at various locations along 
the long-wave phase. 

CONCLUSION 
One goal of this article has been to provide a physi

cal picture of how microwave radiation is scattered from 
an evolving rough surface by considering the simple case 
of scattering from small-scale roughness on a moving 
plane. This picture motivated the development of a 
qualitative model for scattering from the ocean surface 
where a broad range of roughness scales exists. In par
ticular, we have seen how the motion of the surface 
waves can affect the Doppler spectra of the radar return. 

We have used our simple model to explain qualitatively 
the variation of measured Ku-band radar cross sections 
and Doppler spectra over the phase of a long ocean-sur
face wave. Detailed discussion of a more exact scatter
ing model and its application to this problem may be 
found in Refs. 7 and 8. The goal of our work is to under
stand the surface-wave hydrodynamics and electromag
netic scattering processes well enough so that the inverse 
scattering can be solved; that is, to be able to use our 
knowledge of the radar return to extract information 
about the surface-height spectrum and its evolution. 

Although much progress has been made over the last 
several years in understanding radar backscatter from 
the ocean, much work still remains. Accurate measure
ments of Doppler spectra are needed over the full range 
of incidence angles as a function of wind speed and 
direction as well as radar frequency. Concurrent direct 
measurements of the two-dimensional surface spectrum, 
if possible, would certainly enhance our ability to as
sess the scattering models and validate the assumptions 
made in their derivation. As these assessments progress, 
the operational use of microwave radar for measuring 
the properties of the ocean surface will become a defi
nite possibility. 
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