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Theory of HF Ground Wave Backscatter from Sea Waves 
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A simplified but quantitative theory is presented for backscatter of high-frequency radio 
waves from a gently rippled surface. A principal resonance occurs when the electromagnetic 
wavelength is just double the predominant wavelength of the sea waves. The results have 
some relevance to reported experimental observations. 

A number of interesting observations, at 
HF, concerning radar backscatter from sea 
waves have been reported in recent years. Un- 
like the more conventional 'clutter' observed 

with microwave radar, I-IF observations indi- 
cate that the quasi-periodic character of ocean 
waves will, in some cases, lead to resonance- 
type reflections. In a significant paper, Crom- 
bie [1955] indicated that a principal resonance 
occurs when the electromagnetic wavelength is 
just double the predominant wavelength of the 
sea waves. Further observations and discus- 

sions of this phenomenon were given by Dow- 
den [1957] and Haubert [1958]. 

In this paper a quantitative theory for this 
type of backscatter is outlined. A rather ideal- 
ized model is chosen and some gross simplifi- 
cations are made in order to achieve tracta- 

bility. 
The model is shown in Figure 1, which is a 

plan view of the situation with respect to a 
Cartesian (x, y, z) coordinate system. The trans- 
mitter, which is idealized as a vertical electric 
dipole, is located at point A, which has coordi- 
nates (--d, 0, 0). The mean surface of the sea 
and the transmitter are assumed to be the plane 
z -- 0. We now wish to calculate the change 
8Z of the self-impedance of the dipole due to a 
gently rippled surface extending from x -- 0 to 
x -- do as indicated in Figure 1. As we shall 
see, this can be related to the strength of the 
backscatter echo when A is transmitting pulses. 

The ripples (e.g., the sea waves) are taken 
to be uniform in the y direction. Thus the sur- 
face is adequately characterized by its slope 
7(x) being only a function of x. Using a pre- 
vious formulation [Wait and Jackson, 1963], 

for the 'sloping-beach problem,' we can im- 
mediately write 

8Z = --•-• •/(x)H,•),H•,' dx dy (1) 
where r/o = 12•, I is the current at the termi- 
nals of the antenna, H•, is the magnetic field 
over the mean surface z = 0 in the absence 

ofthewaves (i.e.,y -- 0) andH 'isthe cor- 
respondNg value of the magnetic field when 
the surface is perturbed. Now, presumably, 
H•, is •own, but H ' is not. However, for a 
perturbation theory, we can replace 
which, in effect, neglects multiple scattering. 

From the theory of ground wave propaga- 
tion, we write 

- 2=r e-'•(sin O)W(r) (2) 
where k = 2=/(radio wavelength), h, is the 
effective height of the source dipole, r = [(x 
+ d)' + y=]•/', sin 0 = (x + d)/r, and W(r) 
is the ground wave attenuation f•ction [e.g., 
Wait, 1964]. This expression for H•, is valid for 
kr >> 1, and, of course, W(r) depends on the 
electrical characteristic of the surface. In what 

follows, we shall set W(r) = 1, which corre- 
sponds to neglectNg the attenuation of the 
ground wave. The consequence of this assmp- 
tion is mentioned briefly below. Using (2), we 
now express (1) in the following form: 

[f_+• exp [--2ik[(x + d) = ••]•=]•/=] ' [(x + + 
(a) 
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Fig. 1. Plan view of rippled surface with source 
location at A. 

Although the inner integral may be expressed 
in terms of Hankel functions, we content our- 
selves here with an approximated evaluation 
which, in effect, replaces [(x 
in the exponent by (x + d) + (y•/2)/(x + d); 
at the same time the denominator of the inte- 

grand is merely replaced by (x + d) •. Then, 
using the result that 

o • exp (-•) a• = •/2 
we find it a simple matter to show that 

4•r \i•r! e-2ikd (X 
(•) 

The physical significance of (4) is clear. The 
power reflected from an elemental strip of width 
dx is proportional to (x + d) -3. This inverse 
cube law has been observed by Dowden [1957]. 
It is interesting to note from (4) that the back- 
scatter power for an elemental strip is propor- 
tional to 72(x), which is the square of the slope. 
It should also be mentioned that if the at- 

tenuation of the ground wave is to be consid- 
ered, the function [W(x q- d)] • should be in- 
cluded in the integrand of (4). 

To cast (4) into a slightly more meaningful 
form, we normalize it by dividing by the mu- 
tual impedance Zo for two dipoles at a distance 
2d. The latter is given by 

ikvo , 2 -•.ik• (5) Zo -- 4•rd n6e 
where, again, we have neglected the attenua- 
tion of the ground wave. The dimensionless 
quantity 3Z/Zo -- R may be regarded as a re- 
flection coefficient referred to the vertical plane 
at x ---- 0. Explicitly, 

f0 dø R = (k/71-) 1/2 de -is•/• •/(x)e-•'z•! (x + •)• • (•) 
It should be mentioned that because of the 

limitations of the theory (e.g., smallness of 
7(x) and neglect of multiple scatter), this re- 
sult for R is valid only for situations which 
yield IRI • 1. 

The profile h(x) of the sea surface may be 
represented in the form 

h(x) = • hn sin nfix (7) 
n•.l 

where • -- 2•-/1, l is the basic sea wavelength, 
n is an integer, and h• is a coefficient. Then, of 
course, the slope is 

d•(•) - 
•(•) - d• - • • .•. co•.• (s) n----1 

Using this result, we can write (6) as 

•= Y.•n (9) 
n•l 

where 

--i37c/4 dhn(.• ) 

fo •0 cos (-Z•) ß (• •t• •2e iz• dx (10) 
By integrating by parts, this can be expressed 

the form 

(•1) 
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By a change of variable, via 
d) -- 7•z2/2, the latter two integrals may be ex- 
pressed in terms of the extensively tabulated 
Fresnel integral 

F0o) - exp --i • z 2 dz 

Thus 

(12) 

( 1,.r___, 
-- i[2k(2k -- n•)]'/2de 

ß [F[(2/r)(2• -- n•)(a + ao)] 

-- F[(2/r)(2• -- n•)a]] 

- i[2k(2k + n•)]'/•de 

ß [F[(2/r)(2• + n•)(a_+ ao)l 

-- F[(2/r)(2k + n•)d]]} (13) 
This expression may be used to compute R•, 
which is the reflection coefficient for a spatial 
harmonic of order n. 

Considerable simplification is achieved if we 
are permitted to assume that do << d. Then 
(10) may be approximated by 

• • e- x•/ (n•)• 

ß co• (•n•)e -• a• (14) 

which is readily evaluated to give 

R• • e -ia'/• do 

ß {e-' •-•'•'/• sin [(2k -- n•)(do/2)] (2• - n•)(ao/2) 

+ ,_,(•,+•>•.• sin [(2• + n•)(ao/2)]• (15) (2• + n•)(ao/2) J 

From this result it is evident that there is only 
an appreciable response when 2k • n•, in full 
accord with the work of Crombie [1955]. In 
bet, if k do >> 1, we see that 
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I ( k •/• sin [(2k -- n•)(do/2)] IR•I • 5 x7•/ (nl•)doh,, (2k -- n•)(do/2) 
(•0) 

which has the familiar (sin X)/X response as- 
sociated with uniform antenna arrays. The 
maximum, of course, occurs if 2k = n•, whence 

[•1 • (kdo/Tl')l/2(khn)(do/d) 1/2 (17) 
which is a remarkably simple result. 

To illustrate the magnitude of the echo 
strength, we consider the contribution from ten 
successive sea waves with a wavelength of 20 m. 
The operating frequency for resonance scatter 
is thus 7.5 Mc/s (i.e., X = 40 m). Then, if we 
choose a wave height h,• = i m and a range 
d = 20 kin, (17) yields 

I•l • 0.0• 
which is the order of magnitude of echoes re- 
ported by Dowden [1957]. It should be men- 
tioned, however, that, according to Dowden's 
explanation, coherent reflections from many 
more sea waves are required to obtain reflec- 
tion coefficients of this order. We believe that 

under actual conditions resonance scatter is 

not effective over the whole length of the trans- 
mitter pulse because the dominant period is 
quite variable. As suggested by Crombie [1955], 
it is more likely that sea waves occur in rela- 
tively short trains. At least this view is com- 
patible with the spectrum of his Doppler- 
shifted echoes of 13.56 Mc/s. Certainly, 
Dowden's model of 103 equi-spaced crests is 
difficult to accept. I believe his method of cal- 
culating backscatter from a single wave leads 
to a gross underestimate. For this reason, he 
apparently needs to sum over an excessively 
large number of waves to obtain an effective 
reflection coefficient of the order of 0.05. De- 

spite this apparent discrepancy, I believe the 
present analysis confirms the conclusions put 
forth by Dowden concerning the nature of 
ground wave backscatter at HF. 

Finally, I should mention that the inclusion 
of the ground wave attenuation function 
[W(x + d)]', in the integrand of (4) and 
again as a factor W(2 d) on the right-hand 
side of (5), will modify the results. However, 
for HF propagation over seawater, W does not 
depart from unity by more than 10% if the 
ranges are less than 20 kin. Because of my 
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method of normalizing, the reflection coefficient 
R has only a weak dependence on the ground 
wave attenuation, but it is worth while, in 
further work on this subject, to include this 
modification. Also, of course, other factors 
such as multiple scattering and the effect of 
steeply inclined wave crests should be con- 
sidered. 
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