
Radio Science, Volume 16, Number 5, pages 917-925, September-October 1981 

Sea state frequency features observed by ground wave HF Doppler radar 
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This paper investigates the relationship between the frequency features of the directional spectrum 
of ocean waves (cutoff frequency and peak frequency of wind waves, frequency of quasi-mono- 
chromatic swell) and the properties of the spectrum of the sea echo obtained by HF Doppler 
radar. A theoretical analysis is performed to check the validity of a simple result that states that 
at upper HF, a long-wave spectral feature at frequency F o affects the radar echo at frequencies 
+-fB +- Fo on either side of the Bragg lines at +_fB corresponding to resonant backscattering of 
radio waves with a given wavelength by half-wavelength ocean waves. An experiment using both 
radar and standard in situ measurements for several weeks at different times of the year shows 
that this relationship can be used to formulate a method for estimating the frequency features 
of the sea with suitable accuracy. 

1. INTRODUCTION 

More than 20 years ago, the special spectral 
properties of high-frequency electromagnetic waves 
backscattered by the surface of the sea suggested 
that it might be possible to use HF radar to investi- 
gate wave fields on the surface of the ocean [Crom- 
bie, 1955]. There is indeed a correlation, because 
of the interaction of electromagnetic waves and 
ocean surface waves, between the Doppler spec- 
trum of the radar echo and the directional spectrum 
of the sea. This directional spectrum can be fully 
extracted by the complete inversion of the radar 
echo, although with some difficulty [Lipa, 1978]. 
Nevertheless, many users who cannot operate stan- 
dard in situ sensors (buoys, etc.) because of tech- 
nical or economic constraints need some overall 

parameters of the sea state, and therefore it is of 
interest to study specific ways of estimating these 
parameters: wind direction [Long and Trizna, 1973; 
Stewart and Barnum, 1975; Broche, 1979], signifi- 
cant wave height and dominant period [Barrick, 
1977a], swell characteristics [Tyler et al., 1972; 
Lipa and Barrick, 1980], and surface currems 
[Stewart and Joy, 1974; Barrick et al., 1977]. 

This paper deals with estimating the main fre- 
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quency-characteristic features of the sea spectrum, 
i.e., the cutoff and dominant frequency of wind 
waves and the frequency of swell. 

The general appearance of the Doppler spectra 
observed (Figure 3) is correctly described by current 
models of the interaction between the sea surface 

and HF electromagnetic waves, and especially by 
the models developed by Barrick [1972]. This 
appearance can be expressed by 

E(fa) = E(')(fa) + E(2)(fa) 

in which fa is the Doppler shift between the fre- 
quency of the radio wave received and that of the 
wave transmitted. 

E(I) (fa) represents the so-called 'first-order' echo 
which occurs in the form of two quasi-mono- 
chromatic lines ('Bragg lines') whose positions, 
which are symmetrical in relation to zero frequency, 
are given by 

fa = ---fB = -+(2gki)•/2/2• 

where g is the acceleration of gravity and k i the 
wave number of the incident electromagnetic waves. 

E(2)(fa) represents the so-called 'second-order' 
echo which is a continuum observed between and 

on either side of the Bragg lines. Barrick [1977b] 
showed that for sufficient sea heights it may be 
expressed as 
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œ('-•(f•) =/•w(f•)s(lf• - f•l)/ I œ('•(f•) 

A is a known constant coefficient; S(F) is the 
nondirectional wave height frequency spectrum of 
ocean waves; and w is a weighting function that 
depends only to a very slight extent on sea state 
but is somewhat dependent on the angle 0 between 
the direction of the radar beam and the dominant 

propagation direction [Barrick, 1977b]. 
The second-order spectrum would then repro- 

duce, on either side of the Bragg lines and in 
proportion to the energy of these latter, the $(F) 
spectrum weighted by function w. This result should 
be compared with the one given by Hasselmann 
[1971] to the extent that function w(fa)is found 
to be almost constant in a frequency range around 
fB (almost 0.5fB < fa < 1.4f•). 

Specific spectral properties of the sea state ob- 
served at a given frequency F o could then be related 
to the behavior of the spectrum of the second-order 
echo at the following frequencies: 

fo = ---fa- Fo 

This equation is investigated in detail from its 
theoretical standpoint, and its use for estimating 
specific F o frequencies is compared with the results 
of in situ measurements made with standard sensors 

(buoys). The investigation has to do with the cutoff 
frequency and the dominant frequency of wind 
waves and with the frequency of quasi-mono- 
chromatic swell. 

2. THEORETICAL CONSIDERATIONS 

It has been stated that the equation for the Doppler 
spectrum of the radar echo may be written as 
[Barrick, 1972] 

E(')(fa) = a,S(-2el•i)8(f a - efB ) e = +1 

where a I is a numerical constant; 8 is the Dirac 
function; and S(/}) is the directional spectrum of 
the waves with wave vector/}, and as 

ß S(œ2g2)•(f d -- •1F, -- E2F2) dR 2 

where a 2 is a numerical coefficient; Rl and R2 
are the wave vectors of the waves having frequen- 
cies F l and F 2 , which fulfill the following condition' 

T is a coupling coefficient, and e I , e 2 = ß 1, with 
the summation being done on the four combinations 
for e I and e 2 . Detailed expressions for a I , a2, and 
T are given in the hereabove referred to paper 
[Barrick, 1972]. Since each component satisfies 
the standard dispersion equation (2•F) 2 = gK, the 
relation between R l and R 2 implies a relation 
between F l and F 2 whch is illustrated in Figure 
1. Depending on the direction of R l in relation 
to that of •, F 2 is in a range limited by two extrema 
corresponding to Rl parallel to k•. (minimum) and 

Fc- 

Fig. 1. Area of the (FiF2) plane contributing to the second-order echo (limited by curves a, b, and c 
and F• > F c, F 2 > F,.). Curves a, b, and c are associated with the spatial configurations shown on the 
right. Curve d concerns the case of swell for which only two interactions are possible. 
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to •, antiparallel to k•. (maximum). Then' 
If• - F= 1/2 I I < F= < (f• + Fl =) 1/9 

Furthermore, if F c is the cutoff frequency in the 
wave spectrum below which wave energy is negligi- 
ble, a contribution to the integral in E<2•(fa) can 
originate only in the region where F l and F= are 
greater than Fc. 

A wave having the frequency F: makes a con- 
tribution to the Doppler spectrum at the frequencies 
fa = El Fl -F œ2 F2 which, for each choice of E l 
and e 2, belong to a range that is deduced from 
the previous one by a simple transformation. This 
range is shown in Figure 2 for fa > 0 and for the 
following choices: 

fa > f,s (sum interactions) 

E I --- +1 •2 = +1 

and 

fa < f• (difference interactions) 

•1 '-- '4-1 •2 '-- --1 

or 

E I --- --1 E 2 --- '4-1 

The inequalities above obviously imply that some 
energy is present in all the directions and therefore 

) - 

• X • / NCb.2) 

Pc f'8/• f'8 WAVE FREQUENCIES 

Fig. 2. Zones of correspondence between wave frequencies 
F, and Doppler frequencies fa. The limit curves (a.1), (b.1), 
and (c.1) are deduced from those in Figure 1 by the following 
transformations: (a. 1) -- fa = F, + (a); (a.2) -= fa = -F, + 
(a); (a.3) =fa = F, - (a); (b.1) =fa = F, + (b); (b.2) -= 
f• = r,- (•,); (c.•)--f• = +r, + (c); (c.2)--f• = -r, + 
(c). The cutoff in the wave spectrum is correlated to the cutoff 
in the Doppler spectrum at frequencies f,.., and fca. 

that the directional pattern of the wave energy is 
smooth enough. 

Figure 2 can be used either to evaluate the spectral 
range to which a wave having the frequency F l 
contributes or to determine the set of waves con- 

tributing to a given Doppler frequency fa' 
Under these conditions, a cutoff appears at the 

following frequencies' 
.--. •, •,2 .--.2, I /9 

fcs = tc + {.f 7s - t •.) -' - for fa > f• (curve a. i) 
(1) 

fca = -Fc + (f• + Fc =) 1/2 for fa < fe (curve c.2) 

If the experimental parameters and the sea state 
are such that Fc/f, s < 1 (or Kc/2k i << 1, with 
K c being the wave number corresponding to fre- 
quency Fc), a second-order development in Fc/f, s 
gives 

fag =f• + Fc(1 - Fc/2f•) 

fca =f•- Fc(1 - Fc/2f•) 

whereas the simplified theory referred to in the 
introduction would lead to 

fcs=f•+Fc 
(2) 

fc•=L, - Vc 

In practice, if L c is the width of the second-order 
spectrum between the Bragg lines (L c = 2fca), F c 
can be estimated by inverting (1) or (2) in this way: 

F'c' = (4f2• - Lc 2) / 4Lc 

•"c=L,-œc/2 

In principle, F" gives the exact value for F c c 9 

and F'c is an underevaluation of F c with a difference 
of about F c/2f, s. The approximation given by F'c 
is then better as long as F c is low (great wave 
heights) and fB is high (high radar frequency). 

From the theoretical standpoint, a simple relation, 
such as the one that is valid for cutoff frequencies, 
does not exist between the dominant frequency in 
the wave spectrum, F,,, and the frequency of the 
maximum amplitude in the Doppler spectrum. All 
that can be said is that a scale distortion exists 

between the wave spectrum S (F) and the Doppler 
spectrum E<=•(If,, +_ f•l), a distortion which can 
be analytically evaluated for the cutoff frequencies 
fc and F c alone. Nevertheless, the theoretical con- 
siderations given in the introduction together with 
considerations based on experimental findings sug- 
gest that the arguments presented above are still 
valid and that it should be possible to estimate the 
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dominant frequency in the wave spectrum by mea- 
suring the width L m of the second-order echo 
between the Bragg lines as measured between the 
two relative maxima of this spectrum by 

(4) 

3. EXPERIMENTAL CONDITIONS 

Two different sites were used for the experimental 
campaigns from 1977 to 1979. 

The first one, in the western Mediterranean Sea, 
has been described previously [De Maistre et al., 
1978] along with the mean features of the radar. 
Meteorological conditions varied considerably, and 
several weeks of measurements in June and De- 

cember 1977 and in March 1978 revealed very 
different conditions for the wind-driven sea with 

regard either to amplitude or to the dominant 
direction of wave propagation. An anemometer 
placed on a buoy moored close to the area covered 
by the radar and a Waverider buoy tied to the first 
one have given data on the actual sea conditions 
(wave height, nondirectional spectrum, wind speed 
and direction). 

The second one, in the Atlantic Ocean near the 
mouth of the Gironde River, was used in June 1979, 
with a similar radar. The amplitude of the wind- 
driven sea was generally low (wind speed less than 
15 kn (27.8 km/h)), the wind direction was very 
stable, and swell was a quasi-permanent phenome- 
non. Actual sea conditions were monitored by a 
pitch-and-roll buoy operated by the French group 
Centre Oc6anologique de Bretagne-Centre National 
d'Exploitation des Oc6ans (COB-CNEXO)and giv- 
ing the dominant direction of propagation for each 
frequency in the wave spectrum. 

At both stations, the radar devices operated at 
frequencies in the vicinity of 6 and 12 MHz, and 
the target was a patch of sea with a radial extent 
of 15 km and a width of a few kilometers. The 

patch was situated almost 40 km from the shore. 
Each spectrum is the result of incoherent summa- 
tions of four or eight consecutive spectra, each 
recorded over a time of 164 s. Only the spectra 
having symmetrical cutoff frequencies between the 
Bragg lines were taken into consideration for esti- 
mating F m and F c, as was said in section 2. An 
example is given in Figure 3. 

Db 

O. 

-IO. 

-20. 

-40. 

E (fd) 12-652 MHz I 
First-order radar sea echo: Bragg lines 

Second-order radar seo echo 

-0"6 -0'4 -0 2 0'0 0•'2 0"4 06 fd (Hz) 

Fig. 3. An example of experimental Doppler spectrum at 12.652 
MHz. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 4 gives the experimental results in the 
form of the estimate F' or F" rn rn as a function of 
the value of F m measured in situ by the buoy. It 
can be seen on the average that 

F: < F,,, and F"m > Fm 

However, the difference in IFm - F'•l is much 
smaller than I F"m - Fm l, and so it appears that 

/! 

F' m is a better estimate than Fm, at the opposite 
of what was theoretically expected for the cutoff 
frequency F c . For F m _< 0.25 Hz, the mean deviation 

/! 

of F m - F m is 0.062 Hz and that of F' m - F m 
is -0.006 Hz only. 

Figure 4 also confirms that the quality of the 
estimate increases as F m decreases (i.e., in general 
as the wave height becomes higher). A few results 
at a radar frequency of 6 MHz, not shown in the 
figure, also show that the estimate is all the better 
as fB is higher. Barrick [ 1977a, b] already pointed 
out that measurements obtained by using the 
weighting function were subjected to the same 
constraints. 

An approximation of the significant wave height, 
H 1/3, can be deduced from F m for a fully risen 
sea. Indeed there is a relationship between F m and 
H 1/3, and for the Pierson-Moskowitz model it 
is 
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Fig. 4. F,, inversion for experimental data. Radar frequency 
is about 12.4 MHz. Various sea state conditions have been 

considered. The 'true value' is measured by the Waverider buoy. 

H 1/3 -- 0.04/F• 

Actually, the diversity of the meteorological 
conditions occurring while the data were being 
collected (fully developed sea, increasing or de- 
creasing sea state, limited fetch or limited interac- 
tion time situations, presence of swell) restricts the 

Ht/3( w•th estimated F m) 

true value) 

m 

Fig. 5. H 1/3 inversion using H 1/3 - 0.04/F2•, where 
is estimated from second-order radar sea echo. These values 

are compared with the true values, as determined by a Waverider 
buoy. 
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validity of such an equation. This greatly influences 
the quality of the estimate of H 1/3, as is shown 
by the spread of the experimental points in Figure 
5, where the estimated value of H 1/3 is plotted 
as a function of the value measured by the buoy. 

5. SPECIAL CASE OF SWELL 

When there is a swell (i.e., quasi-monochromatic 
and monod;-'•"*;o"a • low-frequency ........ • the 
contribution of the swell may be separated from 
that of the wind-driven sea. The spectrum of the 
sea state may be written as 

s(g:) = s.•(g:) + s•(g:) 

The product S(Eii•rl) ' S(E21•r2), which belongs 
to the expression for E(2)(fa), can be developed 
in the form 

The first term contributes to a second-order echo 

that is identical to the one that would be observed 
in the absence of swell. The last term leads to 

a zero result because the condition /•l + •2 = 
-2• cannot be fulfilled by a monochromatic swell 
having sufficiently low frequency. The other two 
terms make equal contributions, and their sum is 

Es (fa) = 2a2 
v i,v2-----+ l 

ß SW(E , •1)S$(1•2•2)•(fd -- EiFi -- E2F2) dR 2 

If the swell is perfectly monochromatic with a 
frequency of F s, a wave vector of/•s, and a mean 
square wave height of h, it can be written as 

Ss(g) = h28(g_ 

The area contributing to E (2) in the diagram in s 

Figure 1 is restricted to two points, corresponding 
to F2 = Fs, and to the two possibilities/•2 = 
The swell is then correlated with four monochro- 

matic lines in the second-order echo. Moreover, 
the integral is immediately computed, and 

E(s2)(fa) = 2a2h2 Z 
el,•'2=+ 1 

ß T(•l, •s)Sw(el •i)8(f,/- e• F•- e2Fs) 
with 



922 FORGET, BROCHE, DE MAISTRE, AND FONTANEL 
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Hw243m 
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Fig. 6. Example of Doppler spectrum showing at least two 
swell spikes, with the corresponding wave spectrum (measured 
by a buoy in the Mediterranean Sea). The structure of the Doppler 
spectrum is coherent with an interpretation of the wave spectrum 
in terms of two wave systems, i.e., waves of the wind sea 
and swell. 

If K s and 0 are the modulus and the azimuth 
of R s in relation to the direction of/•/, then 

K•! = (2k•): + K• + 4e:k•KscosO s 

Hence at first order in Ks/k •, i.e., at second order 
in Fs/f a, 

E ! =fo(1 + œ2F• cos Os/2f•) =fo + E2• 

in which 

q) = (F}/2fB) cos O s 

The spectral lines corresponding to the swell are 
at the respective frequencies [Lipa and Barrick, 
19801, 

f++ =fB + Fs + • f+- =f•- Fs- • 

f-+ = -fa + F s -• f-- = -fa - F s + • 

where f+ + and f+-, and f-+ and f-- are symmet- 
rical in relation to the corresponding Bragg fre- 
quency, i.e., fB and -fB, respectively, with dis- 
tances equal to F s + q> (positive lines) and F s - 
q> (negative lines), and F s and O s can be measured 
(except for the sign of Os because the geometric 
considerations influencing the positions of the lines 
are symmetrical in relation to the direction of the 
radar beam) by measuring the position of the four 
swell lines. 

Figure 6 shows a characteristic example of 
experimental results in the Mediterranean. The 
frequency of swell is not much lower than that 
of wind waves, and the two can be separated by 
their time evolution. In this case, the peaks attribut- 
ed to the swell have remained in the same position 
for several hours, while the second-order remainder 
has evolved via a decrease in the energy of the 
wind sea. The values of F s and O s correspond to 
a swell having a period of 8 s and coming from 
the southwest or southeast, and they agree with 
the measurements made by the buoy and with direct 
observations. 

Figure 7 shows two examples of experimental 
results in the Atlantic. The four swell lines can 

•1 2 7/5/79 

-•6 -4, -.2 O. .2 4, '6 fd 

2 0/5/79 A' J 12.26 MHz 

-./, -.2 O' .2 4, .6 • 

Fig. 7. Two Doppler spectra at 12.26 MHz for an Atlantic zone with four (left) and two (right) sharp 
swell spikes. Swell frequencies are 0.11 and 0.08 Hz, respectively. In both cases the swell propagates toward 
the radar station. 
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dB 

-20, 

-40' 

-60' 

e,= 90 ø 

-fB 0 

120 ø 150 ø 180 ø 

radar beam 6 MHz 

sweLL spikes for 

• 12 MHz 

Fig. 8. Simulation for 6 and 12 MHz of the normalized amplitudes of swell spikes R(e,, e2) (see text). 
Various angles of propagation 0, are considered. The significant height H 1/3 is 1 m; the frequency of 
the swell if F s = 0.1 Hz. 

be seen on the left. They show a period of 8.8 
s for the swell coming from the west. The negative 
swell lines on the right are under the noise level. 
This situation has been the most frequent one 
because the beam direction is the direction of the 

dominant winds (from the west). Nevertheless, the 
two positive lines lead to an estimate of F, with 
an accuracy of approximately 4•. The period is 12.5 
+ 0.8 s. In both cases these values agree with the 
direct measurements. 

Furthermore, the energy of these lines may be 
calculated as 

I g(s2)(fd) dfd -- 2øL2Th2Sw{œl(--2ki- œ2•$)} 

whereas the energy of each of the Bragg lines is 

] E(l) (fa) dfa '- ø[l Sw(--2œ1 •i) 

The ratio of the energy of one swell spike to the 
energy of the nearest Bragg line is thus 

2•:• s. [• (-2œ, - ,• •s)] 
R (el, œ2) "-- Th• I 2 

O[l S• [œ l (--2]•,)] 

If the Bragg frequency is sufficiently greater than 
the swell frequency, the vectors -2k•. and -2/• i - 
e2Ks have almost the same direction. The ratio 
of the spectral amplitudes of the corresponding 
waves can be evaluated by a simple model, for 

TABLE 1. Comparison between swell parameters obtained via Doppler spectra (estimates) and by a pitch-and-roll buoy ('true 
values'). 

Estimates True values 

Time Frequency F 
Date (local) (MHz) (Hz) (m) 0 

Atlantic Ocean 

May 20, 1979 1 12.3 0.08 1.5 180 ø 0.098 1.3 175 ø 
May 21, 1979 23 12.3 0.11 1.9 180 ø 0.12 1.3 170 ø 
May 27, 1979 5 12.3 0.13 2.3 180 ø 0.13 1.3 180 ø 
May 27, 1979 6 5.9 0.11 2.7 180 ø 0.13 1.3 175 ø 
June 4, 1979 7 12.3 0.10 1.4 180 ø 0.109 0.8 175 ø 
June 4, 1979 14 5.9 0.095 1.2 180 ø 0.105 0.8 175 ø 
June 6, 1979 20 5.9 0.12 0.8 180 ø 0.130 0.5 175 ø 
June 7, 1979 12 12.3 0.11 1.8 180 ø 0.125 0.9 160 ø 

Mediterranean Sea 

December 7, 1978 0 12.8 0.125 1.1 140 ø 0.131 1.2 (Waverider 
buoy) 

Hn=4xh. 
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instance, Phillip's model, in which S is proportional 
to K -4. The coefficient R (el, e2) / h 2 is thus a given 
function of F s, O s, lB. If these parameters are 
known, the measurement of R enables h to be 
estimated, in principle. Figure 8 shows the values 
of R taken as a function of O s for a given radar 
frequency and swell frequency. Table 1 gathers the 
estimates made for swell parameters in May-June 
1979 in the Atlantic compared to the direct mea- 
surements made by a pitch-and-roll buoy. It shows 
that h is always overestimated, with an average 
deviation of about 0.5 m, and that the agreement 
is quite satisfactory for the other parameters 0 and 
F. 

Actually, it should be noted that the swell fre- 
quency is the parameter which can be estimated 
with the greatest accuracy. Even if O s is unknown, 
this accuracy is approximately •b, i.e., less than 

2 

Fs/2lB, which is approximately 15 % for currently 
observed values and a radar frequency of 12 MHz. 

The measurement of O s is not done with the same 
accuracy, since 4 is affected by an error which is 
at least equal to the spectral resolution (here 6 x 
10 -3 Hz), whereas its value is 1.4 x 10 -2 cos O s 
for a 10-s swell and a radar frequency of 12 MHz. 
So, only a few sectors of the swell propagation 
between 0 ø and 180 ø can be given by separating 
the cases for which •b is high (O s around 0 ø or 180ø), 
small (O s around 90ø), or intermediate (O s around 
40 ø or 140ø). The ratios R++/R+_ or R_+/R__ vary 
too little with O s, except when O s is near 90 ø, to 
improve this estimate for the case when only two 
swell spikes near one Bragg line can be observed 
(spectrum on the right of Figure 7, for example). 

The estimate of h is most accurate around O s 
= 0 ø or 180 ø where the R(•, •2) ratios vary the 
least with O s . The experimental situation, in which 
the radar beam direction was almost the same as 

the direction of the most frequent swell (O s • 180ø), 
ß 

corresponded to this case. 

6. CONCLUSION 

The relation between the characteristic frequen- 
cies of the directional spectrum of the sea state 
(cutoff and peak frequency of the wind-driven sea, 
frequency of the swell) and the properties of the 
spectrum of the echo from the sea obtained by 
a HF Doppler radar were investigated from both 
the theoretical and experimental standpoints. 

The simple equation (fo = -+fa -+ Fo) suggested 

by previous investigators is theoretically an approx- 
imation whose accuracy has been fully calculated 
for the cutoff frequency and the swell frequency. 

Experimental results have proved that it was 
effectively possible to measure these frequencies 
and the dominant wave frequency with sufficient 
accuracy by analyzing the radar spectra. Neverthe- 
less, some data for which the second-order spectrum 
did not fit the symmetry conditions required by 
the models used have had to be discarded. They 
probably correspond to directional patterns of the 
energy of the wind waves which do not spread 
energy in all directions at all the frequencies (models 
which give a significant amplitude only to the waves 
being propagated within a restricted-aperture cone 
around the wind direction, as described by Lipa 
[1978]). Under such conditions, the area in the 
plane (F l , F2) which contributes to the second-order 
echo is limited, and likewise the frequency extension 
of the echo is restricted. 
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