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Since the earliest observations by Crombie (1955) in New Zealand of a Bragg resonant
condition in the scattering of radio waves at high frequency (HF) from the sea surface,
the use of HF radars as instruments for the remote measurement of sea surface
meteorological and oceanographic parameters has become well-established, both
theoretically and technically. The possibilities for scanning large ocean areas at great
ranges using an ionospheric propagation mode (skywave or OTH radar) were
demonstrated by Ward (1969) in Australia, and since that time the concepts have
developed rapidly. Two related approaches may be identified: (a) skywave radars for
measuring sea surface winds and mean wave parameters at ranges of from 1000 to 3500
km; (b) groundwave radars for making more precise measurements of sea surface
currents and wave spectra at ranges out to 100-150 km. This paper gives a brief review
of the history of HF ocean radars, and of the theory of resonant scattering at the sea
surface; it describes algorithms for parameter extraction and the types and precision of
parameters which may be obtained; it looks at the facilities employed in Australia (both
skywave and groundwave) and some of the results which have been obtained with these
facilities; and finally, it assesses the future possibilities for observation and research
using these and considerably more advanced facilities which are currently being

developed.

Introduction

The experimental process of ground backscatter,
whereby electromagnetic waves at MF and HF (i.e.
below 30 MHz approximately) are scattered at a
ground target so that some of the energy is returned
along its original path to the transmitter, has been
used for many years in oblique incidence studies of
the ionosphere (e.g. Shearman 1955). Since these
studies began, a number of workers have observed,
and reported on, the different characteristics of the
signal backscattered from land and sea surface (e.g.
Steele 1965).

Distinctive observations of sea surface
backscatter at HF were made by Crombie in New
Zealand. He reported (Crombie 1955) that the
short-range signal returned from the sea (via a
groundwave propagation mode) near the sounding
station had a Doppler shift in frequency of an
amount that depended on the transmitter frequency,
but was essentially independent of sea state.
Crombie (1955) explained his echo as being
reflection from a sea wave structure that behaved as
an equivalent diffraction grating for a Bragg
resonant condition. In other words, the echo
magnitude and the coherent Doppler shift arose
because the received signal resulted from the

constructive interference of radio waves
backscattered from successive sea wave crests,
which were separated by distances equal to integral
multiples of half the radio wavelength, and which
were travelling radially with respect to the
transmitter /receiver. The velocity of these sea
waves, which is uniquely dependent on their
wavelength and hence on the radio wavelength,
produced a Doppler frequency shift that was
dependent only on the existence of the particular
resonant sea wavelength component.

Following these observations, Crombie (1955)
suggested that through the use of a swept-frequency
technique, radio backscatter of this type could be
used to make detailed observations of sea state at
distant points. Although such a technique is likely to
prove impractical for most applications (Barrick
1972b), subsequent theoretical and observational
work has greatly increased the possibilities for the
use of radio scatter at MF and HF in the remote
measurement of sea wave spectra, sea surface
currents and sea surface winds. Some of this work is
reviewed by Barrick (1978) and Georges (1980).

Observations of sea Doppler imposed on
ionospherically-propagated radio signals (‘Skywave’



32

Australian Meteorological Magazine 30:1 March 1982

or ‘Over-the-Horizon’ (OTH) radar) have not been.

as numerous as those reporting short-range echoes.
Early observations again occurred mainly as
anomalies on ionospheric sounders (McCue 1956).
Tveten (1967) and Ward (1969) were the first to
suggest the possibility of mapping sea states over a
wide area using analysis of ionospherically-
propagated, Doppler-shifted, backscattered radio
waves. Tveten (1967), Blair et al. (1969) and Earl
and Bourne (1975) pointed out that the difference
between land and sea Doppler could be utilised to
‘map’ distant coastlines.

In Australia, studies commenced in 1965 at
Townsville in the Physics Department, James Cook
University (then Townsville University College) on
the backscattering of ionospherically-propagated
radio waves from sea areas to the south and
southeast of the continent. The basis for these
studies was outlined by Ward (1967). The original
radar system was essentially bistatic, with a fixed
transmitting array that could be slewed
electronically in azimuth over a small arc. Initial
results (Ward 1969; Dexter 1973) demonstrated the
feasibility of probing to ranges of from 1000 to 3000
km via ionospheric propagation, and confirmed the
existence of higher order detail in the Doppler
spectra.

It seemed likely from this early work that
flexibility of operation and the selection of ocean
target regions was of importance for further
progress and particularly for potential synoptic use.
As a result, a large, fully rotatable, vertically
polarised array with coherent HF radar equipment
installed was designed, and set in operation in 1973.
The array and the associated transmitter/receiver
and processing equipment have been described by
Ward (1973) and Ward and Dexter (1976). Since
then, further upgrading of signal processing
components of the radar facility, and development
of data analysis techniques, has lead directly to the
collection and publication of radar-derived sea
surface wind vector maps covering extensive areas in
the Tasman and Coral seas (Dexter and Casey 1978,
1980).

It has always been recognised that a major
limitation to the use of OTH radars for quantitative
observations of sea surface parameters is the
spectral contamination imparted to the radar signal
by a moving, diffuse and often highly unstable
ionospheric reflection medium. Techniques to
minimise both the presence and the effects of this
contamination are crucial to the development of
OTH radar as a realistic synoptic observation
instrument. Georges and Maresca (1979) have
modelled the contamination process and using this
model together with relevant observational data
Georges and Maresca (1979), Georges (1980) and
Georges et al. (1981) suggest a variety of radar
management and signal processing strategies
designed to minimise contamination effects. In
particular, one of the parameters studied in detail by

Georges and Maresca, (1979).was radar.(3dB).,beam
width, with the principal finding being that the
decrease in contamination with decreasing beam
width became negligible at a width around 2°. On
this basis it would appear that the (relatively) broad-
beam James Cook University radar (3dB width
around 24°) may suffer levels of ionospheric
contamination which are unacceptably large for
synoptic observation purposes. While such a
conclusion is not completely borne out by
observation (Dexter 1980), it is nevertheless true
that a wide aperture (narrow beam) array is best
suited to the purposes of meteorological and
oceanographic analysis and research.

In the Australian context such an array, in the
form of the Jindalee defence radar, will shortly
become operational and the possibilities of this
radar for both meteorological operations and
research will be discussed at the end of this paper. In
the bulk of the paper we outline the established
theory for the resonant scattering of radio waves at
the sea surface, leading to techniques for the
extraction of relevant sea surface parameters from a
backscattered radar signal; describe existing HF
radar facilities, both skywave and groundwave, and
present some results obtained with these facilities;
and discuss some possible avenues for
meteorological research which are opened by the
types and scales of data which these radars can
provide.

Scattering theory

The principal objective for any radar scattering
theory must be to enable an analysis to be made of
the radar return signal in terms of specific
parameters or properties of the scatterer. Indeed, it
should ideally allow for quantitative estimates of
these parameters to be derived through some
inversion of the spectrum of the return signal. For a
radar operating at HF and scattering from the sea
surface, the nature of the problem may be seen in
Figs 1 (a) and (b), which show, respectively, the
Doppler spectra of the return signals for radars
operating in skywave and groundwave propagation
modes. Each spectrum contains a variety of
features, in particular prominent (first-order) peaks
arranged nearly symmetrically about zero Doppler
frequency, with second-order spectral detail
appearing at lower levels, but still obviously above
the noise. In this section we examine briefly ways in
which these features may be interpreted
theoretically in terms of sea surface parameters.

Following Barrick (1972b) the radar range
equation may be written as

2 24 2
dPR(w) = PTGTGR )\O AT AR dS o( w)
3 2 2
(41r) RR RT B
where dPR(w) is received power spectral density in
w/radian/s, P_is transmitted power, RR and RT are
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the ranges from scattering patch dS to receiver and
transmitter respectively, GT and GR are antenna
gains for transmitter and receiver, ?\O is radio wave
lenglh,AT andAR are factors which account for any
propagation losses other than }/Rz ,and o(w) is the

average scattering cross-section of the sea surface
per unit area per rad/s bandwidth. Thus in general it
may be seen that measurements of received power
spectral density contain all available information
about the scattering process. In theory, all the
factors in Eqn 1 except o(w) are known, although
normalisation procedures are necessary to remove
uncertainties in AT‘, R in computations for sea
surface parameters for skywave radars. The
problem is reduced, therefore, to determining o(w)
in terms of these required parameters.

Details of the scattering theory to first order may
be found in Barrick (1972a) and to second order in
Barrick (1972b). Essentially Barrick adopts a
boundary perturbation approach, with unknown
coefficients in a Fourier series expansion of the
electromagnetic field above the surface being
determined in terms of the coefficients of the
correspording expansion of the sea surface
spectrum. To first order, for vertical polarisation,
grazing incidence and backscatter, the scattering
cross-section is (Barrick 1972a)

6, ([(@)=2°7k 1-2F (2k ,0) §(w-w, (2gko)‘/2)

where K Jis radio wave number (:'217/)\0), Fk , k)
is the sea wave spectrum in wave number space
evaluated at (-2, 0), w is radio frequency, g is
the acceleration due to gravity, and § is the Dirac
delta function. The * signs correspond to ocean
waves travelling in the +x, -X directions (assumed
along the radar radial) respectively. It is immediately
obvious from Eqn 2 that all the radio energy returned
to the receiver is contained at two discrete frequencies
1/2

w-wot(2gk0) =wptw, g
These correspond to the two first-order features seen
in Fig. 1 at frequencies * (,;, and are termed the
Bragg lines. It can be seen that the ratio, r, of the
powers in these two lines is directly related to the
relative proportions of sea waves advancing towards
and receding from the radar. If a particular
directional model for the sea wave spectrum can be
assumed, this in turn may be interpreted in terms of
mean wave propagation direction. Since for most
radar frequencies at HF, first-order scatter occurs
from sea waves with frequencies near the high
frequency tail of the spectrum, this direction will be
virtually coincident with that of the generating near-
surface wind. Details of algorithms for computing
mean direction for skywave radars may be found in
Long and Trizna (1973), Stewart and Barnum
(1975) and Dexter and Casey (1978).

While in theory a simple inversion of Eqn 2 yields
the value of the sea wave spectral density at the

resonant frequency/wave number, in practice this
information is of limited value since these waves will
be close to saturation for most wind speeds and
radio frequencies of interest. Evaluation of the
scattering cross-section to second order, however,
shows that the full wave directional spectrum may
be found in the second-order spectral detail evident
in Fig. 1. Barrick (1972b) has derived a complex
integral equation equivalent to Eqn 2, which shows
that second-order scatter occurs between the
incident radio wave and pairs of sea wave
components such that

L .4
where K, K are wave number vectors for the
scattered and incident radio waves, respectively, and
K, K, are the sea wave vector wave numbers. On
this basis, the second-order Doppler spectrum (Fig.
1) is continuous, but contains singularities at 2%y
and 2% 4 corresponding to specific scattering
resonances. Other features which may be observed
in the second-order spectrum include peaks
corresponding to the peak in the sea wave energy
spectrum (Fig. 1(b)) and to particular swell wave
components. The frequency separations of these
features from the Bragg lines correspond directly to
the respective water wave frequencies.

Extraction of information on sea wave energies
requires some form of inversion of the second-order

Fig. 1(a) A typical skywave radar Doppler spectrum
obtained with the BU/AL radar (Table 1)
scattering from the sea in the Rockall Bank
area of the northeast Atlantic using E-layer
propagation. The spectrum is the average
of 15 individual spectra computed during a
total dwell of around 10 minutes,
observation time 1012 GMT on 21 July
1978, radar frequency 15.666 MHz,
bearing 325°, slant range 1275 km. Bragg
lines and a variety of second-order
structures are clearly visible (after
Shearman et al. 1981).
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Fig. 1(b) A typical groundwave radar Doppler
spectrum obtained with the James Cook
University Coastal Ocean Surface Radar
operating near Townsville. The
observation was made at 1200 EST on 9
October 1981, ground range 15-18 km,
dwell time 102.4 s. Spectral peaks A and B
are the Bragg lines, C is the reference
(zero) frequency, D, E and F are second-
order lines.
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Doppler spectrum. Barrick (1977a,b) derived
closed-form inversion equations relating r.m.s.
surface displacement, mean wave period and non-
directional wave spectrum to the ratio of weighted
second to first order powers in the Doppler spectrum
(thus removing, in passing, the dependence in Eqn 1
on the unkown A, Ap). Recognising both the errors
inherent in the approximations made by Barrick in
his- derivation, and the uncertainties inevitably
imposed by ionospheric contamination of skywave
radar spectra, Maresca and Georges (1980)
simplified this and introduced some empirical
coefficients to give

k0h= aRb .5

Relationships such as Eqn 5 are not effective for
long period waves because of their high
directionality, where small changes in wave
direction cause large changes in computed wave
height. Lipa and Barrick (1980) and Lipa et al.
(1981) have developed a more exact inversion

procedure than the earlier one of Barrick (1977a,b)
to extract directional spectra for waves of period
greater than about 8 seconds. This procedure is
currently being extended (D. E. Barrick, personal
communication 1981), with some further
approximations, to the extraction of the wind wave
directional spectrum.

Finally, information on wave heights and periods
obtained by Doppler spectral inversion can be
applied to a particular model (or models) for wind-
wave generation to obtain estimates of near-surface
(normally 10 m) wind speed (Dexter and
Theodoridis 1981a). Limited comparisons have
shown reasonable agreement between radar and
conventionally-derived speeds (Dexter and
Theodoridis 1981a,b).

Skywave radar
Facilities

The first Doppler spectra for ocean backscatter with
a skywave radar, published by Ward (1969) in
Nature, led directly to the theoretical analyses of
Hasselmann (1971), and subsequently Barrick
(1972b) and others. These spectra were obtained
with a simple fixed array looking into the Southern
Ocean to the south and east of Tasmania.
Subsequently, considerable upgrading of the facility
resulted in the production of better quality Doppler
spectra and the derivation of wave and wind
parameter estimates and ultimately full wind field
maps (Ward and Dexter 1976; Dexter and Casey
1978, 1980). As discussed in the ‘Introduction’, this
facility is now considered unsuitable for the
minimisation of ionospheric contamination effects
as required of an efficient and effective skywave
radar system. Nevertheless, it is of interest to
examine some system parameters in comparison
with those of the Birmingham University/Appleton
Laboratory (BU/AL) array in the UK and the Wide
Aperture Research Facility (WARF) array in the
USA. These are listed in Table 1. Further details of
the various systems may be found in Ward and
Dexter (1976) and Dexter (1980) (JCU), Shearman
et al. (1977) and Sandham (1980) (BU/AL), and
Washburn et al. (1979) (WARF).

Ionospheric contamination

While skywave radars have considerable potential
for measuring sea surface parameters quasi-
continuously over large ocean areas, in practice
their utility will be limited, in terms of both
operating times and reliability of parameter
extraction, by the nature of the ionospheric
propagation mode. Unfortunately, the ionosphere
does not act as a perfect refracting medium, but
carries inhomogeneities and disturbances which
affect the propagating radio signal, and which act on
a variety of spatial and temporal scales. Of most
significance are those scales which involve
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Table 1. HF skywave radar system parameters

System Parameter JCU BU/AL WARF
Component
Type Monostatic Monostatic Bistatic
pulse pulse FMCW
Transmitter Frequency Fixed 21.840 Variable, approx. Variable, approx.
MHz 2-25MHz 2-25 MHz
PRF 12.5-25 Hz 20 Hz NA
Pulse length 0.5-1.0 ms 0.5 ms NA
Sweep length NA NA 200 ms
Frequency
excursion NA NA 50 kHz
Power 20 kW 100 kW 20 kW
(peak) (peak)
Antenna Aperture 84 m 0.3km 0.25km
(transmit) Beamwidth 24° 4° 6°
Beam 360° +30° of +32° of due
coverage 261°/81° E& W
Antenna Aperture 84 m 0.3km 2.5km
(receive) Beamwidth 24° 4° 0.5°
Beam 360° +30° of +32° of due
coverage 261°/81° E& W
Range 1000-4000 km 1000-3000 km 1000-3000 km
Steering mechanical electronic in electronic in
to 0.5° 1° steps 0.25° steps
accuracy
Targets Range 75 km 75km 3km
resolution
Azimuth 350 km (at 60 km (at 13 km (at 1500 km)
resolution 1500 km) 1500 km)

ionospheric Doppler shifts imposed on the
backscattered radio signal of the same order as the
required sea Doppler. In general, ionospheric
contamination may be classified as:

(a) multipath, which is the existence of more than
one propagation path for a given radar range
as determined by total-time-of-flight, which
appears to be scattering from different sea
areas;

(b) spectral line broadening due to small scale
and random ionospheric movements,
including 0- and E- ray contributions which
will average around 0.14 Hz (for backscatter
at 22 MHz, Heron and Rose 1978) but may
be considerably larger in individual spectra.

Examples of both these effects may be seen in
Figs 2(a) and (b). In general, neither effect will
inhibit the determination of wind directions (which
uses only the relative strengths of first-order Bragg
lines), but both may place severe constraints on all
other derivations.

Georges and Maresca (1979) have developed a
model for ionospheric contamination, which they
used to examine the effects of space and time
resolution on Doppler spectral quality. They
showed, in particular, that a radar beam width of

around 1 to 2° is necessary to effectively minimise
contamination. Georges et al. (1981) look in detail
at radar management and data processing strategies
which may be employed to further minimise
contamination effects. Using the spectral width
parameter (W), an objective measure of spectral
quality developed by Georges and Maresca (1979),
they discuss an observation technique for
maximising data return. At the same time they show
how incoherent spectral averaging (of up to 64
individual spectra), real-time ionospheric
diagnostics, and a data processing technique using
overlaid averaged spectra (the minimum-envelope
method) all serve both to enhance spectral quality
and improve the rate of data return.

Nevertheless, it remains true that some limitation
to the utility of skywave radars will result from
ionospheric contamination. Georges (1980)
identifies a hierarchy of sea surface parameters
which may be extracted with a skywave radar,
ranging from surface wind direction (easiest)
through r.m.s. wave heights to directional wave
spectra (most difficult). Such a hierarchy was
confirmed by Dexter and Theodoridis (1981b) in
their detailed examination of the radar results from
the JASIN (Joint Air Sea Interaction) experiment.
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It still remains, however, to determine exactly the
limitations for radar usage in a synoptic observation
mode.

Fig. 2 Examples of Doppler spectra obtained
with the James Cook University radar
displaying a variety of ionospheric
contamination effects. Observation
parameters are shown, (a) is for land
backscatter, (b) is for sea backscatter.
Both contain obvious multipath and
extensive peak broadening. (b) could be
analysed for wind direction, but not for
wave height or wind speed (after Dexter
and Casey 1978).
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Some results

Following the earliest sea-Doppler spectra and
analysis published by Ward (1969), upgrading of the
James Cook University facility led to the
presentation of significant wave height derivations
(Ward and Dexter 1976) and maps of radar-derived

sea surface wind vectors (Dexter and Casey 1978,
1980). In particular, Fig. 3 (reproduced from Dexter
and Casey 1980) shows the results of a quasi-
operational test of system performance conducted
on 26 October 1978. Observations were made during
the 3-hour period corresponding to minimum mean
ionospheric Doppler shifts (Ward 1972) 0130 GMT
to 0430 GMT over an area of some 2 x 107 km? in
the Coral Sea, Tasman Sea and Southern Ocean
(bearings 050° to 190° true from Townsville, ranges
1200 to 3700 km). As can be seen, coverage was
fairly uniform over the whole area and although
spatial resolution was not high it was sufficient to
allow delineation of the major features of the
surface synoptic pressure pattern.

Similar surface wind field mapping has been
performed over the North Atlantic, both from the
USA (e.g. Long and Trizna 1973) and the UK
(Shearman et al. 1977; Sandham 1980; Dexter and
Theodoridis 1981b). In all cases, however, spatial
resolution was greater but areal coverage more

Fig 3 Surface meteorological analysis for 0300
GMT on 26 October 1978 with radar-
derived winds superimposed. Solid arrows
are radar wind direction, with feathers in
wind speed intervals of 2.5 m s-L
Measured surface winds are also shown,
where available (after Dexter and Casey
1980).
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Table 2. Measurement accuracies with HF skywave radars

Winds: Direction
Speed
Storm track
Waves: Signficant wave height

Spectral peak period
Direction of propagation

+ 15°
+ 2 m/s possibly
+ 25km

+ 0.5 m or 10%
+1s
+ 15°

restricted. The very high resolution WARF array
(Table 1) has been employed primarily in the
observation and tracking of hurricanes in the Gulf of
Mexico and the North Pacific, and a series of papers
describes this work (e.g. Maresca 1979; Maresca
and Barnum 1979; Maresca and Carlson 1981). In
particular, these papers indicate that sea surface
winds near the hurricane eye may be diagnosed on a
spatial resolution approaching 3 km, while the mean
difference between radar-derived hurricane track
and the best-fit smoothed track (without the radar
data) provided by the US National Hurricane
Centre is around 19 km (Maresca and Carlson
1981).

Generally, these and other observational and
comparison data sets indicate that the measurement
accuracies for sea surface paramieters shown in
Table 2 are achievable with skywave radars.

Groundwave radar

General

There have emerged two distinct engineering
approaches to HF groundwave radars. The first is a
unique system (Barrick 1977b) which uses an
omnidirectional pulse transmitter and a small
number of (up to four) receiving antenna elements.
Phase and amplitude are recorded at each receiving
element and digital signal processing is used to
extract direction, by interferometry, for each
increment in the Doppler shift frequency band. This
requires a sophisticated analysis with >10 dB signal
to noise ratio, and a substantial software package.
Its value is in its relatively small antenna structure.
Its ability to collect data simultaneously from all
azimuths helps in the ever-present struggle to
improve signal-to-noise ratio in the final spectra.
This is the approach used for example in the NOAA
CODAR system.

The second general approach is to use a pulsed
transmitter, and a receiver operating into a beam-
forming array of eclements. The narrow beam
defines a sector for observation and range cells are
defined by time delays referenced to the transmitted
pulses. This is a conventional coherent pulsed radar
where the radio-frequency spectrum of
backscattered energy from each pixel is produced by
spectral analysis of the directly recorded time series.
Systems based on this approach usually have a
linear array of antenna elements occupying several

tens of metres of beach space and have varying
degrees of steering capability. This approach is
being used, for example, by the Coastal Wave
Radar at Stanford Research Institute, the
SYMINEX system in France, the groundwave
radar at the University of Birmingham, and the
Coastal Ocean Surface Radar at James Cook
University.

These systems have many things in common.
They operate at frequencies up to 30 MHz, and
usually above 15 MHz; they have range limitations
between 50 and 100 km; they all require a two-
station network to determine surface current
vectors; and they are all capable of observing ocean
wave directional spectra (e.g. Lipa 1977, 1978; Lipa
and Barrick 1980). This brief discussion deliberately
bypasses the synthesised aperture work, usually
done at lower frequencies (~2 MHz). An obvious
extension would be to use the chirp radar principle
which, rather expensively, would improve data
quality by increasing the signal-to-noise ratio and
effective transmitted power. Some development
work along these lines is being carried out at the
University of Birmingham (Shearman et al. 1981).

The Coastal Ocean Surface Radar at James Cook
University.

The James Cook University Coastal Ocean Surface
Radar is in the second of the above groups. It has a
16-element filled array at 30 MHz operating to a
pulse transmitter and coherent receiver. The
effective 3 dB beam width is 3.3 degrees and the 20
us pulse duration allows resolution to 3 km in the
radial direction; a backscatter pixel at 50 km range
is approximately 3 km x 3 km. The beam can be
steered, under computer program control, to any of
17 positions in the range +30° from the boresight
direction perpendicular to the shoreline. In normal
operation the system dwells on a beam position for
102.4 seconds during which it records 1024 data
values from each range cell in that sector. A sample
of the spectra so obtained is shown in Fig. 1(b). If
the computer is set into a scanning mode, then this
quality of spectrum can be produced for the 17
steering positions in about half an hour, and
continued observation can record tidal or longer
term phenomena. If, however, the computer is set on
a reduced scan, or fixed onto one sector, then
consecutive spectra can be incoherently averaged to
produce higher quality spectra which may be used in






