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Some examples of surface wind field analysis
based on Jindalee skywave radar data
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During February and March 1986, maps of wind direction were obtained at 40 km
resolution using the Australian Jindalee skywave radar over large areas surrounding
both developing and non-developing tropical cloud clusters. After resolution of the
left-right ambiguity in the Jindalee data by means of standard in situ surface
observations and satellite data, substantial differences were evident between the two
systems. The developing system showed a persistent surface vortex even though the
associated cloud pattern configuration changed with time during the developmental
phase of the vortex. The non-developer showed no evidence of an associated vortex.
Jindalee data therefore indicated the potential to discriminate differences between
such systems. The Jindalee wind direction data also enabled excellent locations of the
centre of the developing vortex before and after it was classified as a tropical cyclone.
The average difference from the Australian Bureau of Meteorology operational track

was only 30 km.

Introduction

The determination of surface conditions over the data
void regions of the ocean represents a significant
problem for both the oceanographer and meteorologist.
Inrecent years a range of both satellite-based (Saltzman
1985) and land-based radio techniques (Shearman
1982) have shown the potential to provide detailed
information about various surface parameters, at high
resolution, on a synoptic scale, with sampling times
within the time scales of many important geophysical
phenomena.

Notwithstanding the promise of these technologies,
hard evidence of their impact on current operational
meteorology is not always easy to find. The purpose of
this article is to present recent examples of surface wind
maps obtained by the Australian Jindalee ‘over-the-
horizon’ radar which, when analysed in conjunction
with data from standard sources, demonstrate the
operational significance of information from this
remote sensing instrument.

Interpretation of HF radar signals
scattered from the sea surface

As shown by Crombie (1955), the dominant mechanism
for the scattering of dekametric radar signals from the
rough sea surface is resonant scatter from those ocean
waves which satisfy the Bragg condition, that is, waves
whose wave number is twice the horizontal wave
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number of the incident radio wave and which are
propagating directly towards or away from the radar.
From the deep water dispersion relation, these two
waves impart characteristic Doppler shifts to the
scattered signals, one positive (the ‘advancing’ wave)
and one negative (the ‘receding’ wave). These features
are evident in the spectrum shown in Fig. 1; the relative
amplitude of the two peaks is a direct measure of the
relative amplitude of the ocean waves which gave rise to
the echoes. '

If one has a satisfactory model for the directional
spreading behaviour of the ocean waves, and if the
wind-wave system is not too far from equilibrium, the
orientation of the directional spectrum at this wave
number can be inferred from the ratio of the Bragg peak
amplitudes, though with a left-right ambiguity about
the radar look direction.

In general the waves being sampled are short gravity
waves which are generated by and coupled closely to
the local wind field, so that by a further process of
inference, the direction of the surface wind can be
deduced, again with the two-fold ambiguity.

Techniques for calculating the mean wind direction
in this way were first demonstrated by Long and Trizna
(1973), who derived an empirical relationship from
measurements obtained with the Naval Research
Laboratory radar. Another approach was adopted by
Stewart and Barnum (1975) who based their technique
on the parametric wave spreading model proposed by
Longuet-Higgins et al. (1963). Experience with the
Jindalee radar has shown that these methods suffer from
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Fig.1 Anexample of a Jindalee radar sea echo spectrum.
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several limitations; in practice a wide variety of wave
spreading patterns can exist, with the angular distri-
butions dependent on wave number and wind speed as
well as wind direction. An extensive data base has
been accumulated to support the development of a
generalised model but, for the maps presented in this
paper, Jindalee employed an empirical relation similar
to that of Long and Trizna (1973).

In addition to the two Bragg peaks, the Doppler
spectrum of radio waves scattered from the sea surface
includes contributions from higher-order processes
such as double-bounce scatter and surface distortions
due to non-linear wave-wave interactions. These echoes
contain information about the amplitudes and direc-
tions of travel of waves other than those responsible for
the Bragg peaks and, in principle, can yield reasonably
good estimates of certain properties of the entire wave
directional spectrum. Thus, for example, rms wave
height, dominant wave frequency and direction, and
presence of swell are encoded in the second-order
Doppler spectrum. Unfortunately, the quality of the
estimates of these parameters depends critically on the
degree of contamination suffered by the radar signals
during their propagation through the ionosphere.
Smearing due to phase and group path fluctuations,
multipath propagation and a variety of ionospheric
disturbances corrupt the measured Doppler spectra and
destroy the wanted information. Although the versa-
tility of Jindalee frequency and waveform selection and

extensive real-time ionospheric monitoring capabilities
can minimise these deleterious effects, they remain
a factor limiting the overall performance of all HF
skywave radars in environmental sensing applications.
Of course, the impact of these ionospheric problems is
negligible as far as the first-order scatter is concerned -
the strength and separation of the Bragg peaks make
them highly resistant to obscuration. Only first-order
scattering contributions are considered in this paper.

The inherent left-right ambiguity in the estimation of
wind direction could be resolved easily if two radars
were available to illustrate a given region from different
directions. In the absence of a second radar the
ambiguity must be resolved on a point by point basis,
by means of standard meteorological wind measure-
ments from offshore platforms, satellite cloud drift
observations and considerations of continuity. In
practice, use of pre-existing surface wind analysis as
a ‘first guess’ field and subjective interpretation of
satellite imagery enables the meteorologist to make the
correct choice in the great majority of cases; this
process is illustrated in the following sections.

The Jindalee HF skywave radar system

The Jindalee radar was designed and constructed by
scientists of the Electronics Research Laboratory
within the Australian Defence Science and Technology
Organization (DSTO). The primary missions of the
radar are to provide air and surface surveillance of
northern Australian coastal regions. From its concep-
tion, however, the remote sensing capabilities of the
radar have been recognised (Anderson 1977) and taken
into account in the design of both hardware and soft-
ware (Anderson 1986). The Australian Bureau of
Meteorology (BOM) has followed these developments
with interest and contributed to the remote sensing
program by providing data from offshore automatic
weather stations and sharing in the preliminary analysis
of wind measurements.

Descriptions of the Jindalee radar and of its
frequency management system can be found in papers
by Soden and Anderson (1983), Anderson (1986) and
Earl and Ward (1986). Briefly, the radar is a quasi-
monostatic system located at sites near Alice Springs in
central Australia. It achieves very high spatial
resolution by means of a 2.8 km receiving array which
is sampled by a multichannel receiver and signal
processing configuration able to produce Doppler
spectra simultaneously from a large number of range-
azimuth cells. Remote sensing information is extracted
automatically and routinely from all spatial resolution
cells and stored on disk ready for display on colour
monitors. It can be transmitted to BOM forecasters via
a facsimile link.

The achievable performance by specific skywave
radars has not been reported in the open literature,
though some indication is given by Skolnik (1980).
Results for Jindalee from Soden and Anderson (1983)
are given in Table 1. The accuracy of the remote sensing
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Table 1. Capabilities of the Jindalee skywave radar (from
Soden and Anderson 1983).

Parameter Range Comments

1000-4000 km Multihop gives greater
range but withconsiderable
loss in performance

Range coverage

Azimuthcoverage ~60°70°

Rangeresolution  3-40km Limited by ionosphere and
channel availability

Range accuracy 10-40 km Requiresreal-time

(Absolute) ionospheric mode height
estimation or presence of
recognisable echoes

Azimuthresolution 0.5°-15° Dependsonreceiving
array aperture

Azimuthaccuracy <1°-5°
Dopplerresolution 0.02-0.1 Hz

Dependentonionosphere
Dependent onionosphere

measurements depend on the spectrum quality as well
as radar characteristics. Various estimates of what is
achievable in practice can be found in the open
literature, e.g. Dexter et al. (1982) suggested the values
tabulated in Table 2; their claimed accuracy is well
within the precision required for meteorological and
oceanographic measurement and forecasting. A
detailed statistical analysis of the Jindalee remote
sensing data base should yield reliable estimates of the
performance actually achieved with this system. So far
a small number of small-scale assessments have been
made with the results indicating a wind direction
accuracy ranging from plus or minus 8 to 30 degrees. A
recently developed sophisticated sea clutter modelling
facility for Jindalee (Anderson and Anderson 1987) will
enable the effects of radar parameters on measurement
accuracy to be determined exactly.

Some events observed with the
Jindalee radar

The DSTO has provided the BOM with surface wind
direction maps, at typically 40 km resolution, over an
area of about 2 million km? on a semi-regular basis
since February 1985. Examples of such maps are given
in Figs 2 to 5; each map was produced in less than 15
minutes. These data were transmitted to the BOM and
to the Royal Australian Naval Weather Centre via
facsimile link, usually two or three times a week.
During special circumstances data were provided
several times per day.

Table 2. Measurement accuracies with HF skywave radars
(from Dexter et al. 1982).

Winds: Direction

plus orminus 15°

Speed plus or minus 2 m/s possibly
Waves: Significantwaveheight plusorminus0.5 mor 10%
Spectral peak period plusorminus 1 s

Direction of propagation plusorminus 15°

The examples to be discussed here were selected to
illustrate the contributions that this new source can
make to some forecasting and analysis problems
encountered frequently by the BOM. They also
illustrate some of the problems which can be
associated with this data type. In these case studies,
Jindalee wind direction data maps will be compared
with standard meteorological data. Then a combined
analysis will be undertaken to demonstrate the value of
the Jindalee data in the overall analysis/prognosis
cycle.

Case study 1: tropical cyclone Victor 1986
Forecasting the development and motion of tropical
cyclones represent two significant forecasting
problems. Typically, these systems exist over data void
oceanic regions where it is almost impossible to obtain
accurate data of sufficient density for a useful analysis.
The large area over which the Jindalee radar can
sample and the temporal and spatial resolution of the
data make it a potentially useful tool for monitoring
tropical cyclones. The following case study of tropical
cyclone Victor 1986 will be used to demonstrate how
the Jindalee data can assist in forecasts of tropical
cyclone development and motion.

The development of tropical cyclones can occur
rapidly. McBride and Keenan (1982) showed many
Australian tropical cyclones were classified as such
less than a day after the first appearance of the cloud
system. In addition, intensification of tropical cyclones
is not forecast with any real skill (Keenan 1982).
Current practice is to use both ground-based
observational data and satellite techniques (e.g. that of
Dvorak 1975) to monitor the strength of incipient
systems. The potential for development is then
estimated using information on the large-scale
environmental flow.

The situation some 48 hours prior to tropical
cyclone Victor reaching tropical cyclone status is
illustrated in Fig. 2. The satellite imagery shows a
major northwest to southeast orientated curved cloud-
band with indications of a cyclonic system at its down-
stream end. This type of cloudband is often a precursor
to the development of a tropical cyclone (Neal and
Wilkie 1970). The wind speed observations available to
the meteorologist from the surface level to ~1000 m
for a 6-hour time period centred at 0000 UTC
2 March are shown in conjunction with the satellite
imagery. Based on the data available in Figs 2 (a) and
2(b), it is impossible to obtain an accurate analysis on
the scale of the developing storm. The existence of a
closed system, the intensity and even a position fix
cannot be discerned with any reliability. It should be
noted also that the density of offshore automatic
weather stations on which a conventional analysis
would be based is one of the best in Australia.

The Jindalee data available for the same time is
included in Fig. 2(c). Note that only one ambiguity
solution has been shown; at each grid-point there are
two possible solutions that have a left to right reflection
symmetry across the radar beam. However, even with
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Fig. 2 Data available at 0000 UTC 2 March 1986, 48 hours prior to the development of tropical cyclone Victor.

(a) the GMS satellite image.

(b) surface to gradient level wind observations for a 6-hour period centred at 0000 UTC.
(c) one solution of the Jindalee derived wind directions with a streamline analysis based on all data superimposed.
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only one solution it is apparent that there is a major
area of shear in the flow. The axis of this shear is
almost coincident with the downstream end of the
curved cloudband.

By using the standard wind data as ‘seed’ values, the
satellite image and previous analyses, it is possible to
resolve the directional ambiguities and derive a
streamline analysis based on the Jindalee data.

This has been done subjectively and superimposed
on Fig. 2(c). The Jindalee solution displayed (left
ambiguity relative to the radar beam) was selected for

the streamline analysis south of the shear zone. The
alternate ambiguity (not shown) was selected in the
northeast area of the map. The ‘seed’ or surface wind
values in Fig. 2(b) indicate these are appropriate
solutions. The seléction of the ambiguities is felt to be
satisfactory for the wider domain given the absence of
any major features in the satellite data and the known
spatial continuity of meteorological fields. The
resulting ‘first pass’ analysis was therefore an area of
large-scale convergent flow in the vicinity of the
curved cloudband of Fig. 2 (a).
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In the vicinity of the cloudband, the right ambiguity
was selected to the south. This was consistent with the
two closest observations. To the north, the left
ambiguity was selected. In the absence of any other
information, this latter solution resulted in a closed
vortex. It should be stressed that the solution selection
was somewhat subjective and that the Jindalee field
was not always an exact fit to the final streamline
analysis. In addition, not all surface and gradient wind
observations were fitted exactly to the combined
analysis, especially where the wind speeds were low.

Based on this latter analysis there is evidence of a
vortex at the downstream end of the curved cloudband.
This is recognised as a favourable condition for

Fig.3 Asfor Fig. 2 but at 0000 UTC 3 March 1986.
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development of tropical cyclones (Bureau of
Meteorology 1978). In addition, the analysis also
reveals areas of mesoscale confluence to the northeast
and southwest of the low consistent with the
cloudbands of Fig. 2(a). With the Jindalee data it
seems possible to obtain detailed meso-alpha analyses
and to discern the potential for development of the
system.

Considerable location errors can occur from use of
standard meteorological data alone. Surface data are
usually of insufficient density to resolve accurately the
vortex and often an eye is not developed or visible on
the satellite imagery. In such cases the banding features
and areas of the most intense convection are used as
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guides for location of the cyclone centre. Under these
circumstances location errors of the order of 100km
can be expected (Sheets and Grieman 1975). Such
problems are normally present during the formative
stage of a tropical cyclone.

Maresca and Barnum (1979) demonstrated that
skywave radars can obtain estimates of the location of
fully developed tropical cyclones to within 35 km of the
official best track of the National Hurricane Center in
Miami. That the Jindalee radar also can be used to
provide such information during the development stage
is demonstrated in Figs 3 and 4. Here satellite, surface
wind data, Jindalee wind maps (without ambiguity
resolution) and streamline analyses derived from a

Fig. 4 Asfor Fig. 2 but at 0000 UTC 4 March 1986.

subjective combination of all three data sources are
shown for the 48-hour period during the development
of tropical cyclone Victor.

By following the satellite sequence in Figs 2 to 4 it is
apparent that the organisation in the major area of
convection associated with the developing storm
underwent major changes. It also changed location,
first moving southeast to be concentrated just off the
coast near 15°S 125°E by 0300 UTC on 3 March. It then
moved west to be centred near 15°S 120°E by
0000 UTC on 4 March.

The available wind data did not give a clear
indication of the central location of the developing
storm but did indicate that it was to the west of the
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maximum in convective activity at 0300 UTC on 3
March. By using a subjective combination of the
three-hourly satellite, six-hourly surface wind and
three times per day Jindalee data, a consistent set of
streamline analyses were derived for this phase of the
storm development. These analyses have been
superimposed on the Jindalee wind maps in Figs 3 and
4. From these analyses it was apparent that the
developing vortex moved southwest down the coast and
then west on 3 March. The behaviour of the developing
vortex analysed in this fashion was quite consistent and
less confusing in comparison to the case where most
attention was given to the satellite cloud signature.

Changes in the position and organisation of the cloud
structure due to diurnal fluctuations, etc., made it
extremely difficult to diagnose both position and
changes in intensity. Thus, with a Jindalee contribution
to the analysis, it would be much easier to locate a
vortex in a consistent fashion relative to the changing
features in the satellite imagery.

The previous example has shown how the Jindalee
data could assist in discerning the existence of a
surface vortex associated with a developing tropical
cyclone. Not only was this important from the view-
point of assessing the potential for development but it
also provided a consistent pre-tropical cyclone track.

Fig.5 As for Fig. 2 but for the case of a non-developing tropical cloud cluster observed at 0000 UTC 24 February 1986.

SURFACE WIND FIELD
0000 UTC 24 FEB 86

l
|
____%ﬁ_ﬁl__\__ms

1200E 130¢E
—

0000 UTC 24 FEB 86

JINDALEE RADAR






