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The James Cook University Coastal Ocean Surface Radar (COSRAD), an HF ground
wave radar facility, has been deployed as part of an observational study of a tropical
winter sea-breeze. The study took place during two days (31 August and 1 Septem-
ber 1982) of a typical prevailing winter trade-wind regime over Cleveland Bay near
Townsville, Australia (19.25°S, 146.74°E). Continuous observations of the one-
dimensional structure of sea-surface wind fields to 27 km offshore were made with
COSRAD, and these were complemented by radiosonde and pilot-balloon flights from
nearby Townsville Airport, together with surface wind and temperature data from
the Airport, the University research vessel 6 to 24 km offshore and an automatic
weather station at 50 km offshore. This paper assesses the performance of the radar
in deriving surface wind fields, and provides an analysis of all the data relating to
the sea-breeze events on both days. While the sea-breeze remained a relatively minor
perturbation on the trades, its detailed offshore structure revealed some interesting

A tropical winter sea-breeze observed with

features.

Introduction

Sea-breezes have been the subject of many studies
over the past few decades, both in Australia and else-
where. In the Australian context, these studies have
ranged from observational (e.g. Clarke 1955; Walker
and Allen 1975; Physick and Byron-Scott 1977; Abbs
et al. 1981) to detailed numerical treatments (e.g.
Clarke 1973; Pearson 1973; Physick 1976). While nu-
merical models are able to encompass the complete
sea-breeze circulation, both seaward and landward
of the coast, observational data relating to details
of the near-surface circulation offshore are less com-
monly available (Walker and Allen (1975) do include
data from one offshore station, and Physick and
Byron-Scott (1977) have some limited boat traverse
data).

The application of HF radars to the remote meas-
urement of sea-surface wind, wave and current
parameters has, over the past ten years, become a
well-established procedure (see, for example, Dex-
ter et al. (1982) for a recent review). In general, ap-
plications have involved the use of skywave radars
for sea-state and surface-wind measurements (Dex-
ter and Casey 1978; Georges 1980; Dexter 1982; Dex-
ter and Theodoridis 1983), and groundwave radars
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for wave spectra and surface current measurements
(Frisch and Weber 1980; Trizna et al. 1980). The
James Cook University Coastal Ocean Surface Ra-
dar (COSRAD) is an HF groundwave radar facility
with a capability for deriving all these sea-surface
parameters, developed specifically for applications
in the coastal environment. As such, it has consider-
able potential for observation of the near-shore sur-
face wind field associated with a sea-breeze. - )

The Townsville sea-breeze project was, therefore,
designed and executed with two primary objectives:

(i) to demonstrate the potential of COSRAD for
making detailed observations of the near-shore
surface structure of mesoscale or local-scale
phenomena such as sea-breezes, and to assess its
accuracy;

(i) to deploy the radar as an additional observation-
al tool in the study of one such event, and cou-
ple its data with those from more conventional
sources to provide a more complete data set than
any currently available.

This study was conducted over Cleveland Bay,
near Townsville, North Queensland (Fig. 1), for two
days (31 August and 1 September 1982), and was set
up to examine aspects of a tropical winter sea-breeze.
This particular phenomenon was chosen because:

(i) it is a regularly recurring event (almost daily);

(i) it was likely to produce offshore wind and wave
conditions which would provide a good test of
the radar’s capabilities;
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(iii) there is a considerable lack of offshore wind data
relevant to sea-breezes, as discussed above.
This paper, while addressing both the project ob-
Jectives, is primarily concerned with presenting the
radar wind and associated conventional meteorolog-
ical data relevant to the sea-breeze, and discussing
aspects of the winter sea-breeze circulation. A
detailed examination of radar performance, partic-
ularly with regard to wave and current measure-
ments, is given elsewhere (Heron et al. 1985).

Fig. 1 Location diagram showing the general study area,
radar site, primary radar beam (boresight) and in-
dividual radar scattering cells. Topographic contours
at 200 and 500 m are also indicated.

Cleveland Boy

The radar

COSRAD is an HF groundwave radar facility which
uses radio-wave energy backscattered from the ocean
surface to determine physical parameters of the air-
sea interface. A linear array of antennae some 80 m
long is set up on the beach to produce a narrow beam
for radio-wave transmission and reception. This
beam defines the azimuth of the transect for data
collection (Fig. 1). The range cells are fixed by time
delays for the separate radar pulses. The pixels are
3%2° by 3 km.

In this experiment a fixed beam position was set
so that the same transect of pixels was sampled ap-
proximately every two minutes for the two-day peri-
od. This enabled high resolution observations of time
variations in sea-surface parameters, and gave an in-
dication of the spread of the data and confidence

limits. Further details of the COSRAD
facility are given in McGann and Heron (1981) and
Heron et al. (1985).

Figure 2 shows a typical spectrum obtained from
applying a fast Fourier transform to the 102.4 s time
series acquired from one pixel. Spectral power den-
sity is normalised to the power of the highest peak,
and frequency is given as Doppler frequency norma-
lised to transmitter frequency. First-order radar
backscatter echoes are produced by a resonant,
Bragg-type interaction between the radio wave with
wavelength A, and sea waves with wavelength \/2
which have wave vectors in the direction of the
radar beam. Analysis of the radio energy returned
to the radar gives a measure of the scattering cross-
section of the sea-surface in the scattering cell. Bar-
rick (1972) has carried out an analysis of this cross-
section to both first and second order. In particu-
lar, first-order theory shows that all the radio ener-
gy returned to the receiver should be contained at
two discrete frequencies (w or f)

w(=21f) = w, = 28 k)" = w, * wy R |

where (w,, k) are the frequency and wavenumber
of the transmitter, g is acceleration due to gravity
and wy is the so-called Bragg frequency. For a 30
MHz transmitter, fg(=wp/27) is 0.556 Hz. These
first-order lines are immediately evident as the peaks
near + fgin Fig. 2, where the transmitter frequen-
cy wo/2w is taken as zero.

It can also be seen that the ratio, r, of the powers
of these two lines is directly related to the relative
proportions of sea waves advancing towards and
receding from the radar. Assuming a particular direc-
tional model for the sea-wave spectrum, this in turn
may be interpreted in terms of mean wave-
propagation direction. Since for a 30 MHz radar,
first-order scatter occurs from sea waves of
wavelength 5 m, which respond nearly instantane-
ously to the surface wind, this direction corresponds
closely to surface wind direction (at 10 m). Details
of algorithms for computing this direction may be
found in Stewart and Barnum (1975), Dexter and
Casey (1978), and Heron et al. (1985).

The use of the second-order spectrum for deriv-
ing wind speed is not widely agreed upon and in this
paper we have used the algorithms of Stewart and
Barnum (1975), Maresca and Georges (1980), and
Dexter and Theodoridis (1982) as outlined by He-
ron et al. (1985).

The data

The study was conducted during two days (31 Au-
gust and 1 September 1982) over Cleveland Bay, near
Townsville, North Queensland (19.25°S, 146.74 °E)
(Fig. 1). The radar was operated throughout the two
days from a beach near the mouth of the Ross River,
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Fig. 2 Typical radar backscatter Doppler spectrum derived from a 102.4 s dwell time for a single cell (1024 data points).
Expected positions of first-order peaks ( + fg), are shown on the frequency axis which is labelled relative to the trans-
mitter frequency. The ratio, r, of the powers of the two first-order peaks gives a measure of wind direction.
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the boresight being 46 °E of N, with data being col-
lected from pixels 1 to 9 (coast to 27 km, north of
Cape Cleveland — Fig. 1). Because of equipment
difficulties, there is a gap of four hours in the radar
data, 2000 to 2400 hours Australian Eastern Stan-
dard Time (AEST) on 31 August.

As discussed in the previous section, digital time
series of length 102.4 s (total 1024 data points) were
collected from each pixel along one azimuth only
(Fig. 1) continuously for the two days (except for
the four-hour gap). A Doppler spectrum was com-
puted for each (in non real-time in the laboratory),
and relevant geophysical parameters extracted from
the spectra as described above. There was thus ef-
fectively a sample of each parameter every two
minutes for each scattering cell. Each sample
represented an average of the parameter over two
minutes and approximately 1 km x 3 km in space.
Parameters relevant to this study are surface (10 m)
wind speed and direction.

Additional sea-surface wind, air temperature and
sea temperature data were obtained from the Univer-
sity research vessel (MV James Kirby, a converted
trawler) which cruised parallel to the radar beam,
some 2 km south, between pixels 2 and 9, on both
days. Wind vectors were measured with a Synchrotac
anemometer mounted on a separate support on the
boat’s mast, some 10 m above the waterline (5.5 m
above the top of the cabin). There was some airflow
distortion due to the proximity of the mast. The mag-
nitude of the effect on measured wind speed and
direction is unknown, but unlikely to be greater than
variations due to the boat’s motion. Wind speed and
direction were recorded continuously on a paper
chart recorder (Rustrak), and also logged manually
(as 2-minute averages) every 15 minutes as a check.
The chart records were later reduced to 10-minute
averages.

Sea temperatures (T,) were measured from the
boat every hour, using a standard bucket technique.
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Measured temperatures varied by less than + 0.5°C
from 21 °C throughout, and allowing for inaccura-
cies in the measurement technique, T, has been
taken as a constant (Fig. 5). Air temperatures over
the sea (T,) were measured from the boat using a
freely-hanging shaded thermometer on the aft deck,
at a height of 2.5 m above mean sea level (MSL).

Standard synoptic meteorological data were avail-
able from the meteorological station at Townsville
Airport (elevation 12 m above MSL), located around
1 km from the coast and 7 km from the radar site.
These included observations of surface temperature,
dew-point, and wind every 0.5 hours, upper winds
every 6 hours, a radiosonde ascent at 0900 AEST
each day, and pilot-balloon flights every 3 hours. For
this study, additional radiosonde flights were made
at 1200 and 1500 hours on 31 August and 1200 hours
on 1 September, while upper-wind measurements
were made at approximately 200 m intervals for the
lowest 2000 m of each pilot-balloon flight.

Finally, wind data were also available from an au-
tomatic weather station on Rib Reef (18°28 'S,
146°51’E, some 50 km offshore to the northeast of
Townsville) operated by the Australian Institute of
Marine Science. These latter winds represent
30-minute averages, every 30 minutes. They provide
a useful offshore extension of the radar winds.

Analysis

The general synoptic situation for an eight-day peri-
od covering this study is shown in Fig. 3 as MSL pres-
sure analyses for 0000 GMT (1000 AEST), 26 Au-
gust to 2 September. This period (typical of the Aus-
tralian winter/spring of 1982) is characterised by a
broad belt of high pressure covering the continent,
with axis generally well south of 30°S, perturbed only
marginally by the passage of cold fronts across the
southwest and southeast corners. This high-pressure
band extended through the atmosphere to above 700
mb, and was responsible for maintaining a strong
southeasterly airflow along the whole of the Queens-
land coast. The southeasterly gradient slackened
slightly over southern Queensland with the passage
of a weak cold front during 31 August, but winds
north of 25°S were largely unaffected. Essentially
the flow pattern over northern Queensland represent-
ed a strong, stable trade-wind regime. There was
sufficient moisture collected in the lower levels dur-
ing the long oversea trajectory to produce some light
showers along the high coastal ranges north of 18°S
and around Mackay, some 220 km to the southeast,
but elsewhere cloud amounts were small.

In the vicinity of Townsville, both coastline orien-
tation (113 °-293 °) and local topography contribute
to the broadscale trade-wind flow being dry, rela-
tively stable and partially offshore. Such was the sit-
uation during the two days of this study, with sur-
face winds at Townsville Airport being either calm
or weak offshore during the night, turning to moder-
ate onshore from mid-morning with the advent of
the'sea-breeze.

- The vertical wind structure at Townsville Airport
for 31 August (day 1) and 1 September (day 2), der-
ived from 3-hourly pilot-balloon flights, is shown in
Fig. 4. It is presented as the component normal to
the coast i.e. along 23 °-203 ° (positive being onshore),
from the surface to 3000 m. The onshore sea-breeze
cell (reaching to greater than 6 m s™) is clearly visi-
ble on both days, extending to greater than 600 m.
There is some evidence of a return flow above about
1400 m, in the strengthened offshore component in
that region. The flow continues onshore between 800
and 1500 m throughout the night on day 1 and pos-
sibly also on day 2.

Figure 5 contains time series (extending through
both days) of surface temperature, dew-point, and
relative humidity for airport and boat. The times of
onset of the sea-breeze (determined from wind
records) at both locations are indicated on the time
axis. Air temperature at the airport rises rapidly in
the early morning until just after sea-breeze onset,
after which it remains virtually constant. The sea-
breeze onset follows closely on AT(=T, (airport) —
T,) becoming positive, with AT on both days then
remaining around 3 to 4°C. There is some evidence
for an increase in surface moisture contained in the
dew-point record for both days. Air temperature over
the sea remains within +1°C of T, (except for the
early morning, near shore) on both days, indicating
near-neutral stability.

The most significant data obtained in this study
are those relating to oversea surface flows. Figure
6 contains two presentations of boat and radar-wind
data which allow comparison between these two data.
sets. Figure 6 (a) is a range-time plot of all the boat
wind vectors for day 2, with the radar-derived wind
directions, averaged over the 30-minute period cover-
ing sea-breeze onset at the boat, superimposed. The
variation in surface wind direction with time and/or
range is clearly evident. Figure 6 (b) shows radar
winds for this same time (1018-1048 AEST on day
2) as a function of geographical location, in this case
with boat and airport wind observations during the
30 minutes superimposed. Again a wind-direction
variation over Cleveland Bay is evident. While the
existence of a substantial, unsteady value resulting
from airflow over and around Cape Cleveland is
probable throughout the experiment, Fig. 6 still
clearly indicates the seaward extent of the sea-breeze
circulations at that time. There are, of course, vari-
ous other possible contributions to the observed
space/time wind-direction variations over Cleveland
Bay. These relate generally to the complex topogra-
phy of the region, and include a division of the sur-
face airflow around Magnetic Island at certain times
of day, and effects due to heating of the substantial
land masses of Magnetic Island and Cape Cleveland.
Nevertheless it is significant that radar and boat wind
directions show virtually identical variations in space
and time, and this gives us considerable confidence
in the radar-derived winds.
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Fig. 3 Mean sea level pressure analyses (at 0000 GMT; 1000 AEST) for eight days (26 August to 2 September) covering

the study period.
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Fig. 4 Vertical wind profile at Townsville Airport for the
period 31 August to 1 September, derived from
3-hourly pilot-balloon ascents. Winds are plotted
as components (in m s™) normal to the coastline,
positive being onshore.
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Figure 7 (a) contains a plot of all radar-derived
wind directions for a single scattering cell (No. 6,
range 18 km) as a function of time for day 1. While
the scatter among individual 2-minute observations
is large, particularly in the early morning, the trend
is obvious (the continuous line is a simple 30-minute
running mean with a square window) and shows
clearly the 60° change in wind direction (over a
2-hour period) as the sea-breeze circulation becomes
established at that range. The large scatter in the data
prior to sea-breeze onset may be readily understood
when it is remembered that the radar is actually
measuring mean sea wave propagation direction. In
the early morning within the bay, winds were gener-
ally lighter and more variable, resulting in a relatively
confused sea. As the sea-breeze became better estab-
lished, so too did the wave directional spectrum
resulting in significantly reduced scatter.

Figures 7 (b) and (c) contain, respectively, the
mean radar-derived wind direction time histories for
all pixels for day 1 (0800 to 1800 hours) and day 2
(0000 to 2200 hours). Similar direction variations at

Rib Reef (50 km offshore) are also shown. The sea-
ward advance of the sea-breeze circulation is clearly
seen on both days, commencing at around 0900
hours at 9 km and being extended to 24 km by 1300
hours and to Rib Reef (50 km) by 1800 hours. Ini-
tial direction (i.e. in the trade-wind regime) lies be-
tween about 140° and 160°, and final direction (i.e.
in the sea-breeze regime) between 70° and 100°, with
the general tendency in each case being for wind
direction to become more southerly with increasing
distance from the coast. It should be recalled that
coastline orientation in this region is 293 °-113 ° (with
the seaward normal being 023 °). Thus, while a total
surface wind directional variation of around 70° may
be attributed to the sea-breeze circulation, the estab-
lished sea-breeze flow remains far from normal to
the coast.

Perhaps the most interesting feature of Fig. 7 is
the persistence of an onshore surface-wind compo-
nent at all ranges, from pixel 4 to Rib Reef, almost
throughout the night. While T becomes negative
from around 1800 hours each day, and nearshore
winds (to 9 km) go to zero, winds offshore persist
at 90°-110° until 0200-0300 hours, when they return
rapidly to southeasterly. Some discussion on possi-
ble reasons for this will be given in the next section.

Figures 8 (a) and (b) show time series of radar-
derived wind speeds for day 2 for pixel 4 and pixel
7, respectively, with boat winds for pixels 3-8 su-
perimposed, as appropriate. Each radar data point
represents an average over 2 minutes of radar dwell-
time and a ~1km x 3 km pixel. However, the ap-
propriate wind averaging time is less clear, since wind
speed is derived from sea-state generated by wind of
particular speed, fetch and duration characteristics.
For the specific situation of Cleveland Bay, the de-
rived speed is likely to represent an average over the
order of 10 to 30 minutes in time and 5 to 10 km
in space. The boat winds are simple 10-minute
means from the chart records.

There are four likely sources of the large scatter
in radar-derived speeds:

(a) Uncertainties in radar estimates inherent in the
signal-to-noise ratio of the system and the limit-
ed dwell-time (2 minutes). The scatter could cer-
tainly be reduced by taking longer dwells and/or
averaging spectra.

(b) Spatial variations in surface wind over the scat-
tering cell, and their time-dependence.

(c) Multi-moded wave spectra, giving uncertainties
in the wind speed extraction algorithm.

(d) Mechanically-generated, three-dimensional tur-
bulence in the surface windfield over Cleveland
Bay itself due to surrounding terrain, particularly
the prominent orography of Cape Cleveland and
Magnetic Island (Fig. 1). The similarly large scat-
ter in boat winds supports this as the primary
source.

Thus the large observed scatter is likely to be at
least partly a real feature of the offshore windfield,






