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Abstract

The Australian Government Bureau of Meteorology completed the installation of a network of 9 new wind profiling
radars across mainland Australia in 2017, which complement an existing network of 5 profilers and 5 research systems.
This results in a network of 14 operational, and 19 total, profilers across Australia and Davis Station in Antarctica. Four
of the new profilers are higher power stratospheric tropospheric systems, designed to measure winds from near
ground level to the tropopause, and maintain the upper air network in Australia where sonde launches are no longer
available. Wind measurements in the near field of the radar are demonstrated to be both possible and accurate by
comparison with co-located radiosondes. Quality control procedures producing winds of sufficient accuracy for pres-
entation to forecasters and ingestion into global numerical weather prediction models are described. The Australian
network data are available on the global telecommunications system and are currently being ingested into all major
models. First results from impact studies on forecast error reduction in the Australian Community Climate and Earth
Systems Simulator show remote stations have the greatest impact.
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Introduction

The Australian Government Bureau of Meteorology
(AGBoM) installed the last of nine new wind profiling
radars (WPRs) across mainland Australia in 2017. These
new systems complement an existing AGBoM network of
5 legacy WPRs which have recently undergone software
and minor hardware upgrades, resulting in 14 opera-
tional systems. All but 2 of these systems are located on
Bureau operational sites, while Cairns and Mackay are
installed in the center of horse racing tracks. The legacy
network and 5 of the new WPRs are boundary layer pro-
filers (BL/BLP), intended to provide winds from 300-m to
3-km. The remaining 4 new WPRs, and the subject of this
paper, are stratospheric tropospheric profilers (ST/STP),
intended to provide winds from 500 m to 16 km. Pro-
filer locations and instrument types were selected in an
effort to maintain the Australian upper air network, while
moving to automated operation at some AGBoM sites.
At some sites, particularly where radar tracked sondes
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and indicate if changes were made.

were launched, profilers replace this equipment, while at
others, particularly where auto-sondes are installed, the
profilers provide complementary observations. An addi-
tional aim was for the network to run at an amortized
cost of 25% of the cost of operating radiosondes over a
period of 10 years. This figure has been easily met and is
drastically reduced when costs are considered per pro-
file, as the wind profilers run continuously as compared
to two flights per day. Network design considerations
called for robust systems capable of operating in remote
and harsh Australian environments with very low main-
tenance, to be both modular and scalable to meet chang-
ing requirements over time, for system operation which
is not susceptible to single-point failures, and a common-
ality of hardware across both ST and BL systems to mini-
mize spares storage and user training requirements.

As is commonly used by other weather agencies, the
AGBoM STPs use the Doppler beam swinging (DBS)
technique, while the BLPs differ and employ the spaced
antenna technique and the full correlation analysis (FCA)
(see Dolman and Reid 2014). All 14 AGBoM WPRs,
regardless of type or build standard, operate in the VHF
band at 55 MHz. In addition to the 14 AGBoM WPRs,
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there are 5 research/quasi-operational systems operated
by ATRAD Pty Ltd, Mt Isa Mines and the Australian
Antarctic Division, which also run at 55 MHz and are a
mix of ST and BL systems. This makes a total of 19 WPRs
operating across Australia and Davis Station in Antarc-
tica. System locations and types are shown in Fig. 1.

VHEF profilers operating near 50 MHz are ideal for
continuous wind estimates, as they are insensitive to
radar returns from birds, bugs and bats and can simul-
taneously detect Bragg scatter from clear-air refractive
index fluctuations and Rayleigh scatter from hydrome-
teors in precipitation conditions (see, e.g., Sato et al.
1990; Dolman and Reid 2013). A perceived limitation at
lower VHE, particularly for radars intended to sample
winds to as high an altitude as possible, is the use of
large transmitter powers and physically large antenna
arrays. While this may be true historically, technologi-
cal developments have led to systems of manageable
size utilizing both Doppler and FCA wind measure-
ment techniques. Historically, a corollary to using high
powers and large antenna arrays is a difficulty in sam-
pling the boundary layer, due to problems with receiver
ringing, poor transmit/receive switch recovery and
ground clutter (see, e.g., Ecklund et al. 1988; Vincent
et al. 1987). It has also been considered that results
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from large antenna arrays are only usable in the far-
field of the antenna array (Ecklund et al. 1988), where
this paper will demonstrate near-field wind estimates
are both possible and accurate.

Crochet et al. (1993) reimagined the ST radar concept
and developed a smaller lower VHF Doppler system
capable of sampling the lowest part of the atmosphere,
and the continuous research and development in both
software and hardware has led to the operational sys-
tems discussed here (see Reid et al. 2005; Reid 2009a, b;
Reid and Dolman 2010; Dolman and Reid, 2011a, b, ¢),
where WPRs must provide reliable and accurate wind
measurements, updated with high temporal resolution.
Measurements from as close to the ground as possible
in the boundary layer, up to the tropopause, with suf-
ficient spatial resolution to identify features such as jets
are very important. In this paper we discuss the devel-
opment, implementation and performance of the oper-
ational ST radars. For a description of the BL systems,
refer to Dolman and Reid (2014). “Stratospheric tropo-
spheric profiler specifications” section discusses the
ST systems, while “Stratospheric tropospheric profiler
operation” section presents results and impacts of the
profilers on numerical weather prediction.
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Fig. 1 The Australian Wind Profiler network
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Stratospheric tropospheric profiler specifications
As we noted above, the design goals for the STPs were for
them to be:

+ Robust and capable of operating in remote and harsh
environments.

+ Very low maintenance.

+ Modular and scalable.

+ Not be susceptible to single-point failures.

+ To have commonality of hardware and software
across both stratospheric tropospheric and boundary
layer profiling systems.

Based on our experience with both spaced antenna
(SA) and Doppler beam swinging (DBS) systems (see,
e.g., Vincent et al. 1998; Morris et al. 2004; Reid et al.
2005; Reid 2009a, b; Dolman and Reid 2014), and the
target height coverage, we opted for DBS operation. We
selected an antenna array design of 144 Yagi antennas
arranged on a 12 x 12 square grid, giving a beam width
of about 7°, and phased to produce off-zenith beam direc-
tions of 15°, directed north, south, east and west, and also
vertically. The antenna array grid spacing is 0.644\ which
means only three phase delays (repeated across the array)
are required to phase the entire array appropriately for
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the selected off-zenith angle, and also that the spacing on
the diagonal is less than one wavelength, so grating lobes
are avoided.

The choice of an off-zenith angle of 15° avoids the need
to correct for the effect of the aspect sensitivity of the
atmosphere on the beam look directions and was used
previously with the NOAA VHF profilers installed across
the Pacific (see, e.g., Gage et al. 1994). The overall basic
system design was used for both the ATRAD Woomera
VHF ST radar system (see, e.g., Reid 2009b), the Vaisala
LAP-12,000 wind profiler installed for the UKMO in
northern Scotland in collaboration with ATRAD (see,
e.g., Winston 2004) and other LAP-12,000 systems
installed in Brazil and China. These LAP-12,000 systems
all use the ATRAD configuration and various ATRAD
subsystems. The 64 MHz UKMO system has since been
upgraded to the build and software standard equiva-
lent to the STPs discussed in this paper, but with a peak
power of 40 kW.

A schematic of the STP system is shown in Fig. 2. The
system architecture is modular. The basic power ampli-
fier (PA) delivers 4 kW peak power at a maximum 10%
duty cycle. There are six PAs to a chassis, with two chassis
in each of two racks. This yields a total power of 96 kW
before combining. The outputs of the PAs are combined
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Fig. 2 Schematic of the ST profiler. The operanonal systems use the 80 kW configuration, while the BP ST radar discussed in the text uses the 40 kW
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up to one output before being split into six outputs and
fed into six passive transmit/receive (T/R) switches. This
arrangement mitigates the effect of any single PA failure.
It also significantly improves the low-level performance
normally obtained by this class of radar, because pas-
sive T/R switches switch faster than T/R switches based
on PIN diodes typically used in high-power ST systems.
Using multiple switches alleviates the load on any par-
ticular T/R switch.

The outputs from the T/R switches are fed into the
beam steering unit during transmission and into a single
receiver channel on reception. Beam steering is via relay-
switched cable phase delays. Three receiver channels are
available, but only one is used in this configuration. The
digital receiver itself is based on a Virtex-4 FPGA. The
system includes self-monitoring, and detailed system
health information is available remotely. The technical
specifications of the operational STPs are summarized in
Table 1.

Stratospheric tropospheric profiler operation

In an operational environment such as a meteorological
office, wind profiler data may both be presented to fore-
casters and ingested into models. There is also a growing
trend for non-meteorologically trained personnel to uti-
lize data from meteorological instruments, such as those
in the mining, agricultural and aviation industries. In all
cases, user demands for readily understandable quality-
controlled wind data, with excellent spatial and tempo-
ral resolution, must be met. Low-level height coverage,
that is retrieving good-quality winds from as close to
the ground as possible, is of particular importance when
larger antenna array sizes and high powers are employed.
Addressing these issues for an operational STP system is
the topics for the following discussion.

Table 1 Technical specifications of the operational ST system
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Throughout 2009 and 2010 an STP located at Buckland
Park (BP), primarily used as a research and development
system, was incrementally upgraded by ATRAD Pty Ltd
(Dolman and Reid 2011a, b, c). The upgrade brought the
instrument up to current ATRAD build standard and
was done in conjunction with the University of Adelaide,
who host the STP on their field site at BP, located 40 km
north of the city of Adelaide, South Australia. Like the
operational STPs, the BP STP is comprised of 144 Yagi
antennas at half wavelength spacing, arranged on a 12 by
12 square grid, but operates with half of the operational
peak power at 40 kW. This is the only difference in build
standard to the operational systems, which run at a peak
power of 80 kW, and thus achieve superior height cover-
age. The BP STP was used to verify the system concepts
prior to the deployment of the first operational STP (Dol-
man and Reid, 2010, 2011a, ¢).

As we noted above, the STPs use the DBS approach to
measure the line of sight Doppler shift in up to five beam
directions, vertical plus 15° off-zenith in the cardinal
directions. As temporal resolution is important in most
non-research settings, typical operation uses the vertical
and two orthogonal beams to resolve the three-dimen-
sional wind field, in interleaved low- and high-mode
operation, resulting in six-minute resolution (1-minute
dwell per beam). Table 2 gives typical operating param-
eters for low- and high-mode experiments.

As described above, the ST profilers complete a 3-beam
low- and high-mode scan cycle every 6 min. The AGBoM
has selected a 30-minute update cycle; thus, 5 low- and
high-mode profiles are quality-controlled and averaged
to produce low- and high-mode wind estimates. These
low- and high-mode wind profiles are then converted to
BUFR format and output to users, and in most cases data
are also available on the Global Telecommunication Sys-
tem (GTS) and the EUMETNET website (http://eumet

Parameter ATRAD operational STP
Power 80 kW (24 4 kW modules, i.e., 96 kW at the transmitter)
Operating frequency 55 MHz

Antenna configuration
Radar receiver

Data acquisition
Analysis modes
Remote control

Data output

Sampling range
Range resolution

144 Yagi antennas, arranged in a 12 x 12 square grid.

One coherent (complex) radar receiver channel

Virtex-4 FPGA; 16-bit native digitization

Doppler

Remote monitoring and control via internet, Ethernet or dialup

ATRAD data format (raw and analyzed) and BUFR format (as
individual or averaged profiles)

User configurable, suggested settings are from 0.2 to 20 km

User configurable from 100 to 1200 m. Standard settings are
250 m (low mode) and 500 m (high mode)
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Table 2 Typical operating parameters for both low-

and high-mode experiments

STP low mode STP high mode

Pulse width 250m 500m
PRF 14000 Hz 6000 Hz
Range 0-8km 1-20 km
Sampling interval 100 m 500 m

Dwell time 55 s (per beam) 55 s (per beam)

Coherent integrations 700 150

No. of spectral points 1100 2200

net.eu/activities/observations-programme/current-activ
ities/e-profile/radar-wind-profilers/).

The quality control procedure is based on a technique
following Weber and Wuertz (1991). The procedure for
an AGBoM operational BL profiler is described in Dol-
man and Reid (2014), and the reader is referred here for
a detailed description. While the BL description refers
to quality control on magnitude and direction data, the
algorithm was designed to operate on any gridded data
set for which some similarity is expected, and can oper-
ate on the radial data set where available and preferred.
Averaging in the radial domain offers greater height
coverage performance over the approach of averaging
in the wind domain and is thus utilized on the opera-
tional ST network. The algorithm considers the subset
of either low- or high-mode temporal-spatial data to be
averaged; thus, the data block consists of as many low-/
high-mode profiles collected at all acquisition heights in
the averaging period, which for operational AGBoM pro-
filers is 30 minutes. Regardless of operation on radial or
wind data, the algorithm determines local neighborhoods
around individual points, hereafter generically named
“data,” consisting of a minimum of 8 and a maximum of
24 points, dependent on location within the grid. The
local neighborhood is calculated from up to two heights
above and below the data point under consideration, and
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similarly two time stamps on either side. The “similarity”
of the considered data point to each of its neighbors is
then calculated, and those considered similar are used in
a planar interpolation to generate an interpolated value
of said data point. The original and interpolated values
are then compared, and the original data point retained
and considered “good” if this check is passed. This pro-
cess is depicted graphically in Fig. 3.

Good data values are then considered, and some addi-
tional checks are performed to potentially re-include
data which may have been rejected in the quality control
process when, for example, a good data point falls within
a neighborhood of outliers and is inadvertently rejected.
The median profile of the good data is then calculated
for each beam, and subsequently, a wind profile is calcu-
lated. The quality-controlled wind profiles are output to
end users in low- and high-mode BUFR data streams in
real time. All of the processing described above, from raw
data collection to BUFR output, is completed on site on
the radar PC, utilizing ATRAD proprietary software.

The configuration described above was tailored to
AGBoM requirements. The algorithm design is more
generic and can be modified to operate with continu-
ous data sets, smaller/larger neighborhoods, and with
variations in the ‘good’ determinants dependent on
requirements. For completely outlier-free data, strict
quality controls should be enforced, but this will be at the
expense of some height coverage.

Stratospheric tropospheric profiler results

ST profilers were installed at Tennant Creek and Car-
narvon in 2012, Halls Creek in 2015 and the final ST
profiler of the new network in Longreach in 2017. Each
installation was compared against co-located radio-
sondes, and zonal and meridional winds were required to
meet a = 0.3 m/s shift in an aggregated line of best fit cal-
culation. Profiler data were averaged to 30 min, beginning
from sonde launch time, and quality-controlled using the
standard operating procedure described above. Sonde

e

| m-m
dy,

Fig. 3 Reproduced from Dolman and Reid (2014). Graphical representation of the quality control process for a point within its local neighborhood.
Part a shows a maximum neighborhood (blue) of 24 points surrounding point x (purple). Part b shows the points which were deemed ‘good’
(green) and‘bad’ (red). In c only the good points are used in a planar interpolation, to produce an interpolated value of point x (d). The original and
interpolated values of point x are then used to determine whether x should be considered good or bad (e)
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data were averaged spatially to match the profiler range
gate spacing in both low and high modes. No further
attempts were made to remove inevitable outliers in the
profiler data or errors in the sonde data. This procedure
results in a single profiler and sonde data point for each
sonde flight, at the range gate spacing of the profiler. All
available data pairs were then used to calculate the line of
best fit. Example comparisons in the zonal and meridi-
onal components from Halls Creek are shown in Fig. 4,
and results from all ST installs, along with the number
of sonde comparisons and distance between profiler and
sonde launch location, are summarized in Table 3. Full
results for all installs, including equivalent contour plots
and individual flight comparisons, can be found in Dol-
man and Reid (2012a, b, ¢, 2015, 2017). Table 3 demon-
strates that while the low modes are typically in good
agreement, the high modes, and in particular the meridi-
onal component, show lower line of best fit statistics.
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This has been investigated, and the standard deviation
and variance are similar in both components and do not
change with height. The difference is also not an effect of
wind speed in either component; thus, it is not the result
of poor meridional agreement when the sonde drifts with
a stronger zonal wind. The meridional components are
smaller, and so the error could come from either instru-
ment attempting to measure near zero. A technique due
to Hocking et al. (2001) allows the inclusion of uncertain-
ties in measurements. Attributing errors of 0.15, 0.5, 1.0
and 2.0 to the sonde typically result in little change in the
zonal direction but increasing agreement in the meridi-
onal component. This is potentially due to taking meas-
urements near zero but warrants further investigation
with GPS sondes where distance from launch location
can also be considered.

Wind profile retrieval through as much of the atmos-
phere as possible is an important aspect of profiler
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Fig.4 Zonal (left) and meridional (right) colored contour wind comparisons from the Halls Creek profiler. The sonde data are shown on the x axis,
with the profiler data on the y axis, and colors indicate data density
Table 3 ST profiler zonal and meridional wind comparisons
Location Number of sondes Distance between sites Zonal line of best fit Meridional
line of best fit
Tennant Creek 62 Co-located Low 1.00 097
High 0.96 0.93
Carnarvon 58 Co-located Low 1.00 1.00
High 0.97 0.93
Halls Creek 100 ~500m Low 097 0.93
High 097 0.93
Longreach 45 ~100 m Low 097 0.95
High 097 0.93
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operation. As operational profilers output 30-minute
averaged winds, 48 possible profiles across a day, per
height, were calculated to examine the percentage height
coverage of each operational profiler. Figures 5 and 6
show these calculations for low and high modes, respec-
tively, color-coded by percentage, for the Tennant Creek
profiler from its installation date on December 13, 2011.
Cells colored light green indicate 100% data availabil-
ity, while dark green show 90-99%. Black cells show 2%
availability, which is used as an indication of profiler per-
formance against the typical practice of launching sondes
twice daily. White cells indicate no data were available.
Figure 5 demonstrates excellent height coverage, with
most of the plot in green indicating more than 90% of
data were available, and a good proportion of these
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data are light green at 100% availability. Figure 6 shows
excellent height coverage to around 12 km, a drop-off
around 20% above this and then excellent returns at the
tropopause.

Retrieving profiles from as close to the ground as pos-
sible is also very important and has traditionally been
a problem for large footprint antennas. Through an
incremental improvement process with an emphasis
on minimizing internal clutter, these operational profil-
ers typically retrieve useable data from 2 times the pulse
length. This is illustrated in Fig. 5, where little data return
is seen in the first range gate, while most data from the
second range gate have passed quality control proce-
dures and been retained. Returns at these low heights
are within the near field of the profiler and indicate that
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Fig. 5 Tennant Creek low-mode daily 90% acceptance summary plot. The x axis shows days beginning from 13 December 2011
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accurate estimates are possible before the far-field beam
has been fully formed. Furthermore, these low-level
results have been compared to radiosonde data using the
method described above and shown to be accurate (Dol-
man and Reid 2010).

Australian wind profiler network in NWP

Data from the Australian Wind Profiler network are
available on the GTS, and they are assimilated into all
major operational global numerical weather prediction
(N'WP) systems. Measuring the impact of any instrument
on NWP forecast skill is challenging, time-consuming
and generally computationally expensive, particularly to
run data denial experiments. Regardless, investigations
are important in optimizing network performance and
also in funding schemes, generating the best outcome for
expenditure. Examples of previous studies include Eyre
and Reid (2014), Lee et al. (2013) and Illingworth et al.
(2015).

The Australian Government Bureau of Meteorology
utilizes a relatively new forecast error reduction determi-
nation technique. Here the effects of data assimilation on
forecast error reduction in a 24-hour global NWP fore-
cast can be split up and attributed to individual obser-
vations (Lorenc and Marriott 2014). Over time, this
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technique permits the aggregation and comparison of
the reduction in forecast error due to components such
as observing systems, instruments or groups of instru-
ments, that is, the technique can quantify the impact all
assimilated observations halve on reducing the forecast
error. This technique can either be applied using a global
measure of forecast error, or with the error measure
restricted to the Australian region.

Figure 7 shows the impacts of the upper air network,
aggregated from February 15 to May 24, 2016, with the
error measure restricted to the Australian region. Radi-
osondes (TEMP) which include pressure, temperature
and humidity data in addition to winds are represented
as squares, wind only tracked balloons (PILOT) as circles
and wind profilers (WINPRO) as triangles. Reductions
in the forecast error are represented by the color scale,
where cooler colors represent negative impacts, that is,
a reduction in the forecast error, and are thus desirable.
Of the profiler stations, Halls Creek, Carnarvon, Ten-
nant Creek and Ceduna have the most significant nega-
tive impact. This is likely due to (a) height coverage, as
other than Ceduna, these are ST profilers and are thus
sampling roughly twice the atmosphere when com-
pared to the Ceduna BLP, (b) remoteness of these sta-
tions; it is a consistent global finding (Cress and Wergen
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Fig. 7 Impacts of the Australian upper air network, using an error norm restricted to the Australian region
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2001; Seaman 2007) that more remote stations have high
impact per observation in NWP assimilation, and (c) the
prevailing weather pattern across Australia is from west
to east, and the general trend on the map across all obser-
vation systems shows more negative impacts in the west.
The legacy systems in Sydney, Canberra and East Sale
show zero impact, that is they are not decreasing forecast
error, but are not adding to it either. This may be related
to only assimilating data to 2 km, which is minimal com-
pared to both the newer systems and sondes but may also
be related to location. The Mildura BL also shows neutral
impact. Cairns, Coffs Harbour and Launceston (Launces-
ton is a legacy system) show positive impacts, which are
not ideal and warrant further investigation: the relatively
short 3-month period of these results leaves open the
possibility that the impacts may vary seasonally.

Summary

The continuous development of large footprint and
higher power wind profiling radars operating at VHF
has led to systems capable of sampling from near ground
to the tropopause. These 80 kW 144 antenna ST sys-
tems are used by the Australian Government Bureau of
Meteorology in regions where upper levels are required.
ST radars measure winds using the traditional Doppler
beam swinging approach, and data quality control then
ensures averaged data are largely outlier free. Australian
wind profiler data are ingested into global NWP models
and have been subject to multiple studies measuring the
data impact on forecast error reduction. The Australian
Government Bureau of Meteorology measures forecast
error reduction in a 24-hour global NWP forecast due
to data assimilation, with the ability to split out individ-
ual observations. Preliminary results suggest profilers in
more remote locations have the highest impact per NWP
observation, and there is also a trend following the pre-
vailing Australian weather pattern, where profilers on the
west coast have a higher impact than those on the east.

Conclusion

STPs using the DBS system are used by the Australian
Government Bureau of Meteorology to measure winds
from near ground to the tropopause in Tennant Creek,
Halls Creek, Carnarvon and Longreach. These STPs are
part of a network of 14 operational systems and a larger
network of 19 operational/research systems across Aus-
tralia. The STP systems deliver quality-controlled winds
in BUFR format to both Australian forecasters and are
ingested into global NWP models. Initial results suggest
the STPs have a high impact per observation on forecast
error reduction.
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