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A review of recent progress in the development of wind profilers for both operational
and research meteorology is presented. Wind profilers are having a significant
impact and are coming into use in Australia. The development of a temperature
sounding capability using the RASS (radio acoustic sounding system) technique will
only enhance the impact. The review concludes with discussion of ongoing work in

Australia.

Introduction

Wind profilers are now a key component in many
research and operational programs. Their capa-
bility to measure wind profiles with very good
time (20 min-1 h) and height (150-500 m) resol-
ution throughout the troposphere and lower
stratosphere is unparalleled. Developments are
still taking place on a number of fronts. Analysis
techniques to take advantage of the good time res-
olution in both single-site analyses and networks
for operational forecasting are being studied.
There have also been technological advances such
as the development of very portable ‘boundary-
layer profilers’ and temperature sounding with
profiler resolution up to several kilometres using
the RASS (radio acoustic sounding system)
technique. The wind profiler is a reasonably mat-
ure technology for wind sounding, but important
research is continuing on such topics as using the
radars to measure drop-size distributions in pre-
cipitation (Gossard 1988) and RASS (May et al.
1990a). This review will cover the technique and
recent advances, illustrated by some applications,
and will conclude with a description of research
being performed in Australia.

Wind profilers are Doppler radars capable of
detecting the backscatter from the fluctuations in
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the refractive index (which is a function of tem-
perature and humidity) of the clear air through the
troposphere (see Balsley (1981) and Larsen and
Rottger (1982) for reviews). Profilers are charac-
terised by long dwell times (of the order of min-
utes to obtain a velocity estimate) and observing
in three or five fixed beam directions, all close to
the zenith (within 15°). This is in contrast to a
weather radar which is continually scanning and
uses dwell times of less than a second. The radial
velocity of the scatterers along the radar beams is
measured and the wind is estimated assuming that
the wind field over the beam separation is uni-
form. While this can lead to errors under severe
convective conditions, profilers have proved to be
excellent observing platforms for the study of
mesoscale systems such as fronts, jet streaks and
short waves (e.g. Shapiro et al. 1984). An example,
using data from the Denver 915 MHz profiler, is
shown in Fig. 1. Note how the very thin region of
directional shear associated with the front is re-
solved, although the region of large velocity shear
is over a layer about one kilometre thick and two
hours in duration. Another interesting feature is
the quasi-periodic fluctuation (period ~2 h) in
wind speed ahead of the front. These have a con-
siderable amplitude (>5ms~!) and the spatial
scale corresponding to a two-hour oscillation will
not be spatially resolved by any foreseeable oper-
ational network. This kind of oscillation will sev-
erely contaminate the calculation of gradient
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Fig. 1 Observations of a cold front using the Denver 915
MHz wind profiler. Observations are every 20
min and 150 m in height from 300 m above
ground. A flag is 25 m s~ !, full barb Sm s—! and
half barb 2.5 ms~1.
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quantities such as vorticity and divergence using
any observing technique, although with the pro-
filer time resolution there is at least some hope of
identifying and possibly filtering such fluctu-
ations. Some profilers, such as the Adelaide very
high frequency (VHF) radar (Vincent et al. 1987),
use an alternative observing method known as the
spaced antenna (SA) technique, but it has similar
limitations to the technique described above
(May 1990).

There have been numerous statistical compari-
sons between profiler and radiosonde wind esti-
mates which have generally shown excellent
agreement. The most comprehensive of these
compared two years of data from a profiler and
radiosondes launched from the Denver National
Weather Services (NWS) site. This study showed
root mean square differences of about 2.5 ms~!
(Weber and Wuertz 1990); very good considering
that the profiler gives a volume (150 m in height)
and time (15 min) average above the radar, while
the radiosonde is a slantwise point measurement.
With the volume and time averaging inherent
with the profiler, it can be argued that profiler
wind estimates should be more representative of
the mean wind than radiosonde estimates. Profil-
ers operating in the tropical Pacific are providing
data to both the National Meteorological Centre
(NMC) and the European Centre for Medium
Range Weather Forecasts (ECMWF) (Gage et al.
1988). These data are increasing the skill of
analyses in this data-sparse region.

Wind profiler types

Profilers have been built at a number of frequen-
cies (Strauch et al. 1984). The radar equation for
received backscattered power, Py, can be written
as:

Pr=KPAA21nAr/r .

where K is a constant, Py is the transmitted power,
A is the antenna area, A is the radar wavelength, n
is the radar reflectivity, Ar is the range resolution
and ris the range. The radar reflectivity from pre-
cipitation is given by:

n=CZ/ L2

where C is a constant and Z is the reflectivity fac-
tor (often expressed as dBZ: 10 logg (Z)). For
clear-air scatter from isotropic turbulence in the
inertial subrange:

n=0.38 A= 113 C,2 3

where C,2 is the turbulence structure constant.
Examples of low and high power profilers are
shown in Table 1. Note that the sensitivity of a
profiler is proportional to the mean power multi-
plied by the antenna area. The strong wavelength
dependence of y means that the capabilities of dif-
ferent frequency profilers and the relative import-
ance of clear air and precipitation scatter differ
substantially. This also impacts on their appli-
cations. Therefore, we will now discuss separately
profilers operating at differing frequency bands.

50 MHz profilers

The capability of observing winds through the
troposphere and lower stratosphere was first
shown using high-power ionospheric radars oper-
ating near this frequency (Woodman and Guillen
1973). These systems use large antennas, about
50-100 m in diameter, and high power systems
(e.g. Fukao et al. 1985) can measure winds as high
as 25 km routinely, while more modest systems
generally ‘see’ to about 15 km. Their main limi-
tation, however, is that they have a minimum
observing height of 1-2 km, which is not adequate
for many meteorological applications. They have
been supported by 915 MHz boundary-layer pro-
filers, but the added complexity probably means
they will not be deployed operationally. However,
the 50 MHz profiler has significant research appli-
cations not feasible with profilers operating at 400
or 915 MHz. These radars can always see the
backscatter from the clear air, unlike profilers at
higher frequencies where the backscatter from
precipitation may drown out the ¢lear-air scatter.
Thus they are one of the very few observing
systems capable of directly measuring the vertical
component of the wind (w) under a wide variety of
conditions. This has important implications. For
example, they can measure the vertical motion
field around frontal regions. The vertical circu-
lation around fronts is crucial for understanding
the dynamics of fronts and these systems provide
excellent tests for models. An example from the
third phase of the Australian Cold Fronts Pro-
gram is shown in Fig. 2. The horizontal winds
above 2 km are measured by the Adelaide profiler,
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Table 1.

Characteristics of low and high power profilers at different frequencies.

(a) 50 MH:z systems
Radar

Max. mean transmitter power (W)
Antenna diam. (m)

Height resolution (m)

Min. range (km)

Typical max. range (km)

(b) 400 MH:z systems

Darwin/Saipan profiler (BMRC)

70 8000
100 100
1000 150
~1.5 ~1.2
~14 ~25

MU radar (Kyoto Univ., Japan)

Radar WPL mobile radar NOAA prototype
(Wave Prop. Lab., NOAA) (UNISYS)

Max. mean transmitter power (W) 30 2000

Antenna diam. (m) 5 13

Height resolution (m) 150 375/1000

Min. range (m) 250 500

Typical max. range (km) 6 17

(in clear air)

(¢c) 916 MHz systems

Radar Boundary-layer profiler WPL Denver
(Aeronomy Lab., NOAA)

Max. mean transmitter power (W) 3 450

Antenna diam. (m) 2 10

Height resolution (m) 150 150/450

Min. range (m) 150 300

Typical max. range (km) 2 9

(in clear air)

while the winds below 2 km and temperature ob-
servations are from six-hourly radiosondes. The
temperature structure and the warm and cold con-
veyor-belt flows described in the conceptual
model of Ryan and Wilson (1985) can be recog-
nised with the aid of satellite observations (May et
al. 1990b). Of particular interest is the vertical
component and the horizontal component normal
to the front. A deep upward circulation driven by
low-level convergence is seen around the time of
the passage of the surface front. This deep circu-
lation is responsible for the generation of the mid-
tropospheric cold dome. The circulation is a fea-
ture noted in the numerical models of Reeder and
Smith (1987), but the observations show a smaller
horizontal scale and are more intense. This and
other cases are discussed in more detail by May et
al. (1990b).

These radars have also been used for studying
short time-scale wind variability associated with
internal gravity waves. A key finding is that al-
though the energy density is concentrated towards
low frequencies, it is the high frequency compon-
ents that are responsible for the vertical flux of
horizontal momentum and the momentum flux

divergence, at least near mountainous terrain
(Fritts et al. 1990). The vertical flux of horizontal
momentum associated with internal gravity
waves has been parametrised in many large mod-
els to provide a drag on the mean flow, but this
technique provides one of the few tests of these
parametrisations in the real atmosphere.

When there is heavy precipitation (rainfall
rates > 10 mm/h), it has been observed that a sec-
ond peak associated with hydrometeor scatter
appears. Because we have independent measures
of both the fall speed and vertical motion, as well
as automatic correction for spectral broadening
due to turbulence and beam width (since these are
the same for clear air and precipitation), these
radars may be able to measure the drop-size dis-
tribution with great sensitivity and fewer assump-
tions than in previous radar studies (Wakasugi et
al. 1987; Gossard 1988). This kind of measure-
ment should lead to improved estimates of rain-
fall from weather radar as well as better radiation
transfer models for clouds, since drop-size distri-
butions are major uncertainties in both areas.
Clearly these radars will play a major role in re-
search meteorology for some time.

\
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Fig.2 (a) Time-height cross-section of along-front and relative across-front wind components together with potential
isotherms (K) observed with the Adelaide VHF radar. Arrow on the time axis denotes the time of arrival of the
surface front. The vectors below 2 km are from rawinsonde measurements. The shaded areas are regions where the
relative humidity exceeds 80% (after May et al. 1990b). (b) Time-height cross-section of vertical velocity and
relative normal velocity together with potential isotherms (K). The scale at the top leftis 20 cm s—!and 20 m s !
for the vertical and horizontal components respectively. The vectors below 2 km are rawinsonde measurements of
the u component with w set to zero. The shaded areas are regions where the relative humidity exceeds 80% (after

May et al. 1990b).
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400 and 915 MHz profilers
Profilers operating at frequencies of 400 MHz and
higher have somewhat different characteristics.
They have more acceptable minimum observing
heights, which may be as low as 200 m, and the
prototype for the NOAA profiler network has rou-
tinely observed winds to greater than 15 km above
ground. Even a very low-power mobile 404 MHz
profiler (Moran et al. 1989) routinely sees above 6
km, which is adequate for many applications.
Even quite powerful radars operating at around
915 MHz are limited to a maximum height of
about 10 km (Strauch et al. 1984). This is most
likely because the inner scale of turbulence be-
comes less than half a radar wavelength at greater
heights, so the fluctuations in radar refractive in-
dex are highly damped. A small inner scale is also
presumably why 10 cm weather radars are mostly
limited to the boundary layer for scatter from the
clear air. A significant difference compared with
50 MHz profilers is that when there is precipi-
tation, the shorter wavelength means that the pre-
cipitation echo is many orders of magnitude
greater than the clear air. This means that they
cannot always measure the vertical component of
the wind; instead they measure the fall speed of
the precipitation. This does not, however, greatly
affect the accuracy of the horizontal wind esti-
mates (Wuertz et al. 1988). In this sense they can
be regarded as supplying similar data as a radio-
sonde, but with more representative estimates
and much better time resolution.

A number of very low power 915 MHz profilers,
capable of measuring winds continuously up to
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about 2-3 km, have been built. These initially
were designed to support 50 MHz profilers, but
have been used in a number of experiments, for
example in looking at flows in complex terrain.
They are very useful for these and other exper-
iments studying small-scale phenomena since the
profilers are small and easily deployed.

Networks

There have been a number of studies devoted to
developing single-station diagnostics using pro-
filer-derived winds. For example Nieman and
Shapiro (1989) used geostrophic methods to esti-
mate temperature gradients and temperature ad-
vection from profiler data in regions where fronts
had little curvature and were not evolving rapidly.
Zamora et al. (1987) used line integral methods to
obtain three station estimates of vorticity, diver-
gence and deformation around fronts and jet-
streaks. They were also able to diagnose the ageo-
strophic wind component in some cases. As noted
earlier, profilers have been used to document
fronts and jet streaks (e.g. Rottger 1979; Shapiro
et al. 1984), and operationally to look at develop-
ments between the synoptic observing times
(Beckman 1990). However, it is clear that many of
the major benefits for operational and research
meteorology will lie in the deployment of
networks. NMC and ECMWF are assimilating
data from the profiler network in the tropical
Pacific area with a significant impact (Gage et al.
1988). With the first large network in the process
of being deployed in central USA, the studies so
far have been theoretical and observing system
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simulation experiments (OSSEs). Work by Kuo
and Guo (1989) has shown that the deployment of
a profiler network should have a significant posi-
tive impact on short-term forecasts mainly within
the region of the network. However, the impact
would be significantly enhanced by temperature
measurements of comparable resolution. Until re-
cently most remotely-sensed temperature
measurements have suffered from poor height res-
olution. This led to efforts to extract temperature
fields from profiler wind measurements using the
dynamical equations (Kuo et al. 1987; Gal-Chen
1988). These approaches met with some success.
In fact, the retrieval accuracy in the OSSEs was
close to radiosonde accuracy on the average, but
the largest errors occurred in the boundary layer
and regions of strong vertical motion and dynam-
ical forcing: precisely where the measurements are
most needed. This leads us to recent develop-
ments using the RASS technique.

RASS

The RASS technique holds the promise of obtain-
ing temperature measurements with a precision
of better than a degree with profiler-type time and
height resolutions, albeit over a more limited
height range. RASS combines a high-power acous-
tic source, to create fluctuations in air density,
and a clear air radar (wind profiler). The system
utilises the radar backscatter from the acoustic
density fluctuations to measure the speed of
sound, and hence the virtual temperature (see
Peters et al. (1983) and May et al. (1990a) for a
comprehensive description of the technique). The
concept dates back to 1960 (Fetter 1961; Atlas
1962) and was first implemented in the early
1970s (North et al. 1973). The early systems used
pulsed acoustic sources and simple continuous
wave (CW) radars and hence could obtain very
fine height resolution, but were generally limited
to observing below about 1 km. Applications in-
cluded pollution monitoring and boundary-layer
studies (e.g. Bonino et al. 1981). These systems
required both that the acoustic wavelength be half
the radar wavelength (Bragg matched) and the
focussing effect of the quasi-spherical acoustic
waves. As the wind displaced the sound waves the
return signal rapidly diminished. However, a sen-
sitive wind profiler can use the fringes of the
backscattered energy caused by turbulent distor-
tion of the acoustic waves. Therefore wind is
much less of a problem and the height coverage is
greatly increased (May et al. 1988). Success with
RASS using a very high power profiler and soph-.
isticated beam-swinging techniques resulted in
temperature measurements to 20 km (Matuura et
al. 1985). This in turn led to a simple form of pro-
filer/RASS just using the vertical radar beam.
Wind displacing the acoustic waves is still the
limitation for 50 MHz profilers (maximum alti-
tude 5-10 km), but acoustic attenuation is the
limiting factor for 400 MHz (3-5 km) and 915

MHz (1.5-2.5 km) profilers (May et al. 1988). The
attenuation is temperature and humidity-depen-
dent with the worst conditions occurring with cool
temperatures (~0°C) and low humidities.

Comparisons with over 50 radiosonde ascents
in both summer and winter at Denver have shown
that the present accuracy obtained with the pro-
filer/RASS is about [°C, comparable to radio-
sonde accuracy (May et al. 1989). Furthermore, it
was shown that the main error was due to the
vertical wind w which is additive to the measured
sound speed. Now w can be measured with a
profiler (at least in non-precipitating conditions)
simultaneously with the RASS observation. The
reason why this has not been done so far is that the
profilers used had very old computer systems that
lacked sufficient memory. This is now being cor-
rected and it may be possible to obtain measure-
ments with an accuracy of better than 0.5°C,
limited by such effects as the horizontal wind and
the statistical errors of the Doppler shift measure-
ments.

The combined profiler/RASS has already been
used in a number of studies. For example, Nieman
et al. (1991) have studied an Arctic front which
passed Denver bringing record low temperatures.
The system observed temperature inversions
of greater than 20°C in 150 m at an altitude of |
km above ground. These observations were con-
sistent with local observations and the regional
radiosonde network. Figure 3 is a recent case
showing the passage of a mid-level baroclinic
wave associated with a polar maritime air mass
over Denver. This observation combines surface
measurements, profiler winds, 915 MHz RASS
(up to 2 km), and 50 MHz RASS (2-6 km) where
the hydrostatically calculated pressure versus
height has been used to calculate the virtual
potential temperature (6,). The front on the lead-
ing edge can be clearly identified in both the 8,
and wind fields, as can the baroclinic zone associ-
ated with the jet streak on the back side of the
wave. The stable region above 450 hPa observed

Fig.3 Time-height cross-section of a baroclinic wave
observed with the Denver 915 MHz profiler
(winds)/RASS (below 2 km) and Platteville 50
MHz RASS (2-6 km). The contours are of 6,.
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from about 1800 UTC on December 10 to 1200
UTC on December 11 corresponds to the tropo-
pause identified by radiosondes. These data also
allow the measurement of the bulk Richardson
number, which has a minimum along the frontal
zones, and (with a time to space conversion) the
isentropic potential vorticity (IPV). Stratospheric
values of IPV were observed associated with the
jet streak indicating the intrusion of stratospheric
air. This is all consistent with the conceptual
model of such systems (e.g. Keyser and Shapiro
1986).

It is clear that the limited height coverage of
RASS means that it must be supplemented with
additional data for adequate profiling. Work is
continuing on combining the RASS with satellite
temperature profiles above the RASS coverage.
This is a synergistic relation because the RASS
obtains the benefits of extended height coverage,
and will provide better initial guess fields and
boundary conditions for the satellite retrievals
(Schroeder et al. 1991). The dynamic retrieval
techniques discussed earlier may also be powerful
tools to expand the impact of RASS. A network of
profilers with RASS will be a major source of data
for improving numerical prediction models.

Australian wind profilers

There are currently three 50 MHz wind profilers
being operated by Australian groups and they all
offer unique research opportunities. These radars
are near Adelaide (University of Adelaide),
Darwin (BMRC) and Saipan (BMRC). The Adel-
aide profiler is uniquely situated because of its
location upwind of any significant mountain
range. All the other 50 MHz profilers in the mid-
latitudes except one are located in or near large
mountains. This means that vertical wind
motions measured by these other radars are
strongly contaminated by lee waves and associ-
ated turbulence. The Adelaide system is ideally
located to study such features as the vertical cir-
culations around fronts and the generation of
internal gravity waves by fronts. These may havea
significant impact for research on fronts and grav-
ity waves which are responsible for considerable
vertical transport of momentum.

The other two profilers are located in tropical
regions. The Darwin site is a major research facil-
ity and includes Doppler weather radars and an
extensive mesoscale network of surface stations.
The combination of the profiler and Doppler
weather radar is quite unique, and potentially
very exciting. It offers numerous opportunities to
monitor the environment around storms, vertical
motions within storms and cloud studies. This,
together with the large range of storm types ob-
served at Darwin (Keenan and Carbone 1989),

makes it an important facility. It is also one of the
ground truth sites for the Tropical Rainfall Meas-
uring Mission (TRMM).

The second BMRC profiler is located in Saipan
(15° 7 N, 145° 43’ E), in the tropical northwest
Pacific. This radar was deployed as part of a-
network of profilers, ships and radiosondes for the
Tropical Cyclone Motion Experiment (TCM-90)
during August and September 1990 (Elsberry
1990). This experiment aims to study the interac-
tion between tropical storms and the large-scale
environment. The profiler is also ideally placed
for studies on rainbands associated with tropical
storms and to supply high temporal resolution
data to support studies of storm genesis.

These radars are all research facilities, but both
the Adelaide and Darwin profilers also provide
data in real time for the Bureau of Meteorology
regional offices. There is also a 915 MHz bound-
ary-layer profiler used operationally at Mt Isa to
support air pollution monitoring. Although an
Australian network of profilers is several years
away, these systems will contribute significantly
both to research and operational meteorology in
Australia. These profilers, used in concert with
other data sources, have the potential to signifi-
cantly improve the understanding of weather
events.

As an example of this synthesis, a squall line
observed recently in Darwin is shown in Figs 4 to
7. The weather radar reflectivity plots show a well-
defined, almost classical, squall line approaching
Darwin from the east. There was also a number of
small isolated cells developing ahead of the squall.
The leading edge of the squall contained reflectiv-
ity centres corresponding to rainfall rates in excess
of 40 mm/h. There was a well-defined region of
decreased radar reflectivity immediately behind
the convective line and an extensive region of
trailing stratiform rain extending over 100 km
behind the squall. The trailing stratiform region
was increasing in area, possibly in response to the
upper level westerlies of 7-10 m s~ !, as the squall
crossed Darwin. This was at around 1 am local
time, and gusts of 22 m s~! were recorded at
Darwin Airport at 1:15 am. The leading edge of
strong convective activity was observed to bow
outwards as the line crossed Darwin. The squall
began to dissipate after about 4 am, leaving a large
region of trailing stratiform cloud. The profiler
recorded winds in excess of 20 m s~ !, averaged
over an hour, at the time of the squall line. The
easterly flow at about 3 km altitude was greater
than 20 m s~ ! in the hour after the squall passage,
consistent with an inflow jet into the trailing
stratiform region. The magnitude of the gusts
measured at the airport fits well with the
downward transport of momentum associated
with the storm passage. Furthermore, the bowing
and acceleration of the line in the northern half of
the squall was consistent with the strong inflow
behind the squall observed by the profiler. The






