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ABSTRACT

An experiment to observe the spatial distribution of radio acoustic sounding system (RASS) echo intensity
and Doppler shift using the MU radar is described. Various transmitting configurations are used to confirm that
the RASS signal is focused onto a diffraction limited spot approximately the size of the transmitting antenna,
except when a very small transmitting array is used where turbulence acting on the acoustic wave smears the
spot. The signal fades away from the central spot with values about 6—10 dB lower in intensity next to the main
spot. Significant gradients of Doppler shift across the radar antenna are seen in the lower height ranges. This
may result in errors as large as a degree in the RASS virtual temperature estimates when large radar antennas

and a single acoustic source are used.

1. Introduction

When RASS (radio acoustic sounding system) was
first performed using a new generation of sensitive
Doppler radars known as wind profilers, a major sur-
prise was that the height coverage of the measurements
was much greater than expected (May et al. 1988).
Earlier work, building on the first practical RASS sys-
tems in the early 1970s (e.g., Marshall et al. 1972)
suffered from very limited height coverage because of
significant aceustic attenuation and the effect of wind
displacing the acoustic wave fronts. The curvature of
the acoustic waves provides a focusing effect, but wind
displaces the acoustic waves shifting the ‘‘spot’’ away
from the radar. Interest in the technique was rekindled
when temperatures were measured to an altitude of
over 20 km using the sensitive MU radar and steering
the radar beam to correct for the wind displacement
(Matuura et al. 1986). Subsequent studies using con-
ventional wind profiler radars using vertically pointed
beams showed that RASS applied to the new genera-
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tion clear-air radars gave very useful height coverage,
up to 510 km for 50-MHz wind profilers (May et al.
1988). Ray tracing calculations, similar to those of Ma-
suda (1988), showed that useful measurements were
obtained to heights about twice that of where the fo-
cused spot was displaced away from the radar antenna.
A possible explanation for this was described in the
theoretical work of Clifford et al. (1978), although the
numerical results presented in that paper are in error
and revised curves from Lataitis and Clifford (1996)
will be shown here. Clifford et al. (1978) and others
examined the spatial distribution of the RASS echo in-
tensity and the effect of turbulent distortion of these
waves. Calculations of the distribution of RASS signals
affected by atmospheric turbulence showed a broad-
ening of the diffraction limited spot and the raising of
a background scattering level. The displacement of the
sound waves by the wind moves the focus away from
the radar antenna. May et al. (1988) hypothesized that
they were primarily observing the raised background
rather than the spot. However, the spatial distribution
of echo intensity is not easy to measure and the theory
is only now being tested (Bauer and Peters 1993).
This note presents observations of the spatial distri-
bution of RASS echoes covering both the intensity dis-
tribution and its displacement with range as well as the
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FiG. 1. Layout of the MU radar. The 25 groups of 19-antenna
subarrays are shown. The alphanumeric labels indicate the various
subarrays. Groups of four-antenna subarrays that are sampled to-
gether on reception have similar shading. The transmitter groupings
used were 3 subarrays, FSC4D4; 7 subarrays, A4B4C4D4EAF4F5;
12 subarrays, A4B4C2C3D2D3E2E4F4F5C4D4; and 25 subarrays,
whole antenna array.

way in which the Doppler shift varies across the region
of detectable signals. These observations were taken
with the MU radar (34.85°N, 136.10°E), near Kyoto.
This radar is one of the world’s most flexible clear-air
Doppler radars. The antenna array is broken into 25
subarrays, and it is possible to transmit on any com-
bination of antennas and receive the signals on each of
the subarrays separately (Fig. 1). These observations
have important implications for the height coverage
and accuracy of RASS temperature measurements. The
spatial gradient of RASS velocity may be a significant
source of error at low height ranges in addition to the
various geometric and turbulence induced errors (e.g.,
Angevine and Ecklund 1994; Peters and Angevine
1996), and the inexact correspondence between the
speed of sound and virtual temperature (Kaimal and
Gaynor 1991).

2. MU radar

"The MU radar is a very flexible 46.5-MHz meso-
sphere —stratosphere—troposphere (MST) radar or
wind profiler with a circular antenna array of 103-m
diameter (see Fukao et al. 1985 for details). The im-
portant parameter for this study was that the array is
broken up into 25 subarrays, each made up of 19 yagi
antennas. Nineteen of these subarrays form a regular
array of hexagons with the remaining six distributed
about the periphery of the radar (Fig. 1). It is possible
to transmit on any combination of subarrays and re-
ceive on the subarrays separately.
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The radar beams can be steered in any direction
within 30° of the zenith. This allows the beam to be
steered to ensure that the radar beam is normal to the
acoustic wave front so that the expected ‘‘focused’”
RASS echo falls on the MU antenna array (Matuura et
al. 1986). For these experiments, a vertically pointing
beam was used, similar to most wind profiler/RASS
applications.

Since each antenna has its own transmitter unit, the
total transmitted radar power, and hence sensitivity, is
proportional to the number of units used. The scattered
signal was sampled on the 19 central subarrays sepa-
rately. Since reception is on single units, the sensitivity
of the system compared to when the entire array is used
for reception is diminished.

However, there were only four receiver channels, so
that only four groups could be sampled at a time. Each
antenna group was sampled for a period of 18.2 s, be-
fore another set of four were selected. Thus, the cycle
to sample the entire receiving array was completed in
130 s, after which a new transmitter configuration was
chosen. The Doppler spectra of the backscattered signal
were stored on magnetic tape for postanalysis.

The Nyquist velocity for the spectra of the back-
scattered signal was 22.6 m s ', with the receiver cen-
ter frequency offset to allow detection of the RASS
echo peak. The velocity resolution is 0.18 m s ™! (i.e.,
the time series were 256 points long). A height reso-
lution of 300 m was used for these experiments with
the lowest reliable height being 1.5 km above ground
level.

The two parameters of interest in the spectra are the
backscattered power and mean Doppler shift. The
power and mean Doppler shift are estimated by directly
calculating the zeroth- and first-order moments.

The MU radar has been operating for over 10 years
and some of the antenna subarrays had decreased sen-
sitivity. This effect has been corrected for in the anal-
ysis using clear-air data before and after the RASS
mapping. The amplitude of clear-air scatter is expected

1

0.8
0.6
04

0.2
0

1 g | L
0 0.5 1 15 2 25
FiG. 2. Theoretical calculations for the intensity of the backscat-
tered signal for a Gaussian illumination function as a function of a
normalized distance from the center of the spot /D, where D is the
antenna diameter. The curves correspond to no turbulence, moderate,

and severe turbulence (W/p, = 0, 1.6 and 8) (adapted from Lataitis
and Clifford 1996).
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F1G. 3. Profiles of the zonal and meridional wind component de-
rived from MU radar observations between 1635 and 1745 LT 12
September 1993 (covering the RASS period) and a profiler of virtual
temperature measured by a radiosonde launched at 1440 LT. The
altitude in this and all subsequent figures is given above ground level.

to be uniform across the radar array. Therefore, the
clear-air echo strength has been used to calibrate the
subarray sensitivity for the RASS measurements. Mea-
surements were performed with the same transmitter
combinations as for the RASS to allow accurate cor-
rections of the receiver array sensitivity. However, for
two of the subarrays (C2 and C4), no correction is
possible because the sensitivity was reduced so far that
no RASS echoes were detectable.

To investigate the effect of antenna size on the scat-
tered field, successive experiments were done using
quasi-circular groups consisting of 3, 7, 12, and 25 sub-
arrays for transmission. A transmitter configuration
was used for a period of about 130 s. The period was
kept as short as possible to minimize the effect of tem-
poral changes.

A five-beam wind sounding, which is the conven-
tional MU radar observation, was then performed to
check for changes in wind speed and direction. This
was then followed by the next RASS observation with
a new transmitter configuration. There was no signifi-
cant change of wind velocity over the observation pe-
riod.

These experiments were first performed in Septem-
ber 1992 with a commercial amplifier—loudspeaker
system (Tsuda et al. 1994) using a triangular linear
frequency sweep between 90 and 110 Hz and back to
90 (e.g., May et al. 1990). The experiment was re-
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peated on 11 September, 1993 using a high power
pneumatic acoustic generator (Tsuda et al. 1989). The
pneumatic system forces the use of acoustic pulses.
However, the frequency was modulated within the
pulse with the instantaneous frequency being swept up
from 97.6 to 110 Hz. With such a chirped pulse, it
appears that the dominant returns are only from that
part of the spectrum that is Bragg matched, so that there
is only a single Bragg peak rather than the possible
double-peaked spectrum where simple pulses are em-
ployed (May et al. 1990).

The returned echo power was greater in the 1993
experiment because of the increased acoustic power.
Therefore, the discussion on echo power will concen-
trate on the 1993 results. The data in 1992 showed sim-
ilar trends but were noisier. The horizontal wind was
also larger in 1992 causing greater displacement of the
echo pattern. The horizontal wind also has an impact
on the distribution of the RASS Doppler shift across
the antenna. This is more pronounced in the earlier data
because of the greater wind speed. Therefore, discus-
sion on the distribution of the RASS Doppler shift will
focus on the earlier experiment.

3. Theoretical background

The RASS technique relies on the radar backscatter
from fluctuations in air density associated with a sound
wave. The Doppler shift of the scattered signal is de-
termined by the speed of sound, which in turn is related
to the virtual temperature; thus this technique allows
high-resolution (in time and height) remote sensing of
temperature profiles. Resonant backscatter occurs when
the acoustic wavelength is half the radar wavelength
(Bragg condition). Furthermore, there is a focusing ef-
fect produced by the curvature of the acoustic waves.

There was theoretical work performed by Clifford et
al. (1978) and others in the mid-1970s studying the
spatial distribution of RASS echo power. Clifford et al.
calculated the spatial distribution for the case of a uni-
form amplitude antenna polar diagram with a fixed
beamwidth and with the effect of turbulence on the
acoustic waves included. Although the basic theory
was correct, there was, however, an error in the nu-

TABLE 1. Turbulence parameters and transmitter beam dimensions
for a height of 3.5 km and a boundary layer depth of 2 km with
C2 =5 % 107® m* in the boundary layer; C2 = 1.1 X 107 m*>.
The acoustic coherence length pg is 281 m.

Width Antenna
Number of beam w diameter Spot diameter
of subarrays (m) Po (m) Dy (m)
3 797 2.83 28 49
7 445 1.58 51 64
12 343 1.22 66 77
25 219 0.78 103 111
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3.45 km

(dB)

FIG. 4. Distribution of echo power (dB) for transmission on groups of (a) 3, (b) 7, (c) 12, and (d) 25 groups of antennas. The
height sampled is 3.45 km. The subarrays marked with a cross had insufficient sensitivity to observe RASS echoes. The location
of the acoustic source is shown by the small cross on the periphery of the antenna on the western side. The total received power

is given in the top right of each figure.

merical calculations (Lataitis and Clifford 1996) and
this integral equation for the spatial distribution of echo
paper has been recalculated (Fig. 2). If turbulence and
the effect of stratification on the speed of sound, and
hence acoustic wavefront shape, are ignored, both the
incident electric field and acoustic waves can be rep-
resented as spherical wave fronts. These results showed
that if the effect of turbulence is negligible and the
radar beamwidth is much narrower than the acoustic
beamwidth (this is often the case with wind profiler/
RASS, although boundary layer profiler/RASS sys-
tems may have comparable acoustic and radar beam-

widths), the scattered field distribution at the ground
should be very similar to the radar illumination field
pattern. In the limit of an isotropic acoustic source, then
the spot has an identical shape to the radar antenna
illumination. However, Lataitis and Clifford (1996)
also show that for a uniform antenna illumination (as
we have here) and weak turbulence the edges of the
scattered field distribution are eroded and a tail of echo
intensity extends beyond the illumination diameter giv-
ing a region of most intense power smaller than the
antenna size ( their Fig. 2b). The effect of intense levels
of turbulence is to perturb the acoustic wavefronts and
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F1G. 5. As in Fig. 3 but showing a height sequence for transmission on seven subarrays.
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smear the spot (Lataitis 1992; Bauer and Peters 1993;
Lataitis and Clifford 1996). Recent measurements with
a 24-cm-wavelength radar support the turbulence in-
duced increase in echo power away from the main spot
(Bauer and Peters 1993).

This raises the question of how much broadening is
expected. Following Lataitis (1992), it is possible to
examine this for the transmitter configurations. The
mean structure parameter C; averaged to a height R is

~2 _ 8 p-ss
ci=Sr |

If we assume that C2 is dominated by high values in
the boundary layer and that the turbulence level is con-
stant in this layer, then at a height R and a boundary
layer depth R,:

"R )
C?*753dz. (D)

)]

C2 = R™ACIRY", 2)

where C? is the value in the value of the structure pa-
rameter in the boundary layer. A typical value of C2
for acoustic waves in the boundary layer is about 5
X 107® m~%3. Figure 3 shows a profile of the virtual
temperature measured by a radiosonde ascent. Note the
change of slope from values close to the dry adiabat
near a height of 2 km above the ground indicating the
top of the boundary layer. This results in a value of
C;of 5 X 107® m™2 at the top of the boundary layer
and 1.1 X 107 m™" at 3.5 km.

The coherence length p, of the acoustic wave is
given by

po = (0.546k>RC2) ™", 3)

where k, is the acoustic wavenumber (27/3.22 m™').

This can be compared to the horizontal extent of the
radar beam (W ~ AR/D where D is the transmitting
antenna diameter) and weak turbulence is in the regime
where W < p,. Values for the various transmitter con-
figurations and are given in Table 1 (the value of W/
po is almost -constant above R,). Note that the small
array is expected to be strongly affected by turbulence,
while the middle two values are in a moderate regime.
The use of the whole array puts the data in a weak
- turbulence regime. Different choices of C? obviously
change these thresholds slightly.

Since the pattern on the ground represents a convo-
lution of the turbulence effect with the antenna illu-
mination, it is possible to estimate the spot diameter
from the value of p,. The angle defined by a diameter
of 2p, at a distance R can be related to a pseudoillu-
mination width AR/2p, (assuming R > 2p,), where A
is the radar wavelength and the effective spot diameter
D, becomes

D, ~ [Dz + (%)2]0
G- ()T

(4)

U
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These relations illustrate the relative importance of the
horizontal extent of the radar beam and the correlation
distance of the acoustic wave. Values of D and D, are
given in Table 1. This again illustrates that turbulence
will be most apparent with the small antenna aperture
because W becomes large. Since the receiving arrays
have a finite size, the actual measured pattern is a con-
volution of the backscattered pattern with the receiving
antenna response, but in practice this is not important
since the receiving antennas are much smaller than D,.

Profiler/RASS systems operating in the UHF band
(400, 900 MHz and higher) will generally be in a high
turbulence regime at ranges greater than a few hundred
meters when there is a reasonably deep boundary layer.

4. Experiment and results
a. Distribution of echo power

As noted, the total transmitted power is proportional
to the size of the transmitting array in the MU radar.
The measured signal-to-noise ratio (SNR) has been
normalized to remove the effect of this variable trans-
mitter power so that the received power levels in var-
ious configurations can be. compared. There is not ex-
pected to be much change in the echo distribution dur-
ing the data acquisition, as each ‘‘map’’ is produced
with just over 2 min of data. However, maps cannot be
averaged as the position of the centroid of the pattern
changes significantly during the time between succes-
sive maps with the same transmitter configuration
(~35 min).

Figure 4 shows plots of the normalized SNR at a
height of 3.45 km for each of the transmitter configu-
rations. These figures show several significant features.
In particular, there is a principal echo region with val-
ues between 15 and 18 dB about half of the size of the
transmitter array. The signal power surrounding the
peak fades away with values about 5 dB lower next to
the peak, extending out to about the area of the trans-
mitting antenna size or slightly larger and no detectable
signals farther away from the main lobe. The amplitude
of this enhanced region is similar for all the cases (i.e.,
the received power is fairly independent of the trans-
mitting antenna gain), except for the smallest trans-
mitter array case, which is lower. This is expected once
the transmitter power. has been calibrated out. All the
experiments are employing wide beam receiving an-
tenna arrays. At first, it may seem that stronger returns
would be obtained from the use of higher gain (narrow
beamwidth) transmitting antennas, but in such a bi-
static configuration with wide receiving antennas the
increased gain of transmission is offset by the associ-
ated decrease in the radar pulse volume. Another way
to look at this is that the receiving and transmitting
pulse volumes are different, and the receiving pulse
volume is not filled. In normal monostatic operation,
the receiving antenna gain becomes important, and the
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FIG. 6. Spot positions vs height deduced by a ray tracing algorithm.
The wind was assumed to vary linearly from zero at the surface to
the lowest wind measurement with the MU radar at 1.7 km. The
points are at 300-m intervals beginning at 1.5 km.

returned signals will be related to the antenna gain. In-
deed, the total returned power, integrated over the radar
antenna, does increase for larger transmitter array sizes
as the spot diameter increases by approximately the
square root of the number of transmitting subarrays.
The exception is the case of three transmitting antennas
in which both the peak and the total power are less than
expected compared to the use of larger arrays. This may
be a result of the greater influence of turbulence when
small arrays (with large beamwidths) are used. Tur-
bulence causes a decrease in the returned power (Clif-
ford and Wang 1977; Clifford et al. 1978; Bhatnagar
and Peterson 1979). The ‘“‘lumpy’’ nature of the re-
flectivity distributions probably reflects the effect of
turbulence on the acoustic waves and temporal changes
over the 130-s data acquisition period. The size of the
enhanced region is clearly related to the size of the
transmitting array, as expected from theoretical consid-
erations.

The winds were consistently from the west, but with
considerable shear of wind speed with height during
the 1993 experiment (Fig. 3). The advection of the
sound waves by the wind is clearly illustrated in Fig.
5, which shows the echo intensity distribution as a
function of height. The enhanced region moves across
the array with height at a speed close to twice the hor-
izontal wind speed as predicted by geometric argu-
ments. Ray tracing (e.g., Masuda 1988) has been per-
formed to estimate the displacement of the center of the
RASS *‘spot’ across the array. The wind speed was
assumed to increase linearly from the surface to the
lowest MU radar observed wind. The results of the ray
tracing are shown in Fig. 6. The observed displace-
ments are consistent with the ray tracing with some
offset to the north, probably associated with the winds
in the lowest few hundred meters. There is also some
evidence for increased relative power away from the
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main lobe with height. This effect is expected if the
acoustic wave is increasingly distorted by atmospheric
turbulence (Lataitis 1992). However, if the turbulent
distortion is dominated by the expected higher turbu-
lent intensity in the boundary layer, and the observa-
tions are above this layer, then there may be little fur-
ther smearing with increased height.

b. Doppler shift distribution

Figure 7 shows the RASS sound speed detected for
each antenna element across the antenna array at two
heights during a period in the earlier 1992 experiment:
one being the lowest height for detectable RASS mea-
surements, and the other near the maximum height with
good SNR. A consistent pattern is seen at the lower
height with a value of the RASS Doppler shift increas-
ing toward the southern part of the array. The actual
variation across the array is considerable: approxi-

1.80km (ms—1)
334.72ms™1 —‘

H 335.5
= 335.0
Q334.5
;334.0

= 333.5

3.30km (ms—1)
332.09ms™! ]

H 333.0
= 332.5
— 332.0
* 331.5

Ll 331.0

Fic. 7. A distribution of the RASS Doppler shift across the receiv-
ing array for 1.8 and 3.3 km during the 1992 experiment. Transmis-
sion was using the full 25 subarrays. The numbers represent the speed
of sound (—300 m s™'). The acoustic source is located at the small
cross on the northern side of the array. The reflectivity weighted mean
Doppler shift is shown on the top right.
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Fic. 8. Profiles of the zonal («) and meridional (v) wind velocity
profiles for 0147-0149 LT (thick) and 0225-0227 LT (thin) on 12
September 1992. These profiles are before and after the RASS ob-
servations discussed in Fig. 7.

mately 1.2 = 0.9 m s~ in the direction of the wind,
which corresponds to about a 2°C range of measured
temperatures. However, the RASS velocities are much
more uniform at the upper height with a negligible gra-
dient across the array (0.2 = 0.6 m s ™'). For reference,
profiles of the wind components are shown in Fig. 8.
Note the wind speed is in excess of 15 ms~' at the
lower heights suggesting a pronounced low-level jet.
The smaller effect at the upper height could be related
to a smaller wind speed, but no significant variations
of velocity across the antenna were observed at upper
heights in the 1993 experiment, even though the wind
speed was comparable to the low-level winds in 1992.

The large gradient observed across the radar at the
lower heights is disturbing as it indicates that there is
the potential for considerable error in temperature mea-
surements at the lower heights if the RASS spot is dis-
placed off the radar centroid. In general, the use of the
entire antenna array will decrease this error. However,
if the radar is only sampling the edge of the *‘spot’’
such as when offset acoustic sources are used, then er-
rors as large as a degree are possible at the lower
heights with large antenna arrays.

To attempt to explain these observations, it must first
be remembered that we are essentially dealing with a
bistatic radar system. The observed gradient is consis-
tent with the notion that the centroid of the contribu-
tions to the received signal is displaced to virtually
above the receiving array allowing a significant ‘‘leak-
age’’ of the horizontal wind. As the range increases,
the angle between two lines, one drawn from the trans-
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mitter array to the point directly above the receiving
array and one from that point to the receiving array,
decreases. However, there are serious difficulties with
this explanation.

First, consider an acoustic wavefront centered over
the (narrowbeam) transmitter array, moving outward at
a speed ¢, and advected horizontally at a speed u (Fig.
9). If each point along the wave front can be considered
as an isotropic scatterer, the mean velocity may be es-
timated by considering the phase difference of each
point between the initial time and some time 6z, and
just estimating a mean weighted by the product of
transmitting and receiving antenna illuminations. This
product is biased over the transmitting antenna (since
its polar diagram is much narrower than the receiving
array polar diagram) and actually produces a (small)
bias in the opposite sense to the observed gradient. Fur-
thermore, if some correction is made for the fact that
the bisector of the angle between two lines, one drawn
from the transmitter antenna to a scattering point and
the second from the point to the receiving antenna, is
not perpendicular to the wave front when the antennas
are displaced, the departure from perpendicularity de-
creases toward the opposite side of the wave front to
the receiving antenna’s displacement, again producing
biases of the opposite sign to that which is observed.

Thus, it appears a more complete theoretical calcu-
lation is required. Peters and Kirtzel (1994 ) considered
the effect of displacements of the acoustic wave from
overhead and found significant biases could be intro-

+ 2]
'u_ctu sin® C+usin® o
%)
¢)
~
Tx Rx
monostatic bistatic

FiG. 9. Schematic illustrating the leakage of the horizontal wind
into the RASS Doppler shift across an antenna array. When the
acoustic wave is directly over the array, the contributions to the
RASS echo are from an area symmetrically about the zenith for the
case of a monostatic radar, so only the speed of sound ¢ contributes
to the Doppler shift and the wind merely broadens the spectral width
of the received signal. But when the receiving antenna is displaced
horizontally, the contributions to the RASS echo may not be sym-
metric allowing the horizontal wind to leak into the measured Dopp-
ler shift.
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duced, particularly at lower heights. The effect we are
observing here may be related as the use of different
receiving subarrays changes the relative positions of
the acoustic wave fronts with respect to the radar
system.

Profilers operating at higher frequencies have cor-
respondingly small antennas and physical separation
between the antenna arrays and sound sources. There-
fore, this geometric effect will only be important at
quite low heights. For example, where a 100-m antenna
sees large effects up to 2.5 km, a 2-m antenna, typical
of UHF wind profilers will have a similar effect only
up to 50 m. In practice, the relative displacements
(measured in wavelengths) of the radar antenna and
acoustic sources at the ground are slightly higher for
UHF profilers so the effects will be seen somewhat
higher than 50 m.

An additional error may also arise if there is a ver-
tical velocity correction. Since the clear-air peak is a
volume average, the line of sight clear-air Doppler peak
may be from a different effective angle than that of the
RASS echo, which introduces a further source of error.

Similar results were seen in the 1993 experiment, but
the wind was relatively weak, particularly at the lower
heights (Fig. 4). Therefore, while there was a signifi-
cant trend across the antenna array, the random errors
in measuring the Doppler shift produce a noisier pattern
(not shown).

It is expected that these effects will be decreased if
multiple acoustic sources were used since the likeli-
hood of the maximum reflectivity center being dis-
placed a large distance from the zenith is reduced, par-
ticularly at the lower ranges where this effect will be
largest.

5. Discussion

Experiments to measure the distribution of any kind
of radar echo power across the ground are difficult.
This is particularly true for RASS where a region of
enhanced power is systematically displaced by the
wind, and the displacement is an integral effect of the
wind profile. An experiment to test the theory of the
RASS echo distribution has been performed using a
unique radar facility.

The observations confirm many of our ideas con-
cerning the distribution of RASS echoes. In particular,
the existence of a diffraction limited spot has been dem-
onstrated. The spot consists of an intense echo region
about half of the transmitting antenna size surrounded
by an area of weaker intensity. This is consistent with
theoretical calculations for the expected distribution
characteristics in conditions of weak to moderate tur-
bulence (Lataitis and Clifford 1996). This is most ev-
ident when using the small transmitting array. A region
around the peak with a signal level 5—10 dB below that
of the maximum intensity is seen, even at low altitudes.
It also appears that the turbulent distortion of the acous-
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tic waves has decreased the amplitude of the backscat-
tered power when using the small transmitter array.
These results are broadly consistent with the results of
Bauer and Peters (1993) and Lataitis and Clifford
(1996).

Significant gradients of apparent sound speed were
seen across the antenna array. This is consistent with a
geometric leakage of the horizontal wind into the sound
speed measurements and combined with the spatial gra-
dients of RASS reflectivity may be a significant source
of error. These observations also provide a test for theo-
retical studies, which until now have concentrated pri-
marily on the signal intensity distribution.

It is reasonable to expect that similar experiments
with multiple acoustic sources, as are widely used
(May et al. 1990), will produce multiple spots and mit-
igate the effect of displacement of the spots by wind.
The use of multiple acoustic sources may also reduce
errors in temperature estimates due to the spatial gra-
dient of the Doppler shift. For the case of profilers with
large antennas looking at low altitudes, the errors in-
troduced by the spatial gradients of Doppler shift may
be significant but are likely to be correspondingly small
for UHF wind profilers.
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