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ABSTRACT

Wind measurements estimated using acoustic sounding systems are compared with direct measure-
ments obtained at a 300 m antenna mast. Different meteorological periods, including very stable to
unstable stratification and weak to strong winds, were investigated. It is demonstrated that satisfactory
results may be obtained using a simple monostatic Doppler device combined with an appropriate evalu-
ation method. Preliminary tests on an angle of arrival sodar system showed its ability to obtain reason-
able wind measurements at least under stable conditions.

1. Introduction

Investigations during the past 10 years have shown
that quantitative measurements of wind velocity by
acoustic sounding techniques are possible. The em-
phasis of previous developments concerned the utili-
zation of the received signal Doppler shifts. Several
sophisticated systems have been demonstrated to be
effective for remote measurements of wind profiles in
the lower atmosphere (e.g., Beran et al., 1971; Beran
and Clifford, 1972; Aubry, 1975; Hall et al., 1975;
Owens, 1977). On the other hand, much less experience
has been accumulated using the angle of arrival
(AOA) method. To our knowledge McAllister (1972)
and Mahoney ef al. (1973) have been the only ones
to report to date on the feasibility of this method.

A basic requirement for the development of remote
sensing systems is the verification of the data by
direct measurements. Comparisons with mast or bal-
loonborne sensor package data have been presented,
for example, by Beran and Willmarth (1971), Balser
et al. (1976) and Gaynor (1977).

In this paper the applicability of the above wind
measuring methods for studies in situations with very
different thermal stratification and wind velocity con-
ditions is described. A unique advantage of these
investigations was the availability of a fully equipped
300 m antenna mast at the measuring site. This
facilitated direct determination of the wind, tempera-
ture and turbulence field by sensitive iz situ sensors.

A relatively simple Doppler and an AOA sodar
system were in operation at the site between january
and May 1977. The intent of these investigations
was to establish the extent of agreement between
direct and acoustic wind measurements and to identify
and account for any observed systematic differences.
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Section 2 summarizes principles and some theo-
retical aspects of Doppler and AOA techniques. In
Sections 3 and 4 the site and instrumentation are
described and results for the different meteorological
conditions are presented. The case studies include a
short discussion of errors introduced by a straight-
forward signal averaging procedure (center of gravity)
and the improvement which may be realized by a
more adequate signal evaluation based on the fre-
quency distribution of the signal (peak frequency).

2. Theoretical aspects and AOA

techniques

of Doppler

a. Doppler

Sound propagation in the atmosphere is determined
by inhomogeneities of temperature, wind, and to a
lesser extent by constituents like water vapor. Ac-
cording to the scale of the inhomogeneity the inter-
action of sound with the atmosphere may be con-
veniently divided into scattering and refraction.
Small-scale inhomogeneities on the order of the
acoustic wavelength cause scattering of sound and
are the basis for active acoustic sounding. Particular
details of the sound scattering and generation of
Doppler shifts need not be presented here as many
adequate references exist (e.g. Monin, 1962; Otter-
sten, 1969 ; Tatarskii, 1971; Brown, 1972, 1974).

Doppler measurements can be carried out in either
a single antenna monostatic configuration or a variety
of separated antenna bistatic configurations. The
greater complexity of the equipment in bistatic sys-
tems is counterbalanced by a better signal-to-noise
ratio. Whereas the monostatic signal intensity depends
only on temperature fluctuations, in the bistatic mode
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Fic. 1. Geometry for monostatic and.bistatic Doppler wind
sensing.

velocity fluctuations also contribute to the scatter
intensity.

Our Doppler measurements are based on both con-
figurations. In the monostatic mode the azimuth of
the tilted antenna (SODAR I) was adjusted to the
direction of the mean surface wind. In the bistatic
mode an additional vertically pointed antenna
(SODAR II) at a distance of 120 m was used as
transmitter. The corresponding scattering geometry is
shown in Fig. 1. The Doppler shift Af,, is proportional
to the wind component parallel to the bisector of the
_ antenna beams. Afum, is proportional to the radial wind
component. The basic Doppler shift equation reads

Af=(1/2m)(K;—Ko)-u, 1)

where Ko, K, are the vectors of the wavenumbers of
the transmitted and the scattered sound. Assuming
the mean wind # to be horizontal, |K,|=~|Ko|, and
K, to be vertical the relation between the Doppler
shift and # is given by

Afyi=— (ufsi/c) cosb 2)
and in the monostatic case (K,=—Kg) by
Afmo=— (2uf mo/ ) cOSH, 3)

where ¢ is the speed of sound, f the transmitted fre-
quency and @ the antenna elevation.

There are a number of papers which consider the
validity of these relationships. Systematic errors are
produced by atmospheric sound refraction. From the
analysis by Beran and Clifford (1972) and by Spizzi-
chino (1974), we conclude that in our antenna con-
figuration this error is smaller than 0.5 m s~!. More
serious are random variations of the measured Doppler
shift which, according to our experience, are typically
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in the order of =10 Hz for an operating frequency
of 1680 Hz. Different mechanisms contributing to this
effect have been considered by several authors. Ford
and Meecham (1960) calculated the spectral broad-
ening which is produced by turbulent motion within
the scattering volume. Brown and Clifford (1973)
gave an expression for the spectrum of an acoustic
pulse traveling through a turbulent medium with
transverse wind. Brown (1974) considered the com-
bined effects of a finite beamwidth and transverse
wind for the case of backscatter. The Doppler vari-
ations predicted by these studies are small compared
with the observed variations. A significant contribu-
tion, however, can be produced by an inhomogeneous
reflectivity distribution within the scattering volume
(Spizzichino, 1974). The resulting standard deviation
of the Doppler wind fluctuations is of the order of

c.=u(B3/2) tand, 4)

where 8 is the beamwidth. A typical value for g, is
about &1 m s, for =5 m s}, §=65° and =10°
which is the beamwidth of the SODAR I antenna.

b. Angle of arrival

The influence of the wind and temperature profiles
on sound propagation can be calculated by means of
geometric optics. Thompson (1974) derived the fol-
lowing ray equations for a stratified moving medium
from the hydrodynamic equations:

ox uB-+c%cs ! sing
— e
== ; ; - )

dz c(B2—c%q~? sin?py — c2cg 2 sin?pq)?

d vB4c%o 1 sings

. . l’ N
Jz c(B2—c%q % sin? 1 —ccg 2 sin?g,)?
where

B=1— (’M«/Co) Sin<p1—‘ (7)/60) Sil‘l(pz,

u, v are the horizontal wind components, 1, ¢z the
initial components of the inclination of the wave front
normal and ¢g is the initial sound speed. The signs
correspond to up- and down-running rays. If ¢;2 and
u/c,v/e<<1, and we neglect terms of higher order in
¢1.2 and #/c,v/c, the equations become

dx 8y u ¢ v C
{— —} =:t{—+—¢1, -t O

?
dz 0z ¢ Co ¢ Co

If we consider a height range of some hundred
meters and exclude cases with ¢y o>u/c,p/c, only a
small error is introduced by assuming c=cy, i.e.,

dx 3y
{_’ __} =cy {utcopr, v+cope}. ®)
0z 0z

For a monostatic sounder the total displacement, i.e.,
the integral of the ray equations from the antenna
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TasLE 1. Instrumentation at the site.
Height
System (m) Measured quantities Symbol key Instruments
Mast 250 w,T,U,DT ' fluctuations of the vertical Sonic anemometer
wind component
175 w, U, T
110 w, T, U, DT T’ temperature fluctuations Sonic thermometer
70 T U horizontal wind velocity Cup anemometer
50 w,T'"U,D, T D wind direction Wind vane
10 U,D, 7 T, T mean temperature PT-100
2 w, T’ T T; wet-bulb temperature PT-100
Sonde 0-280 T, Ts, D,, U, ws U,, wy—Gill propeller
SODAR I Doppler 280 m NE of the mast T,, Ts—thermistors
SODAR 11 AOA 210 m ENE of the mast D,—potentiometer

to the scattering volume and return, must be zero.
For a wvertically pointing sounder this condition
leads to

{en 02} =—2c7{a,n} 9

for the backscattered ray, where

{a,0} =h"/ {u,v}dz.
0

Thompson’s equations describe two effects: first, the
transport of the sound energy by the wind and, second,
the change of the wave front direction due to refrac-
tion. The simplified Eq. (8) obviously represents a case
where the second effect can be neglected. The direc-
tion of this ray is given at any point by the super-
position of the wind vector and the initial sound
velocity vector relative to the medium.

As the initial wave front direction ¢ of the ray
is retained until it reaches the sounder it can be
measured there. It is determined in our case by the
apparent velocity components

[ C
{12} = {uk“}“—, 'UR+_},
(41 (2]

(10)

where uz, vz are the wind velocity components at the
receiver level. As ug, v<<c/ 1,2 this may be neglected.
The apparent velocity is obtained from the phase
difference ¢ at receiver points spaced by d:

d; 4
{t1,t2} =21ff{*‘, “}-

¢1 P2

Egs. (9), (10) and (11) give the final relation for the
phase difference and the mean wind between sounder
and scattering volume:

{d1,02} = (4nf/c*){drit,dsb}. (12)
If there are more levels of sufficient scatter inten-
sity, wind profiles can be obtained by the relation
/AR [{p1(h) b2 ()} h— {1 (h+ A) o (B-+ AR))
X (h+Ah)]= (4=f/c®){drit,ds7)},

1)

(13)

where
htAR

(@,5) = (1/%) / (u}dz.

A detailed discussion of the operating conditions and
some consideration of possible principle error sources
of the AOA technique can be found in Peters (1977).

3. Site, instrumentation and data handling

The experiments were performed at a site which is
situated at the southeast border of the urban area
of Hamburg in the flat marshland of the river Elbe.
The direct measurements were carried out at a 300 m
tubular antenna mast (diameter 2 m). The sensors
for wind, temperature and turbulence are located on
several 5 m long booms which are directed to the
south-southwest. In addition to the fixed-level sen-
sors, a motor driven pulley system was installed for
operating a sensor package up to a height of 280 m.
Tower instrumentation, the tethered sonde and loca-
tion of the SODAR systems are summarized in
Table 1. For a detailed description of the facility see
Wamser and Miiller (1977) and Stilke et al. (1976).

The antenna of SODAR I is a horn paraboloid
with an aperture of 1.2 m. By means of a motor
driven steerable pedestal both azimuth and elevation
may be adjusted. In addition to a linear amplitude
detector an FM discriminator is implemented to obtain

o%, o

o .°n o...,o’....o...o’...

-10 0 10 m/sec

Fie. 2. Doppler frequency distributions measured with the
phase-lock loop (PLL). Solid line, high $/N; dotted line, low S/N.
The arrows indicate center of gravity (A) and peak frequen-
cies (M).
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Fi16. 3. Schematic of the phased array and its electronics.
The grouped full circles (subarrays) form a pair of orthogonal
interferometers.

the Doppler shift in a maximum range of 45 Hz.
The FM discriminator consists of a phase-lock loop
(IC TYPE SE 565) with a special wiring for small
frequency deviations. The cutoff frequency of the PLL
low-pass filter is 300 Hz. Normally a transmitting
frequency of 1685 Hz and a pulse length of 0.1 s have
been used. The 3 dB beam width was about 10°.

The evaluation of the phase-lock loop-output signal

requires care. This becomes apparent by inspection
of the signal distributions. Two typical examples for
high and low signal-to-noise ratio (S/N) are presented
in Fig. 2. Even for high S/N the width of the dis-
tribution is considerable. This may be due to turbu-
lent spectral broadening as well as to the specific
behavior of the PLL. The peaks at the limits of the
measuring range are produced artificially by the non-
linear behavior of the PLL at these points. These
distortions are the reason for a systematic under-
estimation of the wind by averaging of the PLL
signal (center of gravity, COG). On the other hand,
it may be assumed that the maximum within the
linear range (M,M,) is a better measure for the
mean wind.

The AOA-SODAR was designed and constructed
by Peters (1977). The characteristic feature of this
system is an array of 61 horn loudspeakers which are
tuned with respect to phase in both the transmitting
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Fic. 4. Computed antenna beam patterns of SODAR II,
linear amplitude (no enclosure). Left, whole array; right, one
subarray.

and receiving mode. Fig. 3 is a block diagram of the
phased array and its associated electronics. The angle
of arrival is obtained by the phase differences of
selected pairs of subarrays, each forming an inter-
ferometer. Different interferometer configurations have
been applied, only one example is indicated by the
grouped full circles.

The performance and capability of the AOA method
is dependent on the narrowness of the transmitted
lobe to even a higher degree than the Doppler method.
It is for this reason that such a great number of loud-
speakers has been used, giving a 3 dB beamwidth of
about 6°. Computed beam patterns of the whole array
and of one receiving subarray (Fig. 4) have been
compared with measured patterns by a balloonborne
microphone, one example of which is shown in Fig. 5.
Some improvement in these patterns is to be ex-
pected by the 2.5 m cylindrical enclosure used for
the AOA measurements.

The phase differences have been measured by con-
ventional analogue phase meters with a range of ==,
As this range is frequently excéeded by random

oL 1517 kHz

Fi16. 5. Comparison between computed (solid lines) and measured
(points) antenna gain function (no enclosure).
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TARLE 2. Summary of the investigated cases. COG: center of gravity method (averaging).
PF: peak frequency method.

Time Direct
1977 interval Doppler Doppler Angleof measure-
date (LT) Meteorological situation monostatic bistatic  arrival ment
13 January 1530-2030 near neutral to slightly stable; no COG no yes
3 $ U115$ 10 [m S—x]
10, 11 May 1200, 1030 day :neutral/convective, night:stable; COG no no yes
2< U< 14 [(ms 1] :
19 May 0330-0630 ground based inversion COG/PF no PF yes
Ning =250 m 11K U115€16 [m s71]
12 March 1530-2000 free inversion no no PF yes

(~180-200 m) 1 Uyzs < 5[m s71]

fluctuations, distortions of the signal distribution
occur. Therefore, similar to the PLL Doppler signal,
the center of gravity underestimates the AOA wind.
For this reason, the unreduced sodar data were dig-
itized with a sampling rate of 200 Hz and the maxima
of the frequency distributions of the Doppler and
the AOA for different range gates determined.
4. Results and discussion N

In the following, results of four different meteoro-
logical cases are shown. Table 2 summarizes the
stability and wind conditions and the remote sensing
methods in operation.

a. Doppler, center of gravity (COG) method

In order to demonstrate the degree of wind under-
estimation by averaging of the PLL output signal,
two examples both for bistatic and monostatic con-
figurations and different meteorological conditions
have been analyzed. In the bistatic mode the receiving
antenna was tilted 35° so that significant signal
could be obtained from the height range 120-250 m
with maximum sensitivity at 175 m (height of an
instrumented tower platform). From the direct wind
measurements at 175 m the component parallel to
bistatic Doppler basis was determined. The result is
to be seen in Fig. 6. Although the general slopes of

S

Jan. 13th, 1977
16 00 1800 2000 LT

F16. 6. Comparison between bistatic Doppler and directly mea-
sured wind. #pepp: solid line (175 m); ugi;: dashed line (175 m).

the directly and indirectly measured wind values
agree quite well, the Doppler wind is systematically
too low.

Fig. 7 shows a comparison for the monostatic mode
during a 24 h period. Again the Doppler wind follows
the general trend of the actual wind quite well but
with considerable underestimation. This underestima-
tion has also been observed for all other cases to
which this evaluation method was applied. Unfortu-
nately the correlation between direct and Doppler
wind is not strong enough for an effective subsequent
correction.

b. Doppler, peak frequency (PF) method

On 19 May 1977 the wind was measured both by
the Doppler shift and the AOA methods. In addition
to the COG method, the Doppler wind was derived
by determining the maximum of the frequency dis-
tribution of the PLL output. The comparisons with
the direct measurements at three different heights are
presented in Fig. 8 which shows an excellent agreement.

In spite of the extremely high backscatter inten-
sities from all levels during this period the COG
method again significantly underestimated the wind.

ol N

NA—
-z-l‘ I’av?f — L\
[ ;
1200 1500 18% bl J 00 0300 0gee 090 LY
May 10th, 1977 May 11th, 1977

-4

F16. 7. Comparison between monostatic Doppler (averaging
method) and directly measured wind. %popp: solid line (70 m);
#ai:: dashed line (50 m).
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Fic. 8. Comparison between Doppler (peak-frequency method)
and directly measured wind. #pepp: dashed line; #qi,: solid line.

A summary of the performance of the different evalu-
ation methods is given in Fig. 9. The solid regression
lines (crosses, circles, points) refer to the COG method
for the different cases and exhibit very different slopes.
The broken regression line through the triangles with
a slope of nearly 45° and a correlation coefficient
of 094 reveals the improvement which is achieved
by the PF method.

c. Angle of arrival

The performance of the AOA method is demon-
strated for two meteorological situations. One case is
characterized by overcast sky and by rather weak
winds up to several hundred meters with wind direc-
tions turning gradually from southwest to north. At
1720 LT a free inversion developed at a height of

v
(SODAR) 1
14 4
(m/s] -
12

Doppler

P

101

|

u { mast)

10 12 14 18
[mis]

F16. 9. Regression for different cases and evaluation methods.
Every symbol refers to a' 10 min sampling period.

—

Points 10 May 1977, COG
Circles 13 Jan. 1977, COG
Crosses 19 May 1977, COG
Triangles 19 May 1977, PF
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Fic. 10. SODAR II mean profiles of the relative backscatter
amplitude.

~200 m which cléarly can be seen by the backscatter
maxima in Fig. 10.

The broader maxima at 360 m are caused by re-

u, - component

<

March 12th, 1977

Fic. 11. Frequency distributions of the phase differences of
the arriving backscatter signal for two orthogonal directions
and four height ranges.
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Fic. 12. Mean wind direction and velocity between surface
and 175 m. Points: AOA; solid line; direct (dotted part, dis-
turbed by the mast).

flection of the antenna mast. Frequency distributions
of the phase differences ¢1, ¢ for four different levels
are shown in Fig. 11.

The mean wind between the surface and the inver-
sion was determined by the position of the peak
frequencies. The results are summarized in Fig. 12.
Good agreement between the direct and AOA wind
values is only achieved from the inversion layer.
It corresponds to the significant narrow maxima after
about 1720 LT in Fig. 11 for the two height ranges
184-201 and 201-218 m. For all levels below the
inversion the distributions show less defined peaks
even when the S/N was higher than within the in-
version. Attempts to derive the wind from these levels
were not successful. This failure has also been ob-
served for other cases with convective conditions.
A satisfying interpretation for this cannot be given
at the present time although we feel that different
stability dependent mechanisms, such as phase front
distortions close to the transmitter and receiver
(Brown and Clifford, 1977) and the reflectivity dis-
tribution within the scattering volume, contribute to
this failure. It is expected that a more adequate signal
processing of the AOA based on the determination
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of the phase spectrum will lead to an essential
improvement.

The other case for which AOA measurements are
presented is 19 May 1977. This is a period with very
strong easterly winds up to about 20 m st at 250 m
and extraordinarily great wind shear above the in-
version. Due to the cloudless sky during the night,
an inversion up to at least 250 m was formed. The
variation of the inversion height is reflected clearly
by the backscatter profiles of Fig. 13. Usable AOA
information was obtained from the whole range of
the inversion, so Eq. (12) could be applied to derive
wind profiles.

In Fig. 14 the AOA wind is presented for two
height ranges and shows good agreement with the
directly measured wind velocities. For these two
stable cases the regression line has a slope of about
45° with a correlation coefficient of 0.97.

5. Concluding remarks

One reason for the worldwide interest and applica-
tion of atmospheric echo sounding has been its rela-
tively low cost. Quantitative wind measurements,
however, have been performed in recent years only
with increasingly complex equipment and sophisti-
cated evaluation techniques and thus much of the
original cost effectiveness has been lost. In this paper
we have demonstrated that by using monostatic sys-
tems and by relatively simple evaluation methods the
determination of reliable mean wind values up to
about 200 m is possible. The peak frequency method,
however, requires sampling intervals of some minutes’
duration in order to achieve sufficient statistical
stability. If sodar is to be used for the investigation
of short-time variations of the wind field more sophis-
ticated signal processing methods such as Fourier
analysis are necessary.

Continuous Doppler and AOA wind profiles have
been measured but only values from those levels at
which direct wind measurements were available have
been presented here. The inspection of the profiles,

h
[m]

—

3604

P IN)
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110+
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0400 0500

M

0600 LT 0700

May 19th, 1977

F16. 13. Profiles of the relative backscatter amplitude.
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F1c. 14. Comparison between AOA and directly measured
wind. AOA:solid line (0-84 m); direct: dashed line (50 m);
AOA : dashed-dotted line (84184 m) ; direct : dotted line (110 m).

however, also reveals a good behavior of the inter-
mediate levels for heights 230 m.

Only AOA results obtained under stable conditions
bave been shown since no satisfactory wind measure-
ments could be obtained during convective conditions.
It is not presently clear whether this failure is one
of principle or if it is surmountable by technical and
data processing improvements.
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