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1. INTRODUCTION

Sound propagation outdoors is mainb influenced by the wind and temperature field determining the acoustic
index of refraction. Measurement of sound propagation allows for the determination of the field of the

refraction index by inverting the problem. This technique is well known in tomopraphic procedures, which
are for instance applied in medical diagnosis.

The use oftomographic methods in environmental research is commonly applied in ocean acoustics [1]:
Three dimensional pictum of the velocity and temperature field are reconstructed from long distances sound
velocity measurement! in water. The solution of the inverse problem can be achieved because assumptions
on the wave propagation through the medium are made, which can be treated mathematically. Progress
in understanding the sound propagation in the atmospheric boundary layer enables for reconstruction of
temperature and wind profiles [2] as well as first statistical moments of the temperature and wind field [3,
I]. This paper reports measuring and evaluation techniques for determination of meteorological parameters

from sound propagation measurements.

It is advantageous to use sound as a remote sensing tool for local meteo parameters because of the mobility
of the measuring system compared to huge meteorological masts. The acoustic systems can be used in
situations where it is dificult to mount a rnast, e.g. near airfields. Micrometeorological problems, like the

investigation of wakes behind windturbines or buildings, can be studied without using groqu of individual
sensor masts.

One important improvement of acoustical sounding compared to optical sensing is the increase in sensitivity
The index of rdraction influences the acoustic wave in air about 104 times more than an electromagnetic

(optic) wave. Therefore, the acoustic wave generally travels on a curved path through the atmosphere, which
on the other hand makes the measuring system more complicated than for a straight forward radiation of
electromagnetic waves used in known tomography.

2. RAY TRACING

The wave propagation can be traced on rays as long as the acoustic wavenulnber is large compared to
gradients of the field of the refraction index. This situation is often the ease in the stratified boundary
layer (except in direct vicinity of the ground). An index ol refraction increasing with height causes sound
rays to be bent downwards. Under downwind condition the sound waves radiated from a source can thus
he measured with microphones near the ground. Simple and fast ray tracing procedures are avnilahle to

simulate the sound propagation (e.g. [5, B, Comparing the simulation with the measured magnitude and
phase of the sound pressure at difi’erent distances from the source. it is possible to deduce the average wind
and temperature field for numerous meteorological situations. In tomography, a sufficiently large number of
propagation paths must be known to calculate the spatial distribution of the field ofthe refraction index‘
Since the function of the profile of the refraction index near the ground is known for some cases from
meteorological boundary layer theory, a few difi'erent sound rays can already reveal the profile's parameters
[2, [3}. Characteristic patterns of the ray propagation can be evaluated to determine specific parameters oi
the profile, even in cases of insufficient analytical description of the profile function.
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8. WAVE PROPAGATION

A general analytical solution for the description of wave propagation through the inhomogenous, turbulent
atmosphere does not exist. Numerical attempts to solve the wave equation with the assumption of {rosen

turbulence are successful, especially in using the concept of decomposing the retraction index profile in a
Fourier series (Fast Field Proparn FFP But the numerical integration also bears some disadvantage: It
is dificult to control the reliability. Increasing the resolution in space and frequency leads to extremely time
consuming calculation. Solving the basic difl’ercntial equation as far as possible with certain appmhnstions

reduces computation time, the numerical evaluation of the remaining integrals is usually much more efficient
[9] than grid-rise integration of the wave equation.
It it practically hopeless to use the FF? approach for numerical determination of the statistics of the (non-
I'rosen) atmosphere, though sometimes spare computer time might allow [or the necessary large number
of iterations [10]. Encouraging results have been achieved in developing methods for solving momentum
equations [3. 4. ll]. Thus, it is possible to determine moments ol' the refraction index distribution from
measured moments of the acoustic wave. This approach is principally outlined in 14] and has not bseu
applied to the outside atmosphere yet, hence this paper just cites sample measurements carried out in a

model atmosphers [18].
In the following, the main attention is directed to the use of ray tracing for tomographic sensing, though
recently [9] tbs more sophisticated wave theory approach has principally been outlined. but not applied yet.
The ray tracing algorithm used is based on the equations given in [1].

I. RAYS IN TYPICAL METEOROLOGICAL CONDITIONS

The interrelated wind and temperature functions in the boundary layer can be described by the Monin-
Obuhhtw similarity theory 112]. except for weak wind or in calm atmosphere. The friction velocity u. and
the scaling temperature T. are combined in a stability parameter L (Monin-Obukhov length):

T... u:

‘- (F) F: “’
with T..: mean surface temperature; F gravitational acceleration; 1:: Von KArmSns constant (a: 0.41);

u.=\/<u'w'> ; TO=_—<u::r>l (2).

with ts': horisontal wind speed fluctuation; w’: vertical wind speed fluctuation; < - - - > denotes time average.
Empirical analytical expressions for wind and temperature profiles are given in [17]. In general, [or L > 0
the stratification is stable and for L < 0 it is unstable

Figure 1: Typical picture of acoustical
ray tracing for a choice of launching
anglesl calculated [or stable meteorolo
gical conditions with afriction velocity
u. = 0.2 m/s and a temperature scaling
factor T. = 0.1K corresponding to an
Obukhov length of 30m.

distance lml
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Stable atmosphue
(Horizontal) wind velocity u andtemperature T are increasing with height e, the sound speed gradient Vc

('gradient’ refers to the horizontal vector component of the velocity) is positive. The sound rays are bent

towards the ground and converge, the density of rays and hence the sound pressure levels increase near

ground with increasing Vc, yielding the known enhancement of immission levels under downwind £0ndition.’

A typical example is shown in figure 1. The curved rays are characterised by a maximal height a. and a typical

distance a, between successive ground reflections. Both quantities are related to the profile parameters.

Unstable atmosphere

T is decreasing and u in increasing with height, the gradient Vu rapidly decreases with height. Near the

ground, the wind determines Vc| downwind ray patterns look similar to the stable atmosphere case. In

larger heights, the ray pattern is determined by VT. The rays are bent upwards and diverge, the sound

pressure level is reduced [151. A typical example is shown in figure 2‘ The neutral atmophere case lying

between stable and unstable is characterised by a large magnitudc of L; for detail.- aec e.g. [17].

Low level jet

Frequently, a low level jet occurs above a stable atmosphere. In this horilontal jet the wind is stronger and

generally blows into a difl'erent direction than the snrlace wind. Rays penetrating into the low level jet may

he i’ocussed| as shown in figure 3. The horisontal distance between such afocus area and the sound source

depends on the thickness of the surface layer and on the increase of Vc in the low level jet. increase in height

or decrease of gradient causes i'ocussing at larger distance [16].
Profile similarities
In a stable atmosphere T(z) and u(z) yield an approximatively logarithmic sound speed profile with a linear

component era [5]:

 

ch) = to + ea In [“ + cl: (3)

with so: roughness length; so = c(.r = 0); and the linear scaling velocity component

a: = u: + 0.601 Ti; (4)

with w, 7": linear components of uh) and T(a); the scaling velocity

T.a. = "—' +0.60] — (5)
K K

(for simplicity: wind velocity vector is parallel to sound propagation). A similarity relation holds [or rays in

Figure 2: Picture like figure 1 for unsta-

ble conditions with u. = 0.15m/s and
T. = —D.IK corresponding to an Obnl-
hov length of I. = —4 m. Note the diffe-
rent ahsxissa scale.
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stable profiles The characteristic distance 1‘ and the maximal height s._~ of each ray are related by

_ 9’_ _=' L
z: _ 2 [meal + "(50ml (6)

with the empirical constant H I: 0.62.

 

Figure 3: A low level jet frequently ap-
pears above a stable atmosphere In this
ray tracing simulation the stable atmos-
phere with u. = 0.3 m/s and T. = 0.1 K
reaches up to 150 in. The low level jetis
calculated with a linear vertical wind gra-
dient of 0,125" from 150 rn to 200 m.
The data are based on measurements [1‘].
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5. OBSERVABLES IN RAY HISTORY

The direct ray is the first one to arrive at the receiver, followed by rays, which are once or multiply reflected
at the ground. These rays are phase lagged due to larger travel time, to increasing number ofrellections (the
amount of phase shift for every reflectionI between 0 and —r, depending on the ground impedance {) and
by grazing caustics (each contributing -1r/2). It is possible to assign each ray a complete history of phase
shifts undergone, coded in well defined regularity| as has been found empirically
The angle a! incidence of each ray depends on the sound velocity c‘ at the turning point (largest height
reached) [19], this in limply aresult of the law drefraction. The direct rays from source to two microphones,
mounted a horizontal distance d apart each other, arrive with a time dill'crence Atd. Measuring At; yields
5; according to the refraction law: d

= —. 7c. A“ i l
The time difference At) between direct and once ground reflected ray is directly related to the scaling velocity
to in stable profiles It is given by At. = At‘ 1- At, with A1,: geometrical time difference (without any
profile); At': additional time difl'erence due to the profile. For a merely logarithmic profile thecalculation
yields [2] a

A1'
in = DH“ (8)

with D: horizontal distance between source and receiver at same height. ln stable conditions, two measure-
ments of At' are necessary at two heights a, and :3, yielding [2|

 

At' —z At'L=2.s(—L—“’ ‘). 9mg—Ae; . U
At: :3

c. = (10)
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Hence, profile parameters can be determined from time measurements of single rays. Using short impulses
for acoustical measurements, these single rays can be identified. The impuls response at the receiver consists
of a series of pulses, each one corresponding to a single ray path, and can be evaluated as long as the single
pulses can be separated. In terms of wave theory [9 , modes of the transmission, which add in phase at the
receiver, are interpreted as rays.

0. MEASUREMENTS

Mesurement techniques based on cqs. (8.9.10) require an acoustic impulse of moderate power for distances
of some hundred meters. An 'average' profile is determined by the measurement, 'instantaneous' in time
(because the speed of sound is large compared to the fluctuation in the atmosphere) and averaged in
space. Results are reported in [2], details are omitted here. ln the following, long distance propagation
measurements are described, carried out with a powerful plasma impulse sound source [20]. A typical time
signal in 1350 m distance is shown in figure ta. Obviously a direct ray and one reflection are identifiable.
Since profile parameters were monitored during the acoustic measurement with common meteorological
equipment, a ray tracing simulation can be obtained (figure 4b) for comparison. The rays can be regarded
as being grouped in bundles. Each bundle consists of rays hitting the microphone directly and rays ground-
reflected just in front of the microphone, thus having a small tirne lag r. Part of the ray history is listed in
table 1. Each bundle has its own group velocity and hence gives an impulse response with identifiable pulses
in the sense of geometrical acoustics.

hble 1: Listing of the first four bundles of
eigenrays shown in figure 4b. Launching
angles, time diflerences between arrival of
the individual rays and direct ray and level
attenuation of the single rays are noted.
The latter is calculated with the ray tube
method using the croasvsectional area of
the tube in a distance of l m to the source
as reference [21].

 

Knowing geometrical data and atmospheric absorption, the shape (or spectrum) of the measuring impulse
at the receiver can be calculated (figure It]. The small reflection alter 5 ms stems from a reflection at the
source, it is therefore part of the sensing impuls.
Numerical superposition of the direct impulse with the ground reflected one of the same bundle yields the
shape in figure 4d, taking into account a soft ground impedance g and the time lag r. The synthesised impala
resembles the measured one (figure (a) quite well.
The second impulse in figure 4a stems from the bundle 'of rays being ground-reflected at half distance. The
time diflerence between first and second bundle's impulse is according to the prediction of table I. The
geometric convergence of each bundle yields the level enhancement of the measured impulse (figure (a)
compared to the calculated one (figure dd), assuming spherical spreading only. The level difl'erence is of
expected order. Since further peaks in the impulse response are predicted to be smaller (table l), it is not
possible to evaluate this part of the measured signal. Obviously these peahs disappear in the background
noise.
Determination of the sound speed profile with eq. 7 needs the measurement of Ala with at least two micro-
phones. No time resolution of the impulse mponse itself is necessary. A measured example with a 500 He
sine impulse of 150 ms duration is shown in figure 5. The impulse was radiated with an exponential horn
(135 dB SPL at 1 m) and received by two microphones (d = 30 m) in a distance of 5.3 km from the source
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Figure l: 4: ellown n typicul measured
impulse time eignnl. The diltonce bet-
_ween Iource and receiver in 1350 m, the
source is It the ground and the receiver at
a height of 1.5 m. The penh to peak pres-
aure mounts 5.1 Pa. Fig. lb shown the
corresponding ray truing pieture with the
eigen rays, which hit the receiver. They
were calculated with the meteorologicul
date monitored during the rneuurernent
with n meteorological must. The impulse
at 20 me in fig. 4a con-int of the first ray
bundle (tab. 1) with the direct rly and
its reflection. Fig. 4c shows an impuhe
monitored near the source, corrected [or
the distance 0! i350 In with respect to
Iphericul spreading and atmospheric Ib-
aorption “SO 9613). This calculated im-
pulae in used to conltruct an impulu ei-
milu' to that in fig. 4:: Two impulses are
added with the time diflerence within the
first handle of rays according to ray trap
cing. The phase of the second impulse is
shifted 140' usuming a complex ground
impedance. The relult is drawn in fig. «1.
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[16]. Fig. 5e end figure 5h show typical micxuphone nignnle. Calculntion nl’ the instant phase between thetwo aignll: (figure 5:] yieldl a constant phue shift during the leading part of the signal (correspnning tnthe direct. ray], which an be evaluated for ca. With eql. 3 and E it is possible to cnlculnte the height of theturning point.
Two difliculliu afluin this men-tiring technique: Atd 3! unknown in multiples of the period oi the sinusaida]tent. tone. By using three microphone! Or spectral broadening, the result will get unique. Mare problem:urine from the meteorological conditions in the ground near surface layer, they Ire not reported in this paper.
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Figure 5.- 53 and 5b show a 500 H: sine
pulse receiv:d by two mierophnnee in 5.3
km dilhlnCe from the source and 30 m
apart each other. The time nil in 5b in
lhilted At", = 87.4 the corresponding to
the expected diEetence in arrival time: [or
the sound velocity 345.2 m]. in the height
oi the miu’DphOnel. 5c shows the phase
djfimnce between bath time signill. It is
neuly conltnnt 270° in the range of the
time li'nlll. Thin difference corresponds
to a time of 1.5 me (a: 3.5 me, 5.5 ms
.... respectively, because u! the periodi-
city 9! the lignnl). The difference 1.5 me
determines a. time lag Ala = 85.9ma, yiel-
ding I sound speed 1:. = 349 mi: in the
turning point. The time difierencel also
yield the Ingle of incidence of the seam
med plane wave frontl, which is calculated
to 10.6". A time difierence of 3.5 rue de- I
tea-mine: e. Atd 2 “Am, a smmd epeed
c. =1 355 min and an angle a! 15“. Both
cue! agree with resultl nf ray tracing si-
mulationl (16° furthe direct bundle and.
11' for the mend one].

0 Ion 20!! 30B 405 550
lime lmll   
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8. SUMMARY

Concepte of determining the sound speed profile in the atmospheric boundary layer through meuurementa

oi aound propagation are preaented. Extraction ui apropriate acoustic parameter! and competition with ray

tracing simulations enable. [or a measurement of wind and temperature field: in the atmnepere. future use

nf mimphnne arrays in special geometries will allow [or an extended application to turbulence parameter:

and further approanh the aim of tomographic aounding.
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