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1. INTRODUCTION

Sonnd propagation outdoors is mainly 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 of tomographic methods in environmental research ia commonly applied in ocean acoustics [1):
Three dimensional pictures of the velocity and temperature field are reconstructed from long distances sound
velocity measurements in water. The solution of the inverse problem can be achieved because assumptions
on the wave propagation through the mediom 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 firs¢ statistical moments of the temperature and wind field [3,
4]. This paper reports measuring and evaluation techniques for determination of meteorological parameters
from sound propagation measurements.

It is advantageous to use sound aa 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 difficalt to mount a mast, e.g. near sirfields. Micrometeorological problems, like the
investigation of wakes behind windturbines or buildings, can be studied without using groups of individual
Bensor masts.

One important improvement of acoustical sounding compared to optical sensing is the increase in sensitivity.
The index of refraction 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 wavenumber is large compared to
gradients of the feld of the refraction index. This situation is often the case in the stratifed boundary
layer {except in direct vicinity of the ground). An index of refraction increasing with height causes sound
rays to be bent downwards. Under downwind condition the sound waves radiated from a source can thus
be measured with microphones near the ground. Simple and fast ray tracing procedures are avuilable to
simulate the sound propagation (e.g. [5, 8, 7]). Comparing the simulation with the measured magaitude and
phase of the sound pressure at different distances from the source, it is possible Lo deduce the average wind
and temperature field for numercus meteorclogical situations. In tomegraphy, a sufficiently large number of .
prepagation paths must be known to calculate the spatial distribution of the field of the 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 different sound rays can already reveal the profile’s parameters
12, 13]. Characteristic patterns of the ray propagation can be evaluated to determine specific parameters of
the profile, even in cases of insufficient analytical description of the profile function.
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3. WAVE PROPAGATION

A general analytical golution for the description of wave propagation through the inhomogenous, turbulent
atmosphere does not exist. Numerical atlempts to solve the wave equation with the assumption of frosen
turbulence are successful, especially in using the concept of decomposing the refraction index profle in a
Fourier seriea {Fast Field Program FFP [8]}. But the numerical integration also bears some disadvantage: It
is difficult to control the reliability. Increasing the resolution in space and frequency leads to extremely time
consuming calculation. Solving the basic differential equation as far as possible with certain approximations
reduces computation time, the numerical evaluation of the remaining integrals is usually much more efficient
|9) than grid-wise integration of the wave equation.

It is practically hopeless to use the FFP approach for numerical determination of the statistics of the {non-
frosen) atmosphere, though sometimes spare computer time might allow for the necessary large number
of iterations [10]. Encouraging results have been achieved in developing methods for solving momentum
equations [3, 4, 11). Thus, it is possible Lo determine moments of the refraction index distribution from
measured moments of the acoustic wave. This approach is principally outlined in |4] and has not baen
applied to the outside stmosphere yet, hence this paper just cites sample measurements carried out in a
model atmosphere [18].

In the following, the main attention is directed to the use of ray tracing for tomographic sensing, though
recently (9] the 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 [7).

4. RAYS IN TYPICAL METEOROLOGICAL CONDITIONS

The interrelated wind and temperature fonctions in the boundary layer can be described by the Monin-
Obukhov similarity theory |12], except for weak wind or in calm atmosphbere. The friction velocity us and
the scaling temperature Tu are combined in a stability parameter L {Monin-Obukhov length):

T\ u?
- ()% .
with Tm: menn surface temperature; g: gravitational acceleration; x: von K&rméns constant (rs 0.41);
us = V< v > T¢=%T,—>, (2)
»

with u': horisontal wind speed ﬂuntﬁation; w': vertical wind speed Suctuation; < --- > denotes time average.
Empirical analytical expressions for wind and temperature profiles are given in [17]. In general, for 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
angles, calculated for stable meteorclo-
gical conditions with a friction velocity
u, = 0.2m/s and a temperature scaling
factor T. = 0.1K corresponding to an
Obukhov length of 30m. ’
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Stable atmosphere

(Horisental) wind velocity u and temperature T are increasing with height z, the sound speed gradient Ve
(‘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 Ve, yielding the known enhancement of immission levels under downwind condition.
A typical example is shown in figure 1. The curved rays are characterized by 8 maximal height z. and a typical
distance z, between successive ground reflections. Both quantities are related to the profile parameters.
Unstable atmosphere

T is decreasing and u is increasing with height, the gradient Vu rapidly decreases with height. Near the
ground, the wind determines Ve, downwind ray patterns look similar to the stable atmosphere case. In
larger heights, the ray pattern is determined by VI. The rays are bent upwards and diverge, the sound
preasure level is reduced [15]. A typical example is shown in figure 2. The neutral atmophere case lying
between stable and unstable is characterised by o large magnitude of L; for details see e.g. [17]

Low level jet

Frequently, a Jow level jet otcurs above a stable atmozphere. In this horisontal jet the wind is stronger and
generally blows into a different direction than the surface wind. Raye penetrating into the low level jet may
be focussed, as shown in Ggure 8. The horisontal distance between such a focus area and the sound source
depends on the thickness of the surface layer and on the increase of Ve in the low level jet. Increase in height
or decrease of gradient canses focussing at larger distance [16].

Proflle similarities

In a stable atmosphere T%(2) and u{z) yield an approximatively logarithmic sound speed profile with a linear
component ¢is |5

elz) =co+cuin [(3_1’032)_] +ez (3
with z5: roughness length; cp = c(z = 0); and the linear scaling velocity component
¢ =u+08017T;; (4}
with ug, Ti: linear components of u(z) and T(z); the scaling velocity
Te

- (5}

o = 22 40,801
[ 3

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

]

Figure 2: Picture like figure 1 for unsta-
ble conditions with u, = 0.15m/s and
T. = —0.4K corresponding to an Obuk-
hov length of L = —4m. Note the diffe-
rent abszissa scale. .
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stable profiles [5]. The characteristic distance z. and the maximal height z, of each ray are related by

z=2[i._+ﬂ_.c.‘_ - (5) 1
© T 2eoze) T (eosl)

with the empirical constant H s 0.62,

§ T
Si o NN e e Figure 3: A low Jevel jet frequently ap-
z pears above a stable atmosphere. In this
zgl ray tracing simulation the stable atmos-
% phere with v, = 0.3m/s and 7. = 0.1K
< reaches up to 150 m. The low leval jet is
b o calculated with a linear vertical wind gra-
dient of 0.125™! from 150 m to 200 m.
. The data are based on measurements [14).
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5. OBSERVABLES [N RAY HISTORY

The direct ray is the firet 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 of reflections {the
amount of phase shift for every reflection, between 0 and —r, depending on the ground impedance ¢) and
by graszing caustics (each contributing -/2). It is passible to amsign each ray s complete history of phage
shifts undergone, coded in well defined regularity, as has been found empirically |5].

The angle of incidence of each ray depends on the sound velocity ¢; at the turning point {largest height
reached) [19), this is simply 2 result of the law of refraction. The direct rays from source to two microphones,

mounted 3 horizontal distance d apart each other, arrive with a time difference Atg. Mensuring Az, yields
¢; according to the refraction law;

- d

= — 7
“= AL ("
The time difference At; between direct and once ground reflocted ray is directly related to the scaling velocity
¢« in stable profiles [2). It is given by At, = A¢ + Aty with At,: geometrical time difference (without any

profile); At" additional time difference due to the profile. For a merely logarithmic profile the calculation
yields 2]

At'eed

U T el

(8

with D: horizontal distance between source and receiver at same height. In stable conditions, two measure-
ments of At' are necessary at two heights 7, and 23, yielding [2]

At — 2 AL

I,-_-z_s(—-i-—-"l 2 ‘), 9
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cy = m——)—] (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 raya can be identified. The impuls response at the receiver consists
of 5 series of pulses, each one corresponding to a single ray path, and can be evaluated as long as the ningle
pulses can bo separated. In terms of wave theory [9], modes of the wransmission, which add in phase at the
receiver, are interpreted as rays.

6. MEASUREMENTS

Mesurement techniques based on eqs. (8,9,10) require an acoustic impulse of moderate power for distances
of some hundred meters. An 'average’ profile is determined by the measurement, “instanianeous® in time
{because the speed of sound in large compared to the fluctuations in the atmosphere] and averaged in
space. Results are reported in [2), detaila are omitted here. In 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 Ggure 4a. Obviously a direct ray and one reflection are identifiable.
Since profile parameters were menitored during the acoustic measurement with common meteorological
equipment, a ray tracing simulation can be obtained {figare 4b) for comparison. The rays can be regarded
as being grouped in bundles. Each bundle consists of rays bitting the microphone directly and rays ground-
reflected just in front of the microphone, thus having & emall time lag r. Part of the ray hintory 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.

launching angle | arrival time | lovel decreass

° difference [ms] [dB] Table 1: Listing of the first four bundles of
7.0410 ] -38.7 cigenrays shown in figure 4b. Launching
7.0242 0.7 -87.7 angles, time differences between arrival of
6.4875 46 -40.4 the individual rays and direct ray and level
8.4747 5.3 -40.8 attenuation of the single rays are noted.
6.3083 7.3 -45.5 The latter is calculated with the ray tube
©.2057 ’ 8.0 -42.1 method using the cross-gectional area of
8.2277 . 9.6 -46.1 the tube in a distance of 1 m to the source
6.2240 10.8 -46.0 as reference [21].

Knowing geometrical data and atmespheric abzorption, the shape (or spectrum) of the measuring impulse
at the receiver can be calculated (figure 4c). The small reflection after 5 ms atems 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 » soft ground impedance ¢ and the time lag v. The aynthesised impuls
resembles the measured one (figure 4a) quite well. .

The second impulse in figure 4a stems from the bundle of rays being ground-reflected at half Qistance. The
time difference between first and second bundle’s impulse is according to the prediction of table 1. The
geometric convergence of ¢ach bundle yields the level enhancement of the measured impubse (figure da)
compared to the calculated one (figure 4d), assuming epherical apreading only. The level difference ia of
expected order. Since further peaks in the impulse response are predicted to be smaller {Lable 1), it is not
posaible to evaluate this part of the measured signal. Obviously these peaka disappear in the background
noise.

Determination of the scund speed profile with eq. 7 needs the measurement of Aty with at least two micro-
phones. No time resolution of the impulse response itself is necessary. A measured example with a 500 Hs
sine impulse of 150 ms duration is shown in Ggure 5. The impuble was radiated with an exponential horn
{135 dB SPL at 1 m) and received by two microphones (d = 30 m} in & distance of 5.3 ki from the source
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Figure 4: 4a shows a typical measured
4b impulse time signal. The distance bet-
ween source and receiver is 1350 m, the
source is at the ground and the receiver at
a height of 1.5 m. The peak to peak pres-
sure amounts 5.7 Pa. Fig. 4b shows the
corresponding ray tracing picture with the
eigen rays, which hit the receiver. They
were calculated with the meteorclogical
data monitored during the mensurement
with a meteorological mast. The impulse

distants Il 301 at 20 ms in fig. 4a consist of the first ray
T T bundle {tab. 1) with the direct ray and

: : 4C |[[its reflection. Fig. 4c shows an impulse

| monitored near the source, corrected for
the distance of 1350 m with respect to
spherical spreading and atmospheric ab-
sorption {ISO 9613). This calculated im-
pulee is used to construct an impulse si-
_.{ | milar to that in fig. 4a: Two impulses are
added with the time difference within the
; : ; first bundle of raya according to ray tra-
o — m 3 2c) €ing. The phase of the second impulse is
time [mal shifted 140° assuming a complex ground
T : impedance. The result is drawn in fg. 4d.
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[16]. Fig. 5a and figure 5b show typical microphone signals. Calculation of the instant phase between the
two signals (figure 5¢) yields a constant phase shift during the leading part of the signal (corresponing to
the direct ray), which can be evaluated for ¢;. With egs. 3 and 6 it is possible to calculate the height of the
turning point.

Two difficulties arise in this measuring technique: Aty is unknow
test tone. By using three microphones or spectral broadening,
arise from the meteorological conditions in the ground near su

m in multiples of the period of the sinusoidal
the result will get unique. More problems
rface layer, they are not reported in this paper.

5a

amplitude

Figure 5: 5a and 5b show a 500 Hi sine
pulse received by two microphones in 5.3
km distance from the source and 30 m
apart each other. The time axis in 5b is
shifted At,.; = 87.4 ms corresponding to
the expected difference in arrival times for
the sound velocity 343.2 m/s in the height
of the microphones. 5c shows the phase
difference between both time signals. It is
nearly constant 270° in the range of the
time signals. This difference corresponds
to a time of 1.5 ms (or 3.5 ms, 5.5 ms
+++, respectively, because of the periodi-
city of the signal). The difference 1.5 ms
determines a time lag At; = 85.9 ms, yiel-
ding a sound speed ¢; = 349m/s in the
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o 150 260 360 e e t1}ming point. The' ti.me differences also

o time [ms] yield the angle of incidence of the assu-

= ' .—Sc med plane wave fronts, which is calculated

to 10.6°. A time difference of 3.5 ms de-

ﬁg termines a Aty = 84.4ms, a sound speed

8 ¢ = 355m/s and an angle of 15°. Both

58 cases agree with results of ray tracing si-

%" mulations (16° for the direct bundle and
e 11° for the second one).
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8. SUMMARY

Concepts of determining the sound speed profile in the atmospheric boundary layer through measurements
of sound propagation are presented. Extraction of apropriate acoustic parameters and comparision with ray
tracing simulations enables for a measurement of wind and temperature fields in the atmospere, future use
of microphone arrays in special geometries will allow for an extended application to turbulence parameters
and further approach the aim of tomographic sounding.
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