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Introduction 
The speed of sound in air mainly depends on temperature 
and flow properties along the propagation path of acoustic 
signals. Thus, measuring travel-times between a sound 
source and a receiver knowing the sound ray path length, 
averages of these meteorological quantities along the sound 
propagation path can be deduced. Considering travel-time 
measurements along different paths through the investigated 
medium and using tomographic techniques, as known from 
medical applications, spatially averaged distributions of 
temperature and flow can be calculated. Theoretical as well 
as experimental investigations have been carried out in the 
field of meteorology since 1996 [1]-[3]. However, these 
works deal with measurement areas which exceed some ten 
metres, focus on tomographic reconstructions of temperature 
fields and a two-dimensional arrangement of sources and 
receivers. 

To enable investigations of temperature and flow fields with 
smaller extension of the measurement site (spatial scale of 
about one metre), a small-scale tomographic system has 
been developed [4]. Furthermore an algorithm for 
tomographically estimating two-dimensional flow fields has 
been included into the system [5].  

Enhancements of the technique regarding the possibility of 
reconstructing three-dimensional distributions of flow and 
temperature from travel-time measurements are presented 
here. They include adaption of hardware components as well 
as an updating of software parts. Simulation results as well 
as first experimental investigations are described.  

Background of acoustic travel-time 
tomography 
Speed of sound in air 
The speed of sound in air c mainly depends on temperature 
and flow properties along the propagation path. It is given by 

( )L avc n vc T= + , 1m s−⎡ ⎤⎣ ⎦  (1)

where v is the wind vector, n is the unit vector in sound 
direction and cL denotes the temperature-dependent 
Laplace’s sound speed 

L d d avc R Tγ= . 1m s−⎡ ⎤⎣ ⎦  (2)

The Laplace’s sound speed depends on the properties of the 
propagation medium (ratio of heat capacities for constant 
pressure and constant volume dγ  = 1.4, gas constant for dry 
air Rd = 287.05 J kg-1 K-1) and on the acoustic virtual 
temperature Tav. This temperature takes the influence of 

humidity (specific humidity q) on RL and dγ  into account 
and depends on the air temperature T as follows 

( )av 1 0 513.T q T= + . K⎡ ⎤⎣ ⎦  (3)

Since humidity varies much less than temperature within an 
air volume and the effect of humidity on Tav is at least one 
order of magnitude smaller than T, temperature distributions 
within a certain volume are well expressed in terms of Tav. 

Tomographic reconstruction of distributions 
There are different approaches for tomographically 
determine distributions of meteorological quantities. For a 
two-dimensional arrangement of sources and receivers, 
different algorithms for tomographic temperature 
reconstructions have been tested by Fischer et al. [6]. For 
operational applications, a fast algorithm with good 
convergence properties is needed. These demands are met by 
the simultaneous iterative reconstruction technique (SIRT) 
which is used for three-dimensional reconstructions as well.  

The application of SIRT demands a discretization of the 
measuring volume. Due to this, the measurement volume is 
subdivided into three-dimensional grid cells of definite 
extension. Furthermore, reconstruction of temperature and 
flow fields from travel-time measurements using SIRT is 
done independently. Thus, the two influences on the speed 
of sound have to be separated from each other prior to 
tomographic reconstruction. 

Separation of influences on the speed of sound 
For separating the influences of temperature and flow on the 
speed of sound, their physical properties are used. While 
temperature exerts an influence which is independent from 
direction (scalar influence), sound speed increases in 
downwind and decreases in upwind direction (vectorial 
influence).  

Assuming straight sound propagation, which is almost valid 
for short distances, analyses of sound speed values along 
reciprocal or bidirectional sound ray paths (see Figure 1) can 
be used to separate the two influences.  

 
Figure 1: Bidirectional sound propagation 
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Summation of measured sound speed values along the sound 
ray path in reverse direction (reciprocal sound ray paths) or 
in opposite direction along two parallel sound ray paths 
which are close to each other (bidirectional sound ray paths) 
leads to the temperature dependent Laplace’s sound speed 

forward backward
L 2

c c
c

+
= . 1m s−⎡ ⎤⎣ ⎦  (4)

On the other hand, the difference between the measured 
sound speed along opposite directions leads to the flow 
properties along the sound ray path 

forward backward

2
c c

flow
−

=  1m s−⎡ ⎤⎣ ⎦  (5)

Example tomographic reconstructions 
In this section, exemplary reconstructions of three-
dimensional temperature and flow fields are presented. First 
of all, reconstructions of simulated fields are shown. 
Secondary, an experimental application of the acoustic 
tomographic system within a wind tunnel is presented.   

Simulated three-dimensional temperature fields 
Properties of the three-dimensional tomographic algorithm 
for temperature reconstruction have been tested using 
different simulated three-dimensional temperature 
distributions. First, a measurement volume has been defined 
which extends to 2 m × 2 m × 2 m. Around the volume, 16 
(virtual) source-receiver pairs were arranged in such a way, 
that a nearly homogeneous covering of the volume with 
sound ray paths could be assured (Figure 2). (The number of 
sources and receivers corresponds to the maximum number 
of acoustic in- and output channels which are available 
within the present hardware of the tomographic system).  

 
Figure 2: 3D arrangement of 16 sound sources (blue) and 
16 receivers (red) and resulting sound ray paths (green). For 
tomographic reconstruction the measurement volume is 
divided into grid cells with an edge length of 0.4 m (black). 

 
For the measurement volume, different temperature 
distributions have been simulated with high spatial 
resolution (0.05 m × 0.05 m × 0.05 m). Two examples, a 
linear gradient and a local temperature anomaly are shown in 
Figure 3 (left) and Figure 4 (left), respectively.  

According to the sound ray paths, these temperature values 
are converted into temperature dependent travel-time values 
which serve as input values for tomographic reconstruction 
using SIRT. For the reconstruction, the measurement volume 
was subdivided into grid cells with an edge length of 0.4 m. 
To ensure continuous distributions, an interconnection 
between single grid cells was enabled. This means that 
within every iteration step each grid value is calculated 
depending on adjacent grid cells. The coupling can be 
adjusted using a weighting factor which ranges from 0 (no 
coupling at all) to 1 (same weighting for adjacent grid cells 
as for the central cell which is examined). In simulations, 
best results were obtained using weighting factors of 0.01. 

 

Figure 3: Horizontal slices through a simulated acoustic 
virtual temperature field with high spatial resolution (left) 
and tomographically reconstructed field (right). The 
predetermined temperature field is characterized by a 
horizontal temperature gradient ranging from 18 degrees 
Celsius to 19 degrees Celsius. For reconstruction a weak 
coupling between adjacent grid cells was applied 
(weighting factor: 0.01). 

 
In Figure 3 (right) and Figure 4 (right) results of the 
reconstruction of the simulated temperature fields after 50 
iterative steps are shown.  

There is a very good agreement between the simulated and 
reconstructed linear gradient field in Figure 3. Both, the 
structure of the field and absolute values agree very well.  

 

 

Figure 4: Horizontal slices through a simulated acoustic 
virtual temperature field with high spatial resolution (left) 
and tomographically reconstructed field (right). The 
predetermined temperature field is characterized by a local 
temperature anomaly in the centre of the measurement 
volume. Its amplitude is 3 K compared to a background 
temperature of 0 degree Celsius. For reconstruction a weak 
coupling between adjacent grid cells was applied 
(weighting factor: 0.01). 

 

The reconstructed temperature anomaly shows good 
agreement with the simulated field concerning the location 
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of the anomaly in the centre of the measurement volume and 
the general properties of the field. Apart from that, the 
maximum value in the middle of the measuring area is 
underestimated. The maximum temperature in the centre of 
the measuring volume is simulated to be 3 degrees higher 
than the surrounding, which is 0 degrees Celsius. The 
reconstruction shows an average of only 2 degrees Celsius 
within the central grid cell. This underestimation of strongly 
local inhomogeneities is due to an averaging effect of the 
reconstruction procedure. 

Experimental investigation within a wind 
tunnel 
Present hardware of the model-tomographic system was 
optimized for two-dimensional applications. That means, 
that sound sources were constructed that ensure a horizontal 
homogeneous sound emission. For three-dimensional 
applications new sources had to be developed which emit 
acoustic signals into one half-space at least. Furthermore the 
size of the sensors had to be kept as small as possible to 
guarantee a minimum influence on meteorological properties 
(esp. wind) within the measuring volume and to ensure a 
high degree of accuracy for the estimation of sensor 
positions.  

Thus, sound sources as shown in Figure 5 have been 
developed. Fundamentally, they consist of a micro-speaker 
which is mounted within a special housing. The speaker’s 
diameter is 14.8 mm and their frequency range goes from 
about 750 Hz to 20 kHz. The flat conical housing improves 
the sound emission for low frequencies (prevention against 
acoustic short circuit) and enables a flexible mounting of the 
sound sources.  

 
Figure 5: Source-receiver unit for three-dimensional 
tomographic applications consisting of a 1/4'' condenser 
measuring microphone and an in-house designed flat 
speaker. 

 
In order to allow a separation of the influences of 
temperature and flow on the speed of sound, bidirectional 
sound propagation is regarded. Therefore, source-receiver 
units (see Figure 5) are used which consist of a speaker as 
described before and a receiver (1/4'' condenser measuring 
microphone). The distance between the microphone and the 
speaker is 100 mm. 

First experimental applications of the new hardware were 
realized within the low-speed wind tunnel of the Technical 
University of Dresden, Germany. The nozzle of the wind 
tunnel has a diameter of 3 m. The free working section is up 

to 4 m long which gives the opportunity to place the whole 
tomographic model system within the air flow.  

For measurements, 16 source-receiver units were placed 
around the measurement volume as shown in Figure 6. 

 
Figure 6: Three-dimensional arrangement of 16 source-
receiver units (loudspeakers: blue, microphones: red) and 
resulting sound ray paths (green). Grid cell edge length is 
0.25 m (black). 

 
Altogether, the nearly cubic volume (1.3 m × 1.0 m × 1.2 m) 
was traversed by 256 single sound ray paths. For 
determining acoustic travel-times, pseudorandom noise 
(MLS: maximum length sequences) are used. These 
broadband signals have characteristics of white noise, but 
are deterministic. Furthermore, they have favourable 
correlation properties (nearly impulse-like auto-correlation 
function, vanishing cross-correlation function between 
different sequences, and they are unsusceptible against 
ambient noise) [7]. Single acoustic measurements with all 
source-receiver-units took place every 20 seconds. The 
length of each acoustic signals was 0.6 s. 

The measurements presented here took place while the 
nozzle of the wind tunnel was partly blocked to generate 
flow inhomogeneities (Figure 7, right). For comparison, 
measurements of the approach velocity at the tomographic 
measurement volume were conducted using a hot film probe. 
At the upper layer of the measurement area the velocity was 
2.4 m s-1. In the middle it was 0.5 m s-1 and near the bottom 
of the measurement volume it was nearly zero. For further 
illustration, the flow properties within the measurement 
volume were visualised using fog (Figure 7, left). 

For tomographic reconstruction the measuremente volume 
was subdivided into grid cells with an edge length of 0.25 m 
(Figure 6). 250 iteration steps were used to reconstruct the 
flow properties. Between single grid cells a weak coupling 
(weighting factor 0.01) was adopted. 
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Figure 7: Experimental tomographic set-up within a wind 
tunnel (left). The acoustic measurements took place while 
the wind tunnel nozzle was partly blocked (right) to 
generate flow field inhomogeneities. For illustration, flow 
conditions are visualised using fog (left). 

 
Figure 8 represents the average properties of the flow field 
(mean value of 15 single measurements) for the partly 
blocked nozzle as described above. The result shows a 
vertical gradient of velocity values. Maximum wind is 
reconstructed at the upper part of the measurement volume. 
Minimum wind is observed nearly the lower boundary where 
the flow is nearly totally blocked by the obstacle in the wind 
flow.  

 
Figure 8: Tomographically reconstructed wind speed in 
m s-1 from acoustic travel-time measurements for a partly 
blocked wind tunnel nozzle. 

 

Reconstructed values range from 2 m s-1 to 2.5 m s-1 at the 
top slice of the measurement volume to nearly zero wind at 
the lowest layer. In between the values show a vertical 
change which corresponds to the measurements obtained by 
the hot film probe. 

Conclusions 
Simulations and measurements showed that the acoustic 
tomographic system is applicable for three-dimensional 
investigations of temperature and wind fields.  

The construction of special speakers enables a hemispherical 
sound emission and a high flexibility in positioning of the 
sources around the measuring volume. Combined source-
receiver units enable bidirectional sound propagation which 
is used to separate the influences of temperature and wind 
speed on the speed of sound in air.  

Tomographic reconstruction of temperature and flow 
properties is done independently, using the simultaneous 
iterative reconstruction technique. Results show a good 
agreement between predetermined distributions (simulated 
fields) and comparative measurements (wind tunnel 
experiment). However, simulations showed that strong 
inhomogeneities are underestimated by acoustic tomography 
due to an averaging effect of the tomographic algorithm.  

A better spatial resolution of the measurement volume 
(higher number of grid cells) with a more accurate 
representation of inhomogeneities could be achieved using 
more sound sources and receivers resulting in a higher 
number of measurements (sound propagation paths).  
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