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ABSTRACT 

For the monitoring of the strong vortex wind field like a tornado, an acoustic tomographic technique for the recon-
struction of two-dimensional vortex air flow profile from the observation of the acoustic travel time data between  
facing pairs of line array was investigated. When the vortex wind field is inclined with respect to the observation 
plane, supeposition of the axial constant air flow component hamperes the estimation of the horizontal vortex air flow 
fields. For the solution of this problem, a tomographic method for the inclining vortex air flow profile from the single 
view parallel array observation data has been demonstrated. We assumed that wind field consists of the superposition 
of the anti-symmetric vortex flow and symmetric vertical axial flow. On this basis, the extraction of the anti-
symmetric vortex flow components was presented. Test examinations were carried out using an indoor model equip-
ment with the multi-channel bidirectional ultrasonic transmitter/receiver circuit. It was demonstrated that vortex wind 
velocity fields could be reconstructed with satisfactory quantitative precision of the vortex maximum velocities and 
size.  

1.  INTRODUCTION 

A monitoring system for a gust of wind like a tornado is 
desired such as in railroads or airports. It is not realistic to 
use an anemometer for this purpose because ordinary 
anemometers are of fixed observation in situ and large 
numbers must be needed. Acoustic tomography1-4 is expected 
to be the solution to the problem, since airflow velocity 
profile can be reconstruceted by the calculation on the basis 
of measurement data of acustic travel times in the channels 
between transmiters and receivers. So far, a method has been 
proposed by the present author by placing acoustic line array 
elements along the facing sides of the monitoring region5,6. 
The mothod was however limited for the non-inclining vortex 
wind field, which was not practical in real situation. In order 
to extend the previous method to cover the inclining vortex 
wind field, superposition of the vertical axial air flow 
component hampers the reconstruction of the vortex air flow 
profile. To this end, the target horizontal vortex components 
are extracted from the superposed axial flow components 
using the symmetrical property of the travel time 
characteristics along the observation line. As a indoor 
experiment system, 10 pairs of ultrasound 
transmitter/receiver are arrayed on a facing sides of the 
measurement region of 36 cm x 36 cm. Vortex wind fields 
generated by the electric fan (with diameter 190 mm) are 
reconstructed under the various wind source inclinatin 
conditions. By this means, precisions of the estimated vortex 
parameters (maximum vortex flow speed, size and position of 
the vortex wind field) are examined to  justify the feasibility 
of the present method. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. ACOUSITC TOMOGRAPHY OF VORTEX 
WIND FIELDS  

2.1 Model of inclining vortex wind field 

We consider a model of up-flow inclining vortex wind field 
as follows. The wind field is assumed to be the sum of the 
vortex component vrot and axial flow component vaxis in the 
inclined coordinate as 

rot axis= +v v v                                                         (1) 

Figure 1. Schematic description of inclining vortex 
wind field. 
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We denote an observation coordinate (x,y,z) setting z axis to 
be normal to the (x,y) observation horizontal plane, as shown 
in Figure 1. We consider the tomographic problem to recon-
struct the vortex wind flow field vrot from the observation of 
the bidirectional acoustic travel time difference data between 
facing pairs of transmitters and receivers. We define an in-
clining vortex wind field coordinate as (x',y',z'), where axial 
direction of the vortex is along z’ axis, inclining angle be-
tween z’ and z as θ, angle between x and projection of z’ over 
the observation plane (x,y) as φ. We assume that the vortex 
wind fields component described by vrot(x’,y’) is rotation 
symmetric around z’-axis, in addition, vaxis is along z’-axis. 
For such case,  model vortex field function is assigned as 
 
 
                                                                                          (2) 
                                                   , 
                                                                                                      
where v0 and V0 are amplitude coefficients of vortex and axial 
components, respectively, Rw is the width of vortex, (R,α) is 
a polar coordinate which is connected to the orthogonal coor-
dinate (x', y')  through the relation: 
 
                                                               .                          (3) 
The relationship between (x,y,z) and (x',y',z') are given by  the 
coordinate rotation formula, where observation coordinate (x, 
y, z) is transformed to the wind field coordinate (x',y',z') by 
rotating θ around y’-axis and then φ around z’-axis. Wind 
flow velocity in observation coordinate (vx,vy,vz) is therefore 
related with that of the original coordinate (vx’, vy’, vz’) as  
 
                                                                                       (4) 
                                                                       .  
 

2.2 Description of inclining vortex wind fields with 
the travel time observation data 
We consider the data observation arrangement where the 
acoustic wave transmitter and receiver facing pairs are placed 
on the opposite side along the observation line which is in 
parallel to x axis over the horizontal (x,y) plane. Bidirectional 
travel time difference ∆T(x) between facing pair elements is 
expressed with the use of the wind velocity field vh(x,y) in the 
horizontal plane through the relation:  
                                                                                           (5) 

where Tab is the travel time between transmitter a and re-
ceiver b, as well as Tab between transmitter b and receiver a,   
c(x, y) is sound velocity in the medium and dl is line element 
vector on the straight path between a and b. 
We make a formulation for decomposing travel time differ-
ence ∆T(x) into the vortex component ∆Trot and the axial flow 
component ∆Taxis like 

∆T =∆Trot + ∆Taxis     .                                                  (6) 

From the equations (1),(5) and (6), horizontal (x,y) plane 
components of the vortex flow vh

rot is  related with ∆Trot as 
 
                                           .                                            (7) 

2.3 Discrimination of vortex and axial flow compo-
nent 
It is noted here that ∆Trot becomes anti-symmetric against the 
centre position of the vortex, on the other hand, ∆Taxis sym-
metric, using the assumption that vortex wind fields is rota-
tion symmetric (see Figure.4). Applying the symmetric prop-
erty of the travel time difference along the observation line, 
vortex flow components can be discriminated from the axial 
components. In particular, vortex field components ∆Trot are 
estimated by fitting the anti-symmetric theoretical functional 
curve of eq.(2) to the observation data ∆T as shown in Figure 
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Figure 3. Acoustic wave transmitter and receiver  
arrangement for the vortex flow field imaging. 

Figure 4. Decomposition of the travel time differ-
ence data into vortex and axial wind field component. 
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5. It is expected that ∆Trot thus obtained is yielded by the 
vortex wind field components vrot

h(x,y) in the horizontal (x,y) 
plane, similarly, ∆Taxis by the axial flow component by 
vh

axis(x,y). Once ∆Trot is obtained, the vortex wind field vh
rot 

can be reconstructed based on the method which is described 
in the next subsection. 

2.4 Reconstruction of the vortex wind field 

Knowing  the vortex components of the travel time data as 
described above, the objective vortex wind field can be re-
constructed based on the assumption that vortex wind fields 
is rotationally symmetric around the vertical axis. To this end, 
vortex flow vh

rot is represented by its vector potential ΨΨΨΨh    . 
According to the assumption described before, vector poten-
tial of the vortex field must have only z’ component. That is, 

'
h h

rot z= ∇× Ψv e  ,                                                        (8) 

where ez’ denotes unit vector in axial z’ direction.  
With the substitution of (8) into (7), the vortex components 
of the travel time difference ∆Trot is expressed as  

rot 2

1
( , )

b h

a
T x y d

c
∆ = − ∇× ⋅∫ Ψ l ,                       (9) 

where ΨΨΨΨh is the vector potential of vortex flow vh
rot. 

Equation (9) can be solved by applying the Fourier central 
slice theorem for the vector field, which is a straightforward 
extension of that for the conventional scalar field1. To show 
this, we denote the parallel beam set of the travel time data as 
∆Tβ(ρ) along the coordinate ρ at rotational angle β.  One-
dimensional Fourier transform of travel time ∆Tβ(ρ) with 
respect to ρ, which is denoted by           , is then related to the 
two-dimensional Fourier transform of the vector potential: 
 

                                     ,                                            (10) 
 

where (Kx,Ky) is the spatial angular frequency of the vector 
potential field.   

We assume here the vortex wind velocity field as rotationally 
symmetric. On this assumption, ∆T β(ρ) becomes constant 
regardless to β. Therefore, data  is obtained over the entire 
Fourier plane from a specified single rotational data ∆Tβ(ρ). 
Vector potential ΨΨΨΨh(x,y) is calculated by applying two-
dimensional inverse Fourier transform of the data thus ob-
tained. Finally, objective vortex wind velocity vrot(x,y) can be 
obtained from the following rotation operation: 

rot( ,  )   ( , )h hx y x y= ∇×v Ψ                                     (11) 

 

3. EXPERIMENT EXAMINATION 

3.1 Experiment Set-up 

Figure 6 shows the indoor experimental set-up fabricated to 
examine the validity of the present vortex wind flow tomo-
graphic reconstruction method. To this end, 10 pairs of ultra-
sonic transmitter/receiver (with centre frequency 40kHz) 
were placed with spacing 40mm on the opposite sides of the 
square plane of 360mm x 360 mm. Sine pulse waves are sent 
from the transmitter and received waves transmitted through 
the measurement area were digitized by the digital signal 
processor  (DSP). The measured travel data were transferred 
to the personal computer (PC) and wind flow tomography 
calculations were carried out. An electric fan with aperture 
diameter 190mm was placed underneath the horizontal meas-
urement plane facing its front to obliquely upper direction 
with its inclination angle θ and rotation angle φ. 

 

3.2 Measured travel time data along x-axis for the 
different vortex inclination angles 

Inclination angle of wind fan axis was set at θ=30°, and its 
rotation angle φ was changed at φ=0, 45, 90°. Figure 7 shows 
the variation of the travel time difference ∆T(x) along obser-
vation x-axis. The solid lines are measured results and dotted 
lines results of the simulation, where (a) shows the case for 
φ=0°, (b) for φ=45°, and (c) for φ=90°, respectively. Note 
that the simulations were carried out under the same condi-
tion used in the experiment except that the centre position of 
the vortex was set at the origin.  

Figure 7. Variation of the travel time difference 
along x-axis. Left-hand figures show the results for 
the different inclination angles: (a)φ=0°, (b) φ=45°, 
(c) φ=90°. The marked solid lines and the broken 
lines show the measured and simulated results, re-
spectively. Right-hand figures show the schematic  
explanation of the dependencies for each result. 
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Figure 6. Indoor model system with multi-channel 
bidirectional ultrasonic transmitter receiver circuit.  
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 Except for this point, we can see that the measured results 
are in good agreement with the theoretical anticipations. As 
explained with the illustrations in the right-hand side of Fig-
ure 7, travel time variation along x-axis shows symmetric in 
Figure (a), on the other hand, it approaches asymmetric varia-
tion in Figures (b) and (c). The results are due to the fact that 
travel time differences caused by the symmetric axial flow 
component becomes dominant compared to the ones by the 
anti-symmetric vortex flow as the rotation angle φ ap-
proaches to 90°. 

3.3 Results of the vortex wind field profile recon-
struction 

Next, model theoretical function was fitted to the travel time 
difference data of Figure 7. The extracted vortex field com-
ponents ∆Tvor were shown in Figure 8, where solid lines and 
dotted lines correspond to the measured and simulated results, 
respectively. Finally, using the extracted data, vortex velocity 
fields were reconstructed. Figure 9 shows an example of 
experimentally obtained wind flow vector image for the case 
when φ=0°. Furthermore, for the quantitative evaluation, 
Figure 10 shows  the maximum wind velocity and width of 
the reconstructed vortex fields, where the results were com-
pared between the experiment (circles) and the simulation 
(solid line). We can see that the measured results were rela-
tively good agreement with the simulated ones regardless of 
the rotation angles.  

  

 

 

 
  
 
 
 
 
 
 
 
 
 
 

4. CONCLUSIONS 
An image reconstruction method of the inclining vortex air 
flow profile by acoustic tomography has been demonstrated, 
having capability of estimation of vortex flow discriminating 
from vertical axial flow. As a result of the examination ex-  
 

 
 
 
 
 
 
 
 
 
 
 

periment, it was demonstrated that the vortex wind velocity 
fields could be reconstructed with satisfactory quantitative 
precision of the vortex maximum velocities and size, to jus-
tify the feasibility of the present method in actual strong wind 
monitoring applications.  
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Figure 8.  Extracted vortex field components from the travel time data of Figure 7 for 
different observation angle (a)φ=0°, (b) φ=45°, (c) φ=90°. 
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Figure 9. Experimentally reconstructed vortex veloc-
ity field image generated by the inclining vortex wind 

source for the inclination angle θ=30° and rotation 
angle φ=0°.  
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