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Abstract

Sonic anemometers are widely used for measurements of temperature and velocity. The spatial

resolution of a sonic anemometer is limited by the distance between its transducers. For stud-

ies of small-scale turbulence and theories of turbulence, it is desirable to increase this spatial

resolution. To this end, in this paper, it is suggested to modify a sonic anemometer by consid-

ering it as a small acoustic tomography array and applying appropriate inverse algorithms for

reconstruction of temperature and velocity. A particular modification of the sonic is consid-

ered when the number of its transducers is doubled and the recently developed time-dependent

stochastic inversion algorithm is used for reconstruction. Numerical simulations of the sonic

anemometer and its suggested modification are implemented with the temperature and velocity

fields modelled as the quasi-wavelets moving through the sonic’s volume. It is shown that the

suggested modification of the sonic anemometer enables better reconstruction of temperature

and velocity than the sonic does. Furthermore, the spatial resolution of the temperature and

vertical velocity spectra is increased by a factor of 10. The spatial resolution in the suggested

modification of the sonic is determined by the size of the computational grid and can be in-

creased with increasing number of transducers.

Keywords Acoustic tomography · Sonic anemometer · Spatial resolution ·
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1 Introduction

Sonic anemometers are robust instruments for measurements of temperature and velocity and

have been used for such measurements for many decades, e.g., Kaimal and Finnigan (1994).

Due to concerns about wind distortion, transducers of a sonic anemometer should be located

at some distance from each other. As a result, a sonic enables path-averaged measurements of

temperature and velocity. Horst and Oncley (2006) reviewed currently used sonic anemometers.

It follows from their paper that the path averaging lengths of the sonic anemometers are in the

range of 012−02m. Such path averaging does not allow studies of small-scale turbulence in the

inertial range which extends to a few mm in the atmosphere. Studies of small-scale turbulence

have been recently of interest for physics of the atmospheric surface layer (ASL) and theories

of turbulence (e.g., Fairall et al., 2003, Chamecki and Dias, 2004). In principle, hot-wire and

cold-wire anemometers enable one to make measurements of small-scale turbulence. However,

these anemometers are not reliable instruments and often brake down. Furthermore, they might

disturb the flow around them. Therefore, it would be desirable to modify currently used sonic

anemometers for measurements of small-scale turbulence. The main goal of the present paper

is to study a feasibility of using a sonic anemometer as a small acoustic tomography array to

increase the spatial resolution in measurements of temperature and velocity.

The ultrasound travel-time tomography has been used for many years in medicine and

technology for reconstructing the image of a medium through which the ultrasound waves

propagate. In these fields, the number of ultrasound propagation paths usually greatly exceeds
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the number of unknown parameters of the medium so that tomographic reconstruction is an

overdetermined inverse problem.

The first experimental implementation of acoustic travel-time tomography of the ASL was

done by Wilson and Thomson (1994). In this case, the number of sound propagation paths is

usually less than the number of temperature and wind velocity values to be reconstructed at

selected points within the tomographic region so that one deals with an underdetermined inverse

problem. To solve this problem, the time-dependent stochastic inversion (TDSI) algorithm was

recently developed and successfully applied to reconstruction of the temperature  and wind

velocity v fields in acoustic tomography experiments (Vecherin et al. 2006, Vecherin et al.

2008). The current status of acoustic tomography of the ASL is reviewed in Ostashev et al.

(2009).

In this paper, it is suggested to consider a sonic anemometer as a small acoustic tomography

array and use appropriate inverse algorithms for reconstruction of the fine structure of the 

and v fields inside the sonic. A particular modification of the sonic is studied when the number

of its transducers is doubled and the TDSI algorithm is used for tomographic reconstruction.

Numerical simulations of temperature and velocity measurements with the sonic anemometer

and its suggested modification are implemented. In the simulations, the  and v fields inside

the sonic and its modification are modeled with quasi-wavelets (QWs). The QWs are eddy-

like structures of temperature and velocity which are convenient representation of turbulence

at small scales (Wilson et al. 2009). The numerical simulations will allow us to compare

the errors in measurements of temperature and velocity with the sonic anemometer and its
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suggested modifications, and the spatial resolutions with which the spectra of temperature and

velocity fluctuations are obtained.

The paper is organized as follows. In Sec. 2, the geometry and principle of operation of

the sonic anemometer and its suggested modification are considered. In Sec. 3, the results of

numerical simulations are presented and discussed. Section 4 summarizes the results obtained

in the paper.

2 Sonic anemometer and its suggested modification

2.1 Sonic anemometer

Though a design of sonic anemometers varies substantially, their principle of operation is similar

and can be understood by considering, for example, the CSAT3 sonic anemometer shown in

Fig. 1. There are 3 transducers at both the "upper" and "lower" levels of the sonic which point

downwards and upwards, respectively. In numerical simulations of the sonic anemometer, we

will assume that the upper and lower transducers are separated in the vertical direction by

02 m. These transducers form three sound propagation paths, marked as , , and , whose

elevation angles with respect to a horizontal plane are 60◦. The projections of these paths on

the horizontal plane located in the middle of the sonic intersect at 120◦. The transducers serve

alternately as sources (transmitters) and receivers. As a result, the sound pulses propagate in

the opposite directions (i.e., upward and downward) of each path thus enabling measurements

of six travel times   of sound propagation between transducers. Here,  = 1 2   , where
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 = 6.

The adiabatic sound speed (e.g., see Ostashev, 1997, Sec. 6.1.3)  =
p
 and the

wind velocity vector v = (  ) are assumed to be constant within the sonic anemometer.

Here,  = 140 is the ratio of specific heats for dry air,  the gas constant for dry air,  the

acoustic virtual temperature, which, hereinafter, is referred to as temperature, and   

are the velocity components in the Cartesian coordinate system (  ). The sound speed 

and, hence, the temperature  , are determined from a sum of the travel times   of sound

propagation along the opposite directions of, e.g., the path . The projections of the velocity

vector v on the paths , , and  are determined from the differences of the travel times

  of sound propagation along opposite directions of these paths, respectively. From these

projections, it is straightforward to calculate , , and . The corresponding formulas can

be found in Kaimal and Finnigan (1994), and CSAT3 sonic instruction manual (1998). The

spatial resolution of a sonic anemometer is limited by path averaging, i.e., the assumption that

 ,   and  are constant along sound propagation paths between transducers.

2.2 Sonic anemometer as a tomography array

A suggested modification of the sonic anemometer is shown in Fig. 2. There are 6 transducers

at both the upper and lower levels so that the number of transducers is doubled in comparison

with a sonic. The lower and upper level transducers are located along the perimeter of a square

with the side length of 01m and are separated in the vertical direction by 02 m, i.e., the same

distance as in the considered above sonic anemometer.
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In Fig. 2, each transducer works alternately as a source and receiver. We also assume

that each transducer at the lower level can receive signals from every transducer at the upper

level, and visa versa. This increases the number of sound propagation paths to 6 × 6 = 36.

Taking into account that sound signals can propagate in opposite directions of each path, the

total number of the travel times   which can be measured with this modification of the sonic

anemometer is  = 72.

2.3 Time-dependent stochastic inversion

In the considered modification of the sonic anemometer, reconstruction of the temperature

 (R ) and velocity v(R ) fields is done with the TDSI algorithm. Here, R = (  ) are

the Cartesian coordinates and  is time. It is convenient to express these fields in the following

form:  (R ) = 0() + 1(R ) and v(R ) = v0() + v1(R ), where the subscripts "0" and

"1" correspond to the mean fields (i.e., the fields averaged over the tomographic volume) and

their fluctuating parts, respectively. The mean fields 0() and v0() are reconstructed from

the measured travel times  () using the least-square estimation. The temperature 1(R )

and velocity v1(R ) fluctuations are reconstructed with the TDSI algorithm.

The main idea of the TDSI algorithm is to assume that the temperature and velocity

fluctuations are random fields with the known spatial-temporal correlation functions  (R )

and(R ), respectively, where  = 1 2 3. These correlation functions are usually chosen

as the Gaussian homogeneous and isotropic correlation functions whose characteristic lengths

by the order of magnitude determine the smallest scales of temperature and velocity which can
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be resolved in reconstruction. To implement this idea, the travel times  () are repeatedly

measured at the time moments , where  = 1 2  , and, then, used in reconstruction of

the temperature and velocity fluctuations.

The input parameters in the least-square estimation of the mean fields, 0 and v0, and the

TDSI algorithm for reconstruction of the fluctuations, 1 and v1, are the travel times  () of

sound propagation, the distances between transducers, and the variances and correlation lengths

of  (R ) and (R ) (the latter two are needed for TDSI). The total fields  (R ) =

0() + 1(R ) and v(R ) = v0() +v1(R ) and the estimated errors in their reconstruction

are calculated with equations derived in Vecherin et al. (2006). Numerical simulations and

acoustic tomography experiments showed that this approach enables accurate reconstruction

of the temperature and velocity fields, e.g., see Ostashev et al. (2009).

3 Numerical simulations

3.1 Reconstruction of temperature and velocity fields

In numerical simulations, the temperature and velocity fields inside the sonic anemometer and

its modification were modeled as QWs. The smallest and largest QWs had sizes of 001 m and 2

m, respectively. The size of the computational grid along the , , and -axes was equal to the

smallest QW, i.e., 001 m. The QW temperature and velocity fields were created in the volume

of 20 m × 01 m × 02 m. In the simulations, this volume was moving in the direction of the

-axis with the velocity  = 2 m/s; the total time of the numerical experiment was (20 m) 
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(2 m/s) = 10 s. Figure 3 shows a snapshot of the temperature and three components of the

velocity fields inside the sonic anemometer and its suggested modification obtained with QWs.

In the numerical simulations, the discretization time was 0005 s so that the total number of

snapshots of the  and v fields was 2000. For each snapshot, the travel times   along all sound

propagation paths in the sonic anemometer (Fig. 1) and its suggested modification (Fig. 2)

were calculated.

The travel times   for the sonic anemometer and formulas known in the literature (e.g.,

Kaimal and Finnigan, 1994) were, then, used to calculated the path-averaged values of tem-

perature and velocity. The obtained time series of  , , , and  are depicted as red lines

in the left plots in Figs. 4 - 7, respectively. The blue lines are the QW values of  , , ,

and  in the center of the sonic anemometer. The agreement between these QW values and

the path-averaged values of  , , , and  reconstructed in numerical simulations of the

sonic is relatively good. The root-mean square errors (RMSEs) between the red and blue lines

in the left plots in Figs. 4 - 7 are  = 0090 ◦C,  = 0056 m/s,  = 0086 m/s, and

 = 0083 m/s, respectively. Here, the superscript "s" stands for "sonic". The RMSE for the

vertical velocity,  is about 15 times smaller than the RMSEs for the horizontal components

of the velocity,  and  . This is due to the fact that the sound propagation paths in the

sonic anemometer have relatively large elevation angles of 60◦ so that the vertical velocity, 

is reconstructed more accurately than the horizontal components,  and . If desired, this

condition can be relaxed by making the elevation angles of sound propagation paths close to

45◦.
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Then, the travel times   for the considered modification of the sonic were used as input

parameters for reconstruction of the mean and fluctuating parts of the temperature and velocity

fields. In the TDSI algorithm for reconstruction of the fluctuations, three consequent values of

the travel times   were employed. Furthermore, the square roots of the variances of the spatial-

temporal correlation functions of temperature and three components of velocity fluctuations

were calculated for the considered QW field and were 0074 ◦C, 0057 m/s, 0058 m/s, and

0064 m/s, respectively; the correlation length of these fluctuations was  = 003 m. In

the right plots in Figs. 4 - 7, the time series of the reconstructed values of  , , , and 

in the center of the considered modification of the sonic are shown as red lines, respectively.

The blue lines are again the QW values of  , , , and  in the center of the sonic, i.e.,

the blue lines in the left and right plots in these figures are the same. It follows from the

right plots in Figs. 4 - 7 that the agreement between the QW and reconstructed values of

 , , , and  is very good and is better than for the sonic (see left plots). The RMSEs

between the QW and reconstructed values of  , , , and  are smaller than those for the

sonic:  = 075

 = 0067

◦C,  = 062


= 0035 m/s,  = 091



= 0077 m/s, and

 = 085


= 0070 m/s, respectively.

The results of the numerical simulations shown in Figs. 4 - 7 clearly indicate that the

suggested modification of the sonic anemometer enables more accurate reconstruction of tem-

perature and vertical velocity, and somewhat better reconstruction of the horizontal velocity.

These results are used in the next subsection to study reconstruction of the spectra of temper-

ature and velocity fluctuations with the sonic anemometer and its modification.
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3.2 Spectra of temperature and velocity fluctuations

The time series  , , , and  obtained in numerical simulations of the sonic anemometer

and its suggested modification and plotted in Figs. 4 - 7 were employed to calculate the mean

values of temperature and three components of the velocity and their fluctuating parts. The

fluctuations were then used to calculate the 1D spectra () of temperature and velocity, where

 is the turbulence wavenumber. These spectra, normalized by the corresponding QW spectra

0(), are plotted in Fig. 8. The red and blue lines correspond to the sonic anemometer and its

modification, respectively. For a perfect reconstruction when the ratio ()0() = 1, these

solid lines would coincide with the black, horizontal lines also plotted in the figures.

It follows from the upper two plots in Fig. 8 that the sonic anemometer enables correct

reconstruction of both the temperature and vertical velocity spectra for the wavenumbers 

smaller than about 13 rad/m. This corresponds to the spatial scales of turbulence larger than

023 m which is the distance between the transducers in the sonic anemometer used in the

numerical simualtions (see Fig. 1). Thus, the numerical simulations confirm that the sonic

anemometer enables measurements of temperature and velocity spectra at spatial scales larger

than or equal to the distance between its transducers.

On the other hand, as one can see in the upper two plots in Fig. 8, the suggested modification

of the sonic anemometer enables correct reconstruction of the temperature and vertical velocity

spectra for  smaller than about 130 rad/m, thus increasing its spatial resolution by a factor

of ten. These values of  correspond to the spatial scales of turbulence larger than 002 m.

This spatial scale is equal to the doubled grid size which is the maximum spatial resolution
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according to the Nyquist theorem. Thus, the spatial resolution of the suggested modification

of the sonic anemometer is determined by the size of the computational grid, which, in its

turn, is determined by the number of transducers, their geometry, and the inverse algorithm

for reconstruction of the temperature and velocity fields.

The normalized spectra of the horizontal velocity components, , and , reconstructed

in numerical simualtions of the sonic anemometer and its modification are shown in the lower

two plots in Fig. 8, respectively. It follows from these figures that the reconstructed spectra

significantly deviate from the QW spectra in the range  & 10 rad/m and that the reconstruc-

tion accuracy is about the same for the sonic anemometer and its modification. These results

are due to predominantly vertical orientations of the sound propagation paths for both the

sonic anemometer and its modification, when the horizontal components of the velocity are

reconstructed less accurately than the vertical component.

4 Conclusions

To increase the spatial resolution of a sonic anemometer, it was suggested to consider it as a

small acoustic tomography array and apply appropriate inverse methods for reconstruction of

the temperature and velocity fields. A particular modification of the sonic anemometer was

studied when the number of its transducers is doubled and reconstruction of the temperature

and velocity fields is done with the recently developed time-dependent stochastic inversion

(TDSI) algorithm. Numerical simulations of the sonic anemometer and its suggested modifi-
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cation were implemented with the temperature and velocity fields modeled as quasi wavelets

(QWs). The simulations showed that the sonic anemometer enables measurements of the time

series of temperature and velocity with relatively small root-mean square errors (RMSE)s. The

suggested modification of the sonic allows even more accurate measurements, especially for tem-

perature and the vertical component of velocity when the corresponding RMSEs are smaller

than those for the sonic by factors 075 and 062, respectively. The increase in accuracy is less

pronounced for the horizontal components of velocity due to predominantly vertical orientations

of the ultrasound propagation paths in the sonic anemometer and its modification.

The main advantage of the considered modification of the sonic anemometer is a significant

increase in the spatial resolution of the spectra of temperature and vertical velocity fluctuations.

The numerical simulations showed that the sonic anemometer enables correct measurements

of these spectra up to the inverse of the distance between its transducers. This result clearly

indicates the effect of path-averaging on the measurements of the spectra. On the other hand,

the considered modification of the sonic enables correct reconstruction of these spectra up to

the wavenumbers by an order of magnitude larger than those for the sonic. Its spatial resolution

is determined by the size of the computational grid which relates to the number of transducers,

their geometry, and the inverse algorithm for reconstruction.

From a technological point of view, the considered modification of the sonic anemometer

seems feasible. Other modifications might also be feasible with more transducers at the upper

and lower levels. With increased number of transducers, the spatial resolution can be further

increased. Also, the inverse problem in reconstruction of temperature and velocity might be-
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come overdetermined so that standard inverse algorithms (e.g., the least-square estimation) can

be employed.
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Figure 1: Schematic of CSAT3 sonic anemometer. The ultrasound propagation paths , , and

 are shown as dashed lines.
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Figure 2: Schematic of the suggested modification of the sonic anemometer. Transducers at

the upper ( = 01m) and lower ( = −01 m) levels work alternately as ultrasound sources

and receivers. Green lines are the ultrasound propagation paths between transducers.
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Figure 3: Snapshot of the temperature and three components of the velocity fields obtained

with quasi-wavelets. (Upper left)  (  ), (upper right) (  ), (lower left) (  ), and

(lower right) (  ).
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Figure 4: Time series of temperature,  (). Blue lines are the QW values of temperature in

the center of the sonic anemometer and its suggested modification. Red lines are the values of

temperature reconstructed in numerical simulations of the sonic (left plot) and its modification

(right plot).
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Figure 5: Time series of the vertical component of the velocity, (). Blue lines are the QW

values of  in the center of the sonic anemometer and its suggested modification. Red lines

are the values of  reconstructed in numerical simulations of the sonic (left plot) and its

modification (right plot).
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Figure 6: Time series of the -component of the horizontal velocity, (). Blue lines are the

QW values of  in the center of the sonic anemometer and its suggested modification. Red

lines are the values of  reconstructed in numerical simulations of the sonic (left plot) and its

modification (right plot).
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Figure 7: Time series of the -component of the horizontal velocity, (). Blue lines are the

QW values of  in the center of the sonic anemometer and its suggested modification. Red

lines are the values of  reconstructed in numerical simulations of the sonic (left plot) and its

modification (right plot).
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Figure 8: Normalized spectra of  fluctuations (upper left),  fluctuations (upper right), 

fluctuations (lower left), and  fluctuations (lower right) reconstructed in numerical simulations

of the sonic anemometer (red lines) and its suggested modification (blue lines). The spectra

are normalized by the corresponding QW spectra. The black, horizontal lines correspond to a

perfect reconstruction of the spectra.
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