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Abstract 

Test results for a sonic anemometer targeted at the Martian environment are reported.  The system was tested in the 

Mars Simulation Wind Tunnel at the University of Aarhus in dry carbon dioxide (CO2) at pressures between 2 and 20 

mbar and temperatures between 15 oC and 27 oC; this paper focuses on the 6 mbar results.  Narrowband piezoelectric 

ultrasonic transducers operating at voltages less than 15 V peak-to-peak provide gas coupled ultrasound between 40.3 

and 41.1 kHz.  An acoustic transmission path length of approximately 12 cm is used.  The sensor head masses 300g 

including frame, transducers and internal cables.  Flow velocity is determined from the difference in phase shift 

between the forward and reverse propagating ultrasound.  High resolution, low power analog phase measurement 

electronics are employed with only a low power microcontroller required for communication back to the host 

computer.  Random noise in a no-flow scenario (in 6 mbar CO2) is 0.7-0.9 cm/s (RMS, sampled at 0.4 S/sec).  In flow 

at low speed (0.6 m/s, in 6 mbar CO2) offset is less than 5 cm/s with rms variations of less than 3.5 cm/s in a static 

configuration.  Variation increases to 13 cm/s when rotating through a 340o dynamic turn in the flow.  At speeds up 

to 12 m/s (in 6 mbar CO2), for the X and Y axes, offsets are at most 15 cm/s and RMS variation is at most ±3.6% of 

full scale when compared to laser doppler anemometery measurements.  The Z axis exhibits offsets as high as 17 cm/s 

and RMS variation as high as ±10% due to flow interactions with the system mounting structure.  Advantages to the 

system include high accuracy, high update rate, and low power.  Challenges to overcome include the effects of self-

wind shadowing created by the mechanical structure, and system temperature sensitivity.  To the best of our 

knowledge, this work represents the first demonstration of a three-axis sonic anemometer operating in 6 mbar CO2 

using low voltage transducers. 

I. Introduction 

Turbulent eddies are the dominant mechanism by which heat, momentum, and molecules are transferred between the 

surface and the atmosphere [4,9]. On Mars, we have yet to fully quantify and understand these processes, how they 

mirror those on Earth, and how they differ, and, as such, they represent one of the most open areas for study in Martian 

atmospheric dynamics. The boundary layer turbulence controls all of the Aeolian effects at the surface (which likely 

now dominate surface modification on Mars) [4,10], as well as the stability of volatiles (e.g., water) at and near the 
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Mars surface [16]. Mars’ atmosphere’s small heat capacity means it is not a strong forcing on the surface itself, but 

the heat transferred from surface to atmosphere has a controlling effect on the diurnally varying height of the 

atmospheric convective boundary layer [4,8], which, in turn, directly controls the size of dust devils [4,11], and likely 

other dynamic processes in the Mars atmosphere.  

 

The surface—atmosphere interface has a strong vertical wind shear, which generates turbulent eddies typically 

overwhelming the stable stratification in the atmosphere, which on Mars can be quite strong at night [8]. These eddies 

actually carry the fluxes of heat, momentum, and molecules through the overturning boundary layer, working to reduce 

the vertical wind shear, or reduce temperature or molecular constituent (e.g., humidity) gradients in the boundary 

layer. The eddy diffusion that they perform dominates over the still air diffusion of heat, momentum or molecules 

through an atmosphere [9]. By resolving the turbulent eddies with a fast-response, sensitive three dimensional (3-D) 

wind sensor, one can directly measure the fluxes of heat, momentum, and molecules between the surface and 

atmosphere [12]. This technique is widely used in terrestrial atmospheric boundary layer studies and is a key approach 

in understanding Earth’s surface— atmosphere interaction. The key to enabling such a direct measurement of these 

effects is a wind sensor that can resolve not only the horizontal winds, but also the generally much more gentle vertical 

winds and the horizontal wind perturbations associated with the turbulent eddies. These fluctuating winds have short 

periods with small amplitudes, both changing with the measurement altitude. Close to the surface (e.g., 1.5m altitude), 

measuring at 10–20 Hz and with a sensitivity of 5 cm/s is required to capture the dominant components of the turbulent 

eddy spectrum [13]. 

 

Viking [1], Pathfinder [7], Curiosity [6], and Insight [17] all used hot film or hot wire anemometers.  Measurements 

were made on the surface (4 locations) and during descent. These instruments suffer from two problems.  First, they 

determine wind speed from convective heat loss, so can be confused by radiative cooling, particularly since convective 

cooling is low due to low atmospheric density. Second, with the low atmospheric density, heat loss is slow, so 

measurements cannot be conducted at high update rates (~ 1 sample/sec). The Phoenix meteorological station (MET) 

measured temperature using thermocouples, barometric pressure, and dust loading using laser scattering.  Flow was 

measured using image capture of motion of a tell-tale [8].  At best, these systems achieve 1 m/s resolution and 1 Hz 

sample rates [6,4].  Arguably the best wind measurements on Mars were collected by the Viking Landers in the 1970s 

[1,4].  They recorded wind speeds typically between 0-5 m/s with maximum sol averaged speeds up to about 12 m/s. 

Temperatures at the lander sites varied between -100 oC and 0 oC. Accuracy for wind measurements was ± 10% [1,14]. 

 

Sonic anemometry is an alternative approach for wind measurement to convective heat loss or tell-tale motion.  This 

technique allows simultaneous measurement of wind speed and the speed of sound by measuring the acoustic time of 

flight in the forward and reverse directions.  Using 3 non-planar transmission paths, three-dimensional information on 

flow speed can be recovered.  The technique, as demonstrated here, can have resolutions of better than 10 cm/s at flow 

speeds below 0.5 m/s, accuracy of better than 3% at flow speeds up to and above 10 m/s.  Update rates of 100 Hz 

should be achievable.  The primary challenge of operating an acoustic anemometer on Mars is production of high 

enough signal to noise ratios in the thin (~ 6-11 mbar) CO2 atmosphere [14].  A second concern is the low temperature 

of operation and the impact that temperature changes may have on acoustic transducer performance. 

 

In this paper we describe the results of testing a new design of sonic anemometer.  The system builds off of substantial 

prior work by one of the authors [2-4] which used high voltage custom capacitive transducers.  The new system uses 

narrow band commercial piezoelectric transducers from PUI audio operating at less than 15 V peak-to-peak at 

frequencies between 40.3 and 41.1 kHz, but is still able to achieve sufficient signal-to-noise ratio using a narrow band 

continuous wave approach with low noise analog amplifiers and a high resolution analog phase detection circuit.  The 

sonic anemometer utilizes 3 orthogonal axes of bi-directional acoustic measurement for a total of 6 transducer pairs.  

Acoustic path length is approximately 12 cm.  

 

We are able to demonstrate flow measurement at pressures as low as 2 mbar and as high as 20 mbar, although this 

paper will focus on the results at 6 mbar. We demonstrate a resolution of 13 cm/s at low flow speeds (below 60 cm/s) 

at 6 mbar.  Accuracy at high flow speed (12 m/s) is better than ±4% while holding a single angle with respect to the 

flow.  When rotating the sensor head in the flow, it is found that self-shadowing (wake) effects from the frame are the 

most significant source of variation, and must be carefully calibrated out.  Low temperature testing in flow has not yet 

been conducted.  However, the PUI transducers were tested down to -80oC in a non-transmitting configuration and 

returned to operation at 20oC with no measurable change in operation.  Repeatable frequency and damping changes 
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were measured at temperatures below –40oC which will need to be accounted for in future temperature compensation 

algorithms. 

II. System Design 

Fundamentally, a sonic anemometer  measures  flow speed by comparing the forward and backward propagation 

velocity of ultrasonic waves launched through the flow field.  Since sound is carried along by the background fluid 

velocity, flow velocity will increase the apparent speed of the forward propagating wave, and reduce the apparent 

speed of the reverse propagating wave.  By launching 3 pairs of orthogonally oriented acoustic waves, three 

dimensional flow field velocity information can be recovered. 

 

The prototype instrument, shown in Fig 1, was 3D printed using Stratasys “Veroclear” material (a UV cured resin 

with mechanical properties similar to ABS plastic) on a Connex500 Printer.  The frame carries 12 (6 pairs) of 

transducers as shown. Transducers were PUI UTR-1440K-TT-R piezoelectric elements.  For the 12 elements used in 

this design, the center frequency was from 40.4 to 41.1 kHz, with a -3dB bandwidth between 1.2 and 1.6 kHz. The 

physical face-to-face separation of elements was 12 ± 0.4 cm.  The effective acoustic path length, determined from 

the fit shown in Fig 3, is slightly lower than the physical distance (11.7 ± 0.7 cm). 

 

 

 

Fig 1: Acoustic anemometer prototype with 6 pairs of PUI piezoelectric ultrasound transducers. 

The electronics architecture for the system, shown in Fig 2, uses a combination of low power elements to reduce 

system weight, power and complexity.  A microcontroller is used to generate an analog test signal which is routed 

through a drive amplifier to a multiplexer, which then directs the analog transmit signal to 1 of the 6 independent 

transmit transducers.  Large drive voltages are not needed.  For these tests, drive voltages were less than 15 V peak-

to-peak. On the receive side a second 6:1 multiplexer feeds a low noise receive amplifier.  The relative phase and 

magnitude are measured using an analog detection circuit. The microcontroller (Atmega 32U4, 8-bit AVR RISC @16 

MHz, 5V) controls the multiplexers, the drive frequency, reads two temperature sensors and the results of  phase and 

magnitude measurement. The system draws 51 mA from +15V, 36 mA from -15V, and approximately 40 mA from 

+5V for a total power consumption of 1.6W. No attempt has been made to minimize power consumption, it is 

anticipated that power requirements can be reduced further.   The total mass of the mechanical frame, the 12 PUI 

transducers is, and all the internal cables is 299 g.  The electronics in their current PC board form, including enclosure 

and internal cables mass 378g.  The total system, without the cables required to connect between the electronics and 

the sensor head, currently masses 677 g in its current form.  Weight can be reduced by using a stiffer, less bulky frame, 

perhaps built of a fiber composite.  The electronics enclosure and system electronics could also be further minimized 

without much difficulty. 
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Fig 2: System electronics architecture. 

III. Measurement Theory 

Phase speed of a given launched acoustic wave can be determined from the measured phase relationship between the 

transmit voltage and the received voltage.  The transducers themselves, as well as the electronics, may contribute 

phase lag to the measurement.  The relationship between of the received signal relative to the transmitted signal can 

be written 
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where  is the transmit frequency, r is the travel distance, and c is the phase speed, which we want to measure.  A is 

a constant.   (T,) is the phase lag provide by the transducers , amplifiers, and detection circuit.  Note that this offset 

will be a function of temperature, T, and operating frequency, . The measured phase is thus 
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In the current work, () has been calibrated against frequency using a transmission mode frequency sweep 

measurement conducted in the operating environment with no flow.  The frequency response function is expected to 
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where the transducer mechanical transfer function is the ratio of volume velocity, Q, to applied pressure, p, 
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Cfb is the preamp integrating capacitor,  is electromechanical coupling [Pa/V and A/m3/s], , r is the effective acoustic 

path length,  is the density of the acoustic medium,  is angular frequency, k= c is acoustic wavenumber, n is the 

transducer natural frequency,  is the transducer damping ratio, m is the effective element mass, and S is the transducer 

effective surface area.  This model accounts for the transducers, preamp, and time of flight.  Not included are 

diffraction effects and acoustic absorption, both of which appear to be of minor importance in the current 

configuration, although more study is needed.  The transfer functions for the receive and drive amplifiers do not exhibit 

substantial phase shift over the measurement bandwidth and can be safely neglected. The transfer function simplifies 

to 

 

 ( )
2 2

2

2 2 2 2
time1 1 1 2 2 2
of
flightreceive transmitconstant

transducer transducer

( )

( ) 4 2 2

j r
preamp c

ac fb n n n n

V j jS e
mV C r j j

   

           

−  
=   

− + − +  
 (5) 

where the constant at the beginning does not affect phase (although it is worth noting that density, , appears here, 

and is the primary affect resulting in a reduction in magnitude proportional to the reduction in ambient density).  

Extensive testing demonstrates that the transducers used in this work are not affected by pressure changes (so, S and 

m are insensitive to pressure).  The remaining three terms are fit to the data to determine the two transducer natural 

frequencies, two damping ratios, and the effective acoustic path length in the final term, r.  The fitted phase is then 

used to compensate for frequency effects on ().  An example measurement and model fit are shown in Fig 3 

below.  

 

 

Fig 3: Example of a transmission mode measurement in zero flow, in the target gas at target operating conditions. 

In future work, it will be necessary to calibrate () against temperature as well in order to compensate for 

temperature effects on the transducers.  In any case, if operating at a constant frequency and temperature, or if 

appropriately compensated, the sensitivity of phase to changes in the phase speed is  
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we can linearize the relationship between phase speed and phase about the zero flow speed of sound, for each axis, 

i=1…6, 
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where i is the phase measured in the no flow condition for each axis. This zero flow phase was measured for each of 

the 6 axes at the operating condition of interest (temperature, pressure, and gas), and stored.  This calibration step 

removes any additional offset errors present in the measurement.  The system can then determine the change in phase, 

i, for each axis.  From this we can determine flow velocity for each of the orthogonal directions, for n=1..3, 
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where vn are the 3 estimate components of the flow velocity. The ultimate sensitivity of the flow velocity to each of 

the measured phase shifts is finally 
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The frequency of operation, , zero-flow speed of sound, c0, and acoustic path length, r, must be known in order to 

accurately determine the sensitivity co
2/r.  In the current prototype, r≈12 cm, and =2∙40200 Hz.  The operating 

frequency was chosen to be within the bandwidth of the transducers for sufficient signal-to-noise ratio, but somewhat 

below the peak in order to avoid operating near resonance where the transducer phase is most sensitive to frequency.  

For the purposes of the test described here, operating in dry CO2 near 20oC, we take c0≈270 m/s.  This results in a flow 

velocity to measured phase sensitivity of 1.2 m/s/radian, which is 2.1 cm/s/degree.  In order to measure velocity we 

will need to take two phase measurements.  The phase measurement electronics have an uncertainty of approximately 

1o (at constant temperature, no temperature testing has yet been conducted).   

 

Presuming that the errors are uncorrelated, we can therefore expect approximately 3 cm/s of resolution may be 

achievable if the electronics drive the error.  In practice, we find that we do slightly better than this, achieving 

resolutions of better than 1 cm/s in low flow scenarios. 

IV. Test Facility 

In August 2019, the sonic anemometer was tested in the Mars Simulation Wind Tunnel at the University of Aarhus, 

Denmark [15]. The tunnel has an inner diameter of 2 meters.  Flow is driven using dual vertical fans, and recirculated 

back around the periphery.  Vanes and a screen upstream of the test section reduce turbulence.  A maximum flow 

speed of approximately 15 m/s is achievable at 6 mbar in CO2.  The tunnel was first sealed, pumped out to less than 

0.1 mbar, and backfilled with dry CO2 to test pressures in the 2-20 mbar range.  The target pressure for Mars-like 

operation is 6 mbar, although pressure varies with altitude.  Operating pressure was measured using a Pfeiffer Vacuum 

model APR 250 (0.1-1000 mbar, ±2%).  Absolute minimum pressure was determined with a Pirani type Pfeiffer TPR 

280. A cold plate at -80oC upstream of the test section was used to freeze out any residual water vapor in the flow.  A 

Honeywell HIH-4602-C was used to monitor water vapor.  At all times H2O content was less than 500 ppm by 

pressure. Gas temperature is monitored by two PT100 RTDs hanging in the flow. 

The tunnel is divided by two horizontal plates, 1 meter apart vertically, as shown in Fig 4. The anemometer was 

mounted to the left of center (looking down the tunnel) on the base plate (see Fig 4).  The anemometer centerpoint  

was positioned 38 cm horizontally offset from the tunnel center, putting it 52 cm from the nearest wall, and 42 cm 

above the floor, placing the center of the anemometer 8 cm below the tunnel midplane (when not tilted).   
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Fig 4: (Left) Drawing of the test section of the Mars Simulation Wind Tunnel in Aarhus. (Right) Photograph of the 

sonic anemometer mounted in the tunnel. 

Flow in the tunnel is measured using a two dimensional FlowLite laser doppler anemometry (LDA) system from 

DanTec dynamics.  The flow is seeded with 1-8 micron diameter glass tracers.  The LDA system is focused through 

one of the side windows and measures flow speed upstream of the anemometers.  It is able to measure flow in the 

axial (Y) and vertical (Z) directions.  Flow is primarily in the Y direction, although the sonic anemometer data shows 

an approximately 8.2o skew of the flow towards the -X direction at 6 mbar.  This skew was also measured by previous 

experiments in the tunnel [4].  The skew is taken into account when processing the flow field data to compare LDA 

to the sonic anemometer.  After the anemometers were removed from the tunnel, a series of flow experiments were 

conducted to measure the flow speed as a function of pressure and fan speed at the anemometer location. The ratio 

between the upstream measured flow speed and the flow speed at the anemometer location was also taken into account 

when processing the LDA data.  Hence LDA data reported here is the estimated flow speed at the anemometer location 

with the anemometer removed (this is the flow that we would want to be able to measure with the instrument).  

 

A motion control system consisting of a Newport BGM80CC goniometer (+/-45o tilt) on top of a Newport 495CC 

rotation stage (±173o rotation) was utilized to rotate and tilt the anemometer in the flow.  Rotation is about the vertical 

tunnel axis.  Tilt is about the horizontal axis relative to the rotation stage (at 0o rotation, this axis goes across the 

tunnel).  The anemometer is mounted so that at 0o tilt and 0o rotation, the Y axis of the anemometer is aligned with 

the tunnel axis, the Z axis is aligned vertically, and the X axis is aligned across the tunnel.  See Fig 5 below. 

 

 

Fig 5: Orientation of the sonic anemometer in the tunnel. 
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V. Results 

The anemometer frame creates a wake pattern that must be calibrated against flow angle in order to correctly measure 

the free stream flow velocities.  The results in Fig 6 show the wake as a function of angle as the anemometer steps 

through a ±170o rotation in 10o steps.  Data is at 6.1 mbar in CO2, 23oC in a 4.1 m/s flow.  In the figure panel (A), 

each plotted data point (diamond) is the average of 20 data points taken at each dwell angle and the error bars are 95% 

confidence intervals on the mean.  The “expected” curves show the results presuming no shadowing based on LDA 

flow speed measurement.  The expected overall shape (cosine, sine) and magnitude (4.1 m/s) are evident in the data. 

There is a clear “dip” in the measured velocity near =0 (for Y) and near =90o (for X). This is when the frame arm 

passes through the flow.  The Z-axis should show no flow, as is observed.  The small (0.3 m/s) positive Z direction 

flow near  =0,  =+/-90o as the main arms pass through the flow may be due to updraft caused by the fluid dynamics 

of the flow interacting with the frame.  

 

The ratio between the expected flow and measured flow are plotted in polar plots in panels (C) and (D). The ratio 

approaches 1 near 45o.  There are dips in the ratio near 0o, ± 90o, and 180o as expected due to the wake of the arms.  A 

smoothed spline fit is recorded for each axis.  This fit is used to correct flow data for wake effects.  Note that the wake 

effects here have only been calibrated at 0o tilt.  Additional calibrations would be needed at other tilt angles. 

 

 

Fig 6: Results of flow testing in CO2 at 6.1 mbar, 23oC, with constant flow of 4.1 m/s (as measured by LDA) while 

rotating the anemometer through +/-170o rotation in steps of 10o to determine the wake function. (A) Flow 

measurement results vs angle.  Dashed lines are expected flow from LDA, diamonds are mean sonic anemometer 

measurements at each angle step, error bars show +/- 95% confidence intervals on the mean. (B) Top view showing 

axis definitions.  (C) and (D) polar plots of the ratio between the expected and measured flow speed.   



9 

 

After applying the wake correction, as shown in Fig 7, the measured results track expected flow velocities well during 

rotation.  The two data sets shown in Fig 7 are different runs than the data set used to measure the wake function in 

the first place.  For the left hand plot, flow speed is 4.0 m/s, and the RMS deviation from the expected curve is 25 

cm/s in X, 23 cm/s in Y (for N=700 points).  In the right hand plot at a low flow speed of 0.5 m/s, the RMS deviations 

from expected are 13 cm/s in X, 12 cm/s in Y.(for N=350 points).  In both cases, maximum deviations occur near 0o 

and 90o where the wake functions have the largest rate of change. 

 

 

Fig 7: Results of flow testing in CO2 at 6 mbar, 24oC after applying the wake correction. Rotating the anemometer 

through +/-170o rotation in steps of 10o at a flow speed of 4.0 m/s (left) or 0.5 m/s (right).  The points are sonic 

anemometer measurements.  The dashed lines are the expected flow velocities based on LDA velocity and angle. 

 

Two results for flow plotted against time (after applying wake corrections) at 6 mbar in CO2 are shown in Fig 8 below. 

The sampling rate is 0.4 S/sec for each channel. In the case of no flow (left hand plot), the measured flow speeds 

exhibit zero offsets of less than 5 cm/s, and RMS variation about the mean of 0.7-0.9 cm/s. Speed of sound 

measurements conducted simultaneously give RMS variations of 0.7 cm/s for all three axes.  This can be considered 

the ultimate resolution of the instrument under conditions of zero structural or flow-induced vibration and zero flow 

turbulence. 

 

Fig 8: (Left) No flow, 6 mbar CO2, 23oC showing sonic anemometer flow speed and speed of sound measurements 

vs time.  (Right) In constant flow of 0.6 m/s primarily in the Y direction, in 6 mbar CO2, 21 oC. Showing comparison 

of sonic anemometer (connected black dots) to laser doppler anemometer (separated red or yellow dots). 

For constant flow (right hand plot) of approximately 60 cm/s at 6 mbar, with the instrument in a 0o rotation, 0otilt 

configuration (flow directed primarily along the Y axis), the sonic anemometer agrees with laser Doppler anemometry 

within 5 cm/s, with RMS variations about the mean of at most 4 cm/s.  The LDA can measure only Y and Z direction 

velocity, but X (crossflow) velocity is expected to be small (<8 cm/s).  The LDA has approximately N=6000 points 
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across the 2 minute measurement. The sonic anemometer has N=45 points across the 2 minute measurement (Fs=0.4 

S/s).  All results are summarized in Table 1. 

 

Table 1: No flow and low speed constant flow results in 6 mbar CO2, 21-23oC.  Mean ± std deviation. 

 X Y Z 

No Flow, Sonic Anemometer 4.4 ± 0.9 cm/s 1.0 ± 0.7 cm/s -3.9 ± 0.7 cm/s 

Flow, Laser Doppler Anemometer  57.6 ± 6.0 cm/s -0.5 ± 3.4 cm/s 

Flow, Sonic Anemometer 1.0 ± 3.0 cm/s  52.8 ± 3.5 cm/s 3.8 ± 1.1 cm/s 

 

 

 

 

Fig 9: Comparison  of flow speed as measured by LDA (discrete dots) and the sonic anemometer (connected dots) 

during changing flow speed runs at 6 mbar in CO2 (Left) 0o rotation, -30o tilt (Right) 45o rotation -30o tilt. 
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Fig 9 above shows a comparison of the sonic anemometer and laser doppler anemometer measurements as flow speed 

is stepped up to a maximum of 12 m/s and then stepped back to 0.  Each step was 1 minute in duration.  During the 

ramp up, the anemometer was rotated at 0o and tilted at -30o with respect to the tunnel (left panels).  During the ramp 

down, the anemometer was rotated at 45o and still tilted at -30o
 (right panels).  These tilt angles point the open region 

of the anemometer into the flow. Tunnel conditions were 6 ± 0.1 mbar CO2, 24.5± 2 oC over the course of two 15 

minute runs.  The sampling rate was 0.4 S/sec for each channel.  RMS deviations between the LDA and sonic 

anemometer across both runs, as well as the wake parameter determined in each orientations, are given in Table 2 

below.  In all cases, a 20 second window centered on the flow step is excluded to remove points where the flow is 

dynamically changing.  This results in N=277 points measured for each axis in each run. 

 

Table 2: Results for stepping flow (see Fig 9) in 6 mbar CO2, 21-23oC.  N=277 for each axis in each run. 

 X  Y  Z 

Stepping Up: 0o rotation, -30o tilt    

                           Max Flow Speed 1.6 m/s 11.3 m/s 6.5 m/s 

                           Wake Parameter 79% 73% 60% 

                           Mean Offset +15 cm/s +9.8 cm/s -13 cm/s 

                           RMS Deviation ± 16.5 cm/s  ± 40.9 cm/s ± 67.5 cm/s 

Stepping Down: 45o rotation, -30o tilt X  Y  Z 

                           Max Flow Speed 9.2 m/s 6.9 m/s 4.0 m/s 

                           Wake Parameter 89% 85% 50% 

                           Mean Offset +12 cm/s -9.4 cm/s +17 cm/s 

                           RMS Deviation ± 38 cm/s ± 32 cm/s ± 60 cm/s 

 

The X and Y axes show similar results with wake parameters between 73-89% (the sonic anemometer measures 

slightly lower speeds than the free stream velocity due to self-shadowing).  The wake effects are reduced (85-89%) 

during the second part of the run where the rotation is at 45o, which presents the maximally open aspect of the frame 

to the flow.  The Z axis has a higher wake effect at 50-60%.  This is due to the large aspect of the system baseplate 

and mounting rods, which present more flow impedance in the Z-direction. 

 

The X and Y axes exhibit RMS deviations from the LDA results of between ± 16.5 cm/s and ± 40.9 cm/s.  This 

represents at most ± 3.6% of full scale (11.3 m/s). These deviations are driven by two factors: one is true flow velocity 

variation (turbulence), which is seen in the higher speed results in Fig 9 in both the LDA and SA data.  These 

fluctuations are a true feature of the flow and should be measured, although the spatial and temporal averaging for the 

two measurement techniques are different. The second driving factor for deviations are the discrete step errors see at 

a few points through the run.  These step errors appear to be due to nonlinearities near the ends of the phase 

measurement domain (near ±90o).  They are not wrapping errors.  Future work will address this limitation by avoiding 

measurement near ±90o. 

 

The Z axis shows some nonlinearity with changing flow speed that is not present in the X and Y axes, resulting in 

RMS deviations up to ± 67.5 cm/s. (± 3.6% of full scale).  It is postulated that the nonlinearities may be a result of the 

more substantial wake effects present in the Z axis, again driven by the large flow occlusion from the baseplate and 

mounting structure.  Future work should address this issue by reducing the size of the flow occlusion in Z. 
 

VI. Conclusions 

A three axis sonic anemometer system utilizing commercial low voltage piezoelectric ultrasound transducers and a 

novel analog phase detection methodology was  tested in 6 mbar CO2 in the Mars Simulation Wind Tunnel in Aarhus 

Denmark.  The system uses low voltage (< 15 V peak-to-peak) narrow band (40.7 ± 0.7 kHz) commercial piezoelectric 

transducers.  Despite concerns that the high mechanical impedance of the transducers would result in a low signal to 

noise ratio in low density CO2, we found that at 12 cm of separation we had more than sufficient signal to noise ratio 

(> 27 dB) even when operating at 500 Hz off center.  Signals were easily loud enough for detection using analog phase 

detection circuitry.  By comparing offsets in the phase of the forward and reverse traveling wave, after correcting for 

transducer phase shifts, we were able to compute flow speed in three directions in 6 mbar CO2 at temperatures between 

15 and 27oC.  
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The three dimensional flow measurement was compared against a laser doppler anemometer (LDA). Results were 

presented for the three axes operating in static configuration with no flow and with slow (60 cm/s) constant flow, 

demonstrating offsets of less than 5 cm/s and RMS variation of less than 3.5 cm/s in a static configuration.  Rotation 

of the anemometer through ±170o with respect to the flow was used to calibrate out the wake effects of the mounting 

frame, which can be substantial, at the worst angles reducing the observed flow speed to 50% of the free stream 

velocity.  After calibrating out the wake effects, the RMS variation is between 12 and 25 cm/s across the ±170o 

rotation.   At speeds up to 12 m/s (in 6 mbar CO2), for the X and Y axes, offsets are at most 15 cm/s and RMS variation 

is at most ±3.6% of full scale when compared to laser doppler anemometery measurements.  The Z axis exhibits offsets 

as high as 17 cm/s and RMS variation as high as ±10% due to flow interactions with the system mounting structure.   

 

Future work will address improvements motivated by the test results.  The frame will be made lighter, stiffer, and 

more open (to reduce wake effects) using composite material construction.  Stepping errors seen at the ends of the 

phase measurement domain will be resolved by sliding frequency in a closed loop fashion to stay near the center of 

the phase measurement range.  Sampling rate will be increased by reducing wait times in the system control loop and 

reducing the number of frequency hops used in the signal processing algorithm.  Finally, temperature testing will be 

conducted and temperature compensation algorithms developed to address requirements for operation over Martian 

temperature ranges. 
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