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Amendment Record Sheet below records the history and issue status of this document.
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1.0 16/02/2026 First version

1. INTRODUCTION

1.1 Document scope

This document applies to the custom-made Triaxial Doppler SODAR system located at the
Atmospheric Physics Laboratory (APL), Sapienza - University of Rome, part of the BAQUNIN project.
It complements and extends the brief assessment of radial wind velocity uncertainty presented in
Error! Reference source not found..

1.2 Document objective

This document aims at determining the uncertainty in radial wind velocity as estimated using three
different methodologies: independent measurements of the same vertical wind profile, statistical
considerations based on the integral time scale of a stochastic process, and the moving block
bootstrap technique presented in [RD.2], [RD.3] and [RD.4], respectively.

13 Applicable documents

The following is a list of documents with a direct bearing on the content of this report. Where
referenced in the text, these are identified as RD.n, where 'n' is the number in the list
below:

[RD.1] SODAR system and analysis chain description BAQ-MGT-TEM-SER-009

[RD.2] Contini, D., Mastrantonio, G., Viola, A., & Argentini, S. (2004). Mean vertical motions in
the PBL measured by Doppler sodar: Accuracy, ambiguities, and possible improvements.
Journal of Atmospheric and Oceanic Technology, 21(10), 1532-1544.

[RD.3] Lumley, J. L., Panofsky, H. A. (1964). The structure of atmospheric turbulence.
Interscience Publishers, New York.

[RD.4] Garcia, C.M., Jackson, P.R., Garcia, M.H. (2006). Confidence intervals in the
determination of turbulence parameters. Experiments in Fluids, 40(4), 514-522.
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14 Acronyms
Acronym Definition
ABL Atmospheric Boundary Layer
APL Atmospheric Physics Laboratory (at Sapienza)
BAQUNIN Boundary-layer Air Quality-analysis Using Network of Instruments
MBB Moving Block Bootstrap
PDF Probability Density Function
RV Radial wind velocity
SODAR SOund Detection And Ranging
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SODAR system description

SODAR (SOund Detection And Ranging) is an active remote sensing instrument capable of
retrieving the vertical turbulence structure and the three-dimensional wind field of the lower
atmosphere, from a few tens of meter above the ground up to 1000 m. These systems are
commonly used to investigate various characteristics of the Atmospheric Boundary Layer (ABL),
such as the thermal structure of the atmosphere (in terms of atmospheric instability, gravity waves
and forced convection), and to analyse atmospheric dynamics, including mesoscale circulation,
frontal convergence, low-level jets and atmospheric waves.

The operational principle of SODAR systems relies on the interaction between acoustic waves and
atmospheric turbulence. Short bursts of sound are emitted into the lower atmosphere, and the
backscattered signals—reflected by small-scale thermal turbulence at different atmospheric
layers—are recorded. The intensity and Doppler shift of these signals are then used to continuously
retrieve the two-dimensional thermal turbulence profile (known as a fax) and the radial wind
velocity, which corresponds to the wind speed along the receiving antenna. While a single,
vertically oriented antenna can provide information on both thermal turbulence and vertical wind
velocity, the determination of the full three-dimensional wind profile requires at least three
antennas oriented along different axes.

The APL Doppler SODAR is a custom-made triaxial Doppler system in monostatic configuration (i.e.,
its transmitters and receivers are co-located). The main characteristics of the instrument, along
with its control, acquisition, and analysis platform, are described in detail in [RD.1], which also
outlines the analysis and dissemination chain.

METHODOLOGIES FOR UNCERTAINTY ESTIMATION

While estimating the random error of an averaged quantity is an elementary result in statistics,
directly estimating the uncertainty of the radial wind velocity (RV) measured by a SODAR system
is not straightforward. Since radial velocity is a turbulent, non-stationary parameter, successive RV
measurements are no longer independent, and the simple equation a% = o2, /n (wherenis the
number of independent samples) does not hold.

For a given random variable f with ensemble mean (f) and variance (f'?) = ([f — (f)]?), its
random error in terms of the error variance for an averaging period T can be expressed as:

2
T

1 2 = 2
af (T) = ((7 L f(s)ds — (f)) y=A([f —<H (1)

where f is the time average of f. According to [RD.3], by assuming that f is statistically stationary,
the previous equation becomes:

2T (f)
T

where the integral time scale of f, Ty, is a function of the autocorrelation function p(1),

afz(T) = (2)
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T¢ =f0 p(t)dt (3)

In principle, Equation (2) applies to any stationary random variable f, providing that its associated
T; exists. However, for practical implementation, the ensemble mean and variance must be
replaced with their corresponding time-averaged estimates, and a reliable method to determine
Tr must be identified. In implementing Equation (3), the integration can only be performed up to
a maximum lag t,,, the selection of which is not unique: thus, the determination of the integral
time scale involves a significant degree of arbitrariness, with T values varying by up to an order of
magnitude depending on the method used to estimate it. In this technical note, we define 1, as
the lag at which p(7) reaches e, a choice that ensures the existence of Ty in practically all cases.

We also assessed the reliability of this method by comparing it to the bootstrap technique, which
does not rely on directly integrating the autocorrelation function. The bootstrap algorithm used
here is the moving block bootstrap (MBB) method, as presented in [RD.4], which has already been
validated for turbulent measurements. In the MBB technique, blocks of data are sampled in
random order, preserving the correlation between successive measurements within each block.
For a data series of length N, blocks of length b are defined, and N /b blocks are randomly sampled
with replacement and combined to form a new series. This process is repeated B times to generate
the same number of new series, which are then treated as an ensemble to compute statistics —in
our case, the standard error of the vertical velocity (w). Further details on how to determine an
optimal block length b can be found in [RD.4], along with the recommendation to use at least B =
200 repetition.

In addition to the statistical and bootstrap approaches, we also implemented the method
described in [RD.2], which provides a direct estimation of measurement accuracy based on
simultaneous observations from the three SODAR antennas. As detailed in Section 4 of [RD.2], this
technique requires having the three SODAR antennas oriented along the zenith so that three
independent measurements of w may be simultaneously obtained — assuming that, for averaging
intervals of 10 minutes, the three antennas effectively sample the same atmospheric volume. The
differences among the three w values are then analysed to derive the Probability Density Function
(PDF) of their maximum separation D. The mean value of this distribution (d,) is statistically
related to the standard deviation g through the relationship:

d
—+£~1.65 (4)
Ow

Equation (4), validated through Monte Carlo simulations, enables the estimation of uncertainty
without requiring stationarity assumptions.

4, Experimental campaign and preliminary data selection

The experimental campaign was carried out intermittently between 15 February and 05 April 2020,
for a total of 31 operational days. Seven days were excluded due to rainfall or excessive
environmental noise caused by nearby construction activities. Although this period did not reflect
the full annual meteorological variability of the measurements site, it was sufficiently long to cover
a broad range of different atmospheric conditions.

As mentioned in the previous section, successful application of the techniques outlined in [RD.2]
for estimating the uncertainty associated with vertical (radial) velocity measurements requires all
three SODAR antennas to be aligned along the vertical direction, i.e., oriented toward the zenith.
In addition, the instrument was set up with a frequency of 3000 Hz, an acoustic burst length of
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0.10 s and a repetition rate of 3 s, resulting in a vertical resolution of 18.2 m between 17.7 and
435.1 m from the ground.

Table 1 Number of valid w retrieval as a function of range gate

Range gate

# of w retrievals

3719 ‘ 3537 ‘ 3131 ‘ 2548 ‘ 1841 ‘ 1138

To ensure the reliability of the acquired measurements, raw data with a quality index lower than
0.75 were discarded. The remaining data were averaged over a 10-minute window, as is standard
practice when analysing turbulent atmospheric parameters. To allow a proper comparison of the
technique described in [RD.2] with the other uncertainty estimation methods presented in Section
3, only instantaneous data simultaneously available from all three antennas were used to compute
their mean values. In addition, an averaged value was considered invalid if more than 75% of the
underlying samples were rejected, while spike removal was performed by imposing the simple
condition that radial velocities fall within the range of -2 ms™ to +2 m s™". The number of valid
vertical velocity retrieval as a function of range gate is reported in Table 1. Range gates with fewer
than 1000 retrievals were excluded to ensure statistical robustness.

Results

Figure 1 shows the vertical velocity uncertainty, g, estimated using the techniques described in
Section 3 — namely the Lumley and Panofsky equation (LP, blue points and solid line), the Moving
Block Bootstrap (MBB, orange), and the [RD.2] method (yellow) — as a function of SODAR range
gates. The plot excludes the first range gate, which was consistently contaminated by transducer
ringing, and all gates above the seventh, where the number of valid w retrievals was fewer than
1000. This threshold was adopted to ensure the statistical robustness of the comparison.

As expected, in all cases agy; values increase with range number, i.e., with the distance from the
ground, reflecting the attenuation of the acoustic pulse as it propagates through the atmosphere,
which reduces the quality of the backscattered echo and, consequently, the accuracy of the vertical
velocity retrieval. The difference between LP and MBB uncertainties is practically negligible in both
magnitude and trend, varying from a minimum of approximately 0.06 ms™ to a maximum of 0.10
mst. Conversely, although following a similar increasing trend with height, the oy values
estimated using the [RD.2] methodology were systematically higher, ranging from approximately
0.11 ms? to 0.13 ms™. Such a systematic bias is probably attributable to imperfect alignment of
the three antennas, as suggested by the fact that the mean vertical velocity, averaged over the
entire experimental campaign, differs appreciably across the antennas. For instance, at the third
range gate, the mean vertical velocities are 0.032, 0.066, and 0.117 ms™ at the third range gate,
respectively. On this respect, it is worth noting that the antennas employed in the present
experiment were not designed to achieve alignment with a precision better than 1°. As also
pointed out in [RD.2], a difference of just 1° in the alighment of one antenna axis relative to the
others can introduce a spurious contribution to w retrievals as high as 0.0175 ms™ per 1 ms™ of
horizontal wind speed.
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Figure 1 Values of o estimated using the Lumley and Panofsky equation (LP, blue points, and solid
line), the Moving Block Bootstrap (MBB, orange), and the [RD.2] method (yellow), as a function of
SODAR range gates. Range gates values from 2 to 7 correspond to 35.8, 54.0, 72.1, 90.3, 108.4 and
126.6 m, respectively.

Final remarks

Although the methodology [RD.2] proved to be substantially impracticable due to the impossibility
of achieving an accurate alignment among the three SODAR antennas, the close agreement
between LP and MBB uncertainties — despite the different approaches followed by the two
methods — provides evidence of the robustness and reliability of the o estimated with these two
techniques. It also suggests that implementing the LP equation with t,,, defined as the lag at which
p(7) reaches e~ 1, despite being somewhat arbitrary, represents a reasonable choice that ensures
the applicability of the method without compromising the reliability of the results.

Even though both methods lead to comparable results, the LP equation appears to be preferable
to the MBB technique, as it is straightforward to implement and computationally lightweight. This
characteristic facilitates its integration into an operational processing chain and its application to
the reprocessing of historical datasets without requiring significant computational effort.
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