10

15

20

Spectral correction of turbulent energy damping on wind LiDAR
measurements due to spatial averaging

Matteo Puccioni and Giacomo Valerio [ungo

Wind Fluids and Experiments (WindFluX) Laboratory, Mechanical Engineering Department, The University of Texas at
Dallas, 800 W Campbell Rd, 75080 Richardson, Texas, USA

Correspondence: Giacomo Valerio Iungo (valerio.iungo @utdallas.edu)

Abstract. Continuous advancements in pulsed wind LiDAR technology have enabled compelling wind turbulence measure-
ments within the atmospheric boundary layer with probe lengths shorter than 20 m and sampling frequency of the order of 10
Hz. However, estimates of the radial velocity from the back-scattered LiDAR signal are inevitably affected by an averaging
process within each probe volume, generally modeled as a convolution between the true velocity projected along the LIDAR
line-of-sight and an unknown weighting function representing the energy distribution of the laser pulse along the probe length.
As a result, the spectral energy of the turbulent velocity fluctuations is damped within the inertial sub-range, thus not allowing
to take advantage of the achieved spatio-temporal resolution of the LiDAR technology. We propose to correct the turbulent
energy damping on the LIDAR measurements by reversing the effect of a low-pass filter, which can be estimated directly from
the power spectral density of the along-beam velocity component. LiDAR data acquired from three different field campaigns
are analyzed to describe the proposed technique, investigate the variability of the filter parameters and, for one dataset, assess
the corrected velocity variance against sonic anemometer data. It is found that the order of the low-pass filter used for mod-
eling the energy damping on the LiDAR velocity measurements has negligible effects on the correction of the second-order
statistics of the wind velocity. In contrast, the cutoff wavenumber plays a significant role in spectral correction encompassing
the smoothing effects connected with the LiDAR probe length. Furthermore, the variability of the spatial averaging on wind
LiDAR measurements is investigated for different wind speed, turbulence intensity, and sampling height. The results confirm
that the effects of spatial averaging are enhanced with decreasing wind speed, smaller integral length scale and, thus, for smaller
sampling height. The method proposed for the correction of the second-order turbulent statistics of wind-velocity LiDAR-data
is a compelling alternative to existing methods because it does not require any input related to the technical specifications of
the used LiDAR system, such as the energy distribution over the laser pulse and LiDAR probe length. On the other hand, the

proposed method assumes that surface-layer similarity holds.

1 Introduction

Over the last decades, wind Doppler Light Detection and Ranging (LiDAR) technology has provided compelling features to
perform wind turbulence measurements within the atmospheric boundary layer (ABL) for different scientific and industrial

pursuits, such as air quality, meteorology (Spuler and Mayor , 2005; Emeis et al. , 2007; Bodini et al. , 2017), aeronautic
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transportation, and wind energy (Frehlich and Kelley , 2008; Zhan et al. , 2020a). In the context of ABL turbulence, scanning
Doppler wind LiDARs were assessed against other measurement techniques, such as sonic anemometers and scanning Doppler
wind radars, during the eXperimental Planetary boundary layer Instrumentation Assessment (XPIA) campaign (Lundquist et
al. , 2017; Debnath et al. , 2017a, b; Choukulkar et al. , 2017; Debnath , 2018).

Different scanning strategies can be designed to characterize different properties of the ABL velocity field through LiDAR
measurements (Sathe and Mann , 2013), while the highest spectral resolution is achievable by maximizing the sampling fre-
quency and measuring over a fixed line-of-sight (LOS). Provided the use of a probe length, I, sufficiently small to perform
wind measurements within the inertial sub-layer, e.g. at a height from the ground, z, with | <2 z (Banerjee et al. , 2015),
turbulence statistics of the wind velocity field can be retrieved through fixed scans while providing a spectral characterization
of the inertial sub-layer (Iungo et al. , 2013). 3D fixed-point measurements can be performed by retrieving the radial velocity
measured simultaneously by three or more LiDARs intersecting at a fixed position (Mikkelsen et al. , 2008; Carbajo et al. ,
2014). In Mann et al. (2009), auto- and cross-spectral densities for the three velocity components were estimated through
multiple scanning-LiDAR measurements.

Besides the easier deployment compared to the installation of classical meteorological towers, wind LiDARs tailored for
investigations on atmospheric-turbulence currently provide probe volumes smaller than 20 m along the direction of the laser
beam and sampling frequency higher than 1 Hz, which are welcomed features for studies on ABL turbulence.

A Doppler wind LiDAR allows probing the atmospheric wind field utilizing a laser beam, whose light is back-scattered in the
atmosphere due to the presence of particulates suspended in the ABL. The velocity component along the laser-beam direction,
denoted as radial or LOS velocity, is evaluated from the Doppler shift of the back-scattered signal. A pulsed Doppler wind
LiDAR, like those used for the present work, emits laser pulses to perform quasi-simultaneous wind measurements at multiple
distances from the LiDAR as the pulses travel in the atmosphere. The wind measurements performed over each probe volume
can be considered as the convolution of the actual wind velocity field projected along the laser-beam direction with a weighting
function representing the radial distribution of the energy associated with each laser pulse. Therefore, LIDAR measurements
can be considered as the result of low-pass filtering of the actual velocity field, where the characteristics of the low-pass filter
are functions of the energy distribution of the laser pulse over the probe volume, probe length, and accumulation time (Frehlich
etal., 1998; Sjoholm et al. , 2009; Held and Mann , 2018).

A reduced variance of the wind velocity is generally measured with a Doppler wind LiDAR compared with that measured
through a sonic anemometer due to the laser-pulse averaging and different size of the measurement volume. For single-point
measurements performed with a Windcube 200S LiDAR and azimuth angle of the laser beam set equal to the mean wind
direction, a variance reduction of 8% was predicted for a gate length of 25 m, while it was increased up to 20% for a gate
length of 100 m (Cheynet et al. , 2017).

Attenuation of the measured turbulent kinetic energy due to the averaging over each probe volume can be corrected through
a spectral transfer function introduced in Mann et al. (2009). For fixed scans, by leveraging the Taylor’s frozen-turbulence
hypothesis (Taylor , 1938; Panofsky and Dutton , 1984), the velocity energy spectrum is recovered through the deconvolution

of the radial velocity with the weighting function representing the energy of the laser pulse. The critical part of this correction
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method consists of the empirical definition of the weighting function and its representative length scale (Banakh and Werner ,
2005; Lindelow , 2008; Mann et al. , 2009). As it will be shown in this paper, corrections performed through this deconvolution
procedure often do not provide a satisfactory accuracy for wind turbulence measurements.

Another method for spatial-averaging correction of wind LiDAR measurements was proposed in Brugger et al. (2016).
By assuming a linear averaging over each range gate and a Gaussian shape of the energy along the laser pulse, this method
estimates the corrected velocity variance and the outer scale of turbulence by leveraging the von Kdrman model of the second-
order structure function for the streamwise velocity (Von Karman , 1948). The spatial averaging is included directly in the
calculation of the structure function, following the work by Frehlich et al. (1998). In Brugger et al. (2016), compelling
results were achieved comparing corrected LiDAR data with simultaneous and co-located data collected with an ultrasonic
anemometer. However, these authors noticed residual systematic errors in the LiDAR corrected data, which might be related
to the assumptions of the laser-pulse shape, the linear averaging process, or the von Kdrman model of the structure function,
which was originally formulated for isotropic neutrally-stratified turbulence (Von Kdrman , 1948).

In this work, a semi-empirical procedure is proposed to correct the damping of turbulent kinetic energy associated with
wavelengths comparable to the LiDAR probe length for turbulent velocity measurements collected within the atmospheric
surface layer (ASL), which is defined as the lower portion of the ABL where momentum and thermal fluxes are assumed to
be constant (Stull , 1988). The ASL height can be quantified through the analysis of the turbulent fluxes or the variance of
the streamwise velocity as a function of height (Gryning et al. , 2016). In contrast to the above-mentioned methods for the
correction of the streamwise velocity variance for LIDAR spatial averaging (Mann et al. , 2009; Sjoholm et al. , 2009; Brugger
et al. , 2016), the correction method proposed in this paper does not require any a-priori information about the technical
specifications of the used LiDAR systems, such as probe length or shape of the laser pulse. The proposed method allows
to correct the second-order statistics of the streamwise velocity from spatial averaging by inverting the effects of a low-pass
filter, whose characteristics are directly determined from the power spectral density (PSD) of the LiDAR measurements. It
is noteworthy that this method leverages surface layer similarity (Stull , 1988), thus it can only be applied for wind LiDAR
measurements collected within the ASL.

The remainder of this paper is organized as follows: the theoretical aspects of the correction procedure are discussed in §2,
while in §3 the experimental campaigns performed to collect the various LiDAR datasets are described. In §4, an assessment
of the proposed correction procedure is performed against sonic anemometry, while in §5 the correction procedure is tested
for various LiDAR datasets. In §6, the spatial-averaging effects are investigated by varying the friction velocity, aerodynamic
roughness length, and sampling height, thus for different mean wind speed and standard deviation. Finally, concluding remarks

are reported in §7.

2 Correction procedure for the LiDAR velocity spectra

Surface-layer scaling is typically used for spectral models of the wind speed assuming that the velocity integral length-scale

is proportional to the height from the ground, z, and the Reynolds stresses can be normalized with the square of the friction
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velocity,u . A classical approach to model the power spectral density of the streamwise vedgcitythe following:

fsu(f) . An
u? @1+Bn)>*

@)

wheref is frequencyn = fz=U is the reduced frequency is the mean advection velocity, adandB are parameters
estimated through the best- tting of the pre-multiplied energy spectra of the LIiDAR velocity signals with Eqg. 1. The term
(1) represents a dimensionless dissipation for non-neutral atmospheric stability regimes, edfhal to 1 for neutrally-

strati ed surface-layer ows (Kaimal et al. , 1972). For this work, we only consider near-neutral atmospheric conditions and
slight variations connected with atmospheric stability are embedded in the coefkient

The spectral model of Eq. 1 is typically referred to as blunt model (Olesen et al. , 1984) or Kaimal model (Kaimal et al. ,
1972; IEC , 2007; Worsnop et al. , 2017; Risan et al. , 2018), and the parafnigdypically assumed equal 05 (Kaimal
et al. , 1972), later revised to 102 (Kaimal and Finnigan , 1994),Baredjual to33. It is noteworthy that within the inertial
sub-layer, the pre-multiplied spectra scaleas™, while the maximum value occurs for a reduced frequency equabtB,
which corresponds to the wavenumisgr=3 = (B z).

Considering the Cartesian reference fra(xe; x2;X3), where the coordinates are aligned with streamwise, transverse, and
vertical directions, respectively, the wind speed measured by a pulsed Doppler wind LiDAR can be modeled as the convolution
between the projection of the wind velocity= ( u;;u,;us) along the laser-beam directiam= ( ny; n2; n3), with a weighting
function, , representing the energy distribution of the laser pulse within a probe volume (Sjoholm et al. , 2009; Mann et al. ,
2009; Cheynet et al. , 2017):

F2
Ve (X) = (s) u(sn+ x) nds; (2)

=2
wherev, is the radial or LOS velocity measured along the laser-beam directjat a radial distance from the LIiDAR. The
probe length id, while s is the radial position within the considered probe volume. The weighting functide,normalized
to unit integral. If the Doppler frequency is determined as the rst moment of the signal PSD with the background subtracted
appropriately, then the weighting function can be expressed as (Banakh and Werner , 2005; Mann et al. , 2009; Cheynet et al. .
2017):

I j s

(9= 5 ®)

For the LIDAR Windcube 200S, the following weighting function can also be used (Lindeléw , 2008; Mann et al. , 2009):
_ 3(Lj si)?

2(8) = =3 @)

In the spectral domain, the Fourier transform of Eg. (3) is:
i~2700)-

. _ Sin“(0:5kl)
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while for Eq. 4 is:

_ 6, sinkl)
27 (k)2 ki

(6)

wherek =2 f=U is the wavenumber evaluated through the Taylor's frozen-turbulence hypothesis (Taylor , 1938). As shown
in Mann et al. (2009), the measured velocity spectr8m,can be modeled as:
71 71
St (k1) = nin; i' (k nj* j (k)dkzdks; (7)
1 1
where:k = ( kq;kz;ks) is the wavenumber vector and summation over repeated indices is assumed. In Eg(Kj js the
spectral tensor obtained from the Fourier transform of the Reynolds stress tensdikamj is the Fourier transform of the
convolution function. When the laser beam stares along the mean wind direction with a relatively low elevation angle, namely
withn (1;0;0), the PSD of the radial velocit, , is equal to the product between the spectrum of the actual radial velocity,
8. (k1), and the square of the Fourier transform of the weighting functigky ):
71 71
St (ky) = i* (k0)i? i (K)dkadks = ' (ke)j2SL (Ka): (8)
1 1
Equation 8 shows that the spectrum of the measured radial velSgitys equal to the true velocity spectrus, , low-pass
ltered with a certain transfer function. In this work, the latter is modeled as:
1
RRCENET ©
where andkry, represent the order and cutoff wavenumber, respectively, of a low-pass lter (Ogata , 2010). The symbol
~is used to differentiate the analytical model of the low-pass Iter from its empirical estimate through the ratio between the
tted Kaimal spectrum and the PSD of the LIDAR velocity?. These features of the low-pass Iter and, thus, of the LiDAR
measuring process, are functions of the LIiDAR probe length, the elevation angle of the laser beam, the relative angle betweer
wind direction and azimuth angle of the laser beam, accumulation time, and characteristics of the laser pulse. Therefore, it is
highly challenging to predict these parameters a priori, while it is advisable to estimaatdk,, directly from the specic
LiDAR data under analysis. To this aim, we propose the following iterative procedure to correct the effects of the spatial
averaging on wind LiDAR measurements, which is summarized in the ow chart of Fig. 1.

First, the pre-multiplied spectrum of the radial velocity projected in the horizontal mean wind direction is tted with the
spectral model of Eqg. 1 only for wavenumbers smaller tkego =2 =I . Indeed, we expect to observe signi cant spatial-
averaging effects for turbulent length scales smaller than the probe Iéngtr,wavenumbers higher than the selected cutoff
value, the ratio between the tted Kaimal spectrum and the PSD of the LIDAR veloditys calculated to quantify the effect
of the energy damping due to the LIDAR measuring process. Subsequently, the LiDAR-to-Kaimal#aisofted with Eq. 9
through a least-square algorithm to estimate the Iter ordegnd provide an updated value for the cutoff wavenunibgy,

This process is iterated until convergence on the pararketeis achieved (for this work, the convergence condition imposed
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Figure 1. Flowchart for the iterative correction procedure of the LIDAR velocity measurements.

is a variation ofkt, smaller than 1% of the previous value). If during the iterative prodess,achieves a value equal or
smaller than that corresponding to the spectral pegkthen the procedure is arrested and a warning is dispatched indicating
that the correction procedure was not successful. This warning condition never occurred for all the data analyzed in this work.
Furthermore, it should be considered that whep achieves values close kg, the part of the velocity spectrur8,, used for

the tting procedure with Eq. 1 can be so limited to jeopardize the accuracy of the tting procedure. Once converdgice in

is achieved, the corrected velocity spectr8n(k), is calculated as:

St (k).

St (k)= W

(10)

It is noteworthy that in contrast to existing models using pre-de ned functions to correct the energy damping of the velocity
uctuations, see e.g. Eqgs. 5 and 6 (Sjoholm et al. , 2009; Brugger et al. , 2016; Cheynet et al. , 2017), which require information
about the LiDAR probe length and the energy distribution over a pulse, the proposed procedure calculates the characteristics
of the damping on the LiDAR velocity signals directly from the experimental data, which leads, as it will be shown in the
following, to enhanced accuracy in the correction of the LiDAR velocity spectra. On the other hand, the proposed procedure
leverages the surface-layer similarity for the Kaimal spectral model for the streamwise velocity and, thus, it can only be applied
for wind LiDAR measurements collected within the ASL.



3 Experimental Setup and selected LiDAR datasets

165 The present study is based on wind LIDAR measurements collected from three different experimental campaigns. The rst
dataset was acquired during the period June 9-24, 2018 at the Surface Layer Turbulence and Environmental Science Tes
(SLTEST), which is part of the U.S. Dugway Proving Ground facility in Utah (GPS locatior0807"N; 113 27904"W,

UTC offset 6 h). Characterized by an elevation variability of 1 m every 13 km (Kunkel and Marusic , 2006; Metzger and
Klewicki , 2001), this facility is located in the South West of the Great Salt Lake and extends for 240 km and 48 km along

170 North-South and East-West directions, respectively. An aerial view of the SLTEST facility is reported in Fig. 2a. During the

experiment, the prevailing wind direction was from North-North-East.

The second eld campaign was carried out at a test site in Celina, TX (GPS loca8cti’’35:3"N, 96 49°17:5"W, UTC
offset 5 h), which is a relatively at terrain with a certain variability in land cover (Fig. 2b). For these two eld campaigns,
wind velocity measurements were performed with a Streamline XR scanning Doppler pulsed wind LiDAR manufactured by

175 Halo Photonics, whose technical details are reported in Table 1. LIDAR xed scans were performed with an elevation angle
between 1.98and 10, while the azimuth angle was set equal to the mean wind direction. The latter was monitored through
Vertical Azimuth Display (VAD) scans with an elevation2® and a sampling period of about 90 s, or through Doppler Beam
Swinging (DBS) scans. DBS or VAD scans were executed hourly to monitor variations in the mean wind direction, while the
azimuth angle for the xed scans was updated automatically at the end of each DBS or VAD scan through the feedback scan

180 mode embedded in the LiDAR software, and using the wind-direction measured at the height of 53 m. To investigate possible
variations of the averaging process related to the accumulation time, the sampling frequency of the xed scans was varied
between 0.5 Hz and 3.3 Hz, while the range gate was always set equal to 18 m.

The third campaign considered in this study is the eXperimental Planetary boundary layer Instrumentation Assessment
(XPIA), performed during the period March 2 - May 31, 2015 at the Boulder Atmospheric Observatory (BAO) research
185 facility in Erie, Colorado. For the XPIA campaign, twelve Campbell CSAT3 3D sonic anemometers were mounted on the

Figure 2. Aerial views of the test siteg¢a) SLTEST facility; (b) Celina site;(c) XPIA campaign at the Boulder Atmospheric Observatory.
Source of Google Earth. Black crosses represent the instrument locatig¢os.dach LiDAR is labeled with its respective name.



