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Abstract. In moderate to heavy precipitation, rain-dropletsraindrops may deteriorate Doppler lidars’ accuracy for measuring
the line-of-sight wind velocity because their projected velocity on the beam direction differs greatly from that of air. Therefore,

we propose a method ef-effeetively-filtering-awayfor effectively suppressing the adverse effects of rain on velocity estimation
by sampling the Doppler spectra faster than the raindrops’ beam transit time. By using a special averaging procedure, we can

suppress the strong rain signal by sampling the spectrum at 3 kHz. ©a-A proof-of-concept field measurement campaign was

performed on a moderately rainy day with a maximum rain intensity of 4 mmh~", using three ground-based continuous-wave
Doppler lidars swere-used-to-conductafield-measurementeampaign-at the Risg campus of the Technical University of Denmark.
We demonstrate that the rain bias can effectively be removed by normalizing the noise-flattened 3-kHz-sampled Doppler spectra
with their peak values before they are averaged down to 50 Hz prior to the determination of the speed. In comparison to the
sonic anemometer measurements acquired at the same location, the wind velocity bias at 50 Hz (20 ms) temporal resolution is
reduced from up to —1.58 ms™! of the eonventional-original raw lidar data to —0.18 ms™! of the normalized lidar data —Fhis
stgnifieant-after suppressing strong rain signals. This reduction of the bias occurs at the minute with the highest amount of rain
when the measurementfocus distance of the lidar is 103.9 m with a corresponding probe length being 9.8 m. With the smallest
probe length, 1.2 m, the rain-induced bias was only present at the period with the highest rain intensity and was also effectively
eliminated with the procedure. Thus, the proposed method for reducing the impact of rain on continuous-wave Doppler lidar

measurements of air velocity is promising, without requiring much computational effort.

1 Introduction

Precise determination of wind flow plays an important role in reducing loads on critical turbine components and power varia-

tions, correcting commonly used models for wind energy assessment, improving the performance of wind turbine controllers,
and improving the prediction of the potential wind power extracted from the wind (Davoust et al., 2014; Jena and Rajendran,
2015; Li et al., 2018; Samadianfard et al., 2020; Guo et al., 2022). Besides, wind velocity estimation is also useful for under-
standing important phenomena, i.e., atmospheric boundary layer flows and wind turbulence (Van Ulden and Holtslag, 1985;

Tiirk and Emeis, 2010; Debnath et al., 2017). Therefore, accurate measurements of wind velocity are required;-both-in-the
i i i ascrucial for many applications in meteorology and wind energy.
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There are several available instruments capable of measuring wind speed, wind direction, and turbulence in wind energy, each

with advantages and disadvantages. Gempafed%%h%eﬂﬁ-ﬂ%uﬁmememeﬁeﬂ—hk&e&ﬁeﬂpw sonic anemometers
installed on the-meteorological masts (met masts)
WW&MLMMMIMWMMWW Doppler lidars
a-can accurately
and remotely sense wind velocity by measuring Doppler spectra albeit with their limited ability in measuring turbulence due
to probe-length averaging effects (Sathe and Mann, 2013). For more than a decade, Doppler lidars have been widely used as a

more and more reliable, valuable, and active optical remote sensing instrument with easier and cost-effective deployment. They

have been applied to estimate wind resource both onshore (Bingél et al., 2009) and offshore (Sempreviva et al., 2008; Pefia
et al., 2009; Viselli et al., 2019; Elshafei et al., 2021), both by scanning lidars and profiling lidars (Mann et al., 2017; Menke
et al., 2020; Gottschall et al., 2021) with good spatial and temporal resolutions (Henderson et al., 1991; Aoki et al., 2016).

Apart from the aforementioned, Doppler lidars have the potential of reducing loads on the turbine blade and tower through
lidar prevision of the incoming gusts and flow (Bossanyi et al., 2014; Bos et al., 2016), and improving wind turbine control
(Mikkelsen et al., 2013; Schlipf et al., 2015; Zhang and Yang, 2020). Doppler lidars can also be applied to study atmospheric
turbulence along the span of a suspension bridge (Cheynet et al., 2016) and study the turbulent wind field in the near-wake
region of a tree (Angelou et al., 2022). In order to improve the measurement accuracy by lidars, Wildmann et al. (2020) reduced
the volume-averaging effect on the retrieval of the wind flow statistics with ground-based Doppler lidars (see also Sathe and
Mann, 2013). Brinkmeyer (2015) suggested the low coherence Doppler lidar approach using a pseudo-random broadband laser
source to obtain an effectively smaller sampling volume. It is self-evident that the precise determination of the wind velocity
with Doppler lidars is paramount for many applications in wind energy.

Deoppler-tidarsDoppler lidars’ measurements of wind velocity can be influenced by heavy rainfall because the projected
speed-velocity of raindrops on the propagation direction of the lidar beam will be different from the line-of-sight wind veloc-
ity. A synergy approach was proposed by (Friumner-etal520+0)Trdumner et al. (2010), which combined radar and vertically
scanning lidar measurements to estimate the vertical wind velocity and the raindrop size distribution during rain episodes.
Later, by using a velocity-azimuth display (VAD) scanning technique, wind speed, and rainfall speed were simultaneously
retrieved in Weietal;2049)Wei et al. (2019), by fitting the two-peak spectrum with a two-component Gaussian model. The
spectral peak close to 0 ms~! is the Doppler signal of the vertical wind speed, which can be easily recognized in this scenario.
Aoki et al. (2016) and Wei et al. (2021) proposed an iterative deconvolution method to retrieve raindrop size distribution during
rain by using a vertically pointing coherent Doppler lidar.

However, for Doppler lidars which are not vertically pointing, the line-of-sight wind velocity is not close to zero and it is
difficult to distinguish which part of the signal originated from rain-dreps-raindrops or from air-following aerosols. Therefore,
the purpose of the present study is to experimentally-investigate-a-method-te-filter-away-provide a proof-of-concept experimental
investigation of a method we propose to suppress the precipitation signal from the aerosol signals, in order to reduce the rain-

induced bias on the velocity estimation.
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(Mikkelsen et al., 2017) were deployed to point towards a common focus point very close to a mast-mounted sonic anemometer
at31 m height. Each lidar had different elevation angles, focus distances, and thus probe lengths. Therefore, it was possible to
investigate the in uence of these parameters on the performance of the post-processing method. The basic idea is to sampls
Doppler spectra rapidly, i.88 kHz, which allows us to detect when a raindrop is in the beasnlter—outthosespeetra.
Measurements of a sonic anemometer are used as a reference to compare with the estimated line-of-sight wird-rglocity
corresponding rain characteristics are retrieved from a ground-based disdrometer (Tilg et al., 2020) nearby the meteorological
mast.

Section 2 introduces the eld campaign and elaborately describes the instruments used. In Section 3, the measurement result

of the sonic anemometers and the disdrometer are presented. The principle of Doppler spectral processing to retrieve the line

study are summarized in the Conclusion (Section 6).

2 Instrumentation
2.1 The WindScannertigdar-system

In order to validate the method to reduce the in uence of the precipitation on the estimated wind velocity, we conducted a
eld experiment at the Risg campus of the Technical University of Denmark (DTU), as shown i#®igThe surrounding

within 61 of the adjustable center axis (Sjoholm et al., 2014; Mikkelsen et al., 2008). The direction of the line-of-sight of
each lidar is steered by two prism motors and a focus motor controls the measurement location along the beam for these lidars
For this campaign, the sampling frequency of spectra is set 8kbtz. A central master computer is used to synchronize the
short-range wind lidars to scan the same pattern in space simultaneously, however, allahreadidarsare focused on one
static point in this investigatiorfep-view-ef-thelocationsef-threeWindSeannelidars{indicatedby-theredpointsinearthe

The three ground-baseé#lindSeannetidars were staring at a poidtm north of a sonic anemometer (USA-1, METEK)
which was locate@1 m above the ground. Thesannetidar heads were covered with green rain barrels to asgidleroplets

signals. The full-width-at-half-maximum (FWHM) of the Lorentzian weighting function or the probe length can be approxi-



95

100

105

Figure 1. ThreeWindSeanneCW lidars pointed at a common focus point close to a sonic anemometer on a met mast at DTU Risg campus.

@)

wherezg is the Rayleigh length, de ned as the distance from the focus point to where the cross-sectional area of the laser beam
is doubled (Angelou et al., 20121, is the distance from the lidar to where the beam is focusead,the laser wavelength,
whichis1:565 m,+ag is thee 2 intensity radius of the laser beam at the lidar telescope, which is 88auin. A list of the
measurement parameters of thereSeannethreelidars is summarized in Table 1 and the three-dimensional yieswvel

wnitLidar #1 is placed on a slope, therefore it has a relatively bigger elevation angle of s®ounut has the smallest probe
length of1:2 m, compared withinitlidar #2 and#3 . The measurement period of the thi®&eSeannelidars is from 15:12
{(UTC+1)t0 23:29 (UTC+1) on September®72022 All times mentioned in the paper are UTC+1.
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Table 1. Summary of the measurement parameters offreSeannethreeCW lidars.

height Elevation angle |  Rayleigh lengtler (m)  Line-of-sight focus distand® (m) Anglete-theNerth-Geographidear
WindSeannef idar #1 57.9 0.6 37.2 222.612.6
WindSeannef idar #2 34.6 1.4 54.8 -73172.9
WindSeannet idar #3 15.3 4.9 103.9 119.999.3

m north ofer:ghe sonic anemometer at a helghladfm above the ground. P0|5t|s the base of the met mast. The black solid line indicates

the met mast{a) Fhedistancesn{a) aretheline-ef-sightfocusdistanceswhile thosein(b) aretheprojectionsonthehorizontalplane.

2014) is employed, which mixes the received signal with two local oscil{&l@}signals phase shifted tgo relative to each

110 MHz) 0:33ms correspondlngo aspectrunrate of3kHz. Therefore, at every mlnute eadhndSecannelidar will prowdea




115 The shortestoeam transit timg0:35-ms)-of-atypicatraindrop-Herewefoundthatthe canbe determinedbasedon large

120 elevationangleof 15:3 . Most often,howeverraindrops transittime is longerthanthe aforementioneghortestime if_their

125 2.2 METEK sonic anemometer

The meteorological mast location is approximate3® m northwest of the DTU V52 wind turbine and its bas&:i3 m above
the sea surface (Fig22). There are ve sonic anemometers (USA-1, Metek) on booms facing north and ve cup anemometers

130 wind vane(W200Pfrom Kintech Engineering) a1 m, and twoabsetutgemperaturesensergir temperaturgensorgPt 100,

the available sonic and cup observations at different heights are compared in the following section. The sonic anemometer at
31mis used as a reference for further comparison with the radial wind velocity detected by thé/thé&=annelidars.
In this step, it is also important to get accurate orientation of the sonic anemometer. For this purpose, the azimuth angle
135 of the boom is considered as the direction offset of the sonic anemometer relative to the North. Here the Leica Total Station
(Fig. 3b) was used to scan the sonic anemometgt at height, the boom at the same height, and the thfeelScannelidars.

140 the three lidar beams. Consequently, the unit vectors of three lidars beam®a86,[ 0:39, 0:85],[ 0:10,+0:82, 0:57]

and f0:84, 0:47, 0:26], respectivelyPeinteloudsef(a) the senicanemometeattheheightof-31-mand(b) the-headof

145 raindrops,In thosecasesthe sonicanemometewould repeatthe previousvelocity value andthe statuswould be "4". Thus,

thelinearinterpolationmethodwasusedin this studyto eliminaterepeateg/elocities,which representedbout60% of the 50
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tation(a) andthe- (b) Leica Total Station (Leica Geosystems, last access: 12 March 20@8egio-sean. (c) Scannedt|oud pointsof the

sonic anemometer #te heightof 31 mhighh). The dashed line ifa) indicates the hub height of the DTU V52 wind turbine.



Figure 4. Thies Laser Precipitation Monitor(LPM) at DTU Risg campus.

2.3 Disdrometer measurements

150 by Thies (Laser Precipitation Monitor, LPM), with a transmitter head emitting a horizontal laser-light plane and a receiver

155 sphere diameter (Angulo-Martinez et al., 2018). Some technical details of Thies LPM disdrometer are given in Taide 2.

3 Sonic anemometer and disdrometer data
3.1 10-minute averaged sonic data

Before analyzing the sonic and lidar data, the sonic and cup wind speed as well as the sonic and vane wind direction at different
160 heights were compared. In Fig. S5aadb we show that the 10-minute averaged wind speeds by sonic and cup anemometers
are in good agreement for all heights including the heighBbfn where the lidars were measuring. The slope of a linear

regression i4:008with a coef cient of determinatiofR? equal to0:997, which shows that wind speeds measured by the sonic
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Thies LPM
Laser wavelength [nm] 786
Size of laser-light plane [mf} 4560
Number of diameter classes 22

Min /maxof diameter classes [nm]  0.1875-8

Number of velocity classes 20

Min/max of velocity classes [mg] 0.1/15

anemometers agree well with that measured by cup anemometers (with only a 1% difference). The same conclusion can be
drawn for the wind direction in Fig2?5 c andd. Besides, the mean absolute difference of wind speed between the sonic and
cup anemometer &L m height is0:11ms ! and that for wind direction between the sonigédim and the vane atl m height

is 1 . However, for further comparison with the lidar data, the three unit vectors describing the direction of the line-of-sight
are used to project the wind vector measured by the sonic anemometer onto the lidar's line-of-sight, as mentioned in Sect. 2.2.

riwind-dire opnmae adh onicanaemomete Q o arti haiah Q A4 Nnd7Z0-m ndb ¥iTa¥a
DHWHARG Gby v/ \/ GOV-W

from the sonic anemometer &tm-31 m is in the interval 2:02 ms 1, 6:59ms 1], while the wind direction is in the interval
[1109 , 1648 ].

3.2 1-minute disdrometer data
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During the highest rain intensity period, most of the raindrops have mass-weighted mean diameters smaltanttzard the
falling velocity smaller thai ms * as shown in Fig. 6b.
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4 Suppression method of theain-biasrain_bias

4.1 Lidar data processing
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precipitation, it is obvious that sometimes the spectrum has a very high, narrow peak as shown in Fig. 8b. This is caused by
a raindrop falling through the beam, the intensity of which should be compared to the ones of the more commonly occurring

spectra where the Doppler signal is caused by the aerosols (Fig. 8a). Here the width of the Doppler spectrum in Fig. 8a is
relatively wider because the aerosols within the measurement volume of the lidar have slightly different velocities and the peak
value is much lower. In contrast, the spectrum caused by the raindrop is very narrow because of the single velocity of the drop.
From the histogram, (Fig. 8d) of the maximum values of the spectra obtained during this moderate-rain minute, the very high

back-scattering events marked by the red circle are the large raindrops passing through the center line of the laser beam close t
the beam waist. These could potentially cause a bias between the radial wind velocity measured by the lidar and by the sonic.

andeasethe comparisorwith the sonicanemometer;

2 aspectrathreshold(blackline in Fig. 8c) is subtractedrom every50 Hz spectrumandnegativevaluesarezeroed.The

i tymaximumandcentroidmethodgHeld and Mann, 2018)

Thenareal.at

Thereforejn thecaseof lidar #1 wheretheling-of-sightvelocity uctuatesaroundzero(theyverticalline atfrequencybin 257
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to de ne the signal caused by the Wlnd in a Doppler spectrum. ThIS is because a too-high spectral threshold would result in
the unexpected removal of the useful Doppler signal and causeCfatse * wind velocity, while a too-low spectral thresh-
old would leave a lot of noise in the spectrum, deteriorating the accuracy of the wind velocity estimation. As concluded in

{Aﬂgdeu%—zgﬂa&ngelou etal. (2012a), the optlmum number of standard dewatmﬁenm@yto,,de ne the threshold

the wind almost all the time and we speculate that rainwater was covering the entrance window of the lidar telescope, despite
our attempt to shield the window with a gren barrel (Fig. 1). The water caused a very weak Doppler spectrum even at the
minute with the highest rain intensity. Therefore, for further analysis and comparison, only the measurement dat&by lidar
and#3 are used.

the measuring con guration used here, is smaller than that of the horizontal wind speed in the beam direction. In F|g. 9,itis

very obvious that after normalization by the spectral peak the narrow Doppler signal caused by the ratmdm

normal|zat|on method under no-rain, light-rain, and moderate-rain conditions.

15
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Figure 9. Comparison 0b6-Hz-{{a);(b))-anred-Hz{{e){e))-Dopplerspectra containing both wind and raifgratfer-WindSeannetidar

Doppler signalswith (marked by RawNorm")-while the bluesareafterrain-suppressinghortfor normalizatiofby-thespectrapeakto-fter
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Table 3. The estimated wind velocity by lidar data witlltrm ) and without ¥aw ) normalization, and by the sonic anemometégic )

Vsonic (ms 1) Viaw (ms 1) Vhorm (ms l)

50 Hz of #1 -1.67 -1.06 -1.62
50Hz of #3 -4.58 -3.02 -4.40
1Hz of#1 -1.14 -0.50 -1.10
1Hz of #3 -4.72 -4.29 -4.59

5 Comparison between lidar and sonic wind velocity
5.1 50Hz wind velocity comparison

The referenc&0 Hz sonic data a1 m height was synchronized with the lidar measurements before the comp&ismabn

hecson anform on-\we internolatecepne ackon Anadvalo mae amentth a acdeto-thetn aVaVa¥aWa
O atu O atro SAS, G ota Cb O v C O ctou O i cc O ol O

theraindropsin Fig. 10a;€-eaneFig-—??a:€-€;, the 50 Hz radial wind velocity time series of the normalized lidar dakse
blue curves) matches well with the synchronized sonic datsgfeen curves) at the no-rain, light-rain, =1 mmh 1) and
moderate-rainl(;, =4 mmh 1) minutes. It is very clear that the uctuation of the wind velocity caused by the raindrops is
effectively suppressed, especially during the moderate-rain period foktldarth a shorter focus distan@¥:2 m in Fig. 10e,

or during the rainy period for lida#3 with a longer focus distancE)39 m in Fig.??e-angel0dandf. This can also be found

from R? ef theseatteplotsinFig-10and-22values, indicating less dispersion of the lidar wind velocity after rain-suppressing

normalization.
Furthermore, Tables 4 and 5 compare the minute-averaged radial wind velocity of the three data sett{saaie-averaged

as the bias between the sonic and lidar estimations. In the case of small probe length#l (Jidamly at the moderate-rain
minute, the bias is effectively reduced fromD:15to0 0:04 ms * after normalization, whereas the bias is almost the same
at the no-rain and light-rain minutes. However, precise wind velocity is obtained after normalization éf3idtata in the
presence of light rain and moderate rain, with the bias correspondingly reduced i@hto 0:01ms * and from 0:33

to 0:08 ms 1. In light of this, it follows that when the probe length is small and it rains more heavily than lightly, rain-

probe length is larger (up tb0 m) with a broader Lorentzian weighting function, normalization performs very well when rain

falls (whether light or heavy) because of the sensitivity of the lidar to rain sigBalsipariseref 50-Hzradialwind-velocity

hale a mn Nndthe amlo horiah a aalal¥a hocon d hoaoareen v7a he A herad esan
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