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Abstract. A simple adaptive variant of the Doppler beam swinging method is presented to enhance the availability of wind

velocity measurements in profiling lidars. The adaptive method dynamically selects Doppler velocities from beams that have

sufficient signal-to-noise ratios in their backscattered signals. Then it uses those Doppler velocities for wind velocity recon-

struction, rather than relying on the standard approach which discards the entire scan whenever even one beam’s backscattered

signal does not meet the signal-to-noise requirement. The adaptive method was validated in two measurement campaigns at5

the Østerild wind turbine test field in Denmark using three BEAM 6x profiling lidars from Lumibird. In the first campaign, a

lidar measured up to 500 m in proximity to a meteorological mast; in the second campaign, the first lidar was replaced by two

other lidar units to increase the maximum measurement range up to 1 km. Validation against cup anemometers and wind vanes

at four different heights of the met mast showed excellent agreement for mean wind speed and wind direction, with results

similar to those from the standard approach. Availability assessments indicated improvements for all three lidars at high alti-10

tudes, showing a maximum increment of 16.9 percentage points over the standard approach. Due to its simplicity, the adaptive

method can be implemented in lidar software without requiring any hardware modifications.

1 Introduction

As modern wind turbines are increasingly deployed at heights spanning the entire atmospheric boundary layer (ABL), under-

standing the physics of the entire ABL has become more essential (van Kuik et al., 2016; Veers et al., 2019, 2023). In recent15

years, wind Doppler lidars have emerged as a popular and cost-effective alternative to meteorological masts, offering the capa-

bility to measure wind profiles at significantly greater heights. However, one of the challenges in extended ranges of profiling

lidars is the weakening of atmospheric backscatter signals, due to beam divergence and aerosol-related attenuation of the laser

beam (Ceolato and Berg, 2021; Measures, 1984). The aim of this study is to introduce a simple algorithm that increases the

instantaneous availability of reconstructed wind velocities by adaptively selecting the maximum number of beams with an20

adequate signal-to-noise ratio (SNR) in their backscattered signals.

Doppler beam swinging (DBS) is a well-established and widely used method for reconstructing wind velocities from Doppler

velocity measurements (Lehmann and Brown, 2021; van Dooren, 2022). DBS requires at least three Doppler velocities from

non-coplanar beams to reconstruct the three components of the wind vector. Most commercial pulsed profiling lidars use

more than three beams to improve the accuracy of this reconstruction. In this study, we propose an adaptive algorithm for25

selecting among the six beams of the Lumibird profiling lidar, aimed at improving the availability of reconstructed wind
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velocities, particularly at higher altitudes. The current standard DBS setup on this instrument rejects an entire scan of six

Doppler velocities if any of the backscattered signal intensities from inclined beams fall below the factory-set SNR threshold.

This limitation becomes evident at higher altitudes, where the backscattered signal from some beams no longer meets the SNR

requirement, resulting in a loss of usable Doppler velocities from other beams. Our adaptive approach mitigates this issue by30

selectively using only those beams that satisfy the SNR requirement for backscattered signals, thereby maintaining reliable

wind velocity retrievals while increasing data availability. Despite the variety of scanning patterns and suggested elevation

and azimuth angles for wind lidars (Steinheuer et al., 2022), this study focuses on a fixed beam geometry due to hardware

limitations. Nevertheless, a similar algorithm could be applied to instruments operating on the same principle. The work

presented here offers several aspects compared to previous studies that reveal interesting insights and diverse perspectives.35

One aspect is that the validation of measurements is performed at higher altitudes, up to 244 m, where reduced availability

makes accuracy assessment more demanding compared to lower altitudes (e.g., 90 m), where availability is nearly complete

and accuracy is generally assured. Extending this validation to even higher altitudes would be especially valuable, as the

differences between the accuracy of DBS methods are expected to become more pronounced as variations in availability are

more significant. The adaptive method provides an additional advantage in terms of the beam blockage issue. If one beam is40

blocked by a solid object or otherwise compromised, velocities can still be retrieved using a combination of the remaining

beams. This addresses a common issue faced by clients, who sometimes must return complete datasets to lidar manufacturers

for post-processing of the Doppler measurements when a single inclined beam is blocked or otherwise compromised, as no

velocity reconstruction is possible in the current setup under these conditions. Using the adaptive algorithm, this problem is

avoided, allowing the retrieval of velocity without the manufacturer’s intervention, and also saving significant time and effort.45

2 Methodology

The DBS technique in pulsed lidar is conceptually adopted from the velocity azimuth display (VAD) method, which was orig-

inally developed for use in radar systems (Lhermitte, 1961; Browning and Wexler, 1968). Both the VAD and DBS techniques

involve measuring mean Doppler velocities at positions that form a cone above the instrument which is placed in the apex. In

the VAD technique, the lidar beam rotates continuously at a fixed elevation angle, while the DBS approach typically relies on50

a discrete set of static beams. Under the assumption of a horizontally homogeneous and steady wind field at a given height, the

complete wind vector can be retrieved by minimizing the squared differences between the measured radial velocities and the

corresponding projections of the wind vector onto the unit vectors aligned with each beam.

�2 =

NX
i=1

(u � ri �uri)
2

�2
ri

; (1)

In the above equation, u = (u;v;w) denotes the mean wind velocity vector to be determined, N is the number of lidar55

beams, uri is the radial velocity measured along the i-th beam, and �ri represents its associated uncertainty (Newsom et al.,

2017). The unit vector ri, which defines the orientation of each lidar beam, is given by:

ri = (cos�i cos�i;cos�i sin�i;sin�i) ; (2)

2



Figure 1. Beam directions for BEAM 6x Lumibird lidar. The instrument has five inclined beams at approximately 60° elevation, evenly

spaced every 72° in azimuth from 0° to 360° (numbers 1 to 5, respectively), along with a vertical beam at 90° elevation (number 6).

where �i and �i are the elevation and azimuth angles, respectively. The BEAM 6x Lumibird lidar includes five beams with

elevation angles near 60 degrees, distributed evenly in azimuth with 72-degree spacing on the full 360-degree circle (see60

Figure 2). It also features a single vertical beam with a 90-degree elevation. The beams are numbered from 1 to 6, where

beams 1 through 5 represent the inclined beams arranged in increasing azimuth angles starting from zero degrees, and beam 6

corresponds to the vertical beam. The BEAM 6x lidar system operates with a pulse width of 150 ns, a laser power of 20 �J, and

a pulse repetition frequency of 10 kHz, while its acquisition board samples data at 50 MHz. This system performs a complete

scan every 5.5 seconds, providing Doppler velocities every 3 m along the beams.65

In the standard DBS setup on the BEAM 6x, DBS requires valid measurements of all radial velocities from the inclined

beams at the target height; otherwise, the entire scan is rejected. This study proposes a simple method that applies DBS using

the maximum number of beams, which is particularly useful when the backscattered signal from some beams fails to meet the

SNR threshold.

The procedure of the proposed adaptive DBS is presented in Figure 2. The algorithm begins by applying a sliding time70

window to Doppler velocities. At each height, the window contains six consecutive Doppler velocity measurements, one from

each of the six beams. First, the algorithm filters out any radial velocities with an SNR below a predefined factory threshold. If

at least three valid Doppler velocities remain, a DBS process is performed. Before applying the DBS method, a quality check
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is adopted to verify the reliability of the estimated wind components. This step is designed to identify so-called ill-conditioned

scenarios, which occur when only three beams are available and their azimuthal orientations are poorly distributed, typically75

when the line-of-sight vectors lie nearly in one plane. This algorithm effectively excludes only five sets of three-beam, which

correspond to the least accurate cases among the 42 possible combinations (not shown here). The five excluded combinations

are 1-3-6, 1-4-6, 2-4-6, 2-5-6, and 3-5-6 (see Figure 1), as they are considered to be ill-conditioned scenarios. This algorithm

continues until either a valid solution is found or fewer than three beams remain, at which point a solution is no longer feasible.

In this algorithm, the objective is to increase instantaneous availability. A comparison with fixed configurations will logically80

show that wind speed availability will always be equal to or higher for the adaptive method, as a fixed configuration is merely

a subset when the SNR constraint is satisfied.

Another criterion that can be discussed is the residuals of the fit to Doppler velocities (Steinheuer et al., 2022), which can

be calculated after performing DBS. We do not recommend relying on this metric, as high turbulence can also result in a high

residual, making it difficult to differentiate between a poor fit and turbulent flow.85

Availability A is defined as the ratio of filtered instantaneous reconstructed velocities Nf to the total number of complete

scans Nt. For the adaptive method, Nf corresponds to the number of reconstructed wind velocities remaining after applying

all the filters shown in Figure 2. In the standard method, Nf refers to the number of reconstructed wind velocities from the five

inclined beams after the intensity filter is applied.

A=
Nf

Nt
� 100 (3)90

The proposed adaptive DBS approach was evaluated through field experiments using three BEAM 6x profiling lidars during

two measurement campaigns at the Østerild wind turbine test field (Peña, 2019). Ten-minute mean wind speeds and wind

directions obtained from the lidars with adaptive DBS were compared against reference measurements from cup anemometers

and wind vanes installed on a nearby meteorological mast. Also, results from the standard DBS method are included. The

following filters were applied to both standard DBS and adaptive methods to ensure the validity of the comparison with95

reference instruments, which is also aligned with the DTU calibration report (Hansen and Yankova, 2024).

– Lidar Data Availability: Only 10-minute intervals containing at least 75% of the total possible complete scans were

included in the analysis to ensure the reliability and representativeness of the mean wind speeds and wind directions.

– Wake-Free Sector: Wind directions from the westerly sector (195° to 355°) were selected to avoid interference from a

nearby wind turbine and meteorological mast. This sector is broader than the range of 240° to 300° recommended in the100

DTU calibration report, in order to provide more 10-minute average data points for the validation of adaptive DBS.

– Wind Speed Range: The analysis was limited to 10-minute average wind speeds between 4 m/s and 16 m/s, consistent

with the valid operating range of standard cup anemometers as defined by the IEC standard (IEC, 2022).

The DTU calibration report (Hansen and Yankova, 2024) implements an additional filtering criterion to remove the effects

of potential icing, specifically excluding wind speeds collected at temperatures below 2°C. This temperature-based filter was105
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Figure 2. Algorithm of adaptive DBS.

not applied in our analysis, as it only affected a small portion of the measurements. To validate and certify the estimated

mean wind speeds and wind directions, the linear regression slope and the coefficient of determination R2, between the lidar

measurements and the reference instruments should typically fall within the acceptable range of 0.98 to 1.02. In this work, the

proposed method was validated at four heights ranging from 40 m to 244 m, after which data availability was examined for

heights up to 980 m.110

3 Field Experiment

The field experiment was conducted at the Danish National Test Station for Large Wind Turbines in Østerild, Northern Jutland,

Denmark. Three BEAM 6x Wind Sciences (HALO Photonics by Lumibird, 2024) profiling lidars were installed west of the

Light Mast North over two separate deployment periods. The profiling lidars are hereafter identified by the last three digits of

their serial numbers: 205, 320, and 325. The first campaign, using BEAM 6x-205, took place from October 13, 2023, to January115
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