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1. Introduction – Light detection and ranging (LiDAR) measurements of isolated wakes generated by 

wind turbines installed at an onshore wind farm are leveraged to characterize the variability of the wake 

mean velocity and turbulence intensity during typical operations, which encompass a breadth of 

atmospheric stability regimes and rotor thrust coefficients. The LiDAR measurements are clustered 

through the k-means algorithm, which enables identifying the most representative realizations of wind 

turbine wakes while avoiding the imposition of thresholds for the various wind and turbine parameters. 

Considering the large number of LiDAR samples collected to probe the wake velocity field, the 

dimensionality of the experimental dataset is reduced by projecting the LiDAR data on an intelligently 

truncated basis obtained with the proper orthogonal decomposition (POD). The coefficients of only five 

physics-informed POD modes are then injected in the k-means algorithm for clustering the LiDAR 

dataset. The analysis of the clustered LiDAR data and the associated supervisory control and data 

acquisition and meteorological data enables the study of the variability of the wake velocity deficit, wake 

extent, and wake-added turbulence intensity for different thrust coefficients of the turbine rotor and 

regimes of atmospheric stability. Furthermore, the cluster analysis of the LiDAR data allows for the 

identification of systematic off-design operations with a certain yaw misalignment of the turbine rotor 

with the mean wind direction. 

 

2. LiDAR Experiment - A LiDAR experiment was carried out at a wind farm in North Texas (the 

location and name of the wind farm are not disclosed per NDA agreement) comprising 39 Siemens 2.3-

MW wind turbines. The scanning pulsed Doppler wind LiDAR deployed for this experiment is a 

Windcube 200S manufactured by Leosphere, which emits a laser beam into the atmosphere and measures 

the radial wind speed, i.e., the velocity component parallel to the laser beam, from the Doppler frequency 

shift of the back-scattered LiDAR signal. Rather than analyzing the LiDAR dataset in its entirety, it can 

be more convenient to represent the data on a lower-dimensional subspace with a suitable lower rank to 

enable a simplified analysis, which typically entails lower computational costs and clearer interpretation 

of the results. Specifically, POD allows for the generation of an orthonormal basis, which is optimal for 

the reconstruction of the data 

variability. The k-means algorithm 

is used, which is a simple approach 

for partitioning a dataset into K 

distinct, non-overlapping clusters. 

In summary, through the k-means 

algorithm and the dendrogram 

approach, nine clusters are 

generated from the initial LiDAR 

dataset, which are numbered 

from C0 up to C8. The ensemble 

statistics in terms of average and 

standard deviation for the entire 

dataset and the various clusters are 

calculated. 

 

3. Conclusions - LiDAR measurements of wind turbine wakes have been investigated through cluster 

analysis to identify the most representative wake morphologies associated with different atmospheric 

stability regimes, wind conditions, and control settings of the wind turbines. The wake LiDAR 
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Figure 1: Cluster centroids of the mean velocity obtained from the LiDAR measurements. 



measurements are first projected on a truncated POD basis consisting of only five physics-informed POD 

modes. The reduced dimensionality of the experimental dataset has been instrumental to reduce the 

computational costs for the cluster analysis of two orders of magnitude. 

The coefficients of the selected POD modes are then injected in a k-means algorithm, which identifies 

nine clusters to cover the variability of the wind turbine wakes observed through the LiDAR 

measurements. The synergistic analysis of the clustered LiDAR, meteorological, and SCADA data has 

enabled us to ascribe seven clusters to operations in region two of the power curve, namely, for incoming 

wind speeds lower than the turbine rated wind speed, and two clusters for operations above rated wind 

speed. While the latter mainly occur under neutral/stable atmospheric conditions, the other seven clusters 

owing to region two of the power curve are characterized by a varying level of atmospheric instability, 

leading to different incoming turbulence intensity and wake recovery rate. 

It is noteworthy that the completely data-driven approach of the cluster analysis, which avoids the 

imposition of bounds for the various atmospheric, wind, and turbine parameters for detecting the wake 

variability, allows for the identification of systematic operations of the wind turbines with a certain yaw 

misalignment from the incoming mean wind direction. Indeed, for a duration of about 10% of the entire 

LiDAR experiment, the turbine rotors operated with a yaw angle between 3° and 5°, leading to significant 

deflections of the wind turbine wakes, and, eventually, effects on the wind farm power efficiency. 

The clustered LiDAR data have also been analyzed in terms of wake-added turbulence intensity. 

Specifically, regions with a reduced wind turbulence intensity (negative wake-added turbulence intensity) 

have been observed in the near wake for operations in region two of the power curve and under unstable 

atmospheric conditions. This wake feature might be ascribed to the flow re-organization due to the wake 

vorticity structures, such as tip and hub vortices. In the far-wake, a general decay of the wake-added 

turbulence intensity is observed, yet not with a systematic exponential decay as proposed from existing 

wake models. However, predictions of the wake-added turbulence intensity obtained with several existing 

models have produced similar values to those obtained from the experimental data, albeit their accuracy is 

relatively poor in terms of streamwise variability. This analysis suggests that further work is needed for 

modeling the wake-added turbulence intensity for wake regions where the asymptotic exponential decay 

is not achieved yet, which can be an important flow feature in the presence of wake interactions with 

streamwise spacing smaller than about seven rotor diameters. 
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