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Abstract– Nocturnal Low Level Jets (LLJs) are defined as 

relative maxima in the vertical profile of the horizontal wind speed 

at the top of the stable boundary layer. Such peaks constitute major 

power resources, since they are observed at altitudes within the 

heights of commercial-size wind turbines. However, a wind speed 

maximum implies a transition from a positive wind shear below the 

maximum height to a negative one above. The effect that such 

transition inflicts on the wind turbine's blade has not been 

thoroughly studied. Using actual atmospheric LLJ data of high 

frequency as input for the NREL aeroelastic simulator FAST, 

different scenarios were created varying the LLJ maximum height 

with respect to the wind turbine hub height. We found that most of 

the time, the blade was bended near maximum values across the 

plane of rotation, with transient relapses to zero deflection. Within 

the plane of rotation, the blade was bended 85% of the time in the 

direction opposing the rotor motion. The values of these deflections 

were proportional to the strength of the LLJ, but they were also 

slightly reduced if negative wind shears were present within the 

turbine's sweeping area. There were also strong centrifugal forces 

at the root of the blade. The shear forces and the bending moments 

were moderate, with transient relapses to near zero values. The 

amplitude of oscillation of these moments and forces were 

attenuated by the negative wind shears. 
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I.  INTRODUCTION 

Nocturnal Low Level Jets (LLJs) are defined as relative 

maxima in the vertical profile of the horizontal wind speed. 

They are the result of the stable stratification in the lower 

atmosphere and the inversion of potential temperature that 

occurs mainly at night. LLJs occur in many regions of the 

world and are especially important in the Great Plains of the 

United States for their role in the formation of the climate and 

their impacts on the production of wind energy. Wilczak et al. 

[1] determined that LLJs drive the wind farm’ capacity factors 

to over 60 % during the nocturnal hours. 

The most distinctive feature of a LLJ is a peak of wind 

velocity that is observable in the vertical profile of the 

horizontal wind speed at some height above the ground level, 

usually between 100m and 700m [2]. They seem to exert a 

noticeable impact at altitudes as low as z=40m which indeed 

results in a direct influence over the performance of the wind 

turbines [3]. The existence of the velocity peak implies that the 

wind speed shear, defined as the variation of the wind speed 

with the height above the ground level, is positive below the 

jet peak and negative above.  
 

II.  MOTIVATION 

Due to the increase in wind speed, LLJs are significant 

contributors of wind energy, with an increase in wind power 

density in the order of 10-15 times the values in the diurnal 

unstable conditions. On the other hand, studies have 

demonstrated that there is an increase in mechanical loads and 

fatigue loads with the occurrence of LLJs [5]. 

As wind turbines grow taller, the get deeper and deeper 

into the atmospheric region of influence of LLJs, [3] and this 

transition from positive wind shear below the peak of the jet to 

negative wind shear above the peak will be more frequently 

found near, inside or even below the turbine’s sweeping area. 

The effect that such transition inflicts on wind turbines has not 

been thoroughly studied. 

A key objective of this research is to compare the 

resulting deflections and loads in the blades of a wind turbine 

when the peak of a LLJ impacts above, within or below the 

turbine's sweeping area. The blades are especially vulnerable 

parts of the turbine, due to their slim geometry and their 

rotation within a variable wind speed field. 

 
 

III. EXPERIMENTAL DATA AND ANALYSIS 

The bulk of the experimental data was collected from the 

measurement system of the West Texas Mesonet 200 meters’ 

meteorological tower [7], located at 33°36’27.32” N, 

102°02’45.50” W and at elevation 1021m.  Sensors were 

installed at 10 heights in the tower: 0.91m, 2.44m, 3.96m, 

10.06m, 16.76m, 47.24m, 74.68m, 116.43m, 158.19m and 

199.95m. Gill R3-50 sonic anemometers [8] at each height 

were used to obtain the measurements of the three components 

u, v, and w of the instantaneous velocity. The horizontal wind, 

which was directed normal to the plane of the wind turbine 

blades at the height of the turbine hub, was obtained as the 

vector sum: . The modulus of the horizontal 

velocity was calculated as   

At each height, Young 41382VF sensors [9] provided 

measurements of temperature T and relative humidity RH, 

while Young 61302V barometers [10] provided measurements 

of atmospheric pressure P. Values of potential temperature 

were then calculated as in (1), 
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where  is a pressure reference, R is the gas constant of 

air, and  is the specific heat capacity at constant pressure. 

Values of virtual potential temperature were obtained as  

 for unsaturated air, where the mixing ratio 

r was obtained from the relative humidity [11]. All tower 

measurements and dependent parameters were obtained at a 

frequency of 50 Hz. 

The main objective of this research was to compare the 

impacts on turbines of the negative wind speed shears above 

the peak of the jet, in relation with the positive shears below 

the peak. This task presented the preliminary question of how 

to account for “more” or “less” negative shears. The response 

to this problem was to create some parameter that could be 

associated with: a) vertical closeness between jet and turbine, 

b) proportion of the turbine sweeping area covered by negative 

wind shears, and c) relative position (above or below) between 

jet and turbine. To that purpose, we defined the following 

parameter, 

 
 

. (2) 
 

where ξ is the turbine-jet relative distance,  is the height 

above the ground level of the turbine hub,  is the height 

above the ground level of the peak of the jet, and R is the 

turbine’s rotor radius. Characteristics values of the parameter ξ 

are represented in Fig.  1. 

 

        

    

    

        

        

   

     

Fig.  1 Characteristic values of the turbine-jet relative distance ξ. The LLJ, 

represented with the blue lines, impacts the turbine at different vertical 

positions. The red line represents the peak of the jet. 

 

To evaluate the impact of the negative shears above the jet 

peak in relation to the positive shears below the peak, 

calculations of the mechanical responses of the blades were 

performed at multiple values of the parameter ξ. These 

mechanical responses included: deflections, velocities, 

accelerations, forces and moments on the blades.  

Each calculation was performed by plugging in wind 

speed data grids into the FAST (Fatigue, Aerodynamics, 

Structures, and Turbulence) simulation code developed by 

NREL [6]. The FAST code is a comprehensive aero elastic 

simulator and is capable of predicting both the extreme and 

fatigue loads of two- and three-bladed horizontal-axis wind 

turbines (HAWTs). The turbine model selected for the 

simulations was the NREL WindPACT 1.5-MW Wind 

Turbine [13]. 

IV. RESULTS 

The way the mechanical responses vary with 

modifications of the parameter ξ is well visualized by looking 

at plots of probability density function (pdf) for each response. 

The pdf for any turbine response r at a given value of  is 

defined as the function  that satisfy the following 

expression, 

 

. (2) 

 

where  is the probability of a response 

value  of being within the interval defined by a and b. 

The figures in this section (Fig.  2-7) represent the pdf 

variation with ξ of several blades' responses. In each figure, 

the parameter ξ is represented in the vertical axes, from wind 

speed shear totally positive at the bottom (where ξ=-1) to wind 

speed shear totally negative at the top (where ξ=1). The 

background color is deeper where values are more 

concentrated. The red line and the dark red line connect the 

mean and the median values respectively. The green lines and 

the dark green lines delimit the zones with 95% and 68% of 

the values respectively. 

 

A. Blade tip deflections 

The variations of the pdf corresponding to the three 

components of the blade tip deflection are represented in Fig.  

2-4. Fig.  2 shows the component of the deflection across the 

plane of rotation of the blade; it reveals that most of the time, 

the blade was bended near maximum values, with transient 

relapses to zero deflection. No variation in magnitude was 

observed with modification in the proportion of negative 

shears impacting the turbine's sweeping area. On the other 

hand, the component within the plane of rotation, in Fig.  3, 

shows that 85% of the time the blade was bended opposite to 

the rotation, compared to 15% of the time in the direction of 

the rotation. Deflections opposed to the rotation tended to be 

slightly reduced if more negative shears were present within 

the turbine's sweeping area. Finally, Fig.  4, shows that the 

radial component of the deflection oscillated around a reduced 

length, with transient relapses to zero. This length was slightly 

less affected if more proportion of negative shears were 

present. 
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Fig.  2 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

tip deflection, out of the plane of rotation. 

 
 

 
Fig.  3 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

tip deflection, within the plane of rotation. 

 
 

 
Fig.  4 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

tip deflection, in the radial direction. 

 
 

B. Blade root forces 

The variations of the pdf corresponding to the three 

components of the blade root forces are represented in Fig.  5-

7. Fig.  5 shows that moderate values of the shear force 

occurred across the plane of rotation, with transient relapses to 

near zero values. This force implied a bending moment in the 

direction of the wind. The figure also reveals that more 

negative shears within the turbine's sweeping area reduced the 

magnitude of the force. On the other hand, the shear force 

within the plane of rotation, in Fig.  6, oscillated between 

favoring and opposing the rotation. Values opposed to the 

rotation tended to be slightly reduced if more negative shears 

were present within the turbine's sweeping area. Finally, Fig.  

7, shows the occurrence of a strong centrifugal force that was 

slightly reduced when more proportion of negative wind shears 

were present. 
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Fig.  5 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

root shear force, out of the plane of rotation. 

 
 

 
Fig.  6 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

root shear force, within the plane of rotation. 

 
 

 
Fig.  7 Variation of the pdf (in the x-axis) with ξ (in the y-axis) of the blade 

root force, in the radial direction. 

 
 

V. CONCLUSIONS 

In this research, we have determined the mechanical 

impacts that the LLJ negative wind shears have over the blades 

of commercial size wind turbines, as they continue to reach 

deeper into the atmospheric region of influence of LLJs. It has 

been determined that the wind shear is a feature of the jet that 

correlates with the values of loads at the turbine's blades. 

A non-dimensional parameter ξ was created to evaluate 

the impact of more proportion of negative wind speed shears 

reaching the wind turbine’s sweeping area. Calculations were 

performed by correlating the deflections and loads in several 

parts of the wind turbine with variations of the parameter ξ.  

Results show that the transition from positive to negative 

wind speed shears had a weak-to-moderate influence over the 

amplitude of oscillations of several mechanical responses of 

the turbine's blades. 

The increment of negative wind shears within the turbine's 

sweeping area resulted in slight reductions in the deflection of 

the blade tip within the plane of rotation. Moderate decreases 

were also observed in the shear forces, bending moments and 

centrifugal forces at the blade root. 

In summary, the negative wind shears, when present 

within the turbine's sweeping area, had a slight positive impact 

on the mechanical regime of the turbine's blade as they tended 

to alleviate the loads on it. Nevertheless, this conclusion 

cannot be extended to other parts of the wind turbine, such as 

the tower or the nacelle, as their situation is different in terms 

of design conditions and motions. 

ACKNOWLEDGMENT 



15th LACCEI International Multi-Conference for Engineering, Education, and Technology: “Global Partnerships for 

Development and Engineering Education”, 19-21 July 2017, Boca Raton Fl, United States. 5 

The authors gratefully acknowledge the following grants 

for this research: NSF-CBET #1157246, NSF-CMMI 

#1100948, NSF-OISE-1243482. 

REFERENCES 

[1] J. Wilczak, C. Finley, J. Freedman, J. Cline, L. Bianco, J. Olson, I. 

Djalalova, L. Sheridan, M. Ahlstrom, J. Manobianco, J. Zack, J. R. 

Carley,, S. Benjamin, R. Coulter, L. K. Berg, J. Mirocha, K. Clawson, E. 

Natenberg and M. Marquis, "The Wind Forecast Improvement Project 

(WFIP): A Public-Private Partnership Addressing Wind Energy Forecast 

Needs," Bulletin of the American Meteorological Society, vol. 96, no. 10, 

pp. 1699-1718, October 2015. 

[2] D. J. Stensrud, "Importance of low-level jets to climate: A review," 

Journal of Climate, vol. 9, no. 8, pp. 1698--1711, August 1996. 

[3] W. Gutierrez, G. Araya, P. Kiliyanpilakkil, A. Ruiz-Columbie, M. Tutkun 

and L. Castillo, "Structural impact assessment of low level jets over wind 

turbines," Journal of Renewable and Sustainable Energy, vol. 8, no. 2, 

2016. 

[4] W. D. Bonner, "Climatology of the Low Level Jet," Monthly Weather 

Review, vol. 96, no. 12, pp. 833-850, December 1968. 

[5] N. D. Kelley, "Turbulence-Turbine Interaction: The Basis for the 

Development of the TurbSim Stochastic Simulator," 2011. 

[6] "Site Information," 10 April 2016. [Online]. Available: 

http://www.mesonet.ttu.edu/site_info.html. [Accessed 2 September 

2016]. 

[7] B. Hirth and J. Schroeder, "A Summary of the National Wind Institute 

Meteorological Measurement Facilities at the Texas Tech University’s 

Reese Technology Center Field Site," Lubbock, Texas, USA, 2014  

[8] Gill Instruments Limited, "Omnidirectional (R3-50) Ultrasonic 

Anemometer," Lymington, Hampshire. UK, 2005. 

[9] R.M. Young Company, "Model 41382VF Relative Humidity / 

Temperature Probe with Voltage Output," Traverse City, Michigan, USA, 

2013. 

[10] R.M. Young Company, "Model 61302V Barometric Pressure Sensor," 

Traverse City, Michigan, USA, 2013. 

[11] R. B. Stull, An Introduction to Boundary Layer Meteorology, Springer 

Science & Business Media, 1988. 

[12] "NWTC Information Portal (FAST v8)," 6 October 2014. [Online]. 

Available: https://nwtc.nrel.gov/FAST8. [Accessed 11 December 2014]. 

[13] D. J. Malcolm and A. C. Hansen, "WindPACT Turbine Rotor Design 

Study," Golden, Colorado, USA, 2006. 

[14] International Electrotechnical Commission (IEC), IEC 61400-1: Wind 

turbines part 1: Design requirements, Third Edition ed., 2005. 

[15] National Wind Technoloy Center (NWTC), [Online]. Available: 

https://nwtc.nrel.gov/. [Accessed 2 September 2016]. 

[16] AWEA Data Services, "U.S. Wind Industry Second Quarter 2016 

Market Report," 2016. 

[17] J. F. Manwell, J. G. McGowan and A. L. Rogers, Wind Energy 

Explained: Theory, Design and Application, Second Edition ed., John 

Wiley & Sons, 2010. 

[18] W. Choi, I. C. Faloona, M. McKay, A. H. Goldstein and B. Baker, 

"Estimating the Atmospheric Boundary Layer Height over Sloped, 

Forested Terrain from Surface Spectral Analysis during BEARPEX," 

Atmospheric Chemistry and Physics, vol. 11, pp. 6837-6853, 2011. 

[19] J. Song, K. Liao, R. L. Coulter and B. M. Lesht, "Climatology of the 

Low-Level Jet at the Southern Great Plains Atmospheric Boundary Layer 

Experiments Site," Journal of Applied Meteorology, vol. 44, no. 10, pp. 

1593-1606, October 2005. 

[20] H. Tennekes and J. L. Lumley, A First Course in Turbulence, 

Cambridge, Massachusetts, and London, England: MIT Press, 1972. 

[21] S. Lovejoy, A. F. Tuck, S. J. Hovde and D. Schertzer, "Is Isotropic 

Turbulence Relevant in the Atmosphere?," Geophysical Research Letters, 

vol. 34, no. 15, pp. 1-5, 3 August 2007. 

[22] L. Mahrt and D. Vickers, "Contrasting Vertical Structures of Nocturnal 

Boundary Layers," Boundary-Layer Meteorology, vol. 105, no. 2, pp. 

351-363, 21 January 2002. 

[23] R. Nakamura and L. Mahrt, "A Study of Intermittent Turbulence with 

CASES-99 Tower Measurements," Boundary-layer meteorology, vol. 

114, no. 2, pp. 367-387, 2005. 

[24] E. Ferreres, M. R. Soler and E. Terradellas, "Analysis of Turbulent 

Exchange and Coherent Structures in the Stable Atmospheric Boundary 

Layer based on Tower Observations," Dynamics of Atmospheres and 

Oceans, vol. 64, pp. 62-78, November 2013. 

[25] I. M. Giammanco, "An Observational Study of the South Plains 

Nocturnal Low-Level Jet," 2005. 

[26] K. Walter, "Wind Power Systems in the Stable Nocturnal Boundary 

Layer," 2007. 


