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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 for wind turbines.
However, a wind speed maximum implies a transition from positive wind shears below the peak to negative ones
above. The effect that such a transition has on wind turbines has not been thoroughly studied.

This research study employed a methodical approach to the study of negative wind shear’s impacts on wind
turbines. Up to now, the presence of negative shears inside the turbine’s rotor in relation to the presence of
positive shears has been largely ignored. A parameter has been proposed to quantify that presence in future
studies of LLJ–wind-turbine interactions. Simulations were performed using the NREL aeroelastic simulator
FAST code. Rather than using synthetic profiles to generate the wind data, all simulations were based on real
data captured at the high frequency of 50 Hz, which allowed us to perform the analysis of a turbine’s impacts
with real-life, small scales of wind motions.

It was found that the presence of negative wind shears at the height of the turbine’s rotor appeared to exert a
positive impact on reducing the motions of the nacelle and the tower in every direction, with oscillations reach-
ing a minimum when negative shears covered the turbine swept area completely. Only the tower wobbling in the
spanwise direction was amplified by the negative shears; however, this occurred at the tower’s slower velocities
and accelerations. The forces and moments were also reduced by the negative shears. The aforementioned im-
pacts were less beneficial in the rotating parts, such as the blades and the shafts. Finally, the variance in power
production was also reduced. These findings can be very important for the next generation of wind turbines as
they reach deeper into LLJ’s typical heights.

The study demonstrated that the presence of negative shears is significant in reducing the loading on wind
turbines. A major conclusion of this study is that the wind turbines of the future should probably be designed
with the aim of reaching the top of the nightly boundary layer more often and therefore the altitudes where
negative shears are more frequent. Doing so will help to reduce the positive shear’s associated damage and to
capture the significant LLJ energy.
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1 Introduction

Nocturnal low-level jets (LLJs) are defined as relative max-
ima in the vertical profile of the horizontal wind velocity.
They are produced by the stable stratification in the lower
atmosphere and the inversion of potential temperature that
often occur at night. LLJs occur in many regions around the
world and are often observed in the Great Plains of the United
States. They are particularly important due to their role in
the formation of the climate and their impacts on the produc-
tion of wind energy. Wilczak et al. (2015) determined that
LLJs drive wind farm capacity factors to over 60 % during
the nocturnal hours. Thus, they are beneficial for the wind
energy production; however, it is not totally clear what their
influence is in terms of the turbine’s structure.

There is no single mechanism to explain why LLJs oc-
cur. Blackadar (1957) was the first who explained the forma-
tion of the jets as the result of the inertial oscillation of the
Earth. The periodicity of the inertial oscillation was later cal-
culated by Stensrud (1996) and Van de Wiel et al. (2010). Ad-
ditionally, other theories of LLJ’s formation have also been
proposed. Holton (1967) noticed that a sloping terrain may
have an influence on the dynamic forcing of a jet. Bonner
(1968) confirmed the finding but maintained that the inertial
oscillation was still the predominant mechanism and refined
the conceptual model of the oscillations. Another theory was
later proposed, when Uccellini (1980) observed that strong
jets in the upper layers of the atmosphere can induce slower
jets within the atmospheric boundary layer.

The most distinctive feature of an LLJ is a peak in the
vertical profile of the horizontal wind velocity, usually ap-
pearing between 100 and 700 m above the ground level, as
noticed by Stensrud (1996). Gutierrez et al. (2016) observed
that LLJs exert a noticeable impact at altitudes as low as
40 m, which indeed results in a direct influence over the
performance of wind turbines. The existence of the velocity
peak implies that the wind speed shear, defined as the varia-
tion in the wind speed with the height above the ground level,
is positive below the jet peak and negative above.

In some parts of the world, such as Europe, wind turbines
are reaching 200 m and the current tallest wind turbines eas-
ily surpass that mark. The growing trend in wind turbine
heights is expected to continue all over the world, including
the United States. This tendency nonetheless presents a key
challenge. Gutierrez et al. (2016) pointed out that, as wind
turbines get taller, they reach deeper into the atmospheric
layers where LLJs are observed. Consequently, this transi-
tion from positive wind shear below the jet peak to negative
wind shear above will be found more frequently near, inside
or even below the turbine’s swept area. The effect that such a
transition has on wind turbines has not been thoroughly stud-
ied. Legitimate concerns arise as to what the consequences
may be on wind turbines that have been designed with the
expectation of facing positive wind shears through most of
their lifetime.

Hence, the key objective of this article is to determine the
impacts of the wind shear transition over the motions (deflec-
tions, velocities and accelerations) and loads (forces and mo-
ments) of the turbine’s parts. Differently from rotating parts
(i.e., the blades and the shafts), the nacelle and tower are an-
chored at one end to the ground, which tends to increase the
forces and bending moments at the points of support. This
situation leads to deflections at the nacelle and at the top of
the tower and to considerable forces and moments at the base
of the tower. Therefore, it is of interest to find out whether the
LLJs’ shear transition exacerbates or mitigates those effects.

To answer this question, a process has been devised to find
out how the turbines’ responses vary with the presence of
negative wind shears. First, enough wind information was
collected to allow us to find typical LLJ incidents. Second,
a parameter was devised as an independent variable that
quantified the proportion of rotor area that receives negative
shears. Then, cases were generated by gradually modifying
the parameter. Finally, simulations of the turbine responses
were performed for each case and the results were compared
to draw conclusions.

This paper is organized as follows. The rest of this section
focuses on a literature review of the current state of knowl-
edge on wind data collection and on wind shear. Methods
are described in Sect. 2, including how data were collected
and processed, how simulation cases were prepared, and how
turbine simulations were performed. Results are shown is
Sect. 3 with the most characteristics outputs in the turbines’
blades, nacelle and tower. Finally, in Sect. 4 we discuss the
results and present major conclusions.

1.1 Previous experiences on data collection

To simulate the results of this interaction between turbines
and LLJs, a decision must be made about how to model
the LLJ. Two trends are available: obtain direct measure-
ments of real wind data or generate synthetic data from com-
putational models. The first option is usually implemented
through costly measurement infrastructures, including mete-
orological towers, sodar devices, lidar devices or surface sta-
tions. Due to high costs associated with field campaigns, the
trend is to create synthetic data using economical computer
models. The first task in this research was to clarify the cur-
rent accuracy of these technologies in order to select the best
option to simulate LLJs.

The attempts to model atmospheric events, including
LLJs, are not new. Storm et al. (2009) conducted research to
assess whether numerical weather prediction (NWP) mod-
els can replace expensive equipment such as meteorologi-
cal towers in forecasting LLJs. They found that the Weather
Research and Forecasting (WRF) model was able to capture
some of the main characteristics of the observed LLJ events;
however, WRF proved to be inaccurate in predicting impor-
tant LLJ features such as peak height and speed. Further at-
tempts were performed by Storm and Basu (2010) to evaluate
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whether WRF is a significant improvement in the estimation
of the shear coefficient. Results demonstrated that WRF can
provide a better approximation; however, the applicability to
accurate projects was uncertain, as other factors such as ter-
rain and canopy were not considered. More recently, Van-
derwende et al. (2015) noticed that WRF simulations tended
to underestimate the jet intensity. It can thus be concluded
that NWP models based on WRF are promising at present
state, but more progress is needed to consider these models
as reasonable options for the detailed analysis of mechanical
impacts on turbines.

Although expensive, experimental data acquisition meth-
ods are better at capturing LLJ information. Instruments in-
stalled on meteorological towers usually provide data with
less uncertainty than any other method. One advantage of us-
ing meteorological towers is the ability to concentrate mea-
surements closer to the ground. Ferreres et al. (2013) inves-
tigated whether tower observations could capture the main
features of several coherent structures found in atmospheric
stable conditions, one of those structures being a LLJ. Al-
though the spatial and temporal resolutions of the instrumen-
tation were not high, the structures were correctly detected
and analyzed by using wavelet methods. The study demon-
strated that the towers were a reliable way to capture the fea-
tures of such events accurately, including the LLJ.

In summary, high-frequency instruments installed on me-
teorological towers are the best option to capture the scales
of wind motions that structurally affect wind turbines. Al-
though devices like lidars can detect the presence and fea-
tures of structures such as LLJs, their time resolutions are
generally coarser and therefore some important frequencies
are filtered out. Therefore, the strategy in this research was
to process high-frequency wind data obtained from a 200 m
meteorological tower and then use them as input to an aeroe-
lastic simulator and learn about the turbine’s response.

1.1.1 Previous work on wind shear

The implications of the LLJs’ increased wind shear on the
performance of wind turbines have been investigated in re-
cent years. Greene et al. (2009) correlated measurements of
wind data in western Oklahoma with the power production of
three commercial wind turbines in the same area. The actual
power outputs in LLJ situations were found to be larger than
the traditional estimates due to stronger wind shears. Mea-
sured turbulence intensities were generally lower when LLJs
were present.

A comprehensive study about LLJ-induced damage to
wind turbines was conducted by Kelley et al. (2004). The re-
search was based on the collection of real wind data from
a tower and a sodar and also on measurements of result-
ing loads on real wind turbines. They found that LLJs can
cause instabilities leading to coherent turbulence and Kelvin–
Helmholtz waves, which they correlated with an increase in
flapwise loads in the blade roots. In a following study, Kelley

(2011) detected that the maximum turbine damages occurred
within a narrow range of atmospheric stability usually asso-
ciated with LLJs.

Sathe et al. (2013) used wind profile models together with
an aeroelastic simulator to investigate whether the wind pro-
file and the atmospheric stability modify the wind turbine
loads. They found that loads at different turbine parts were
affected slightly by the wind profile (up to 7 %) and signifi-
cantly by the atmospheric stability (up to 17 %). On the other
hand, Bhaganagar and Debnath (2014) performed large-eddy
simulations (LESs) to understand how the stable atmospheric
boundary layer (ABL) affects the wind turbines’ wake in a
wind farm. They found that the wind speed shear, the wind
direction shear and the atmospheric turbulence were the pa-
rameters with more influence over the structure and lateral
expansion of wakes.

Walter (2007) demonstrated the importance of the wind
speed shear and the wind direction shear for the wind
turbine’s power production. Specifically, he showed a
USD 2.1 million loss in revenues across the lifetime of a
100 MW wind farm, compared to revenues calculated for the
baseline case with no shears. More recently, Hur et al. (2017)
included the strong wind shear as one of the anomalies in
the incoming wind field that an enhanced turbine controller
needs to detect in order to compensate for the mechanical
imbalances on the turbine structure. Gutierrez et al. (2016)
pointed out an exacerbation of the cyclical loads on the
blades as a result of the stronger wind shear below the LLJ
peak, which roughly increased the shear coefficient around 5
times.

A main limitation of the aforementioned studies is that
they were focused mostly on an LLJ’s strong positive wind
shears as a whole, which basically means that shears were
considered to be entirely positive across the turbine’s rotor.
To our knowledge, no research has been performed on the
possible effects of the presence of LLJs’ negative wind shears
within the turbine’s swept area. This scenario is becoming
more important as the wind turbines get larger, reaching the
heights of LLJs’ peak more often. Giammanco and Peter-
son (2005) studied LLJs in the region of the present research
and filtered examples whose velocity peak occurred below
200 m above the ground level. They detected characteristic
features of LLJs, including extended periods of low turbu-
lence interrupted by bursts of turbulence that were associ-
ated with Kelvin–Helmholtz instabilities. On the other hand,
Zhou and Chow (2012) observed that strongly stable bound-
ary layers (with strong surface cooling) tended to generate
the jet peak at lower heights than those created by moderately
stable boundary layers. This observation indicates that strong
jets are possible at low altitudes above the ground level.

In an early step of this research, several of the LLJ’s fea-
tures were correlated with the turbine’s responses. Those fea-
tures included wind speed, wind shear, wind veer and poten-
tial temperature. It was found that the feature that correlated
more strongly and with a greater number of a turbine’s re-
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sponses was the wind shear, followed closely by the wind
speed, then the wind veer and finally the potential tempera-
ture.

In summary, the action of negative shears within the tur-
bine’s swept area is a phenomenon whose consequences have
not been thoroughly studied. Understanding their effects on
the performance and mechanical loads of wind turbines is of
great importance from an operational point of view, as the
knowledge can modify the expectations and assumptions in-
cluded in the design of future wind turbines.

2 Methods

Measurements of wind speed, temperature, pressure and
relative humidity were continuously collected by West
Texas Mesonet (2017) station at Reese Technology Center.
The data were processed and consolidated into a common
database. To prepare the simulation cases, the database was
screened for patterns indicating atmospheric conditions like
LLJs. Once a segment of data was found to match the pattern
of interest, it was prepared for a simulation. The dataset was
provided as input to an aeroelastic simulator program that
computed the mechanical responses of a wind turbine to the
incoming wind field.

The first part of this section describes in detail the main
features and configuration of the measuring devices mounted
on the 200 m meteorological tower. The second part explains
the processing of the data and how a case was selected. The
third part explains how simulations were prepared for differ-
ent jet altitudes with respect to the turbine height. Finally, the
fourth part describes the features of the aeroelastic simulator
and how the simulations were performed.

2.1 Data collection

The bulk of the experimental data was collected from the
measurement system of the West Texas Mesonet 200 m me-
teorological tower described by Hirth and Schroeder (2014).
The tower is located at N 33◦36′27.32′′, W 102◦02′45.50′′

and at elevation of 1021 m. Sensors were installed at 10 ver-
tical positions along the tower as follows: 0.91, 2.44, 3.96,
10.06, 16.76, 47.24, 74.68, 116.43, 158.19 and 199.95 m.
All tower measurements and dependent parameters were ob-
tained at a frequency of 50 Hz.

Gill R3-50 sonic anemometers at each height were used
to obtain the measurements of the three components of the
instantaneous velocity: u (northward), v (eastward) and w
(vertical). The horizontal wind, which was later considered to
be normal to the plane of rotation of the blades at the height
of the turbine hub, was obtained as the vector sum Uxy =

u+v. The modulus of the horizontal velocity was calculated
as Uxy =

√
u2+ v2.

At each height, Young 41382VF sensors provided mea-
surements of temperature T and relative humidity RH, while
Young 61302V barometers measured the atmospheric pres-

sure P . The potential temperatures were then calculated as
follows:

θ =

(
P0

P

)R/cp

, (1)

where P0 is a pressure reference, R is the gas constant of air
and cp is the specific heat capacity at constant pressure.

The virtual potential temperatures were calculated using

θv = θ (1+ 0.61r) (2)

for unsaturated air, where the mixing ratio r was obtained
from the relative humidity, as described by Stull (1988).

2.2 Data processing

The information was periodically transferred into a central
database, which was scanned in search of past atmospheric
events, including the occurrence of LLJ incidents. LLJ cases
were detected by using a trigger combining high vertical
shear of horizontal wind speed, low standard deviation of
wind speed at the peak height and wind speed above a thresh-
old for at least 12 h. Preference was then given to LLJ cases
whose peak in the horizontal velocity profile occurred below
200 m above the ground level.

After applying these filters, it was determined that the best
example of a strong LLJ at low height was the incident that
occurred on 22–23 October 2013. Finally, 30 min samples
from the selected case were spatially interpolated to obtain 3-
D series with a time resolution of 0.02 s (50 Hz) and a space
resolution of 1 m in both directions.

One decision to make was how to construct a 3-D box of
wind speed information. The tower is a line of measurements
which provides one dimension in the vertical axis. The se-
ries of collected data generate the second dimension in the
streamwise axis. Finally, an assumption must be made to
generate the third dimension in the spanwise axis and com-
plete the 3-D model. Data from the tower reveal that LLJs
are very stable phenomena in terms of wind speed and direc-
tion, both of which vary very slowly with time. Moreover, the
LLJ’s horizontal scales are large, both along and across the
wind direction. These two observations support the expec-
tation that horizontal rotational motions are mostly insignif-
icant within LLJ winds and, therefore, that the wind speed
vector would be quite similar in the spanwise vicinity of the
tower. The third dimension in the spanwise axis was thus ob-
tained by replicating the measurements obtained at the tower
at the same height.

2.3 Case preparation

A dimensionless parameter was used to quantify the propor-
tion of the turbine rotor that received negative wind shears.
The turbine-jet relative distance parameter was defined as
follows:

ξ =
(zt− zp)
R

, (3)
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Figure 1. Methods to generate values of the parameter ξ . In the first method (a) a single wind data grid was combined with the turbine
simulated at several heights. In the second method (b) the turbine at a single height was combined with a family of synthetic data grids
(represented by red lines) generated after the original jet data (in blue line).

where zt is the turbine hub height, zp is the height above the
ground level of the peak of the jet and R is the turbine ro-
tor radius. The parameter ξ is a continuous variable. Some
characteristics values are of interest. First, if ξ = 1 then the
peak of the jet impacted exactly at the altitude of the lowest
point of the turbine’s swept area and thus the wind shear was
entirely negative across the turbine’s rotor. Second, if ξ = 0,
then the peak of the jet occurred exactly at the height of the
turbine’s hub and thus the wind shear was positive below the
hub and negative above. Finally, if ξ =−1 then the peak of
the jet impacted exactly at the altitude of the highest point of
the turbine’s swept area and thus the wind shear was entirely
positive across the turbine’s rotor.

Values of the parameter ξ were generated by two methods,
as shown in Fig. 1. In the first method, values of ξ were cre-
ated by simulating the turbine at different heights and plug-
ging the wind data grid into each simulated turbine. This pro-
cedure was usually preferred as it was computationally less
demanding; however, a correction was needed to compensate
for the variation in bending moments at the tower attributable
to the increase in tower height. In the second method, val-
ues of ξ were obtained by creating a family of synthetic data
grids derived from the original jet data. Each member of the
family was made to peak at different heights while keeping
constant the total kinetic energy of the wind in the region of
the turbine’s swept area. In this method, the turbine height
was kept constant for all simulations.

2.4 Impact simulation

The wind turbine components analyzed were the blades,
the low-speed shaft, the high-speed shaft, the nacelle and
the tower. The structural responses were obtained by plug-
ging the data grids into the FAST (Fatigue, Aerodynamics,
Structures, and Turbulence) simulation code developed by
NREL National Wind Technology Center (2016). FAST is
a comprehensive aeroelastic simulator capable of predicting

both the extreme and fatigue loads of two- and three-bladed
horizontal-axis wind turbines (HAWTs). Simulations in this
article were performed with the NREL WindPACT 1.5 MW
wind turbine described by Malcolm and Hansen (2006).

3 Results

In this article, each of the time series obtained as output from
a FAST run is called a turbine response. A total of 379 re-
sponses were obtained and analyzed for each value of the
parameter ξ . The way the mechanical responses varied with
the parameter can be analyzed with plots of the probability
density function (PDF) for each response setting.

The rest of this section is organized as follows. In the first
subsection, a detailed explanation is given to demonstrate
how a 3-D representation of the PDFs for every ξ consti-
tutes the best option to analyze the influence of the parameter
on the turbine’s responses. Then, the remaining subsections
analyze the results obtained for a selected subset of turbine
responses. Due to space restrictions, this article only shows
those responses whose behaviors were the most interesting
and representative of the overall conclusions.

3.1 Three-dimensional representation of the PDFs

Each response value R obtained after all FAST simulations
corresponds to a specific location in the wind turbine, a spe-
cific type of response (such as a deflection or a force), the
simulation at a specific value of ξ and a specific time after
the start of the simulation. The collection of all response val-
ues at a given location, of a given type and resulting from a
given ξ simulation is a time series called a response r . The
statistical analysis of each time series allows us to assess the
average effect on the response of the incoming wind as the
turbine rotor spins repeatedly across the wind field.

The PDF for any turbine response r at a given value of
ξ is defined as the function f(r,ξ ) that satisfies the following
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Figure 2. Variation with ξ of the PDFs of the blade tip’s translational accelerations. (a) Streamwise. (b) Spanwise. (c) Radial. The parameter
ξ is represented by the vertical axis, starting with an entirely positive shear at the bottom (where ξ =−1) and ending with an entirely
negative shear at the top (where ξ = 1). The horizontal axis represents values of translational acceleration of the tip of the blade 1 (TipAL(1))
normalized by a reference (A(tra)

0 ). 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 encompassing 95 and 68 %
of the values, respectively.

expression:

Pr[a ≤ T ≤ b] =

b∫
a

f(r,ξ )dr, ξ = const, (4)

where Pr[a ≤ T ≤ b] is the probability of a response value T
of being within the interval defined by a and b. The figures in
the following sections (from Figs. 2 to 8) illustrate the PDF
variation with ξ of several responses.

The turbine’s responses have been normalized in order to
display dimensionless parameters in the x axes. The normal-
ization parameters were calculated in such a way that they
were functions of turbine properties only. Their expressions
are shown in the second column of Table 1.

3.2 Blade’s motions

The increased wind speed and shear from LLJs augment the
motions and loads on the blades, compared to the resulting
motions and loads in a diurnal unstable atmosphere (Gutier-
rez et al., 2016). Surprisingly, the nature of the LLJ wind
shear, i.e., the proportion of positive and negative shears,
does not seem to exert a substantial influence on those mo-
tions and loads. This observation can be drawn from the anal-
ysis of Fig. 2, which shows the PDF variation correspond-
ing to the translational accelerations of the tip of one of the

blades. The figure shows patterns of distributions that are al-
most symmetric for the streamwise and the spanwise com-
ponents and are very skewed for the radial component. As
observed, the mean values of the three components remained
almost constant and the variances decreased very slightly (es-
pecially in the spanwise component) when the parameter ξ
was augmented.

The analysis of other responses corroborates the previous
observation. The examination of the blade tip deflections (not
shown) reveals that most of the time, the blade was bent near
maximum values in the direction of the wind, with transient
returns to 0 deflection. Within the plane of rotation, the blade
was bent 85 % of the time opposite to the rotation, which may
be a consequence of the inertia. Finally, the radial deflection
oscillated around a reduced value of length, with transient
returns to 0. Increases in the proportion of negative shears
within the swept area did not change the streamwise compo-
nent and only marginally reduced the spanwise and the axial
components.

3.3 Blade’s loads

The analysis of forces and moments at the root of one of the
blades (not shown) confirmed the previous observation (see
section above) that the negative shears within the rotor had
a rather marginal impact on the blades. They caused less ex-
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Table 1. Normalization parameters. Values of turbine properties were obtained from Malcolm and Hansen (2006).

Dimension type Normalization parameter Turbine properties

Translational deflections D
(tra)
0 = R R: rotor radius∗

Shafts’ rotations �0 =�max �max: maximum angular speed∗

Angular velocities V
(rot)
0 = 6�0

Translational velocities V
(tra)
0 = Vn Vn: nominal tip speed∗

Angular deflections D
(rot)
0 =

360σ
B

σ : solidity ratio∗; B: number of blades∗

Power Pw0 = Pwn Pwn: nominal power∗

Pressure P0 =
ρV 2

w
2 Vw = Vn/λ: nominal wind speed

ρ: air density∗; λ: tip speed ratio∗

Forces F0 = P0A A= πR2: turbine swept area
Moments M0 = F0zh zh: nominal hub height∗

Translational accelerations A
(tra)
0 =

F0
M

M =Mr+Mn+Mt
Mr: rotor mass∗; Mn: nacelle mass∗; Mt: tower mass∗

Angular accelerations A
(rot)
0 =

M0
I

I = (Mr+Mn+
1
4Mt)z2

h: inertia

∗ obtained from Malcolm and Hansen (2006)

treme values of the streamwise shear forces and of the bend-
ing moments within the plane of rotation. They also reduced
the spanwise shear forces and the streamwise bending mo-
ments slightly. Finally, more negative shears resulted in small
reductions in the centrifugal forces and the torsional mo-
ments. The analysis of loads also revealed that the centrifu-
gal forces were predominant, with values around 12 times the
values of the streamwise shear forces and close to 40 times
the values of the spanwise shear forces.

3.4 Nacelle’s motions

Figure 3 shows the variations in the PDF corresponding to the
three components of the nacelle’s translational accelerations.
It is observed that all components oscillated around the equi-
librium position at 0 values. The streamwise component was
more important than the other two components, with values
in the order of 6 times the values of the spanwise component
and almost 10 times the values in the vertical direction.

It is also noticed that the amplitude of oscillations of each
acceleration component decreased by approximately one-
third when the wind shear across the rotor area went from
entirely positive to entirely negative. This pattern indicates
that the presence of negative wind shears tends to soften the
fatigue impacts inflicted on the nacelle, as they reduce the
variance in motions and loads.

Similar observations can be obtained from the analysis of
the nacelle translational velocities (not shown). As with the
accelerations, the magnitudes of all three velocity compo-
nents were very small and oscillated around 0 values. The
amplitude of oscillations of the velocity components varied
very little in the interval −1≤ ξ < 0 and then decreased to
minimum values at ξ = 1 (shear entirely negative). Oscilla-
tions reached a maximum when the peak of the jet impacted

directly on the height of the turbine hub and reached a min-
imum when negative shears covered the turbine swept area
completely.

While the nacelle’s translational motions induce shear
forces at the base of the tower, the rotational motions can
be associated to the tower base’s moments. Figure 4 shows
the variations in the PDFs corresponding to the three com-
ponents of the nacelle’s angular accelerations. The figure re-
veals that the component around the cross axis (roll) was the
most affected, with values in the order of 4 times the accel-
eration values around the rotor axis and 40 times the values
around the vertical axis. This pattern can be explained by the
thrust inflicted in the direction of the wind.

Figure 4 also reveals a sharp decrease with ξ of the ampli-
tude of oscillations for the three components of the nacelle’s
angular accelerations. In fact, when the turbine rotor operated
entirely in negative shears (ξ = 1), oscillations were reduced
to only one-sixth of the amplitudes observed when the tur-
bine rotor was operated entirely in positive shears (ξ =−1).
It can therefore be concluded that negative wind shears in-
side the turbine swept area had a strong damping effect on
the rotational motions of the nacelle. In summary, the pres-
ence of negative wind shears at the height of the turbine rotor
appeared to exert a positive impact on reducing the motions
of the nacelle in every direction.

3.5 Tower’s motions

Due to its long and slim geometry, the turbine’s tower is sus-
ceptible to considerable motions at the top and large forces
and moments at the base. The PDF plots of the tower top’s
deflections are shown in Fig. 5. The distributions of the
streamwise component and the vertical component were con-
centrated close to their mean values, with transient returns to

www.wind-energ-sci.net/2/533/2017/ Wind Energ. Sci., 2, 533–545, 2017



540 W. Gutierrez et al.: Impacts of the LLJ’s negative wind shear on the wind turbine

-0.4 -0.2 0.0 0.2 0.4

-1
.0

-0
.5

0.
0

0.
5

1.
0

Nacelle inertial measurement unit translational acceleration

NcIMUTAxs A0
(tra)

x

(a)

-0.05 0.00 0.05

-1
.0

-0
.5

0.
0

0.
5

1.
0

Nacelle inertial measurement unit translational acceleration

NcIMUTAys A0
(tra)

x

(b)

-0.04 -0.02 0.00 0.02 0.04

-1
.0

-0
.5

0.
0

0.
5

1.
0

Nacelle inertial measurement unit translational acceleration

NcIMUTAzs A0
(tra)

x

(c)
│ 2.5 %, 97.5 % percentile│16 %, 84 % percentile│Mean│Median

Figure 3. Variation with ξ of the PDFs of the nacelle’s translational accelerations. (a) Streamwise. (b) Spanwise. (c) Vertical. The parameter
ξ is represented by the vertical axis, starting with an entirely positive shear at the bottom (where ξ =−1) and ending with an entirely negative
shear at the top (where ξ = 1). The horizontal axis represents values of the nacelle’s translational acceleration (NcIMUTA) normalized by a
reference (A(tra)

0 ). The background color is deeper where values are more concentrated. The red line and the dark red line (overlapped in this
plot) connect the mean and the median values, respectively. The green lines and the dark green lines delimit the zones encompassing 95 and
68 % of the values, respectively.

near-0 values. On the other hand, the spanwise component
showed a back-and-forth motion between positive and nega-
tive values. Streamwise deflections were 2 orders of magni-
tude greater than those in the other two directions. The mag-
nitudes of those deflections were small; however, their fluc-
tuating nature can contribute to the accumulation of fatigue
cycles on the tower. In addition, the motions at the top can
induce forces and moments at the tower base.

The plots in Fig. 5 also show increases in the mean val-
ues of the streamwise component and the vertical compo-
nent with the parameter ξ ; however, those increases can be
attributed to the modeling (enlargement of the tower) rather
than to a larger area under the influence of negative shears.
On the other hand, the amplification of the oscillations that
is observed in the spanwise component can rightfully be at-
tributed to the negative shear.

The previous observations pointed out an increase in the
amplitude of oscillations of one deflection component. Nev-
ertheless, the potential damage was probably overcompen-
sated for by decreases in the oscillation frequencies, as re-
vealed by Fig. 6, which shows the PDF variations in the tower
top angular velocities. It is observed that the angular veloc-
ities actually decreased when ξ was augmented, both in the
plane of rotation and across the plane of rotation. In fact, the
oscillation amplitudes of both components decreased to lev-
els smaller than one-third of the values observed when pos-

itive shears covered the turbine swept area. As a result, the
presence of negative wind shears at the height of the turbine
rotor helped to reduce the accumulation of fatigue cycles in
the tower. However, the net effect of increased amplitude and
decreased frequency is not clear. A future fatigue analysis on
components near this zone may clarify the overall effect of
the antagonistic amplitude and frequency.

3.6 Tower’s forces and moments

The critical part of the tower is located around the base,
where the shear forces and bending moments reach maxi-
mum values. The PDF plots of the tower base’s forces are
shown in Fig. 7. It is observed that the streamwise shear com-
ponent was 2 orders of magnitude stronger than the spanwise
component. The compression force was even stronger, by an
additional order of magnitude. The distribution of the stream-
wise force was concentrated around 300 N in the direction
of the wind, with transient returns to near-0 values. On the
other hand, the spanwise component fluctuated between the
opposite sides of the tower. Finally, compression forces were
concentrated very close to the mean values.

Figure 7 also demonstrates that the increase in the area
experiencing negative wind shears reduced considerably the
amplitude of oscillations of both shear force components.
The figure also shows that the mean values of the compres-
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Figure 5. Variation with ξ of the PDFs of the tower top’s deflections. (a) Streamwise. (b) Spanwise. (c) Vertical. The parameter ξ is
represented by the vertical axis, starting with an entirely positive shear at the bottom (where ξ =−1) and ending with an entirely negative
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Figure 6. Variation with ξ of the PDFs of the tower top’s angular velocities. (a) In the plane of the rotor. (b) Across the plane of the rotor.
(c) Torsional. The parameter ξ is represented by the vertical axis, starting with an entirely positive shear at the bottom (where ξ =−1) and
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Figure 7. Variation with ξ of the PDFs of the tower base’s forces. (a) Streamwise shear. (b) Spanwise shear. (c) Traction–compression. The
parameter ξ is represented by the vertical axis, starting with an entirely positive shear at the bottom (where ξ =−1) and ending with an
entirely negative shear at the top (where ξ = 1). The horizontal axis represents values of the tower base’s forces (TwrBsF) normalized by a
reference (F0). 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 encompassing 95 and 68 % of the values,
respectively.
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Figure 8. Variation with ξ of the PDFs of the tower base’s moments. (a) Bending in the plane of rotation. (b) Bending across the plane
of rotation. (c) Torsion. The parameter ξ is represented by the vertical axis, starting with an entirely positive shear at the bottom (where
ξ =−1) and ending with an entirely negative shear at the top (where ξ = 1). The horizontal axis represents values of the tower base’s
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sion force were augmented with increases in the parameter ξ ;
however, this can be attributed to the modeling (enlargement
of the tower) rather than to a consequence of more negative
shears within the rotor area.

The analysis of the PDF variation in the tower base’s mo-
ments, shown in Fig. 8, reveals that the values of bending
moment across the plane of rotation were 2 orders of magni-
tude stronger than the values of the bending moment within
the plane of rotation and the values of the torsional moment.

In addition, the amplitudes of oscillations of the bending
moments in the plane of rotation and the torsional moments
appear to be damped by the negative shears. The figure also
shows increases in the mean values of the bending moment
across the plane of rotation when the parameter ξ is aug-
mented; however, they can be attributed to the modeling (en-
largement of the tower) rather than to a consequence of a
greater presence of negative shears.

It can be concluded that the presence of negative wind
shears at the height of the turbine rotor helped to reduce the
amplitude of the oscillations of several forces and moments
at the tower base.

4 Discussion and conclusions

This paper investigates the mechanical impacts that the pres-
ence of LLJ’s negative wind shears can have over several

components of commercial-size wind turbines. As docu-
mented, the wind shear is a characteristic feature of LLJs that
plays a key role in the mechanical responses of a wind tur-
bine’s parts.

High-frequency measurement instruments mounted on the
meteorological tower provided wind data with sufficient ac-
curacy to capture the time evolution of the wind speed im-
pacting the wind turbine. It was assumed that the turbine
control systems acted fast enough to keep the turbine swept
area always perpendicular to the main wind direction. The as-
sumption is valid since the direction of the wind in the pres-
ence of LLJs varied very slowly over time.

A nondimensional parameter ξ was created to quantify the
proportion of negative wind speed shears reaching the wind
turbine’s rotor. Mechanical responses were determined for
different ξ values. Results showed that the transition from
positive to negative shears had a weak to moderate influ-
ence over the amplitude of oscillations of several of those
responses.

First, the proportion of negative wind shears within the
turbine swept area had a limited impact on the motions and
loads at the blades, with very small reductions in the vari-
ances of several deflections, accelerations, forces and mo-
ments. Although not shown, similar patterns were detected
in the responses of other rotating parts such as the low-speed
shaft and the high-speed shaft.
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Second, the negative wind shears had a positive impact on
reducing the motions of the nacelle in every direction. The ef-
fect was proportional to the ratio of the turbine’s rotor that re-
ceived negative shears. Variances reached minima when neg-
ative shears covered the turbine swept area completely.

Third, it was observed that even as the amplitude of deflec-
tions at the tower top increased slightly in the spanwise direc-
tion, the tower motions were slower when ξ was augmented.
This indicates that the presence of negative shears may help
in reducing the accumulation of fatigue cycles. However, the
net effect of increased amplitude and decreased frequency is
not clear. Future wear analysis on components near this zone
under different ξ values can clarify the overall effect of the
antagonistic amplitude and frequency.

Finally, it was detected that the presence of negative wind
shears at the height of the turbine rotor reduced the amplitude
of the oscillations of several forces and moments at the tower
base.

In summary, the negative wind shears, when present within
the turbine’s swept area, improved the mechanical loading
of the turbine’s nacelle and tower, as those shears were con-
nected to a tendency to alleviate the amplitude and frequency
of several motions and loads.

There are two factors that may explain the beneficial ef-
fects of the presence of LLJ’s negative shears at the height
of the turbine rotor. First, the absolute values of slope of the
wind profile above the peak of the jet are generally lower than
the absolute values of slope below the peak. Therefore, the
magnitude of the torque created by the negative shear upon
the long elements (such as the blades and the tower), espe-
cially around the spanwise axis, becomes smaller than the
one created by the positive shear. As a result, the negative
shear above the peak generates smaller forces and moments.

As the present study has been based on real wind data,
the magnitude of the positive shear below the peak was al-
ways greater than the magnitude of the negative shear above.
This behavior is expected to occur in the vast majority of real
cases. The reason behind this asymmetry is that the velocity
below the peak has to decrease more (from a maximum at
the peak down to 0 at the ground), compared to the velocity
above the peak that only needs to decrease from a maximum
at the peak to geostrophic in the free atmosphere.

The second factor is the difference in the distributed loads
(i.e., the forces and moments generated on the wind turbine
structure per unit height). When the wind shear is positive,
the distributed loads (and therefore the localized impacts) are
augmented with height. The worst scenario occurs when pos-
itive shears cover the turbine entirely. On the other hand, neg-
ative wind shears decrease the magnitudes of the distributed
load. Because the wind turbine is fixed to the ground, the
loads generated in the negative wind shear section are still
added to the total loads; however, they are added at a slower
pace. As a result, the presence of negative wind shears at
the height of the turbine rotor actually relieves the operation

loading of the wind turbine, compared to scenarios with no
negative wind shears.

One seemingly surprising result was that the presence of
negative wind shears was less influential on the rotating parts
(such as the blades and the shafts) than on the static parts
(such as the nacelle and the tower). Apparently, the rotat-
ing components of the turbine compensate for the effects of
different wind shears as they cycle through the wind field.
In that case, the mechanical response of those rotating parts
may be more responsive to the magnitude of the wind speed
rather than to the values of wind shear. This contrasts with
the responses of the static parts that this research observed
to be more connected to the magnitudes of the wind speed
shears.

The mean value of power production (measured in the low-
speed shaft) remained basically constant with variations in
the parameter ξ . On the other hand, its variance was slightly
reduced with a greater presence of negative shears. Both ob-
servations highlight additional advantages. First, the pres-
ence of the negative shear keeps intact the enormous poten-
tial for power production of the LLJ, estimated by Gutierrez
et al. (2016) to be in the order of 10–15 times the values in
regular unstable conditions. Second, the negative shear sus-
tains that power while also slightly reducing the probability
of damaging loads. Finally, the reduction in variance may
decrease the amount of power transients that the turbine’s
controller need to handle.

Thus, based on the results from this study, building taller
wind turbines in which rotors are within the negative shear
region of LLJs will benefit from high energy production with
minimum external loads from wind shears on the wind tur-
bines.
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