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Abstract. Low-level jets (LLJs) are winds with high-shear and large wind energy

potential. We perform large-eddy simulations (LES) with actuator line modeling of a

turbine operating in a moderately stable boundary layer in the presence of LLJs. We

find that the turbine tip and root vortices break down quickly when the LLJ is above

the turbine rotor swept area. In contrast, the wake recovery is slow, and the vortices

are stable when the LLJ is in the middle or even below the rotor swept area. The

LLJ shear causes significant azimuthal variation in the external aerodynamic blade

loading, increasing fatigue loading on the turbines. We observe that both tangential

and axial forces on the blades are highest when the blade directly interacts with the

LLJ. Azimuthal variation in the tangential forces on the blades is the highest when

the LLJ is above the rotor swept area, i.e. when the turbine operates in the positive

shear region of LLJ, with the blade tip interacting with the LLJ.

1. Introduction

Wind turbine wakes and external aerodynamic blade loadings are significantly affected

by the atmospheric boundary layer (ABL) shear and turbulence intensity [1]. For

example, Chamorro and Porté-Agel [2] showed that both shear and turbulence in the

boundary layer affect the turbine vortex structures. Bartl et al. [3] report that in the

presence of shear the tip-vortex turbulent kinetic energy is higher in the upper part of the

wake than in the lower part of the wake. Recently, Kleusberg et al. [4] report that shear

affects the wake expansion above and below hub-height such that an asymmetric wake

develops. The shear in the ABL also gives rise to changes in the azimuthal distribution

of turbine axial and tangential forces [1]. Low-level jets (LLJs) are one of the most

extreme shear events in the lowest 50 to 500 m of the atmosphere [5, 6]. They are

generally observed in weak to moderately stable ABLs [7, 8]. Climatology of LLJs has

been widely studied by field measurements [9, 10, 11, 12] and numerical computations

[13, 14, 15]. The ever-increasing turbine height and diameters give rise to complex

scenarios in which the turbines might be subjected to fatigue loading due to strong

positive shear created by extreme shear events like LLJs. For taller turbines LLJ events
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can create negative shear across the rotor plane resulting in complex loading scenarios

and fatigue cycles [16]. Therefore, it is important to understand the turbine-shear

interraction in the event of an LLJ.

Some aspects of the interaction between wind turbines and LLJs have been studied

previously. For example, Lu and Porté-Agel [17] performed large-eddy simulations (LES)

of an infinite wind farm in the presence of an LLJ and reported the formation of non-

axisymmetric wakes and the elimination of the LLJ due to the mixing induced by the

turbines. Bhaganagar and Debnath [18] studied cases in which the LLJ height is above

or equal to the turbine hub-height. They report that the vertical shear of the LLJ causes

an interaction between the root and lower tip vortices, which results in a root vortex

instability enhancing shear stress and turbulent kinetic energy. Na et al. [19] and Gadde

and Stevens [20] performed LES of wind farms and report higher vertical kinetic energy

entrainment rates when the LLJ is above the wind farm. A recent wind farm study

by Gadde and Stevens [21] reports that the interaction between the negative shear and

velocity deficit in the wind turbine wake can generate an upward momentum flux, which

is beneficial for the power production of downstream turbines when the LLJ is below

the turbine hub-height.

Some previous studies found that LLJs increase the mechanical loads and fatigue

experienced by the turbines [22]. Furthermore, Gutierrez et al. [23] performed structural

analysis using the FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code [24]

and showed that the negative shear in the rotor swept area region reduces the loading on

tower and nacelle, but the effect is marginal on the turbine blades. This is surprising as

the LLJ shear is generally expected to induce higher loads on the blades. Furthermore,

Gutierrez et al. [25] report asymmetric azimuthal variation of turbine tip deflection in

the presence of an LLJ. Furhtermore, previous studies of LLJ-turbine interaction [17, 18]

have not focused on the azimuthal and radial distribution of aerodynamic loads due to

an LLJ. In this context, further analysis of the turbine wake and external aerodynamic

blade loading increases our understanding of LLJ-turbine interaction. Therefore, in the

present work, we use LES in combination with an actuator line model to study the

external aerodynamic blade loading and wake vortex structures for three scenarios in

which:

1. the LLJ is above the turbine hub-height (zjet > zh). In this case, the turbine

operates in a turbulent, positive shear region.

2. the LLJ height is equal to the turbine hub-height (zjet ≈ zh) due to which the turbine

rotor experiences positive and negative shear below and above the hub-height.

3. the LLJ is below the turbine hub-height (zjet < zh), which means the turbine

operates in a non-turbulent negative shear region.

2. Simulation methodology

In LES the large-scale flow structures are resolved and the effect of small-scale structures

known as sub-grid scale eddies is modeled. We use an updated version of the code
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developed by Albertson & Parlange [26, 27]. The code has been successfully used to

simulate neutral and stable boundary layers [28, 20]. Here we like to mention that the

anisotropic minimum dissipation (AMD) model [29] is used in this simulation. The

governing equations are:

∂i ũi = 0, (1)

∂t ũi + ∂j (ũi ũj ) = −∂i p̃− ∂j τij + gβ(θ̃ − θ̃0 )δi3

+ fc(Ug − ũ)δi2 − fc(Vg − ṽ)δi1 + f̃xδi1 + f̃yδi2,
(2)

∂t θ̃ + ũj∂j θ̃ = −∂j qj , (3)

here Δ represents a spectral cut-off filter with the tilde representing spatial filtering,

ũi = (ũ, ṽ, w̃) and θ̃ are the grid scale velocities and potential temperature, respectively,

g is the acceleration due to gravity, β = 1/θ0 represents the buoyancy parameter with

respect to the reference potential temperature θ0 , δij is the Kronecker delta, and fc
represents the Coriolis parameter. The ABL is driven by the mean pressure p∞, derived
from the geostrophic wind with the equation, Ug = − 1

ρfc

∂p∞
∂y

and Vg = 1
ρfc

∂p∞
∂x

as its

components. p̃ = p̃∗/ρ + σkk/3 is the altered pressure, which is the sum of the trace

of the SGS stress, σkk/3, and the kinematic pressure p̃∗/ρ, where ρ is the density of

the fluid. f̃x and f̃y represents the turbine forces which are modeled using the actuator

line method [30, 1]. In the actuator line implementation in our code the point forces

calculated on the actuator points are smeared on the background grid with a kernel

of width ε = 2Δ [31], where Δ represents the grid size in the streamwise direction.

The actuator line model in the code has been extensively validated against wind tunnel

experiments [32]. We use a standard pseudo-spectral method for discretization in the

horizontal directions and central difference scheme in the vertical directions. The wall

stresses and fluxes are modeled using the Monin-Obukhov similarity theory with the

stability correction functions proposed by Beare et al. [33]. We refer to Gadde and

Stevens [20] for detailed explanation of the numerical method and wall-stress modeling.

Finally, we use concurrent-precursor method [34] to generate the incoming flow.

2.1. Boundary layer initialization

We simulate continuously turbulent moderately stable boundary layers (SBLs). The

roughness lengths for momentum and heat fluxes are set to 0.002 m and 0.0002 m,

respectively. We consider two cooling rates, i.e. 0.25 K · hour−1 (SBL–1) and 0.50

K · hour−1 (SBL–2), which generate a LLJ at 195 m and 140 m, respectively. The

geostrophic forcing is set to G = (9.0, 0.0) ms−1 and the Coriolis parameter is set to

fc = 1.159× 10−4 s−1, which corresponds to a latitude of 52.8◦ that is representative for
the Dutch North Sea. The velocity is initialized with the geostrophic velocity and

temperature is initialized with a constant temperature of 286 K. Uniform random

perturbations are added to the initial profiles up to a height of 200 m to trigger

turbulence. The boundary layer reaches a quasi-steady state at the end of 8th hour.
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Figure 1: (a) Horizontal velocity magnitude, (b) the turbulent momentum flux, and (c)

temperature profiles for SBL-1 and SBL-2, see table 1. The height is normalized with

the turbine diameter D.

Table 1: Cr is the surface cooling rate, zi is the boundary layer height, zjet is the jet

height, u∗ is the friction velocity, ujet/G is the non-dimensionalized jet velocity, and

zi/L represents the stability parameter, where L is the surface Obukhov length.

Case Cr [K · h−1] zi [m] zjet [m] u∗ [ms−1] ujet/G zi/L

SBL-1 0.25 194 195 0.228 1.19 1.72

SBL-2 0.50 132 140 0.206 1.22 2.48

In the simulations, we consider the National Renewable Energy Laboratory (NREL)

5 megawatt (MW) turbine with a diameter of D = 126 m. The computational domain

is 24D×6D×6D, which corresponds to 3.072 km × 0.768 km × 0.768 km in x-, y-, and

z-directions, respectively. The turbine is located approximately 4D from the entrance

of the computation domain. The domain is discretized by 1024× 384× 384 grid points,

i.e. the resolution of 3 m in x-direction and 2 m in the y- and z- directions. This ensures

that there are 32 fluid points along each blade, which has been previously found to fulfill

the basic demands of actuator line model LES [35].

The boundary layer characteristics are presented in Table 1. The boundary layer

height is defined as the height at which the shear stress reaches 5% of its surface

value [33]. The horizontal velocity profile umag =
〈√

u2 + v2
〉
, where u and v are

the time-averaged streamwise and spanwise velocities, respectively and 〈〉 represents

planar averaging, in Fig. 1(a) show a pronounced LLJ at heights of interest. Fig. 1(b)

shows the horizontally averaged vertical momentum flux τ =
〈√

(u′w′)2 + (v′w′)2
〉
,

where u′w′ = (uw + τxz) − u w and v′w′ = (vw + τyz) − v w, which reveals that there

is negligible turbulence above the jet. This lack of turbulence above the jet will have

significant impact on the turbine wake evolution. A detailed discussion on the boundary

layer characteristics can be found in Gadde & Stevens (2021b) [21]. We consider three

turbine hub-height to jet height ratios (zh/zjet):

1. zh = 0.4zjet. This simulation is performed in SBL-1. The turbine operates
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completely in a turbulent region.

2. zh = 1.0zjet. This simulation is performed in SBL-2, which is turbulent below hub-

height with positive shear and turbulence above hub-height is limited with negative

shear.

3. zh = 1.5zjet. This simulation is performed in SBL-2. The turbine operates

completely in a region of negligible atmospheric turbulence with negative shear.

3. Results and discussion

3.1. Vorticity magnitude and wake turbulence

A visualization of the instantaneous vorticity magnitude Ωmag for the three cases

is presented in Fig. 2(a). We observe typical helical tips and root vortices behind the

turbines. The most recognizable feature in the vorticity contours is that the stability

of the root and tip vortices increases as the jet height decreases. Troldborg et al. [35]

showed that the tip vortices break down immediately downstream of the turbine due to

atmospheric turbulence. When zjet > zh, the turbine operates in a positive shear region

with high atmospheric turbulence, due to which the tip and root vortices are weak. The

figure shows that proximity to the ground also affects the breakdown of the vortices.

When zjet ≈ zh, pronounced tip and root vortices are formed, which start to become

unstable approximately 2D downstream of the turbine. In contrast, for zjet < zh the root

and tip vortices are highly stable and only start to break down about 5D downstream

of the turbine. The reason for this is that the turbine is operating in the non-turbulent

region above the jet.

Wake turbulence is an important quantity as it directly affects the performance of

downstream turbines [36]. Wake recovery primarily depends on the turbulence intensity

and the atmospheric stability [37, 36]. LLJ maximum is generally found at the top of the

SBL and the region above has high thermal stability and minimal turbulence intensity.

It is also reported that in the event of an LLJ the atmosphere is generally stable and the

turbulent kinetic energy levels are lower compared to an unstable or neutral boundary

layer [12]. Figure 2(b) shows the streamwise turbulence intensity σu = u′/uhub at hub-

height, where u′ represents the fluctuating streamwise velocity. As is evident from the

figure, the turbulence intensity in the wake is highest when the LLJ is above the turbine

(zjet > zh). We observe that due to higher atmospheric turbulence in this region, the

tip and root vortices become unstable and break down, expanding to the rest of the

wake. For zjet ≈ zh, the turbulence intensity is lower, and the non-turbulent wake

region extends up to approximately 2D behind the turbine. This is consistent with

the observation of stable tip and root vortices up to that location. However, when

zjet < zh the turbulence in the wake is very low up to 4D to 5D behind the turbine as

the turbine operates in a thermally stratified flow region with limited turbulence. Again

this observation is consistent with the observed stability of the tip and hub vortices up

to 5D downstream of the turbine.
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Figure 2: (a) Visualization of vorticity magnitude Ωmag for three different scenarios.

From top top bottom: LLJ is above, in the middle, or below the rotor swept area, and

(b) corresponding streamwise turbulence intensity σu = u′/uhub at hub-height, where u′

represents the fluctuating streamwise velocity.

3.2. Axial velocity

Figure 3 shows the axial velocity in the rotor plane for the three cases under

consideration. Note that the axial velocity is normalized with the inlet velocity at

hub-height. The figure shows that the velocity in the rotor plane is reduced compared

to the incoming flow at hub-height. Due to the root vortices, the velocity near the root

is higher than in the rest of the rotor plane [38]. A comparison of the axial velocity

distribution in the rotor plane for the different scenarios clearly reveals the effect of

the LLJ height. When zjet > zh, the turbine operates in a positive shear region with a

higher velocity above the hub and lower velocity below. Consequently, the axial velocity

is weaker below the hub and stronger above. When zjet ≈ zh there is positive shear below

the hub and negative shear above the hub, the axial velocity distribution in the rotor

plane is symmetric around hub-height. When the zjet < zh, the axial velocity is weaker

above the hub and stronger below the hub. In this case, the turbine operates in the

negative shear region with a lower velocity above and higher velocity below the turbine

hub. This asymmetry in axial velocity distribution has an impact on the aerodynamic

blade loads.
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3.3. External aerodynamic blade loading

Figures 4(a) and (b) show the azimuthal variation of the normalized external

aerodynamic blade loads, i.e. the tangential and axial forces, respectively. In a wind

turbine, the rotor hub moments are large when there is an imbalance between the

aerodynamic loads on the left and right or upper and lower parts of the rotor [31].

Furthermore, a large azimuthal variation in the normalized forces generally represents

cyclical loading and causes higher fatigue on the blades. An important observation from

Fig. 4(a) and (b) is that the blade loading is increased by the LLJ. We also observe that
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the LLJ shear, both positive and negative, causes a significant azimuthal variation in

the aerodynamic forces. When zjet > zh the rotor is subjected to large tangential and

axial loads when the blade is at 90◦ due to the interaction of the turbine blades with

the LLJ. When zjet ≈ zh, the blade loading is highest at horizontal positions (0◦ and

180◦), and lowest at vertical positions of the blade (90◦ and 270◦). In contrast, when

zjet < zh, the blade loads are nearly constant between 0◦ and 180◦ but increase as the

blade interacts with the jet. Figure 4 convincingly shows that the presence of an LLJ

causes an imbalance in the external aerodynamic blade loading and moments.

To further analyze the blade loading, we plot the radial variation of the axial

and tangential forces for azimuthal angles of 0◦, 90◦, and 270◦ in Fig. 5(a) and (b),

respectively. 0◦ indicates that the blade is in a horizontal position, and 90◦ and 270◦

represent the upward and downward positions of the blade (as indicated in the figure),

respectively. All the forces are normalized using the inlet velocity at hub-height. Figure

5(a) shows that the normalized axial force for the case with zjet > zh (LLJ is above hub-

height) is higher than the other two cases when the blade angle is 90◦. In addition, the

tangential force increases approximately by 50% as the blade changes from downward

(270◦) to upward (90◦) position. This clearly shows that the positive shear of the LLJ

induces the highest cyclical loads. In contrast, when the LLJ is in the middle or below

the rotor swept area, the variation in the forces between the horizontal and vertical

positions is just 10 to 20% indicating limited azimuthal load variations. However, it is

worth noting that when the LLJ is in the middle of the rotor swept area, the radial

variation in the forces is higher for vertical positions of the blade. This indicates that

longer blades will be subjected to higher cyclical loads. In Fig. 5(b) we observe that

the tangential forces on the blades are highest at 270◦ when the LLJ is below the rotor
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swept area. This indicates that both positive and negative shear of the LLJ induce

strong cyclical loading.

4. Conclusions

We performed LES of a wind turbine in the presence of a LLJ using actuator line

modeling and studied the effect of the LLJ height on the turbine wake vortices,

external aerodynamic blade loading, and wake turbulence. We considered three different

scenarios, wherein the LLJ is above, in the middle, and below the turbine rotor swept

area. Flow visualizations reveal that the tip and root vortices are very stable when

the jet is below the rotor swept area as the turbine is then operating in a thermally

stratified region with negligible atmospheric turbulence. When the LLJ is above the

turbines, the tip and root vortices quickly become unstable and break down due to

atmospheric turbulence. We also found that the turbulence intensity in the near wake

is highest when the LLJ is above the turbine rotor area and lowest when the LLJ is

below the turbine. We find that the presence of LLJ gives rise to different axial velocity

distributions in the rotor plane corresponding to the LLJ shear, which leads to variation

in the aerodynamic forces.

Gutierrez et al. [22] report the turbine blades are subjected to cyclical aerodynamic

loads that negatively impact the turbine that during an LLJ event. Our results agree

with this and show that the LLJ increases the external aerodynamic blade loading.

Additional loads due to LLJs create imbalances causing increased rotor moments.

Furthermore, we find that the positive shear of the LLJ causes the highest azimuthal

variation in the aerodynamic loads. At the 90◦ position, the tip of the blade interacts

with the LLJ maximum and is therefore subjected to the highest loads, causing

significant rotor hub moments, which is detrimental to the wind turbine. For the

scenarios considered in the study, azimuthal variation in loads reduces when the LLJ

is below or in the middle of the rotor swept area, with least azimuthal variation in

the latter scenario. However further studies with additional turbine height-to-diameter

ratios are necessary to generalize the results to a wider parameter range.
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