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Abstract

Low level jets (LLJs) describe conditions in which the wind speed reaches a local maximum with respect to altitude near

the surface, and have been observed intermittently in the US Mid-Atlantic offshore environment. LLJs pose unique operating

conditions for future wind turbines operating in the region, presenting negative shear and locally strong veer, but they are

not typically considered in existing turbine standards. This work builds upon recent research that explains the formation and

evolution of U.S. Mid-Atlantic LLJs through a simple analytical governing equation. We generate several LLJ inflow conditions

with varying jet characteristics based on this analytical model and create monotonically-sheared (MS) analogues with constant

veer in order to assess the impacts of the LLJ on turbine performance and loading. Using aeroelastic simulations with these

inflow conditions on the IEA 15MW reference turbine, we find that the LLJ leads to a greater range of tower top pitching and

yawing moments, which could contribute to larger accumulated structural fatigue in components compared to monotonically-

sheared inflow. These preliminary results demonstrate a path toward a unified set of test cases for low-level wind maxima that

can inform International Electrotechnical Commission standards related to offshore wind turbine design.
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1 Introduction31

A low-level jet (LLJ) is a local maximum in the wind speed that occurs within the boundary layer, presenting a32

region of negative shear above this maximum or "jet nose". LLJs are typically associated with stable boundary33

layers and frequently exhibit much higher veer, positive or negative shear, and lower turbulence intensity than34

standard neutral or unstable atmospheric conditions. In the context of wind energy, LLJs have been found to35

produce higher aerodynamic loads [1] as well as higher power production [2], but have not been heavily studied36

as LLJs on land such as the nocturnal jets in the Southern Great Plains typically exhibit their maximum wind37

speeds above 300 m altitude [3]. However, recent studies of offshore lease areas in the U.S. Mid-Atlantic region38

indicate that LLJs occur intermittently at altitudes relevant to an offshore turbine as often as 7% of the time [4].39

Current International Electrotechnical Commission (IEC) standards do not account for extreme shear conditions40

such as the low-level jet, which hinders the ability of wind turbine designers to understand and plan for the41

impacts of these winds. A likely reason for this exclusion is that the impacts and important features of LLJs on42

turbine performance and loading have not been fully quantified.43

A few recent works have characterized the impacts of LLJs on turbine performance and fatigue using ideal-44

ized and steady-state inflow conditions. However, a lack of standardization in the type of inflow conditions used45

in these studies as well as differences in the research methods used (experimental and computational) have led to46

conflicting results on whether LLJ conditions are expected to have a detrimental impact on turbine structures. For47

instance, Gutierrez et al. analyzed structural impacts of LLJs on a reference turbine using the OpenFAST mul-48

tiphysics simulation tool, observing cyclical aerodynamic loads from the strong wind shear [5], reduced forces49

and moments [2], and propagation of characteristic LLJ frequencies to structural components of the turbine [6].50

Doosttalab et al. studied these impacts and farm-scale wake effects experimentally in a wind tunnel, showing that51

the presence of an LLJ increased energy recovery in downstream turbines as long as the jet nose height did not52

coincide with the turbine hub height. Other recent studies have employed large eddy simulations (LES) to reveal53

the impact of the jet nose height on turbine performance [8] and wake recovery [9], with the latter study indicat-54

ing as much as a 30% increase in damage equivalent loads (DEL) resulting from a LLJ compared with a typical55
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monotonically-sheared (MS) wind profile. This work aims to present a more rigorous approach to generating56

LLJ inflow conditions and comparable MS conditions in order to isolate performance and structural impacts in57

future turbine design.58

This study builds on a recent mechanistic study of the atmospheric dynamics that lead to LLJ formation in59

the New York (NY) Bight [10]. This previous work identified predominantly springtime LLJs from floating lidar60

buoy data [11], identifying a set of equations to describe the evolution of these jets that couples inertial oscillation61

(the Blackadar mechanism [12, 13]) and thermal wind balance induced by horizontal pressure gradients [14, 15].62

In the way that a power law can be used to prescribe a monotonically increasing wind speed profile under a range63

of shear conditions, these LLJ equations can define a range of representative LLJ inflow conditions for numerical64

simulation of test turbines. This work proposes several such test cases, based on the case studies identified in65

[10], and presents a preliminary analysis of structural impacts on the IEA 15-MW reference wind turbine [16].66

The structure of the rest of this paper is as follows: Section 2 presents the equations and properties of several67

idealized LLJs and their monotonically-sheared analogues; Section 3 describes the methods used to simulate and68

analyze turbine performance; Section 4 presents and discusses the results of this preliminary structural analysis;69

and Section 5 summarizes our findings, offering insights for future work.70

2 Inflow Conditions71

2.1 Analytical LLJ model72

deJong, Quon, and Yellapantula demonstrated that for three characteristic persistent LLJs identified in the NY73

Bight, the evolution of the wind speed and direction could be described as an inertial rotation of the wind vector74

about a thermal wind balance. These equations are decomposed into a steady-state component (uss,vss) and a75

time-varying rotation as:76

u(z, t) = uss(z)+A(z)sin( f t +φ(z))

v(z, t) = vss(z)+A(z)cos( f t +φ(z)) (1)

where (u,v) are the altitude (z) dependent zonal and meridional winds, A(z) is the amplitude of inertial oscillation77

(IO), f is the Coriolis frequency, and φ is the phase-shift. The height-dependence of the steady-state wind vector78

is further prescribed by a thermal-wind balance as an Ekman layer:79

uss(z) =
(
ug0 +ugzz

)
+ e−η

(
(u0 −ug0)cosη +(v0 − vg0)sinη

)
vss(z) =

(
vg0 + vgzz

)
+ e−η

(
(v0 − vg0)cosη − (u0 −ug0)sinη

)
, (2)

3



with the surface geostrophic wind (ug0,vg0) matched to a surface layer80

∂ (ug,vg)

∂ z

∣∣∣
z=0

=
A
H
(ug(0),vg(0)). (3)

In equation 2, η = z/H and vertical gradients in the geostrophic wind (ugz,vgz) are proportional to horizontal81

gradients in temperature via thermal wind balance. These parameters drive the wind profile in the mean state82

based on synoptic scale conditions such as pressure systems or fronts. The Taylor matching condition for the83

surface layer (3) uses the same scale height H as the Ekman layer, which is an indication of the height and84

therefore stability of the boundary layer. The final parameter A is a dimensionless quantity corresponding to85

atmospheric stability [15].86

In deJong, Quon, and Yellapantula, the profiles of A(z), φ(z), and (uss(z),vss(z)) were fit to the obser-87

vational floating lidar measurements for three separate 18-hr periods from NYSERDA buoy E06 on 5 April88

2020, 15 May 2020, and 3 June 2020. From the steady-state velocities from this fit, a second regression89

was performed to fix the six remaining parameters: A,H,ug0,vg0,ugz, and vgz. The resulting set of parame-90

ters {A(z),φ(z),A,H,ug0,vg0,ugz,vgz} therefore uniquely defines the idealized IO-coupled thermal wind balance91

that describes the formation and evolution of the LLJ for each 18-h case date. For further details, see [10].92

2.2 Monotonic shear analogues93

For comparison of turbine response to an LLJ inflow, we construct monotonically-sheared (MS) analogues at all94

time steps of the modeled LLJ case dates. The wind speed profile VMS(z) is given as a power law with altitude95

VMS(z) =Vhub

( z
zhub

)α

(4)

where Vhub and zhub are the turbine hub-height wind speed and altitude, respectively, and α is the power-law96

coefficient, fixed at 0.2 following the wind profile used in Design Load Cases (DLCs) for normal and selected97

extreme wind conditions [17]. The turbine hub height is fixed at zhub = 150 m for the IEA 15 MW reference98

turbine used in this study. The final quantity Vhub is computed by matching the rotor-equivalent wind speed (with99

rotor diameter 240 m) for the MS case with the LLJ case.100

The wind direction (and therefore the veer) of the MS case is exactly matched to the LLJ with respect to101

height. In contrast, similar studies that compare LLJ and MS profiles consider a MS inflow that has zero veer [8,102

9]. Our loads analysis will therefore isolate the effects of positive and negative wind shear on turbine structural103

loading from the effects of veer in the wind profile.104
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2.3 Case studies105

The analytically derived LLJ profiles presented in deJong, Quon, and Yellapantula and further considered in this106

work are presented alongside their MS-analogues for a few time snapshots in Figure 1. The MS analogues for107

all three cases have lower wind speeds below hub height and higher wind speeds above hub height in order to108

match the REWS of the LLJ profile. The 5 April 2020 case shows a clear jet nose that begins below hub height109

and gradually approaches hub height as the wind speeds increase, with wind speeds above cut-in at all times.110

This case also shows very strong local veer that changes sign across the turbine rotor, later stabilizing to a more111

constant veer. The 15 May 2020 case shows similar jet nose height behavior to 5 April, with the jet nose sitting112

above hub height later in the simulation. Wind speeds for this second case are on average significantly higher113

than the other two test cases, leading to the strongest REWS and also the strongest magnitude shears. The final114

3 June 2020 test case shows a much weaker and broader jet with low wind speeds and a local maximum in wind115

speed that is sustained across most of the rotor layer. This broad LLJ results from a very stable boundary layer116

based on the fitting parameters of a 40 m scale height H and stability parameter A = 0.4 (see [10] and [18] for117

details) and therefore presents the largest veers among both LLJ and MS analogues.118

As will be further described in section 3, the inflow conditions for turbine studies are defined as hourly119

snapshots from the 18 h trajectories of each LLJ and MS case study for a total of 54 snapshots for each wind-120

profile type. Properties of these snapshots are presented in aggregated in Figure 2 to indicate the distribution of121

test points with respect to wind speeds, veer, shear, and other key indicators. The distribution of wind speeds122

spans a characteristic range from near-zero and below cut-in to near the cutout wind speed of 25 m/s. For a single123

range of hub-height wind speeds, both the LLJ and MS cases sample two regimes of wind veer as illustrated124

in Figure 2 (top-left); for instance, at a hub-height wind speed of 20 m/s, the sampled conditions include both125

a near-zero veer as well as veer of approximately 0.008- deg/m. The LLJ cases similarly sample two regimes126

of mean shear (Figure 2, top-right) due to the evolution of the jet over its 18 h trajectory. This mean shear is127

always lower than for the MS cases due to the presence of a negative shear in the LLJ. The veer decreases with128

higher wind speeds, as expected for a less stable boundary layer, and the mean shear increases with wind speed.129

For the LLJ cases specifically, the magnitude of the negative shear is highest among cases which have moderate130

hub-height wind speeds (the 5 April 2020) test case, thus the importance of negative shear is not sampled as131

uniformly by these test cases. The distribution of the jet nose maximum wind speed and altitudes is clustered132

near and below the 150 m hub height and at moderate wind speeds between 10-25 m/s. This range is appropriate133

for studying the IEA 15MW turbine, but would present LLJ test cases with the maximum wind speed consistently134
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Figure 1: Snapshots at three different times (colors) of the wind speed (left) and wind direction (right) of the

three idealized LLJ and monotonic wind cases: (top to bottom) 5 April 2020, 15 May 2020, 3 June 2020. Solid

lines correspond to the LLJ and dashed lines correspond to the REWS and veer-matched monotonic shear case,

MS. The dashed black line is the hub height of the IEA 15MW reference turbine, and the grey shaded area is the

range of rotor swept altitude.
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above or below the hub height in the case of different turbine studies, and thus does not systematically consider135

the influence of LLJ height.136

3 Turbine Simulations in OpenFAST137

OpenFAST provides a flexible multi-physics, multi-fidelity turbine simulation framework. For this investigation,138

we have focused on identifying trends in turbine dynamics rather than predicting turbine loads with the maximum139

accuracy afforded by the tool. The publicly available 15-MW Offshore Reference Wind Turbine model [16],140

developed through the International Energy Agency (IEA) Technology Collaboration Programme Wind Task 37,141

was simulated with OpenFAST v.3.5.0 [19].142

We have considered the IEA 15-MW in a monopile configuration under still water conditions. Blade aero-143

dynamic loads are calculated based on tabulated airfoil aerodynamics. Rotor inflow, discussed further in Sec-144

tion 3.1, includes turbulence superimposed by the TurbSim stochastic wind simulator in OpenFAST. Blade and145

tower structural dynamics are modeled by Euler-Bernoulli beam theory with assumed modes; substructure dy-146

namics and platform motion have been neglected. Turbine control and electrical system dynamics are modeled147

using the Reference Open-Source Controller [20] and the tuned controller included with the IEA model.148

3.1 Inflow conditions149

We have assumed that the inflow is quasistationary, which enables us to evaluate hourly snapshots of the LLJ150

evolution rather than perform a continuous 18-h simulation. Inflow conditions for each snapshot were based on151

the time-averaged wind speed and direction over the following hour. We have also assumed that there is no yaw152

misalignment and, to facilitate the analysis, rotated the wind profile such that wind vector at hub height is aligned153

with the turbine inertial frame of reference. Each individual simulation was 12 minutes in length, with the initial154

2 minutes excluded to neglect the effects of transients on the steady state analysis. Following the IEC 61400-1155

standard [17], six 10-minute periods, corresponding to different turbulence field realizations, were evaluated for156

each snapshot.157

Each of the three case studies from deJong, Quon, and Yellapantula were simulated, both under LLJ condi-158

tions and analogous monotonically sheared (“MS”) conditions. The MS conditions matched the LLJ conditions159

in rotor-equivalent wind speed (REWS) and wind direction profile, as described in section 2. These wind profiles160

were provided to TurbSim, which calculated turbulence boxes with IEC class C turbulence characteristics and de-161
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Figure 2: Distribution of hour inflow condition snapshots for LLJ cases (solid dots) and corresponding MS

snapshots (triangles). Colors correspond to the model case date that each snapshot was generated from.
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fault coherence parameters. The three case studies, two representative conditions per study, 18 hourly snapshots,162

and 6 turbulence realizations per snapshot total 648 ten-minute periods analyzed.163

3.2 Output postprocessing164

All simulations ran to completion with the exception of the May 15 case study between hour 9–16, when the165

wind speed exceeded the turbine cut-out speed (25 m/s). Statistics of each ten-minute analysis consider mean166

and standard deviation of the quantity over time (plotted as solid lines or individual points), as well as minimum167

and maximum of the quantity across each of the 6 turbulence realizations (which will be plotted as a shading).168

The distinction between these metrics of model spread are intended to indicate a difference in overall tempo-169

ral fluctuations that contribute to structural fatigue (standard deviation), and the range of responses given six170

turbulence realizations.171

4 Results172

The preliminary results in this section consider the performance and structural impacts of the turbine in the173

context of the quantities summarized in Table 1. The hub-height inflow velocity is included for reference in174

Figures 3-5 and as the x-axis in Figures 5-7. Generated power is included in order to reference this study against175

other works which discuss the impacts of LLJs on turbine power production ([5, 9]), but these impacts are traced176

to different wake recovery characteristics that are not considered in this standalone single turbine study. Several177

structural parameters of the turbine are considered instead, including moments on the blade roots, low-speed178

shaft tip, tower-top, and tower-base. Other studies have found that properties of the LLJ had little impact on179

blade motions and loads [2, 9], but disagree on the impacts of loads applied to the hub center components (low-180

speed shaft and tower top). We begin by considering all of these output quantities in terms of their mean and181

temporal standard deviation as a proxy for fatigue loading on the turbine component. Later, we focus on a subset182

of these quantities that demonstrate the strongest differences between the LLJ and MS analogues to identify183

potential features of interest for turbine design under LLJ inflows.184

4.1 Individual Case Studies185

To gain an understanding of how turbine performance and loading may vary over the course of a typical LLJ186

event, which can persist for a few hours up to approximately a day, and identify quantities of interest, we begin187

by considering the collection of hourly snapshots from the 5 May 2020 case study. These inflow conditions188
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Abbreviation Description (units)

HHWindVel Hub Height inflow wind speed (m/s)

GenPwr Generator power (kW)

RootMxb1 Edgewise blade moment (kNm)

RootMyb1 Flapwise blade moment (kNm)

LSSTipMys Low-speed shaft tip pitching moment (kNm)

LSSTipMzs Low-speed shaft tip yawing moment (kNm)

YawBrMyp Pitching tower-top moment (kNm)

YawBrMzp Yawing tower-top moment (kNm)

TwrBsMxt Side-side tower base moment (kNm)

TwrBsMyt Pitching tower-base moment (kNm)

TwrBsMzt Yawing tower-base moment (kNm)

Table 1: Summary of the turbine quantities and their abbreviations.

(see Figures 1-2) display the highest wind speeds and shears for both the LLJ and MS, as well as characteristic189

magnitudes of the negative shear and location of the jet nose maximum. The 18 h trajectory corresponds to a full190

cycle of the inertial oscillation (Equation 1) about the stationary thermal wind balance, and thus demonstrates the191

full range of conditions for the LLJ given a constant geostrophic equilibrium profile. A comparison of the LLJ192

and MS inflow conditions from this perspective indicates which performance and loading quantities are inherent193

to the presence and evolution of the LLJ, versus those which are more indicative of local shear and veer regardless194

of the low-level windspeed maximum.195

In Figure 3-4, we consider mean quantities as well as their standard deviations over time as a measure of the196

magnitude of fluctuations. As seen in Figure 3, the hub-height wind speeds increase over time to their maximum197

at around the 12th hour of the 18-h case study. Generator power for the LLJ and MS case are extremely close,198

reflecting the matched REWS, and fluctuations in the generator power are slightly higher for the LLJ than MS.199

This behavior contrasts findings that an LLJ reduces variance in power production [2, 9].200

The mean flapwise blade-root moments are very similar between the two cases, with the LLJ also displaying201

smaller fluctuations in both flapwise and edgewise moments except for the flapwise moment at times correspond-202

ing with the strongest wind speeds near the cut-out speed of 25 m/s. The LLJ case displays consistently lower203

low-speed shaft tip moments, with negative moments occurring at lower wind speeds in contrast to the consis-204

tently positive moments in the MS case. The fluctuations in this LSSTip moments are, however, considerably205
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higher for the LLJ case than the MS, indicating higher fluctuating loads on the shaft. This finding is consis-206

tent with similar studies that found an increase of up to 15% in the DEL on this component [9] when the wind207

resembled an LLJ profile.208

The tower-top moments in Figure 4 tell a similar story to the low-speed shaft, with fluctuations (represented209

as the temporal standard deviation, in the right column) in both the pitching and yawing moments increasing210

substantially for an LLJ over the MS case. The mean yawing moments reflect a similar change in sign across the211

evolution of the LLJ, indicating impacts of the negative shear and jet nose height relative to the hub height. The212

mean tower-base moments generally mirror the tower-top moments, but the mean pitching moments at the tower213

base shows a broader range, from 60 MNm to 120 MNm across the evolution of both the LLJ and MS profiles,214

compared with the tower-top pitching moment range magnitudes of 45 MNm to 65 MNm.215

Next, we consider all three case studies, focusing on a subset of the structural quantities which showed the216

most distinctive differences between the LLJ and MS analogues. In Figure 5, each subplot shows the trajectory217

of the mean quantity and shading corresponding to one standard deviation above and below the mean. To aid in218

the analysis, we further characterize each case study according to its jet characteristics as seen in Figure 1, with219

3 June 2020 displaying a broad jet, 5 April 2020 showing a narrow jet near hub height, and 15 May 2020 having220

a narrow jet that rises above hub height. Across all three test cases, we see in Figure 5 that both the edgewise and221

flapwise blade moments are extremely similar between the LLJ and MS cases, with similar magnitudes of the222

temporal fluctuations as well. The tower-top quantities in the second row, however, show important differences.223

The pitching moments are of consistently larger magnitudes for the LLJ than for the MS, especially during224

periods of the jets where the jet nose is below or near the hub height. This difference indicates consistently larger225

magnitude motions at the tower top under an LLJ, which may not be accounted for under typical MS design226

studies. The yawing tower top moment and pitching low-speed shaft moments also have opposite sign in the LLJ227

case from the MS case at times when there is a deviation, but the magnitudes of temporal fluctuation are similar.228

Finally, the tower-base fore-aft is similar between LLJ and MS in all three instances, with differences appearing229

mainly in the 15 May 2020 case study, which contains the strongest wind speeds and shears but a decrease in the230

tower-base moments relative to the MS case.231

4.2 Aggregated Structural Impacts232

A cross-examination of figures 5 and 1 reveals that turbine moments are correlated with the hub-height wind233

speeds as expected. Thus in Figure 6, we ignore the trajectory of the LLJ and MS cases over their 18-h evolution234

and instead consider each 10 min simulation independently to elucidate key operating differences in the presence235
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Figure 3: Turbine quantity means (left) and standard deviations (right) as a function of time for the 15 May 2020

case, including the LLJ and corresponding veered MS profiles. (Top to bottom) Hub height inflow wind velocity,

generator inflow power, flapwise blade moment, edgewise blade moment, low-speed shaft tip (LSST) bending

moments in-plane and out-of-plane. Statistical convergence was not reached in some turbulence realizations for

the LSST quantities, hence the reduced shading between 10 and 15 hrs.
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Figure 4: Turbine quantity means (left) and standard deviations (right) as a function of time for the 15 May 2020

case, including the LLJ and corresponding veered MS profiles. (Top to bottom) Hub height inflow wind velocity,

tower-top yaw-bearing roll moment, tower-top yaw-bearing pitch moment, and tower base roll, pitching, and

yaw moments. Statistical convergence was not reached in some turbulence realizations for the tower top and base

quantities, hence the reduced shading between 10 and 15 hrs.
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Figure 5: Trajectory of core turbine quantities for each LLJ and MS cases. Each quantity is plotted as the

temporal mean (solid line) plus or minus the temporal standard deviation (shading), with these statistics referring

to the median from the six turbulence realizations.
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of a jet. The LLJ and MS cases collapse onto a single line that correlates the mean flapwise blade moment with236

this hub-height wind speed, with the maximum flapping occurring when thrust is maximized at wind speeds237

near 10 m/s. Fluctuations in this flapping, measured by the temporal standard deviation, show stronger variation238

between turbulence realizations, with a bias of larger fluctuations in the LLJ than the MS cases at low wind239

speeds and smaller fluctuations at high wind speeds. This result indicates the potential for reduced blade fatigue240

due to flapwise motions during strong and sustained LLJ events such as the 15 May 2020 case study.241

Next, we note an interesting bifurcation in the pattern of mean tower-top and low-speed shaft moments. While242

the pitching and yawing moments both increase nearly monotonically with wind speed for the MS cases, the LLJ243

simulations show a cyclic behavior with respect to hub-height wind speed. This cyclic behavior is indicative of244

the different positions of the jet wind maximum with respect to the turbine hub as well as the different magnitudes245

of shear and veer associated with a single hub-height wind speed, as seen in Figure 2. It further implies that these246

quantities cannot be easily predicted by an average or hub height inflow wind speed in the case of an LLJ, and it247

indicates a wider potential operating range in the presence of an LLJ, which may be important in future turbine248

design. The standard deviation of all three quantities generally increases with hub-height wind speed, indicating249

stronger pitching and yawing motions under stronger wind speeds. These fluctuations are somewhat higher for250

LLJ than for MS cases, but the spread across turbulence realizations largely obscures this difference, indicating251

that these fluctuating quantities are as strong a function of turbulent inflow as they are of the LLJ or MS condition.252

Revisiting the cyclic behavior of the tower-top quantities with respect to hub-height wind speed, Figure 7253

depicts the envelope of operating conditions encountered for the four key turbine quantities as a function of this254

inflow wind speed. As noted in the previous paragraph, there is no discernible difference in the operating range255

of flapwise blade moments between the LLJ and MS case. However, the pitching moments of both tower-top256

components indicate a significantly wider operating envelope, in particular at more negative (higher magnitude)257

moments across all inflow wind speeds. The tower top yawing moment shows similar behavior, with the LLJ258

inflow conditions spanning nearly the same range of conditions in the positive moment direction, but encountering259

larger magnitude negative moments. This difference in operating envelope stems from the presence of a negative260

shear in the LLJ inflow conditions, and may have design implications for the turbine tower if these negative261

moments exceed those in extreme negative wind shear cases (DLC 1.5).262

15



0 5 10 15 20 25
MeanHHWindVel

[m/s]

0

10000

20000

30000

40000

50000

M
ea

nR
oo

tM
yb

1
[k

N-
m

]

April5 MS
May15 MS
June3 MS
LLJ below HH
LLJ above HH

0 5 10 15 20 25
MeanHHWindVel

[m/s]

2000

4000

6000

8000

10000

12000

14000

St
de

vR
oo

tM
yb

1
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

10000

5000

0

5000

10000

15000

M
ea

nL
SS

Ti
pM

ys
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

0

2000

4000

6000

8000

10000

St
de

vL
SS

Ti
pM

ys
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

70000

65000

60000

55000

50000

45000

M
ea

nY
aw

Br
M

yp
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

2000

4000

6000

8000

10000

St
de

vY
aw

Br
M

yp
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

4000

2000

0

2000

4000

6000

M
ea

nY
aw

Br
M

zp
[k

N-
m

]

0 5 10 15 20 25
MeanHHWindVel

[m/s]

2000

4000

6000

8000

10000

St
de

vY
aw

Br
M

zp
[k

N-
m

]

Figure 6: Mean (left) and standard deviation (right) of turbine quantities for all turbulence realizations, plotted for

each case day (color) and LLJ or MS (symbol) as a function of the hub-height inflow wind velocity. We further

distinguish LLJ instances where the LLJ maximum velocity occurs below or above hub height (downward and

upward triangles, respectively). (Top to bottom) Blade flapwise moment, LSST in-plane bending, and tower-top

pitching and yawing moments. 16
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Figure 7: Operating envelope of selected turbine quantities for the LLJ and MS settings, plotted as the range from

the minimum to maximum across the three case dates and turbulence realizations.
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5 Conclusions263

This work presents an analysis of the structural impacts of low-level jets on turbine components based on an264

analytical representation of an evolving jet profile. We describe a set of prognostic equations for the LLJ wind265

components as a function of height that results from an inertial rotation of the wind vector about a geostrophic266

balance [10]. For three case studies based on observed LLJs in the NY Bight, we note that these analytical models267

generate inflow conditions that span a range of wind speeds, shear, veer, and LLJ altitude conditions of potential268

interest to offshore turbine design. These equations therefore present a streamlined model with a simple set of269

tunable parameters that can be adjusted to study a range of realistic LLJ inflow conditions, making them suitable270

for future integration in DLCs for offshore turbine design.271

Our preliminary study of turbine performance under these LLJ and MS analogue inflows investigates dif-272

ferences in the generated power and structural loads of the IEA 15-MW offshore reference turbine under these273

conditions with class C turbulence. Similar to previous studies [2, 7, 9], we find minimal impacts of the LLJ on274

the generated power for this single turbine given the same REWS. Mean and fluctuating moments on the turbine275

blades likewise show similar behavior for the LLJ and MS analogue, and these moments reduce to a single re-276

lationship with the hub height inflow wind speed. However, tower-top moments, including pitching and yawing277

moments on the low-speed shaft and the yaw-bearing, tell a different story. We find that the LLJ induces larger278

magnitude moments on the tower top as well as somewhat larger fluctuating loads, leading to an overall larger279

range of potential operating conditions under LLJ inflow than for the same inflow wind speeds in MS conditions.280

These LLJ loads are not necessarily predicted by an average or hub height inflow wind speed. Additional work is281

necessary to compare the turbine impacts of these idealized LLJ inflows with existing IEC standards for negative282

shear, such as DLC 1.5 [17]. However, with increasing interest and development of offshore wind energy in the283

U.S. Mid-Atlantic, this finding indicates a need to detect and control for increased fatigue on these yaw-bearing284

components when LLJs are present.285

286

287

Data Availability Scripts to set up, run, and postprocess the OpenFAST simulations detailed herein may be288

downloaded from [21].289
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