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Background

Atmospheric Stability and Wind Turbine Response

Thermal stratification influences the loading and power production of wind
turbines through effects on:
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Background

Atmospheric Stability and the Mean Wind Profile

Within the surface layer, effects of thermal stratification are efficiently represented using
the logarithmic wind profile:

U@ = [m(%) - 4]
Stability correction: ¥ = f(z, L)

However, in stable atmosphere, surface layer theory:

[1
[31
[4]
[3]

tends to overestimate wind speeds above the surface layer.
does not account for frequently occurring low-level jets.[3:4]
does not account for frequently occurring wind veering.[">]
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Overview

Stable Boundary Layer Wind Profiles -
A Comparison of Analytical Models and LiDAR Observations

= Datasets

= Analytical Wind Profile Models
= Theory
» Parametrization

= Wind Profile Comparisons
= Conclusion
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Datasets

DB T e o e
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[71
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FINO1

FINO3

June 2015 -
Oct. 2016

WindCube 100S
z=178..3528m
with dz = 25 m

Mast data at
z=34..102m

https://www.fino-offshore.de. Accessed 09.01.2025.
https://www.fino1.de/en/about/design.html. Accessed 09.01.2025.
https://www.fino3.de/en/location/design.html. Accessed 09.01.2025.

Aug. 2013 -
Oct. 2014

WindCube WLS70
z=125...2025m
with dz =50 m

Mast data at
z=29..101m
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Data Filtering

= 10-min. averaged LiDAR profiles classified using ERA5 Obukhov length estimate.
= Observations filtered for L = 0 m and z < 500 m.
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Analytical Wind Profile Models

Logarithmic Wind Profile

E250

500 ' ' ' ' ——L = 1000 m (neutral)
——L= 400 m (near stable)
450 ¢ I L= 100m (stable;
. op e ——L= 30 m (very stable)
Surface layer theory with stability 400 | 1 |=—L= 5 m (extremely stable)
correction: 350 | ]
300 1

n U(Z) = % []n (ZZ—O) + w] N Nomenclature:

200 1 u, Friction velocity
zZ
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L 150
Z Surface roughness
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Analytical Wind Profile Models

Gryning Wind Profile

500 ' ' ' ——L=1000 m (neutral)
g : : : . [10 ——L = 400 m (near stable)
Extension of the logarithmic profile: [0 45 1 L2 Topm e
——L= 30 m (very stable)
400 1 |——L= 5 m (extremely stable)
350 1
Uy z z
e v =2[n(2)-p(1-2)
K Zo 2 zj 300 + 1
Z Z Z Eoso| .
+ _— — N Nomenclature:
Luvpr 2 \2 LmpL 200 - 1 u.  Friction velocity
2/(fc L)2 150 - J K von Karman constant
- [ 2 ln ( ) + 55] [ 400 ] 100l 2 Surface roughness
fe LMBL fe zo ¥ Stability function
S0f | z  BL height
00 s 1‘0 1‘5 o Lyp. Middle BL length scale
LI U (m/s) fe Coriolis frequency

0 L Obukhov length
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Analytical Wind Profile Models

Narasimhan Stable ABL Model

Coupling of surface and Ekman layer flow: ['] = {=zf/u
" $o = 2o fo/us
Model inputs: L, zy, f-, Neo, G & =zf/u

" ém = Zm fo/u. = 0'251'
Streamwise wind velocity:

. U(f<fm)—u*[ ln< )+(5u+03/m)(€ 50)] = u=u/(kf.L)

" Un = Noo/fc
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Analytical Wind Profile Models

Narasimhan Stable ABL Model

Geostrophic drag law:
£ o ln( - ) —A
U

fc zo

[ ] ﬂ:_g

Uy

= G= U+ V7

Derived constants:

o A= =gy |5+ 031 (Em — £0) +9'(Em) (0 = ez = 9(Gm) (38) VT = o] . o, =z, /0
. p=f
' = Cry =05
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Boundary layer height model:

2 — _ _ _ = CNS = 078
« &= (Crf + Caf uw + CRE w)™1/2
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Analytical Wind Profile Models

Narasimhan Stable ABL Model

Resulting wind velocity and direction profiles:
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Analytical Wind Profile Models
Model Comparison for Different Stability Conditions

J o5t I ]
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Analytical Wind Profile Models

Model Parametrization

Parameter

Logarithmic

Gryning

Narasimhan

Source

Geostrophic wind
velocity

Fitted to sonic anemometer
wind speed at z=81m | 101 m

Friction velocity

Uy

Fitted to sonic anemometer
wind speed at z=81m | 101 m

Obukhov length

From ERA5 hindcast data

Surface roughness

Zo

From Charnock’s relation using
C =0.018

Coriolis frequency

fe

From FINO1 | FINO3 latitude

Boundary layer
height

From ERA5 hindcast data
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Exemplary 10-minute Profiles Recorded at FINO1

Wind Profile Comparison
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Wind Profile Comparison

Logarithmic Velocity Profile vs. Observations

Data from FINO1 for L = 0 and z < min(z;, 500 m).
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Wind Profile Comparison

Gryning Velocity Profile vs. Observations

Data from FINO1 for L = 0 and z < min(z;, 500 m).
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Wind Profile Comparison

Narasimhan Velocity Profile vs. Observations

Data from FINO1 for L = 0 and z < min(z;, 500 m).
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Wind Profile Comparison

Narasimhan Direction Profile vs. Observations

Data from FINO1 for L = 0 and z < min(z;, 500 m).
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Wind Profile Comparison

Deviations Between Modelled and Observed Profiles

Normalized RMSE across wind profile models and atmospheric stability.
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Wind Profile Comparison

Deviations Between Modelled and Observed Profiles

Normalized RMSE across wind profile models and height.
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Conclusion

Tall lidar profiles observed at FINO1 and FINO3...
= ... supplemented with mast data.
= ... classified using ERA5 Obukhov length estimate.

3 analytical profile models parameterized and compared with observations.

Neutral to near-stable conditions:

= All models perform similarly well.

= Logarithmic profile shows slightly larger deviations.
Stable to very stable conditions:

= Narasimhan profile shows lowest deviations.

= Logarithmic profile shows largest deviations.

Deviations further increase with height for all models.
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Outlook

Subsequent study: L Vogt, J B Jakobsen, J B de Vaal: “Sensitivity of Floating Wind Turbine
Response to Stable Boundary Layer Wind Profiles”
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Thank you for your attention!
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