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a b s t r a c t

In this research the diabatic surface layer wind shear model is extended for offshore wind energy pur-
poses to higher altitudes based on Gryning's wind profile and the resistance functions proposed by Byun.
The wind profile is in theory applicable up to the boundary layer height, which is parametrized with the
Rossby-Montgommery equation. The coefficient c of the Rossby-Montgommery equation is found to be
stability dependent with decreasing values up to 0.04 for stable conditions and increasing values up to
0.17 for unstable conditions. The proposed shear profile has been validated with 1 year of offshore
observation data, and a significant improvement in accuracy is found compared to traditional surface
layer shear profiles or power laws. The influence of adopting this extended shear profile for wind energy
is analysed in terms of the kinetic energy flux and blade root fatigue loads experienced by a wind turbine.
It is found that, especially for stable conditions, results deviate significantly compared to using the
traditional surface layer shear profile. The kinetic energy flux decreases by up to 15%.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Wind shear is of great importance for wind turbine perfor-
mance, both in terms of power production and fatigue loads. As
such, it is crucial not only to accurately observe wind shear in
resource assessment, but also to accurately prescribe wind shear in
wind turbine design. Commonly used wind profiles in wind energy
are either empirical by nature (power laws, as used in for example
IEC guidelines [21] [22]) or valid close to the surface (diabatic
surface layer wind profiles, based on Monin-Obukhov similarity
theory [25,26]). State of the art multi-megawatt wind turbines
however operate at heights well above the surface layer, thus it
becomes necessary to incorporate a wind shear profile in wind
energy research that is valid up to at least 150e200 m height or
higher, depending on wind turbine characteristics. The validity of
mentioned diabatic surface layer wind shear profiles up to such
heights is questionable since they are applicable in the surface layer
only [35]. It is thus needed to extend commonly used wind profiles
up to heights above the surface layer.

Extrapolation of wind shear profiles to higher altitudes is not a
novelty on its own, since already in the 1960's similar research was
elft, The Netherlands.
slag).
performed by Refs. [4] and [5]. These extended wind profiles
however where typically derived for simplified atmospheric con-
ditions in absence of stratification effects. In a recent study, how-
ever, Gryning derived a theoretic wind shear profile that covers the
entire boundary layer [14], with specific parametrizations of the
wind profile for stable and unstable stratifications. This profile has
been validated in literature for onshore and coastal sites [14,29,32].
The offshore validation presented by Ref. [32] however is executed
based on observations up to 116 m at most, which is too limited in
scope of the dimensions of state of the art wind turbines. Besides,
the two sites considered in Ref. [32] are located relatively close to
the shorewith a coastal distance of 18 km, hence the applicability of
the wind profile for far offshore sites is unknown.

A recurring aspect of numerous studies related to atmospheric
stability, wind shear and wind energy is that stability is classified in
specific arbitrarily defined classes. Examples found in literature
show a division of stability in three [15], four [28], five [37] or seven
[33] stability classes, however, there is no physics based argument
for the specific classifications adopted in these studies. In studies
where Gryning's wind profile has been validated stability classes
are also used (seven classes are considered in Refs. [14,29] and [32].
In a recent study [20], assessed the influence of adopting a
continuous stability distribution instead of specific stability classes
in wind turbine fatigue simulations and found differences in the
simulated wind turbine fatigue loads up to 13%. As such, it is
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beneficial to parametrize an extended wind profile as a continuous
functions of atmospheric stability.

To properly validate wind profiles up to heights relevant for
state of the art wind turbines, one requires wind speed observa-
tions at high altitudes, which are traditionally obtained with tall
meteorological masts [36]. Advances in LIDAR technology however
[34] allow for wind observations above the surface layer without
the need to construct such a meteorological mast, which is espe-
cially useful offshore or for complex terrain. The recent construc-
tion of ameteorological mast 85 km offshore in the Dutch North Sea
area [19], including LIDAR observation data up to 315 m height,
provides a unique opportunity to validate Gryning's wind profile
for a far offshore site up to heights relevant for state of the art wind
turbines.

The aim of this study is twofold. First of all we aim to parame-
trize and validate Gryning's wind profile for a specific far offshore
site, elaborated upon in Section 3.1, up to heights relevant for wind
energy purposes. In contrary to similar previous studies, we
parametrize the wind profile as a continuous function of stability,
and prevent the parametrization based on arbitrary stability clas-
ses. Although Gryning's wind profile is in theory valid for the entire
boundary layer, we do not aim to validate the wind profile up to the
top of the boundary layer. This is decided since the boundary layer
height is typically much higher as the maximum blade tip height of
a wind turbine, unless the boundary layer is very shallow. The
second aim of this study is to assess if adopting either Gryning's
wind profile or the diabatic surface layer wind profile in wind
turbine simulations results in a different wind turbine response. In
this paper we consider the wind turbine response in terms of po-
wer production as well as fatigue loads. Combined this should
result in a practical and implementable extended wind shear pro-
file for wind energy purposes, and it shows if indeed it is necessary
to include such an extended wind profile in wind energy.
2. Derivation and parametrization of the extended wind
shear model

We consider in this research the wind profile proposed by
Gryning, and for sake of clarity we show the derivation in Section
2.1. Afterwards the theoretic wind profile is parametrized in Sec-
tions 2.2 and 2.3, and the parametrization adopted in this paper
deviates from the parametrization considered in Ref. [14]. This al-
lows us to show in detail which specific differences we adopt in the
formulation of the extended wind profile, and we will also show
the sensitivity of the wind profile to specific parameters. Unless
stated otherwise, the equations and derivations are taken from
Ref. [14].
2.1. Theoretic derivation of the wind shear profile

Based on dimensional analysis, wind shear in terms of the
gradient vU/vz depends on a velocity scale y and a local length scale
l as

vU
vz

¼ y

l
(1)

Following Monin-Obukhov theory [25,26], one adopts the sur-
face friction velocity u*0 as relevant velocity scale, assumed to be
constant close to the surface, and the height z as relevant local
length scale. Incorporating the definition of the dimensionless
wind gradient fM to account for stability effects (see Ref. [6] or [35])
one finds
vU
vz

¼ u�0fM

kz
(2)

where k is the von Karman constant, assumed to be 0.4 [17]. The
principle arguments proposed by Gryning are that in the atmo-
spheric boundary layer the friction velocity decreases linearly with
height, and that the local length scale l can be decomposed into a
summation of three specific length scales. These three specific
length scales correspond to a local surface layer length scale
(assumed to be fM/z, similar as in surface layer scaling), a local
middle layer length scale (assumed to be 1/lML, which has to be
parametrized) and a local upper layer length scale (assumed to
equal 1/[h - z], where h is the boundary layer height). Incorporating
these principle arguments in Equation (1), and taking into account
the von Karman constant, results in

vU
vz

¼ u�0
k

h
1� z

h

i�fM

z
þ 1
lML

þ 1
h� z

�
(3)

In surface layer scaling it is assumed that the dimensional wind
gradient is a universal function of stability in terms of z, where z is
defined as

z ¼ z
L
¼ �

zkg
�
w0q0v

�
s

u3�0qv
(4)

Here L is the Obukhov length, g is the gravitational acceleration,
ðw0q0vÞs is the turbulent flux of virtual potential heat at the surface
and qv is the virtual potential temperature. The dependence of fM
on stability has been studied extensively in literature, and the
Kansas experiment is likely the most well-known study [6,16],
though more recent studies are shown in Refs. [1] and [10]. For
unstable conditions one typically considers either the Businger-
Dyer formulation [6] or the so called Free-Convection formulation
[27], respectively

fM ¼ ½1� gBDz��1=4 (5)

fM ¼ ½1� gFCz��1=3 (6)

with gBD ¼ 19.3 [17] and gFC ¼ 12.87 [12]. For stable conditions one
typically considers the Businger-Dyer formulation [6] or the
formulation of Holtslag [39], respectively

fM ¼ 1þ bz (7)

fM ¼ 1þ z½aþ b ½expð�dzÞ½1þ c� dz��� (8)

with b ¼ 6 [17], and the coefficients a, b, c and d are respectively 1,
2/3, 5 and 0.35 [3]. The shown functions of fM all become one for
neutral conditions where z ¼ 0. Integration of Equation (2) with
respect to height results in the diabatic surface layer profile

UðzÞ ¼ u�
k

�
ln
�
z
z0

�
�JðzÞ þJðz0Þ

�
(9)

where z0 is the aerodynamic roughness length, z0 ¼ z0/L and J is a
stability correction function, which originates from Ref. [27].

�
Zz
z0

1� fM

z
dz ¼ �JðzÞ þJðz0Þ (10)
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The choice of adopting specific fM-functions in this research
thus has an impact when deriving the extended wind profile,
because of the required integration of Equation (3) (the integration
results in multiple terms, not just J as obtained for the surface
layer wind profile). Following [14]; the Free-Convection formula-
tion is adopted for unstable conditions, and the Businger-Dyer
formulation is adopted for stable conditions, to derive the
extended wind shear profile. Since two specific fM-functions for
stable and unstable conditions are selected, also the stability
correction functions typically found in surface layer scaling shear
profiles are set. For respectively stable and unstable conditions
these are

JðzÞ ¼ �bz (11)

JðzÞ ¼ 3
2
ln
�
x2 þ xþ 1

3

�
�

ffiffiffi
3

p
arctan

�
2xþ 1ffiffiffi

3
p

�
þ pffiffiffi

3
p (12)

where x ¼ ½1� gFCz�1=3. Due to the linearity of Equation (11) one
can write for stable conditions

JðzÞ ¼ z
h
JðzhÞ (13)

where zh ¼ h/L. Both J-functions are zero for neutral conditions.
Integration of Equation (3) with respect to height, and assuming z0/
h ¼ 0, leads to the following extended shear profile for respectively
stable and unstable conditions

UðzÞ ¼ u�0
k

�
ln
�
z
z0

�
þ 1
2

h
2� z

h

i�z
h

h
lML

�JðzÞ
��

(14)

UðzÞ ¼ u�0
k

"
ln
�
z
z0

�
�JðzÞ þJðz0Þ þ

z
h

"
1� 3

2
x2z � x20
x3z � 1

#

þ 1
2

h
2� z

h

i z
h

h
lML

#
(15)

where the subscripts z and 0 correspond to using respectively z and
z0 in x. Note that one could rewrite the term z/h h/lML in these
equations, but this is not done since a parametrization of h/lML will
be derived. Besides, by incorporating Equation (13) in combination
with the assumption that z0/h ¼ 0, there is no J(z0/L)-term in the
shear profile for stable conditions.
2.2. Parametrization of h/lML

From here onwe will deviate from the parametrization adopted
by Ref. [14]. For the parametrization of lML we consider the
geostrophic wind speed at the top of the boundary layer. A common
expression for the geostrophic wind is obtained for barotrophic,
stationary conditions as [5,43].

G ¼ u�0
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln
�
u�0
fz0

�
� BðmÞ

�2
þ A2ðmÞ

s
(16)

whereG is the geostrophic wind speed, f is the Coriolis parameter, A
and B are the resistance functions that will be parametrized in
Section 2.3 and m is the dimensionless stability parameter u*0/fL. It
is recognised however that Equation (16) is invalid if the boundary
layer height h is not uniquely defined by m alone, and in practice h
also depends on other processes not taken into account in m, such as
entrainment and the vertical wind speed at the top of the boundary
layer [7,43]. As such, an alternate formulation of Equation (16) is
proposed in Ref. [43] where the boundary layer height h is a unique
variable, which results in (see Equation (15) of [43].

G ¼ u�0
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln
�
h
z0

�
� B
�
h
L

��2
þ A2

�
h
L

�s
(17)

Since the resistance functions now depend on the dimension-
less parameter h/L instead of m, the parametrization of A and B will
differ compared to using Equation (16) [7]. Evaluating Equations
(14) and (15) at z ¼ h and combining with Equation (17) yields
expressions for h/lML

h
lML

¼ 2

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln
�
h
z0

�
� B
�
h
L

��2
þ A2

�
h
L

�s
� ln

�
h
z0

�#
þJ

�
h
L

�

(18)

h
lML

¼ 2

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln
�
h
z0

�
� B
�
h
L

��2
þ A2

�
h
L

�s
� ln

�
h
z0

�
þJ

�
h
L

�

�J
�z0
L

�
�
"
1� 3

2
x2h � x20
x3h � 1

##

(19)

where the subscript h denotes the usage of h/L instead of z/L in x.
For sake of clarity, the shear profile is rewritten as

UðzÞ ¼ u�0
k

�
ln
�
z
z0

�
þ Yþ U

�
(20)

where the last term is similar in notation for stable and unstable
conditions and given by

U ¼ z
h

h
2� z

h

i" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln
�
h
z0

�
� B
�
h
L

��2
þ A2

�
h
L

�s
� ln

�
h
z0

�#

(21)

and all remaining terms are combined into a closing term. For
stable conditions no terms remain due to the linearity of the sta-
bility correction function. We therefore find for respectively stable
and unstable conditions

Y ¼ 0 (22)

Y ¼ z
h

h
2� z

h

i�
J
�
h
L

�
�J

�z0
L

��
�
h
J
�z
L

�
�J

�z0
L

�i

þ 3
2
z
h

"h
2� z

h

i x2h � x20
x3h � 1

� x2z � x20
x3z � 1

#
� z
h

h
1� z

h

i (23)

Combined, this wind shear profile is a function of the same pa-
rameters as the surface layer wind shear profile (thus z, z0, L and
u*0), and three extra parameters: the boundary layer height h, and
the two resistance functions A and B.
2.3. Parametrization of the resistance functions A and B

It is aimed in this study to define continuous functions for A and
B, as opposed to choosing distinct values for a group of stability
conditions as is done in Ref. [29]. The resistance functions A and B
are parametrized following [7]. Note that [7] has a reversed defi-
nition of A and B compared to [43] and [14]; and here the notation
of [43] is used in line with Equation (17). This results in
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A ¼ qþ 1
q

ku�0
fh

(24)

B ¼ pþ 1
p

�J
�z0
L

�
�
J
�
h
L

�
p

þ pþ 1
p h

L

�
G
�
h
L

�
� G

�z0
L

��
(25)

where p and q are coefficients that vary between 1 and 3 (with q¼ 1
if the friction velocity decreases linearly with height and p ¼ 1.5 for
neutral conditions) and G is the integral of the stability correction
function

G
�
h
L

�
¼
Z

J
�
h
L

�
d
h
L

(26)

In absence of a proper parametrization of p as a function of
stability we assume p ¼ 1.5. For stable and unstable conditions G
equals respectively

G
�
h
L

�
¼ 1

2
h
L
J
�
h
L

�
(27)

G
�
h
L

�
¼ h

L

�
J
�
h
L

�
� 1
�
� 3
2

x2h
gFC

þ 31
16gFC

(28)

Combined this results for stable and unstable conditions
respectively in

B ¼ pþ 1
p

þ 1
2
p� 1
p

J
�
h
L

�
�J

�z0
L

�
(29)

B ¼ 3
2
pþ 1
p

x2h � x20
x3h � 1

þJ
�
h
L

�
�J

�z0
L

�
(30)

where again it is assumed that z0/h¼ 0. For neutral conditions these
equations match, since

lim
L/∞

x2h � x20
x3h � 1

¼ 2
3

(31)

We thus find for neutral conditions B ¼ 1.67, and A is a function
of the dimensionless parameter u*0/fh.

With the above parametrization, thewind profile is a function of
z0, h, L and u*0. To provide insight, we perform a brief sensitivity
study to assess the sensitivity of the theoretic wind shear profile to
these four parameters. Results are shown in Fig. 1, where the solid
line in the four separate panels is the same reference wind profile
for neutral conditions with z0 ¼ 10�4 m, h ¼ 250 m and
u*0 ¼ 0.3 m s�1. With respect to the surface roughness it is found
that the magnitude of the wind speed changes as a function of the
surface roughness (i.e., for a lower surface roughness the wind
speed increases), but in principle there is merely a shift in the
profile along the x-axes with little change in the local wind gradient
vU/vz at a given height. Notice that not only the wind speed close to
the surface, but also at the top of the boundary layer (in this
example at 250 m height) is influenced by z0, since the geostrophic
drag law is a function of z0 as well (see Equation (17)). If the
boundary layer height changes the wind profile will substantially
change as well, and for a shallower boundary layer the local wind
gradient increases (i.e., the wind profile appears to be steeper at a
given height). It is found that a change in boundary layer height
from 250 m to 350m height has little influence on the wind profile.
In contrary, the wind profile is very sensitive if the boundary layer
height changes from 250 m to 150 m. Besides, close to the surface
(say in the lowest 20 m) the wind profile is not sensitive to h since
for z << h the wind profile approximately simplifies to the (dia-
batic) surface layer wind profile.

The impact of stability is in line with the known stability
dependence of the surface layer profile [35]. If the atmosphere
becomes stable stratified wind shear increases, while wind shear
decreases for unstable conditions. Besides, the wind speed at the
top of the boundary layer is a function of stability as well due to the
dependence of the resistance function B on stability. We find in
Equation (29) that if the atmosphere becomesmore stable stratified
B will become increasingly more negative, and hence the
geostrophic wind increases in Equation (17). The sensitivity of the
wind profile to the friction velocity is relatively straight forward,
and the wind increases substantially with increasing u*0.
3. Observation data and determination of wind profile
parameters

So far the extended wind profile has been derived and param-
etrized based on theoretic arguments, however, in practice typi-
cally not all required input parameters are available from
observation data. In this study we aim to validate the extended
wind profile for a specific far offshore site discussed in Section 3.1.
Due to limitations in the available observation data (i.e., no direct
observations of z0, u*0, L or h), we consider site specific parame-
trizations as discussed in Section 3.2. Subsequently, in Section 4 the
wind profile will be validated for the same observation site.
3.1. Observation data

The applicability of the extended wind shear profile to describe
wind shear far offshore will be assessed with aid of observation
data obtained at the meteorological observation site IJmuiden,
located 85 km offshore at N 52� 50.890 E 3� 26.140 in the Dutch
North Sea area [41]. A detailed description of the meteorological
mast and sensor specifications can be found in Refs. [19]; and in the
current study we refrain from discussing sensor specifications in
detail. Whereas in Ref. [19] only observations of the lowest 100m of
the atmosphere are used, in the current study we aim to apply the
derived extended wind profile up to higher altitudes. As such we
include observation data obtained with the LIDAR that is installed
at the platform of the meteorological mast. The installed LIDAR is a
Zephir 300, which is a continuous wave LIDAR, and it is set to
observe wind speed and wind direction at 10 observation heights
from 90 to 315 m height, with a 25 m observation height spacing.
Besides the LIDAR observation data, we also use wind speed and
wind direction observations obtained with cup anemometers and
wind vanes at 27 and 58 m height, and temperature, humidity and
air pressure observations obtained at 21 m height in combination
with surface temperature observations obtained with a wave buoy
(see Ref. [19] for details).

Atmospheric conditions have been observed starting at January
2012 until December 2015, however, it is found that for an extended
period of time temperature data of the wave buoy is missing. It is
therefore decided to consider exactly two years of observation data
for the following assessments. Observations taken in 2012 are used
to obtain a necessary parametrization of the boundary layer height
h as discussed in Section 3.2. A separate year of observations, taken
from the first of June 2014 until the end of May 2015 are used to
validate the profile in Section 4. As such we have two independent
datasets obtained at the same observation site that can be used to
parametrize and validate Gryning's wind profile for the offshore
site considered.



Fig. 1. Sensitivity of the theoretic wind shear profile to the aerodynamic roughness z0 (upper left panel), the boundary layer height h (upper right panel), the Obukhov length L
(lower left panel) and the surface friction velocity u*0 (lower right panel). The solid black lines in the four panels are all similar as a reference profile with z0 ¼ 10�4 m, h ¼ 250 m,
L ¼ ∞ and u*0 ¼ 0.3 m s�1.
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3.2. Site specific parametrizations

The parametrized extended wind profile is a function of the
aerodynamic roughness length, the friction velocity, atmospheric
stability and boundary layer height, and neither of these parame-
ters is directly observed at the site considered. As such we have to
estimate the required parameters from the available observation
data. In absence of observations of the turbulent heat and mo-
mentum flux sufficiently close to the surface, we follow [13] and
estimate stability from the bulk Richardson number, which is
defined as

RI ¼ gDqvDz

qv
	
U

2 (32)

Subsequently z is calculated as [13].

z ¼ 10RI if RI � 0

z ¼ 10RI
1� 5RI

if RI � 0
(33)

The singularity at RI ¼ 0.2 prevents calculation of z, thus for
RI > 0.2 stability is not calculated. The conversion from z to L is
discussed in detail in Ref. [19]. In the remaining analyses we will
consider stability either in terms of L or in terms of 100/L, similar to
[14,29] and [32]. Since we consider offshore conditions, z0 is
parametrized with Charnock's equation [9].

z0 ¼ a
u2�0
g

(34)

with a ¼ 0.012 [28] and g is the gravitational acceleration of
9.81 m s�2. The friction velocity is iteratively calculated, assuming
validity of surface layer scaling in the lowest 27 m of the atmo-
sphere (i.e., the lowest wind speed observation height), as

u�0

"
ln

 
zg

au2�0

!
�JðzÞ

#
¼ kUðzÞ (35)

Where the J-functions of Equations (11) and (12) are used. The
observation dataset has no direct estimates of the boundary layer
height h, hence we follow Gryning and consider the Rossby-
Montgommery equation

h ¼ c
u�0
f

(36)

where c has to be parametrized. Although, as discussed in Section



Fig. 2. Value of coefficient c as a function of stability where the theoretic wind profile
has an optimal fit to the observation data, as calculated with Equation (37).
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2.2, h is in reality dependant on other parameters as well, here we
adopt Rossby number similarity theory and assume h is defined as a
function of u*0, f and L alone. Subsequently cwill be parametrized as
a function of stability.

As discussed before, it is aimed in this paper to parametrize the
wind profile as a continuous function of stability. As such, in con-
trary to [29] and [32]; we also need a continuous parametrization of
c as a function of atmospheric stability. To obtain this continuous
parametrization we consider observation data obtained in 2012,
and fit the theoretic extended wind profile to the observation data.
All observations obtained at the meteorological measurement site
are stored as 10-min mean observations. If for a given 10-min
timestep any wind speed observation is missing in the observed
wind profile up to 315 m height, the timestep is not considered for
the parametrization of c. Besides, we filter for stationary conditions
following [24] since Equation (3) is valid for stationary conditions
[14]. After application of these filters a total dataset of 37623 ob-
servations remains, which equals approximately 71% of all data. The
far majority of discarded data was not classified stationary
following the criteria of [24]. The relative occurrence of unstable
and stable conditions in the original and filtered dataset of 2012 is
found to be similar (not shown in detail here), hence we expect the
remaining data is representative despite the applied filter.

For each timestep only observation data at or below 27m height
are used to determine L and u*0. As such it is decided not to include
the 27 m height wind speed observations when fitting the wind
profile to observation data, since this could result in self correlation
[2]. Observations are grouped as a function of stability in terms of
100/L, ranging from �5 to 2 with a 0.1 binsize. For each stability
group the derived extended wind shear profile is fitted to the
observation data, where h is estimated with Equation (36). The
procedure is done with c¼ 0.01 to 0.50 with increments of 0.001, to
find an optimal fit for the given stability group. The quality of the fit
is assessed by computing the root mean square error (RMSE) be-
tween the modelled and observed wind speed, where the RMSE is
calculated as

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

�X�
UfitðzÞ � UobsðzÞ

�2�s
(37)

where UfitðzÞ and UobsðzÞ correspond to respectively the fitted and
observed wind speed at height z, and n is the number of observa-
tion heights considered in the fit of the shear profile. We assume c is
optimal for a given stability if the average RMSE of the fitted wind
profiles is smallest. It is decided to fit the profile to observations up
to 140 m height specifically. This is done since if either c or u*0 is
very small, Equation (36) will estimate h to be low as well, which
would prevent us from fitting the theoretic wind profile to several
observations. We could raise this minimum boundary layer height
up to 315 m height to cover all observations, however, it is recog-
nised that for stable conditions the boundary layer can be shallow.
The specified 140 m is thus a compromise, to fit the profile to
several observations while also being able to parametrize c for
(very) stable conditions. We have also done the same fitting pro-
cedure with a minimum boundary layer height of 250 m, which
resulted in nearly the exact same parametrization for unstable and
neutral conditions. The resulting optimal c-value as a function of
stability is shown in Fig. 2, including an empirical fit to the obtained
results.

It is clear that c depends on stability, and c equals approximately
0.15e0.20 for strong unstable conditions, approximately 0.09 for
neutral conditions and slightly less then 0.05 for strong stable
conditions. For situations where 100/L > 2 m�1 it was found that c
increases significantly again up to value's around 0.20, but due to a
sharp increase in the RMSE these results are not considered to be
appropriate. The empirical fit shown in Fig. 2 for stable and un-
stable conditions corresponds to respectively

c ¼ 0:04þ 0:05
�
1þ 2

100
L

��1

(38)

c ¼ 0:17� 0:08
�
1� 0:5

100
L

��3

(39)

Which is forced to match for neutral conditions at c ¼ 0.09. This
provides a continuous parametrization of c as a function of stability,
which has limiting values of 0.04 and 0.17 for extreme stable and
unstable conditions. The results obtained for neutral and stable
conditions are significantly smaller than proposed by Refs. [32];
who used c ¼ 0.15 and c ¼ 0.13 for respectively neutral and very
stable conditions. It is possible that differences in characteristics
between the sites considered in the current study and in either [29]
or [32] cause a differences in the boundary layer height for similar
surface conditions. This would result in a different parametrization
of c for similar surface conditions. Besides, the parametrization of A
and B in this study differs from values considered by Refs. [29] and
[32]; which might cause a different parametrization of c to obtain
proper fits of the extended wind profile to observation data. Due to
the small value of c for stable conditions, it is possible that for stable
conditions the boundary layer height is estimated with Equation
(36) below 200 m height. This will constrain the applicability of the
wind profile for wind energy purposes, which will be discussed in
more detail in Section 5.

With a parametrization of c, the boundary layer height is a
function of L, u*0 and f alone as expected from Rossby scaling [7]. As
such, assuming a specific latitude, the extended wind shear profile
is with the specified parametrizations a function of L and u*0 alone.
The resulting profile will be validated in Section 4, however, we
briefly assess the sensitivity of the resulting wind profile to L and
u*0. Results are shown in Fig. 3, in which the solid black lines in the
four panels corresponds to the same situation (i.e., neutral condi-
tions with u*0 ¼ 0.3 m s�1). With respect to stability it is found that
if the atmosphere changes from unstable to neutral or stable con-
ditions, the wind speed close to the surface increases, the local
wind gradient vU/vz increases and the boundary layer height de-
creases. With respect to the friction velocity it is primarily found
that the wind speed and boundary layer height increase with
increasing u*0, however, the local wind gradient shows little change
as a function of u*0. The non-dimensional wind profiles differ



Fig. 3. Sensitivity of the parametrized wind shear profile to stability (left panels) and u*0 (right panels), where upper panels show the wind profile and lower panels show the non-
dimensional wind profiles. The solid black lines are similar for the four panels and correspond to a reference wind profile for neutral conditions with u*0 ¼ 0.3 m s�1.
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substantially as a function of stability, however, for a given stability
the wind profiles nearly collapse (i.e., the lower right panel in Fig. 3
for neutral conditions). This is also the reason why in the following
validation we consider non-dimensional wind profiles, since the
absolute wind speed differs substantially as a function of u*0. The
non-dimensional profiles do not perfectly collapse since various
parameters of the wind profile are still a function of u*0. As shown
in Ref. [28] this can be circumvented for the diabatic surface layer
profile by introducing a stability-mean roughness length. In the
derived extended wind profile both h and z0 are a function of u*0,
hence a similar procedure is not applicable here.

In the following section we aim to validate the parametrized
extended wind profile, and assess the performance of the extended
wind shear profile compared to commonly used wind profiles in
meteorology and wind energy.

4. Validation of the extended wind profile

To avoid validating the theoretic with the same data as was used
for the parametrization, which would result in an overestimation of
the accuracy of the wind profile, we consider a separate complete
year of observation data. We use similar filters as described in the
parametrization (i.e., no missing data in the observed wind profiles
as well as stationary conditions), which results in 30469 observa-
tions (approximately 58% of all observations). This is substantially
less as was found for 2012, used in the parametrization of c, pri-
marily due to an increase in missing LIDAR wind speed observa-
tions. We therefore provide in more detail information about the
amount of unstable, neutral and stable observations considered in
the validation in Section 4.1. The various parametrizations pro-
posed in the previous sections all allow the extended wind shear
profile to be a continuous function of atmospheric stability. In
principle there is thus no need to validate the wind profile for
specific stability classes, however, for visualization purposes as well
as for comparison purposes with literature, wewill first validate the
wind profile for specific stability classes. Once done, we also vali-
date the profile for a continuous range of stability.

4.1. Validation with stability classes

The observation data is groupedwith respect to stability, andwe
consider here a slightly modified version of the classification set
used by Ref. [29] with a slight modification of the stable and very
stable classes (see Table 1). The stable and very stable classes are on
purpose modified to have similar absolute class boundaries as used
for unstable and very unstable conditions, since there is no physics
based argument to adopt different class boundaries for stable and
unstable conditions. For each stability class we determine the
average observed non-dimensional wind profile based on all ob-
servations where 0.1 m s�1 �u*0� 0.8 m s�1. Next we determine the



Table 1
Overview of stability class characteristics used in Fig. 4.

Stability class [�] Stability regime [m] L (prof.) [m] u*0 (prof.) [m s�1] Nr. of Obs. [�]

Very Unstable (VU) �100 � L < �50 �69 0.33 5363
Unstable (U) �200 � L < �100 �135 0.38 4412
Near Neutral Unstable (NNU) �500 � L < �200 �284 0.38 2522
Neutral (N) kLk> 500 �1336 0.35 2810
Near Neutral Stable (NNS) 200 < L � 500 296 0.34 1950
Stable (S) 100 < L � 200 141 0.26 1623
Very Stable (VS) 50 < L � 100 72 0.20 952
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average of the inverse of the Obukhov length for each stability
group, which will be used to calculate theoretic wind profiles. The
theoretic wind profiles are forced tomatch the observations at 27m
height for each stability class, which provides an estimate of u*0
used to calculate the theoretic wind profiles. With L and u*0
calculated, the theoretic wind profiles and the observed wind
profiles are shown in Fig. 4. The markers correspond to the average
observed non-dimensional wind speed, the solid lines correspond
to the extendedwind profile and the dashed lines correspond to the
surface layer wind profile with the Businger-Dyer and Free-
Convection stability correction functions of Equations (11) and (12).

For (very) unstable conditions it is found that the surface layer
Fig. 4. Validation of the non-dimensional extended wind profile (solid lines) and the non-dim
observed wind profile (markers) for various stability conditions. The upper left panel shows v
shows near neutral unstable (NNU, light red), neutral (N, yellow) and near neutral stable (NN
(VS, black) conditions. (For interpretation of the references to colour in this figure legend,
wind profile corresponds well to the observations up to approxi-
mately 60 m height, but for higher altitudes the wind speed is
underestimated. The extended wind profile overall has better
agreement, especially for heights above 200 m, though in between
100 and 200 m height the extended wind profile also appears to
slightly underestimate the observed wind speed. Do note however
that the difference between the observed and modelled non-
dimensional wind speed is in the order of U/u�0 z 0.5 for the
extended wind profile, which corresponds to wind speed differ-
ences less than 0.5 m s�1 for the majority of observations. It is also
found that for unstable conditions the non-dimensional wind
speed increases with height below 200 m height, while this
ensional surface layer wind profile (dashed lines) compared to mean non-dimensional
ery unstable (VU, magenta) and unstable (U, dark red) conditions, the upper right panel
S, light blue) conditions and the lower panel shows stable (S, dark blue) and very stable
the reader is referred to the web version of this article.)
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increase diminishes above 200 m (i.e., the observations appear to
curve to the left above 200 m height). The extended wind profile
however shows the opposite behaviour and above 200 m height
there is an enhanced increase of the non-dimensional wind speed
with height (i.e., the extended profile appears to curve to the right
above 200 m height). The observations in Fig. 4 of [29] for unstable
conditions show the same behaviour as the extended wind profile
in Fig. 4 of paper, and also show a strong curve to the right. Besides,
also for very unstable conditions (both in the current study as well
as in Fig. 4 of [29] the observed wind speed appears to curve to the
right above approximately 200 m height. It is therefore possible
that the observations for unstable conditions in Fig. 4 of the current
paper incorrectly show that the increase in wind speed with height
above 200 m height diminishes.

For (near) neutral conditions in general similar results are found
as for (very) unstable conditions, though with different orders of
magnitude. For neutral and slightly unstable conditions the surface
layer wind profile underestimates wind speeds above 60 m height
whereas the extended wind profile has a substantial higher
agreement with the average observed non-dimensional wind
profile. For slight stable conditions however the surface layer per-
forms well up to 140 m height, and for higher altitudes there is an
overestimation of the wind speed. The extended wind profile again
has high agreement with the observation data, though at 58 m
height there seems to be a slight overestimation of the wind speed
compared to the observations. It is found that at 190 m height, the
extended wind profile slightly underestimates the non-
dimensional wind speed by U/u�0 z 0.5. The surface layer wind
profile however causes an underestimation of U/u�0 z 1 to 2.5 for
respectively near neutral unstable and neutral conditions, and an
overestimation of U/u�0 z 2 for near neutral stable conditions.
Notice as well that for neutral and slightly stable conditions the
extended wind profile does not continue up to 315 m height since
for the calculated values of L and u*0 the top of the boundary layer is
determined below 315 m height. It is found that for near neutral
stable conditions the average observed non-dimensional wind
profile no longer increases with height above 250 m height.
Although one could interpret this as an indirect observation of the
boundary layer height, do note that here we average many obser-
vations, hence the observed boundary layer height is expected to
vary a lot for the individual observations.

For (very) stable conditions result differ substantially compared
to the previously discussed stability classes. First of all the average
observations for both stable and very stable conditions showawind
maximum at respectively 200 and 160 m height. In Ref. [29] similar
results are shown for very stable conditions, which might be an
indication of the occurrence of low-level jets. For stable conditions
the extended wind profile has a good agreement with the obser-
vation data, though there is a slight underestimation of the non-
dimensional wind speed at 140 m height. For very stable condi-
tions this underestimation is found at 90 m height all ready. The
surface layer wind profile corresponds well to the observation data
up to 90 m height for stable conditions, and up to 60 m height for
very stable conditions, but there is a severe overestimation of the
wind speed at higher altitudes. Especially at heights above 140 m
the difference in the non-dimensional wind speed is in the order of
U/u�0 z 5 or larger, which can easily correspond to wind speed
overestimations of more than 2 m s�1.

For stable and very stable conditions it is found that the
extended wind profile does not perform as good as for other sta-
bility classes, hence it is decided to examine these stable conditions
in more detail. The observations for stable and very stable condi-
tions are further classified as a function of the friction velocity to
assess if the wind profile performs better for specific conditions.
Results are shown in Fig. 5.
For u*0 < 0.35 m s�1 (the upper panels in Fig. 5), the extended
wind profile and the surface layer wind profile nearly coincide up to
60m height. At higher altitudes however the extendedwind profile
does not perform well, especially in close proximity of h, which is
estimated to be below 150 m height. This shows that with the
adopted parametrization of h, the extended wind profile does not
define thewind shear profile at all heights relevant for wind energy
purposes. There is thus a need to extend Gryning's wind profile up
to heights above h for (very) stable conditions. For u*0 > 0.35 m s�1

(the lower panels in Fig. 5) the extended wind profile performs well
for most observation heights, and substantially better compared to
the surface layer wind profile. It is found, in agreement with [29];
that the surface layer wind profile with the Businger-Dyer stability
correction function of Equation (11) severely overestimates wind
shear above 50m height. This is expected to be of importancewhen
assessing the influence of wind shear onwind turbine performance,
which is done in Section 5.

The extended wind profile typically performs poorly close to the
top of the profile (i.e. for heights close to the estimations of h),
which might have several causes. First of all, the parametrization of
h could well be incorrect for specific individual observations, since
the boundary layer height is a function of variables not considered
in the parametrization adopted in the current research [7,43].
Second, it is assumed in Ref. [14] that the length scale of the wind
gradient becomes 0 m in close proximity of the top of the boundary
layer. In reality this is not necessarily true, as is shown for neutral
conditions in Ref. [30]. As a last consideration, wind shear can be
heavily influenced by the occurrence of low-level jets, which is not
accounted for in the derivation of thewind profile. Despite the poor
performance of the wind profile in close proximity of h, the general
performance at lower altitudes is good and either equal or better
compared to the surface layer wind profile.
4.2. Validation for stability as a continuous parameter

The extended shear profile so far has been validated for seven
specific stability classes, however, the aim of this paper is to define
and parametrize an extended wind shear profile that performs well
for a continuous range of stability conditions, not for a group of
stability conditions combined. It is decided to adopt a similar
approach as was used for the parametrization of c in Section 3.2,
hence stability conditions of 100/L ranging from �5 to 2 with a 0.1
binsize are considered. As such we consider here 71 narrow sta-
bility classes, compared to the 7 general classes used in the previ-
ous section, which serves as an approximation of stability on a
continuous scale. For all observations of a stability bin the extended
wind profile and several other wind profiles commonly used in
wind energy are compared to the observed wind profiles, and for
each observation the RMSE is calculated between the observed and
theoretic wind shear profile. These profiles are the power law with
a power coefficient of 0.14, following IEC guidelines for offshore
conditions [22], a neutral logarithmic wind profile (i.e., Equation (9)
without stability correction), and the diabatic surface layer wind
profile similar as used in Ref. [19]. Combining Equation (10) with
Equations (5)e(8) results in four J-functions that we hereafter
refer to as respectively Businger-Dyer and Free Convection (both for
unstable conditions), and as Businger-Dyer and Holtslag (both for
stable conditions). For unstable conditions the Businger Dyer and
the Free Convection J-functions equal respectively

JðzÞ ¼ 2 ln
�
1þ x
2

�
þ ln

�
1þ x2

2

�
� 2 arctanðxÞ þ p

2
(40)



Fig. 5. Similar wind profiles as shown in Fig. 4 for stable (S, dark blue) and very stable (VS, black) conditions conditioned to u*0. The panels corresponds to 0.15 �u*0� 0.25 (upper
left panel), 0.25 �u*0� 0.35 (upper right panel), 0.35 �u*0� 0.45 (lower left panel) and 0.45 �u*0� 0.55 (lower right panel). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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where x ¼ (1 e gBDz)1/4, y ¼ (1 e gFCz)1/3, gBD ¼ 19.3 [17] and
gFC ¼ 12.87 [12]. For stable conditions the Businger Dyer and the
Holtslag J-functions equal respectively

JðzÞ ¼ �bz (42)

JðzÞ ¼ �az� b
�
z� c

d

�
expð�dzÞ � bc

d
(43)

where b ¼ 6 [17] and a ¼ 1, b ¼ 2/3, c ¼ 5 and d ¼ 0.35 [3]. Fig. 6
shows the average RMSE found as a function of stability for the
various theoretic wind profiles.

For unstable conditions it is found that the extended wind
profile performs approximately as good as the surface layer wind
profiles with a stability correction. Only for near neutral conditions
the extended wind profile starts to perform better compared to
these specific surface layer wind profiles. The neutral surface layer
wind profile performs less good for unstable conditions. Due to the
absence of a stability correction the neutral surface layer wind
profile overestimates wind shear. The power law performs very
poor for unstable conditions since wind shear is strongly over-
estimated with the exponent of 0.14 considered here.

For stable conditions, the extended wind profile performs far
better than any of the other shear profiles. Here it is found that the
power law performs reasonably well, since wind shear is strong for
stable conditions, which is also achieved when the power law wind
profile is used with a power exponent of 0.14. Besides, the surface
layer wind profile with the stability correction function of Holtslag
performs substantially better compared to the Businger-Dyer
correction function, in line with results shown in Ref. [19]. It is
remarkable that the neutral surface layer wind profile also per-
forms quite well for stable conditions compared to the surface layer
wind profile with the stability correction of Holtslag. It is expected
here that the neutral wind profile underestimates wind shear for
stable conditions (especially close to the surface), while the wind
profile including the correction function of Holtslag overestimates
wind shear (especially at higher altitudes).

Combined, it is found that for all stability conditions considered
in this assessment, the extended wind profile performs either as
well as other wind profiles (for unstable conditions) or it performs
better (for neutral and stable conditions). As such, incorporating
the extended wind profile inwind turbine simulations will result in
a better representation of atmospheric conditions for the far
offshore site considered in the current research.



Fig. 6. RMSE of various wind profiles for unstable (left panel) and stable (right panel) conditions. The wind profiles included here correspond to the derived extended wind profile
(BL-profile), the surface layer wind profile with specific stability correction functions (Bus. Dyer, Free Convection and Holtslag), the surface layer wind profile without stability
correction (Neutral) and a power law wind profile with an exponent of 0.14 following [22].
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5. Impact on wind turbine performance

The impact of wind shear on wind turbine performance is
shown for wind turbine power production and fatigue loads
separately. This assessment is done for the derived and parame-
trized extended wind shear profile as well as for the standard
diabatic shear profile with the Businger-Dyer stability correction
for stable conditions and the Free Convection correction for un-
stable conditions. The industry design software Bladed is used to
obtain wind turbine fatigue loads from load simulations, and the
fatigue loads of the blade root flapwise bending moment are
assessed since blade root loads are sensitive to wind shear, in
contrary to for example tower loads [20]. The NREL 5MW wind
turbine [23] has been considered in this study, which is a theoretic
wind turbine frequently used in wind energy research. It is outside
the scope of this research to present a detailed description of the
NREL 5MW wind turbine specifications, but main characteristics
are a 90 m hub height and 63 m blade length. Wind shear profiles
therefore must extend up to at least 153 m height to characterize
shear across the rotor disc of the wind turbine. As will be shown,
this is not always the case for stable conditions according to
Equation (36).

5.1. Power production

It is recognised in Ref. [40] that wind shear has a profound
impact on the energy flux across the rotor disc of a wind turbine,
thereby influencing the power production of awind turbine as well.
This is also shown in Ref. [42] implicitly, who found that power
production increases if the atmosphere has a stable stratification. In
contrary however [11], show that wind turbine power production
decreases when turbulence levels are low (i.e., stable conditions),
which they contribute to shear effects. Similarly, in Ref. [38] it is
found that wind turbine power production increases for unstable
conditions and decreases for stable conditions compared to neutral
conditions. In these studies however, observation data of wind
turbine power production is considered, and since in practice a
wind turbine is influence by both turbulence and wind shear it
unclear to what extend results are caused by wind shear specif-
ically. Due to the conflicting conclusions of the studies mentioned
here, it is decided to perform an idealised simulation experiment in
which solely wind shear is consider while turbulence is neglected,
Though this is not representative for actual conditions, it does
provide fundamental insight in the influence of wind turbine po-
wer production as a function of wind shear alone.

Following the IEC guidelines [21], the kinetic energy flux across
the rotor disc of a wind turbine is defined with uniform constant
wind speed across the rotor disc

KE ¼ 1
2
rU

3
hA (44)

Here r is the air density, A is the rotor disc area and it is assumed
that the hub height wind speed Uh is a representative wind speed
experienced by the wind turbine over the rotor disc area. Incor-
porating the effect of wind shear, one has to consider a height
dependence of U and a corresponding height dependant area A

KE ¼ 1
2
r

Z
UðzÞ3AðzÞdz (45)

Note that implicitly it is assumed that the air density is constant
across the rotor disc. If one divides the rotor disc area into a finite
number of areas to approximate the integral with a summation, one
can determine at each height z the corresponding wind speed with
the derived shear profile (as a function of stability). Since the
segment of a circle above a horizontal line at a distance d of the
centre of the circle can be analytically calculated as

Aseg ¼ R2asin
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it follows that the area of a segment confined by two horizontal
lines at a distance of respectively d1 and d2 of the centre of the circle
equals
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In the following assessment the shear dependant energy flux is
assessed relative to uniform shear conditions. Combing Equations
(44) And (45) one finds
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where the area in Equation (44) is rewritten as pR2 and KE% is the
relative kinetic energy flux that is used in the following analyses.
Results are shown in Fig. 7.

It is found that for unstable and neutral conditions there is a
limited difference in the relative kinetic energy flux when using
either of the considered shear profiles. Besides, for such conditions
the relative kinetic energy flux is always slightly less than 100%, and
it is found to vary between 98.2 and 99.8%. This is in agreement
with the results found by Ref. [40] who showed that for low wind
shear, which corresponds to unstable and neutral conditions, the
relative kinetic energy flux is less than 100%. For stable conditions
however there is a significant difference in the results obtained
depending on the shear profile considered. If one determines the
relative kinetic energy flux with the diabatic surface layer shear
profile, one finds that for stable conditions the relative kinetic en-
ergy flux is well above 100% with a maximum of 109.5% for high
wind speeds. If one however considers the extended wind shear
profile, one finds a relative kinetic energy flux well below 100%
with a minimum of 93%. Combined, this results in a difference of
15% in the relative kinetic energy flux depending on the shear
profile considered. For low wind speeds and stable conditions, the
relative kinetic energy flux is not computed for the extended shear
profile in Fig. 7. For such conditions, Equation (36) determines h
below the maximum blade tip height, hence the shear profile
cannot be computed up to the maximum blade height. This is a
drawback of the shear profile derived in this study, since for low
wind speeds and stable conditions one cannot determine a repre-
sentative wind shear profile, and thus power production and fa-
tigue load assessment cannot be carried out. This shows that for
offshore conditions it is necessary to consider the inversion layer at
the top of the boundary layer, and possibly even free atmospheric
conditions above the boundary layer.

Based on earlier findings shown in Fig. 4, one can conclude that
the proposed extended wind shear profile indeed results in a
reduction in wind shear compared to the surface layer diabatic
shear profile, however the shear profiles in Fig. 4 do not have
similar hub height wind speeds for a given stability. As such, to
better understand the difference found in the relative kinetic en-
ergy flux, Fig. 8 shows a comparison of wind shear profiles for a
Fig. 7. Relative kinetic energy flux assuming the conventional diabatic wind shear (left panel
for a given hub height wind speed and atmospheric stability.
fixed hub height wind speed of 16 m s�1. It is shown that for un-
stable conditions differences between the two shear profiles
considered are small. For stable conditions the extended shear
profile results in an increase in wind speed below hub height
compared to the surface layer shear profile, and a decrease in wind
speed above hub height compared to the surface layer shear profile.
Since the kinetic energy flux is proportional to the wind speed
cubed, the kinetic energy flux calculated by the surface layer shear
profile is higher than the kinetic energy flux determined with the
extended shear profile.

Though this explains the differences found in Fig. 7, the results
obtained with the extended shear profile deviate significantly from
the results obtained in Refs. [40] and [42]. Strong wind shear occurs
for stable conditions, and where in Fig. 7 it is shown that for stable
conditions the kinetic energy flux decreases, both [40] and [42]
show that for stable conditions the power production of a wind
turbine increases. This difference can be explained in various ways.
First of all, the power production of a wind turbine does not equal
the kinetic energy flux determined here but also depends on the
efficiency of the turbine to extract power from the wind. The
theoretic maximum efficiency of a wind turbine, known as the
Betz-Joukowsky limit, depends on wind shear and for neutral
conditions [8] show differences in the Betz-Joukowsky limit of
1e2% due to changes in surface roughness. Similarly, for non-
neutral conditions it is expected that the theoretic maximum effi-
ciency of a wind turbine will depend on atmospheric stability. Be-
sides, both [40] and [42] consider wind shear in terms of a power
law, which results in fundamentally different shear profiles
compared to those derived here. In Fig. 8 it is shown that for stable
conditions wind shear is indeed strong but primarily close to the
surface below hub height. Since the boundary layer is shallow (it is
179 m for the stable profiles in Fig. 8), above hub height wind shear
diminishes rapidly with height. In both [40] and [42] shear is
considered with a power law with a fixed power, thereby keeping
wind shear high above the hub height as well. The rapid decrease in
wind shear above hub height due to the parametrization of h (i.e., a
shallow boundary layer for stable conditions), is likely causing the
major difference in the kinetic energy flux for stable conditions.
Besides, note as well that [42] consider power curves as a function
of a rotor disc equivalent wind speed, which depends on wind
shear. It is mentioned in Ref. [42] that they ”found a higher rotor-
averaged wind speed than hub-height wind speed under stable
conditions, and consequently greater energy production”. Since in
) and assuming the derived and parametrized extended wind shear profile (right panel)



Fig. 8. Example shear profiles with UðzhubÞ ¼ 16 m s�1 for unstable (L ¼ �100 m, upper left panel) and stable (L ¼ 100 m, upper right panel) conditions. The lower panel directly
compares the extended shear profile for unstable an stable conditions.
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this study the hub height wind speed is kept constant (and thus the
equivalent wind speed differs for stable and unstable conditions),
results will by default differ from those presented in Ref. [42].
5.2. Fatigue loads

Lifetime fatigue loads are expressed in terms of equivalent loads
(see Ref. [18] for details) for comparison purposes with other
studies. The impact of specific shear models on wind turbine fa-
tigue loads is compared to the work of Sathe, who assessed the
influence of shear on wind turbine fatigue loads both without
considering turbulence [31] as well as with turbulence [33]. The
results found in this study are shown in Fig. 9.

In absence of turbulence, results shown for the surface layer
shear profile (left panel of Fig. 9) correspond qualitatively to those
shown in Ref. [31]. For a given hub height wind speed fatigue loads
tend to decrease slightly for unstable conditions compared to
neutral conditions, and loads increase significantly for stable con-
ditions. If one considers the derived extended wind shear profile,
fatigue loads tend to decrease significantly for stable conditions
compared to using the surface layer shear profile, which is shown
for high wind speeds only in Fig. 9. This agrees with the results
presented in Fig. 4 where for stable conditions it is shown that the
surface layer profile significantly overestimated wind shear
between 50 and 150 m height.
To place these results in perspective, one can find that for high

wind speeds and stable conditions the surface layer wind shear
profile results in an increase in fatigue loads by 85%. This per-
centage is significantly higher compared to the maximum of 6%
presented in Refs. [33]; however note that in their study besides
wind shear also turbulence characteristics where considered as
well as the frequency of occurrence of a given combination of at-
mospheric stability and hub height wind speed. Besides, the
offshore atmosphere considered in this study is found to be pre-
dominantly unstable or neutral stratified [18], and for these con-
ditions differences in fatigue loads between both shear profiles are
less than 1% in Fig. 9, which is more in line with the results of [33].
As such, the error introduced in load simulation by wrongly
assuming validity of the surface layer shear profile up to the
maximum blade tip height is likely significantly smaller than the
maximum of 85% found in this study. Still, the results shown here
do indicate that shear induced loads (in contrary to turbulence
induced loads) are significantly smaller than one might find by
wrongly assuming validity of the surface layer shear profile for the
entire boundary layer.



Fig. 9. Similar as Fig. 7 but for the equivalent fatigue load of the blade root flapwise moment in kNm.
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6. Discussion

In this paper we have parametrized Gryning's boundary layer
shear profile for an offshore site, and put it into perspective of wind
energy. The advantageous outcome is that we have specifically
parametrized the wind profile as a continuous function of atmo-
spheric stability, however, due to limitations in the available
observation data it has not been possible to validate the wind
profile up to the top of the boundary layer. It has been shown that
for stable conditions the wind profile decreases in accuracy in close
proximity of the top of the boundary layer (that is, the parame-
trized estimate of the boundary layer height). For unstable condi-
tions however the accuracy of the wind profile in close proximity of
the top of the boundary layer has not been assessed in detail since
observation data is used up to 315 m height at most. As such, it
would be useful to perform similar research with offshore obser-
vation data that reaches substantial higher altitudes. Ideally one
would also have access to observation data at higher altitudes that
can be used as indication of the height of the boundary layer.

Due to the scope of this research we have validated the wind
profile for a single observation site, hence the general applicability
of the wind profile at offshore sites is not known. It is therefore
strongly recommended to assess at other offshore sites if the wind
profile can be validated up to the top of the boundary layer height.
Though there are no physics based arguments that limit the
applicability of Gryning's wind profile to the specific site consid-
ered in this study, it is well possible that parametrizations adopted
are site specific.

Lastly, it is expected that the influence of adopting specific wind
profiles on wind turbine performance is likely wind turbine spe-
cific. The reference wind turbine considered in this study has a
90 m hub height and a 63 m blade length, hence the blades expe-
rience changing wind conditions between 27 and 153 m height. If
we would alter the turbine dimensions however, the blades
encounter changing wind conditions at different altitudes, which
might influence the subsequent response of thewind turbine to the
wind. As such, it would be beneficial to assess for several wind
turbines with different dimensions how wind shear influences
wind turbine performance.
7. Conclusions

Given the ongoing trend to scale up wind turbines to greater
dimensions, the validity of traditional surface layer wind shear
models in wind energy research is questioned. Especially offshore,
where the atmospheric boundary layer is typically shallow
compared to onshore sites, logarithmic shear profiles are not valid
up to the hub height, let alone up to the maximum blade tip height.
A new shear profile based on the wind shear profile of Gryning is
derived that is valid not only in the surface layer but for the entire
atmospheric boundary layer.

The wind shear profile depends on specific parametrizations of
the resistance functions A and B and the boundary layer depth h. A
combination of the resistance functions of Byun and the Rossby-
Montgommery parametrization of h has resulted in an analyti-
cally integratable wind gradient that is a continuous function of
atmospheric stability in terms of the Obkuhov length L. For the
constant c that is introduced by the Rossby-Montgommery
parametrization it is found that c is strongly dependant on atmo-
spheric stability, and ranges from 0.04 (very stable) to 0.17 (very
unstable) with a value of 0.09 for neutral atmospheric stratification.
These values are significantly lower compared to results found in
literature, specifically for neutral and stable conditions.

Based on two years of observation data taken from the offshore
meteorological mast IJmuiden, it is found that the derived and
parametrized extended wind shear profile outperforms traditional
surface layer shear profiles for neutral and (very) stable conditions.
Especially for strong stable conditions, for which shallow boundary
layers occur, the validity of traditional logarithmic shear profiles is
limited to the lowest 40 m. This limits the applicability of these
commonly used surface layer wind shear profiles for wind energy
research. The derived shear profile has significantly lower root
mean square errors for stable conditions compared to the surface
layer shear profiles.

The impact of using the derived extended shear profile in wind
energy is explored by considering the power production and blade
root fatigue loads experienced by a reference turbine. It is found
that for unstable and neutral stratification changing the wind shear
profile to the derived extended shear profiles results in limited
differences in both the kinetic energy flux and the blade root fa-
tigue loads experienced by the wind turbine. For stable stratifica-
tions however there are significant differences. With respect to the
fatigue loads, one will overestimate blade root fatigue loads by
nearly a factor 2 if one considered the surface layer shear profile.
This is caused by the overestimation of wind shear by the Businger-
Dyer stability correction function frequently used to correct the
logarithmic wind shear profile for stable conditions. For power
production it is also found that the kinetic energy flux through the
rotor disc is overestimated if one considers the surface layer shear
model. The reduction in the energy flux found by using the
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extended wind shear profile is caused by a decrease in wind shear
above the wind turbine hub height for stable conditions. Compared
to the kinetic energy flux determined with a uniform wind speed
across the rotor disc, results are opposite for the two shear profiles
compared and while for the surface layer shear profile the kinetic
energy flux increases by up to 9% for stable conditions, the
extended shear profile actually results in a reduction in the kinetic
energy flux by up to 6%.

It is also found that for low andmoderatewind speeds (less than
15 m s�1 typically), the adopted parametrization of the boundary
layer height is frequently lower than typical maximum blade tip
heights. For such conditions one cannot accurately describe shear
across the entire rotor disc. This indicates that, in the offshore
environment, large wind turbines might frequently experience free
atmospheric conditions at the maximum blade tip height
depending on the frequency of occurrence of strong stable
stratification.
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