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Abstract

The statistics of atmospheric stability and non-dimensional wind profiles are studied using the standard
surface-layer theory at Egmond aan Zee in the North Sea. Measurements at 21, 70 and 116 m are
used to validate the theoretical profiles. Charnock’s relation is used to estimate the sea surface
roughness. Bulk Richardson number is used to estimate the Obukhov length. The measured sea
water temperature has a positive bias of 0.82°C resulting in the dominance of unstable conditions and
a poor agreement of the theoretical wind profiles with the measurements. The conditions at Egmond
aan Zee are dominated by unstable and neutral stabilities. The theoretical wind profiles agree very
well with the measurements in the unstable and neutral conditions. In stable conditions, the wind
profiles are over-predicted significantly as the height increases. The scaling of the wind profile with
respect to the boundary layer height is necessary under stable conditions and the addition of another

length scale parameter is preferred.
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1 Introduction

This study is important for wind energy appli-
cations, since wind profiles have a significant
influence on the power production and loads on
turbines. The IEC standard [1] suggests the use
of either a logarithmic profile without the diabatic
correction term or an empirical power law with
the power exponent depending on wind speed
only, although it also depends on the roughness,
height and atmospheric stability condition. [2]
demonstrated the importance of using diabatic
wind profiles for power production calculations
and [3] demonstrated the same for simple load
calculations considering only steady winds.

The study of the diabatic wind profile started
from the pioneering work on a similarity theory
[4] (Monin-Obukhov similarity theory - MOST),
where the non-dimensional wind shear depends
on atmospheric stability. Atmospheric stability
was characterized in the form of a length scale,
the Obukhov length, corresponding roughly to
the height where the production of the heat and
momentum flux are considered to be equal. The
advent of MOST led to experimental research

Atmospheric stability, Obukhov length, Wind profiles, Boundary layer height, Sea

on the empirical similarity relations between the
non-dimensional wind shear and atmospheric
stability such as those derived from the well-
known Kansas experiment [5]. The conditions
for which the similarity relations from [5] are
derived depict flat and homogeneous terrain
satisfying the assumptions of MOST to the best
possible extent. Subsequently suggestions to the
similarity relations were made [6, 7, 8] which are
also used depending on the terrain conditions
and the applications.

The applicability of MOST to marine condi-
tions is not obvious as in marine conditions
the aerodynamic roughness length varies over
the sea. The wind speed dependence on the
aerodynamic roughness length over the sea is
traditionally represented by the Charnock’s rela-
tion [9]. Studies have shown its dependence on
fetch [10] and wave age [11] as well. Numerous
studies of wind profiles have been conducted in
the past over the land and sea and a comparison
of various corrections to the non-dimensional
wind shear due to stability is made in [7]. Ex-
perimental verification over the sea is still a
challenge. [12] studied the wind profile over
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the sea using the data from Sable Island and
concluded that the thermal stratification effect is
quite significant on wind profiles. [13] studied
the diabatic wind profile over the North Sea and
found better agreement with the measurements
than the neutral logarithmic profile. [14] studied
the wind profiles in the Dutch North Sea using
measurements (up to 75 m) from various plat-
forms and found that the conditions are mainly
unstable and that the surface-layer theory agreed
well with the measurements.  Recently [15]
studied the marine wind profiles with the goal
to understand the advection effects (warm air
from the land towards sea) on wind profiles and
suggested a correction term to be used in the
traditional diabatic wind profiles. [16] compared
measurements at different offshore sites in the
Baltic Sea and verified the validity of the diabatic
wind profiles with the measurements. [17] pro-
posed a new model of wind profile for the entire
boundary layer based on the assumption that the
friction velocity varies linearly with height. With
the advent of remote sensing systems the wind
profiles were also studied using lidars [18] and a
new method was proposed to depict wind profiles
in a non-dimensional form [19]. Subsequently a
modified wind profile using the theory from [17] is
suggested for the marine boundary layer in [20].

The goal of this work is two fold. First is to
derive the climatology at Egmond aan Zee in the
North Sea in terms of daily, seasonal and overall
stability distribution. Second is to investigate the
wind profiles using the measurements from the
meteorological mast (met-mast). Two mixing-
length models of wind profiles are used. The first
is the surface-layer wind profile and the second is
the extended model of wind profile covering the
entire boundary layer from [17].

2 Theoretical background

The starting point for wind profile derivation is the
assumption that the local wind shear can be de-
rived using Prandtl’s mixing length theory,
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where wu is the horizontal wind velocity at a given
height z, u.( is the local friction velocity, x = 0.4 is
the von Karman constant and [ is the local length
scale. In the surface layer, | = ~ and the wind

shear integrates to
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where 2, is the aerodynamic roughness length.
Over the sea, z; can be estimated by the
Charnock’s relation,
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where « is the Charnock parameter (o = 0.0144
is used in this analysis based on [21]) and ¢ is the
acceleration due to gravity. Under diabatic con-
ditions the non-dimensional surface-layer wind
shear scales with atmospheric stability (accord-
ing to MOST) as,
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where L is the Obukhov length given as,
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Here T is the absolute temperature, 0, is the vir-
tual potential temperature and w’¢’, is the virtual
kinematic heat flux. The form of the ¢,,(z/L)
function has been established under stable and
unstable conditions using the Businger equations
[5] and the integration of Eq. (4) with the corre-
sponding ¢,, function gives the diabatic wind pro-
file,

U0 {ln(z%)) _wm(z/L)}, (6)
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where the ¢, functions from [5] are used.

[17] extended the wind profile for the entire
boundary layer, based on the assumption that the
length scale [ in Eqg. (1) is an inverse summation
of three length scales,
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where Lg, is the length scale in the surface layer,
Ly g is the length scale of the middle bound-
ary layer and Ly gy, is the length scale of the up-
per boundary layer. The justification of using the
inverse summation is not explained in [17] but it
could be well explained if we assume that the
wind profile in the entire boundary layer is a linear
sum of wind profiles in the surface, middle and
the upper boundary layer. The derivation of the
extended wind profiles is given in [17] and only
the final forms are shown here. These are,
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for neutral conditions,
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for unstable conditions and
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for stable conditions, where z; is the height of the
planetary boundary layer. z; is assumed to be
climatologically proportional to .o under neutral
conditions as,
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where f,. is the Coriolis parameter and c is a pro-
portionality constant. For a neutral homogeneous
terrain, [?] estimated ¢ = 0.15 from the reanalysis
of the Leipzig wind profile. Considering that
the conditions over the sea are not far from
homogeneous, the same value of ¢ is used in
this work. However, under diabatic conditions,
there is no agreement on a diagnostic expression
for z; [22]. In the absence of measurements, it
is quite logical to expect that the climatological
z; decreases as the conditions become more
stable. Hence, a decreasing value of ¢ is applied
when the conditions are more stable; ¢ = 0.14
is used for stable conditions and ¢ = 0.13 for
very stable conditions (similarly as done in [20]).
In accordance with the findings in [?] from the
analysis of aerosol profiles, the mean value of
z; obtained during the neutral conditions is also
applied for the unstable conditions.

Zi =¢C

A new scaling parameter in Egs. (8-10) is
Lypr. [17] used Rossby number similarity
(RST) to equate the geostrophic wind with Egs.
(8-10) at = = z;. However, this results in the
dependence of Lj;p; on the resistance law
constants A and B, which are uncertain under
diabatic conditions, and on the ,, functions,
which are unknown up to z;. L,/ can also be
fitted to Egs. (8—10) using measurements and an
empirical formulation can be devised [17].

The traditional way of depicting a wind pro-
file is by plotting the non-dimensional wind speed
(u/uw) against the non-dimensional height
(2/20). Over sea, 2, is not a constant and hence
the traditional representation is inadequate in
a statistical evaluation, since the individual

non-dimensional wind profiles vary with z, and
L. Following [19], the neutral wind profiles are
depicted in a non-dimensional form as,
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where for each stability class, . is the mean fric-
tion velocity, Au.q is the fluctuation of the friction
velocity and z; = aw,o°/g is the mean rough-
ness length. Thus, under neutral conditions, the
theoretical non-dimensional profiles match ex-
actly with the non-dimensional height scaled with
Zo. Under diabatic conditions the appropriate ,,
function is subtracted from the non-dimensional
height in Eq. (12). The advantage of this ap-
proach is that the wind profiles for a given sta-
bility collapse onto a single profile. This approach
can be used with the extended wind profiles, Egs.
(8-10), by adding appropriate terms to the non-
dimensional height. Thus, the variability of the
marine wind profiles can be observed with re-
spect to stability only.
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Figure 1: Location of the OWEZ (read Egmond
aan Zee) met-mast in the North Sea.

Figure 1 shows the measurements at Egmond
aan Zee (henceforth referred to as OWEZ) in
the North Sea.The met-mast is located at about
18 km from the coast of Egmond aan Zee,
The Netherlands, coordinates 52°36'22.9” N,
4°23'22.7" E, and is used as the reference for
the first Dutch offshore wind farm. The depth
of water is approximately 20 m. The sector that
is not influenced by the wakes of the turbines
is 135°=315°. The dominant wind direction is
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between 180°-300° (see figure 2b). In order to
further avoid the coastal effects and the internal
boundary layer from the land-sea interaction, the
sector that is chosen in this analysis is 225°-315°.
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Figure 2: Location of the met-mast with respect to
the wind farm (top) and wind rose at 21 m (bottom)

The site comprises 36 Vestas V90 turbines. The
measurements are done at three levels, 21, 70
and 116 m. The analysis is carried out using the
10-min mean measurements between July 2005
and December 2009. Mierij Meteo cup anemome-
ters are placed in three directions to avoid di-
rect mast shade on measurements. Wind vanes
are also placed in those directions. A combined
temperature-humidity sensor is also available at
each height. The sea water temperature is mea-
sured at 3.8 m below the mean sea level. Ideally
the temperature between the air-sea interface is
required for the stability analysis to neglect the
cool skin and warm layer effects [23]. However,
due to lack of sea surface temperatures (SSTs),
the sea measurements are considered to repre-

sent SSTs (henceforth the sea water tempera-
ture at —3.8 m will be be referred as SST). The
location of the mast has been chosen such that
it ensures the measurement of free stream wind
speed from the wind in the dominant South-West
direction (see figures 2a and 2b). In order to se-
lect a particular cup anemometer and wind vane,
preliminary checks are applied to avoid mast ef-
fects on measurements (details are given in [24]).
Observations of wind speeds greater than 4 m/s
are used.

4 Results

The results are divided into two categories:
e Statistics of atmospheric stability
e Validation of wind profiles

MOST is based on the assumptions of station-
arity and constant fluxes in the surface layer.
Non-stationarities in the data are checked follow-
ing [15]. Usually the height of the surface layer
is about 60—100 m during unstable and neutral
conditions and less than about 30 m during stable
conditions. Preliminary checks revealed that if
a filter based on surface-layer height is applied
then only 5% of the available measurements
are usable. The study of climatology with such
limited data is not of much use. Hence, no filter
is applied to the data based on the surface-layer
height. Seven stabilities are used to classify
the observations (see table 1) as given in [17].
[24] attempted to reason the choice of using a

very stable 10<L<50m
stable 50 < L <200m
near-neutral stable 200 < L <500 m
neutral | L |> 500 m
near-neutral unstable | —500 < L < —200 m
unstable —200< L <—-100m
very unstable —100< L <-50m

Table 1: Classification of atmospheric stability ac-
cording to Obukhov length intervals

particular classification (e. g. the classification
in [14, 16] is different from that in [17]) and
concluded that for describing the statistics of
atmospheric stability, table 1 is appropriate.
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(a) Profile method
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(c) Rig method
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(b) Modified profile method

Frequency of occurence of L (%)

4 6

8 10 12 14 16
Wind speed (m/s)
[ vs s B nns 00 [ dnnu[_Ju[_Jvu]

(d) Rib method

Figure 3: Distribution of L against different wind speeds using different methods to estimate L

4.1 Performance of different meth-

ods to estimate L

In the absence of high frequency wind and tem-
perature measurements, 10-min mean measure-
ments can be used to estimate L. Following
methods are compared:

e Profile method [13, 25] - The measurements
used are wind speed at 21 m, air temperature
at 21 m and SST

e Modified Profile method [16] - The measure-
ments used are wind speed at 21 m, air tem-
peratures at 21 m and 70 m

e Gradient Richardson number (Rig) method
[2, 26] - The measurements used are wind
speeds at 21 m and 70 m, and air tempera-
tures at 21 m and 70 m

e Bulk Richardson number (Rib) method [27] -
The measurements used are wind speed at
21 m, air temperature at 21 m and SST

Figure 3 shows the distribution of L with wind
speeds. The number of neutral conditions in-
crease with wind speed for profile and Rib meth-
ods . For the modified profile method there
are many stable conditions, whereas for the Rig
method the number of stable conditions increase
with wind speed. The wind and temperature pro-
files are assumed to be valid under all condi-
tions for the profile methods. This results in over-
prediction of wind profiles under stable conditions
[24]. Owing to the higher measuring height (up to
70 m) for the modified profile method, it results in
unexpected distribution of L. For the Rig method
it can be shown that z/L, and therefore ., func-
tion becomes dependent on the inverse of the
square of the wind speed difference between the
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two levels (1/Aw?). The deviation between the
measured and predicted profile is therefore en-
hanced. As expected, the neutral conditions in-
crease with wind speed for the Rib method. It
does not require two wind speed measurements
to estimate L. It has also has been consistently
used in recent studies [2, 19, 20]. Hence, Rib is
used to estimate L.

4.2 Statistics of atmospheric stabil-
ity

The statistics are presented as daily, monthly
and overall distributions of L. For these results
the SSTs are corrected by subtracting 0.82°C.
Without this correction, the measured non-
dimensional wind profiles have a significant offset
compared to the theoretical wind profiles (Eq. 12)
under all conditions, even at the lowest measure-
ment height. This offset might be originated from
the measurements. A combination of satellite
and in-situ measurements from the ERA interim
(ECMWEF) dataset were used for the comparison
with the OWEZ SSTs for a period between July
2005 and October 2008 (see Appendix). It is
observed that there is a mean offset of 0.82°C at
OWEZ.

Frequency of occurence of L (%)

5 10 15 20
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Figure 4: Daily variation of atmospheric stability

Figure 4 shows the daily variation in atmospheric
stability, where no significant diurnal variation is
observed. There is only a slight increase in the
unstable conditions during the day and a slight
increase in the stable conditions during the night.
The minimum fetch at OWEZ is 160 km from the
British coast and there might be little influence
from the winds blowing from England.
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Figure 5: Seasonal variation of atmospheric sta-
bility

Figure 5 shows the seasonal variation of at-
mospheric stability. There is a clear seasonal
component of atmospheric stability. The statis-
tics for the month of December are not shown
due very limited data. There is, as expected,
a marked increase of the unstable conditions
during the summer months and an increase of
the stable conditions during the winter months.
The peak of unstable conditions is found in late
summer (August/September) because of the
heat capacity of the water, whereas the peak
in the stable conditions occur in late winter
(February/March).
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Figure 6: Variation of atmospheric stability with
respect to wind speeds

Figure 6 shows the variation of atmospheric
stability with wind speed. In general, there is
an increase in the neutral conditions with wind
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speeds, as expected, since momentum flux
dominates over the heat flux at high wind speeds.
There is a slight increase in the near-neutral
stable conditions at certain wind speeds — 14
and 15 m/s. There are many values of L within
the range of 400-500 m, where the spikes are
observed. Lowering of the threshold (from 500 to
400 m, table 1) for the neutral interval results in
a substantial increase in the number of neutral
conditions for those wind speeds and no spikes
are observed any longer. Stability classification
is rather sensitive to those values of L which
are in the edges of the interval. Considering the
uncertainty in the estimation of L, these spikes
are not significant.
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Figure 7: Variation of atmospheric stability with
wind direction

Figure 7 shows the variation of atmospheric sta-
bility with wind direction. A systematic increase
in the number of unstable conditions is observed
as the wind direction changes from South-West
to North-West, where there is a large open fetch
(see figure 1). In the South-West direction wind
is affected by the British Coast whereas in the
North-West direction the wind essentially comes
from the sea. The number of stable conditions re-
duce towards the North-West direction because
of the cold winds over warmer sea that produce
unstable condition. This is in agreement with the
findings in European wind Atlas [28], where it
was concluded that on a climatological average,
land conditions in Europe are stable and sea
conditions are unstable.

Figure 8 shows the overall distribution of atmo-
spheric stability. In general the conditions are
mainly neutral and unstable in agreement with the
climatological findings in [28]. This is also in con-
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23%
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Figure 8: Overall distribution of atmospheric sta-
bility

formity with the observations in [14], where the
study was carried out in the Dutch part of the
North Sea.

4.3 Non-dimensional wind profiles
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Figure 9: Non-dimensional wind profiles in the
North Sea. Measurements are shown by differ-
ent markers

Figure 9 shows the non-dimensional wind profile
at OWEZ. The measurements are divided into
seven stability classes (table 1) and a mean
(theoretical and measured) profile is plotted
for each stability class. The mean observed
parameters are given in table 2.

The theoretical profiles are estimated using Eq.
(12). They agree very well with the measure-
ments in unstable and neutral conditions. This
result is quite significant since there is ongoing
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L(m) us0(m/s) | No. of Profiles
—74 0.26 3959
—140 0.33 4913
—311 0.36 3303
|L| = 4999 0.39 5013
321 0.36 2416
128 0.26 1960
41 0.12 133

Table 2: Mean observed parameters in each sta-
bility class used for plotting the wind profiles ac-
cording to Egs. (6) and (12)

debate on the use of diabatic wind profiles (Eq. 6)
in wind energy. A recent study [20] has indicated
(using different dataset) that Eq. (6) can be used
for the unstable and neutral conditions even
beyond the surface layer and the wind profiles at
OWEZ (figure 9) conform with these findings.

For stable conditions, the wind profiles are
over-predicted  significantly with increasing
height. Due to the linear dependence of the
non-dimensional wind shear with the stability
parameter (z/L), at greater heights such an
over-prediction is quite expected. Scaling with
z; tends to reduce the wind shear at greater
heights considerably [20]. In the model of [17]
there is additional dependence of wind speed
profile on z; and L. [20] argued that Ly
over the sea is quite large (Lysr, > z), and
hence, its influence can be neglected. This
results in scaling the wind profile under stable
conditions with z; only and the wind profiles for
the unstable and neutral conditions converge with
those in the surface layer (Eqg. 6). In this work,
as a preliminary study, L,z was fitted to the
OWEZ measurements according to Egs. (8—10).
It was found that L,z is very large for unstable
and neutral conditions in accordance with [20],
whereas for stable conditions L,,p; could not
be neglected. [17] further showed that Ly/pr
depends on the resistance law constants A and
B. In this analysis the values for A and B from
[?] were used (despite the fact that considerable
scatter is observed under diabatic conditions)
to estimate the influence of L,z on the wind
profiles in conjunction with z;. The A, B, z; and
Lypr values used to obtain the extended wind
profiles for stable conditions (Eq. 10) are given in
Table 3.

Figure 10 shows the extended wind profiles using
Egs. (10) and (12), and neglecting the effect of
Lypr- It is observed that the theoretical profile

L(m) | 321128 [ 41

A 1.5 115 |16

B 5.2 | 52 | 5.2
zi(m) 205 | 117 | 49
Lyrpr(m) | 866 | 283 | 69

Table 3: Mean parameters used for the stable
wind profiles according to Egs. (10) and (12)
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Figure 10: Extended wind profiles at OWEZ
showing the influence of z; and L, under sta-
ble conditions. The dashed line shows the influ-
ence of z; only and the solid line shows the com-
bined effect of z; and Lj;p;. The dash-dot line
shows the traditional surface-layer theory

has a slightly better agreement when the com-
bined effect of z; and L,;p is considered than
assuming only the effect of z;. Both approaches
agree better with the observations than surface-
layer theory. The influence of the approach of
using z; only is to slightly under-predict the wind
profile.

5 Discussion and Conclusion

Atmospheric stability and wind profile climatology
is studied at OWEZ in the North Sea. It is
observed that atmospheric stability is dominated
by unstable and neutral conditions due to cold
air over warmer sea. \Very stable conditions
occur rarely. This result is in agreement with
the previous analysis by [14], where the study
was carried out in the Dutch part of the North
Sea. It would be interesting to perform a stability
analysis at different latitudes in the North Sea
to obtain a spatial the distribution of diabatic
conditions.
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There is little daily variation of diabatic con-
ditions, characteristic of land conditions. The
heat capacity of water causes mainly a seasonal
variation. The analysis of the variation of atmo-
spheric stability with wind speed shows a marked
increase in the neutral conditions. The amount of
observations in the stability classes is dependent
on the interval limits.

A different classification has also been sug-
gested previously [14, 16] and its use would
increase the number of stable conditions con-
siderably. In the future it would be interesting to
arrive to a firm criterion to classify L. Currently
the criterion for selecting the intervals of L is
based only on previous research experience. A
systematic increase of unstable conditions from
the South-West to the North-West direction at
both sites is in agreement with the European
wind and stability climatology in [28].

Non-dimensional wind profiles are also stud-
ied and the measurements agree very well with
the surface-layer theory in unstable and neutral
conditions. For stable conditions, surface-layer
theory over-predicts the wind speed with increas-
ing heights. In order to assess the influence of
z; on the the wind profile the theory from [17] is
used at OWEZ. This introduces a new parameter,
Lypr. The comparison with the observations
of the theoretical profiles at OWEZ, scaled with
only z; and a combination of z; and Ly g
shows better agreement than that of traditional
surface-layer theory.

In the North Sea, the description of the wind
profiles using the standard surface-layer theory
and Charnock’s model for 2, is sufficient for the
unstable and neutral conditions. Under stable
conditions the wind profiles should definitely
be scaled by z; and preferably L;p; should
be applied as another scaling parameter. This
analysis will aid the wind farm developers to
estimate the power production of wind turbines.
The influence on the loads of the wind turbines is
still a research question.
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Appendix - Comparison of OWEZ and ECMWF SST
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Figure 11: Scatter plot of ECMWF and OWEZ
SST

Figures 11 and 12 show the comparison between
OWEZ and ECMWF SST. ECMWF SST refers to the
foundation temperature which is free of any diurnal
variation [29]. The foundation depth varies depending
on the state of the atmosphere but is typically larger
than 4 m below the sea level. Usually diurnal varia-
tions are observed in the first couple of meters below
the sea surface. Considering that OWEZ SST refers to
measurement at 3.8 m below the sea surface, the SST
at OWEZ should not be influenced by diurnal variation.
Thus the comparison of the ECMWF and OWEZ SST
should not have significant differences. A clear positive
bias is observed in the OWEZ SST suggesting that the
OWEZ SST should be subtracted by 0.82°C (figure 12
top). As expected the seasonality in the SST is also
observed using both datasets (figure 12 bottom).
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Figure 12: Time series of ECMWF and OWEZ SST
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