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Abstract. Wind energy developments offshore focus on
larger turbines to keep the relative cost of the foundation
per MW of installed capacity low. Hence typical wind tur-
bine hub-heights are extending to 100 m and potentially be-
yond. However, measurements to these heights are not usu-
ally available, requiring extrapolation from lower measure-
ments. With humid conditions and low mechanical turbu-
lence offshore, deviations from the traditional logarithmic
wind speed pro�le become signi�cant and stability correc-
tions are required. This research focuses on quantifying the
effect of humidity �uxes on stability corrected wind speed
pro�les. The effect on wind speed pro�les is found to be im-
portant in stable conditions where including humidity �uxes
forces conditions towards neutral. Our results show that
excluding humidity �uxes leads to average predicted wind
speeds at 150 m from 10 m which are up to 4% higher than
if humidity �uxes are included, and the results are not very
sensitive to the method selected to estimate humidity �uxes.

Keywords. Meteorology and atmospheric dynamics
(Ocean-atmosphere interactions; General or miscellaneous)

1 Introduction and motivation

By the end of 2009, total installed wind energy capacity was
close to 159 GW (GWEC, 2010). Europe is currently the
global leader in offshore wind installations and installed ca-
pacity in European waters passed 1.5 GW in 2008, with a
further 430�760 MW planned for installation in 2009, and
1100�1180 MW proposed for installation in 2010 (de Vries,
2009). While installed capacity offshore has not grown as
fast as anticipated, the European Wind Energy Association
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(EWEA) estimates that of the total 180 GW wind energy ca-
pacity expected to be installed in the European Union (EU)
in 2020 between 20 GW and 40 GW will be offshore and that
offshore wind farms will comprise half of the total 300 GW
wind energy capacity installed in the EU by 2030. This move
towards increased emphasis on harnessing of the offshore
wind resource is also manifest at the national level. In 2002,
Germany announced a target of 20�25 GW offshore wind en-
ergy by 2020�2030. In December 2007, the UK government
announced a plan to install 33 GW of offshore wind capacity
by 2020. By 2008, Danish offshore wind farms had a capac-
ity of over 400 MW, relative to a total national wind capacity
of over 3 GW, and an additional 4.6 GW of potential offshore
sites had been identi�ed (Danish Energy Authority, 2007).

This move towards increased reliance on offshore deploy-
ment of wind turbines provides both new challenges and op-
portunities (Barthelmie et al., 2009; de Vries, 2008; Musial,
2007). One of the challenges is that turbine deployment
offshore coupled with the increase in turbine hub-heights
means that wind energy is extending into a historically under-
sampled region of the atmosphere � the marine boundary
layer between 50�200 m above the surface. The average
commercial wind turbine erected in 2007 was close to 1.5�
2.0 MW in installed capacity with a hub-height of 70�90 m
and a rotor diameter of 70�90 m (IEA, 2008). The rotor plane
thus extends from about 30 m to 140 m. The trend is to use
even larger turbines in offshore environments and thus extend
even higher from the surface (de Vries, 2008).

Wind energy density is proportional to the cube of the
wind speed, which leads to unprecedented demands for ac-
curacy in quantifying the entire wind speed probability dis-
tribution (and hence the wind resource) which requires better
models for wind speed pro�les, both on- and off-shore. In
situ data at turbine hub-heights and across the turbine blades
are rarely available prior to turbine installation offshore, so
it remains common practice to vertically extrapolate wind
speed measurements from lower measurement heights most
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commonly using simple models of the variation of wind
speed with height. However, it is now accepted that there is
a need to account for deviations of stability conditions from
near-neutral in predicting average vertical pro�les of wind
speed (Capps and Zender, 2009), and there is increasing evi-
dence that even with inclusion of stability corrections surface
layer similarity theory is inadequate for modeling offshore
wind speed pro�les for wind energy (Gryning et al., 2007;
Pe�na et al., 2008; Tambke et al., 2005).

Here the role of latent heat �uxes in determining the
Monin-Obukhov length in marine atmospheres is quanti�ed,
together with the importance of this effect on the vertical
wind pro�le. We compare the magnitude of the correction to
the logarithmic wind pro�le implied by inclusion of humidity
�uxes to corrections that have been proposed to account for
the role of the height of the atmospheric boundary layer in
causing deviations from pro�les of wind speed derived using
standard Monin-Obukhov similarity theory. We conclude by
describing the importance of these in�uences on the vertical
wind shear in the context of offshore wind energy.

2 Wind speed pro�les

2.1 Monin-Obukhov similarity theory

Monin-Obukhov similarity theory is based on the assump-
tion of a constant �ux layer and hence is only applicable
within the surface layer. According to the theory, the sta-
bility corrected (diabatic) wind speed pro�le is de�ned by
(Stull, 1988):

Uz D
u�

�

�
ln

z
z0

�9m

� z
L

��
(1)

where Uz is the wind speed at height z: u� is the friction
velocity which is related to generation of waves at the sea

surface.
�
u2

� D �
�

�
, where � is the shear stress and � is

the air density) and the dimensionless drag coef�cient ( CD/
.u2

� D CDU2
10/, where U10 is the wind speed at 10 m above

the surface). � is the von-Karman constant. z0 is the rough-
ness length.

9m.z=L/ is the stability function for momentum that de-
scribes the deviation from the neutral wind speed pro�le
(Stull, 1988) and depends on the stability index z=L where z
is the height above the surface and L is the Monin-Obukhov
length.

As shown by Eq. (1), the change of wind speed with height
in the surface layer depends not only on the prevailing at-
mospheric stability but also the surface roughness. The lat-
ter varies with wind speed offshore (Charnock, 1955), but
due to the very low values for the roughness length even
under high wind conditions, variations in z0 have a negli-
gible impact on the average vertical pro�le of wind speeds
(Barthelmie, 2001; Frank et al., 2000). Many other physi-
cal mechanisms in�uence wind speed pro�les, particularly in

the near-coastal zone. These include the effect of the rough-
ness change from land to sea (Sempreviva et al., 1990), swell
(Smedman et al., 1999), sea breezes (Simpson, 1994) and
low-level jets (Smedman et al., 1996). In this analysis, aver-
age rather than instantaneous wind speed pro�les are exam-
ined and these processes are excluded thus implicitly assum-
ing homogeneous conditions.

Analysis of diabatic wind pro�les from the 213 m mete-
orological tower at Cabauw in the Netherlands, indicate ob-
served wind speed pro�les agree with the similarity functions
of the atmospheric surface layer up to at least 100 m (Holt-
slag, 1984), but there is increasing evidence that the constant
�ux layer assumption inherent in Monin-Obukhov similar-
ity theory is invalid at heights above 100 m over land and
possibility lower over sea (Gryning et al., 2007; Tambke et
al., 2005). However, using a stability correction to the log-
arithmic pro�le (where Eq. 1 is applied with 9m.z=L/=0)
improves predictions relative to observations (Barthelmie,
1999; Motta et al., 2005) and is frequently employed in the
absence of proven alternatives. Thus it is assumed here that
a stability correction is required and the impact of including
humidity �uxes, calculated using different methods, is exam-
ined.

2.2 The Monin-Obukhov stability parameter

2.2.1 Theory

The Monin-Obukhov length (L/ is a metric of atmospheric
stability and is approximately the height at which buoyancy
starts to dominate over mechanically generated turbulence
(Stull, 1988):

L D
�u2

�

.�.g=�v/.w0� 0
v//

(2)

Where the over-bar indicates a time average. g is accelera-
tion due to gravity. w0� 0

v is the virtual kinematic heat �ux. �v
is the virtual potential temperature.

Potential temperature is used to correct temperature to a
standard reference pressure (e.g. 1000 mb) making the as-
sumption that the air parcel is unsaturated and assuming adi-
abatic (close to near-neutral) conditions:

� D T
�

1000

P

�R=cp
(3)

where T is temperature. P is the atmospheric pressure. R is
the universal gas constant. cp is the speci�c heat capacity of
dry air.

Virtual potential temperature is used to approximate the
potential temperature that dry air would have assuming the
same pressure and density as a parcel of moist air:

�v D �.1C0:61q/ (4)

where q is the speci�c humidity.
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The stability function 9m.z=L/ in Eq. (1) in stable condi-
tions is given by (Stull, 1988):

9m D �4:7
z
L

(5)

As L is positive, the correction to the wind speed pro�les
is positive (Eqs. 5 and 1) leading to increased wind shear in
stable conditions. For unstable conditions L is negative and
the correction is:

9m D 2ln

�
1Cx

2

�
� ln

 
1Cx2

2

!

C2tan�1.x/�
�
2

(6)

Where x D
�
1�15 z

L
�1=4

As the absolute value of L increases (or as z=L ! 0) con-
ditions tend towards near-neutral, 9m.z=L/ ! 0, and the
wind speed pro�le becomes increasingly logarithmic.

The virtual kinematic heat �ux (Eq. 2) is related to the
combined effect of sensible and latent heat �uxes which may
have different boundary conditions offshore because, at the
top of the mixed layer, dry air is entrained into the boundary
layer and the surface is a source of humidity (i.e. the humid-
ity �ux is always upward (Sempreviva and Gryning, 1996))
whereas the air-sea temperature gradient which drives the
sensible heat �ux at the bottom of the boundary-layer maybe
either positive or negative (Yu and Weller, 2007). Over land
the role of the latent heat �ux is generally much smaller be-
cause the surface does not act as an in�nite source of water.

As shown in Sempreviva and Gryning (1996), using the
dimensionless form of L (z/L/, and the de�nition of virtual
potential temperature, Eq. (2) can be rewritten as:

z
L

D �
g�z
u3

��
w0� 0 �0:61

g�z�
u3

��v
w0q 0 (7)

By de�ning:

z
LT

D �
g�z
u3

��v
w0� 0 (8)

and:

z
Lq

D �0:61
g�z�
u3

��v
w0q 0 (9)

Then:
z
L

D
z

LT
C

z
Lq

(10)

where z=LT accounts for sensible heat �uxes and z=Lq
accounts for humidity �uxes (Sempreviva and Hoejstrup,
1998).

In the marine boundary layer, humidity �uxes are always
positive (upwards) at the surface, thus:

� In unstable conditions both sensible heat and latent heat
�uxes are positive and z/L < 0. Since both terms are
negative z

LT
C z

Lq
< z

L . Adding humidity �uxes there-
fore results in increased instability.

Fig. 1. Contributions of z=Lq (latent heat �ux contribution) and
z=LT (sensible heat �ux contribution) to the total value of z=L
(Eq. 7) in different stability conditions.

� In stable conditions sensible �uxes are negative and la-
tent heat �uxes are positive. In this case, z

LT
> 0; z

Lq
< 0

thus z
LT

C z
Lq

< z
L . Including latent heat �uxes results

in decreased stability (i.e. a tendency towards conditions
that are closer to neutral).

Figure 1 illustrates the importance of considering Lq for a
generic case where z/Lq is set to �0.2 and z/LT varies be-
tween �5 and 5. As indicated above, z=L increases (con-
ditions become more unstable) if z/Lq is added in unstable
conditions and z=L decreases (conditions become closer to
neutral) if z/Lq is added in stable conditions.

An issue in wind energy is that while wind speed and tem-
perature pro�les (or even sensible heat �uxes derived from a
sonic anemometer) may be available to estimate the stability
correction, humidity pro�les or �uxes are rarely available.
If the Monin-Obukhov length is calculated using �uxes de-
rived from a sonic anemometer the derived temperature is the
virtual temperature. If, however, the Monin-Obukhov length
is calculated by �rst calculating the Bulk Richardson num-
ber (see e.g. Stull, 1988) from temperature differences, these
should be corrected to the virtual temperature to account for
latent heat �uxes.

Below we assess the magnitude of the stability correction
to offshore wind speed pro�les based on temperature pro�les
only (the sensible heat �ux) and compare this with values
obtained including the latent heat �ux in the calculation of
the Monin-Obukhov length. There are several methods of
estimating the latent heat �ux and these are described and
compared.

2.2.2 Parameterizations

Humidity �uxes are notoriously dif�cult to measure (Large
and Pond, 1982), so bulk formulations are frequently used to
estimate the sensible and latent �uxes required to calculate
the Monin-Obukhov length (Ruprecht and Simmer, 1991;
Subrahamanyam et al., 2009; Wenzel and Kalthoff, 2000; Xu

www.ann-geophys.net/28/1043/2010/ Ann. Geophys., 28, 1043� 1052, 2010
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Fig. 2. Location of the sites at Anholt and Nysted in Denmark.

and Qiu, 1997) although errors in the derived humidity �uxes
are relatively large in comparison with observations partic-
ularly in stable conditions (Rutgersson et al., 2001; Strub
and Powell, 1987). One well-known formulation (Beljaars
et al., 1989) typically uses the measured temperature pro�le
to determine the sensible heat �ux and an iterative solution
(Van Ulden and Holtslag, 1985) for the latent heat �ux, the
potential temperature scale (��/ and the humidity scale (q�/
based on a modi�ed form of the Priestly and Taylor equation
(Priestley and Taylor, 1972). This gives q� as:

q� D �
cp

�
s

.1C�/s C1
�� (11)

Where cp is the speci�c heat capacity for dry air. � is the
latent heat of evaporation. s is the derivative of the water
vapor saturation pressure as a function of temperature. � is a
constant set to 0.128.

Once the humidity scale q� has been estimated it is used
to calculate the virtual potential temperature:

�v� D �� C0:61� q� (12)

Which can then be used to determine L from Eq. (2).
These bulk parameterizations were derived principally for

use over land and, as can be seen from Eq. (11), the sign of
q� is set via the sign of �� i.e. if �� is positive q� is de�ned
as positive. However the latent heat �ux offshore is upward
(Sempreviva and Hoejstrup, 1998) i.e. q� is negative. The im-
pact of humidity on the value of the Monin-Obukhov length,
L, is through the use of �v� rather than �� in Eq. (2) and, in

stable conditions, L is larger due to the presence of humidity
�uxes. Note that the sign of the Monin-Obukhov length (pos-
itive or negative) is dictated solely by the temperature �ux.
From L, the stability parameter (z/L/ is then determined and
the wind speed pro�le calculated from the wind speed mea-
sured at 10 m (or any other height) using Eq. (1).

2.3 Role of the boundary layer height

It has recently been suggested that for wind speeds above 50�
80 m from the surface, deviations from the wind pro�le based
on surface-layer theory and Monin-Obukhov scaling increas-
ingly occur, and at least in stable conditions these devia-
tions are dependent on an additional length scale (the bound-
ary layer height) (Gryning et al., 2007). This has prompted
the suggestion that the surface-layer equations for the wind
speed pro�le described in Eq. (1) should be modi�ed in sta-
ble conditions as follows (Gryning et al., 2007):

Uz D
u�

�

�
ln

z
z0

�9m

� z
L

��
1�

z
2zi

��
(13)

Where zi is the boundary-layer height.
In the absence of speci�c measurements of the boundary-

layer height, zi may estimated using (Gryning et al., 2007):

zi D 0:12
u�

fc
(14)

Where fc is the Coriolis parameter.
Herein the relative impact of the humidity correction and

the boundary layer height correction to wind speed pro�les
are compared.

3 Evidence for the importance of latent heat �uxes on
the vertical wind pro�le

3.1 Data from the Anholt Experiment

Data presented here are derived from three intensive mea-
surement campaigns over two week periods on the small
Danish island of Anholt (Fig. 2) conducted between Septem-
ber 1990 and October 1992 (Sempreviva and Gryning, 1996).
During the experiments, a 22 m meteorological mast was
equipped with standard meteorological equipment in addi-
tion to a 3-D sonic anemometer and a fast response hygrom-
eter. The site was situated 10 m from the coast on the western
part of the island giving an offshore fetch of at least 50 km
from 240�360 � and a land fetch from 30�100 �.

The resulting data were conditionally sampled by wind di-
rection into ‘land’ and �sea� fetches and used to compute the
partitioning of the stability parameter z=L between the con-
tributions from sensible (z=LT / and latent heat �uxes ( z=Lq/
(Fig. 3). While the results exhibit considerable scatter, par-
ticularly in wind directions associated with a land fetch due
to internal boundary layer growth from the coastline in some
directions, data collected from a sea fetch (i.e. under offshore

Ann. Geophys., 28, 1043� 1052, 2010 www.ann-geophys.net/28/1043/2010/
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Fig. 3. Partitioning of z=L between z=LT and z=Lq for land (left) and offshore (right) conditions using data from Sempreviva and Gryning
(1996). Over land the in�uence of humidity �uxes ( z=Lq / is small and z=L is dominated by z=LT . The horizontal axis indicates total z=L
while the vertical axis shows values for both z=LT and z=Lq .

conditions) indicate that z=Lq can account for up to 30% of
the total z=L.

The measurements from Anholt were used to quantify the
magnitude of the effect of humidity �uxes on the stability
correction to wind speed pro�les. In this analysis L is cal-
culated from the sonic anemometer temperature measure-
ments using Eqs. (2�6) and the observed wind speed at 22 m
height extrapolated to 150 m height using Eq. (1). This is
approximately the tip height of current wind turbines being
deployed offshore (2�3 MW range). In the �rst calculations,
the Monin-Obukhov length is calculated using only sensible
heat �ux (i.e. z=L D z=LT / and in the second set of calcula-
tions the latent heat �ux is included (i.e. z=L D z=LT Cz=Lq/
(Fig. 4). In stable conditions, inclusion of humidity �uxes
reduces the predicted wind speed at 150 m height by approx-
imately 5% relative to a pro�le computed without their inclu-
sion (Fig. 4). In unstable conditions, latent heat �uxes play a
much smaller role in dictating the overall stability and hence
there is a negligible effect on wind speed pro�les. This is be-
cause a change in the value of L in unstable conditions due
to humidity increases �uxes forcing conditions to be more
unstable and, as shown in Eq. (6), the stability correction
to the wind speed pro�le in unstable conditions tends to be
smaller and much less sensitive to the value of L than in sta-
ble conditions. Additionally the in�uence of humidity �ux
must be small unless the value of the sensible heat �ux is
small (Mahrt et al., 1998) and this is also consistent with the
in�uence of humidity �uxes being important only in stable
conditions.

Assuming that z=L needs to be corrected to include z=Lq
only in stable conditions, data from Anholt were used to de-
rive an empirical correction to z=L as shown in Fig. 5. Here
the ratio (z=L/= (z=LT / was compared with z=LT for posi-

Fig. 4. The in�uence of humidity �uxes on the wind pro�les us-
ing data from the Anholt experiment (Sempreviva and Gryning,
1996). The �lled symbols are the normalized wind speed pro�le
predicted using Eq. (1) and the experimental z=L including humid-
ity �uxes; the open symbols are the wind speed pro�le without hu-
midity �uxes. Inclusion of humidity �uxes does not in�uence the
pro�le for unstable conditions but in stable conditions the pro�le is
driven towards neutral.

tive values of z=L and an empirical relationship derived that
can be used to estimate z=L for stable conditions offshore.
The corrected wind speed pro�le calculated from the scaled
z=Lq is compared with alternative stability corrected wind
speed pro�les below.

3.2 Data from the Nysted wind farm

The generalizability of inferences drawn from the Anholt ex-
periment are evaluated using meteorological data collected
from Nysted offshore wind farm (Cleve et al., 2009). The
data were analyzed to assess how frequently the conditions

www.ann-geophys.net/28/1043/2010/ Ann. Geophys., 28, 1043� 1052, 2010
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Fig. 5. The relationship between z/L, z/LT and z/Lq using data
from the Anholt experiment.

likely to be associated with substantial impact of humidity
�uxes on the wind speed pro�le are observed, and to assess
the degree to which inclusion of Lq in computing L improves
the �t between the predicted and observed wind speed pro-
�les. Two years of relative humidity (RH) measurements
at 10 m using a Vaisala HMP45A & HMP45D temperature
and humidity sensor, wind speeds from 10, 25, 40, 55, 65
and 69 m collected using Risł RISØ P2546 cup anemome-
ters (Pedersen, 2004), and temperature from Ametek pt-100
instruments at 10 and 65 m were used in the analysis. The
RH measurements have an accuracy of 1%, and indicate rel-
atively little seasonal variability, with monthly average RH
varying between 79% and 87%.

Monin-Obukhov length computed from the temperature
measurements at 65 and 10 m and the standard approach of
(Beljaars et al., 1989) indicate about 33% of the observations
are in the stable class with 0.05< z=L < 1 (Fig. 6), implying
that both the humidity correction and the boundary-layer cor-
rection can be important in�uences on the wind speed pro�le
because both apply under stable conditions. In the following,
L was recalculated using different methods to determine �v V

� If no humidity measurements are available, q� can be
estimated using procedure from Beljaars et al. (1989) as
described in Sect. 2.2.2 except that q� is always nega-
tive.

� If RH is available, the speci�c humidity q, where q is

Fig. 6. The frequency of stability class is calculated from meteoro-
logical data from the Nysted wind farm over the period June 2004�
May 2006. As shown near-neutral conditions (abs(z=L/ < 0:05) are
the most frequent, but slightly stable to stable (0:05 < z=L < 1) con-
ditions account for about 33% of the observations.

the mass of water vapour per unit mass of air, including
the water vapour can be calculated from:

q D
"e.1�"/

P
(15)

Where " is the ratio of gas constants for dry air to that of
water vapour (0.622).

e is the vapor pressure of water vapor can be derived from
the saturation vapor pressure calculated for the measured
temperature (see e.g. Stull, 2000) and the relative humidity.

Assuming the surface layer at height 0 m is saturated with
respect to water vapor giving q0, q� can then be calculated
as:

q� D .q �q0/�=
�

ln.
z

z0q
/�9H

� z
L

�
C9H

�zoq

L

��
(16)

Where the functions 9H
� z

L
�

and 9H
� zoq

L
�

are assumed to be
the same as those for heat and roughness length for humidity,
z0q , is de�ned:

z0q D 1:3�10�4 C0:93�10�5=u� (17)

Thus six methods were used to determine the wind pro�le up
to 65 m for each 10-min wind speed measurement at 10-m:

1. Logarithmic: Where Eq. (1) is applied with the stability
correction 9m.z=L/ set to 0.

2. Stability: Where Eq. (1) is applied with the stability cor-
rection 9m.z=L/ applied using the standard parameter-
ization from Beljaars et al. (1989) to compute L except
that q� is always negative.

Ann. Geophys., 28, 1043� 1052, 2010 www.ann-geophys.net/28/1043/2010/
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Table 1. Predicted wind speeds at 69 m (from an initial height of 10 m a.m.s.l.) normalized by the observations for 2 years of 10-min data
from the Nysted wind farm. The wind speed predictions are made using 6 approaches:

1. Logarithmic: Where Eq. (1) is applied with the stability correction 9m.z=L/ set to 0.

2. Stability: Where Eq. (1) is applied with the stability correction 9m.z=L/ from the standard parameterization of Beljaars et al. (1989)
except that q� is always negative.

3. Stability without humidity: Where Eq. (1) is applied with the stability correction 9m.z=L/ from the standard parameterization of
Beljaars et al. (1989) but setting the latent heat �ux to 0.

4. Stability with measured humidity: Where Eq. (1) is applied with the stability correction 9m.z=L/ applied using the parameterization
from Beljaars et al. (1989) but with Lq derived based on the observed relative humidity at 10 m as in Eqs. (15�17).

5. Stability with scaled z=L in using the correction for stable cases from Eq. (18).

6. Stability with boundary layer (BL) correction: As 2) but using Eq. (13) for the wind speed pro�le in stable conditions.

The results are presented as the average in �ve stability classes de�ned on the basis of z/L, and in terms of a mean of all data periods. Also
shown is the Root Mean Square Error (RMSE) for all 65 m wind speed predictions from 10 m observations versus the observed wind speed
at 65 m.

Stable Slightly Neutral Slightly Unstable Mean of RMSE
stable unstable all data (m s�1/

z=L 0:05 < 0:01 < jz=Lj < 0:01 �0:01 < �1 < z=L
z=L < 1 z=L < 0:05 z=L < �0:05 < �0:05

Ratio predicted/observed wind speed at 65 m height

1. Logarithmic 0.74 0.86 1.02 1.08 1.03 0.95 1.35
2. Stability 0.99 0.90 1.01 1.03 0.94 0.99 1.19
3. Stability without humidity 1.05 0.92 1.02 1.03 0.94 1.01 1.05
4. Stability with measured humidity 1.02 0.91 1.01 1.03 0.95 1.00 0.98
5. Stability with scaled z=L 0.94 0.90 1.01 1.03 0.94 0.95 1.09
6. Stability with boundary-layer correction 0.88 0.90 1.01 1.03 0.94 0.97 0.95

3. Stability without humidity: Where Eq. (1) is applied
with the stability correction 9m.z=L/ applied using the
standard parameterization from Beljaars et al. (1989) to
compute L but setting the latent heat �ux to 0.

4. Stability with measured humidity: Where Eq. (1) is ap-
plied with the stability correction 9m.z=L/ applied us-
ing the parameterization from Beljaars et al. (1989) to
compute L but with Lq derived based on the observed
relative humidity at 10 m as in Eqs. (15�17).

5. Stability with scaled z=L in using the correction for sta-
ble cases given in Fig. 6 where:

z
L

D 0:115ln

�
z

LT

�
C0:848 (18)

6. Stability with boundary layer (BL) correction: As 2) but
using Eq. (13) for the wind speed pro�le in stable con-
ditions.

Note that in the �rst four methods, the value of z/L is
changed by the selected parameterization but in methods 5
and 6 only the correction to the pro�le in stable conditions

is changed. The results are shown in Table 1 as the aver-
age ratio of predicted to observed wind speeds at 65 m height
for �ve stability classes. As in previous work (Motta et al.,
2005), the use of the stability parameter improves the pre-
diction of the mean wind speed compared to the logarithmic
pro�le. Changes relating to the humidity �ux determination
(methods 2�4) have a relatively small impact on the mean
wind speed pro�le. Methods 5 and 6 which impact the wind
speed pro�le calculated in stable conditions have a larger im-
pact on the overall wind speed pro�le because the corrections
become relatively large. However, the root mean square error
indicates that method 6 (stability with BL correction) gives
the smallest error, while the results using measured relative
humidity to derive the stability correction are overall slightly
better than using the other stability methods. The scaled
z=Lq method gives a correction which is too large suggesting
that the results from Anholt were not generalizable.

The �rst column in Table 1 shows the ratio of predicted
and observed wind speeds at 65 m for Nysted for the stable
class (1 > z=L < 0:05) where the humidity and boundary-
layer corrections have the largest impact. While the dif-
ferences between the predicted wind speed pro�les using
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Fig. 7. Difference in predicted wind speeds at 150 m where
Udifference is de�ned as:

Udifference D 100 �.UC150 �US150/=US150

Where US150 is the wind speed at 150 m extrapolated from 10 m
using L computed using the Beljaars et al. (1989) bulk formula-
tion and Eq. (1). And UC150 is the wind speed at 150 m calculated
as for US150 except (a) without humidity correction where L com-
puted excludes the contribution from Lq or (b) with boundary layer
correction where the wind speed pro�le in stable conditions is de-
termined from Eq. (13).

different humidity corrections are relatively small, the inclu-
sion of the role of humidity �uxes does improve the wind
speed predictions at 65 m. Excluding the standard latent heat
�ux correction as speci�ed in Beljaars et al. (1989) gives the
highest wind speed prediction at 65 m as expected. Addi-
tion of the boundary layer height correction or the scaled z/L
tends to move the pro�le such that the extrapolated values are
more negatively biased relative to the observations at 65 m.
However, the overall RMSE is reduced. Although the re-
sults are not conclusive the general indications from predict-
ing wind speed pro�les at Nysted appear to be; the stability
correction to the wind speed pro�le is needed, the method of
calculating the humidity correction is not important, and the
scaled z/L and boundary layer correction both over-correct
the wind speed pro�le in very stable conditions. Lack of in-
formation regarding these in�uences adds to the uncertainty
in the prediction of the wind speed pro�le.

3.3 Comparison of the size of the humidity and
boundary-layer corrections

As mentioned above, wind turbine hub-heights for offshore
deployment greatly exceed 65 m. Hence calculations were
performed to examine the relative magnitude of the z=Lq
corrections considered herein on the vertical wind speed ex-
trapolation from 10 m to 150 m. Wind speeds at 150 m height

were determined using Eqs. (1) and (2) with the standard hu-
midity correction from Beljaars et al. (1989). Two correc-
tions to this pro�le were then calculated i) computing L i.e.
Eq. (2) without humidity �uxes and ii) the correction for the
boundary layer height (Eq. 13). Wind speeds at 150 m were
determined for a range of z/Land the difference between the
predicted wind speeds compared. As shown in Fig. 7, ex-
cluding humidity �uxes makes a difference of up to 4% in
the stable classes. For the boundary-layer correction, there
is quite a wide range of wind speed predictions for simi-
lar z=L values using Eq. (13) because of the sensitivity of
the boundary-layer correction to estimated zi . At low wind
speeds, u� is low, zi is small and the boundary-layer correc-
tion becomes large. For moderately stable conditions (where
z/L < 0:1), the magnitude of the boundary-layer correction
and the humidity correction are of similar magnitude (a few
percent). Such conditions are frequently observed at least
at the Nysted wind farm which implies the inclusion of la-
tent heat �uxes in determining L and corrections to the wind
pro�le have a high degree of applicability to the wind energy
industry. As conditions become increasingly stable, the mag-
nitude of the boundary-layer correction increases and rapidly
becomes very large, while the in�uence of latent heat �uxes
declines.

4 Conclusions

As wind energy develops offshore and resource predictions
are required for greater heights, better understanding of the
wind speed pro�le over the sea is required. One of the major
differences between on- and offshore is the constant pres-
ence of strong (upward) latent heat �uxes offshore. In stable
conditions, the sensible heat �ux is downward and including
the in�uence of latent heat �uxes reduces the stability (drives
conditions towards neutral by reducing z=L/ and the vertical
wind shear. In unstable conditions, both latent and sensible
heat �uxes are upwards and the inclusion of latent heat �uxes
reinforces the instability but due to the relatively large sensi-
ble heat �ux and the moderate correction to the wind speed
pro�le in unstable conditions, the effect on the vertical pro-
�le of wind speeds is minor.

Data from measurement campaigns at the island of An-
holt in Denmark indicate that the contribution of humidity
to �uxes offshore is up to about 30% in the stability pa-
rameter the Monin-Obukhov length. A scaled z=L derived
from these data was evaluated against other methods of de-
riving the humidity contribution using data from an offshore
mast at the wind farm site at Nysted in Denmark. Inclu-
sion of the humidity contribution to L has little in�uence
on the average wind speed pro�le � the mean correction to
the wind speed pro�le is relatively small (less than 2% at
65 m), but it does reduce the RMSE of the vertically extrap-
olated wind speeds. Inclusion of humidity to calculation of
L is highly relevant in stable conditions, but the correction is
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relatively insensitive to the precise mechanism used to com-
pute q�. Both the scaled z/L approach for humidity and a
recently published correction for the height of the boundary
layer over-correct the wind speed pro�le in very stable con-
ditions and thus under-predict shear at the Nysted wind farm.

Moderately stable conditions are frequently observed at
offshore sites in northern Europe. Under these conditions the
correction resulting from consideration of latent heat �uxes
is of the same magnitude as the correction for boundary-layer
height, and is worthy of consideration in vertical extrapola-
tion of wind speeds in marine atmospheres. However it must
be acknowledged that latent heat �uxes in the north of Eu-
rope are relatively modest (Yu and Weller, 2007) and this is
an indication that the latent heat correction to the stability pa-
rameter could be larger, and hence more important, in other
regions (Geernaert and Larsen, 1993).

Understanding the impact of humidity �uxes on wind
speed pro�les has relevance not only for accurate assessment
of current wind energy resources and for the retrieval of wind
speeds from satellite images (West and Yueh, 1996), but may
also be of importance in considering how wind speed pro-
�les may change in areas which currently experience sea ice
during winter but may become ice free under global climate
change (Meier et al., 2004) thus changing the stability cli-
mate.
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