
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Aug 24, 2022

Ten Years of Boundary-Layer and Wind-Power Meteorology at Høvsøre, Denmark

Pena Diaz, Alfredo; Floors, Rogier Ralph; Sathe, Ameya; Gryning, Sven-Erik; Wagner, Rozenn; Courtney,
Michael; Larsén, Xiaoli Guo; Hahmann, Andrea  N.; Hasager, Charlotte Bay

Published in:
Boundary-Layer Meteorology

Link to article, DOI:
10.1007/s10546-015-0079-8

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Pena Diaz, A., Floors, R. R., Sathe, A., Gryning, S-E., Wagner, R., Courtney, M., Larsén, X. G., Hahmann, A. N.,
& Hasager, C. B. (2016). Ten Years of Boundary-Layer and Wind-Power Meteorology at Høvsøre, Denmark.
Boundary-Layer Meteorology, 158(1), 1-26. https://doi.org/10.1007/s10546-015-0079-8

https://doi.org/10.1007/s10546-015-0079-8
https://orbit.dtu.dk/en/publications/9c3a757d-6ee4-4aa7-8fb8-0116d82daa4c
https://doi.org/10.1007/s10546-015-0079-8


Boundary-Layer Meteorol
DOI 10.1007/s10546-015-0079-8

ARTICLE

Ten Years of Boundary-Layer and Wind-Power

Meteorology at Høvsøre, Denmark

Alfredo Peña1
· Rogier Floors1

· Ameya Sathe1
· Sven-Erik Gryning1

·

Rozenn Wagner1
· Michael S. Courtney1

· Xiaoli. G. Larsén1
·

Andrea N. Hahmann1
· Charlotte B. Hasager1

Received: 8 July 2014 / Accepted: 27 August 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract Operational since 2004, the National Centre for Wind Turbines at Høvsøre, Den-

mark has become a reference research site for wind-power meteorology. In this study, we

review the site, its instrumentation, observations, and main research programs. The programs

comprise activities on, inter alia, remote sensing, where measurements from lidars have been

compared extensively with those from traditional instrumentation on masts. In addition, with

regard to wind-power meteorology, wind-resource methodologies for wind climate extrapo-

lation have been evaluated and improved. Further, special attention has been given to research

on boundary-layer flow, where parametrizations of the length scale and wind profile have

been developed and evaluated. Atmospheric turbulence studies are continuously conducted

at Høvsøre, where spectral tensor models have been evaluated and extended to account for

atmospheric stability, and experiments using microscale and mesoscale numerical modelling.

Keywords Atmospheric boundary layer · Remote sensing · Surface layer · Turbulence ·

Wind measurements · Wind-power meteorology

1 Introduction

Wind-power meteorology, related to the siting of wind turbines, estimating wind resources,

and predicting wind power, has rapidly evolved with large-scale penetration of wind energy

into the electricity market over the last 30 years. At present, the wind-energy fraction of

the European Union’s electricity consumption is 8 % and is expected to more than triple

by 2030 (TPWind 2014). Such a goal, in combination with the present financial situation in
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Europe, has imposed continuous pressure on wind-turbine manufacturers, research institutes

and wind consultancy agencies to find ways to reduce wind energy cost.

One way to reduce such costs is by optimizing wind turbines, i.e. to develop and design

wind turbines that are optimal for the given site conditions. Test sites, where modern tur-

bines (i.e. machines with hub heights of ≈80 m or higher) can be deployed, are required for

this. More than ten years ago, the former Risø National Laboratory, now part of the Tech-

nical University of Denmark, designed and constructed such a site at the Høvsøre region

in Denmark (see Fig. 1), a station where turbine manufacturers are able to test prototypes

and develop commercial machines. Since then, manufacturers have rented turbine stands at

Høvsøre; however, because of confidentiality and financial and legal issues, these turbine

data are unavailable.

Because of Risø’s interests in applied meteorology (see e.g. Petersen et al. 1998 and

references therein), a mast was deployed and instrumented at eight levels. Both the site

surroundings and wind conditions have drawn the attention of workers particularly in the

field of wind-power meteorology. This study focuses on the research performed using ten

years of measurements from instrumentation deployed on and around this mast. Our purpose

is to demonstrate to both the wind-power and boundary-layer communities the spectrum of

research possibilities using this database of measurements ranging from climate to turbulence

studies. The study deals with technical aspects such as the sensitivity of wind-turbine power

performance measurements on vertical wind shear and site selection of wind turbines. In

addition, physical aspects, such as the limiting values of the wind profile and turbulence length

scales beyond the surface layer, the role of baroclinity on the wind profile and turning of the

wind are addressed. Furthermore, a number of studies have been undertaken to extend the

usability of the industry’s standard spectral tensor model under different stability conditions

as well as understanding the estimation of turbulence using lidar measurements.

Section 2 introduces the Høvsøre facility (its infrastructure, masts and data management),

including a review of remote sensing campaigns conducted at the site. Section 3 provides

details of the roughness properties of the site from the view of the meteorological mast; most

of the studies used surface-layer theory for such a characterization. In Sect. 4 we summarize

the general wind climatology of the site and specific characteristics related to wind-power

meteorology and wind siting; a large portion of the studies focus on improving estimates of

annual energy production, as a basis for implementing wind projects. Section 5 describes a

number of investigations conducted to improve the measurement of the power performance

of turbines. Most of the contributions to boundary-layer meteorology are given in Sect. 6. We

start by evaluating surface-layer relations at the site and the extension of such relations to the

entire boundary layer. We continue by reviewing the atmospheric turbulence studies (using

both the traditional and remote sensing instruments), numerical modelling and Høvsøre’s

usage in offshore studies. The last section provides some reflections and possibilities for

future studies.

2 The Høvsøre Facility

This section introduces readers to the measurement infrastructure in place at Høvsøre. We

review the history and site characteristics of the facility, including the instrumentation on the

masts and remote sensing activities.
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Fig. 1 a The Høvsøre area in Denmark. b A photograph (from the ≈330◦ direction) of the National Test
Station for Wind Turbines at Høvsøre. c Digital surface model of the Høvsøre area (UTM WGS84) showing
the locations of, among others, the turbine stands (black crosses), power curve masts (white crosses), lighting
towers (red crosses), and the service building/main house (black square). Green areas are a mix of low vege-
tation areas (cropland and grassland), light brown a mix of cropland and artificial land, and brown rural areas,
buildings and sand embankment. The position of the meteorological mast (black triangle) is 56◦26′25.80′′N,
8◦9′2.88′′E

2.1 A Short History of the Høvsøre Site Selection

The history of the National Test Station for Wind Turbines at Høvsøre, Denmark began in

1979 when a test station at the Risø National Laboratory was first established. At Risø (35 km

west of Copenhagen) mean wind speeds above 20 m s−1 at a height of 75 m were observed

only for ≈32 h each year, a value much lower than that recommended by the International

Electrotechnical Commission (IEC) standards for power performance measurements (IEC

2005b) i.e. 100 h each year. This, among other constraints at the Risø site such as orographic

and roughness effects, noise and operating size limitations, led the investigation of other

sites for the establishment of a new test station in 1995. At that time, the hub heights of the
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largest turbines were ≈50 m. However, it was already clear that the construction of even

larger turbines was imminent and a site with turbines operating up to a 165-m tip height

was needed. The study was conducted by the Danish Ministry of Environment and Energy

together with Risø National Laboratory. It involved 20 different locations around Denmark

and covered a number of topics such as meteorological and topographical conditions and

noise and environmental impacts (DMEE 2000).

In 1999, the Ministry embarked on a series of public hearings after which several sites

were discarded for either political reasons or noise limitations. Høvsøre turned out to be a

good compromise between wind, topographical and environmental conditions (see Fig. 1,

and Sects. 3 and 4 for more details); for ≈111 h each year wind speeds are >20 m s−1 at

80 m. Operation of the wind turbines started in 2002, and a meteorological mast deployed in

February 2004 has been kept running for more than ten years.

2.2 The Høvsøre Site

Høvsøre is a nearly flat (max. height variations of 5 m in an ≈7-km radius) coastal farmland

area in west Jutland, Denmark. It has no major obstacles other than the village of Bøvlingbjerg

and a coastal sand embankment with a width of ≈40–50 m and ≈12-m height separating the

North Sea from the grasslands (see Fig. 1).

The test station is located at ≈3 km north-west of Bøvlingbjerg and 1.7 km east of the

North Sea at an average height of 2 m above mean sea level. The Nissum Fjord lies ≈800 m

south of the station’s (116.5 m) meteorological mast. The site also comprises five turbine

stands (which turbine manufacturers rent for machine testing and research, each with a

‘power curve’ mast), two lighting towers and a central service building (see Fig. 1c). The

University does not own any of the machines at the station; therefore, we focus here on the

mast measurements rather than the turbines.

2.3 The Høvsøre Masts

Three types of mast towers are installed at the station: the meteorological mast south of the

station, five ‘power curve’ masts north to south along the station, and two lighting towers in

between the turbines.

2.3.1 Meteorological Mast

This mast, also known as the Høvsøre mast, is equipped with meteorological equipment

from below the surface up to 116.5 m; all levels hereafter refer to the ground (see Table 1;

Fig. 2). The mast is an equilateral triangular lattice structure with a width of 7.15 m at

the ground, decreasing to 1.10 m at 100.5 m (one vertex points to the east with one of the

bases aligned in a north-south direction). The instruments are installed on booms protruding

from the mast at 6.0, 4.3 and 1.9 m at heights of 59.7, 80.5, and 100.5 m, respectively;

cup anemometers and vanes are installed on the south boom and sonic anemometers on the

north booms. The 116.5-m cup anemometer is top-mounted on a 2-m pole. The theoretical

wind-speed deficits, estimated as the ratio of the wind speed that an instrument measures

at its position on the mast (taking into account the physical and geometric characteristics

of the mast, booms and clamps) to that which the anemometer should measure in a ‘non-

distorted’ installation, are ≈1.5, 1.1 %, and zero for the 40- and 100-m, 60- and 80-m, and

the pole levels, respectively. This was estimated for the direction 270◦ from the IEC power

performance guidelines (Eq. G.1 in IEC 2005b).
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Table 1 Instrumentation on the meteorological mast at Høvsøre, Denmark

Measurement Instrument Height (m)

Wind speed Risø P2546A cup anemometer 2, 10, 40, 60, 80, 100, and 116.5

Wind direction Risø P2021A wind vane 10, 60, and 100

Relative F2920A Vaisala HMP45A RH/ 2 and 100

Humidity T probe radiation shield

Temperature Risø P2642A sensor 2, 40, 60, 80, and 100

Gradient Risø P2029 radiation shield (relative to the lowest level–2)

Temperature Risø P2449A sensor/ −0.05, 2, and 100

(Absolute) Risø P2029 radiation shield

Pressure P2717A Vaisala barometer PTB100 2 and 100

Turbulence Metek USA1 F2901A sonic 10, 20, 40, 60, 80, and 100

Solar radiation F2253C CM11 pyranometer 2

The effect on the cup and sonic anemometer measurements of the mast/boom structure is

illustrated in Fig. 3, where the wind-speed ratio between the two measurements as function

of the wind direction from the vane at the same level is presented. For two different heights,

the northern sector (influenced by the turbines’ wakes and where the cup anemometers are

directly in the wake of the mast) and the southern one (where the sonic anemometers are

directly in the wake of the mast) show the greatest difference from the ideal set-up (=1),

whereas the lowest differences are within the eastern and western sectors. Most studies using

data from the mast and referred to herein are restricted to the westerly and easterly directions

because these also correspond to the predominant and more homogenous sectors, respectively

(see Sects. 3 and 4). Mast distortion effects are generally neglected in most meteorological

studies at Høvsøre. However, note that we observed the wake of the mast as far as 50 m

downwind using remote sensing measurements (Nikola Vasiljevic, personal communication,

2014).

2.3.2 Power-Curve Masts

These five lattice masts are located 250 m west of the turbine stands (2–2.5 rotor diameters

for the turbines tested at Høvsøre) to comply with the IEC requirements for power-curve

measurements (IEC 2005b). The power curve is the relation between a characteristic wind

speed, normally measured at hub height, and the power extracted by the turbine. The masts are

instrumented with cup anemometers, vanes, pressure, temperature and rain sensors similar

to those on the meteorological mast at different levels; however, these depend on the turbine

size (other sensor brands are used in some of these masts following the requirements of the

turbine manufacturers). More details are given in Sect. 5.

2.3.3 Lighting Towers

There are two obstructing 160-m lighting towers within the row of turbines. The southern

tower is equipped with sonic and cup anemometers, vanes, including temperature measure-

ments at 100 and 160 m, and are of the same type as those on the meteorological mast. These
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Fig. 2 Sketch of the Høvsøre meteorological mast and its instrumentation
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Fig. 3 Ratio between cup and sonic anemometer wind speed (U ) as a function of the wind direction from the
vane at two different levels at a 100 m and b 10 m at the Høvsøre meteorological mast based on 10-min mean
observations for the period 2005–2013. The markers represent the mean and the error bars ±one standard
deviation. Vertical lines show the boundaries of the different wind sectors

measurements can be used to vertically ‘extend’ those at the meteorological mast under east-

erly flow conditions because the observations are not affected by the wakes of the turbines

(Gryning et al. 2007; Peña et al. 2010a).

2.4 Remote Sensing

The meteorological mast is used for calibrating ground-based lidars and sodars (Bradley

et al. 2005), with the lidar to be calibrated placed close to the mast on a stable platform.

The Technical University of Denmark has an established procedure for the calibration of

lidars, accredited by the Danish Accreditation and Metrology Fund. The lidar wind-speed

measurements are compared to those from the cup anemometers at the mast and the mea-

surement uncertainty of the lidar at each height is determined (Hasager et al. 2013). The

sensitivity of the lidar wind-speed measurement to e.g. vertical wind shear and turbulence

intensity, are also studied (Albers et al. 2012). Secondary variables, such as the direction

measurement, are also tested by comparison to the vanes, as well as the lidar-sensing height

error (Lindelöw-Marsden 2007). A lidar was also placed at Høvsøre to determine its accuracy

when estimating flow tilt angles (Dellwik et al. 2010).

Ground-based lidars provide accurate measurements of 10-min winds, but turbulence mea-

surements from lidars are different from those of sonic or cup anemometers (see Sect. 6.3.2

for details). The feasibility of performing three-dimensional turbulence measurements with

lidars was demonstrated by Mann et al. (2009), who crossed the beams of three pulsed lidars

close to a sonic anemometer at 78 m and found attenuation of the variance of the lidar velocity

due to spatial filtering.

Nacelle-mounted lidars have been considered for wind-turbine power performance veri-

fication (see Sect. 5 for details). A method was developed for the calibration of two-beam
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nacelle lidars at Høvsøre and the various uncertainty sources in the lidar wind-speed mea-

surement were determined by Wagner et al. (2013). The horizontal wind-speed measurement

uncertainty is ≈1–3 % for the range between cut-in and rated turbine wind speeds. This type

of lidar has not yet been accepted by the standards’ authorities (IEC 2005b) as a possible

replacement for masts.

The accuracy of the scanning lidars has also been tested with a WindCube�200S lidar,

which was installed at 1.6 km from the meteorological mast and configured to perform sector-

scanning around the top cup anemometer at 116.5 m. The reconstructed lidar horizontal

wind speed on average overestimated that of the cup by 0.8 % (Courtney et al. 2014). The

measurement uncertainty was sensitive to the wind direction, being higher at wind directions

orthogonal to the laser beam.

2.5 Data Management

Detailed information on the management of the Høvsøre data can be found at http://www.

vindenergi.dtu.dk/Om_instituttet_tekst/Hoevsoere/Data-Management. At this weblink there

is a description of the data infrastructure and data processing, starting with the acquisition

of observations and quality control strategies up to the procedure to access the Høvsøre

database.

3 Roughness and Land-use Properties

Here we provide an overview of studies in which the aerodynamic roughness length at

Høvsøre has been determined, as this is one of the most important parameters for flow

characterization, and suggest ways to account for roughness when performing long-term

analysis at Høvsøre. Long-term is here referred to at least 1 year of records performed up to

a frequency of ≈1 h.

The surface characteristics at Høvsøre depend on the season and mainly on the upstream

footprint area (Blatt 2010). The aerodynamic roughness length zo has been estimated from

the analysis of mean wind profiles, typically using the diabatic wind profile

U (z) =
u∗

κ

[

ln

(

z

zo

)

− ψm

( z

L

)

]

, (1)

where U (z) is the mean wind speed at a height z, κ is the von Kármán constant (= 0.4),

and u∗ is the friction velocity. ψm is a stability correction term that depends on the Obukhov

length L ,

L = −
u∗

3

κ(g/T )w′�′
v

, (2)

where g is the acceleration due to gravity, T is a ‘mean’ reference temperature, w is the

vertical component of velocity, θv is the virtual potential temperature, and w′θ ′
v is the virtual

kinematic heat flux, where the prime denotes fluctuations around the mean value and the

overbar is a time average.

Gryning et al. (2007) adjusted the value of zo in Eq. 1 to match the 10-m average wind

speed under a given atmospheric condition (the 10-min profiles were classified into a number

of stability classes based on the values of L estimated from the sonic anemometer at 10 m).

Thus, zo appears to be a function of atmospheric stability; they found zo = 0.014 m under

neutral conditions and slightly increasing and decreasing values under unstable and stable
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conditions, respectively. These values represent long-term estimates of zo, performed over a

two-year period and for easterlies only. Similarly, Peña et al. (2010c) used the logarithmic

wind profile (i.e. Eq. 1 with ψm = 0) to estimate zo and found that for both winter and a

three-year period, zo ≈ 0.016 m under neutral conditions. Peña et al. (2010b) found nearly

the same values as Gryning et al. (2007) for a range of stabilities and further classified the

neutral cases into wind-speed ranges; zo was found to decrease with wind speed.

Blatt (2010) analyzed a four-year period and used four methods to estimate zo. The yearly

median zo for three of the methods is ≈0.010 m, whereas the fourth, which is based on the

standard deviation of the horizontal wind speed, gives about half this value due to the large

footprints covered by this wind component. All methods show the highest mean zo values in

July and lowest in December–January (≈0.023 and ≈0.007 m, respectively).

As an overview of the direction and seasonal roughness changes, a roughness rose is

presented in Fig. 4 for the period 2005–2013. The analysis was performed over 10-min

averages where |L| > 1000 m at the 10-m sonic level and fitting of the logarithmic wind

profile to observations at different levels using the 10-m sonic-derived friction velocity was

conducted. Blatt (2010) compared the results of the inter-annual variation of zo when using

either near-neutral or diabatic wind-speed observations, and found slight differences in winter

(the largest in December where the near-neutral zo is ≈0.010 m and the diabatic value

≈0.007 m).

Generally, the highest zo values found are for northerly, south-easterly and westerly winds,

which correspond to flow from the most heterogeneous directions. Choosing different levels

for the logarithmic wind-profile fit does not have a strong effect on zo except for the wake-

affected sector. Autumn, winter, and spring roughness roses are very similar, the autumn one

systematically showing the highest zo values. The summer zo values are, for most directions,

  0.02
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Fig. 4 Variation of the roughness length with direction and season at Høvsøre for neutral conditions only.
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show the roughness estimations found by fitting the logarithmic wind profile to the wind-speed observations
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about two times higher than those observed during winter. Peña et al. (2010a) found, under

neutral conditions and within a three-month summer period, zo values that were three times

higher than those in Peña et al. (2010b), who used a much longer dataset.

The values shown in Fig. 4 are median values over 30◦ sectors. However, the distribution

of 10-min zo values for each sector extends in many cases for more than three orders of

magnitude. Such wide zo distributions are found under any stability, season, direction, for all

analysis methods, and using any level on the mast. This is because of the errors in modelling

the wind profile at Høvsøre with Eq. 1 (Peña et el. 2015b) and because one can only assume

a constant zo value per sector when performing a long-term analysis. For such an analysis, a

map with a roughness description reflecting the findings illustrated with the solid black line

in Fig. 4 is recommended.

4 Wind Climate at Høvsøre

Here, we review the general wind conditions and climate at Høvsøre. We also describe the

specific characteristics of the site in relation to wind-power meteorology and wind siting.

4.1 Wind Conditions

At Høvsøre the observed long-term mean wind speed at 100 m is 9.3 m s−1 with low turbulence

levels (see Sect. 4.3). Figure 5a illustrates the wind rose of 10-min wind speeds observed

at the meteorological mast at 100 m over a period of nine years. North-westerly winds are

predominant at the site, and most winds are thus influenced by the North Sea. Northerly

winds are rare and so wakes from the turbines are not often seen at the meteorological mast.

Estimations of geostrophic winds from simulations made with a mesoscale model, shown in

Fig. 5 (see details of such estimations in Sect. 6.4.1), also lack the northerly winds and show

a similar wind pattern.

The hourly, daily, monthly and annual variability of wind speed is shown in Fig. 5c. The

intra-annual variability is high; wind speeds are higher in winter than in summer with 100-m

hourly wind speeds exceeding 30 m s−1 on occasions. The inter-annual variability is also

high; the difference in wind speed between 2006 and 2007 is ≈10 %.

Floors et al. (2011) showed that, for westerlies, the long-term diurnal behaviour of

atmospheric stability observed at the 160-m sonic anemometer level on the lighting tower is

similar to that at the Horns Rev offshore site (19 km west of Denmark’s most western land

point and ≈100 km from Høvsøre). When analyzing the stability behaviour closer to the

ground, unstable conditions are mostly observed around midday, whereas stable conditions

dominate the nighttime as illustrated in Fig. 6a. A clear diurnal variation is found for the

stability close to the ground and at a height of 160 m for easterlies only (Fig. 6c); such a

variation is damped for westerly winds at 160 m (Fig. 6b) as these partly reflect the upwind

offshore conditions. Refer to Peña et al. (2012) to see the diurnal variation of the vertical

wind shear, which is closely linked to stability, for a number of offshore sites compared

with Høvsøre. An intra-annual variation is also observed at Høvsøre (Fig. 6d); in winter,

very stable conditions are not so common, with less stable and neutral conditions the most

frequent. Neutral conditions increase in percentage with increasing wind speeds (Fig. 6e);

at ≈10 m s−1 more than 70 % of the data are near-neutral. Wind speeds are generally the

highest in winter explaining the increase of near-neutral conditions during this season.
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Fig. 5 a Wind rose of 10-min wind speeds observed at the meteorological mast at 100 m for the period 2005–
2013. b Wind rose of simulated geostrophic winds for the period 2005–2012. c Time series of the 100-m mean
hourly, daily, monthly, and annual wind speed for the same period

4.2 Wind-Power Meteorology

4.2.1 Wind-Power Climatology

The Weibull distribution,

f (x) =
k

A

( x

A

)k−1
exp

[

− (x/A)k
]

, (3)

where f (x) is the frequency of a variable x (U in our case), and A and k are the parameters

representing the scale and shape of the distribution, respectively, is traditionally used to

characterise mean wind-speed frequencies per sector (normally 12, numbered clockwise

with sector 1 facing north). The power density (= (1/2)ρU 3, where ρ is the air density)

can also be estimated from the Weibull parameters as (1/2)ρ A3Ŵ (1 + 3/k), where Ŵ is the

Euler gamma function.

The all-sector mean wind-speed histograms at Høvsøre follow the Weibull shape at all

levels (see Fig. 7a for the 100-m level only) for each sector. The figure illustrates that by using

A and k, estimated using a maximum likelihood estimator, the Weibull-derived long-term

123



A. Peña et al.

5 10 15 20
0

10

20

30

40

50

60

70

80

90

100

fr
e
q
u
e
n
c
y

[%
]

hour

(a)

5 10 15 20
0

20

40

60

80

100

fr
e
q
u
e
n
c
y

[%
]

5 10 15 20
0

20

40

60

80

100

fr
e
q
u
e
n
c
y

[%
]

hour

west

east

(b)

(c)

jan feb mar apr may jun jul aug sep oct nov dec
0

10

20

30

40

50

60

70

80

90

100

fr
e
q
u
e
n
c
y

[%
]

(d)

2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

70

80

90

100

fr
e
q
u
e
n
c
y

[%
]

wind speed [m s−1]

−100 m ≤ L ≤ −50 m
−200 m ≤ L ≤ −100 m
−500 m ≤ L ≤ −200 m

500 m ≤ |L |

200 m ≤ L ≤ 500 m
50 m ≤ L ≤ 200 m
10 m ≤ L ≤ 50 m

(e)

Fig. 6 Frequency of occurrence of stability classes based on the 10-m sonic on the meteorological mast. a

per hour, d per month, and e per wind speed observed at 10 m. b, c frames are also per hour but for westerly
and easterly wind conditions, respectively, based on the 160-m sonic on the southern lighting tower

mean wind speed (U ) and power density are close to the values derived from the time series.

The inter-annual and directional variations of A and k were studied by Perez-Andujar (2013),

who found maximum yearly differences of 5 and 4 % for A and k, respectively.

Figure 7b illustrates the all-sector long-term wind profile observed at the mast and estima-

tions from the logarithmic wind profile. For the latter, zo = 0.012 m is estimated by fitting

Eq. 1 with ψm(z/L) = 0 to the long-term wind speed at 10 m and the long-term u∗ computed

from the average of 10-min u∗ estimations from the sonic anemometer at 10 m. The wind

profile from the microscale model included in the Wind Atlas Analysis and Application Pro-

gram (WAsP) (Mortensen et al. 2007) is also shown. Here the observed wind climatology at

10 m is used in WAsP to extrapolate the wind speed up to 100 m and the result is closer to

the observations than when using the logarithmic wind profile. The roughness specification

was overlaid on a digital map of the orography and reflects the zo variation shown with the

black solid line in Fig. 4.

For energy estimates, we require an accurate long-term wind profile reflecting the site

conditions. Kelly and Gryning (2010) developed a long-term wind profile, where the long-

term stability correction is estimated from the distribution of stabilities at the site. Both the

theoretical envelope of the distribution of the long-term stability and the long-term wind

profile showed good agreement compared to observations from a number of masts, including

that at Høvsøre.
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Fig. 7 a Histogram of 10-min mean wind speeds observed at the meteorological mast at 100 m for the period
2005–2013 (grey bars). The Weibull fit is shown in the solid black line and the A and k values are also given.
The long-term mean wind speed (U ) and power density (PD) of both the 10-min time series and the Weibull
fit (subscript W ) are also shown. b The all-sector long-term vertical mean wind profile observed at the mast
(markers). The logarithmic wind profile (green) and the WAsP profile (red) are also shown

4.2.2 Vertical Profiles of Weibull Parameters

Based on 1-year long mast and lidar measurements at Høvsøre, profiles of the A and k

parameters have been analyzed (Gryning et al. 2014). A was found to be nearly proportional

to the mean wind speed; k was small near the ground, reached a maximum at a level that

depends of the inflow wind conditions, and decreased upward. For easterlies, the k-maximum

occurs at ≈100 m, and for westerlies, k is smaller with a maximum at ≈50 m. The k-profile

parametrization in Gryning et al. (2014) agreed well with observations for both the land and

coastal sectors.

Over land the k-profile’s shape and the height at which k is greatest (reversal height) are

controlled by the local meteorological conditions. A small value of k is observed at 10–40 m,

due to the large diurnal variation of the wind speed close to the ground. At about 100 m there

is little diurnal variability in the wind speed, and the behaviour is reversed upwards, the wind

speed being higher during the night. Changes in the planetary boundary-layer (PBL) height

between night and day might explain this behaviour. Low-level jets (LLJs) are often observed

on top and above the stable boundary layer and contribute to the effect. This phenomenon

is important for wind energy because energy estimations are based on the hub-height wind

speed; energy production for small turbines is thus lower during the night. For very large

turbines the nighttime production is higher. Kelly et al. (2014) reported similar results based

on the meteorological mast measurements only.

For flow from the sea, the diurnal variability of wind speed follows almost the same pattern

at all heights and the variation in the energy production is less dependent on the turbine size.

The reversal height is also much lower and the maximum in k is less pronounced; the lower

part of the k-profile is partly controlled by the developing internal boundary layer (IBL) and

the upper part reflects the marine conditions. Floors et al. (2011) found that the stress-derived
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IBL at the Høvsøre mast is about twice as high as that based on wind velocity. Recent analysis

shows that the reversal height is about a third of the height of the stress-derived IBL. Thus,

the velocity-based IBL can be used to estimate the reversal height.

4.3 Wind-Turbine Siting

In day-to-day wind-energy applications a turbine is selected and its safety verified by checking

that the particular site conditions are less severe than those assumed during the turbine design

following the IEC design standard (IEC 2005a). The basic characteristics of the Høvsøre site

for turbine deployment are related to the following:

1. Wind shear. The all-sector wind profile (Fig. 7b) has a shear coefficient α of 0.16, esti-

mated from the power law

U (z) = Uref (z/zref)
α , (4)

where Uref and zref are the reference height and mean wind speed, respectively. We chose

zref = 80 m and z = 100 m because these are the two levels with observations closer to

the hub height of the Høvsøre turbines. IEC (2005a) recommends 0 < α < 0.2 to avoid

blade-tower interaction and enhanced fatigue damage.

2. Extreme winds; see Sect. 4.4.

3. Turbulence intensity. Figure 8 illustrates the observed turbulence intensity (T I ), com-

puted as the ratio of the standard deviation to the mean wind speed within 10-min intervals,

σU /U , using the 100-m cup anemometer measurements for a range of wind speeds where

turbines typically operate. The analysis is performed for the west and east sectors (same

as those in Fig. 3) and includes the three curves from the IEC standard, which are defined

as

T I = T IIEC [0.75U (z) + B] /U (z), (5)

where T IIEC is a reference T I (= 0.16, 0.14, and 0.12 for turbine classes A, B, and

C, respectively) and B is a constant (= 5.6 m s−1). According to the IEC standard

the computed 90% percentile from the observed T I should be lower than the curve of

the selected turbine (given by Eq. 5) within the range ≈8–25 m s−1. As illustrated, the

western sector complies with all turbine classes and the eastern sector with class A only.

Due to the low turbulence levels at Høvsøre, the uncertainty of the turbines’ power curves

is generally low.

T I values are generally lower for the western compared to the eastern sector. The behav-

iour of T I with wind speed is mainly due to stability effects, which are more pronounced

at the low wind-speed range. When selecting near-neutral conditions T I is nearly con-

stant with wind speed for easterlies at Høvsøre (Peña et al. 2015a). The figure also shows

in the solid grey line an estimation of T I assuming σU = 2.5u∗, which, combined with

Eq. 1 with ψm = 0, results in the relation T I = ln (z/zo)
−1 (we use z = 100 m and

zo = 0.012 m as in Fig. 7b). The observed T I of the eastern sector approaches such an

estimation in the high wind-speed range.

4.4 Extreme Winds

From 2004 to 2010 the 10-min measurements of wind speed and direction at multiple levels

were used to validate simulated storms using the Weather Research and Forecasting (WRF)

mesoscale model (Skamarock et al. 2008) (see Sect. 6.4.1 for more studies where the WRF

model is used) and the omni-directional 50-year wind speed at 100 m estimated from the
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Fig. 8 Turbulence intensity (T I ) as function of the wind speed. The black and red markers represent the
average T I (within 1 m s−1 bins) for the east and west sectors, respectively, from measurements of the 100-m
cup anemometer at the Høvsøre mast during 2005–2013. Lines with the marker’s same colours represent the
90 % percentiles. Blue lines show T I s for different turbine classes based on the IEC standard and the grey

line shows the estimation of T I for neutral conditions (see text for details)

selective dynamical downscaling method developed in Larsén et al. (2013a). The 10-min

50-year wind speed at 100 m was estimated to be 44 m s−1 with a 95 % confidence interval

of 12.5 m s−1.

Power spectra have also been calculated from the 10-min wind measurements. The

measured spectral behaviour follows the general description of the spectral model for the

mesoscale range (Larsén et al. 2013b). Due to smoothing effects in the numerical mod-

elling, such as the temporal and spatial resolution of the large-scale forcing, the wind power

spectrum shows a tapered-out tail in the high frequencies (Skamarock 2004), leading to

underestimation of the extreme value by mesoscale models (Larsén et al. 2012). The spectral

model obtained from measurements (Larsén et al. 2013b) seems to help recover this missing

variability. The smoothing effect might be reduced with increasing spatial resolution. The

estimates of the extreme wind speed discussed earlier are from storm simulations from the

WRF model with a 5-km resolution and an underestimation of 3 % was calculated from

spectral analysis (Larsén et al. 2012).

The Høvsøre observations can be used to evaluate the conventional method for estimating

the gust value at high altitudes, which uses a Gaussian process and a turbulence model (Suomi

et al. 2014). The gust measurements were also used to validate the non-local gust approach

proposed by Brasseur (2001). Larsén and Kruger (2014) applied this approach and they used

the WRF model to simulate extreme gusts during storms. The gust simulations captured the

magnitude of the measured gust at heights >40 m and further development is needed to

extend this approach to lower levels.

5 Wind-Turbine Power-Performance Measurement

Wind turbines with tip heights up to 160 m can be deployed at the five test pads at Høvsøre.

These are rented to manufacturers to test prototype turbines.1 Various types of turbines with

1 http://www.vindenergi.dtu.dk/English/About/Hoevsoere_uk.aspx.
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hub heights between 80 and 113 m, rotor diameters up to 130 m, and nominal power up to

6 MW were tested at Høvsøre between 2002 and 2014, including 2 Neg Micon (nowadays

Vestas), 12 Vestas, 3 Bonus (nowadays Siemens), 7 Siemens, and 4 Nordex machines.

The Høvsøre site has been useful for investigating power-performance measurement tech-

niques. First, the effect of vertical wind shear on wind-turbine power curves was demonstrated

based on aeroelastic simulations and mast measurements (Wagner et al. 2009) and turbine

and lidar measurements (Wagner et al. 2011). The site experiences a range of wind-speed

profiles for different directions, due to large thermal effects for easterly winds and the influ-

ence of the abrupt change of roughness for westerlies. Wind profiles deviating from the

diabatic wind profile (see details in Sect. 6.1) are observed mainly from the western sector in

spring and autumn when the difference between the land and sea temperatures is relatively

large. A wind speed representative of the whole profile, a weighted-average wind speed over

the swept rotor area, was found to significantly reduce the sensitivity of the power curve to

vertical wind shear (Wagner et al. 2011). This was accomplished using a ground-based lidar.

A ‘nacelle lidar for power curve measurement’ campaign took place at Høvsøre (Wagner

et al. 2014) from September to November 2010. This was conducted with a two-beam nacelle

lidar prototype, which can also be used for offshore turbines as the flow over water can

be assumed to be horizontally homogeneous (under wake-free sectors). Although the IBL

significantly influences the westerly flow at Høvsøre (see Sect 6.2.2), the characteristics of

such a flow are close to those of an offshore site (see e.g. Fig. 8) with advantages in accessing

the turbine and instrumentation.

6 Atmospheric Research at Høvsøre

Here we illustrate research activities related to the measurement and modelling of the

atmosphere at Høvsøre. Evaluation of the Monin-Obukhov similarity theory (MOST)

(Obukhov 1971), extension of wind-profile parametrizations beyond the surface layer, IBL

analysis, investigation of the turbulence structure and evaluation of numerical models, are

also presented.

6.1 Surface Layer

In the surface layer, MOST has been used to describe the turbulent flow at Høvsøre. MOST

states that assuming stationarity and flow homogeneity, dimensionless groups of mean vertical

gradients are functions of the stability parameter z/L . The dimensionless wind shear can then

be expressed as φm = (l/u∗) ∂U/∂z, where l is the length scale of the surface layer (l = κz),

from which the diabatic wind profile, Eq. 1, can be derived. Equation 1 has been used to model

the surface-layer wind profile at Høvsøre. Gryning et al. (2007) found that for a two-year

period, easterly surface winds agreed well with the observations using the ψm expressions

of Dyer (1974). Similarly, Peña (2009) and Sathe et al. (2013) found that commonly used

expressions for ψm suited the easterly surface wind profile for a range of stability classes

based on four years of data. These works show that the diabatic wind profile is accurate in

describing the vertical wind shear up to a height that depends on the stability of the surface

layer, for very unstable and stable conditions up to 160 and 40 m, respectively.

Using the polynomial form of Högström (1988), φm can be computed from wind-speed

measurements combined with sonic observations of u∗. Figure 9 illustrates φm as a function

of stability (derived from the sonic anemometer at 10 m) where u∗ > 0.1 m s−1. Here,

we compare the observations of φm with the extensive re-evaluation of the Businger-Dyer
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Fig. 9 Dimensionless wind
shear φm as a function of
dimensionless stability z/L for
the east and west sectors. The
data shown have a recovery rate
of ≈75 %. The error bars denote
±one standard deviation within a
z/L bin. Only bins with more
than 20 data points are shown
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relations from Högström (1988) and the results from Cheng and Brutsaert (2005), who

included data from the CASES-99 field experiment. For westerlies and stable conditions φm

is lower than the proposed form of Cheng and Brutsaert (2005) because the surface layer

is shallow for westerlies and MOST assumptions are not fulfilled. For easterlies, the form

of Cheng and Brutsaert (2005) agrees well with the observations. Analysis of the degree of

self-correlation between φm and z/L for easterlies and 0 < z/L < 1, using the approach of

Mahrt et al. (2003), results in a linear correlation coefficient of 0.91 for the observations and

an average value of 0.64 for 1000 trials of randomly-selected data from the observations. This

indicates that, although the analysis is not dominated by self-correlation, it is not insignificant

at Høvsøre. The degree of self-correlation at Høvsøre is comparable to that estimated using

data from the CASES-99 field experiment (Klipp and Mahrt 2004).

6.2 Planetary Boundary Layer

6.2.1 Boundary-Layer Winds

Gryning et al. (2007) proposed a wind-profile model wherein the length scale comprises the

inverse summation of the length scales in a three-layer model of the PBL. This model agreed

well with the easterly flow observed on the Høvsøre mast and south lighting tower up to

160 m and is dependent on the PBL height. This was estimated by fitting parametrizations of

momentum-flux and heat-flux profiles to the observations. Peña et al. (2010c) studied a num-

ber of mixing-length models for the neutral PBL and compared the wind-profile expressions

derived from the mixing-length models with combined mast-lidar observations of the wind

speed up to 300 m and the estimations of the local length scale, l = u∗ (∂U/∂z)−1, with the

mixing-length models. The agreement was good for most mixing-length models except for

the surface-layer model, which overestimates and underrestimates the observed length scale

and wind speed, respectively.

Peña et al. (2010a) extended such mixing-length models to account for stability, and

the resulting wind-profile models agreed well with easterly flow-driven wind speeds up to

300 m (from combined mast-lidar measurements). They also showed that the PBL height
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can be estimated by averaging vertical profiles of the aerosol backscatter coefficient from a

ceilometer under unstable or near-neutral conditions. Other methods for PBL height detection,

based on vertical profiles of the vertical velocity variance, were tested on the basis of lidar

measurements up to 2000 m (Gürpinar 2011); the profiles showed similar shapes to those

from the velocity variance parametrizations in Stull (1988). Peña et al. (2013) investigated

several lidar-type instruments and methodologies for PBL height detection, and included a

comparison with simulated PBL heights from a numerical weather prediction (NWP) model.

In general, they did not find a clear PBL height diurnal variation for easterly flow and the

PBL height showed higher values in autumn than in spring. On the basis of the latter work,

Hannesdóttir (2013) developed an automated PBL detection algorithm for the ceilometer at

Høvsøre.

As horizontal temperature gradients also influence atmospheric flow, Floors et al. (2014)

investigated the effect of baroclinity on the vertical wind shear and veer at Høvsøre by

analyzing large-scale winds derived from NWP model simulations and lidar wind-speed and

direction observations up to 1000 m. They found that the largest thermal wind-velocity vectors

at a height of 966 m point northwards and southwards in July and December, respectively,

i.e. perpendicular to the sea-land temperature contrast at Høvsøre. They also found that the

mean along-wind and transverse wind-speed components deviated from the simulated mean

geostrophic components close to the PBL height but approached the geostrophic wind when

considering baroclinity. On the basis of these findings the ‘Høvsøre tall wind profile’ cases

were prepared and cover a range of stability, forcing and baroclinic conditions, which can be

used to evaluate PBL models (Peña et al. 2014a). Peña et al. (2014b) used several of these

cases to study the turning of the wind with height, and found that within the PBL and under

barotropic conditions, the more stable the conditions the greater the wind at Høvsøre veered;

under baroclinic conditions the wind could even turn anticlockwise.

6.2.2 Internal Boundary Layer

Under westerly flow, the atmosphere at Høvsøre is influenced by the sea-to-land change in

roughness conditions and an IBL grows downwind from the coastline. Three types of IBLs

can be distinguished: a layer where turbulence is in transition from upwind to downwind

conditions (hi ), one where the mean wind is in transition (h1), and one where the wind is in

equilibrium with the downwind surface conditions (h2), being hi > h1 > h2.

A common approach for estimating hi is based on a diffusion analogy (Miyake 1965).

However, when the IBL height is defined by a kink in the wind profile, the upstream loga-

rithmic profile is valid above h1. From h2 to h1, linear interpolation can be used between the

upstream and downstream logarithmic wind profiles. Below a height h2, the wind profile is

in equilibrium with the new roughness.

In Floors et al. (2011) the model based on a diffusion analogy was evaluated with the

measurements from the Høvsøre mast. When the logarithmic interpolation method by Troen

and Petersen (1989) was used, hi ≈ 220 m, h2 ≈ 0.07hi and h1 ≈ 0.35hi . Both upstream

and downstream stabilities have a large impact on the wind profile in the IBL, but in the

long-term, and in near-neutral conditions, h1 ≈80 m.

6.2.3 Low-Level Jet (LLJ)

The nocturnal LLJ often observed at Høvsøre is of interest for wind-energy purposes because

these are associated with high vertical wind shear and increased wind turning over the rotor
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area, thereby increasing turbine loading. The climatology of LLJs at Høvsøre was studied

using combined lidar/mast wind profiles, applying the same criteria as Baas et al. (2009) and

Floors et al. (2013). LLJs occur frequently for southeasterly and northerly flows. Easterlies

are favourable for LLJs because during clear nights, jets can form via Coriolis-induced wind

oscillations around the geostrophic wind vector (Blackadar 1957). Compared with the cli-

matology of LLJs observed at the Cabauw tower in the Netherlands (Baas et al. 2009), LLJs

at Høvsøre seem to be less dependent on the diurnal cycle because of the predominant west-

erlies (the sea prevents radiative cooling). The jet’s maximum speed is Weibull-distributed

and is often ≈12 m s−1. LLJs typically occur at heights of 100–400 m.

Baroclinity has been found to play a significant role in the LLJ formation at Høvsøre; a

decrease of the geostrophic wind speed with height causes a wind-speed maximum at low

levels (Peña et al. 2014a; Floors et al. 2014). For a one-year lidar campaign, the easterly

flow was on average highly baroclinic (due to a large temperature contrast between land

and sea) with a geostrophic wind shear of −3 m s−1 km−1 and a jet at 600 m. WRF model

simulations, made with two different PBL schemes at two different vertical resolutions,

tended to underestimate the LLJ magnitude at Høvsøre compared with lidar observations

up to 650 m for a four-week period in autumn 2010 (Floors et al. 2013). The LLJ’s peak

wind speed during a spring night was also underestimated by the WRF model (≈4 m s−1

at the simulated PBL height); this LLJ was highly ageostrophic (≈5 m s−1 higher than the

geostrophic wind). These findings corroborate the results from the GABLS3 intercomparison

study (Bosveld et al. 2014) based on measurements from the Cabauw tower.

6.3 Atmospheric Turbulence

The study of atmospheric turbulence is important in wind energy because turbulence is

responsible of fatigue damage and affects the power production of turbines. Turbulent fields

are used as inputs to aeroelastic load simulations of turbines. Therefore, the Høvsøre dataset

provides a basis for studies on turbulence, which have concentrated on microscale turbulence

and focused on understanding the turbulence length scales, spectra and fluxes by using both

traditional anemometry and lidars.

6.3.1 Traditional Anemometry-Based Studies

Frandsen et al. (2008) deduced turbulence length scales by fitting the empirical spectra of

Kaimal et al. (1972) to measurements obtained from the 10-Hz cup anemometer data. They

demonstrated that the model in the IEC standards (IEC 2005a) overestimates the turbulence

length scales at hub height. This result has an influence on the gust factor and hence the

loading of the turbines.

Part of the work has been dedicated to estimating the parameters of the turbulence model

developed by Mann (1994). Peña et al. (2010c) for example, derived these parameters by fit-

ting the one-dimensional turbulence spectra from the sonic measurements at different heights

to the Mann model under near-neutral conditions and found a direct relation between the tur-

bulence and the mixing-length scales. Later, Peña et al. (2010b) derived the same parameters

under different atmospheric stability conditions and found similar relations between length

scales. These results demonstrate the close connection between the wind profile and the

turbulence structure.

Sathe et al. (2013) re-derived the Mann model parameters to estimate the impact of tur-

bulence under different stabilities on turbine loads. By including stability effects, they found

that the loads on a number of turbine components increased up to 17% compared to the neutral

123



A. Peña et al.

case. Chougule et al. (2012) performed a study of the cross-spectral phases between different

wind-field components at two heights at Høvsøre using the Mann model parameters and sonic

measurements. Such a study provides insights into, e.g. the influence of shear-induced tur-

bulence on the turbine rotor. A comparison of the derived Mann model parameters between

agricultural (Høvsøre) and forested landscapes was conducted by Chougule et al. (2015),

where significant differences in the dissipation rate parameter were observed. In addition,

Chougule (2013) developed a stability-dependent spectral tensor model, which builds on the

neutral Mann model, and found good agreement between the model results and measurements

at the Høvsøre mast.

6.3.2 Lidar-Based Studies

Sjöholm et al. (2009) modelled the spatial averaging effect within the probe volume of a

continuous wave lidar and evaluated the model with Høvsøre measurements. Later, Mann

et al. (2009) modelled the same effects for a pulsed lidar. Both studies demonstrated that only

large-scale turbulence could be measured due to the lidar’s probe volume averaging effect

and used the Mann model to prove the lidar turbulence ‘filtering’ phenomenon.

Mann et al. (2010) discussed the measurement of momentum flux with scanning lidars;

depending on the height and the lidar type, the flux was underestimated ≈69–93 %. In

the latter study, a model compensating for the spatial averaging effect was also developed

enabling the measurement of the unfiltered momentum flux. Model evaluation was performed

using sonic measurements, and the scatter plots showed linear regressions in the range of

1.00 to 1.07. Berg et al. (2011) measured the stress vectors and the vertical gradient of the

mean velocity vector using lidars and sonics and found significant deviations between the two

vectors even at 100 m. Sathe et al. (2011) modelled the lidar turbulence for all components

of the Reynolds stress tensor using the velocity azimuth display (VAD) method. Here, two

effects causing incorrect estimations of turbulence with lidars were identified: (1) spatial

averaging, and (2) cross-contamination by the different wind-field components. The two

effects compensate each other and thus ‘accurate’ turbulence measurements can be found

for the wrong reasons. The addition/filtering of turbulence depends on the type of lidar, the

turbulence structure, and the measurement height. They compared sonic measurements at

several heights on the Høvsøre mast with VAD lidars’ measurements, where up to 90 and

70 % of turbulence filtering was observed for the vertical and horizontal velocity variances.

Sathe and Mann (2012) investigated measured turbulence spectra from a scanning pulsed

lidar using VAD data analysis, where the spatial averaging and cross-contamination effects

were evident within the inertial sub-range. The above studies have pushed the use of either

multiple lidars staring at a point or methodologies using a single lidar to measure turbulence.

Sathe (2012) used a six-beam method to estimate turbulence statistics from the radial velocity

variances rather than the radial velocity measurements. The cross-contamination effect is

minimized using this method, but compensating for the spatial averaging effects for pulsed

lidars still remains a challenge. Experimental evidence suggests that the six-beam method

partly overcomes the problem of probe volume averaging that is inherent in the VAD method

(Sathe et al. 2015).

6.4 Numerical Modelling

Numerical modelling has been performed for flow at the Høvsøre site for several years,

particularly for evaluating mesoscale models. Microscale flow models have been used and

evaluated for applied use in wind-power meteorology (Sect. 4.2) and IBL studies (Sect. 6.2.2).
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6.4.1 Numerical Weather Prediction

The first mesoscale-type studies of the Høvsøre wind climate were performed by Nissen

(2008). He studied the seasonal evolution of the wind field to improve the understanding of

the role of the marine boundary layer on coastal winds. The study used mesoscale model

simulations from the USA Naval Research Laboratory COAMPS model (Chen et al. 2003).

Westerlies showed increased wind variability during spring and winter compared with that

during summer and autumn (Nissen and Gryning 2010). The excess temperature over England

relative to that over the North Sea was shown to trigger boundary-layer oscillations, usually

in the form of gravity waves, which could explain the increased observed wind variance.

Later, WRF model simulations covering the Høvsøre area became frequent as these are

used to derive wind atlases by combining both mesoscale and microscale models (e.g. see

http://www.wasaproject.info). Wind speeds, temperatures and vertical wind shears simulated

by the model were evaluated against Høvsøre measurements by Draxl et al. (2014). Different

PBL schemes were examined to determine which parametrization performs best for wind-

energy forecasting. The results showed that the performance of the simulations was highly

dependent on stability; simulations tended to show vertical wind shear less than that observed

in agreement with Floors et al. (2013). Similar evaluations using Høvsøre measurements were

performed in Hahmann et al. (2012). These model deficiencies are not unique to Høvsøre

and have also been identified at other sites (Storm and Basu 2010; Kleczek et al. 2014).

Temperature measurements from the Høvsøre mast were used to evaluate the accuracy of

nacelle temperature measurements. The results proved to be highly sensitive to the location

of the temperature sensor on the turbine. Mast and nacelle temperature measurements were

compared to WRF model simulations. The WRF model was found to have a cold bias of

−0.6 ◦C at 100 m compared with the mast measurements (Davis 2014). The errors in the

nacelle-measured and WRF model-simulated temperatures have implications for identifying

winds under icing events on turbines, which are important, for example, for the determination

of the turbine’ power curve and for the control of the machine.

Using the WRF model, a 6-year mesoscale reanalysis simulation was conducted for the

North and Baltic Seas (Hahmann et al. 2015). The results of the simulation were verified

against various offshore and coastal sites including Høvsøre. At 100 m, the winds simulated

by the WRF model underestimated the observed long-term average wind speed by −1.3 %.

The measurements were also used to demonstrate the lack of sensitivity of the simulated long-

term mean wind speed (offshore in this case) on many aspects of the model set-up, including

the type of reanalysis used, resolution of sea-surface temperatures, number of vertical levels,

and strength and form of the nudging. The impact of nudging on the simulated wind profile

of the WRF model up to 600 m at Høvsøre was investigated by Gryning et al. (2013) using

a 1-year period of lidar-mast measurements. A minor impact on the simulated mean values

was found and an underestimation of the mean wind speed, turning of the wind and wind

power-density profiles by the WRF model revealed. Nudging was found to reduce the scatter

between the simulated and measured wind speeds.

Other NWP outputs over the Høvsøre area were used to estimate the geostrophic, thermal

and gradient winds. These ‘large-scale’ winds provided further understanding of the observed

vertical wind shear and wind turning at Høvsøre for a 1-yr lidar campaign; particularly close

to the PBL height, baroclinity was found to significantly influence the wind at Høvsøre (Peña

et al. 2014a; Floors et al. 2014).
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Floors et al. (2013) used two roughness descriptions to simulate the flow at Høvsøre with

the WRF model: the standard one based on MODIS land-cover data2 and the other based on

observations at Høvsøre (zo was computed similarly as shown in Sect. 3). Using the standard

description, they found an ≈10 % lower mean wind speed at 10 m when compared with

that using a more realistic surface roughness description for westerlies. However, little effect

was noticed at 100-m for westerlies. When using mesoscale models, it is very important to

understand the resolution dependency on the flow response of the strong roughness changes;

simulated winds by the WRF model take nearly the same number of grid points to adjust to

the new surface conditions regardless of the grid spacing (Vincent et al. 2013).

6.4.2 Large-Eddy Simulation

Pedersen et al. (2013) studied the ability of large-eddy simulation to model the PBL at

Høvsøre. They included temporal and spatial variations of the external forcing applied as

a pressure gradient across the domain. During one day in May and for easterly flow, lidar

measurements showed a general increase in wind speed during the day, and a decrease with

height above the PBL height (an indication of baroclinic conditions and of a decreasing

driving large-scale pressure gradient with height). The observations were compared with

many simulations wherein the variations in the large-scale pressure field were imposed in

the model boundary conditions through progressively more realistic forcing. They found

that including both height and time variations in the applied pressure gradient improved the

agreement with the observations.

6.5 Offshore Wind

The observations at Høvsøre have been used for offshore wind resource assessment. Research

using satellite Synthetic Aperture Radar (SAR) data reported accuracy similar to the

mesoscale modelling when compared with wind speed observations (Badger et al. 2010).

The Høvsøre data were analyzed using WAsP at a location a few kilometres offshore where

satellite SAR data are available.

7 Perspectives and Lessons Learned

The Høvsøre site has provided wind-power and boundary-layer scientists and specialists with

a high-quality, long-term, complete dataset of meteorological data for more than 10 years and

it has been the basis for multidisciplinary studies and research campaigns. However, Høvsøre

is far from being fully exploited. There have been few attempts to evaluate microscale models

able to simulate the wind-speed diurnal cycle; this is surprising since these are the same

models used for wind resource assessment and turbine siting.

Reanalysis products per se have not been evaluated at Høvsøre, which is not only important

for optimizing the outcome of numerical simulations for the region, but also to evaluate the

wind and climate variability studies themselves. This is very valuable for countries such as

Denmark, where wind energy accounted for ≈39 % of the country’s electricity consumption

in 2014. Wind-energy performance indicators, such as the wind-power production index for

Denmark, which show inter- and intra-annual variations, could potentially be compared with

2 http://daac.ornl.gov/MODIS/MODIS-menu/MCD12Q1_known_issues.html.
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the Høvsøre dataset. In addition, Høvsøre provides a rich dataset for studies on the sea-land

transition and coastal effects, which are notoriously difficult to model with NWP models.

The database contains ‘fast’ raw data from the sonic anemometers, which provide the basis

for research on gusts; nevertheless, the topic has received limited attention. For westerly flow,

the effect of the sea-land transition on the Weibull shape parameter peak height is not well

understood but preliminary analysis shows that this behaves similarly to the IBL at Høvsøre.
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