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ABSTRACT

As the average hub height and blade diameter of new wind turbine installations continue to increase, turbines typically
encounter higher wind speeds, which enable them to extract large amounts of energy, but they also face challenges due to
the complex nature of wind flow and turbulence in the planetary boundary layer (PBL). Wind speed and turbulence can
vary greatly across a turbine’s rotor disk; this variability is partially due to whether the PBL is stable, neutral or convective.
To assess the influence of stability on these wind characteristics, we utilize a unique data set including observations from
two meteorological towers, a surface flux tower and high-resolution remote-sensing sound detection and ranging (SODAR)
instrument. We compare several approaches to defining atmospheric stability to the Obukhov length (L). Typical wind
farm observations only allow for the calculation of a wind shear exponent (˛) or horizontal turbulence intensity (IU ) from
cup anemometers, whereas SODAR gives measurements at multiple heights in the rotor disk of turbulence intensity (I ) in
the latitudinal (Iu), longitudinal (Iv) and vertical (Iw ) directions and turbulence kinetic energy (TKE). Two methods for
calculating horizontal I from SODAR data are discussed. SODAR stability parameters are in high agreement with the more
physically robust L;with TKE exhibiting the best agreement, and show promise for accurate characterizations of stability.
Vertical profiles of wind speed and turbulence, which likely affect turbine power performance, are highly correlated with
stability regime. At this wind farm, disregarding stability leads to over-assessments of the wind resource during convective
conditions and under-assessments during stable conditions. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

As utility-scale deployment of wind energy expands, turbine sizes and generating capacities also are increasing. For exam-
ple, more than 1000 wind turbines currently in operation in the USA have power-producing capacities larger than 2 MW,
and new wind farms are increasingly ordering turbines on the scale of 2.5 MW or greater. Furthermore, half of all newly
installed turbines in the USA in 2009 were at least 1.5 MW in capacity, with hub heights ranging from 60 to 100 m above
ground level (AGL) and rotor diameters on the order of 80 m.1 Turbines with larger capacities generally utilize higher hub
heights: the Enercon E-126 6 MW turbine (Enercon GmbH, Aurich, Germany) is designed for a hub height of 135 m, with
a rotor disk of 126 m.2 As turbines penetrate higher altitudes, the area swept by the blades expands beyond the atmospheric
surface layer (approximately the bottom 10% of the boundary layer, e.g. if the depth of the boundary layer is 1000 m,
the height of the surface layer is 100 m AGL) and into the convective mixed layer with complex flows driven by buoyant
turbulent mixing.3 Although mean wind velocity in the turbine rotor disk (i.e. the blade-swept area) largely determines

Copyright © 2011 John Wiley & Sons, Ltd. 525



Atmospheric stability on rotor-disk wind characteristics S. Wharton and J. K. Lundquist

the amount of power that is generated, wind shear and turbulence intensity, which are measures of atmospheric stabil-
ity, also appear to play a role in power output.4–9 Thus, defining parameters for atmospheric stability, including accurate
descriptions of how wind velocity and turbulence vary across the turbine rotor disk, may prove beneficial to wind farm
operations.

Stability in the lower boundary layer is largely driven by thermal gradients (called static stability) and by frictional drag,
induced either along the ground surface or from wind shear aloft (called dynamic stability). For these reasons, onshore
wind farms generally experience strong seasonal and diurnal patterns in the wind profile. Increased or decreased atmo-
spheric mixing causes wind velocity in the rotor disk to deviate from the traditionally expected profile whereby pressure
gradient forces cause wind speed to increase logarithmically with height from a minimum found just above the ground
surface to a maximum at the top of the boundary layer. In fact, the logarithmic wind profile should be expected only when
the boundary layer is near neutral.10 Near-neutral conditions exist when wind speeds are very high, vertical gradients of
potential temperature are constant and the buoyancy flux is nearly non-existent. When turbulent motions are enhanced,
as during daylight hours when surface heating causes air to rise (positive buoyancy), large-scale turbulent eddies reduce
vertical gradients of temperature and velocity, and wind speeds are nearly uniform with low shear throughout the rotor
disk. Under stable conditions, vertical motions are suppressed (negative buoyancy) and turbulence is dominated either by
mechanical forces near the surface (e.g. friction along the ground surface) or high wind shear aloft [e.g. friction induced
by a nocturnal low-level jet (LLJ) or gravity wave]. A stable boundary layer is characterized as having very little vertical
mixing and strong gradients of temperature and velocity. Generally at night, turbulent motions are subdued because of
cooling at the surface, the boundary layer is statically stable, and the air flow becomes stratified at heights encountered
by the wind turbine. This decoupling can lead to high shear conditions in the rotor blade-swept area, with a shallow-depth
acceleration of high-momentum air, between 100 and 300 m above the surface near the top of modern turbine rotors. Strong
shear generated by these jet profiles may generate turbulence aloft.11

Stability classification schemes for the planetary boundary layer (PBL) are typically based on vertical profiles of poten-
tial temperature � [ @�

@z
D @T

@z
� �d, where �d is the dry adiabatic lapse rate (9.8 K km�1)], the bulk Richardson number

Ri (calculated from gradients of potential temperature and wind speed)12,13 or the Obukhov length L (a surface layer scal-
ing parameter that is a function of surface heat and momentum fluxes).14,15 Potential temperature is useful in boundary
layer studies because it normalizes the variations in temperature in an air parcel due to changes in air pressure as it rises
and descends. Vertical profiles of potential temperature give the most straightforward indication of whether the boundary

layer is statically stable
�
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�
. A complete temperature profile is,

however, difficult to obtain because it requires either multiple instruments on a very tall meteorological tower or a remote-
sensing platform equipped with a temperature profiler, such as a radio acoustic sounding system. Because these are very
expensive, boundary-layer studies instead often rely on the surface-based Obukhov length to characterize stability, which
requires a single sonic anemometer above the plant canopy or bare ground, but this approach is not ideal for wind energy
applications. L does not account for low-frequency, wave-dominated turbulence nor for top-down forced boundary layers,
such as those that occur during stable conditions or on nights during an LLJ;16 nor can it be applied to heights above the sur-
face layer.17,18 The Obukhov length is also problematic during very stable conditions because surface fluxes may be small
and intermittent19 and thus difficult to measure accurately. Therefore, a more universal yet accurate stability parameter that
is based on available instrumentation is needed in the wind industry.

Wind farms typically have two means for inferring local stability, either from a dimensionless wind shear exponent ˛,
estimated from cup anemometers at least at two measurement heights, or from turbulence intensity I (the ratio of turbu-
lence fluctuations to mean wind speed), often from a single cup anemometer near hub height. High magnitudes of wind
shear suggest a stable boundary layer whereby the turbine blades are likely to encounter strongly stratified flows across
the rotor disk (e.g. much higher wind speeds at the top of the rotor than at the bottom). Very high values of shear may
cause out-of-plane bending loads on the blades and may damage turbine components. Low values of wind shear indicate
convective or well-mixed conditions across the rotor and a more uniform average velocity profile. Turbulence intensity is
also considered a means of quantifying atmospheric stability because a stable atmosphere is generally characterized with
low amounts of turbulence (except during an LLJ or gravity wave), whereas a convective atmosphere generally will be
much more turbulent. High amounts of intense and highly organized (coherent) turbulence should be identified because
they can impose significant aerodynamic loads on the turbine and cause fatigue damage to the turbine rotor.20,21

Previous investigations of the accuracy of turbine power curves have noted a dependency of power performance on
atmospheric stability through examination of the cup anemometer stability parameters, ˛ or I . Some stability studies have
focused on specific stability-related phenomena found in the lower boundary layer, including the nocturnal LLJ that pro-
duces a wind maxima22–24 at heights near the top of the turbine rotor.25–28 Other researchers have focused on the sensitivity
of power curves to the wind shear exponent9,29–31 or to hub-height turbulence intensity.4,8,30,32–34 To our knowledge, this
is the first study to compare such a large set of independent stability parameters, including the Obukhov length from sonic
anemometry and high-resolution sound detection and ranging (SODAR) measurements of the wind shear exponent, tur-
bulence intensity, and turbulence kinetic energy at multiple heights spanning from the bottom to top of the rotor disk. We
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report high-temporal and spatial-resolution measurements of wind speed, direction, and turbulence from multiple instru-
ment platforms, including SODAR, a pair of meteorological towers, and multiple turbines over a full year. The dependence
of turbine power generation on these stability parameters will be addressed in a subsequent paper.

2. METHODS

2.1. Overview of site and available data

The data in this study were collected at a wind farm located in western North America at an elevation of near sea level,
with some marine boundary layer influences. The area experiences strong land–sea temperature differences, particularly
during the summer months when the land is much warmer than the coastal Pacific waters. The resulting pressure gradient
produces strong onshore winds consistently from a westerly or southwesterly direction. The site has two distinct seasons:
a wet, cool winter with frequent synoptic storms and a dry, warm summer with little convective storm activity due to the
presence of a semi-permanent high pressure circulation over the Pacific Ocean. The landscape both upwind (called fetch)
and at the wind farm is grassland on rolling hills with elevation variations of less than 100 m. Portions of the site are used
for grazing.

A number of horizontal-axis, three-bladed wind turbines, with rotor diameters of approximately 80 m, are in operation
at the wind farm, covering an area of approximately 6 � 10 km. The blades interact with the instantaneous wind speed
in a disk-shaped area across heights of 40 to 120 m AGL, where 40 m is the minimum blade tip height and 120 m is the
maximum blade tip height. The nacelle and power generators are located at 80 m AGL (referred to as hub height). Each
turbine has a heated cup anemometer (IceFree3, NRG Systems, Hinesburg, VT) located on the end of the nacelle, provid-
ing hub-height estimates of wind speed. A subset of six leading-edge turbines was selected for analysis in this study; these
turbines are located in the northwestern region of the wind farm and are all upwind of other turbines and obstacles.

The wind farm layout is shown in Figure 1 with the relative locations of the roving SODAR platform, 50 m and 80 m
tall meteorological towers and subset of turbines used in this analysis. The meteorological towers are located in the upwind
portion of the wind farm and are equipped with cup anemometers (#40, NRG Systems) at heights ranging from 30 to 80 m
AGL. Additionally, wind direction, air temperature and barometric pressure are measured near the top of each tower. A
Doppler mini SODAR (Model4000, Atmospheric Systems Corporation, Santa Clarita, CA) collected high vertical resolu-
tion, three-axis wind velocity data during most of the year-long study in the northern region of the wind farm. SODAR
data enabled the calculations of a wind shear exponent, latitudinal, longitudinal and vertical turbulence intensities, and tur-
bulence kinetic energy at 10 m intervals at heights representative of the rotor disk, as discussed in detail in the succeeding
paragraphs.

In addition, the Obukhov length was calculated from three-axis wind velocity and surface heat flux measurements (Wind-
Master Pro 3-axis ultrasonic anemometer, Gill Instruments Ltd, Hampshire, England) from an off-site research station

Figure 1. Illustration of the wind park and relative locations of meteorological instrumentation and turbines used in this analysis. The
SODAR was a roving system, and SODAR1, SODAR2 and SODAR3 correspond to different periods.
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approximately 15 km away in similar terrain. All turbine and meteorological measurements except for the Obukhov length
were averaged over a 10 min period following IEC standards.35 Measurements of wind speed, momentum flux and heat
flux used in the Obukhov length were calculated from 30 min averages. Wind speed measurements were removed from the
analysis when the following criteria were applied: standard deviation was less than 0.1 m s�1, wind speed was greater than
25 or less than 0.5 m s�1 or wind flow was from an easterly direction and caused ‘tower shadowing’. Complete instrument
details are listed in Table I.

Throughout this paper, we define the wind velocities as the following: u and v are the horizontal components of wind
speed, where u is the mean wind speed in the latitudinal direction (x) and v is the mean wind speed in the longitudinal
direction (y);w is the mean wind speed in the vertical direction (z), and u0, v0 andw0 are perturbations of the instantaneous
wind speed components u.t/, v.t/ and w.t/ from the mean wind speeds u, v and w, such that u0 D u.t/ � u. SODAR
measures wind speed in three directions, whereas a cup anemometer gives only the horizontal wind speed, U . SODAR U
is calculated from the square root of the sum of latitudinal and longitudinal velocities, such that U D

p
u2C v2. In this

paper, nacelle wind speed refers to the cup anemometer mounted on the nacelle hub at 80 m AGL whereas hub-height
wind speed is used in broader context to include all 80 m AGL wind speed measurements from either the meteorological
tower (cup anemometer), SODAR or nacelle (cup anemometer). All analyses were performed using the statistical software
package ORIGIN 8 (OriginLab Corp, Northampton, MA). We report the Pearson’s correlation coefficient (r) and one-way
ANOVA p-value (p) at a significance level equal to the 95th confidence level (p < 0:05).

2.2. Evaluation of power performance

Power performance at an individual turbine was based on normalized power Pnorm (%),

Pnorm D
Pi ;t

Pi ;rated
� 100 (1)

where Pi ;t is the average amount of power (kW) generated at turbine t over a 10 min period and Prated is the maximum
amount of power (kW) that turbine t is potentially able to produce over a 10 min period as determined by the manufacturer.
A normalized power factor of 100% indicates that a turbine is producing a power yield equal to the manufacturer’s max-
imum power rating (e.g. 2 MW for a 2 MW rated turbine). The manufacturer’s power performance data assume standard
atmospheric conditions including an assumption of neutral stability and turbulence intensity of between 10% and 15%.
Air density corrections for the manufacturer power curves using on-site air pressure and air temperature did not make a
significant difference since this wind farm is at near sea level. Normalized power was calculated for each turbine in the
subset every 10 min during the study period. We used leading-edge turbines to remove any effects that turbine-induced
wakes may have on turbine power performance. Also, the distance between any upwind obstacles (e.g. a meteorological
tower) and a downwind turbine was checked to verify that the turbine was no closer than four times the rotor diameter from
the upwind obstacle.35

2.3. Meteorological measurements and stability parameters

Vertical profiles of mean horizontal wind speed (U ) (m s�1) and turbulent fluctuations in the horizontal wind speed (¢U )
(m s�1) were available from cup anemometers on two meteorological towers (50 and 80 m tall). Three cup anemome-
ters were mounted on the 50 m tower at heights of 30, 40 and 50 m AGL. The 80 m tower was equipped with three
cup anemometers at heights equal to 50, 60 and 80 m AGL. The cup anemometers measured horizontal wind speed at a
sampling rate of 1 Hz with an accuracy of 0.3 m s�1. Wind direction, barometric pressure and air temperature (Ta) were
measured at 47 m AGL on the 50 m tall tower and at 77 m AGL on the 80 m tall tower. Frequent data outages in Ta, as well
as the 8 km distance between the two meteorological towers, prevented the calculation of a vertical potential temperature
profile to determine atmospheric stability at this site.

SODAR measurements of latitudinal, longitudinal and vertical wind speed (u, v, w) (m s�1), wind direction and tur-
bulent velocity fluctuations (¢u, ¢v , ¢w ) (m s�1) were available during the majority of the study period. The SODAR
transmits three high-frequency (4500 Hz) acoustic beams at a pulse width of 60 ms, and u, v and w are calculated by
analyzing the frequency shift in spectral energy in the return signal from each beam.36,37 The wind vectors were measured
at 10 m intervals from 20 to 200 m, for a total of 19 different height measurements above the ground surface, with an accu-
racy of 0.5 m s�1. Wind speed and direction were averaged over 10 min intervals. The raw data were quality controlled
according to accepted SODAR standards, e.g. those of Antoniou et al.38 Ten minute periods that failed to meet thresholds
for percentage of acceptable data (>15% bad data) and signal-to-noise ratio (SNR < 7) were removed. The system oper-
ated from July 2007 to May 2008 with major outages in the rainy season (November, December and January). On average,
daytime (nighttime) SODAR data recovery was greater than 95% (90%) at 40 m, 90% (85%) at 80 m and 75% (83%) at
120 m AGL. The SODAR was not stationary during the study period and was moved to three site locations (SODAR1,
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SODAR2 and SODAR3) within an area of 4:8 � 1:5 km during the following periods: July 2007 to mid-August 2007,
mid-August 2007 to September 2007, and October 2007 to May 2008. These times correspond to SODAR1, SODAR2 and
SODAR3 in Figure 1, respectively.

SODAR and cup anemometer wind velocities were used to calculate a dimensionless wind shear exponent ˛ using the
power law expression,39

U.z/D UR

�
z

zR

�˛
(2)

where U is the mean horizontal wind speed (m s�1) at height z (m) and UR is the mean horizontal wind speed (m s�1) at
a reference height zR (m); by convention, height zR is closer to the ground than z. A wind shear exponent is traditionally
used to estimate variations in available wind power by height, when direct measurements of wind speed across the rotor
and stability are unavailable.40 Here, three wind shear exponents were calculated using SODAR wind speed measurements
at 40, 80 and 120 m: ˛40_120 parameterizes stability across the entire rotor disk, ˛40_80 parameterizes stability across the
lower half of the rotor disk and ˛80_120 parameterizes stability across the upper half of the rotor disk. A fourth, ˛, ˛50_80,
was calculated using the 50 and 80 m meteorological tower cup anemometer data for comparison with the SODAR shear
exponent ˛40_80. Only the periods when the wind speed was greater than the turbine cut-in speed were used to calculate ˛.

The wind shear exponent describes the degree of atmospheric stability on the basis of the presence (shear or no shear)
and amount (low or high shear) of stratified flow but is not a direct measure of stability. Historically, a constant ˛-value of
1/7 (0.14) has been used to extrapolate the wind speed taken at a reference height (usually from the nacelle anemometer)
to all other heights within the blade-swept area when the wind profile is unknown. The one-seventh constant has been
attributed by Rohatgi41 to von Karman’s work, indicating a correspondence between wind flow in the surface layer and
experimental flow over flat plates and to observations taken in the boundary layer in the 1920s by Scrase.42 A few stud-
ies recognized early on that serious errors can be introduced by reliance on the power law, equation (2), to estimate the
wind speed profile in wind power applications.43–45 First, the power law has no theoretical basis for extrapolating wind
speed within the boundary layer because it is not based on the basic principles of fluid mechanics and is instead derived
empirically. Second, the power law should only be considered valid during neutral conditions in homogeneous, flat terrain.
Finally, the power law does not acknowledge the possibility of variable wind shear across the rotor disk and its impact on
turbulence.

In contrast to the wind shear exponent, which measures the amount of wind shear that may produce turbulence, tur-
bulence intensity I (%) uses measurements of velocity fluctuations in the boundary layer to characterize stability and is
a statistical descriptor of the overall level of turbulence in relation to mean wind speed. High I magnitudes indicate that
a significant portion of wind energy is composed of turbulent flow, whereas low I values indicate laminar flow with less
turbulence. Three component turbulence intensities can be calculated when u, v andw observations are available, as from a
SODAR or sonic anemometer. These include Iu, the latitudinal turbulence intensity, Iv , the longitudinal turbulence inten-
sity, and Iw , the vertical turbulence intensity. The first turbulence intensity, Iu, describes the relative amount of turbulence
in the x direction in relation to the mean horizontal wind speed, following46

Iu D
�u

U
(3)

where ¢u (m s�1) is the average standard deviation of the latitudinal velocities over a 10 min period. Likewise, turbulence
intensity in the longitudinal direction is

Iv D
�v

U
(4)

and turbulence intensity in the vertical direction is

Iw D
�w

U
(5)

Note that calculations of longitudinal Iv or vertical Iw are not possible with a cup anemometer since the instrument mea-
sures only horizontal wind speed (U ) and not the components u, v and w. We assumed here that the cup anemometer
is insensitive to any changes in the vertical velocity. For the cup anemometers, turbulence intensity was determined by
calculating a horizontal turbulence intensity,

IU cup D
�U

U
(6)

SODAR I magnitudes are not directly comparable with those from the cup anemometer because the expressions for I
in equations (3)–(5) are not equal to I in equation (6). In order to directly compare the instruments, we calculated two
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alternative expressions for horizontal turbulence intensity from the SODAR to include the standard deviations of u and v.
Equation (7) appears to be the more accepted way to calculate SODAR IU in the wind industry, whereby IU is the average
of the latitudinal and longitudinal turbulence fluctuations and assumes that turbulence is isotropic,

IU1SODAR D

P
iDu;v

�i

2U
(7)

In equation (8), we followed a methodology adopted by micrometeorologists and calculated a horizontal turbulence inten-
sity that uses the square root of the sum of turbulence in the horizontal wind components and makes no assumptions about
the isotropic nature of turbulence,

IU2SODAR D

q
.�2u C �

2
v /

U
(8)

The expression for turbulence intensity in equation (8) is found in Chan47 and is similar to derivations found in Shaw
et al.46 and Weber.48 Note that equation (7) (the ‘averaging method’) and equation (8) (the ‘square-root method’) will not
give identical magnitudes of IU , even if turbulence is isotropic and ¢u equals ¢v because the two expressions for horizontal
turbulence are not equal.

SODAR turbulence intensities were calculated at 10 min intervals at each of the nine measurement heights in the rotor
disk. Cup anemometer I was calculated for each 10 min period at heights of 50 and 80 m using the meteorological tower
cup anemometer measurements. Only periods when U was greater than the turbine cut-in speed and the standard deviations
were greater than 0.1 m s�1 were included. These criteria excluded extremely high turbulence intensities caused by the
presence of very low wind speeds and very low turbulence intensities caused by unrealistically low variance.

Related to SODAR I , turbulence kinetic energy TKE (m2 s�2) was calculated from SODAR data using the three
turbulence components as in equation (9),

TKED
1

2
.�2u C �

2
v C �

2
w / (9)

TKE is a measure of the intensity of turbulence and is directly related to the transport of momentum (shear-generated turbu-
lence that is strongest in the horizontal direction) and heat (thermal-generated turbulence in the vertical direction) through
the boundary layer. Hence, TKE is the sum of all measurable sources of turbulence, both convective and mechanically
generated. Here, TKE was calculated for each of the 19 SODAR measurement heights (20–200 m AGL).

TKE varies with height. For example, in an unstable boundary layer, TKE generally increases with height until a
maximum is found at the level where free convection dominates. When strong winds are present or during neutral con-
ditions, TKE may be nearly constant or may decrease slightly with height.17 During stable nighttime conditions, TKE
often decreases rapidly with height from a maximum value found just above the surface. An exception to this occurs when
LLJs or other elevated sources of turbulence such as breaking gravity waves are present. If nighttime TKE is generated
at levels above the surface in a statically stable atmosphere and is transported downward, then this behavior suggests the
presence of high wind shear and an LLJ.16,49–51 During an LLJ, very high wind speeds may be found at heights equal to
the top of turbine rotors (�100–150 m AGL),52 but the potential for high power generation can be offset by the potential
for structural turbine damage caused by intense, coherent turbulence structures just below the LLJ.21

Finally, a nearby university research station provided three-axis wind velocity and sensible heat flux data from a sonic
anemometer and a fast-response thermocouple during the study period to calculate the stability length scale L (Obukhov
length). The research station has some localized differences compared with the wind farm, including a fetch with flatter ter-
rain and a slightly lower estimate of aerodynamic roughness length, but the winds are consistently from the same direction.
Using a fast-response (output rate of 20 Hz), multi-axis sonic anemometer, measurements of mean latitudinal, longitudi-
nal and vertical wind speed, as well as fluctuations from the mean (u0, v0 and w0), offered detailed information about the
structures of organized turbulence. The Obukhov length (L) (m) was used as a scaling parameter to indicate atmospheric
mixing conditions in the surface layer following the Monin–Obukhov similarity theory,17,53–55

LD�
�v � u

3
�

k � g �w0� 0v
(10)

where �v is the virtual potential temperature (K), k is the von Karman constant (0.4), g is acceleration due to gravity
(9.8 m s�2), w0� 0v is the kinematic sensible heat flux (W m�2) and friction velocity, u� (m s�1) is defined from the

kinematic momentum fluxes, where u� D .u0w0
2
C v0w0

2
/1=4. Calculation of potential virtual temperature (�v) in the

sensible heat flux eliminates the ‘apparent’ temperature variations from changes in air pressure of an air parcel as it rises
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and descends. The sign of the kinematic sensible heat flux in equation (10) indicates whether the boundary layer is statically
stable (w0� 0v < 0) or statically unstable (w0� 0v > 0). A physical interpretation of the Obukhov length is that the absolute
value of L is proportional to the height (in meters) above the surface at which thermal-produced turbulence replaces shear
as the dominant influence over turbulence. In contrast to the wind shear exponent, L is valid in moderately unstable or
stable conditions as well as neutral boundary layers.

Equation (10) can be expressed as a non-dimensional scaling parameter z=L, where z is the height of the sonic anemome-
ter (z D 3:2 m). Normalizing L by the measurement height is often performed in boundary layer studies because L
magnitudes are extremely non-linear. Most of the figures in this paper use z=L to take advantage of its linearity although
the stability thresholds in Table II are given for L to enable direct comparisons with other studies in the literature. L or
z=L is defined as a negative quantity under convective or statically unstable conditions (the heat flux is directed away
from the surface) and a positive quantity under statically stable conditions (the heat flux is directed towards the surface). L
approaches infinity (z=L� 0) under neutral conditions.

2.4. Stability classifications

For each 10 min averaging period, we described the boundary layer stability conditions on the basis of the Obukhov length
L, wind shear exponent ˛ (at various heights in the rotor disk), turbulence intensity I (at 80 m AGL) and turbulence kinetic
energy TKE (at 80 m AGL). We classified each 10 min period as belonging to one of five stability classes: strongly stable,
stable, neutral (includes slightly stable and slightly convective), convective or strongly convective. The stability thresholds,
listed in Table II, were based largely on published values, although the criteria have been modified slightly according to the
range of atmospheric conditions and terrain observed at this wind farm.

The Obukhov length thresholds were based on stability classifications given by Panofsky and Dutton12 and Stull17 and
are similar to those used by van Wijk et al.56 in a study of offshore wind profiles and by Sathe and Bierbooms57 in their
assessment of turbine damage induced by atmospheric stability effects. Note that our threshold for neutral conditions is less
conservative than found in van Wijk et al.56 and Sathe and Bierbooms57 and includes the stability classes weakly stable
and weakly convective. The wind shear exponent thresholds were based on work by van den Berg,8 Heald and Mahrt19 and
Walter et al.,58 although we defined a slightly lower threshold for strongly stable conditions (˛ > 0:3). Less information
is available for TKE stability criteria in wind power applications, and this paper appears to be one of the first applications
of TKE in wind energy stability studies. Our TKE thresholds were based on boundary layer field campaign data found in
Stull.17

Because turbulence intensity is a relative quantity, I thresholds appear to be very sensitive to the type of instrument and
methodology used. The thresholds for cup anemometer I are similar to those found in Elliott and Cadogan,4 Rareshide
et al.,30 Kaiser et al.32 and Langreder et al.,59 although we defined more detailed stability classes. For example, Rareshide
et al.30 defined just two stability classes on the basis of a low turbulence threshold (IU D 5% to 11%) and a high turbulence
threshold (IU D 11% to 17%). We defined five IU stability classes including one that describes a near-neutral atmosphere
using intermediate values of turbulence intensity. Similar to what we did in our site, Elliott and Cadogan4 at a West Coast
wind farm defined the following IU thresholds, from low turbulence to high turbulence: 0% to 5%, 5% to 10%, 10% to
15%, and 15% to 30%.

Magnitudes of SODAR-based horizontal turbulence intensity depended on the methodology chosen to calculate turbu-
lence in the horizontal direction. When the average of ¢u and ¢v was used to calculate ¢U , as in equation (7), we found
stability thresholds for IU1SODAR similar to the cup anemometer IU , although cup anemometers are known to underes-
timate turbulence.60 This difference is discussed later. In contrast, the turbulence intensity magnitudes were greater when
¢U was calculated using the square root of the sum of ¢2u and ¢2v (equation (8)), and our stability criteria for IU2SODAR
reflect this offset. We included IU2SODAR in this analysis because, from a micrometeorological perspective, we believe
that it is the best representation of the ‘actual’ amount of turbulence present in the horizontal direction.

3. RESULTS

3.1. Seasonal power, wind speed and direction

This wind farm experiences two distinct wind power seasons: autumn/winter and spring/summer, as determined by the
regional climatology. The autumn/winter months are dominated by synoptic-scale circulations whereas the warm season is
dominated by diurnal sea-breeze circulations in response to thermal forcing. The rainy, winter season consisted of months
with lower nacelle wind speeds and lower power outputs than average. Greater power production occurred during the warm
season coinciding with faster nacelle winds speeds. Figure 2 shows seasonal average normalized power (a) and nacelle
wind speed (b) for a single turbine, turbine #1. Average normalized power (nacelle wind speed) was 22% (4.89 m s�1)
in winter, 53% (8.12 m s�1) in spring, 58% (8.38 m s�1) in summer and 23% (5.11 m s�1) in autumn. Power and wind
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Figure 2. Seasonal mean (˙1 standard deviation) normalized power (a) and nacelle (80 m) wind speed (b) for a single turbine at the
wind farm. Hub-height wind speeds during the spring and summer were on average 3 m s�1 higher than during the cooler months,

whereas normalized power values were on average 30–35% greater.

speed conditions observed at turbine #1 were representative of the entire turbine subset during the year. Annual average
normalized power was 40% for all six turbines in comparison with 39% at turbine #1.

Mean diurnal Pnorm values are shown in Figure 3 for turbine #1. More power was generated at night than during the
day, although diurnal variability varied greatly by season. The largest diurnal range in normalized power (�Pnorm � 45%)
was observed in the summer whereas diurnal variability was minimal (�Pnorm < 15%) in winter and autumn and moderate
(�Pnorm � 25%) in the spring. Average nighttime (22:00–2:00 Pacific Standard Time) normalized power was 23% in win-
ter, 63% in spring, 77% in summer and 26% in autumn. Average midday (10:00–14:00 Pacific Standard Time) normalized
power was 16% in winter, 40% in spring, 32% in summer and 14% in autumn. Peak power output was observed around
midnight in the summer and average Pnorm reached 80%.

Figure 4 compares seasonal wind speed observations at 40, 80 and 120 m from the SODAR (a) and meteorological
tower cup anemometers (b). Note that the highest measurement height on the meteorological tower is only 80 m. Similar
to the nacelle wind speeds, SODAR and meteorological tower wind speeds were higher at night than during the day and
higher during the warm season than in the cool season. The largest seasonal variability in wind speed occurred during the
nighttime hours; for example, mean winter 80 m U was 5.4 m s�1 whereas mean summer 80 m U was nearly double,
10.1 m s�1. Less seasonal variability was present during the daylight hours, although daytime wind speeds also seasonally
peaked during the summer months. Although nighttime wind shear was commonly observed throughout the year, it was
most prevalent during the summer months, as evident in the high-resolution SODAR data. SODAR wind speed differences
approached 4 m s�1 between 40 and 120 m on summer nights (Figure 4(a)). Observations of wind shear at the meteoro-
logical tower (Figure 4(b)) were slightly less than wind shear measured by the SODAR. For example, average 40 to 80 m
wind shear was 1.4 m s�1 at the meteorological tower in comparison with 2.0 m s�1 from the SODAR on summer nights.
Unlike SODAR, the meteorological tower cup anemometers also indicated a prevalence of negative, daytime wind shear
(faster wind speeds at 40 than 80 m) during spring and summer. An explanation for this is discussed next.

Over the study period, the SODAR and cup anemometers measured slight differences in mean wind speed. For exam-
ple, annual mean nighttime U (80 m) was 8:5 ˙ 2:8 m s�1 from SODAR (Figure 4(a)) and 8:3 ˙ 2:6 m s�1 from the
meteorological tower cup anemometer (Figure 4(b)). Annual mean daytime U (80 m) was 6:5˙ 3:2 m s�1 from SODAR
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Figure 3. Mean diurnal normalized power at a single turbine by season shows large power differences at night, between
spring/summer periods and winter/autumn periods, which approach 50%. Smaller power differences are also observed during the

daytime hours.

Figure 4. Mean nighttime and daytime wind speeds at 40, 80 and 120 m show a strong seasonality towards peak wind speeds in
the summer and strong shear at night. Also noticeable are wind speed differences between the SODAR (a) and meteorological tower

cup anemometers (b), particularly during the daytime. The meteorological tower is not instrumented at 120 m.

and 6:7˙ 3:0 m s�1 from the meteorological tower. The Pearson’s correlation coefficient (r) between the SODAR and
meteorological tower 80 m wind speeds was r D 0:87 during the day and r D 0:69 at night during the spring and summer
months. The meteorological tower showed greater variability in the daytime wind speeds than the SODAR between heights
of 40 and 80 m. This may be an artifact of the 8 km distance between the two meteorological towers because U at 40 m
(measured at the 50 m tower) was on average higher than U at 80 m (measured at the 80 m tower), which resulted in
average negative wind shear as seen in Figure 4(b). The meteorological towers and SODAR also were not co-located and
were separated by a distance of 5 km between the 80 m tall tower and SODAR and nearly 6 km between the 50 m tower and
farthest located SODAR position. These distances, across mildly hilly terrain, explain some of the discrepancy between the
wind speed measurements.

The predominant wind direction at the wind farm was from the west-southwest from March through October whereas a
bimodal wind direction distribution was observed from November to February with a primary peak in the west-southwest
direction and a secondary peak in north-northeast. Wind direction histograms for 2 months, February and July, are shown
in Figure 5 for three SODAR heights (40, 80 and 120 m) and are separated into nighttime and daytime periods to show
both seasonal and temporal distributions. Eighty meter (hub height) winds were from the west-southwest over 85% of the
time on July nights (Figure 5(e)) in contrast to 55% of the time on February nights (Figure 5(b)). During the daylight hours,
80 m winds were from the west-southwest 62% of the time in July whereas only 38% of the time in February. Overall,
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Figure 5. Frequency plots of nighttime/daytime wind direction for 40, 80 and 120 m wind speed during February (a–c) and July (d–f).
Nighttime wind direction is predominately from the west-southwest in both months. During the winter, a secondary peak in daytime
winds is observed from the northeasterly direction whereas during the summer, WSW winds dominate. Very little directional wind

shear with height is evident regardless of month or time of day.

directional shear (change in wind direction with height) across heights representing the rotor disk was negligible, although
greater shear was observed in February than in July. In contrast to wind speed in Figure 4, wind direction at the wind farm
indicated only a small degree of temporal (night versus day) and spatial (vertical height and instrument location) variability
during the peak power production summer months (Figure 5(d–f)).

3.2. Stability parameter analysis and comparison

Because of less data recovery in the rainy autumn/winter months and the occurrence of peak power production in the spring
and summer months, all subsequent analysis concentrates on the warm season only. The percentage of spring- and sum-
mertime periods defined as stable (includes moderate and strong), neutral (includes weakly stable and weakly convective)
or convective (includes moderate and strong) by the Obukhov length, wind shear exponent (across 40 to 120 m), horizontal
turbulence intensity (at 80 m) and turbulence kinetic energy (at 80 m) are shown in Figure 6. The Obukhov length indicated
stable : neutral : convective conditions in a 42:18:40 ratio with weakly stable and weakly convective regimes included in
the neutral category (Figure 6(a)). As expected, daytime periods were primarily classified as strongly convective, convec-
tive or weakly convective, whereas nighttime periods were strongly stable, stable or slightly stable. Stable or very stable
conditions were present on nearly every nighttime hour during the spring and summer months. The stability parameters,
˛40_120 (Figure 6(b)), IU2SODAR (Figure 6(e)) and TKE (Figure 6(f)) showed the highest agreement with L and pre-
dicted stable : neutral : convective ratios of 42:22:36, 40:20:40 and 42:20:38, respectively, whereas IU cup (Figure 6(c)) and
IU1SODAR (Figure 6(d)) under-predicted convective conditions by more than 10%.

Box-plot histograms of 10 min ˛ (40 to 120 m), SODAR IU2 (80 m) and TKE (80 m) magnitudes according to z=L
stability class are shown in Figure 7. The box plots show the mean, median, 25th and 75th percentiles for each stabil-
ity parameter after bin averaging by z=L. Overall, there was high agreement between the derived stability parameters
and the normalized Obukhov length. For example, when z=L indicated neutral conditions (z=L � 0), the median (25th
percentile) (75th percentile) value for ˛40_120 was 0.14 (0.06) (0.23), IU2SODAR was 12.0% (9.7) (13.8), and TKE was
0.76 m2 s�2 (0.54) (1.00). When z=L indicated stable conditions (z=L > 0), the median (25th percentile) (75th percentile)
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Figure 6. Percentage of spring and summer 10 min periods classified as stable, neutral or convective according to the stability param-
eters: (a) Obukhov length, (b) SODAR wind shear exponent, (c) cup anemometer IU , (d) SODAR IU1, (e) SODAR IU2 and (f) SODAR
turbulence kinetic energy. I and TKE were measured at heights equivalent to hub height, whereas ˛ represents heights across the

entire rotor disk. The stability parameters with highest agreement to L are TKE and SODAR IU2.

˛40_120 D 0:31 (0.24) (0.36), IU2SODAR D 8:2% (7.3) (9.1), and TKE D 0:42 m2 s�2 (0.31) (0.55). When z=L indi-
cated convective conditions (z=L < 0), the median (25th percentile) (75th percentile) ˛40_120 D 0:02 (�0:04) (0.07),
IU2SODAR D 24:2% (17.2) (33.4), and TKE D 1:20m2 s�2 (0.98) (1.38). The median values for ˛40_120, IU2SODAR and
TKE are well within the thresholds given in Table II for the three major stability regimes (stable, neutral and convective).
Most of the 25th and 75th percentiles are also within the thresholds.

Mean diurnal patterns for the stability parameters during spring and summer are shown in Figure 8. In each panel, the
gray shading indicates stable conditions, the �-notched shading is neutral conditions and the white shading is convective
conditions. Almost all of the stability parameters show distinctly stable conditions at night and convective conditions dur-
ing the day. The normalized Obukhov length is shown for comparison with the on-site, derived stability parameters and
shows that, on average, stable conditions existed from 19:00 to 05:00 Pacific Standard Time, neutral conditions occurred
around sunrise and sunset and convective conditions were between 08:00 and 16:00 Pacific Standard Time (Figure 8(a)).
Figure 8(b) shows the three SODAR wind shear exponents: ˛40_120 (shear across the entire rotor disk), ˛40_80 (shear
across the lower half) and ˛80_120 (shear across the upper half), in comparison with the meteorological tower wind shear
exponent, ˛50_80 (shear across the lower half). Diurnal wind shear variability was large and all four wind shear exponents
were, on average, greater than 0.2 at night (indicating high shear and stable conditions) and less than 0.1 during the day
(indicating low shear and convective conditions). Very high shear conditions (˛ D 0:3 to 0.4) were consistently observed
on spring and summer nights in the upper half of the rotor disk, possibly indicating the presence of LLJ structures at heights
above the top blade tip, which did not penetrate to the lower half of the rotor. During the day, wind shear was generally
highest in the lower half of the rotor disk (40 to 80 m) whereas ˛40_120 values indicated a well-mixed boundary layer
across the entire swept area. Generally, magnitudes of SODAR ˛40_80 and cup anemometer ˛50_80 were very similar, as
expected, although the cup anemometer indicated slightly less wind shear during the daylight hours.

Diurnal magnitudes of IU indicated systematic instrument differences between the cup anemometer and SODAR as well
as differences in the methodology used to calculate SODAR horizontal turbulence. IU cup indicated, on average, higher tur-
bulence intensities closer to the ground (50 vs 80 m) during both nighttime and daytime hours (Figure 8(c)). Mean cup
anemometer IU was 13.5% at 50 m and 12.7% at 80 m during midday hours and 9.7% at 50 m and 7.9% at 80 m at
night. IU _50 and IU _80 were measured at different locations in the wind farm and are thus not directly comparable. The
first SODAR-derived horizontal turbulence intensity, IU1SODAR, showed a similar amount of diurnal variability as IU cup,
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Figure 7. Box-plot histogram of 10 min (a) wind shear exponent (˛40_120), (b) hub-height turbulence intensity (IU2SODAR) and (c) hub-
height turbulence kinetic energy (TKE) data according to z=L stability class show good agreement between the three on-site SODAR
stability parameters and the normalized Obukhov length. The box-plot histogram shows the mean (small square), median (horizontal
line), 25th and 75th percentiles (bottom and top of the box), 5th and 95th percentiles (lower and upper whisker line) and 1st and 99th

percentiles (� symbols).

although the SODAR parameter shows highest daytime I magnitudes at 120 m and highest nighttime I values at 40 m.
Mean nighttime 40 m (80 m) (120 m) IU1SODAR was 7.6% (6.2%) (5.5%). Mean daytime 40 m (80 m) (120 m) IU1SODAR
was 13.5% (14.4%) (14.8%). These differences with height and time of day are realistic given that turbulence at night is
shear driven (e.g. friction along the surface), whereas daytime turbulence is dominated by large, buoyant eddies.

The second SODAR-derived I parameter, IU2SODAR, showed a greater amount of diurnal variability than either IU cup
or IU1SODAR and is shown in Figure 8(e). Hub-height IU2SODAR ranged from 20.3% during midday to 8.6% at night.
IU2SODAR also showed slightly more stratification with height during the nighttime hours: mean I D 10:8% at 40 m
and 7.7% at 120 m. The largest difference between hub-height IU cup, IU1SODAR and IU2SODAR magnitudes occurred
during the daylight hours, and peak midday values ranged from 14.2% (IU cup) to 21.7% (IU2SODAR). The cup anemome-
ters systematically measured smaller turbulence intensities during the daylight hours as compared with SODAR. Further
analysis showed that the instrument differences came largely from differences in the 10 min standard deviations (�U ).
Cup anemometer �U magnitudes were generally lower than both methods used to calculate SODAR �U . The square-root
method (equation (8)) yielded up to 5% higher IU magnitudes during the day than did the averaging method (equation (7)).
A larger range of magnitudes made it possible to use IU2SODAR to distinguish very convective conditions from moderately
convective.

The mean diurnal pattern for turbulence kinetic energy at heights of 40, 80 and 120 m appears in Figure 8(f). The degree
of diurnal variability in TKE is very similar to that observed for IU2SODAR. As with the SODAR I parameters, nighttime
TKE decreased with height, whereas daytime TKE increased with height. Mean daytime (nighttime) TKE magnitudes
were 1.60 m2 s�2 (0.63 m2 s�2) at 120 m, 1.58 m2 s�2 (0.64 m2 s�2) at 80 m and 1.42 m2 s�2 (0.71 m2 s�2) at 40 m.

538
Wind Energ. 2012; 15:525–546 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/we



S. Wharton and J. K. Lundquist Atmospheric stability on rotor-disk wind characteristics

Figure 8. Mean diurnal plot of (a) the normalized Obukhov length, (b) wind shear exponent, (c) cup anemometer turbulence intensity,
(d) SODAR turbulence intensity IU1SODAR, (e) SODAR turbulence intensity IU2SODAR and (f) turbulence kinetic energy during the spring
and summer months. All parameters show convective conditions during the day and stable conditions at night in agreement with
z=L whereas ˛40_120, IU2SODAR and TKE show the highest amount of diurnal variability. The gray shading represents stable conditions,
�-notched shading is neutral conditions and white shading is convective conditions according to the thresholds for each stability

parameter as listed in Table II.

As expected, nighttime TKE magnitudes were indicative of stable, stratified flows, whereas daytime TKE showed a much
more turbulent atmosphere.

3.3. Stability influence on wind velocity and turbulence profiles

The following sections use IU2SODAR (at 80 m) to quantify the effects of atmospheric stability on the rotor disk wind
speed and turbulence profiles during spring and summer. Ten minute wind speeds at 40, 80 and 120 m were averaged by
stability class in Figure 9 and are compared with seasonal averages. Stability-correlated variability was particularly high
during the spring and summer months. Hub-height wind speed was significantly lower (p < 0:05) during convective or
strongly convective conditions than during strongly stable, stable or neutral regimes. As expected, convective conditions
showed almost no wind speed variability with height, whereas wind speeds were highly stratified across the rotor during
stable and very stable conditions. Maximum wind speeds were observed during stable conditions, at all heights, with the
largest stability-related differences occurring at the top of the rotor during the summer. For example, summer-time mean
120 m wind speed was 14.0 m s�1 during very stable conditions in comparison with 3.0 m s�1 during very convective
conditions (Figure 9(b)).

Vertical profiles of wind speed and TKE at all heights across the rotor disk are shown in Figures 10 (for spring) and 11
(for summer) and are segregated according to stability class. Using wind speed observations at 80 m, and assuming an ˛
value of 1/7 in equation (2), we also calculated the power law wind speed profile. These figures show clear distinctions in
how measured wind speed varies with height depending on atmospheric stability. Additionally, it is clear that a constant
wind shear exponent is not sufficient in predicting the mean wind speed profile under non-neutral conditions.

In Figure 10(a), the power law inaccurately predicted wind speeds at the top and bottom of the rotor disk during both
stable and convective conditions. For example, during stable conditions, the power law expression underestimated wind
speed in the upper half of the rotor by 1 to 1.5 m s�1 and overestimated wind speed in the lower half by 0.5 to 1 m s�1.
While during convective conditions, the power law overestimated wind speed in the upper half of the rotor by 1.0 to
1.5 m s�1 and underestimated wind speed in the lower half by 0.3 m s�1. In Figure 10(b), SODAR observations show that
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Figure 9. Mean wind speed at heights representative of the turbine rotor disk (40, 80 and 120 m) according to stability class in (a)
spring and (b) summer. The largest stability influences occur during the summer season when strongly stable and strongly convective

wind speeds differ by more than 10 m s�1. The horizontal lines show the seasonal mean wind speed at each height.

TKE decreased with height (up to 100 m) during stable conditions, was nearly constant with height during near-neutral
conditions and increased rapidly with height during convective conditions. The largest changes in TKE with height were
observed in the lower half of the rotor, regardless of stability regime. A significant peak in TKE below the wind speed
maxima (�130–150 m) was not noticeable during very stable conditions.

Summertime SODAR profiles of wind speed were similar to those observed in the spring, except that even stronger sta-
bility influences were observed during strongly stable and strongly convective conditions (Figure 11(a)). During strongly
stable conditions, wind speed at the top of the rotor approached 14 m s�1. This velocity was 1.5 m s�1 greater than the
predicted wind speed at this height (using ˛ D 1=7), whereas in the lower half of the rotor, U was 10 m s�1, a full meter
per second slower than predicted with the power law. In contrast, during strongly convective conditions, the power law
overestimated U in the top half of the rotor by 1.5 to 2.0 m s�1 and underestimated U in the lower half by 0.5 m s�1. TKE
profiles during the summer season are shown in Figure 11(b). Sharp increases in TKE with height were observed during
convective conditions, whereas TKE was nearly constant with height during neutral and stable conditions. A slight peak
in TKE was visible during very stable conditions at 140 m, which may indicate the presence of LLJs on summer nights (a
wind maxima is also present at 150 m), although confirmation of LLJs is not possible without further investigation.

4. DISCUSSION

With the rapid expansion of wind farms and the significant penetration of wind energy into power markets, accurate esti-
mates of wind power availability and the dependence of the wind resource on atmospheric boundary layer conditions,
including stability, are required to assess wind plant performance. In this study, a unique data set from an onshore wind
farm was explored to quantify the utility of various parameters of atmospheric stability, as well as document the impact
of atmospheric stability on profiles of wind speed and turbulence across the rotor disk. In addition to typical wind farm
meteorological tower and nacelle cup anemometers, this extensive data set included measurements from a remote-sensing
SODAR and an off-site three-dimensional (3-D) sonic anemometer.

On average, wind farms in the contiguous USA produce maximum power in January and minimum power in August.61

In contrast, this wind farm exhibited maximum power output during the warmer months, with peak power produced on
strongly stable spring and summer nights. The power season was largely driven by regional climatology. The climate
includes a dry, warm season with strong thermal gradients and strong onshore flow, and a wet, cool season dominated by
synoptic storms. The summertime peak in power coincided with higher wind speeds in the rotor disk, and in particular,
with maximum wind speeds found at the top of the rotor (100 to 120 m) during stable nighttime conditions. The wintertime
drop in power was due to fewer occurrences of strong, stable nighttime flows and an overall decrease in wind speeds at all
heights within the rotor disk.

The on-site stability parameters ˛40_120,IU2SODAR and TKE compared well with the sonic anemometer measurement
of stability, L, whereas IU cup and IU1SODAR tended to under-predict convective conditions. Previous wind farm studies
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Figure 10. Spring vertical profiles (30 to 150 m) of SODAR (a) mean wind speed and (b) turbulence kinetic energy during strongly
stable, stable, near-neutral, convective and strongly convective conditions. For reference, the turbine rotor disk covers heights of 40 to
120 m. The error bars are ˙1 standard deviation from the mean. Also plotted in (a) is the predicted wind speed profile (open circles)

on the basis of the one-seventh power law (˛D 0:14) and the 80 m wind speed.

have determined stability on the basis of one or two of these parameters,5,8 whereas ours is the first study of our knowledge
to compare such a large set of independent stability parameters. Observations of three-directional turbulence were available
on site only because of the presence of the SODAR, although deployment of 3-D sonic anemometers on a tall meteorolog-
ical tower could also enable quantification of TKE profiles. Along with power production and mean wind speed, stability
regimes at our site were highly seasonal. The largest contrasts between stable and convective conditions appeared during
thermally driven onshore flow in the spring and summer months.

We observed high amounts of wind shear across the rotor disk on summer nights in agreement with values found in other
studies,30,62 indicating that the turbines at our site are, at times, above the atmospheric surface layer and are encountering
complex, decoupled flow. Although all of the wind shear exponents characterized stability in agreement with L, we found
that stability parameters that included information about turbulence from SODAR were slightly more accurate. Likewise,
Sisterson and Frenzen62 found uncertainty with using wind shear to predict the mean wind speed profile, particularly during
stable regimes.

Turbulence intensity magnitudes were very sensitive to the type of instrument used (cup anemometer versus SODAR) as
well as to the methodology chosen to calculate horizontal turbulence when using a SODAR system. We calculated SODAR
horizontal turbulence by using two methods. The first method used the average of the u and v fluctuations, whereas the
second method used the square root of the sum of u and v fluctuations squared. The second calculation is used by microme-
teorologists, whereas the first appears to be the primary method used in the wind energy industry. I observations presented
here are comparable in magnitude with those of other wind energy studies6,30,31 when turbulence intensity was measured
with either a cup anemometer or the averaging method (IU1SODAR). In contrast, a larger range of horizontal turbulence
intensity values was observed with the square-root method, and maximum IU2SODAR values exceed IU cup values pub-
lished in the literature. This disparity can be attributed to a couple of factors: (i) the fluctuations in horizontal wind speed
observed by SODAR were larger than those observed with the cup anemometers at this wind farm and (ii) the averaging
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Figure 11. Summer vertical profiles (30 to 150 m) of SODAR (a) mean wind speed and (b) turbulence kinetic energy during strongly
stable, stable, near-neutral, convective and strongly convective conditions. Also plotted in (a) is the predicted wind speed profile (open
circles) on the basis of the one-seventh power law (˛ D 0:14) and 80 m wind speed. Missing data are due to poor data recovery at

those heights.

method used in calculating IU1SODAR1 (equation 7) assumes that turbulence is isotropic and that fluctuations in the u and
v velocities should be weighted equally, whereas the square-root method (equation (8)) makes no such assumptions. We
believe that IU2SODAR is the best representation of the actual amount of turbulence present in the horizontal direction
because it is a calculation of total, not average, horizontal turbulence. Moreover, the amount of diurnal variability in IU
resembled the diurnal variability in TKE, when IU2SODAR was chosen to represent horizontal turbulence intensity. Smaller
amounts of diurnal variability in IU cup and IU1SODAR made it difficult to use these parameters to isolate two important
stability classes: very stable from stable and very convective from convective.

Anemometer differences, including low variance in cup anemometer observations, also have been reported by Yahaya
and Frangi63 using controlled flow in wind tunnel experiments. We stress that cup anemometers are not suitable for mak-
ing turbulence measurements because of their design. Cup anemometers respond faster to increases in velocity than to
decreases,48,64 which can cause a typical cup anemometer to fail to measure 5% of the turbulent energy.60 On the other
hand, Wagner et al.31 also note a difference between SODAR and cup anemometer turbulence intensities and attribute it
to the fact that SODAR measurements are noisy. Precipitation is a primary source of noise because sound can be scat-
tered from raindrops back to the SODAR. Precipitation accounted for our lower SODAR data recovery rates during the
autumn and winter months. In order to reduce this source of error from the SODAR data set, we removed moderate-to-high
precipitation data points and focused our data analysis on the relatively dry spring and summer seasons.

In addition, there are fundamental differences in the way SODAR and cup anemometers measure wind speed, which may
have led to the observed differences in I . SODAR measures vectors over a volume average whereas a cup anemometer does
scalar averaging on a point measurement. Vector averaging can be up to 5% lower than scalar averaging, although the mean
difference is around 2% to 3%.65 Assuming equal variance between the two instruments, a lower wind speed would bias
the SODAR I magnitudes towards greater values. SODAR systems also have error because of the fact that beam separation
increases with height. These errors are on the order of 0% to 20%.66 Furthermore, the equations used to calculate horizontal
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wind speed from SODAR data assume a constant tilt angle between the latitudinal and longitudinal beams and the vertical
acoustic beam and a non-zero vertical velocity. There is a chance that non-ideal conditions (e.g. non-flat terrain or the
presence of strong buoyant thermals) at this wind farm caused small errors in �U , whereby some of the vertical velocity
energy was ‘miss-measured’ as part of the horizontal wind speed. To reduce this potential bias in the SODAR data, so that
we can more accurately describe the turbulence conditions at our site, we also calculated turbulence kinetic energy, which
incorporates the velocity fluctuations in all three directions. If there is a bias in the horizontal components of turbulence
because of the reasons described above, the error was removed by calculating a measure of total turbulence or TKE.
IU2SODAR did prove to be an accurate, on-site stability parameter for this wind farm as indicated by the high agree-

ment with L and the significant correlations between wind speed and its derived stability regimes. Wind speed increased
sharply with height during stable conditions, was nearly uniform or decreased slightly with height during convective condi-
tions and was near-logarithmic under neutral conditions. Profiles of the 3-D turbulent kinetic energy also showed a strong
dependency on atmospheric stability. During stable regimes, TKE decreased with height, indicating that turbulence was
mechanically produced at the surface by friction. In contrast, during convective conditions, TKE sharply increased with
height—convective eddies form near the surface and rise aloft and only the largest and most energetic eddies rise to higher
altitudes. This behavior is consistent with that of the detailed investigations into the PBL.67–69 These stability profiles also
agree with those of other wind power studies,27,31 which report that wind conditions differ above and below the turbine
hub according to stability regime.

In very stable conditions, wind shear on the underside of an LLJ may produce intense, coherent, top-down forced
turbulence.70 This turbulence is transported downward by small-scale eddies. We found little evidence of turbulence pro-
duced aloft, such as a significant peak in TKE at the top of the rotor, although we did observe increasing wind speeds aloft
(100 to 120 m), which indicated the possible presence of nocturnal LLJs. The lack of strong TKE maxima at the top of the
nighttime profiles during very stable conditions may be due to several reasons. First, the downward transport of turbulence
is, by nature, very intermittent14 and the instrument sampling frequency may have acted as a low-pass filter and missed
these events. Second, LLJs could have occurred at heights above the maximum SODAR measurement height (z > 200 m).
And finally, our seasonal averaging would eliminate evidence of LLJs if LLJs did not occur regularly each night.

It is our observation that wind speed and turbulence kinetic energy predictably vary with height depending on atmo-
spheric stability. Therefore, there are numerous advantages to deploying sophisticated meteorological instruments at large
wind farms, instead of relying on cup anemometers for sparse measurements of wind speed and turbulence intensity at hub
height and possibly at one or more heights in the rotor disk. The high-resolution SODAR data confirmed that a constant
wind shear exponent, as assumed by the power law, leads to grossly inaccurate predictions of wind speeds at the top and
bottom of the rotor disk, particularly during strongly stable or strongly convective conditions. These inaccuracies can be
either over-assessments of the wind resource (as seen in the turbulent periods at this site) or under-assessments of the wind
resource (as seen in the stable periods at this site) and are consistent with findings in Sisterson et al.45 Considering that the
accuracy of wind speed across the entire rotor disk is critical to wind energy applications, we recommend that wind farms
invest in more sophisticated meteorological instrumentation, such as remote-sensing platforms, which give high spatial-
resolution velocity and turbulence measurements. Furthermore, our results strongly suggest that on-site, near-real-time
estimates of stability would enable a wind farm to more accurately predict the available wind resource.

5. CONCLUSIONS

The main scientific conclusions that can be drawn from this study are:

(1) Local atmospheric stability in the lower PBL can be quantified at wind farms in mildly complex terrain. Stability can
be assessed by measuring wind shear across heights equal to the rotor disk or by measuring turbulence at heights
equivalent to the rotor disk. Accurate measurements of turbulence require either a remote-sensing platform or sonic
anemometer. Either hub-height equivalent turbulence intensity (using the square-root method) or turbulence kinetic
energy can be used as a turbulence stability parameter, although TKE is theoretically superior to I because it is an
absolute (not relative) measure of turbulence and includes all 3-D fluctuations in wind speed. We emphasize that all
3-D fluctuations in wind speed have the potential to impact wind turbine performance.

(2) Vertical profiles of mean wind speed and turbulence across heights equivalent to the rotor disk are strongly correlated
to atmospheric stability as seen in the high-resolution SODAR observations. Basing the available wind resource on
hub-height wind speed without correcting for stability leads to either over-assessments of the wind resource during
convective periods or under-assessments of the wind resource during stable regimes at this onshore wind farm.
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