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Abstract

Tall wind turbines, with hub heights at 80 m or above, can extract large amounts of 

energy from the atmosphere because they are likely to encounter higher wind speeds, but they 

face challenges given the complex nature of wind flow and turbulence at these heights in the 

boundary layer.  Depending on whether the boundary layer is stable, neutral, or convective, the 

mean wind speed, direction, and turbulence properties may vary greatly across the tall turbine 

swept area (40 to 120 m AGL).  This variability can cause tall turbines to produce difference 

amounts of power during time periods with identical hub height wind speeds. Using 

meteorological and power generation data from a West Coast North American wind farm over a 

one-year period, our study synthesizes standard wind park observations, such as wind speed from 

turbine nacelles and sparse meteorological tower observations, with high-resolution profiles of 

wind speed and turbulence from a remote sensing platform, to quantify the impact of 

atmospheric stability on power output.  We first compare approaches to defining atmospheric 

stability.  The standard, limited, wind farm operations enable the calculation only of a wind shear 

exponent (α) or turbulence intensity (IU) from cup anemometers, while the presence at this wind 

farm of a SODAR enables the direct observation of turbulent kinetic energy (TKE) throughout 

the turbine rotor disk. Additionally, a nearby research meteorological station provided 

observations of the Obukhov length, L, a direct measure of atmospheric stability. In general, the

stability parameters α, IU, and TKE are in high agreement with the more physically-robust L, with 

TKE exhibiting the best agreement with L. Using these metrics, data periods are segregated by 

stability class to investigate power performance dependencies. Power output at this wind farm is 

highly correlated with atmospheric stability during the spring and summer months, while 

atmospheric stability exerts little impact on power output during the winter and autumn periods.  
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During the spring and summer seasons, power output for a given wind speed was significantly 

higher during stable conditions and significantly lower during strongly convective conditions:

power output differences approached 20% between stable and convective regimes.  The 

dependency of stability on power output was apparent only when both turbulence and the shape 

of the wind speed profile were considered. Turbulence is one of the mechanisms by which 

atmospheric stability affects a turbine’s power curve at this particular site, and measurements of 

turbulence can yield actionable insights into wind turbine behavior.
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1. Introduction

As utility-scale deployment of wind energy expands, turbine sizes and generating 

capacities also increase. For example, the wind energy industry in the United States brought 

over 5,000 turbines online in 2008, with an average capacity of 1.67 MW (AWEA 2009). Over 

half of the turbines installed in 2008 were 1.5 MW in capacity, with hub heights ranging from 60

m to 100 m above the surface and rotor diameters on the order of 80 m. Turbines with larger 

capacities generally utilize higher hub heights: the Enercon E-126 6 MW turbine is designed for 

a hub height of 135 m, with a rotor disk extending to 198 m (Enercon 2009).  As turbines 

penetrate higher altitudes, the area swept by the blades expands beyond the atmospheric surface 

layer and into regions with complex flows driven by shear stratification or turbulent mixing

(Larsen et al. 2007). While wind velocities in the turbine rotor (i.e., the swept area) largely 

determine the amount of power that is generated, wind shear and turbulence intensity also appear 

to play a role in power output (e.g., Elliott and Cadogan 1990, Motta et al. 2005, Sumner and 

Masson 2006, Gottschall and Peinke 2008, van den Berg 2008).  

In an averaged sense, wind velocity typically increases logarithmically with height from a 

minimum found just above the ground surface to a maximum near the top of the boundary layer, 

although the shape of the profile changes with atmospheric stability.  Wind velocity also varies 

across seasonal, synoptic, diurnal, and higher frequency (i.e., turbulence) time scales.  Wind 

farms over land generally experience strong diurnal effects with large differences between 

daytime and nighttime wind speeds.  Generally at night, turbulent motions are subdued, the 

boundary layer is statically stable, and air flow becomes stratified at heights encountered by the 

wind turbine.  This stratification can lead to high shear conditions in the rotor blade swept-area 
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with wind maxima, or low-level jets, between 100 and 300 m above the surface, near the top of 

modern turbine rotors.  During the day, turbulent motions are enhanced, the boundary layer is 

well mixed or unstable, and wind shear is very low so that wind speeds at the top of the rotor are 

similar to those at the lower blade tip.

Accurate descriptions of how wind velocity and turbulence vary across the rotor may be 

possible through characterization of the stability of the lower boundary layer.  Atmospheric 

stability is largely driven by thermal gradients (static stability), and by frictional drag along the 

ground surface and wind shear aloft (dynamic stability).  Unstable atmospheric conditions 

usually occur during daylight hours when surface heating causes air to rise, resulting in large-

scale turbulent eddies and turbulent mixing which reduces vertical gradients of temperature and 

velocity.  If the rising air parcels are in thermal equilibrium with the surrounding air, the 

boundary layer is said to be neutrally stable.  Neutral conditions often occur when wind speeds 

are very high and vertical gradients are constant or during dawn and dusk when stability 

conditions in the boundary layer transition.  Stable conditions occur when vertical motion is 

suppressed (negative buoyancy) and turbulence is dominated either by mechanical forces near 

the surface (e.g. friction with the ground surface) or high wind shear aloft (e.g. nocturnal low-

level jet).  A stable boundary layer is characterized by very little vertical mixing and strong 

gradients of temperature and velocity.  

Stability classification schemes for the lower boundary layer have previously been based 

on vertical profiles of virtual potential temperature θv (i.e., the lapse rate 
dz
d ), the gradient 

Richardson number Ri (e.g., Kaimal and Finnigan 1994, Magnusson and Smedman 1999) and 

the surface-layer Obukhov length L (e.g. Mahrt et al. 1998, Mahrt 1999).  The lapse rate gives 
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the most straightforward indication of whether the boundary layer is statically stable

(subadiabatic lapse rate), statically unstable (superadiabatic lapse rate) or neutral (adiabatic 

lapse) although a temperature profile requires either multiple instruments on a very tall 

meteorological tower or a remote sensing platform.  Because of these logistical constraints,

boundary-layer studies often rely on the surface-based Obukhov length to characterize stability,

which requires a single heat flux measurement near the ground. This surface-based approach

may not be ideal in wind power applications because L does not account for top-down forced 

boundary layers such as those that occur during low-level jets (Mahrt et al. 2002). 

Wind farms have conventionally inferred local stability conditions from either a measure 

of wind shear, estimated from two to four wind speed measurement heights, or turbulence 

intensity, often from a single height cup anemometer.  High magnitudes of wind shear suggest a 

stable boundary layer and the turbine blades are likely to encounter strongly stratified flow (e.g., 

much higher wind speeds at the top of the rotor than at the bottom) across the swept-area. Low 

values of wind shear indicate convective or well-mixed conditions across the rotor and a more 

uniform velocity profile. The second convention for estimating stability is based on the relative 

amount of turbulence present in the atmosphere, or turbulence intensity.  A stable atmosphere is 

generally characterized by having very low amounts of turbulence while a convective 

atmosphere will be more turbulent.  High amounts of turbulence can put significant aerodynamic 

loads on the turbine and cause fatigue damage to the turbine rotor (Kelley et al. 2001, Hand et al. 

2003).  

The site presented here is unique from other wind farms in regard to: (1) the presence of 

both marine and terrestrial boundary layers over mildly complex terrain, (2) local orographic 

relief creates channeled flow leading to a dominate wind direction at all heights within the rotor
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swept-area (i.e., very little directional shear), (3) several seasons of turbine and meteorological 

data were available, and (4) a robust network of instrumentation was available which allowed for 

the comparison of the swept-area wind profile to hub-height measurements of wind velocity, 

turbulence intensity, and power at the individual turbines. In particular, this site employed 

remote sensing instrumentation, a SODAR, to measure wind profiles throughout the blade-swept 

area. As such, this robust dataset enables quantification of the dependence of wind power 

collection efficiency with atmospheric stability conditions and answers the question:  How does 

atmospheric stability impact a tall turbine’s power curve?  

This report is divided into four parts.  A review of previous investigations into the effects 

of atmospheric stability and turbulence intensity on wind turbine power production appears in 

Section 2. Section 3 provides background information on the wind farm and the meteorology 

experienced during the study year, as well as the methods used to quantify atmospheric stability, 

wind shear, turbulence intensity, and power collection at the turbines at this wind farm. Section 

4 presents the results of the investigation, including a detailed analysis of the impacts of 

boundary layer stability on power collection at an individual turbine.  A final discussion of the 

work presented here is given in Section 5.  
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2. Previous Studies

Previous investigations of the accuracy of turbine power curves have noted a dependency 

of power performance on wind shear and turbulence intensity, although very few of these studies 

use observations of power performance data from three-bladed turbines with hub heights above 

60 m. These investigations include early studies by Christensen and Dragt (1986), Fransden 

(1987), Elliott and Cadogan (1990), and Rohatogi (1996), as well as more recent research by van 

den Berg (2008), Tindal et al. (2008), Antoniou et al. (2009a), Rareshide et al. (2009), and 

Wagner et al. (2009). Some stability studies have focused on specific atmospheric phenomena 

found in the lower boundary layer, including the nocturnal low-level jet (LLJ) which produces a 

wind maxima (Blackadar 1957, Stull 1988, Banta 2008) at heights near the top of the turbine 

rotor (e.g., Kelley et al. 2004, Emeis et al. 2007, Cosack et al. 2007, Pichugina et al. 2008, Storm 

et al. 2009).  Other teams have focused on the sensitivity of power curves to wind shear (Hunter 

et al. 2001, Rareshide et al. 2009, Wagner et al. 2009) and turbulence intensity (Elliott and 

Cadogan 1990, Kaiser et al. 2003, Honhoff 2007, Tindal et al. 2008, Rareshide et al. 2009).

Wind shear is often estimated in the rotor disk by the wind shear exponent, , where

equal to zero represents a perfectly well-mixed profile with no shear across the rotor disk and 

equal to 0.3 represents a highly stratified profile with large shear across the rotor disk.  A 

number of studies have shown that wind shear has an effect on power output although the results 

are not universal. Rareshide et al. (2009) found that moderate to high wind shear conditions 

(0.2) at moderate wind speeds (7.5 to 8.5 m s-1) led to higher power output at a U.S. Great 

Plains wind farm than when wind shear was low.  In contrast, Wagner et al. (2009) observed that 

very high wind shear () decreased power output by 42% as compared to no shear 

conditions in a modeling study based on 90 m tall Siemens 3.6 MW turbines.  A third study done 
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by Hunter et al. (2001) found that high wind shear at an English wind farm had different effects 

on power output depending on the average hub-height wind speed.  At moderate wind speeds (~ 

5.5 m s-1), 20% more power was generated as wind shear approached 0.3 than when wind shear 

was zero. For wind speeds above 8.5 m s-1, high magnitudes of wind shear had the opposite 

effect on power output.  At this velocity, higher values of wind shear actually led to lower power 

output from the turbines.  (The type and hub heights of turbines are unidentified in Hunter et al. 

2001 and Rareshide et al. 2009).  

Because large wind shear can either positively or negatively impact power generation, 

another mechanism, turbulence intensity, likely exerts an influence on power generation. Elliott 

and Cadogan (1990), in one of the earliest and most notable studies, suggest that separate power 

curves for different turbulent regimes should be calculated to distinguish the effects of 

turbulence intensity on power production.  At a West Coast site with two-bladed MOD-2 2.5 

MW turbines (60 m hub heights), differences in power generation approached 300 to 400 kW 

between high turbulence (more power) and low turbulence (less power) conditions during 

moderate to high wind speeds. Further analysis showed that at low turbulence intensities, hub-

height wind speed overestimated the rotor-averaged velocity by as much as 1 m s-1 or more

because wind shear in the upper half of the rotor was either negative or near zero.  At high 

turbulence intensities, they observed little or no difference between hub-height wind speed and 

rotor-averaged wind speed.  This distinction led to more power being extracted from the wind 

during times of high turbulence because wind speeds in the upper half of the rotor were actually 

greater than during times of low turbulence. Although these turbines approach the hub heights 

of many of the modern industrial-scale turbines, the behavior of these two-bladed turbines may 

differ from the three-bladed turbines found in broad use today.
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The effect of both shear and turbulence on wind turbine power performance was 

examined by Wagner et al. (2009) whereby they used actual atmospheric profiles in a model 

simulation of tall turbine performance.  They found that by incorporating both turbulence and 

wind shear into an “equivalent” or rotor-averaged wind speed, they were able to obtain more 

accurate power curves than by using hub-height wind speed alone. Despite studies such as this 

one which suggests that wind shear and turbulence impact power production, power curves are 

still typically made as a function of hub-height wind speed, without information on wind velocity 

and turbulence intensity across the entire rotor disk.  This approach is continued primarily 

because of the challenge of fielding meteorological towers or remote sensing platforms to 

provide observations at multiple heights spanning the rotor disk. By plotting power as a function 

of hub-height wind speed, the effects of wind shear and turbulence intensity described above 

may be hidden, and a turbine can be seen to perform sub-optimally. In the present study, using a 

high resolution SODAR which can provide measurements of wind velocity and atmospheric 

turbulence throughout the rotor disk, we explore these impacts of shear and turbulence at a farm 

with modern three-bladed turbines at hub heights of 80 m through multiple seasons, using 

meteorological and turbine performance observations.
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3. Methods

3.1 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 gradients, particularly during the summer months when the land is 

much warmer than the coastal Pacific waters; this gradient produces winds consistently from the 

westerly or southwesterly direction.  This site has two distinct seasons: a wet, cool winter and 

dry, warm summer with very little convective storm activity occurring during the warm season.  

The landscape is grassland and rolling hills of mildly complex terrain and elevation variations 

less than 100 m.  Portions of the site are used as grazing land. 

A number of horizontal-axis, three-bladed wind turbines with a rotor diameter of 

nominally 80 m are in operation at the wind farm.  The blades interact with the instantaneous 

wind speed, u(t), within a disk-shaped area across heights of 40 m to 120 m above the ground 

level (AGL), where 40 m is the minimum blade tip height and 120 m is the maximum blade tip 

height.  The nacelle and power generator are located at 80 m AGL (referred to as hub-height).  

Cup anemometers are sited on the end of nacelle hubs, providing hub-height estimates of wind 

speed and turbulence intensity as discussed below. A subset of six turbines from the site is

selected for analysis in this study; these turbines are all upwind of other turbines and other 

obstacles. 

The wind farm employs two meteorological towers with vertical arrays of cup

anemometers from 30 m to 80 m AGL (hub-height).  Additionally, a SODAR collects high 

resolution, three-axis wind velocity data during most of the year-long study period.  High 

resolution SODAR data enables the calculation of a wind shear exponent, α, horizontal 
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turbulence intensity, IU, and turbulent kinetic energy (TKE) at all heights within the rotor disk as 

discussed in detail below.  In addition, the Obukhov length, L is obtained from three-axis wind 

velocity and surface heat flux measurements from an off-site research station approximately 10 

km away in similar terrain.  All measurements (meteorological tower wind speed, SODAR wind 

speed and direction, and nacelle wind speed and power output) except for the Obukhov length 

are averaged over a 10-minute time period. Measurements of wind speed and temperature used 

in the Obukhov length calculation are available as 30-minute averages.  Full instrumentation 

details are listed in Table 1.

Instrument Time 
resolution

Location Measurement 
height (m)

Data 
collected

# of site 
locations

wind speed NRG cup anemometer 10 min turbine nacelle 80 U, σU 6

NRG cup anemometer 10 min on-site 50-m 
tower

30, 40, 50 U, σU 1

NRG cup anemometer 10 min on-site 80-m 
tower

50, 60, 80 U, σU 1

SODAR 10 min on-site 20,30,40,50,60,70, 
80,90,100,110,120, 
130,140,150,160,
170,180,190,200

u, v, w,
σu, σv, σw

3 (one 
roving 
system)

3-D sonic anemometer 30 min off-site tower 3 u(t), v(t),w(t),
u, v, w,
u', v', w'

1

wind 
direction

wind vane 10 min turbine nacelle 80 degree 6

wind vane 10 min on-site 50-m 
tower

47 degree 1, not fully 
operational

wind vane 10 min on-site 80-m 
tower

77 degree 1, not fully 
operational

SODAR 10 min on-site 20,30,40,50,60,70, 
80,90,100,110,120, 
130,140,150,160,
170,180,190,200

degree 3 (one 
roving 
system)

3-D sonic anemometer 30 min off-site tower 3 degree 1

air 
temperature

temperature sensor 10 min on-site 50-m 
tower

47 °C 1, not fully 
operational

temperature sensor 10 min on-site 80-m 
tower

77 °C 1, not fully 
operational

3-D sonic anemometer,
relative humidity/ 
temperature sensor

30 min off-site 
meteorological 
tower

3 θv , °C 1

Table 1: List of available meteorological instrumentation, variables measured, and measurement heights.



14 of 73

Throughout this paper we define the wind velocities as the following: u is mean wind 

speed in the streamwise direction, v is mean wind speed in the crosswind direction, w is mean 

wind speed in the vertical direction, and u', v', and w' are deviations of the instantaneous wind 

speed components (u(t), v(t), and w(t)) from the mean wind speed (u, v, and w), such that, u' = 

u(t) – u. The total horizontal mean wind speed, U, is the vector sum of the two horizontal 

velocities, where, U = 22 vu  .  All analyses were done using the statistical software package 

ORIGIN 8 (OriginLab Corp., Northampton, MA, USA). 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).

3.2 Meteorological measurements and stability parameters
Vertical profiles of mean wind speed are available at two meteorological towers (50 m 

and 80 m tall) for this study.  Three cup anemometers (NRG IceFree, NRG Systems, Hinesburg, 

Vermont) are mounted on the 50 m tall tower at heights of 30 m, 40 m, and 50 m AGL. The 80 

m tall tower was equipped with three cup anemometers at heights equal to 50 m, 60 m, and 80 m 

AGL. The 80 m tall tower also had measurements of the standard deviation of mean wind speed 

at each of the three heights.  The cup anemometers measure the mean horizontal wind velocity 

(U, m s-1) at a sampling rate of 1 Hz with an accuracy of 0.3 m s-1. Wind direction and air 

temperature are measured at a single height on each tower: 47 m and 77 m.  Frequent data 

outages in air temperature measurements, as well as the horizontal distance between the two 

meteorological towers, make it impossible to use the vertical temperature profiles to determine 

atmospheric stability at this site.
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SODAR measurements of three components of wind speed (m s-1) and wind direction are 

also available during much of the study period.  SODAR emits high frequency acoustic signals in 

three (u, v, and w) directions and calculates wind speed by analyzing the frequency shift in 

spectral energy in the return signal (Coulter and Kallistrova 1999, Crescenti 1997).  The wind 

vectors are measured at 10 m height intervals from 20 m to 200 m, for a total of 19 height levels

above the ground surface using a 4500 Hz Doppler Sound Detection and Ranging (SODAR)

(Model4000, Atmospheric Systems Corporation, Santa Clarita, CA) at a sampling rate of 0.4 Hz.  

The SODAR operated from July 2007 to May 2008 with major outages in the rainy season 

(November, December and January).  On average, daytime (nighttime) data recovery was greater 

than 95% (90%) at the 40 m height, 90% (85%) at 80 m, and 75% (83%) at 120 m AGL. The 

instrument was not stationary during the study period and was moved to three site locations 

within the wind farm, corresponding to the periods: July 2007 to mid-August 2007, mid-August 

2007 to September 2007, and October 2007 to May 2008.

SODAR and cup anemometer wind velocities were used to calculate the dimensionless 

wind shear exponent, α, using a power law expression (Eq 1) (Elliott et al. 1987),  

)()(
R

R z
zUzU                     (1)

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 reference height zR (m).  In Equation (1) the reference height (zR) is by 

convention closer to the ground than height z.  We calculated four distinct α parameters. Three 

α-values were calculated using SODAR: 40_120 estimates wind shear across the entire swept 

area of the rotor, 40_80 estimates wind shear across the lower half of the swept area, and 80_120
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estimates wind shear across the upper half of the swept area.  A fourth α-value, 50_80, was 

calculated using the meteorological tower cup anemometers at heights of 80 m and 50 m for 

comparison to the SODAR shear exponent 40_80.  A constant α-value of 1/7 (0.144) is 

commonly used to extrapolate the wind speed taken at a reference height (often near the surface) 

to all other heights within the blade-swept area.  Rohatgi (1996) attributes this assumption to von 

Karman’s early work indicating a correspondence between wind flow and flow over flat plates.  

As is recognized, serious errors can be introduced by reliance on the power law to estimate 

average wind speed in the rotor swept-area.  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 is only 

considered valid during neutral conditions and over 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.

A second on-site stability parameter, horizontal turbulence intensity (IU), was calculated

from SODAR, meteorological tower, and nacelle wind speed measurements using Eq (2),    

)(zU
I U

U


        (2)

where σU is the standard deviation of the mean horizontal wind speed (U) at height z. IU was 

calculated for all nine measurement heights in the rotor disk using SODAR data, at heights of 40, 

50 and 80 m using meteorological tower cup anemometer measurements, and at 80 m using the 

nacelle-mounted cup anemometer. Turbulence intensity is a function of atmospheric stability 

and surface roughness.  In contrast to the wind shear exponent, α, which measures the wind shear 

that may produce turbulence, the turbulence intensity, IU, directly measures turbulence 
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fluctuations of the lower boundary layer.  High IU magnitudes (IU > 20%) indicate that a larger

proportion of the wind energy is composed of turbulent flow while low IU values (IU < 10%) 

indicate laminar flow with less turbulence. IU is a statistical descriptor of the overall level of 

turbulence, and therefore makes no quantitative distinction between thermal-produced turbulence 

(e.g., caused by convective cells in the mixed layer or buoyant air parcels near the surface) and 

shear-produced turbulence (e.g., caused by frictional drag along a rough, ground surface or 

strong shear just below a nocturnal low level jet).  Additional high frequency measurements are 

required to quantify the source of turbulence, as in Piper and Lundquist (2004).  Related to 

turbulence intensity, turbulence kinetic energy (TKE, m2 s-2) was calculated from the 3-axis 

velocity SODAR data,

)(
2
1 222 wvuTKE                     (3)

In Equation (3), 2u , 2v , and 2w are variance in u, v and w directions and are interpreted as the 

average of the square of the turbulence part of the wind speed.  TKE was calculated for each of 

the 19 SODAR measurement heights.  When strong winds are present or during neutral 

conditions, TKE may be nearly constant or decrease slightly with height (Stull 1988).  During the 

day, TKE generally increases with height until a maximum is found at the level where free 

convection dominates. At night, TKE often decreases rapidly with height from a maximum value 

found just above the surface.  An exception to this typical nighttime behavior occurs when low-

level jets 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 suggests the presence a LLJ (e.g., Mahrt et al. 2001, Mahrt and 
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Vickers 2002, Lundquist 2003) and maximum winds may be found at heights equal to the top of 

the rotor swept-area (100 to 120 m AGL) (Lundquist and Mirocha 2008).  

In addition, a nearby university research station provided 3-axis wind velocity and 

surface heat flux data from a sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, Utah) 

during the study period from which the Obukhov length stability parameter was calculated.  A 

sonic anemometer is a fast-response (sampling rate of 20 Hz), multi-axis wind sensor which 

measures the mean component of horizontal (u and v) and vertical (w) wind speed as well as the 

fluctuations from the mean (u', v' and w') which give information about the structures of 

organized turbulence. The off-site research station has some localized differences from the wind 

farm: its fetch includes flatter terrain and data indicate a slightly lower estimate of surface 

roughness, but the wind is consistently from the same direction.  The Obukhov length (L, m) is a 

scaling parameter that is used as an indicator of atmospheric mixing conditions in the surface 

layer following Monin-Obukhov similarity theory (Monin and Obukhov 1954, Obukhov 1971, 

Nieuwstadt 1984, Stull 1988),  

''

3
*

v

v

wgk

u
L








       (4)

where θv 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), ''
vw is the surface heat flux, and the friction velocity u* is 

defined from the streamwise and crosswind turbulent momentum fluxes, u* = 4/1
2

''
2

'' )( wvvu  . 

Due to the non-linear nature of L, and because L is often constant with height throughout the 

lower boundary layer, Eq (4) is commonly expressed as a non-dimensional scaling parameter 
L
z
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where z is the height at which other variables are measured. The sign of the surface heat flux or 

buoyancy term in Eq (4) indicates whether the boundary layer is statically stable (negative 

buoyancy term) or statically unstable (positive buoyancy term). L or 
L
z is defined as a negative 

quantity under convective or statically unstable conditions (heat flux is directed away from the 

surface), positive under statically stable conditions (heat flux is directed towards the surface), 

and approaches zero (no net buoyancy effects) under neutral conditions.  A physical 

interpretation of the Obukhov length is that L is proportional to the height (in meters) above the 

surface at which thermal-produced turbulence begins to dominate shear-produced turbulence.    

3.3 Stability classifications
For each 10-minute averaging period, we described the boundary layer mixing conditions 

based on Obukhov length, L(surface), wind shear exponent, at various heights), turbulence 

intensity, IU (80 m), and turbulence kinetic energy, TKE (80m), and classified the time period as 

belonging to one of five stability classes: strongly stable, stable, neutral (includes slightly stable 

and slightly convective), convective, or strongly convective.  The L, , IU, and TKE criteria for 

each of the five stability regimes are given in Table 2.  The frequency of very stable or stable –

to neutral – to convective or very convective periods was 36:27:37 during Winter (W), 51:30:19 

during Spring (Sp), 57:22:21 during Summer (Su), and 34:26:40 during Autumn (A).  Stable or 

very stable conditions were present during nearly all of the nighttime hours in the spring and 

summer months. 
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Stability 
class

L
(m)

 IU_80 TKE 80
(m2 s-2)

Boundary layer 
properties

Frequency
W Sp Su A

strongly 
stable

0 < L < 
50

α > 0.3 IU < 8% TKE < 0.4 Highest shear in swept-
area, nocturnal LLJ may be 
present, little turbulence 
except just below the LLJ

11% 19% 22% 4%

stable 50 < L
< 200

0.2 < α
< 0.3

8% < IU
< 10%

0.4 < TKE
< 0.6

High wind shear in swept-
area, low amount of  
turbulence 

25% 32% 35% 30%

neutral L > 
200 or 
L < -
300

0.1 < α
< 0.2

10% < 
IU < 
20%

0.6 < TKE
< 1.0

Generally strongest wind 
speeds throughout the  
blade swept-area

27% 30% 22% 26%

convective -300 < 
L < -15

0.0 < α
<0.1

20% < 
IU < 
30%

1.0 < TKE
< 1.4

Lower wind speeds, low 
shear in swept-area, high 
amount of turbulence

17% 15% 14% 20%

strongly 
convective

-15 < L
< 0

α < 0.0 IU > 
30%

TKE > 1.4 Lowest wind speeds, very 
little wind shear in swept-
area, highly turbulent 

20% 4% 7% 20%

Table 2: Stability classifications for the four stability parameters (Obukhov length, wind shear, turbulence 
intensity, and turbulence kinetic energy), general atmospheric conditions, and frequency of occurrence 
during the data period.  Wind shear, turbulence intensity and turbulence kinetic energy thresholds are 
based on the SODAR wind velocity data.

The stability thresholds listed in Table 2 are largely based on published values, although 

the criteria have been modified slightly according to the range of atmospheric conditions 

observed at this wind farm.  The Obukhov thresholds are based on stability classifications given 

by Panofsky and Dutton (1984), and are similar to those used by van Wijk et al. (1990) in a study 

of offshore wind profiles and Sathe and Bierbooms (2007) in their assessment of turbine damage 

induced by atmospheric stability effects.  The wind shear thresholds are based on work by van 

den Berg (2008) and Walter et al. (2009), although we defined a slightly lower threshold for 

strongly stable conditions (van den Berg (2008) uses  > 0.4.  Our turbulence intensity 

thresholds appear to be more site-specific than L or and a review of other studies (Elliott and 

Cadogan 1990, Langreder et al. 2004, Tindal et al. 2008, Rareshide et al. 2009) suggests that 

most turbulence intensity thresholds are site-specific.  For example, Rareshide et al. (2009) 
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defined just two stability classes based on a low turbulence threshold (IU = 5 to 11%) and high 

turbulence threshold (IU = 11 to 17%), while we defined five IU stability classes including one 

which describes a neutral atmosphere using intermediate values of turbulence intensity (10% < 

IU < 20%).  In comparison, Tindal et al. (2008) examined what they described as a low 

turbulence intensity wind farm and subsequently defined the following IU thresholds: low 

turbulence (0% < IU < 5%), medium turbulence (5% < IU < 10%), and high turbulence (10% < IU

< 15%).  Most similar to our site, Elliott and Cadogan (1990) 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%.  The TKE thresholds are based on boundary layer campaign data found in 

Stull (1988).

3.4 Equivalent wind speed
Because hub-height wind speeds may not represent the flow across an entire rotor disk or 

blade-swept area, a rotor-averaged wind-speed is often calculated when wind profiles across the 

rotor disk are available (Elliot and Cadogan 1990). High spatial resolution measurements from 

SODAR (10 m intervals from 40 to 120 m AGL) allow us to calculate a rotor-averaged wind 

speed or “equivalent” wind speed using Eq (5) (Wagner et al. 2009), 

dzzHzHrzU
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U
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                                 (5)

where Uequiv_SODAR is the weighted or “equivalent” wind speed in the rotor swept-area as 

measured by the SODAR, A is the area of the turbine rotor (m2), U(z) is the mean wind speed (m 

s-1) at height z (m), r is the radius of the rotor swept area (m), H is the hub-height (m) and z is the 
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measurement height (m).  The equivalent wind speed is a more accurate estimate of the energy 

available to the rotor blades than hub-height wind speed. Following de Vries (1978) and Wagner 

et al. (2009) and theory presented in Rohatgi and Barbezier (1999) and Gottshall and Peinke 

(2008), we further modify Eq (5) to take into account that the instantaneous wind speed is a 

composite of the mean wind speed and turbulence.  The interaction between turbulence and 

turbine performance is poorly understood although from a theoretical point of view, turbulence is 

additional energy in the wind, energy which is not quantified by using the mean wind speed

alone (Rohatgi and Barbezier 1999). Turbulence encountered by the rotor is now accounted for

in the UI(z) term in (Eq 6),
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where UI(z) is calculated using the derivation of the average energy flux, (Eq 7),

3 23 )31()()( UI IzUzU         (7)

Eqs (5 and 6) calculate a rotor-averaged wind speed which takes wind shear into account, 

while Eq (6) additionally includes turbulent energy making it a “true-flux” equivalent wind 

speed (Wagner et al. 2009).  

Finally, the SODAR system is not co-located with the turbines used in this study, and in 

fact is often 3 km from the turbines discussed here.  This distance makes it difficult to justify 

using the SODAR equivalent wind speed in the turbine power curves directly.  Therefore, we 

make the assumption that the difference between the hub-height wind speed (SODAR 80 m) and 

the equivalent wind speed (Eq 5 or 6) could be considered a constant value (over a 10 minute 



23 of 73

period) across the wind farm.  The nacelle wind speeds are adjusted using Eq (8) to account for 

the difference between SODAR hub-height and SODAR equivalent wind speed (shown here 

using the “true-flux” equivalent wind speed),

UequivTI_nacelle = Unacelle + (UequivTI_SODAR – U80_SODAR)                                                       (8)

If the SODAR equivalent wind speed and the SODAR hub-height wind speed are

identical for a ten-minute period, then there is no adjustment and UequivTI_nacelle = Unacelle. 

3.5 Comparison of available wind speeds
Access to a robust network of meteorological towers, SODAR, and nacelle wind data 

provides a number of ways to quantify the amount of wind energy available to the turbines.  This 

section compares four methods of estimating wind speed in the rotor disk: (1) nacelle wind 

speed, (2) SODAR hub-height wind speed, (3) SODAR “true-flux” equivalent wind speed (Eq 

7), and (4) nacelle-adjusted “true-flux” equivalent wind speed (Eq 8).  Figure 1 shows that the 

frequency distribution of spring and summer winds is shifted towards lower wind speeds when 

the nacelle wind speed data are compared to the SODAR, perhaps due to turbine wake effects. 

This shift is most prevalent in the 6 to 10 m s-1 range when all turbulence classes are included 

(Fig 1a), but during times of only high turbulence becomes most noticeable at the lower end of 

wind speeds (2 to 7 m s-1) (Fig 1c).  Taking into account any differences between the hub-height 

wind speed and the “true-flux” rotor-averaged wind speed did not eliminate the frequency shift 

between the two instruments, which suggests that the wind speed differences between the cup 

anemometer and SODAR are instrument-driven.  There are also small but important wind speed 

differences between the hub-height wind speed and “true-flux” equivalent wind speed, which are 

evident in both the nacelle and SODAR data.  Differences between the 80 m and rotor-averaged 
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wind speed are most acute for wind speeds between 7 and 12 m s-1, which is a critical range in 

the power performance curves of these turbines.

Figure 1. Frequency distribution of 10-minute SODAR hub-height, SODAR “true-flux” equivalent, 
nacelle hub-height, and nacelle-adjusted “true-flux” equivalent wind speed for Turbine #1 during the 
spring and summer months.  Data are from (a) all time periods, (b) periods of low turbulence, and (c) 
periods of high turbulence. The distribution of cup anemometer data are shifted to the left towards the 
lower wind speeds.

3.6 Evaluation of power performance
Ten-minute averages of nacelle-mounted cup anemometer wind speed (m s-1) and power 

(kW) from six 80-m tall turbines enable the generation of power curves (electrical power output 

versus wind speed) for this site.  We select leading-edge turbines to remove any effects that 

turbine-induced wakes may have on turbine power performance in this analysis.  Also, the 

distance between any upwind obstacles, e.g., the 80 m meteorological tower, and a downwind 

turbine is checked to make sure that the turbine is no closer than four times the rotor diameter 

from the upwind obstacle (IEC 2003).  Manufacturer power performance data were obtained and 

were used to make comparisons between observed power curves and the manufacturer standard 

power curves.  The manufacturer power performance data assumed standard atmospheric 
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conditions, including an assumption of neutral stability and turbulence intensity between 10-

15%.  Air density corrections for the manufacturer power curves using on-site air pressure and 

air temperature did not make a significant difference and are not shown in this study.  Power 

production from an individual turbine is expressed here in terms of the capacity factor, 

%100. 
rated

ti

P
PCF                (9)

where, Pi,t is the actual power (kW) at time, i, at turbine, t, and Prated is the maximum power yield 

(kW) of the turbine as determined by the manufacturer.  A capacity factor of 100% would 

indicate that a turbine is producing a power yield equal to the maximum power rating.  For 

comparison, modern wind farms in the U.S. have an average capacity factor of 35%, with the 

most efficient ones reaching annual averages of around 48% (Wiser and Bolinger 2009). In 

addition to capacity factor, individual turbine performance was also evaluated using the power 

coefficient, Cp, 
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where, ρa is air density (kg m-3), At is the area of the turbine rotor (m2), and Ui,t is the equivalent 

wind speed (UequivTI_nacelle) at time, i, at turbine, t. The power coefficient indicates how efficient 

the turbine is at converting wind energy into electricity. Theoretically, the maximum mechanical 

efficiency of a turbine is 59.3% and is known as the Betz limit (Betz 1966).  More typically, 

turbines have maximum efficiencies approaching 40% to 45%. Here, CF and Cp were calculated 

for each 10-minute period.
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4. Results

4.1 Seasonal wind speed and direction at the site

This wind farm had significant seasonal and diurnal variations in the mean wind speed.  

Wind speeds overall were higher at night than during the day and higher during the warm season 

than in the cool season (Figure 2).  The largest seasonal wind speed variability occurred during 

the nighttime hours so that the average summer nighttime wind speed was twice as fast as in 

winter:  mean hub-height wind speed was 5.4 m s-1 (winter) and 10.1 m s-1 (summer).  Less 

seasonal variability was present during the daylight hours although daytime wind speeds also 

seasonally peaked during the warmer summer months.  Diurnal variability was minimal during 

winter and autumn but significant during the summer and spring (Figure 3). At the 120 m 

height, mean wind speed varied by up to 7 m s-1 between daytime and nighttime in the summer 

but in the winter differed only 2 m s1.  Mean annual nighttime hub-height wind speed was 8.5 ± 

2.8 m s-1 from SODAR and 8.3 ± 2.6 m s-1 from the meteorological tower.  Mean annual daytime 

hub-height velocity was 6.5 ± 3.2 m s-1 from SODAR and 6.7 ± 3.0 m s-1 from the 

meteorological tower.  The Pearson’s correlation coefficient (r) between SODAR and 

meteorological tower hub-height wind speed was r = 0.87 during the day and r = 0.69 at night 

during the spring and summer months.  The meteorological tower data showed greater height 

variability in the daytime wind speeds than the SODAR between heights of 50 m and 80 m 

although this may be an artifact of the 8 km distance between the two meteorological towers. 

The tower and SODAR were also not co-located and were separated by 3 km which explains 

some of the discrepancy between the two datasets.
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Figure 2: Monthly mean night and day wind speeds at 40 m, 80 m and 120 m heights from SODAR and 
the meteorological towers show strong seasonality.  The mean nighttime and daytime hub-height 
velocities (80 m) are an average of all months except for Jan., June, Nov., and Dec.

Figure 3: Seasonal diurnal plots of 40 m, 80 m, and 120 m mean wind speed show a strong diurnal signal 
during spring and summer.  Diurnal variation in wind speed is lower at the 40 m height than at 120 m 
above the ground and lower during the winter and autumn months at all heights than during the summer 
and spring.
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Figure 4: Frequency plots of nighttime/daytime wind direction for 40 m, 80 m and 120 m wind velocities 
during the spring show that winds are predominantly from the WSW at this wind farm.

In contrast to wind velocity, wind direction measurements at the 40 m, 80 m and 120 m 

heights show a small degree of temporal (night versus day) and spatial (vertical height) 

variability throughout the year.  Average wind roses for the spring months are shown in Figure 4.  

Nighttime winds were consistently from the west-southwest.  Daytime winds were occasionally 

from the north but showed predominance in the west-southwest direction.  On average, there was 

a small amount of directional shear (
height

direction

 ) across the entire blade swept area, with greater 

shear occurring in the lower half of the swept area (40 m to 80 m) than in the upper half  (80 m 

and 120 m) during the daylight hours.  Figure 4 indicates that changes in wind direction with 

height and time of day are not a significant concern at this wind farm.

4.2 Stability parameter analysis and comparison
The percentage of summer time periods defined as stable, neutral or convective by the 

Obukhov length, wind shear exponent (SODAR α40_120), turbulence intensity (SODAR IU80 or 

nacelle IU80), and turbulence kinetic energy (SODAR TKE80) are shown in Figure 5.  The 
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Obukhov length (Fig 5a, shown here as 
L
z ) predicted that stable:neutral:convective conditions 

occurred in a 42:30:28 ratio.  The SODAR-based stability parameters, α40_120 (Fig 5b), IU80 (Fig 

5c) and TKE80 (Fig 5e) show high agreement with 
L
z , although the wind shear parameter 

predicted a slightly higher percentage of convective conditions.  The nacelle-based turbulence 

intensity parameter (Fig 5d) shows poor overall agreement with the other stability parameters. 

Nearly 90% of the summer (daytime and nighttime hours) was classified as stable or neutral by 

nacelle-based IU while 
L
z predicted stable or neutral conditions just 72% of the time.  

Figure 5: Percentage of summer time periods classified as stable, neutral or convective according to the 
four stability parameters: (a) normalized Obukhov length, (b) SODAR wind shear, (c) SODAR turbulence 
intensity, (d) nacelle turbulence intensity, and (e) SODAR turbulence kinetic energy.  The stability 

parameter with highest agreement to 
L
z is SODAR TKE.   
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Figures 6, 7, and 8 show the distribution of α, SODAR IU, and TKE magnitudes for a 

range of 
L
z stability bins.  When 

L
z indicated neutral conditions (

L
z = 0), median (25th percentile)

(75th percentile) α = 0.14 (0.06) (0.23), SODAR IU =12% (9.7) (13.8), and TKE = 0.76 m2 s-2

(0.54) (1.00). When 
L
z indicated stable conditions (

L
z > 0), median (25th percentile) (75th

percentile) α = 0.31 (0.24) (0.36), SODAR IU = 8.2% (7.3) (9.1), and TKE = 0.42 m2 s-2 (0.31) 

(0.55).  When 
L
z indicated convective conditions (

L
z < 0), median (25th percentile) (75th

percentile) α = 0.02 (-0.04) (0.07), IU = 25% (18) (43), and TKE = 1.2 m2 s-2 (0.98) (1.38).  The 

median values for α, SODAR IU and TKE are well within the thresholds given in Table 2 for the 

three major stability regimes (stable, neutral or convective).  Most of the 25th and 75th percentiles 

are also within the thresholds.

Figure 6: Histogram of 10-minute SODAR wind shear (α40_120) data according to 
L
z stability class.  The 

box-plot histogram shows the mean (small square), median (horizontal line), 25th and 75th percentiles 
(bottom and top of the box), and 5th and 95th percentiles (lower and upper whisker line).
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Figure 7: Histogram of 10-minute hub-height, SODAR turbulence intensity (IU) data according to 
L
z

stability class.  The box-plot histogram shows the mean (small square), median (horizontal line), 25th and 
75th percentiles (bottom and top of the box), and 5th and 95th percentiles (lower and upper whisker line).

Figure 8: Histogram of 10-minute hub-height, SODAR turbulence kinetic energy (TKE) data according to 

L
z stability class.  The box-plot histogram shows the mean (small square), median (horizontal line), 25th

and 75th percentiles (bottom and top of the box), and 5th and 95th percentiles (lower and upper whisker 
line).
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  As expected, each stability parameter (L, α, SODAR IU, and TKE) indicated that daytime 

periods were mostly convective or near-neutral while nighttime periods were stable or slightly 

stable.  Strongly stable conditions occurred at night more frequently during the warmer months 

than during autumn or winter.  Figure 9 shows that wind shear across the entire rotor area 

(α40_120) was, on average, greater than 0.2 at night and less than 0.1 during the day. Maximum α-

values (0.3 to 0.5) were consistently observed on summer nights across the entire rotor swept-

area.  Also, on spring and summer nights, wind shear was on average much higher in the upper 

half of the swept area (80 m to 120 m) than in the lower half, possibly indicating the presence of 

low-level jet structures at heights above the top blade tip which do not penetrate to the lower half 

of the rotor.  During the day, wind shear was generally higher in the lower half of the rotor disk 

(40 m to 80 m) than the upper half and α-values indicated a well-mixed boundary layer 

throughout the swept area with substantial surface drag occurring near the ground. 

Figure 9: Diurnal plot of mean wind shear (α) between heights of 40-120 m, 80-120 m, 40-80 m, and 50-
80 m AGL by season.  The 50 m to 80 m α is based on cup anemometer measurements.  The dotted lines 
indicate the SODAR-based α stability classifications from Table 2.  Some hours are missing in autumn 
and winter panels due to periods of poor data recovery (e.g., low signal to noise ratio) at the 120 m height.
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SODAR turbulence intensity was higher during the day than at night throughout the year, 

although Figure 10 shows that the diurnal variability in turbulence intensity at the 40 m, 80 m, 

and 120 m heights varied from season to season.  The observed diurnal variability is similar to 

that found by Rareshide et al. (2009) at a site in the U.S. Great Plains, although this West Coast 

site showed that turbulence intensity was highest during the winter and autumn months (the rainy 

season) during both daytime and nighttime hours, while in the Great Plains, the summer months 

showed highest turbulence intensity.  Figure 10 shows that average daylight 80-m horizontal 

turbulence intensity was lowest (mean IU = 20%) during July and highest during October (mean 

IU = 35%).  Spring and summer nighttime IU magnitudes indicate a strongly stratified boundary 

layer at night: average IU at 40 m was 9.7 %, at 80 m was 8.2%, and at 120 m was 7.3%.  

It is also evident from Figure 10 that the SODAR and cup anemometer measurements (at 

the meteorological tower and nacelle hub) measured different intensities of turbulence during the 

daylight hours, although both instrument platforms show a daytime increase in turbulence 

intensity compared to nighttime measurements.  The cup anemometers measured much lower 

turbulence intensities during the daytime hours as compared to the strong daytime peak observed 

by the SODAR.  For example, during summer midday hours at the 80 m height, mean SODAR 

IU was 28% while the cup anemometer measured a mean value of 18% at the meteorological 

tower and 13% at the nacelle hub. Further analysis showed that the summer-time difference in IU

came largely from differences in the standard deviation of the 10 minute measurements.  The cup

anemometer σU was systematically lower than the SODAR σU measurement.  For the same

daylight hours, the average standard deviation of mean wind speed (σU) from the SODAR was 

1.4 m s-1 while the cup anemometer measured σU = 0.88 m s-1at the meteorological tower and 

0.71 m s-1 at the nacelle.  Observations of systematically low variance in cup anemometer 
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measurements have also been reported by Hölling et al. (2007) in a wind tunnel comparison 

study of anemometers.

Figure 10: Diurnal plot of mean horizontal turbulence intensity at 40 m, 80 m and 120 m by season.  The 
80m IU is based on three instrument locations: SODAR, meteorological tower, and the nacelle.  
Turbulence intensity is higher during the day than at night and highest during autumn afternoons and 
lowest during spring and summer nights.  During the night turbulence intensity closer to the ground at 40 
m is generally larger than at the 80 m or 120 m heights.  The dotted lines indicate the SODAR-based IU
stability classifications from Table 2.

Figure 11 compares the cup anemometer IU 10-minute data (meteorological tower and 

nacelle) to SODAR IU for five days in August.  Minimum turbulence intensity magnitudes were 

slightly lower (~ 0.02) in the cup anemometer dataset although much larger instrument 

differences were observed at higher IU values.  During this period, 16% of SODAR IU data were 

above 20% while less than 1% of the cup anemometer IU values reached 20%.   
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Figure 11: Meteorological tower-based IU (80 m) (left panel) and nacelle-based IU (80 m) (right panel) 
versus SODAR-based IU (80 m) for five days during the summer period (Aug. 1- 5) shows a strong bias 
towards larger SODAR turbulence intensity values.  Maximum cup anemometer (met. tower and nacelle) 
IU reaches just 20% while SODAR IU maxima reach 35%.

4.3 Stability influence on wind velocity and turbulence profiles

We used the SODAR-measured turbulence intensity at 80 m to further investigate the 

effects of stability regime (convective versus neutral versus stable) on the rotor disk wind 

profiles.  Figure 12 shows that, in addition to seasonal variability in mean wind speed, stability-

correlated variability was evident at all times of the year although it was strongest during spring 

and summer.  Peak wind speeds at all heights (40 m to 120 m) were typically observed during 

stable conditions, except during the winter period, when the highest wind speeds were observed 

during neutral conditions.  Maximum wind speeds at hub-height and above were observed during 

strongly stable and stable conditions; during spring and summer, the stable wind maxima 

exceeded neutral wind maxima by 2 to 3 m s-1.  Hub-height wind speed and wind shear were 

significantly lower (P < 0.05) during convective or strongly convective conditions than during 

stable regimes for all seasons.   
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Figure 12: Wind speed across the rotor diameter (40, 80 and 120 m) according to IU -defined stability 
class and month.  Also plotted is annual mean wind speed at each height.

During autumn (not shown) and winter (not shown), influences of atmospheric stability 

on vertical profiles of mean wind speed were less apparent than during the warmer months at this 

site.  Average autumn and winter wind velocity profiles (up to 100 m AGL) were accurately 

predicted by the 1/7th power law expression regardless of atmospheric stability.  The spring 

(Figure 13) and summer (Figure 14) vertical profiles of mean wind velocity and TKE show a 

stronger dependency on atmospheric stability. Significant differences between measured and 

extrapolated (using α = 1/7) wind velocity occurred during both stable and convective 

conditions.  

Figure 13a shows that during stable spring-time 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 of the rotor by 0.5 to 1 m s-1.  In contrast, during convective 
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conditions, wind speed was overestimated in the top half of the rotor by 1.0 to 1.5 m s-1, 

underestimated in the lower half by 0.3 m s-1, and wind shear was much less than 1/7.  TKE

decreased with height (up to 100 m) during stable conditions, was nearly constant with height 

during neutral conditions, and increased rapidly with height during convective conditions (Fig 

13b).  The largest changes in TKE with height were observed in the lower half of the rotor 

regardless of stability regime.  Summer-time vertical profiles of mean wind speed were similar to 

those observed in the spring except that we observed stronger stability influences during 

convective conditions (Fig 14a).  During convective conditions, wind speed was overestimated in 

the top half of the rotor by 1.5 to 2.0 m s-1 and underestimated in the lower half of the rotor by 

0.5 m s-1.  

Increasing wind speeds aloft (100 to 120 m) indicated the possible presence of low-level 

jets, although we did not observe evidence of increased turbulence induced by shear at heights 

just below the wind maxima (Figures 13b and 14b), such as a significant peak in TKE just below 

the LLJ.  The lack of TKE maxima at ~100 m AGL may be due to the monthly averaging 

approach, which could have eliminated evidence of LLJs if they did not occur regularly each 

night.
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Figure 13: Spring vertical profiles (30 m to 150 m) of SODAR mean wind speed (a) and turbulence 
kinetic energy (b) during very stable (IU  < 8%), stable (8% < IU < 10%), slightly stable (10% < IU < 
12.5%), neutral (12.5 % < IU < 15%), slightly convective (15% < IU < 20%), and convective (IU  > 20%) 
conditions.  The error bars are ± one standard deviation from the mean.  Also plotted is the predicted wind 
speed profile (open circles) based on the 1/7th power law (α = 0.144) and 80 m wind speed.
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Figure 14: Summer vertical profiles (30 m to 150 m) of SODAR mean wind speed (a) and turbulence 
kinetic energy (b) during very stable (IU < 8%), stable (8% < IU < 10%), slightly stable (10%  < IU < 
12.5%), neutral (12.5 % < IU < 15%), slightly convective (15% < IU < 20%), and convective (IU > 20%) 
conditions.  The error bars are ± one standard deviation from the mean.  Also plotted is the predicted wind 
speed profile (open circles) based on the 1/7th power law (α = 0.144) and 80 m wind speed.
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4.4 Seasonal power output at an individual turbine 
This wind farm experiences two distinct wind power seasons: autumn/winter and 

spring/summer, as determined by the regional climatology. The rainy, winter season brings 

months with lower wind speeds and lower capacity factors than average.  Greater power 

production occurs during the warm, dry season.  Seasonal average capacity factors at Turbine #1 

during winter, spring, summer, and fall were respectively 22%, 53%, 58%, and 23% (Figure 15).  

Figure 16 shows that greater amounts of power were produced during the nighttime hours in

summer and spring (corresponding with higher wind speeds in the top of the rotor as shown in 

Figure 2) than during autumn and winter, while a smaller seasonal increase was also observed 

during the daytime hours.  Average nighttime (22:00 – 2:00) capacity factor was 23% in winter, 

63% in spring, 77% in summer, and 26% in autumn at Turbine #1.  Average midday (10:00 –

14:00) capacity factor was 16% in winter, 40% in spring, 32% in summer, and 14% in autumn. 

Capacity factors were on average 14% higher on summer nights than on spring nights and 8% 

lower during daylight hours in the summer compared to spring.  These capacity differences are 

explained by higher wind speeds on summer nights and on spring days. 



41 of 73

Figure 15: Seasonal mean (± one standard deviation) capacity factor and nacelle wind speed for a single 
turbine, Turbine #1.  Wind speeds during the spring and summer were on average 3 m s-1 higher than 
during the cooler months, while the capacity factors were on average 30-36% greater.  

Figure 16: Mean diurnal capacity factor at Turbine #1 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.



42 of 73

4.5 Wind speed representation in power curves

Power curves from the manufacturer conventionally show power collection as a function 

of hub-height wind speed.  Recent work (Antoniou et al. 2007, Wagner at al. 2009) has shown 

the utility of considering a wind speed representative of the entire rotor area (Eq 5, above) or of 

considering a wind speed “corrected” for the influence of turbulent kinetic energy (Eq 6, above).  

Remote sensing observational platforms such as SODARs or LIDARs are required to provide the 

data necessary to represent winds and turbulence over the entire rotor disk, but often these 

remote sensing units are not co-located with the turbines.  To examine these two issues, Figure 

17 illustrates the limitations of using non co-located SODAR wind speed in the power curve and 

the improvement (in terms of matching the manufacturer power  curve) from using nacelle-

adjusted “true-flux” equivalent wind speed (Eq 8, above) instead of nacelle hub-height wind 

speed.  Using UequivTI_nacelle in the power curves increased the Pearson’s correlation coefficient

from r = 0.88 (power versus SODAR hub-height wind speed) to r = 0.95. The standard deviation 

of residuals (measured capacity factor – expected capacity factor) also shows less variation when 

power is plotted as a function of UequivTI_nacelle (σresidual = 6.5%) instead of Unacelle (hub-height) 

(σresidual = 6.0%).  At this wind farm, the nacelle-adjusted “true-flux” equivalent wind speed 

appears to generate the most accurate power curves.  Simulations done by Wagner et al. (2009) 

using tall turbines have also shown that power output has a more significant correlation to “true-

flux” equivalent wind speed than to hub-height wind speed. 
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Figure 17: 10-minute power (shown as capacity factor) and wind speed data from a single, typical 
summer day show the best fit between UequivTI_nacelle and power. Wind speeds plotted are (a) SODAR hub-
height wind speed , (b) SODAR “true-flux” equivalent wind speed, (c) nacelle hub-height wind speed, 
and (d) nacelle-adjusted “true-flux” equivalent wind speed (d). The nacelle and power data are from 
Turbine #1. Also plotted is the expected or manufacturer’s power curve.

4.6 Stability parameter influence on power performance

In the next four sections, power performance at an individual turbine (Turbine #1) and for 

a subset of turbines (in 4.6.3) is examined for stability-effects by separating the 10-minute power 

data into periods of strongly stable or stable, convective, or strongly convective conditions.  The 

power curves are shown for the spring and summer months only since the wind speed profiles do

not significantly vary amongst stability regimes during the winter and autumn months.  The first 

analysis (4.6.1) uses nacelle-based turbulence intensity (IU) to define atmospheric stability while 

sections 4.6.2 through 4.6.4 use SODAR-based stability parameters: wind shear (α), hub-height 

IU, and turbulence kinetic energy (TKE).  The stability thresholds and corresponding stability 

a

b

c d
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regimes are the same as those listed in Table 2.  In each of the following sections, power 

performance is evaluated by plotting (1) mean capacity factor as a function of wind speed in 

stability-stratified power curves and (2) normalized power as a function of stability regime for 

three wind speed ranges.  Normalized power is the ratio of actual power generated at time, i, by 

turbine, t, to the expected amount of power (as given by the manufacturer) for the wind speed at 

time, i.  In the power curves figures, some data points are missing (e.g., power during high wind 

speeds for convective conditions) because there were too few 10-minute data to statistically 

represent the 0.5 m s-1 wind speed bin.  The wind speed in all of the figures is the “true-flux” 

equivalent wind speed.  By inspection of power segregated by atmospheric stability parameters

(Figs 18-26), we can discern the utility of those atmospheric stability parameters to suggest 

turbine power performance in different stability regimes.

4.6.1 Stability parameter:  nacelle IU

Figure 18 shows the summer performance curve for Turbine #1 where stability was 

determined by the nacelle-based (cup anemometer) turbulence intensity and the power data were 

stratified into stable or strongly stable periods, slightly convective periods, and convective 

periods.  Too few data points were available during strongly convective conditions to include in 

Figure 18. For the most part, the turbine produced as much power as expected during each 

stability regime.  There are small power differences between the power curves for Turbine #1 

and the manufacturer’s power curve and also between the stability-stratified power curves.  

These power differences are less than 10% and occurred when the “true-flux” equivalent wind 

speed was between 6.5 and 8.5 m s-1. 
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Figure 19 examines if wind speed has any effect on the role that atmospheric stability 

(based on nacelle IU) has on power performance by examining the stability-stratified capacity 

factors for three wind speed ranges: 4.5 to 6.5 m s-1, 6.5 to 8 m s-1, and 8 to 10.5 m s-1.  In this 

figure, each of the 10-minute power data is normalized by the expected power (according to the 

manufacturer’s power prediction) for the corresponding 10 minute wind speed.  The nacelle IU-

stratified power data show that the turbine slightly under-performed during slightly convective 

and convective conditions during moderate wind speeds although the differences are not 

significant.  During very low and very high wind speeds, on the other hand, convective 

conditions actually led to slightly higher power production than expected.  This finding differs

with previous stability studies (e.g., Elliott and Cadogan 1990, Rareshide et al. 2009).  For 

example, Rareshide et al. (2009) found competing effects of turbulence intensity in different 

parts of the power curve; namely that increasing turbulence intensity increases the power output 

in the concave region of the power curve (wind speeds are between 4 and 8 m s-1) and decreases 

the machine’s power in the convex region of the power curve (wind speeds are above 8 m s-1).  

The nacelle-based cup anemometer is influenced by the turbine’s own extraction of power from 

the atmosphere as well as the possible distortion of flow through the rotor disk and around the 

nacelle hub.  We suggest that the use of a nacelle-based IU (as in Figure 18) can mask the actual 

effects of turbulence on power performance.   
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Figure 18: Summer stability-dependent power curves for Turbine #1 based on nacelle cup anemometer IU.
Plotted are the mean capacity factor ± one standard deviation for each 0.5 m s-1 wind averaging bin during 
strongly stable or stable (IU < 10%), slightly convective (15% < IU < 20%), and convective (20% < IU < 
30%) conditions, as well as the manufacturer’s power curve (expected power). 

Figure 19: Mean (± one standard deviation) normalized power output versus nacelle IU -based stability for 
low (4.5 to 6.5 m s-1), moderate (6.5 to 8.0 m s-1) and high (8.0 to 10.5 m s-1) wind velocity (UequivTI_nacelle) 
ranges during the spring and summer period for Turbine #1.  A normalized power value of 1 indicates that 
the amount of power generated is equal to the expected power output. There is no strong evidence that 
turbulence either improves or inhibits power production when nacelle IU is used to classify stability 
regimes.  
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4.6.2 Stability parameter:  SODAR α

Based on the work of Rareshide et al. (2009) and others, wind shear across the rotor disk 

is expected to influence power production. Three stability classes (stable (α > 0.2), convective 

(0.0 < α < 0.1) and strongly convective (α < 0.0)) are defined based on four wind shear 

calculations, and the corresponding power curves are plotted in Figure 20. The data from 

Turbine #1 during the spring and summer months indicate that the wind shear across the top half 

of the rotor disk (80 m to 120 m AGL) does not significantly impact power output – the lines for 

the three stability classes are nearly indistinguishable (Fig 20c).  In contrast, greater power 

differences were observed when we used cup anemometer α (Fig 20a) or SODAR α (Fig 20b) at 

lower heights (40 m or 50 m to 80 m) or throughout the entire rotor (40 m to 120 m) (Fig 20d) to 

define stability.  More power was produced by the turbine when conditions in the lower half or 

entire rotor indicated stable conditions than during convective or strongly convective conditions.  

For example, at 8.0 m s-1 in Figure 20d, the average capacity factor during strongly convective 

conditions was 39% ± 7% and during stable conditions was 48% ± 9%, compared to an expected 

capacity factor of 41%. In the colder months (not shown), the relationship between  and power 

production was less robust. 

These data show that, in spring and summer, higher values of shear in the lower half or 

entire rotor disk lead to slightly higher energy production compared to periods of low shear. This 

phenomenon could indicate that even after rotor-averaged wind speed and turbulence are taken 

into effect, as with Eq (8), high wind shear can positively affect the performance of these 

particular turbines. Figure 21 also shows that more power is produced during times of high 

shear, but by normalizing power production, the largest differences between stable and 

convective conditions is now apparent for the lowest wind speed range (Fig 21a).  



48 of 73

Figure 20: Spring and summer power curves for Turbine #1 during strongly convective (α < 0.0), 
convective (0.0 < α < 0.1), and stable or strongly stable (α > 0.2) atmospheric conditions.  Wind shear is 
based on (a) meteorological tower wind speed measurements and SODAR measurements of wind speed 
across (b) the lower half of the rotor, (c) the upper half of the rotor, and (d) across the entire rotor.  Plotted 
are mean capacity factor ± one standard deviation and the expected power curve.

Figure 21: Mean (± one standard deviation) normalized power versus SODAR α-based stability for low 
(4.5 to 6.5 m s-1), moderate (6.5 to 8.0 m s-1) and high (8.0 to 10.5 m s-1) wind speeds (UequivTI_nacelle) at
Turbine #1 shows that more power than expected was produced during very stable and stable conditions 
than during very convective and convective conditions. The power differences are most acute at low 
wind speeds.
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4.6.3 Stability parameter:  SODAR IU

Other researchers (e.g., Elliot and Cadogan 1990) have found that power curves can show 

a clear dependence on turbulence intensity, with distinct power curves emerging from data 

segregated by turbulence intensity IU.  We also observed distinct power curves when the power 

data were stratified by SODAR-based turbulence intensity (Figs 22-24).  The most significant 

power curve differences occurred between very stable and very convective conditions when wind 

speed was between 5.5 and 10 m s-1. In general, Turbine #1 over-performed during stable or 

strongly stable conditions and under-performed during strongly convective conditions for wind 

speeds above 5 m s-1.  For example when the wind was on average 7.5 m s-1, mean capacity 

factor was 40% ± 6% during strongly stable/stable conditions, 32% ± 8% during convective 

conditions, and 26% ± 6% during strongly convective conditions, compared to the expected 

capacity factor of 33%.  This stability trend was not unique to Turbine #1.  Figure 23 shows 

power curves stratified by SODAR IU at each of the six turbines.  Underperformance during high 

turbulence conditions was seen at all of the turbines and the greatest underperformance was 

observed at Turbine #5.  In Figures 22 and 23, the stability effects on power performance are 

much more apparent than they are in Figure 18 or 19 which use nacelle-based IU to define the 

stability regimes.
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Figure 22: Stability-dependent power curves for Turbine #1 based on SODAR IU in spring and summer.
Plotted are the mean capacity factor ± one standard deviation for each 0.5 m s-1 wind averaging bin during 
strongly stable or stable (IU < 10%), convective (20% < IU < 30%), and strongly convective conditions (IU
> 30%).  Also plotted is the manufacturer’s power curve (expected power).

Figure 23:  Stability stratified power curves for the six individual turbines, Turbine #1 – Turbine#6 during 
spring and summer months.  Stability is based on hub-height SODAR turbulence intensity.  Shown are 
mean capacity factor ± one standard deviation during strongly stable, convective and strongly convective 
conditions as well as the expected power curve.
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Figure 24 provides a closer examination of how turbulence affects power production 

during different wind speed ranges for Turbine #1.  The differences in power amongst stability 

regimes are most extreme at low wind speeds. Over-performance was observed at all wind 

speeds during stable or strongly stable conditions but more so at the lower velocities.  When 

turbulence intensity was moderate to high (17.5% < IU < 30%) and the atmosphere was 

convective, Turbine #1 either over-performed or under-performed depending on the equivalent 

wind speed.  Under-performance during slightly convective or convective conditions was 

observed at moderate and high wind speeds while over-performance was observed at low wind 

speeds.  During time of very high turbulence, the turbine consistently under-performed 

regardless of wind speed.

Although direct comparison to previous power curve studies is not possible, because of 

large values of turbulence intensity observed at this site, it is interesting to note that Elliot and 

Cadogan (1990) did not find similar patterns of performance. They found over-performance 

during neutral regimes, with 10% < IU < 15%, and consistent under-performance for regimes 

with IU < 10% as opposed to the over-performance found here. Some of the difference may be 

ascribed to different turbine technologies; Elliot and Cadogan’s data comes from the two-bladed 

MOD-2 turbine, and the turbines in the present study are three-bladed. More similar to what we 

observed during slightly convective conditions at our site, Rareshide et al. (2009) present 

differences between (5% < IU < 11%) and (11% < IU < 17%), with an implied over-performance 

at low wind speeds for the (11% < IU < 17%) regime and implied under-performance at high 

wind speeds for the (11% < IU < 17%) regime; turbine height information is not provided for 

their study. 
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Figure 24: Mean (± one standard deviation) normalized power output versus SODAR IU-based stability 
class for low (4.5 to 6.5 m s-1), moderate (6.5 to 8.0 m s-1) and high (8.0 to 10.5 m s-1) wind velocity 
(UequivTI_nacelle) ranges during the spring and summer period for Turbine #1. A trend is clearly visible: 
power productivity declines as turbulence intensity increases.  The largest stability effects are apparent at 
low wind speeds. 

4.6.4 Stability parameter:  TKE

In this section, the power curves are stratified by turbulence kinetic energy, which 

includes the vertical component of turbulence as well as the horizontal turbulence components 

which were included in turbulence intensity (IU).  This calculation is possible only because of 

access to the 3-dimensional velocity SODAR data, with which TKE was calculated.  To our 

knowledge, this is the first attempt to stratify power data by a complete measure of turbulence 

(e.g., TKE).  Figure 25 shows the spring and summer power curves at Turbine #1when TKE is 

used to classify stability.  Likewise to the IU -stratified power curves (Figures 22 and 23), distinct 

power differences are observed when the power data are stratified by SODAR-based TKE.  The 

most significant differences occurred between very stable or stable and very convective
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conditions; these differences approach 20%.  For example, at 9 m s-1, the average capacity factor 

was 61% ± 9% during stable conditions, compared to 44% ± 11% during strongly convective 

conditions.  At this wind speed, the expected capacity factor is 60%.  Figure 26 provides a closer 

examination of how turbulence kinetic energy affects power production during different wind 

speed ranges for Turbine #1.  The power differences amongst stability regimes are most evident

at low to moderate wind speeds, although wind speed appears to have less of an effect on how 

TKE-based stability impacts power production than was observed for SODAR IU (Figure 24).   

Figure 25. Spring and summer-time stability-dependent power performance curves for Turbine #1 based 
on SODAR TKE at hub-height. Plotted are the mean capacity factor ± one standard deviation for each 0.5 
m s-1 wind averaging bin during strongly stable or stable (TKE < 0.6 m2 m-2, convective (1.0 m2 m-2 < 
TKE < 1.4 m2 m-2), and strongly convective conditions (TKE > 1.4 m2 m-2).  Also plotted is the 
manufacturer’s power curve (expected power). 



54 of 73

Figure 26: Mean (± one standard deviation) normalized power output versus SODAR TKE-based stability 
class for low (4.5 to 6.5 m s-1), moderate (6.5 to 8.0 m s-1) and high (8.0 to 10.5 m s-1) wind velocity 
(UequivTI_nacelle) ranges during the spring and summer period for Turbine #1.  Wind speed has less of an 
effect on how stability impacts power production when TKE is used to define stability.

4.6.5 Summary of power dependency on stability regime

The results from stratifying the power curves with different stability parameters are

summarized in Figure 27 for the 6 to 10 m s-1 wind speed range.  Very convective conditions led 

to systematic under-performance of the turbines at this wind farm when the stability parameter 

was based on SODAR data.  The largest declines in power production occurred when stability 

conditions were based on the amount of turbulence present in the rotor disk, either from using 

the SODAR IU or SODAR TKE to classify the 10-minute power data.  Higher amounts of wind 

shear in the rotor disk also led to higher power performance.  A trend in stability-related power 

production is clear at this wind farm: decreasing amounts of power are produced as the boundary 

layer transitions from stable to convective regimes. 
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Figure 27: Mean (± one standard deviation) normalized capacity factor for the four stability parameters 
according to stability regime.  This figure includes only time periods when the nacelle-adjusted “true-
flux” equivalent wind speed was between 6 and 10 m s-1.  

Power performance at this wind farm is also summarized with the power coefficient, Cp , 

calculated with Eq (10). The turbines are most efficient at converting wind into electricity at 

moderate wind speeds: 6 to 9 m s-1.  Figure 28 shows that stability conditions influence the 

turbine’s power efficiency, especially at this wind speed range.  Power coefficients were much 

lower during convective conditions than during stable conditions when stability was based on 

either SODAR IU or TKE and less so when stability was based on wind shear.  For example at 

the 6 to 9 m s-1 wind speed range, average Cp during stable conditions was 0.43 ± 0.11 and 0.36 ± 

0.11 during convective conditions when stability was based on SODAR IU.  In contrast, little to 

no differences in Cp were observed when stability was based on nacelle IU. 
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Figure 28: Average (± one standard deviation) power coefficient as a function of wind speed and stability 
parameter during stable or strongly stable and convective or strongly convective conditions at Turbine #1 
during spring and summer months.  The largest differences in Cp between stable and convective 
conditions occur when SODAR IU or TKE is used to classify boundary layer stability.
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5. Discussion

With the rapid expansion of wind farms and the significant penetration of wind energy 

into power markets, accurate estimates of power availability and the dependence of power on 

atmospheric conditions are required, particularly for the industrial-scale turbines with rotor disks 

spanning more than 50m. In this study, data from an operating wind farm, in conjunction with a 

unique meteorological dataset including remote-sensing SODAR, meteorological tower

anemometers, and an offsite research-grade surface flux station was explored to quantify the 

utility of various measures of atmospheric stability as well as document the impact of 

atmospheric stability on power collection efficiency. 

Most wind farms in the contiguous U.S. exhibit peak power production in January and 

lowest production in August (Lu et al. 2009).  In contrast, this wind farm exhibited maximum

capacity factors on spring and summer nights. The power season at this location is driven largely 

by regional climatology which produces a warm, dry season with strong thermal gradients and 

strong on-shore flow, and a cool, wet season with synoptic storm events. The summer peak in 

power coincided with higher wind speeds in the rotor swept-area, and in particular, with 

maximum wind speeds found at the top of the rotor (100 to 120 m AGL) during stable nighttime 

conditions.  In most cases, the power law (α = 0.14) did not accurately predict the vertical wind 

speed profiles observed in the turbine swept area.  Considerable deviation from the power law 

profile has also been observed by Antoniou et al. (2006) and Wagner et al. (2009).  In our study, 

a constant wind shear value of 0.14 underestimated the true wind velocity at the top of the rotor 

during stable conditions by up to 2 m s-1, while during convective conditions, the power law 

overestimated wind speed by an equal amount. 
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Because of this variability in wind shear, the hub-height wind speed measurement did not 

accurately represent the average wind speed over the rotor swept-area except during neutral 

conditions. This observation has been made others including Elliott and Cadogan (1990), 

Frandsen et al. (2000), and Wagner et al. (2009).  Early work by Elliott and Cadogan (1990) 

suggested that a significant source of error in power curves is created by the differences between 

the true disk-averaged velocity and hub-height velocity.  We also found this to be true: the 

difference between “true-flux” equivalent wind speed and hub-height wind speed was most acute 

during stable conditions at our wind farm and maximum error between the two was on the order 

of 1.5 to 2 m s-1.  Power curves in our study therefore relied on the “true-flux” equivalent wind 

speed, which accounts for winds across the rotor disk as well as turbulence intensity for the 

power curves, and builds on the theory and development of equivalent wind speed found in 

Wagner et al. (2009).  

A high degree of turbulence intensity was observed with the SODAR located at this wind 

farm; maximum IU values exceed those values published in the literature.  This disparity can be 

attributed to several factors, including a location in mildly complex terrain: other studies have 

either been in the relatively flat Midwest (USA) (Rareshide et al. 2009), flat Denmark (Wagner 

et al. 2009), or flat pastureland in England (Sumner and Masson 2006). Our hub-height 

turbulence intensities ranged from less than 8% to over 30% and were highest during convective 

conditions and lowest during stable conditions. During stable conditions, turbulence intensity 

decreased with height and increased sharply with height during convective conditions. These 

profiles agree with other studies (e.g., Pichugina et al. 2008, Wagner et al. 2009), which observe 

that wind conditions tend to differ above and below the turbine hub.
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The on-site wind shear, SODAR-based IU and TKE compared well with the more 

physically-based Obuhkov length. In contrast, the nacelle-based IU, which is available at most 

wind farms, was in high disagreement with the other stability parameters and greatly 

underestimated the frequency of convective conditions.  Other studies have determined stability 

based on one or two of these parameters (e.g., Motta and Barthelmie 2005, van den Berg 2008) 

but ours is the first study of our knowledge to compare such a large set of independent stability 

parameters.  Measurements of turbulence kinetic energy were available at this wind farm only 

because of the presence of the SODAR, although deployment of 3-D sonic anemometers on 

meteorological towers could enable quantification of TKE. 

Once the stability parameters were checked for accuracy against the Obukhov length, our

wind farm data were segregated into five classes: strongly stable, stable, neutral, convective, and 

strongly convective.  In both spring and summer, average capacity factors and power coefficients 

exhibited a negative relationship with SODAR turbulence intensity and turbulence kinetic 

energy, and positive relationship with wind shear across the entire rotor disk.  Large amounts of 

turbulence at hub-height inhibited power production while high wind shear across the rotor disk 

increased turbine power output.  High wind shear increased power production because during 

these periods the equivalent wind speed was greater than the hub-height wind speed owing to 

faster winds in the upper portion of the rotor.  More power produced during times of high wind 

shear has likewise been observed by Antoniou et al. (2009b) for multi-MW tall turbines in 

moderately complex terrain.  In contrast to wind shear and SODAR-based turbulence, a 

relationship between power production and nacelle-based turbulence intensity was not found at 

our site, probably because of the poor ability of nacelle IU to predict boundary layer stability.  

Power production was also not related to stability during the winter or autumn periods regardless 
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of the parameter chosen to define stability.  In the winter and autumn months, the stable and 

convective vertical wind speed profiles are much more alike than are observed during spring and 

summer periods. 

After normalizing the actual power output by the expected power amount, it became 

apparent that the relationship between turbulence (either horizontal turbulence intensity or 

turbulence kinetic energy) and power production was strongest at lower wind speeds although 

this is not clearly visible in the power curves because of low capacity factors found in this wind 

speed range. The largest stability effects on power production were visible when power was 

normalized and the “true flux” equivalent wind speed was less than 6.5 m s-1.  A weakening of 

stability effects on power production at very high winds speeds may be attributable to the fact 

that as wind speed increases, the atmospheric stability regime approaches neutral because 

thermal gradients dissipate as wind shear increases.  During neutral conditions, power production 

at this wind farm varied little from the expected values.  

Other studies have looked at the influence of wind speed on stability-power curves but 

the results are not in universal agreement. Hunter et al. (2001) found that at moderate wind 

speeds (~ 5.5 m s-1), more power was generated under high wind shear conditions than during 

times of little or no wind shear. For wind speeds above 8.5 m s-1, they observed the opposite 

effect: wind shear negatively impacted power production.  In comparison, we found that for 

every wind speed, wind shear values above 0.2 had a positive effect on power production while 

negative wind shear always had a negative impact on power, although lower wind speeds did 

appear to amplify the effects of wind shear on stability. In a similar manner, we found that high 

amounts of turbulence (either indicated by turbulence intensity or turbulence kinetic energy), 

decreased power production, especially at lower wind speeds. This is in contrast with 
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observations made by Elliott and Cadogan (1990), whereby they found that higher turbulent 

conditions led to more power being produced.  It is important to note the differences between our 

study and theirs.  Elliott and Cadogan (1990) looked at two-bladed turbines and found that the 

rotor-averaged wind speed was less than the hub-height wind speed under stable conditions.  

Therefore, during stable conditions, less energy was available to the turbine than during 

convective conditions.  In contrast, our study used modern 3-bladed turbines and we found that 

the rotor-averaged wind speed was greater than the hub-height wind speed under stable 

conditions.  Thus, more energy was available to the turbines in our study during stable conditions 

than during convective conditions.  We observed a negative impact of turbulence on power 

production: the amount of power decreases as the boundary layer becomes more convective, 

coinciding with lower “true-flux” equivalent wind speeds, higher turbulence and lower wind 

shear throughout the rotor disk than during stable conditions.

Lastly, our stability stratified power curves show the importance of having sophisticated 

meteorological measurements instead of relying on cup anemometers for hub-height wind speed 

and direction.  We found large, fundamental differences between SODAR and cup anemometer 

measured turbulence intensity and wind speed. Fundamentally, these two instruments work very 

differently. The SODAR measures vectors over a volume average while the 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% (Moore and Bailey 2009).  Our 

SODAR velocity standard deviations were larger than the ones obtained with a cup anemometer.  

Wagner et al. (2008) also observed this phenomenon in their power curve study and attributed 

the difference to the fact that SODAR measurements are very noisy and the profiles are often 

distorted.  Precipitation can induce acoustic noise and accounted for our lower data recovery 
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during the autumn and winter periods. In order to remove this source of error in the SODAR 

data, our study reported findings from the relatively dry spring and summer months.  Cup 

anemometers have been documented to overestimate the true mean wind velocity (Hölling et al.

2007), more so when turbulence intensity is high or wind velocity is low because of non-linearity 

effects (Finnigan 2002). A recent study by Kline (2008) showed that cup anemometers 

overestimate the true wind velocity by 0.0975% per 1% horizontal turbulence intensity.  

Therefore, if the horizontal turbulence intensity is 15% and the actual mean wind speed is 8.0 m

s-1, the cup anemometers could measure a wind velocity closer to 8.2 m s-1.  As turbine power is 

related to the wind velocity cubed, this error would result in an overestimation of 2.6% from the 

amount of power actually produced.  At very high turbulence intensities (IU > 40%), such as 

those periodically observed at this wind farm, Yahaya and Frangi (2003) found that the relative 

difference between the mean wind velocities measured by a co-located sonic anemometer and 

cup anemometer was even higher and approached 6%.  Furthermore, cup anemometers are not 

suitable for making turbulence measurements because they respond faster to increases in velocity 

than to decreases which leads to errors in the turbulence intensity measurement (Weber 1998 and 

Yahaya and Frangi (2003). 

6. Conclusions

The main conclusions that can be drawn from the analysis are:

(1) Boundary layer stability can be quantified accurately at wind farms in mildly complex 

terrain by measuring wind shear, either with a tall tower or SODAR, at multiple heights in the 

rotor disk or by measuring turbulence at hub-height with SODAR.



63 of 73

(2) More accurate power curves are produced when power is plotted as a function of 

“true-flux” equivalent wind speed instead of hub-height wind speed.  This suggests that both 

wind shear and turbulence are important factors in power production at this tall turbine site.

(3) Turbulence-based stability parameters, either turbulence intensity or turbulence 

kinetic energy, best explained why a turbine produced more or less power than expected.  For a 

given wind speed, less power is produced by turbines during convective conditions than during 

stable conditions.  The relative power differences are most acute when wind speed is low to 

moderate.

Our work shows promise for using remote-sensing instrumentation to observe complete 

profiles of wind speed, wind direction and turbulence across a nearly 80 m diameter rotor in 

mildly complex terrain.  Our study also shows evidence that turbulence and wind shear play a 

role in power production, and high-resolution instruments such as SODAR are needed to 

quantify these parameters across the rotor diameter.  The presence of a stable boundary layer in 

the spring and summer at this wind farm has the same effect on power performance as increasing 

the wind velocity at hub-height by 0.5 to 1 m s-1.  The opposite is true for strongly convective 

conditions: very high amounts of turbulence have the same effect on power performance as 

decreasing the wind velocity at hub-height by 0.5 to 1 m s-1. Finally, because of this significant 

impact of stability on turbine performance, approaches to forecasting wind energy performance 

should be well-grounded in meteorological approaches that can successfully forecast 

atmospheric stability in the lower boundary layer. This goal can be quite challenging in regions 

of complex terrain. Without correct forecasts of stability, errors in predictions of turbulent 

mixing or wind shear would likely undermine the performance of a wind energy forecasting 

model.
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