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ABSTRACT 

Hourly-averaged tall-tower data from a 200m tower located near Lubbock, Texas 

are used to examine static atmospheric stability as a governor of speed and direction 

shear in the atmospheric boundary layer.  Meteorological forcing mechanisms for such 

shears include the thermal wind, inertial oscillation, Ekman spiral, and others.  The 

inertial oscillation is highlighted as an atmospheric mechanism capable of generating 

discernable diurnal variations in average speed shear data in regions void of low-level jet 

association.   

Theoretical aerodynamic treatment shows the case of direction shear to differ 

from the case of turbine operation in yawed flow, and has therefore not been studied in 

wind power systems.  Numerical simulations of power production in steady non-turbulent 

flow fields containing speed and direction shear show instantaneous power gain as great 

as 0.5% and depletion as great as 6% relative to a no shear baseline.  Coupled with joint-

probability distributions of speed and direction shear measured at Lubbock, instantaneous 

losses as great as 3% and gains as great as 0.5% are expected, while the average power 

change relative to the zero shear case is estimated to be -0.5%.  Over the 20 year lifetime 

of a 100 MW wind power plant this finding translates to a $2.1 million loss in project 

revenue. 

Observational evidence shows the correlation coefficient between the average 

diurnal variation in static stability and power law shear exponent is 1.00.  The correlation 

coefficient between the average diurnal variation in static stability and direction shear 

magnitude is found to be 0.93.  The influence of static stability on speed and direction 

shear is hypothesized to be globally applicable.  Observations from a second data 

platform in northwest Indiana support the magnitudes of direction shear found at 

Lubbock, and further suggest that the presence of direction shear is a more general result.  

Large magnitudes of wind direction shear are found to occur concurrently with large 

magnitudes of power law shear exponent at hub-height wind speeds greater than 8 m/s, 

making them present in a critical operating region where wind turbine control transitions 

from speed control to power regulation. 
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CHAPTER 1 
 

INTRODUCTION 

In the environmentally-charged societal climate of the present day, the push for 

viable sources of renewable energy is increasing.  In a message to the Tenth Session of 

the Conference of the Parties to the United Nations Framework Convention on Climate 

Change in Buenos Aires, Argentina in 2004, United Nations Secretary General Kofi 

Annan called for stronger global policy towards climate change: 

I urge you also to look ahead, beyond the [Kyoto] Protocol, which takes us 
only to the year 2012.  The longer-term challenge is to promote the use of 
low-carbon energy sources, low-greenhouse-gas technologies and 
renewable energy sources.  (Annan 2004) 

In the 2007 State of the Union Address, United States President George W. Bush 

admonished: 

It's in our vital interest to diversify America's energy supply -- the way 
forward is through technology. We must continue changing the way 
America generates electric power, by even greater use of clean coal 
technology, solar and wind energy, and clean, safe nuclear power.  (Bush 
2007)   

At present, wind power is widely accepted as the renewable generation source 

that can most economically compete with new conventional generation facilities on a cost 

per kilowatt-hour basis.  With air as an endless source of fuel and virtually zero 

emissions, wind power is one of the only power generation methods that can legitimately 

declare itself carbon-free.  Of course, wind power must make economic sense to add true 

value to a generation portfolio.  The United States Department of Energy has set goals to 

facilitate the continual lowering of the cost of wind energy in order to continually 

increase its economic viability.   Many factors impact the end cost of wind-generated 
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energy including cost of materials, operation and maintenance costs, ultimate and fatigue 

loads, and the energy capture of each turbine.  As a direct result, characteristics of the 

wind flowing into a wind turbine are of paramount concern.  One of the most important 

aspects of turbine inflow characterization is vertical shear in the horizontal wind field.  

This includes shear in both wind speed and direction.  Preliminary data show that the 

most extreme speed and directional shear occurs in the stable nocturnal boundary layer.  

With static atmospheric stability hypothesized as the primary controlling factor for wind 

shear, this report will focus on analyses in that light.   
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CHAPTER 2 
 

MOTIVATION 

In wind power systems, much emphasis is placed on the thorough assessment of 

the wind speed at the hub height of a utility-scale wind turbine.  Since wind speeds 

generally increase with height, and since modern turbine hub-heights exceed the heights 

of most wind observing platforms, the wind power community has primarily focused on 

the estimation and characterization of vertical shear of the wind speed.  These estimations 

of vertical speed shear facilitate the vertical extrapolation of lower-height wind speed 

data.  Even with this industry focus, additional sources of tall-tower data continue to help 

determine important characteristics of vertical speed shear, such as its diurnal and 

geographical variation.  The importance of speed shear estimation is simple to illustrate.  

First, one must understand that wind power resource assessment often utilizes a 

relationship known as the power law to extrapolate lower-height wind speeds to higher 

heights.  The power law for extrapolating wind speed and wind power density is found in 

(1) and (2), with α and αp representing a shear exponent for wind speed and power 

density, respectively.  Wind power density is the power available in the wind per unit 

cross-sectional area. 

(1) 

α









=

1

2
12
z

z
vv     

(2) 

p

z

z
PDPD

α3

1

2
12 








=  

In (1) and (2), v1 and v2 represent the wind speed and PD1 and PD2 represent the power 

density at heights z1 and z2, respectively.  Due to the exponential nature of the power law, 
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the extrapolated wind speed is highly sensitivity to variations in shear exponent, α  (Table 

1). 

 

Table 1.  Sensitivity of the extrapolated wind speed to the shear exponent in the power 
law equation. 

10m Wind Speed (m/s) Shear Exponent (α) Extrapolated 80m Wind Speed (m/s) 

4.60 0.05 5.10 

4.60 0.143 (1/7) 6.19 

4.60 0.17 6.55 

4.60 0.20 6.97 

4.60 0.30 8.58 

4.60 0.50 13.01 

 

 

Tall-tower data show that the range of shear exponents used in Table 1 may 

represent a range of possible shear exponent values over only a single day.  To compound 

potential errors in wind speed extrapolation, the power available in the wind is a function 

of the wind speed cubed (3). 

(3) 3

2

1
AvP ρ=  

In (3), P is the power available in the wind, ρ is the air density, A is the cross-sectional 

area of the turbine rotor, and v is the wind speed.  As a result of this cubic relation, errors 

that originated in the shear exponent estimation become significantly worse in the 

conversion of wind speed to power.  Thus, the importance of understanding the 

characteristics of speed shear at a wind power generation site cannot be understated.   

An early examination of available multiple-height data sources by Elliott (1979) 

determined that a power density shear exponent (αp, (2)) of 1/7 (0.143) was adequate for 

describing the increase in wind power density with height at sites of low surface 

roughness and high exposure.  Interestingly, this same work found that power density 
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shear exponents and wind speed shear exponents are not necessarily equal because wind 

speed probability distributions change with height, and that speed shear exponents (α) are 

typically larger than power density shear exponents (αp).  Despite its origins in wind 

power density extrapolations, this 1/7 exponent value became commonly assumed in 

wind speed extrapolation (α, (1)) in the modern wind power industry.   

As more tall tower data become available, observations of average speed shear 

exponent magnitudes well above 1/7 and extreme short-term values between 0.5-1.0 are 

being frequently discovered.  Speed shear climatologies are also found to have a 

significant diurnal variance, with large or extreme values at night and very low values 

during the day.  A recent review of speed shear patterns at numerous tall-tower wind data 

sites across Texas, Iowa, Colorado, Nebraska, and Wisconsin as part of the Department 

of Energy (DOE) Turbine Verification Program (Smith et al. 2002) found this result (Fig. 

1).   

 

 

Fig. 1.  Diurnal variation of wind shear exponent at five locations.  From Smith et al. 
(2002). 
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These authors hypothesized that atmospheric stability was responsible for the 

significant diurnal variation in measured wind shear, though no specific analysis 

compared shear parameters to atmospheric stability.  The authors found that shear 

exponent magnitudes that had been considered extreme by wind turbine design criteria, 

and thus only expected for one ten-minute period in the entire turbine lifetime, were 

actually occurring for a significant number of hours each year.  Peak and fatigue load 

simulations performed on utility-scale turbines show numerous code exceedences in such 

conditions.  Interestingly, operational data from one turbine installation at Big Spring, 

Texas show a high correlation between time of day and wind turbine fault occurrence 

frequency (Fig. 2).  A wind turbine fault is any instance where the turbine control system 

curtails turbine operation due to the presence of conditions it interprets to be damaging to 

the system, such as excessive vibration. 

 

 

Fig. 2.  Diurnal variation of wind shear exponent and turbine fault occurrences from Big 
Spring, Texas.  From Smith et al. (2002). 
 

 

Since static atmospheric stability is primarily driven by the diurnal cycle of 

radiative heating and cooling of the earth’s surface, time of day is a reasonable indicator 

of the average static stability of the atmosphere.  In general, night corresponds to stable 
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conditions, while day corresponds to unstable or neutral conditions.  In this way, Fig. 2 

can be interpreted such that the highest magnitudes of speed shear and the greatest 

occurrence of turbine faults occur in stable conditions. 

In a review of the Lamar Low Level Jet Project in southeastern Colorado, Kelley 

et al. (2004) focus almost exclusively on the stable nocturnal boundary layer for the 

creation of high speed shear events.  This work outlines numerous examples of high 

speed shear in association with the formation of the nocturnal low level jet, a 

phenomenon partially tied to atmospheric stability and enhanced in the Central Plains by 

the adjacent Rocky Mountain topography.   

In wind power industry practice, it is common to analyze wind data from cup 

anemometers only, which include no information about wind direction and thus assume 

that the wind vectors at multiple levels are oriented in the same direction.  The accuracy 

of this assumption requires that direction shear is negligible.  Previous literature, mostly 

outside the wind power industry, widely confirms that shear in wind direction is present 

in the atmospheric boundary layer.  Meteorologically, there are numerous processes that 

may lead to the generation of non-trivial wind-direction shear over the depth of the 

turbine layer, which is defined here as 0-200m above ground level.  As Chapter 3 will 

discuss, such processes involve but are not necessarily limited to the atmospheric Ekman 

spiral, large-scale horizontal temperature gradients, the inertial oscillation, thunderstorm 

outflow, and terrain and drainage flows.   

In a discussion on the profile of wind in the boundary layer, wind power 

meteorologists from Risø National Laboratory in Denmark acknowledge: 

In stable conditions, significant changes in wind direction with height are 
also observed.  A wind turbine operating under such conditions 
experiences both a wind speed shear and a wind direction shear. (Petersen 
et. al. 1997, 14)   

More recently, Risø has shown observational evidence of the existence of 

direction shear (Fig. 3).  This analysis shows that the magnitude of both wind speed and 

direction shear between two heights is related to the height of the stable nocturnal 

boundary layer.  More specifically, the magnitude of direction shear will significantly 
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increase, even to values approaching 60°, as static atmospheric stability increases.  In this 

figure, the bars indicate two standard deviations of the measurements, and the line is a 

power fit to all measurements.  These authors point out that: 

Under such conditions the blades will experience considerable shear in 
both wind speed and direction, with negative consequences for the fatigue 
of the blades. (Giebel and Gryning 2004, 7)   

The authors do not elaborate on these negative consequences.  This analysis has 

additional significance because it documents the existence of speed and direction shear in 

northern Europe, far from the Great Plains of the United States.  Because of unique 

geographical features that partially induce phenomenon such as the nocturnal low level 

jet, the US Great Plains are often referenced as the location of high speed shear events.   

 

  

Fig. 3.  The normalized speed shear (left) and absolute value of direction shear (right) 
between 10 and 98 metres height at Falkenberg, Germany as function of the stable 
(nighttime) boundary layer height.  From Giebel and Gryning (2004). 

 

 

With the linking of the magnitude of speed and direction shear through 

atmospheric stability, and with observations of high speed and direction shear outside of 

the Great Plains of the United States, one can hypothesize that high direction shear events 

may not be geographically constrained and may occur to some degree worldwide.   
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In the field of Civil Engineering, Simiu and Scanlan (1996) discuss a general 

turning of wind with height in the boundary layer in relation to the Atmospheric Ekman 

Spiral.  While not discussing a driving mechanism for such a phenomenon, Simiu and 

Miyata (2006) note that the veering angle between lower and higher level winds is about 

3° to 7° for buildings with heights between 100m and 300m.  However, they note that 

below 100m the veering angle may be assumed to be zero.  Generally, wind direction 

shear in the lower boundary layer is a phenomenon not widely recognized in the Civil 

Engineering community. 

The most extensive documentation of direction wind shear comes from the 

Atmospheric Sciences.  Theoretically, direction shear has been found to exist in 

analytical models of the stable nocturnal boundary layer, with analytical solutions 

predicting shear angle magnitudes of 30°-60°.  These same studies cite observational 

evidence that measure direction shear values up to 30° in the lowest 200m of the 

nocturnal atmosphere (Nieuwstadt 1984, 1985).  In a climatologic investigation of warm-

season low-level jets, Walters and Winkler (2001) state: 

Another unanticipated finding was the substantial variation in wind 
direction with height…observed for over 50% of the low-level wind 
maxima.  These events were termed multilevel jets, although it is not clear 
whether they are characterized by distinct, multiple airstreams separated in 
the vertical or a more gradual change in airflow with height.  (Walters and 
Winkler 2001, 513) 

Analyses show that the majority of cases with large magnitudes of direction shear 

occurred in the stable nocturnal boundary layer.  An overview by Stull (1988) highlights 

the extreme vertical variations that can be found with flows in the stable boundary layer.  

He notes: 

The strong shears below the jet are accompanied by a rapid change in 
wind direction, where the lower level winds are directed across the isobars 
toward low pressure.  (Stull 1988)   

Extreme gradients in wind speed, wind direction, humidity, and temperature have 

been documented in the lowest 200m of the stable nocturnal atmosphere by Gossard et.al 
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(1985), Anderson (2003), and Balsley et.al (2003), with Gossard et. al and Anderson both 

measuring wind direction changes to nearly 90° (Fig. 4).  Though the work by Anderson 

was geographically extreme in its Antarctic location, the nature of the thermodynamic 

processes controlling this phenomenon is globally applicable.  Interestingly, near-

discontinuous changes in wind direction are found to be tied to similar near-

discontinuities in temperature, and thus static stability, suggesting a layered structure 

rather than smooth gradual changes with height. 

 

 

Fig. 4.  Near-instantaneous tethersonde profiles of potential temperature (θ),  
wind speed and wind direction.  From Anderson (2003).   

 

 

In wind turbine blade element analysis, the problem of direction shear gives rise 

to an aerodynamic geometry that is believed to be different from the case of turbine 

operation in yawed flow, and therefore has not been addressed.  Due to the precise nature 

of wind turbine airfoils and the considerable rotor-span of modern and future machines, 

wind direction shear could potentially be responsible for a partial loss in aerodynamic 
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efficiency, in which case energy underproduction would be the result.  Recent research 

shows a significant number of geographically dispersed wind power plants are 

underperforming pre-project estimates by an average of 13% (Jones and Randall 2006).  

While those authors hypothesize factors such as underestimated or ignored losses and 

lower than expected availability, it is worth examining any potential depletory effects of 

both speed and direction shear on wind turbine efficiency to ensure that these less 

understood phenomena are not contributing to the aggregate problem of energy 

underproduction.   

From this discussion, it is clear that an accurate assessment of wind shear at a site 

is important for both pre-project resource assessment and to understand the actual wind 

field in which turbines will operate.  Since previous literature and analyses have shown 

speed and direction shear to be a function of static atmospheric stability, the analyses will 

be framed in that context. 
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CHAPTER 3 
 

THE STABLE NOCTURNAL BOUNDARY LAYER 

Wind is generated by the pressure gradient force.  Without pressure gradients in 

the atmosphere, there would be no wind.  In some regions, unique surface pressure 

patterns frequently exist that may favor a particular wind regime.  In the Great Plains of 

the United States, a frequent surface pressure pattern is the lee trough.  The lee trough is 

so named because it is a trough of low pressure formed to the east of (the lee) of the 

Rocky Mountains.  As strong upper-level jet stream winds cross the Rocky Mountains in 

a west to east orientation, as is common, vertical columns of air (e.g. contained between 

two isentropic surfaces) are vertically compressed by the higher terrain, and then allowed 

to vertically stretch as they leave the higher terrain and enter the Great Plains.  This 

stretching of air columns causes additional cyclonic (counterclockwise in the Northern 

Hemisphere) spin, which decreases the surface pressure in those areas, forming the lee 

trough.  In the Great Plains, this lee trough frequently results in strong southerly or 

southwesterly surface winds.   

Once atmospheric pressure gradients have established the initial wind conditions, 

those conditions can be acted upon by additional forcing mechanisms.  Since we are 

concerned here with winds in the turbine layer, we will address only those mechanisms 

that will enhance or diminish the winds in the lowest levels of the atmosphere.  The most 

obvious, and arguably the most important, additional forcing mechanism near the surface 

is friction.  Since the wind speed at the surface must equal zero, friction is a momentum 

sink.  During the daytime when incoming solar radiation heats the surface of the earth, 

low-momentum air near the ground is heated and becomes buoyant because of that heat 

content and begins to rise.  These rising thermals of air cause the frictional influence of 

the earth’s surface to increase in vertical expanse, and in this way the boundary layer can 
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grow to over 1 km in depth.  This deep mixing results in profiles of temperature, 

humidity, wind speed, and wind direction that generally feature only very small changes 

with height within the boundary layer. 

Near sunset, the surface heat flux changes from positive to negative as the 

magnitude of incoming shortwave radiation becomes less than outgoing blackbody 

longwave radiation.  As a result the air immediately adjacent to the earth’s surface begins 

to cool.  Since the cool air is now negatively buoyant relative to the air around it, the 

tendency for thermodynamic mixing is diminished.  Since molecular flux processes are a 

poor diffusion mechanism, the cool near-surface layer of air remains shallow, and 

kinematic and thermodynamic parameters can feature profiles that change drastically 

with height.  In this situation, atmospheric layers are said to have decoupled, meaning 

their vertical influence on one another has been minimized.  The air above the shallow 

stable layer is relatively unchanged from its well-mixed daytime state, and is known as 

the residual layer.  A conceptual illustration of this diurnal boundary-layer evolution is 

shown in Fig. 5. 

 

 

 

Fig. 5.  Typical diurnal evolution of the boundary-layer in high pressure regions over 
land.  From Stull (1988). 
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In some cases, the stable boundary layer will become so extremely sheared that it 

will become dynamically unstable, inducing mechanical mixing in the form of breaking 

Kelvin-Helmholtz waves.  However, “buoyantly generated mixed layers tend to be more 

uniformly mixed than ones driven mechanically, because anisotropy in convection favors 

vertical motions, while shear [mechanical] anisotropy favors horizontal motions” (Stull 

1988, 450).  Thus mechanical mixing is believed to be secondary to thermodynamic 

mixing, and this report will analyze shears in the context of static stability rather than 

dynamic stability. 

Since thermodynamic mixing of the lower atmosphere significantly decreases 

after sunset, boundary layer profiles of heat and momentum are less uniform, and 

additional forcing mechanisms can unabatedly alter the winds just above the surface.  

These mechanisms include, but are not limited to, large-scale horizontal temperature 

gradients, inertial oscillations, the Ekman spiral, and terrain related circulations or 

accelerations.  Depending on their presence, strength, and orientation at a given time and 

place, each of these mechanisms has the potential to add or subtract to the results of the 

others, resulting in a net wind profile.  An example of this wind profile alteration is 

shown in Fig. 6, where observed low-level winds speeds have increased and formed a 

maximum in the lowest portion of the boundary layer.  This lowest portion is statically 

stable because the potential temperature increases with height.  A more rigorous 

definition of static atmospheric stability will be presented later in this chapter. 

In the following sections, each of the shear-generating forcing mechanisms will 

be explored.  We should be clear here that static atmospheric stability is not proposed to 

be the driver of high shear events, but rather an atmospheric condition that inhibits deep-

layer mixing in the boundary layer, allowing air parcels at different altitudes to be subject 

to separate force balances.   

 



Texas Tech University, Kevin Walter, August 2007 

 15 

 

Fig. 6.  Vertical profile of wind speed (left) and potential temperature (right) for the night 
of 10-11 Oct 1999.  All times in UTC; for local time, subtract 7 hours (0700).  From 
Poulos et al. (2002). 

 

The Thermal Wind 

Large-scale horizontal temperature gradients can be created by fronts, large-scale 

weather patterns, land/sea interfaces, and sloping terrain.  These temperature gradients 

cause changes in the geostrophic wind with height.  The geostrophic wind is the wind that 

would result from a balance between the pressure gradient and coriolis forces alone 

without considering friction.  The vector that describes the change in geostrophic wind 

with height is called the thermal wind.  Since ageostrophic components of the wind are 

frequently nonzero near the earth’s surface, one can likely not use the thermal wind to 

fully describe an actual wind profile in the turbine layer.  The thermal wind relation also 

assumes hydrostatic balance, meaning that vertical accelerations of the flow are 
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neglected (Holton 1992, 73).  For large-scale flows, this assumption is valid.  In special 

cases such as mountain waves or thunderstorm updrafts, the hydrostatic assumption is 

invalid because vertical velocities are relatively significant (Glickman 2000, 384). 

The thermal wind vector is oriented with colder air to its left (in the Northern 

Hemisphere), and its magnitude is controlled by the strength of the horizontal 

temperature gradient.  The equations for the U (east) and V (north) components of the 

thermal wind vector are shown in (4), where Ug and Vg are the geostrophic wind vector 

components, z is height, g is gravity, f is the coriolis parameter, and T is temperature.  

This functional representation is adapted from Stull (1988):
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Chapter 2 showed that average wind speed shear has been found to have a 

pronounced diurnal cycle.  For the thermal wind to lead to such an average diurnal cycle, 

a regular cycle of differential heating and cooling must exist on a given horizontal plane.  

Such a regular pattern is not achievable with large scale weather patterns or fronts.  

However, it is possible in regions featuring a land/sea interface or sloping terrain.  Holton 

(1967) was the first to examine the role of sloping terrain in low-level jet enhancement in 

the US Great Plains, where elevations rise from east to west approaching the Rocky 

Mountains.   

In this region, daytime insolation heats the earth’s surface.  Since temperature 

generally decreases with increasing height, this means that any horizontal plane across 

this region will have warm air to the west and cold air to the east, and the thermal wind 

vector will be oriented southward (Fig. 7).  At night as the earth’s surface cools, the same 

horizontal plane will have cold air to the west and warm air to the east, and the thermal 

wind vector will be pointing northward.  However at elevations just above, the east-west 
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temperature gradient in the residual layer will be unchanged and the thermal wind vector 

there will still be pointing southward.   

 

 

Fig. 7.  Vertical temperature profile and thermal wind (T.W.) vectors during the a) day 
and c) night in a region of sloping terrain.  Corresponding actual (V) and geostrophic 
(VG) wind profiles are found in b) and d).  From Stull (1988). 

 

 

In this scenario, if the large-scale winds are from the south, as is often the case in 

the Great Plains due to the presence of the lee trough, this thermal wind vector stacking 

will create an enhancement of southerly geostrophic winds just above the surface, and a 

decrease in southerly geostrophic winds above that (Fig. 7d).  The result is a jet-like 

geostrophic wind profile in the lower atmosphere.  This feature has become known as the 

low-level jet.  Since the surface stress magnitude is still large at the immediate surface, 

the wind vector there will be additionally slowed below the geostrophic magnitude, and 

the shear between the surface and the low level jet maximum will be amplified (Fig. 7d).  
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To estimate the contribution of the thermal wind to the increase of the wind speed 

with height, we perform a scale analysis on the contributing terms of (4) for two cases: 

one of relatively quiescent synoptic conditions and weak horizontal temperature gradients 

(i.e. a barotropic atmosphere) and one of synoptic conditions that feature larger horizontal 

temperature gradients (i.e. a baroclinic atmosphere).  For both cases, the approximate 

magnitude of g is 10 m/s2, f is approximately 10-4 s-1, and T is approximately 300 K.  For 

a barotropic atmosphere, the horizontal temperature gradient is estimated to be 

1°K/100km, or 10-5 °K/m, and the scale analysis is as follows: 
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Over an 80 m depth, this equates to an incremental velocity increase of 0.26 m/s.  For a 

baroclinic atmosphere, the horizontal temperature gradient is estimated to be 

10°K/100km, or 10-4 °K/m, and the scale analysis is as follows: 
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Over the same 80 m depth, this equates to an incremental velocity increase of 2.6 m/s. 

 It has been hypothesized that temperature gradients due to the heating and cooling 

of sloping terrain force a diurnal acceleration of the wind speed.  To estimate the 

magnitude of such a horizontal temperature gradient, we assume that there is no synoptic-

scale temperature gradient, only that caused by the cooling of the sloped terrain of the 

Great Plains. The approximate slope of the Great Plains is 100 m elevation for 100 km 

distance.  If we assume that the temperature warms at a constant rate with increasing 

height to some depth greater than 100 m, and that the temperature profile at two locations 

100 km distant are identical, we can use the average temperature increase over 100 m 

height to estimate the horizontal temperature gradient over 100 km distance.  From the 

present data set, the average temperature increase measured over 100m height in 

statically stable conditions is approximately 2°C, with a standard deviation of 

approximately 3°C and a maximum value of 12°C.  We can then estimate that the 

average horizontal temperature gradient is 2°C/100km but can easily achieve a magnitude 

of 5°C/100km and can reach 12°C/100km.  These estimations indicate that the heating 
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and cooling of sloping terrain typically contributes less than 1 m/s of incremental velocity 

increase over the depth of the turbine layer, but that velocity changes of greater than 3 

m/s are possible.  If large-scale weather patterns were to enhance that horizontal 

temperature gradient, then larger instantaneous velocity changes would be expected. 

The velocity increase associated with the thermal wind cannot exceed the 

magnitude that actual existing pressure gradients can force, the geostrophic magnitude, 

and by geography that features sloping terrain.  The next forcing mechanism, the inertial 

oscillation, is not limited by geography and can force wind speeds that exceed the 

geostrophic magnitude. 

The Inertial Oscillation 

The inertial oscillation is a periodic fluctuation in the wind vector just above the 

surface of the earth caused by the presence of the Coriolis force, and was first described 

by Blackadar (1957).  The Coriolis force is an apparent force that arises from a rotating 

frame of reference (the earth), deflecting flow to the right of its path in the Northern 

Hemisphere.  Recall that winds near the earth’s surface are slowed during the daytime by 

friction, whose effect is spread to higher heights by thermodynamic mixing.  As a result, 

the low-level flow is sub-geostrophic during the daytime.  At sunset, frictional interaction 

is confined to only a very shallow near-surface layer, and the wind above that layer will 

accelerate towards its geostrophic value.  After sunset, the presence of the Coriolis force 

causes the wind vector to rotate to the right with time in the Northern Hemisphere 

(Glickman 2000, 402), while the reduction of surface stress (i.e. decoupling) allows the 

wind vector to accelerate beyond its geostrophic magnitude.   

If the geostrophic flow is assumed to be constant in time, the vertical motion to be 

zero, and frictional stress to immediately cease away from the surface at sunset, an 

idealized solution for the inertial oscillation can be obtained.  A mathematical 

representation of the inertial oscillation can be found by making further assumptions that 

the geostrophic wind has no V component (for simplicity) and that there is some 

departure of the actual wind from its geostrophic value during the daytime due to 
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frictional interaction with the surface.  In this framework the time-variant wind vector 

would behave according to (5) at night after the surface stress has decreased.   

(5) )cos()sin( ,, ftFftFUU dayvdayug −+=  

)sin()cos(0 ,, ftFftFV dayvdayu ++=  

 

Here, U and V are the actual wind components, Ug is the U component of the 

geostrophic wind, Fu,day and Fv,day are the departure of the daytime wind components from 

their geostrophic values, f is the coriolis parameter, and t is the number of hours after 

sunset.  This functional representation is adapted from Stull (1988).  With a coriolis 

parameter of 10-4 s-1 (a typical mid-latitude value) and a geostrophic wind speed of 10 

m/s directed to the east (+U), the wind vector would vary with time after sunset as shown 

in Fig. 8. 

 

 

 

Fig. 8.  The inertial oscillation of the actual wind vector about its geostrophic value.  
From Stull (1988). 
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The inertial oscillation is independent of terrain and tied to geography only 

through its period of oscillation, 2π/f, where the coriolis parameter f increases with 

latitude.  As latitude increases, the inertial oscillation period shortens.  Note that, like the 

thermal wind, the inertial oscillation is capable of accelerating the near-surface flow to 

contribute to a low-level jet maximum in wind speed.  Numerous studies have identified 

the inertial oscillation in actual observations, including Blackadar (1957), Hoecker 

(1965), Bonner (1968), Parish et al. (1988), and Mitchell et al. (1995).  Two such 

examples are shown in Fig. 9.  For details on the observations in this figure, the reader is 

directed to Bonner (1968) and Mitchell et al. (1995). 

 

 

  

Fig. 9.  Observations of the inertial oscillation of the actual wind vector about its 
geostrophic value.  From Bonner (1968) (left) and Mitchell (1995) (right). 
 

   

Since the forcing for supergeostrophic acceleration is inertia, the strongest 

nighttime supergeostrophy will occur following the most strongly retarded (ageostrophic) 

afternoon flow (Blackadar 1957).  Retardation of the daytime flow is caused by surface 
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stress, the magnitude of which is controlled by factors such as high surface roughness and 

the magnitude of deep convective mixing, the latter which depends on factors such as soil 

and air temperature, moisture content, and the amount of cloud cover.  In regions outside 

the Great Plains, higher surface roughness, which would serve as a flow retardant, is 

collocated with relatively greater climatological cloudiness and moisture, which would 

lessen the amount of deep convective mixing.  Depending on the magnitude of these 

factors at a specific location, the strength of the inertial oscillation in these regions may 

differ from that in the Great Plains given the same background geostrophic flow.  

In wind power systems, the low-level jet is often referenced as a phenomenon 

exclusive to the US Great Plains.  This perception has likely come about because low-

level jets are most common and most intense in that region (Bonner 1968), as illustrated 

in Fig. 10, which shows the number of observations of a low-level jet meeting Bonner’s 

Criteria 1, i.e. that winds at jet-level be greater than or equal to 12 m/s and decrease by at 

least 6 m/s to the next higher minimum or the 3 km level, whichever is lower.  The 

aforementioned study was limited to only two observations daily, however, more recent 

studies with higher temporal resolution (Mitchell et al. 1995) have verified that low-level 

jets are most frequent in this region and occur mostly at night.   
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Fig. 10.  Number of low level jet observations from twice-daily radiosondes for two 
calendar years.  From Bonner (1968). 

 

 

Large scale dynamics and approaching jet stream level (e.g., 10,000m) wind 

maxima have been found to enhance low-level jets, especially in the Great Plains 

(Ucellini 1980), though the presence or absence of an upper-level jet is not diurnal in 

nature.  The predominance of the US Great Plains in low-level jet activity and intensity is 

likely due to the juxtaposition of the thermal wind, inertial oscillation, and 

climatologically stronger large-scale dynamical forcing and pressure gradients (and thus 

stronger winds) than other regions.  As one example of the achievable jet intensity in this 

region: 

At 11 p.m. on 18 March 1918 [in Drexel, Nebraska] a wind speed 
maximum of 70 knots [36 m/s] occurred at an elevation of 780 feet [237 
m] while at the surface the wind speed was only 5 knots [2.5 m/s].  
Particularly puzzling in this case is the fact that the isobars on the surface 
map indicated a speed of only 20 knots [10 m/s]. (Blackadar 1957, 284)  
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Such an example demonstrates the contribution of the inertial oscillation to 

significant jet maxima through supergeostrophic acceleration.  To put this example into 

perspective, the calculated power law shear exponent for the case above is 0.84.  Power 

law shear exponents of this magnitude have been observed in previous work and it will 

be shown in Chapter 6 of the present study that such magnitudes are observed numerous 

times depending on the use of restrictive lower-level wind speed analysis thresholds. 

While the thermal wind and the inertial oscillation both contribute to low-level jet 

formation, the inertial oscillation has been found to be a significant or even the dominant 

forcing mechanism (Parish et al. 1988, Zhong et al. 1996, Poulos et al. 2002).  This result 

was also found by Lundquist (2000) in all but the strongest cases where non-diurnal 

upper-level dynamic forcing likely played a more significant role.  Since the inertial 

oscillation is independent of geography, discernable diurnal patterns of wind shear could 

potentially be found in annual wind speed climatologies from any inland site in the 

world.  The presence of a discernable jet maximum is not a necessary condition for high 

shear in the turbine layer.  This report is not concerned with the presence or absence of a 

jet maximum, but rather with characterizing the climatological magnitude and variability 

of wind shear in the turbine layer.  

The Ekman Spiral 

Surface stress reduces the actual wind speed near the earth’s surface.  Since the 

Coriolis force is directly proportional to the wind speed, it also decreases, introducing a 

force imbalance that causes the actual wind vector to orient across the isobars (lines of 

constant pressure) towards low pressure (Fig. 11, right).  At some higher height where 

surface stress is lower, the wind is geostrophic meaning that the Coriolis force is in 

balance with the pressure gradient force (Fig. 11, left). 
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Fig. 11.  Force balances and the resulting wind vectors in the northern hemisphere near 
the surface (right) and at some height where friction can be neglected (left).  Grey lines 
indicate isobars. 
 

 

  For heights in between, a theoretical solution for the variation in wind speed and 

direction with height is the Ekman spiral.  In the Ekman spiral, wind vectors rotate 

clockwise with increasing height.  The ideal Ekman solution requires many simplifying 

assumptions, such as constant density and eddy viscosity, steady horizontal motion, 

straight, parallel isobars, a statically neutral atmosphere, and constant geostrophic wind 

with height (Stull 1988, Glickman 2000).  The component-wise solutions for the wind 

profile with height, assuming again that the geostrophic wind G is aligned with +U, are 

found in (6). 

(6) [ ])cos(1 zeGU E

zE γγ−−=  

[ ])sin( zeGV E

zE γγ−−=  

 

 In (6), U and V are the actual wind components, G is the geostrophic wind, z is 

height, and γE is a parameter that combines the coriolis parameter and some measure of 

the turbulent drag.  This functional representation is adapted from Stull (1988), and the 

solution is illustrated in Fig. 12. 
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Fig. 12.  The idealized Ekman solution.  From Stull (1988). 
 

 

 

In such an idealized state, the true solution may be only rarely observed in the 

atmosphere (Holton 1992, 133).  However, the fact remains that the actual wind must 

accelerate and rotate clockwise with height to rectify near-surface and free-atmosphere 

wind vectors.   

The vertical depth over which the Ekman spiral occurs is called the Ekman layer.  

At the top of the Ekman layer, the wind vector is geostrophic.  Below, the wind vectors 

are oriented at some angle across the isobars toward low pressure.  By computationally 

solving the equations of motion and heat conduction, Yamamoto (1973) calculated the 

diurnal variation of the wind profile in the Ekman layer.  Fig. 13 shows hodographs 

simulated by Yamamoto.  A hodograph is a plan-view plot of the vertical distribution of 

the horizontal wind that traces the path of the wind vector tip with increasing height.  

Regarding the results in Fig. 13, Yamamoto explains: 

The height of the Ekman layer undergoes a marked diurnal variation; 
becoming very low in late night and early morning, and high in day-time 
till early night….at 3, 6, and 9am the wind vector at 160m is very close to 
the geostrophic wind vector, indicating that the height of the Ekman layer 
at these times is about 160m or less, while at other times the wind vector 
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at 160m differs considerably from the geostrophic wind vector, implying 
that the height of the Ekman is far higher. (Yamamoto 1973)   

According to this result, the vertical distance over which near-surface wind 

vectors must rotate to meet geostrophic values can be very short during the night.  Across 

the turbine layer, speed and direction shear would be maximized.  Specifically, notice the 

simultaneous speed and direction shear present between the 40m and 160m levels in Fig. 

13.  If the depth of the Ekman layer can be interpreted as the height of the stable 

boundary layer, this explanation for direction shear concurs with the tendencies reported 

by Giebel and Gryning (2004) (Fig. 3). 

 

 

 

Fig. 13.  Simulated hodographs at several local times (0h, 3h, etc.).  Height above ground 
level is indicated by numeric labels.  From Yamamoto (1973).  

 

 

A very limited set of observational evidence is available for confirming the 

Ekman-like wind vector rotation in the boundary layer.  Boundary layer hodographs (Fig. 

14) from 0400 local time at Oklahoma City on April 22-23, 1961 from Hoecker (1965) 

indicate an acceleration of the wind speed and clockwise turning of the wind with height.  

A corresponding hodograph from 2000 local time shows less pronounced speed and 

direction shear.  In this figure, the points “s”, “1”, and “2” indicate the wind vector at the 
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surface, 108m, and 315m above ground level, respectively.  The data point “8” represents 

the wind vector at 1440m.  Case studies from May 28, 1961 and May 30, 1961 in this 

same study (not shown) show similar results. 

 

  

Fig. 14.  Observed hodographs at 2000 (left) and 0400 (right) local time.  From Hoecker 
(1965).  

 

 

 Hodographs across a similar boundary layer depth from six observational periods 

at O’Neill, Nebraska (Fig. 15) from MacKay (1971) [data from Lettau and Davidson 

1957] exhibit the characteristic spiral shape as well.  In this figure, the broken lines 

indicate observations, whereas smooth dotted and smooth solid lines indicate analytical 

representation of those profiles.  Also, the hodograph for each period is a 24-hour 

average, so any diurnal fluctuations that were evident in the original data will not be 

apparent in these results.   
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Fig. 15.  Observed 24-hour average hodographs from six observational periods.  From 
MacKay (1971). 

 

 

To estimate the contribution of the Ekman spiral to direction shear in the turbine 

layer, we perform a scale analysis on the contributing terms of (6) for two cases: one with 

a boundary layer depth of 1500m (i.e. a daytime convective boundary layer) and one with 

a boundary layer depth of 200m (i.e. a stable nocturnal boundary layer).  In (6), the 

magnitude of the geostrophic wind G can be estimated by: 

dy

dz

f

g
G P=  

Assuming that f is 10-4 s-1, g is approximately 10 m/s2, and assuming a horizontal 

pressure height gradient (dzp/dy) of 60m/250km, the magnitude of the geostrophic wind is 

23.5 m/s at the top of the Ekman layer.  Again referencing (6), γE can be expressed as: 

2
1

2 
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and the depth of the Ekman layer can be expressed as: 
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Since the depth is known, it is possible to solve for Km, γE, and ultimately the U and V 

components of the wind.  Solving for the wind vector at two heights, 40m and 120m 

(approximate rotor bottom and top, respectively), the angle between those vectors as 

predicted by the Ekman solution can be found.   

Performing this scaling exercise for a depth of 1500m, which approximates a 

daytime convective boundary layer, the calculated direction shear magnitude between the 

40m and 120m wind vectors is 4.5º.  Scaling again for a shallower depth, 200m, which is 

an approximate stable nocturnal boundary layer depth, the angle between the 40m and 

120m wind vectors becomes 21.0º.  Though the exact Ekman solution requires many 

simplifying assumptions, this scale analysis shows that the Ekman spiral may contribute 

significantly to the presence of direction shear in the turbine layer, and would likely 

result in a direction shear histogram that is skewed toward positive angles in the northern 

hemisphere. 

With the possibility of wind power installations in the southern hemisphere, it is 

useful to notice that the Ekman spiral there would climatologically favor 

counterclockwise rotation of the wind vector with height, opposite that in the northern 

hemisphere.  In the southern hemisphere, the Coriolis force acts to left of the wind vector 

and winds rotate clockwise (counterclockwise) around low pressure (high pressure) 

systems (Fig. 16).  This tendency is opposite of that in the northern hemisphere.  Since 

the Ekman spiral is always present in some magnitude, one might expect to observe a 

climatological shift towards clockwise change in observed wind direction with height in 

the northern hemisphere and a counterclockwise change in wind direction with height in 

the southern hemisphere. 
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Fig. 16.  Force balances and the resulting wind vectors in the southern hemisphere near 
the surface (right) and at some height where friction can be neglected (left).  Grey lines 
indicate isobars. 

 

 

The discussion on the inertial oscillation showed how winds at heights where 

surface stress is decreased can accelerate to supergeostrophic values and turn to the right 

of the geostrophic wind direction (in the Northern Hemisphere) hours after sunset.  At 

night, the vertical depth over which friction maintains influence can be a very shallow.  

The simultaneous presence of the Ekman spiral and the inertial oscillation could then 

potentially drive higher magnitudes of direction shear than either mechanism would 

individually (Fig. 17), assuming that the inertial acceleration and turning is differential 

with height.  This assumption should be valid since winds in the upper boundary layer 

should be expected to become supergeostrophic due to inertia, while winds in the lower 

boundary layer should not since surface stress is much greater there.  
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Fig. 17.  Nocturnal wind vectors at multiple heights under the influence of both the 
Ekman spiral and the inertial oscillation in the northern hemisphere.  Grey lines indicate 
isobars. 

 

The Isallobaric Wind 

As surface pressure falls, dynamic forces cause the local flow to accelerate toward 

the strongest pressure decrease.  This additional local acceleration is known as the 

isallobaric wind.  The isallobaric wind is an ageostrophic component to the actual wind 

because it is essentially a response to time rates of change of mass at time scales shorter 

than the geostrophic response.  One formulation of the isallobaric wind equation, which 

has been adapted from Glickman (2000) is found in (7). 

(7) 
t

p

f
U His ∂

∂
∇

−
=

2

α
 

In (7), α is the reciprocal of density, f is the coriolis parameter, p is pressure, t is time, and 

the subscript H specifies only horizontal gradients of the time rate of change of pressure. 

Due to the formation of the lee trough, the Great Plains is a common location for 

isallobaric flow; however, it will exist anywhere at any time with a time rate of change of 

pressure.  Djuric (1980) used an idealized numerical experiment to show that the 

isallobaric wind and a low-level temperature inversion were critical to the formation of a 
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low level jet.  In this way it is possible that these accelerations serve to partially enhance 

speed shear in regions of falling pressure.  If the magnitude of pressure decrease is 

differential with height, it is possible that the isallobaric wind serves to increase the 

direction shear magnitude as well.  This would be possible, for example, in an instance 

where hydrostatic pressure is changing due to a horizontal cycle of heating and cooling 

over sloped terrain, as was discussed in the Thermal Wind section.  The impact is 

expected to be secondary to other processes described here, but not negligible.   

 

Terrain Slope and Drainage Flows 

In areas of complex terrain, drainage flows often play a significant role in the 

nocturnal boundary layer wind profile. As the surface of the earth radiationally cools, air 

near the surface becomes colder relative to air above. As this air cools and becomes 

denser, it begins to descend the terrain slope under the influence of gravity. As a result, 

low-level flow vectors in complex terrain are often oriented down the local topography 

slope regardless of the larger-scale meteorological conditions. While typical drainage 

flows are relatively shallow, cases of such currents up to 150m deep have been 

documented (Stull 1988) and thus would sensibly impact wind turbines operating in such 

an environment.  However, their climatological impact on shears in the turbine layer is 

expected to be minimal.  Since significant topography does not exist around Lubbock, 

drainage flow will not be a factor in the present observational study. 

Definition of Static Atmospheric Stability 

The gradient of virtual potential temperature (θv) is chosen as the metric to 

represent static atmospheric stability.  Virtual potential temperature is useful because it 

accounts for temperature, pressure, and moisture content, which all impact air density and 

thus buoyancy.  If the change in virtual potential temperature with height is positive, that 

layer of air is stable and parcels of air vertically displaced from equilibrium will tend to 

return to their original altitude through gravity-dampened oscillations.  If the change is 
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negative, that layer of air is unstable and parcels of air vertically displaced upward will 

tend to continue that vertical motion due to positive buoyant forces.  If there is no change 

in virtual potential temperature with height, the layer of air is neutral.  A summary of 

stability in virtual potential temperature profiles is given in Fig. 18. 

  Potential temperature, which is the same as virtual potential temperature without 

consideration for moisture content, can also be used to assess static stability.  This metric 

is conserved in vertical motions that are adiabatic (i.e. do not exhibit heat exchanges, 

such as the latent heat of condensation if the air becomes saturated) and for that reason is 

often a preferable parameter.  In this study, the time-variant conservation is not as 

important as an accurate assessment of the tendency of the atmosphere to turn over due to 

density stratification.  Since virtual potential temperature is a more thorough assessment 

of density, it is the selected metric in this study rather than potential temperature. 

 

 

Fig. 18.  Static stability classification of virtual potential temperature profiles. 
 

 

The calculation of virtual potential temperature requires knowledge of 

temperature, pressure, and moisture distributions with height.  Chapter 5 will outline the 
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instrument heights available for this study, but here we must acknowledge that 

barometric pressure is only measured at two of ten thermodynamic measurement levels, 

4m and 200m.  Yet, barometric pressure is required for the calculation of virtual potential 

temperature at each of those ten levels.  To approximate a barometric pressure at each 

level at each observation time, a variation of the hypsometric equation is employed.  The 

hypsometric equation, shown in (8), relates the vertical change in pressure between two 

heights to their average temperature: 

(8) 
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In (8), z2 and z1 are the two geometric heights in question, T  is the average 

temperature in that layer, p2 and p1 are the corresponding pressure levels, R is the ideal 

gas constant, and g is the acceleration due to gravity.  From (8), one can solve for p2 to 

arrive at an approximation of pressure at any level (9): 
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To minimize errors in the calculation of pressure, the calculation at each level will use the 

level immediately below it as a reference, starting at the known reference of 4m.   

Once a pressure is estimated for each hour at each level, the calculation of 

potential temperature comes from (10): 

(10) 

K

zp
T 








=

100
θ  

In (10), T is the temperature (K), 100 is the reference pressure in kilopascals (kPa), pz is 

the barometric pressure (kPa), and K is a constant 0.286.   
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Virtual potential temperature is calculated from potential temperature through 

(11): 

(11) ( )rv 61.01+=θθ  

Here, r is the water vapor mixing ratio, which is the ratio of the mass of water 

vapor content (grams) to the mass of dry air (grams) in a unit volume of air.  To obtain r, 

the relations given in (12) through (14) must be used. 

(12) 
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In (12) through (14), rs is the saturation mixing ratio (g/g), RH is the relative 

humidity (%), ε is a constant 0.622, es is the saturation vapor pressure (kPa), pz is the 

barometric pressure (kPa), e0 is a constant 0.611 kPa, L/Rv is a constant 5423 K, T0 is a 

constant 273 K, and T is atmospheric temperature (K). 

From these relationships, we are able to calculate representative values of virtual 

potential temperature (θv) for each hour of record at each available level.  Recall that 

static stability for an atmospheric layer can be determined by the sign of the vertical 

virtual potential temperature gradient.  Gradients will be positive for stable stratification, 

zero for neutral, and negative for unstable stratification.  To normalize the magnitude of 

the stability, the calculated change in θv is divided by the depth of the layer to arrive at a 

change in θv per unit distance (K/m). 
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CHAPTER 4 
 

IMPACTS OF WIND SHEAR ON POWER PRODUCTION 

Previous chapters have reviewed literature that has identified the existence of 

speed and direction shear in the stable nocturnal boundary layer.  Meteorological forcing 

mechanisms for such shears have also been reviewed.  In an attempt to address the 

impacts of wind shear on wind power systems, this chapter will first examine wind 

turbine aerodynamic theory to hypothesize how changes in wind speed and direction 

across a wind turbine rotor will affect its power production.  It will then proceed to 

numerical simulations of these phenomena in an attempt to quantify the energy gained or 

lost during operation in such conditions. 

Blade Element Analysis 

The starting point for the basic wind turbine aerodynamic diagram is a vector that 

represents the free stream wind vector slowed to some degree by its interaction with the 

turbine blade.  This is vector A in Fig. 19.  Next, consider the fact that the blade itself is 

rotating, and thus moving through the air and creating an apparent wind relative to the 

blade.  Since the relative wind is caused solely by the motion of the blade, its magnitude 

will be the product of the rotational speed of the turbine rotor and the radius of rotation.  

The relative wind vector is vector B in Fig. 19.  For convenience, we will consider some 

blade segment near the tip, but not at the tip as that specific location will likely be 

influenced by tip-induced aerodynamic forces that we do not care to address here.  Now it 

becomes evident that the total wind over the airfoil is the vector sum of A and B.  This 

vector is known as the resultant vector.   
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Fig. 19.  Simple aerodynamic geometry of a wind turbine blade element.  Not to scale. 
 

 

 

As the resultant vector flows across the airfoil, relatively low pressure is 

generated on the top of the airfoil.  This is known as the Bernoulli effect.  The pressure 

gradient between the top and bottom of the airfoil results in a lifting force.  As the angle 

between the resultant vector and the airfoil, the angle of attack, increases, the lift 

experienced by the airfoil continues to increase as the pressure differential across the 

airfoil increases.  At some critical angle of attack, the acceleration of the flow on top of 

the airfoil is so great that the flow fails to reattach to the downstream portion of the 

airfoil.  This separation causes the lift force to decrease and the drag force to rapidly 

increase, an operational state known as aerodynamic stall. 

Both the angle of attack and the magnitude of the resultant vector have an impact 

on the lift and drag of an airfoil.  The functional form of this relationship is given in (15). 

(15) 
2

2

1
AwCLift Lρ=  



Texas Tech University, Kevin Walter, August 2007 

 39 

Here, ρ is the air density, A is the surface area over which the lift force is acting, w is the 

magnitude of the resultant vector, and CL is the coefficient of lift, which is dependent on 

the angle of attack.  Similarly, the amount of drag induced by flow over an airfoil takes 

the functional form (16). 

(16) 
2

2

1
AwCDrag Dρ=  

Again, ρ is the air density, A is the surface area, w is the magnitude of the resultant 

vector, and CD is the coefficient of drag, which like CL is a function of angle of attack.  

Generic functions of CL and CD versus angle of attack (α) that are similar to those of wind 

turbine airfoils are shown in Fig. 20.   

Because aerodynamic drag begins to rapidly increase near stall, the angle of 

attack that optimizes the ratio of lift to drag on a wind turbine airfoil actually occurs in 

the rising portion of the CL curve (grey region, Fig. 20), and not at the peak value of CL.  

In modern wind turbine blades, the optimal angle of attack is typically 5-8°.  Thin airfoil 

theory shows that the slope of the rising portion of a CL curve is 2π (Anderson 2001, 

272), meaning that for every 0.1° change in angle of attack, CL changes by approximately 

6%.  If the angle of attack was originally optimized for maximum power output (Cp), any 

departure from this angle will result in decreased airfoil efficiency.   
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Fig. 20.  Coefficients of lift (black) and drag (grey) as a function of angle of attack on a 
hypothetical airfoil.  Stall is indicated by vertical dashed line. 

 

 

In wind power systems, wind speed ranges have relative importance based on the 

power curve of the wind turbine in question.  Fig. 21 illustrates the power curve for a 

typical 1.5 MW wind turbine.  From this power curve, it is clear that the machine has 

several distinct operating states based on the wind speed at hub-height.  These operating 

states are Region 2, which is below rated power, and Region 3, which is at rated power.  

In Regions 1 and 4 (not shown), the wind speed is either too low or too high for the wind 

turbine to operate.  As the turbine approaches rated power, there is a transition between 

control states that Kelley et al. (2004) has highlighted as a potentially sensitive operating 

zone.  Hereafter, this zone will be referred to as Region 2½.   
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Fig. 21.  Power curve regions of a typical 1.5 MW wind turbine. 
 

 

In wind power systems, the rate of rotor rotation is often defined in terms of the 

tip speed ratio (TSR) as shown in (17). 

(17) 
v

R
TSR

Ω
=  

Here, Ω is the angular speed of rotor rotation, R is the blade length, and v is the 

free-stream wind speed.  Thus, the TSR is the ratio of the tangential velocity of the blade 

tip to the velocity of the free stream wind.  A typical TSR for a modern 3-bladed upwind 

megawatt-scale machine is six to eight, meaning that ΩR is six to eight times greater than 

the wind velocity v. 

Simulations in this work, which will be discussed in detail later in this chapter, 

will be performed on a variable speed wind turbine.  It is common for variable speed 
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wind turbine control systems to operate at constant tip speed ratio in Region II of the 

power curve.  As the wind speed increases or decreases, the rotational speed of the rotor 

increases or decreases accordingly, while the blade pitch remains constant.  The optimal 

pitch angle at which to operate in Region 2 is often determined in the machine design 

stage and used throughout the operational life of the turbine.  Ongoing research into wind 

turbine controls is exploring the implementation of adaptive pitch control, meaning that 

the blades continually pitch to find the maximum power coefficient at any given time.  

The pitch control for the virtual wind turbine that will be simulated in the current work is 

constant pitch in Region II, and we will not examine the sensitivity of the results to pitch 

control logic.   

On the aerodynamic force diagram (Fig. 19), the lift and drag forces are oriented 

normally and anti-parallel with respect to the resultant vector.  It should be noted that the 

lift and drag vectors in Fig. 19 are not to scale, since modern wind turbine airfoils feature 

lift forces approximately 150 times the magnitude of the drag forces at optimal 

performance.  The sum of the components of the lift and drag force vectors in the plane 

of the rotor’s rotation is the rotor torque, and the sum of the components out of the plane 

of rotation contributes to the rotor thrust.  The sum of the torque forces from all sections 

of all blades of a wind turbine rotor is the total torque of the rotor, which turns the rotor 

and is converted to electrical power by the generator.  The sum of the thrust forces from 

all sections of all blades is the total rotor thrust, which is a load on the wind turbine 

structure that must be dissipated by the turbine structure. 
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Fig. 22.   Simple aerodynamic geometry of a wind turbine blade element with 
aerodynamic forces.  Not to scale. 
 

 

Now that the fundamentals of wind turbine aerodynamics have been introduced, 

we can begin to assess how speed and direction shear may theoretically alter the 

aerodynamics generated by a wind turbine blade element.  As we have seen in this 

fundamental review, the inflow vector (labeled “A” in previous figures) is one of two 

vectors that are summed together to provide the resultant wind vector, from which all 

aerodynamic forces are derived.  When shear is added to this geometry, the inflow vector 

is changed.  It is worth noting here that the wind speed and direction sensors used to 

control the blade pitch and yaw on modern wind turbines are located on the hub, and that 

the control algorithm will set the blade pitch and turbine yaw for those conditions.  This 

means that the wind turbine will be yawed such that the rotor is perpendicular to the wind 

direction at hub-height, and that the speed of the rotor will be determined by the wind 

speed at hub-height. 

Consider first that some magnitude of shear in the wind speed exists across the 

vertical extent of the rotor.  In such conditions the aerodynamic geometry of each turbine 

blade will oscillate as the blade rotates through one revolution (Fig. 23).  This is caused 

by the vertical change in the horizontal wind speed.  Since the blade pitch (θ) is constant, 

the angle of attack will also oscillate.   
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Fig. 23.  Aerodynamic geometry of a wind turbine blade with speed shear across the 
vertical extent of the rotor. 

 

 

In these conditions, there will also be a slight change in the length of the resultant vector 

(∆w), causing additional changes in the actual lift generated by the airfoil.   

Now consider that there is no speed shear, but that the wind direction turns 

clockwise with increasing height across the rotor.  Assume that a wind turbine is 

operating in these conditions with a rotor that rotates clockwise (looking downwind).  In 

this particular problem there has been a reduction in the length of the resultant vector at 

both the top and bottom of the rotor path, and angle of attack has changed little (Fig. 24).  

Because the turbine controls orient the rotor with respect to the hub-level winds, the 

component of the wind tangential to the rotor plane has changed direction between the 

top and bottom of the rotor.  However, the direction of the relative wind also changes 

direction between the two positions because the blade is moving in opposite 

instantaneous directions at the top and bottom of the rotor.  The result is an idealized 

aerodynamic solution that is vertically symmetric across the rotor.  In this case, the blade 

is always retreating from the tangential component of the environmental wind. 
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Fig. 24.   Aerodynamic geometry of a wind turbine blade with clockwise direction shear 
across the vertical extent of a rotor rotating clockwise. 
 

 

Note that this solution is different from the case of yawed flow, which has 

previously been studied by Swift (1981) and others.  The tangential wind component in 

the yawed flow case is constant across the rotor (Fig. 25).  In the direction shear case, the 

tangential wind component is not of constant magnitude and even changes sign with 

height across the rotor.  In the yawed flow case, the blade is both advancing and 

retreating once per revolution. 

 

 

Fig. 25.  Aerodynamic geometry of a wind turbine blade in yawed flow. 
 

 

In Fig. 24, the rotation of the wind vector with height was clockwise and the 

turbine rotor rotation was clockwise.  Now consider the exact opposite – 

counterclockwise direction shear with height and counterclockwise rotor rotation.  The 
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aerodynamic configuration in this case is shown in Fig. 26.  Since both the rotor rotation 

direction and the direction of the vector wind change with height are now opposite, the 

theoretical aerodynamic result is exactly the same.  In both of these cases, the blade 

elements can be described as always retreating from the tangential wind component. 

 

 

 

Fig. 26.   Aerodynamic geometry of a wind turbine blade with counterclockwise direction 
shear across the vertical extent of a rotor rotating counterclockwise. 

 

 

The next step is then to consider cases where the blade element is advancing into 

the tangential wind component.  This can be achieved with either 1) clockwise direction 

shear and counterclockwise rotor rotation or 2) counterclockwise direction shear and 

clockwise rotor rotation.  The aerodynamic geometry in the advancing case is shown in 

Fig. 27.  Here, the resultant vector has lengthened (∆w) and the angle of attack has 

decreased (∆α).  Since the magnitude of lift is a function of the magnitude of the resultant 

vector squared (15), it is possible that greater lift is generated in this case.  However the 

angle of attack has decreased resulting in a decreased CL, so a general result cannot be 

theoretically determined. 

Recall that the inflow vector in these aerodynamic diagrams is actually the free 

stream wind vector whose magnitude has reduced due to interaction with the blade.  In 

reality, changing the orientation of the inflow vector will have implications on this 

reduction.  In blade-element momentum theory, the reduction of the inflow vector due to 
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interaction with the blade is called the induction factor.  It is unclear how the induction 

factor will change in these more complex geometries.   

 

 

 

Fig. 27.   Aerodynamic geometry of an advancing wind turbine blade element. 
 

 

This blade element momentum analysis has found two unique solutions for four 

unique combinations of turbine rotor rotation and wind direction rotation with height.  

These results are summarized in Table 2. 

 

Table 2.  Summary of aerodynamic geometries in the presence of direction shear. 

Rotor 

Rotation 

Rotation of 

wind vector 

with height 

Change in 

length of 

resultant 

vector 

Change in 

angle of 

attack 

Relation of 

tangential 

flow to 

blade motion 

Expected net 

effect on 

power 

output 

Clockwise Clockwise Decrease Increase Retreating Decrease 

Clockwise 
Counter-

clockwise 
Increase Decrease Advancing Unknown 

Counter-

clockwise 
Clockwise Increase Decrease Advancing Unknown 

Counter-

clockwise 

Counter-

clockwise 
Decrease Increase Retreating Decrease 
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Through this analysis it has become clear that, at least in theory, the direction of 

rotation of the wind turbine rotor may have implications on energy capture.  By 

identifying the leading and trailing blade edges in promotional photographs from major 

wind turbine manufacturers (e.g. Gamesa, General Electric, Vestas, Suzlon, Mitsubishi, 

Clipper, Siemens), we conclude that the vast majority of turbine rotors rotate clockwise 

(looking downwind).  After reviewing the potential oscillations in angle of attack in the 

presence of shear, it is interesting to note that some of the latest wind turbine designs 

feature pitch mechanisms capable of ultra-fine pitch resolution.  For example, the Suzlon 

2 MW machine is promoted as having “unmatched fine pitching with 0.1° resolution to 

extract every possible unit of power” (Suzlon 2007).  If airfoil efficiency is truly this 

sensitive to such small changes in angle of attack, then more precise knowledge of the 

atmospheric operating environment is imperative.  

Recall that a tip speed ratio in the range of 6 to 8 specifies that the rotational 

speed (ΩR) is much greater than the wind speed (v).  The aerodynamic diagrams 

reviewed here have been composed of the vectors ΩR and v-va, meaning that v will be 

reduced through interaction with the rotor.  As a result ΩR will be much greater than v-

va, and the angle between the relative wind vector and the resultant vector (θ+α) is small.  

Because of this small-angle geometry, the vector v-va will be nearly perpendicular to the 

resultant vector.  Also recall CL and w both control the lift generated in (15) , where CL is 

an airfoil-specific coefficient of lift that is a function of angle of attack, and w is the 

magnitude of the resultant vector.  The most efficient way to alter the length of the 

resultant vector is to move its tip along its long axis.  Simultaneously, the most efficient 

way to alter the angle of attack is to move the tip of the resultant vector perpendicular to 

its long axis (Fig. 28).  Because of this small-angle geometry, the lengthening or 

shortening of the inflow vector (i.e. speed shear) is the most efficient means of altering 

the angle of attack, while rotating the inflow vector (i.e. direction shear) is the most 

efficient means of altering the length of the resultant vector.  Thus, speed and direction 

shear both impact wind turbine aerodynamics by altering the inflow vector, but they are 

each most efficient at altering one aspect of the aerodynamic geometry.      
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 Fig. 28.   Vector tail paths for most efficient alteration of angle of attack (thick black 
arrows) and most efficient alteration of resultant vector length (thin grey arrows).   

 

Numerical Simulations 

To quantify the effects of inflow alteration on power production, numerical 

simulations have been performed with the National Renewable Energy Laboratory 

(NREL) Fatigue Analysis Structures and Turbulence (FAST) model (NWTC 2005a).  

FAST is a time-marching numerical simulator that allows the user to simulate the power 

output and structural response of a virtual wind turbine under the influence of a specified 

wind field.  While FAST is capable of using turbulent wind fields, only steady-state wind 

fields will be used in this analysis with the intent of testing turbine sensitivity to speed 

and direction shear.  FAST is coupled with the AeroDyn model (NWTC 2005b) which is 

called at each time step to calculate the aerodynamic forces at each blade element.  A full 

review of the theory behind AeroDyn can be found in Moriarty and Hansen (2005).  For a 

comprehensive review of FAST the reader is directed to Jonkman and Buhl (2005). 

Previously, steady-state wind input for FAST accommodated only speed shear.  

To facilitate the simulation of direction shear, a user-defined wind routine was created.   

This routine was created in userwind.f90 of the AeroDyn source code where the axial 

(Vx), tangential (Vy) and vertical (Vz) components of the flow are defined as spatial 

functions of a turbine-referenced orthogonal coordinate system.  In this coordinate 
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system, x is zero at the tower center and positive downwind, y is zero at the hub and 

positive to the left looking downwind, and z is zero at the hub and positive upwards (Fig. 

29). 

 

 

Fig. 29.  Coordinate system for the user-defined wind field in FAST and AeroDyn. 
 

 

 In this experiment, we do not propose to simulate wind shear horizontally across 

the rotor, so the wind field does not vary in the y-direction.  We also do not desire a wind 

field that varies in the x direction or with time, so Vx, Vy, and Vz here will be defined 

only with respect to z.  

 Since we do not wish to model vertical wind components, Vz will be set to zero.  

To determine the functional form of Vx and Vy, let us consider the vector geometry of 

speed and direction shear (Fig. 30).  Since power law shear exponents in the wind power 

industry are generally based on wind speed measurements from cup anemometers, they 

represent the speed shear in the vector magnitude of the wind, not necessarily the axial 
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component of the flow.  Thus to model speed shear we will define the magnitude of the 

wind vector V at any height z with a power law (18).   

(18) 

α










 +
=

ref

hub
ref

z

zz
VV  

In (18), hub-height values for Vref and zref are chosen to explicitly set the operating 

state of the turbine.  Since height z in FAST is hub-relative, the hub height of the turbine 

zhub must be explicitly included so that the height used to calculate the wind speed is 

defined with respect to the ground. 

 

 

 

Fig. 30. Vector geometry used in userwind.f90 to assign magnitudes for  
speed and direction shear in FAST. 

 

 

Once the magnitude of the wind vector is defined, its orientation with respect to 

the rotor can be defined.  From Fig. 30, the axial and tangential components of the wind 

vector can be calculated from the vector magnitude V and the angle of that vector with 

respect to purely axial flow, δ.  To define δ with respect to z, we choose a linear profile 

with some slope whose magnitude will be defined through a parameter named DM in the 
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input file.  This parameter represents the degrees of change in wind direction per unit 

height.  In the absence of any long-term observational evidence to suggest another profile 

shape, a linear profile is chosen because it is the simplest model.   

Since wind turbine control systems align the turbine with the hub-level wind 

direction, the tangential wind component Vy will be explicitly set to zero at that level.  

This formulation results in definitions of the axial and tangential wind field components 

found in (19) and (20), respectively. 

(19) ( )zDMVVx *cos=  

(20) ( )zDMVVy *sin=  

Additionally, a parameter named CW is included to control the sign of Vy.  If CW 

is set to 1 (-1), the wind vector will rotate clockwise (counterclockwise) with increasing 

height.  The final equations for Vx and Vy expanding V and including CW are found in 

(21) and (22). 

(21) ( )zDM
z

zz
VV

ref

hub
refx *cos

α
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With these functional modifications scripted into the source code, a new input file 

named SHEARED_flow.pid was created to allow the user to specify the wind field 

parameters in each simulation without recompiling the code.  A summary of the available 

parameters in SHEARED_flow.pid is shown in Table 3.  A sample wind field generated 

from this routine is illustrated in Fig. 31.  In this example, the direction shear across the 
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70m rotor is +40° (clockwise), the power law speed shear exponent is 0.40, and the hub-

height wind speed is 10m/s. 

 

Table 3.  User-defined input parameters available in SHEARED_flow.pid. 

Parameter Name Description 

ALPHA Power law speed shear exponent. 

ZHUB Turbine hub height (m) 

ZREF Reference height for wind speed (m) 

VREF Reference wind speed (m/s) 

DM Slope of the linear wind direction change with height (radians/m) 

CW Direction shear sign control (+1 for clockwise, -1 for counter-

clockwise) 

 

 

Fig. 31.  Sample simulation wind field.  Silhouette represents a typical 1.5 MW turbine. 
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With a portion of the source code modified, the FAST code was recompiled to 

create a new executable file.  After these changes, we performed a check to ensure that 

the new wind field formulation, input file, or recompile itself are able to reproduce pre-

recompile simulation results.  For this verification, a steady wind field with a hub height 

velocity of 10m/s and a power law shear exponent of 0.35 was simulated in both the 

original FAST framework with the original wind input file and in the new FAST 

framework with the new reformulated wind input file.  The time histories of several 

output parameters from both frameworks were then normalized against that parameter’s 

steady-state mean from the original FAST framework.  As illustrated by Fig. 32, the 

normalized time-histories of generator power, coefficient of lift, angle of attack, and axial 

wind component in the reconfigured framework duplicate those from the original FAST 

code.  As such, we conclude that the recompile and reconfiguration are valid. 
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Fig. 32.  Normalized parameter time-histories solved with the original FAST code (line) 
and the reconfigured FAST code (diamonds). 
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Since the original formulation of FAST can not accommodate direction shear, 

results that include direction shear in the wind field cannot be verified by pre-recompile 

results.  However, AeroDyn allows for the output of the axial (Vx) and tangential (Vy) 

wind components that FAST is simulating at the blade tip.  Visually inspecting the trends 

of Vx and Vy with rotor azimuth (Fig. 33) provides confidence that the wind field is being 

simulated as intended.  For Vy, nonzero direction shear results in a nonzero tangential 

free-stream wind at the blade tip, as indicated by the blue and red traces in Fig. 33.   

 

 

Fig. 33.   Tangential free-stream wind component (Vy) at blade tip for no shear (black), 
+0.42 deg/m direction shear (red), and -0.42 deg/m direction shear (blue). 
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Direction shear will introduce a reduction in axial free-stream flow (Vx) at both 

the rotor top and bottom as the wind vector rotates away from rotor-perpendicular (Fig. 

34).  The reduction in axial wind component is the same in the clockwise and 

counterclockwise cases, causing the red trace to be obscured by the blue trace in Fig. 34.  

Since the free-stream wind vectors are only perpendicular to the rotor axis at hub-height, 

the axial wind magnitude only reaches the hub-height value at 90° and 270° azimuth, 

oscillating below that peak value at other azimuths with a twice per revolution period.  In 

the absence of a more rigorous validation mechanism, these inspections allow us to 

conclude with some certainty that the wind field is being simulated as intended. 

 

 

Fig. 34.   Axial free-stream wind component (Vx) at blade tip for no shear (black), +0.42 
deg/m direction shear (red), and -0.42 deg/m direction shear (blue). 
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The turbine used in all simulations in this work is the WindPACT baseline 1.5 

MW turbine, which is not specific to a single production model but rather an educated 

engineering estimate based on multi-manufacturer and public-domain information.  The 

WindPACT virtual turbine is intended to represent the vast majority of megawatt-scale 

wind turbines in current operation around the world.  It is a 3-bladed, upwind, variable 

pitch, variable speed machine with a hub-height of approximately 85m.  It features a cut-

in speed of 3 m/s, reaches rated power (1500 kW) at approximately12 m/s, and cuts out at 

wind speeds greater than 25 m/s.   

The blade specified for the WindPACT 1.5 MW turbine is a 35m twisted chord 

blade.  The NREL s818, s825, and s826 airfoils comprise the aerodynamic shape of the 

blade at the inboard, middle, and outboard stations respectively (Fig. 35).  The lift and 

drag coefficients as a function of angle of attack for these airfoils are shown in Fig. 36.  

The aerodynamic, structural, and physical properties of the Baseline 1.5 MW machine are 

explicitly specified by NREL in files provided with FAST.  Those specifications are not 

changed in this work.  For operation in power curve Region 2, the constant pitch value in 

the pitch control routine pitch.ipt is 2.6° by default, and is not changed in this work.  The 

pitch control routine used in this experiment is distributed by NREL with FAST and is 

thoroughly reviewed in Appendix E of Malcolm and Hansen (2006). 

 

 

Fig. 35.  Airfoil shapes for the baseline 1.5 MW virtual wind turbine blade.  From 
Malcolm and Hansen (2006). 
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 Fig. 36.   CL (solid lines) and CD (dotted lines) curves for each airfoil on the WindPACT 
Baseline 1.5MW virtual turbine.   

 

 

To simulate the power change caused by direction shear alone, twenty-three 

simulations are performed at a hub-height wind speed of 10 m/s in a range of direction 

shear magnitudes from -0.472 deg/m to 0.566 deg/m, which are equivalent to the range of 

-33° to +40° across a 70m wind turbine rotor.  The full set of simulated direction shear 

magnitudes is shown in Table 4. 
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Table 4.  Simulated direction shear magnitudes. 

Simulation 

Number 

DM Input Value 

(rad/m) 

Equivalent Linear 

Direction Profile 

Slope (deg/m) 

Equivalent Direction 

Shear Across a 70m 

Turbine Rotor (°) 

1 -0.00823 -0.472 -33 

2 -0.00741 -0.425 -30 

3 -0.00659 -0.378 -26 

4 -0.00576 -0.330 -23 

5 -0.00494 -0.283 -20 

6 -0.00412 -0.236 -17 

7 -0.00329 -0.189 -13 

8 -0.00247 -0.142 -10 

9 -0.00165 -0.095 -7 

10 -0.000823 -0.047 -3 

11 0 0  0 

12 0.000823 0.047  3 

13 0.00165 0.095  7 

14 0.00247 0.142  10 

15 0.00329 0.189  13 

16 0.00412 0.236  17 

17 0.00494 0.283  20 

18 0.00576 0.330  23 

19 0.00659 0.378  26 

20 0.00741 0.425  30 

21 0.00823 0.472  33 

22 0.00906 0.519  36 

23 0.00988 0.566  40 

 

 



Texas Tech University, Kevin Walter, August 2007 

 60 

Recall that in the previous section we reasoned that clockwise direction shear 

would result in minor changes in angle of attack and a decrease in the resultant vector 

length, which would result in power depletion as direction shear increased.  In the 

counterclockwise direction shear case, we recognized that while the angle of attack will 

be more significantly decreased, the length of the resultant vector would be increased.  

The net effect thus depended upon the relative magnitudes of these competing factors.  

Fig. 37 illustrates the percent change in generator power output with respect to the zero 

direction shear case as a function of direction shear magnitude from the numerical 

simulations.   

 

 

Fig. 37.  Simulated power change relative to the no shear case with clockwise (positive) 
and counterclockwise (negative) direction shear. 
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From Fig. 37, it is clear that counterclockwise direction shear results in power 

depletion that rapidly becomes more severe as the magnitude of the direction shear 

increases.  Clockwise direction shear actually results in a slight power increase prior to a 

decrease at greater magnitudes.  Since the reasons for these results are not immediately 

clear, we focus deeper into the aerodynamic results at the blade-element level. 

 In blade-element analysis, the 70% blade station is typically chosen because it is 

representative of processes occurring along the power-producing blade elements.  Here, 

the 70% station is also an adequate station because it is far enough along the blade span 

to show the affects of speed and direction shear and it is not impacted by blade tip 

vortices.  The 70% blade station is thus chosen for analysis.  Since these are simulations 

of a steady, non-turbulent wind field, the primary variation in simulation results is with 

blade azimuth, and all analyses here will be performed in those terms.  The 70% blade 

station and rotor azimuth convention is illustrated in Fig. 38. 

 

 

Fig. 38.   70% blade element station and rotor azimuth convention. 
 

 

   Theoretically, recall from Fig. 26 that clockwise direction shear will cause less of 

a fluctuation in angle of attack than counterclockwise shear, and that the solutions were 

found to be vertically symmetric across the rotor and to have a twice-per-revolution 

frequency.  Upon first examination of blade-element level parameters (Fig. 39), it 

becomes clear that there are variations beyond the simple wind vector alteration by wind 
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shear that are occurring in this simulation.  Before proceeding, it is also worth noting that 

the figures in the following blade-element analysis demonstrate the steadiness of the 

solutions.  Although they appear to be smooth azimuthal functions, they are actually 

scatter-plots representing a number of successive revolutions at very small time 

increments.  The lack of scatter at any azimuthal point through a succession of 

revolutions is testament that a steady state was achieved in the simulations. 

 

 

Fig. 39.   Simulated angle of attack vs. blade azimuth at 70% blade element for no shear 
(black), +0.42 deg/m direction shear (red), and -0.42 deg/m direction shear (blue). 

 

 

To explain the unexpected variations in Fig. 39, we attempt to decompose the 

theoretical solution in FAST by gradually idealizing the simulation architecture.  The first 

such idealization is in the turbine shaft tilt.  Wind turbine shafts are typically constructed 
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at a small tilt angle that results in blade motions that advance (retreat) into the axial wind 

at rotor bottom (top), increasing the blade-tower clearance for an upwind rotor and 

resulting in higher (lower) angles of attack in those respective locations.   

The shaft tilt of the 1.5 MW Baseline turbine is -5.0°.  Changing the shaft tilt of 

the virtual turbine in FAST from -5.0° to 0.0° removes much of the solution asymmetry 

as shown in Fig. 40b.  Here, the no shear case shows much less variation in angle of 

attack, and the magnitude and variation are close to the expected trends in both the 

clockwise and counterclockwise solutions.   

Nevertheless, some unexplained fluctuation does remain, such as the non-uniform 

angle of attack in the no shear case.  This remnant asymmetry is caused by blade and 

tower deflections due to wind loading.  Simulated with rigid blades and a rigid tower, the 

solution more closely approaches the idealized theoretical solution (Fig. 40c) and vertical 

symmetry is obtained across the rotor. 

Still, the angle of attack in the counterclockwise case peaks above the value 

predicted by the no shear case.  According to the idealized vector geometry, the angle of 

attack in both direction shear cases should exactly equal the no shear case at 90° and 270° 

azimuth.   However, the idealized vector geometry analyzes only changes in the wind 

vector, not changes in the relative wind vector, thus it can only be obtained by forcing 

constant rotational speed between cases.  In FAST, the rotor speed changes based on the 

applied wind field.  The final discrepancy between the simulations and theory is then 

removed by forcing the rotor speeds in each simulation case to 18.0 RPM (Fig. 40d).  

When the rotational speed is forced to a single value, the power production is then also 

forced to be equal between all cases.  For the purposes of this analysis, this is illogical 

because the change in power is exactly the phenomenon we wish to explain.  

Nevertheless, it is valuable to show that the theoretical solution is reproducible in the 

numerical model. 
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Fig. 40.  Decomposition from the full simulation to the purely theoretical solution for no 
shear (black), +0.42 deg/m direction shear (red), and -0.42 deg/m direction shear (blue). 

 

 

Results from the simulation with zero shaft tilt and a rigid machine closely 

matches the idealized aerodynamic diagrams, but still allows for differences in rotational 

speed (and thus power production).  Removing the shaft tilt and machine flexibility do 

not significantly change the character of the power change solution (not shown).  Since 

the character of the simulation is not changed, the aerodynamic output from the case with 

no shaft tilt and a rigid structure will be used for further analysis.  Here, the changes in 

the simulated aerodynamic parameters will be due to changes in the inflow vector and 

changes in the rotational speed, the latter which is directly caused by the change in the 

inflow vector.  The aerodynamic states examined here can be considered a new balance 
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in the presence of direction shear, with changes in the inflow vector having altered the 

rotational speed and power production. 

To explain the change in power due to direction shear, the aerodynamic output is 

examined from four cases: 

    1) no shear 

    2) +0.42 deg/m 

    3) -0.42 deg/m 

    4) 0.14 deg/m.   

The results from these four cases should adequately explain the power gain and loss 

shown in Fig. 37.  It was hypothesized that for the case of counterclockwise direction 

shear an increase in the magnitude of the resultant vector would help mitigate or even 

overwhelm the depletory effects of a decreased angle of attack.  The results have shown 

that this is not the case.  To ensure that the magnitude of the resultant vector is behaving 

as theorized, it is calculated directly based on the blade azimuth, the free-stream wind, 

and the rotational speed of the rotor.  The calculated resultant vector magnitude as a 

function of blade azimuth is shown in Fig. 41. 
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Fig. 41.   Calculated resultant vector magnitude vs. blade for no shear (black), +0.42 
deg/m direction shear (red), -0.42 deg/m (blue), and +0.14 deg/m direction shear (green). 

 

 

As expected, the resultant speed (w) in the counterclockwise (negative) direction 

shear case is generally greater than in the clockwise (positive) case.  Also, the azimuthal 

maxima in w in the counterclockwise (negative) case and minima in the clockwise cases 

occur at 180° and 360°.  These locations correspond to the top and bottom of the rotor 

path, exactly as theory predicts.  According to (15), this increase in w would cause an 

increase in lift in the counterclockwise case and a decrease in lift in the clockwise case. 

The coefficient of lift (CL) also impacts the generated lift force.  Since its 

magnitude is determined directly from the angle of attack, the variation of these two 

parameters with blade azimuth is shown in Fig. 42 and Fig. 43.  As theory predicts, the 

angle of attack in the counterclockwise case is generally much less than that in the 
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clockwise and no shear cases.  This would result in an increase in lift in the clockwise 

shear case and a decrease in lift in the counterclockwise case.   

 

 

Fig. 42.   Simulated angle of attack vs. blade azimuth at 70% blade element for no shear 
(black), +0.42 deg/m direction shear (red), -0.42 deg/m (blue), and +0.14 deg/m direction 
shear (green). 
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Fig. 43.   Simulated coefficient of lift vs. blade azimuth at 70% blade element for no 
shear (black), +0.42 deg/m direction shear (red), -0.42 deg/m (blue), and +0.14 deg/m 
direction shear (green). 
 

 

To identify the dominant effect, (15) is used to calculate the lift force itself for 

each time step.  The results of this calculation (Fig. 44) show that the lift force in all 

nonzero direction shear cases is less than the no shear case.  Interestingly, the average lift 

force generated by the +0.14 deg/m case and the -0.42 deg/m case appear equal, yet the 

net result in the +0.14 deg/m environment is power gain while the result in the -0.42 

deg/m environment is power loss.   
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Fig. 44.   Calculated lift force vs. blade for no shear (black), +0.42 deg/m direction shear 
(red), -0.42 deg/m (blue), and +0.14 deg/m direction shear (green). 

 

 

To explain this, we must now consider something that was not previously 

considered, which is that the angle of attack not only affects the values of CL and CD, but 

it also affects the angle at which those forces are applied to the blade element.  The forces 

that are directly responsible for generating torque (tangential force) and thrust (normal 

force) on the turbine blade are the component-wise sums of the aerodynamic lift and drag 

forces. 

Fig. 45 and Fig. 46 show the simulated tangential and normal forces, respectively.  

These results indicate that while the counterclockwise shear case generates slightly more 

normal force (thrust) than the clockwise shear cases, it actually generates much less 

tangential force (torque), which is the force that is converted into electrical power.  
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Despite the decrease in resultant vector length, the slight increase in angle of attack has 

allowed the lift force in the +0.14 deg/m case to generate slightly higher tangential force 

than the other cases, resulting in a net power gain.  Interestingly, all direction shear cases 

show a decrease in thrust from the zero shear case, indicating a slight alleviation of the 

rotor-averaged flapwise loading on the turbine. 

 

 

Fig. 45.   Simulated tangential force vs. blade azimuth at 70% blade element for no shear 
(black), +0.42 deg/m direction shear (red), -0.42 deg/m (blue), and +0.14 deg/m direction 
shear (green). 
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 Fig. 46.   Simulated normal force vs. blade azimuth at 70% blade element for no shear 
(black), +0.42 deg/m direction shear (red), -0.42 deg/m (blue), and +0.14 deg/m direction 
shear (green). 

 

 

Since power change due to direction shear only has been treated numerically, 

attention now turns to power change due to speed shear.  We have theorized here that 

speed shear may alter the power output by altering the blade-element inflow vector.  

Additionally, previous work has found that speed shear may decrease power output 

because the disk-averaged kinetic energy is less than that calculated from a single hub-

height measurement in those instances: 

The practice of using a single measure of the wind for prospecting 
purposes appears to favor the vendor of a given site.  This point estimation 
can lead to Weibull parameters that will overestimate the available kinetic 
energy.  For the site considered, the difference in annual energy 
production based on Weibull parameters calculated using hub height and 
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disk-averaged wind speeds was on the order of 5%.  (Sumner and Masson 
2006, 537) 

Scrutinizing the common processes used to establish wind turbine power curves, 

Elliott and Cadogan (1990) found a similar result.  According to that study, in low 

turbulence intensity environments the hub-height wind speed would over-estimate the 

disk-averaged velocity and thus the power production.  Also commenting on turbine 

testing procedures, researchers from Risø modeled power change in the presence of speed 

shear and found a 1-2% decrease in power at shear exponents 0.15 to 0.20 (Fig. 47), with 

the greatest power loss occurring at the lowest hub-height wind speeds (Hunter et al. 

2001). 

 

 

Fig. 47.  Percent power change relative to the zero speed shear case from blade element 
modeling.  From Hunter et al. (2001). 

 

 

To simulate the power change caused by speed shear alone in the present work, 

fifteen simulations are performed with FAST at hub-height wind speeds of 4, 6, 8, and 10 

m/s in a range of power law shear exponent magnitudes from 0.00 to 0.70.  These 

simulations show power change trends (Fig. 48) that are very similar to those from 

Hunter et al. 2001.  One major difference is that the greatest power loss in the present 

simulations occurs at higher hub-height wind speeds.  Another distinction is the location 
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of the minimum, which occurs at shear exponents of 0.15-0.20 in previous works and at 

0.30-0.35 here.  It should be noted that in both studies, power change at and above rated 

power goes to zero at all shear exponents since the system is shedding excess power to 

remain at rated production. 

 

 

Fig. 48.  Percent power change relative to the zero speed shear case simulated in FAST. 
 

 

 To understand the power change associated with speed shear, we again analyze 

the azimuthal variation of aerodynamic parameters at the blade element level.  To isolate 

fluctuations due to the wind vector alone, the turbine shaft tilt is again set to zero and the 

machine flexibility is disabled.  In these results, variations in angle of attack (Fig. 49) are 

much greater than variations in resultant vector magnitude.  This cyclic variation in angle 

of attack causes a similar variation in CL (Fig. 50), lift force (Fig. 51), and tangential 

force (Fig. 52).  In the 0.40 shear exponent simulation, the decrease in angle of attack, CL, 
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lift, and tangential force at the rotor bottom is more substantial than the increase at the 

rotor top.  This results in a net power loss in the 0.40 shear exponent case. 

 

 

 

Fig. 49.  Simulated angle of attack vs. blade azimuth at 70% blade element for no shear 
(black), 0.40 shear exponent (red), and 0.70 shear exponent (blue). 
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Fig. 50.  Simulated coefficient of lift vs. blade azimuth at 70% blade element for no shear 
(black), 0.40 shear exponent (red), and 0.70 shear exponent (blue). 
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Fig. 51.  Simulated lift force vs. blade azimuth at 70% blade element for no shear (black), 
0.40 shear exponent (red), and 0.70 shear exponent (blue). 
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Fig. 52.  Simulated tangential force vs. blade azimuth at 70% blade element for no shear 
(black), 0.40 shear exponent (red), and 0.70 shear exponent (blue). 

 

 

It is important to note that the azimuthal fluctuations in tangential force and 

normal force (not shown) in the speed shear case are much larger than those in the 

direction shear cases.  This should be considered for future modeling studies that attempt 

to quantify the effects of speed and direction shear on turbine fatigue. 

In the preceding analysis, the relatively small increase in angle of attack at the 

rotor top compared to the relatively large decrease at the rotor bottom is theorized to be 

responsible for the observed power loss.  Such variations in angle of attack can be 

explained by the power law shape of the wind speed profile.  Since the rate of change of 

wind speed in a power law profile decreases with height, the change in wind speed 

between the bottom of the rotor and the hub will be greater than the change from the hub 
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to the rotor top.  This is illustrated in Fig. 53, where in a linear speed profile ∆VL is equal 

at rotor top and bottom, while in a power law profile ∆VP1 > ∆VP2.  With reference to Fig. 

23, this results in a more significant decrease in angle of attack at rotor bottom and a less 

significant increase in angle of attack at rotor top. 

 

 

 

Fig. 53.  Vertical symmetry/asymmetry of wind speed profile shapes. 
 

 

 Based on this reasoning, simulating a linear speed profile then would result in no 

such power loss.  To test this hypothesis, we perform a simulation utilizing the linear 

speed shear input option (parameter LinV) in the steady-state hub-height wind input file 

in FAST.  Linear speed shear is simulated at 10m/s hub-height velocity for a range of 

shear magnitudes (LinV) from 0.00 to 0.686.  In FAST, LinV is calculated as the change 

in wind speed across the entire rotor divided by the hub-height wind speed.  The listed 
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range equates approximately in severity to a 0.00 to 0.70 power law shear exponent 

range, which has already been simulated.  The generator power output at each shear 

magnitude is then normalized against the no shear value.  The results show that a linear 

wind speed profile lacks the power loss that occurs with a power law profile (Fig. 54). 
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Fig. 54.  Power change simulated with a linear (grey) and power law (black) wind speed 
profile shape. 

 

 

Until now speed and direction shear have been treated separately.  Since previous 

work has shown both speed and direction shears to be tied to the stable atmospheric 

boundary layer, they will next be simulated as concurrent phenomenon across a range of 

magnitudes.  The range of speed and direction shear magnitudes for simulation will be as 

previously described, only now a simulation will be performed at each magnitude of 

speed shear for each magnitude of direction shear.  Since there are 23 direction shear 

magnitudes and 15 speed shear magnitudes, the total number of simulations at a given 

hub-height wind speed will be 345.  This process will be performed for hub-height wind 

speeds of 4, 6, 8, 10, 12, and 14 m/s, for a total of 2070 individual simulations.  The 

selected hub-height wind speeds are a compromise between power curve representation 

and computational expense.   
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In each simulation, the generator power output is normalized by the no shear 

baseline value for each wind speed, resulting in a matrix of power-change estimates 

across a range of concurrent speed and direction shear magnitudes.  Fig. 55 and Fig. 56 

show 2-dimensional and 3-dimensional representations of the simulated power change for 

a hub-height wind speed of 10 m/s.  In these figures, the power change contour interval is 

0.5% and the zero change contour line is indicated by a thick black line.  The shape of the 

power change solution appears to be a simple addition of the speed shear power change 

and direction shear power change curves modeled previously.  From this result, the most 

severe instantaneous power loss, approximately 6%, would occur with a power law speed 

shear exponent of 0.35 and a counterclockwise direction shear of -0.472 deg/m.   

 

 

Fig. 55.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at a hub-height wind speed of 10 m/s.  Power change contour interval is 0.5%; thick 
black line indicates zero change contour. 
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Fig. 56.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at a hub-height wind speed of 10 m/s.  Thick black line indicates zero change 
contour. 

 

 

At other hub height wind speeds (Fig. 57 through Fig. 59), the solution appears 

very similar.  One difference is a slightly larger potential for power increase at large 

magnitudes of speed shear at low hub-height wind speeds.  This is consistent with the 

result found in the speed shear simulations alone.  At wind speeds at and above rated, the 

solutions show no power loss as the turbine blades feather to maintain constant power 

output.   

In the transition between power curve Region 2 and Region 3, the solution shows 

characteristics of both the Region 2 and Region 3 power loss solutions (Fig. 60).  At 

lower magnitudes of speed and direction shear, the power loss is near zero.  At higher 

magnitudes of speed and direction shear there is some power loss, yet still less power loss 
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when compared to the same wind characteristics in Region 2.  The power change near 

and above rated power will depend on the specific turbine control system in question.  In 

this case, the turbine control system pitches the blades in order to maintain constant 

torque (i.e. rpm).  Since there is excess torque available above rated power, there is no 

power change found in the magnitudes of speed and direction shear simulated here.  If the 

turbine control system were to set a predetermined pitch angle based on the wind speed 

measurement above rated power (rather than the torque), then some power loss may 

remain in Region 3. 

In general, the power change solution does not appear to be a significant function 

of hub-height wind speed.  This is a curious result.  If power change found in operational 

data due to direction shear behaves at all like the power change due to speed shear, then 

operational data may provide a result vastly different from, and more significant than, the 

blade-element modeling results here.   
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Fig. 57.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at hub-height wind speed of 4 m/s and 6 m/s.  Power change contour interval is 
0.5%; thick black line indicates zero change contour. 
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Fig. 58.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at hub-height wind speed of 8 m/s and 10 m/s.  Power change contour interval is 
0.5%; thick black line indicates zero change contour. 
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Fig. 59.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at hub-height wind speed of 12 m/s and 14 m/s.  Power change contour interval is 
0.5%; thick black line indicates zero change contour. 
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Fig. 60.  Percent power change simulated for ranges of simultaneous speed and direction 
shear at hub-height wind speed of 11.3 m/s.  Power change contour interval is 0.5%; thick 
black line indicates zero change contour. 
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CHAPTER 5 
 

DATA ACQUISITION, QUALITY CONTROL, & VALIDATION 

To quantify the observational frequency and severity of speed and direction shear, 

wind data have been collected at the Reese Technology Center field site near Lubbock, 

Texas, which is operated by the Texas Tech University Wind Science and Engineering 

Research Center.  The Reese field site contains one 10m and one 200m tower.  The 

primary use of the 10m tower in this study will be for verification of 200m tower 

instrumentation.  The 200m tower will be the main data platform for the remainder of the 

analysis.  

Data Acquisition 

The 200m tower at Reese Technology Center is instrumented to collect wind 

speed, wind direction, temperature, relative humidity, and barometric pressure at multiple 

levels from 0 to 200m.  The specific observation levels for these parameters on the 200m 

tower are listed in Table 5. 

The ultrasonic anemometers referenced in Table 5 are R.M. Young Model 81000 

Ultrasonic Anemometers.  The UVW anemometers are R.M. Young Model 27005T Gill 

UVW anemometers with model 08254 carbon fiber thermoplastic propellers.  The carbon 

fiber propellers provide increased survivability at high wind speeds.  In this 

configuration, the Gill UVW anemometers have an operational range of 0-40 m/s, a 

threshold of 0.4 m/s, and a distance constant of 2.1m.  For additional 200m schematics 

and photos, the reader is referred to the Appendix. 
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Table 5.  Parameter measurement levels on the 200m tower. 

 UVW Wind 
Speed & 
Direction 

Sonic Wind 
Speed & 
Direction 

Temperature 
Relative 

Humidity 
Barometric 

Pressure 

200m ● ● ● ● ● 

158m ● ● ● ●  

116m ● ● ● ●  

75m  ● ● ●  

45m  ● ● ●  

16m  ● ● ●  

10m ● ● ● ●  

4m ● ● ● ● ● 

2m  ● ● ●  

1m  ● ● ●  

 

 

While sonic anemometers are installed at greater vertical resolution than the 

UVW anemometers, climatologically reliable sonic anemometer data are only now 

coming online.  The most reliable long-term dataset is from the UVW instruments, and 

those data will be used primarily in this analysis.  Since the 10m and 116m UVW 

instruments approximately define the vertical distance from the base to the top of the 

highest rotor elevation of a modern wind turbine, we will focus on those two 

anemometers in this analysis.  Future work will analyze vertical wind shear at finer 

vertical resolution.   

Data from the 200m tower are collected at a sampling rate of 30 Hz.  From those 

30 Hz data, a processing program transforms voltage to the appropriate units, applies a 

cosine correction to correct for oblique flow into the UVW propellers, and transforms 

component speeds to wind speed and wind direction.  The cosine correction used by the 

processing program is that recommended by R.M. Young for this particular instrument 
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model in the instrument manual PN 27005T-90, and is included in the Appendix.  In 

addition to the aforementioned transformations, the processing program averages the 

30Hz data into hourly summary statistics such as mean and standard deviation of each 

parameter.  All analyses in this report will be based on these hourly averaged data.   

The time-period for the observations in this study is February 16, 2005 to 

February 15, 2007.  There are some data gaps during these two calendar years which 

have shortened the data set from a possible 17,520 hours to an actual 13,434 hours, a loss 

of 4,086 hours or 23%.  These data outages were due almost exclusively to errors in the 

tower data collection or power supply system.  In some cases, a brief interruption in 

power caused the data collection system to shut down and not restart until it was 

manually reset.  In some cases, the portion of the data logging software that partitions the 

raw data into manageable file sizes failed, causing large files to be created and the system 

to automatically shut down until manually restarted.  In other cases, the data acquisition 

hard-drive filled to capacity or the data acquisition software was not operating to its 

contracted standards.  A smaller number of data outages were due to scheduled routine 

maintenance and tower lightning strikes.   

Data Quality Control 

A variety of quality-control routines were implemented to ensure the quality of 

the data used in the analysis.  For wind speed measurements, all outliers of a 0-40m/s 

range, the specified operating range of the Gill UVW anemometers, were discarded.  

Wind direction was of course limited to an acceptable range of 0-360°.  Temperatures 

greater than 120°F were discarded, as were relative humidity measurements outside of 

the 0-100% range.  Since the Reese field site is on an elevated plain at 1000m above sea 

level, the average atmospheric surface pressure on site is approximately 900mb.  Thus, 

barometric pressure readings outside of a range of 840mb-960mb were discarded.  For all 

instruments, values that were either 0.00 or unchanging in consecutive hours to a 

precision of two decimal places were discarded.  In all of these quality-control criteria, 

discarding the reading is equivalent to assigning “not a number” (NaN) to that parameter 
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for that time.  The entire record is not omitted to prevent any single instrument error from 

disqualifying otherwise valid parameters from analysis.  Data that were discarded were 

not replaced. 

The instrument boom arms on the 200m tower were oriented to minimize flow 

through the tower structure directly into the instruments.  Since winds in Lubbock are 

rarely from the east-southeast, the boom arms were constructed to the west-northwest of 

the tower (Fig. 61).  To remove instances of flow through the tower structure from the 

data set, observations from hours when the wind direction was between 115° and 140°, as 

measured uniquely at each level, are completely removed at that level.    

 

 

Fig. 61.  200m tower instrument boom detail. 
 

 

As a mechanical measurement device, UVW anemometers respond poorly at 

relatively low wind speeds.  To partially mitigate this effect, all data from all levels were 

discarded if the hour-average wind speed at either 10m or 116m was less than 3 m/s.   

In cases of high wind speeds, the boundary layer wind speed profile has been 

shown to be approximately logarithmic (Holmes, 2001).  This known profile provides an 

opportunity to ensure that the UVW anemometers are working properly.  An additional 

quality-control routine was created to search chronologically through the tower data 
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record for hours when the 10m UVW wind speed was 10 m/s or greater.  At each of these 

hours, every possible combination of 3, 4, and 5 UVW instruments from the 4m, 10m, 

116m, 158m, and 200m levels was used to perform a linear regression of wind speed 

versus the natural logarithm of height.  The routine searches for a regression that satisfies 

a minimum correlation coefficient (R2) criterion of 0.98, with preference given to 5 

instruments, then 4, and finally 3 in any such regression.  If no sufficient regression is 

found, all instruments are disregarded until a future check individually reestablishes the 

validity of each instrument level.   

If an adequate regression is found, the wind speed at each of the five levels is 

compared to the value predicted by the regression.  If the wind speed at any level is more 

than 1 m/s above or below the value predicted by the regression, then the wind speed and 

direction data from that instrument are discarded for each subsequent hour until a future 

check reestablishes their validity.  In this way, the proper functioning of the UVW 

instruments at all levels are chronologically checked against a known profile, and 

confidence in other profiles measured in times between validated known profiles is 

increased.  Fig. 62, Fig. 63, and Fig. 64 illustrate the operation of the boundary layer 

profile verification routine, illustrating a case in which the instrument at each level was 

verified as accurate, a case in which one instruments failed the test, and a case where no 

regression with an R2 value greater than 0.98 was found, respectively.  In these figures, 

the red dots indicate the original wind speed observations, a black circle encasing a red 

dot indicates the original wind speed observation was verified by the routine, the thick 

black line indicates the linear regression, and the dotted black lines indicate the 

verification tolerance of +/- 1 m/s. 
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Fig. 62.  Example in which the boundary layer profile routine verified the correct 
operation of all five UVW instruments.  Red dots indicate original wind speed 
observations, thick black line indicates linear regression, dotted black lines indicate 
verification tolerance, black circle indicates observation verification. 
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Fig. 63.  Example of the disqualification of a single instrument from the boundary layer 
profile routine.  Red dots indicate original wind speed observations, thick black line 
indicates linear regression, dotted black lines indicate verification tolerance, black circle 
indicates observation verification. 
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Fig. 64.  Example of no regression found by the boundary layer profile routine.  Red dots 
indicate original wind speed observations. 

 

 

In a visual inspection of temperature records from the 158m and 75m level, it 

became evident that those temperature readings did not match values at other levels.  The 

158m level consistently measured temperatures much lower than other levels.  The 75m 

level averaged warmer than levels above and below it.  The cause of this error is 

unknown.  The 75m temperature data were replaced with temperatures that were linearly 

interpolated from the adjacent 45m and 116m levels, and the 158m temperature data were 

not used. 

The number of hours removed by each quality control and analysis criterion at 

both the 10m and 116m levels are shown in Table 6.  Clearly the 10m level experienced 

some operational issues during the data collection period, having recorded over 2,100 

hours of wind speed equaling 0.00.  This issue has been traced back to problems with the 

fiber-optic data cable, connectors, and ground-fault-interrupter on Group 2 of the tower 
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instrument clusters, which includes the 10m instrumentation.  If the connection between 

the tower and the data collection system failed, it was not reestablished again until 

manually restarted.  During this time period the fiber-optic cable was replaced, but 

problems persisted.  After all quality control and analysis criteria, 7,523 hours of data 

remain for analysis. 

 

 

Table 6.  Number of data-hours removed by select quality control measures and analysis 
criterion. 

Quality Control Criterion 

Hours 

removed at 

10m 

Hours 

removed at 

116m 

Wind speed = 0.00 2187 557 

Wind speed > 40 m/s 0 0 

Wind speed frozen at nonzero value 0 0 

Flow through tower (115° - 140° sector) 768 944 

Boundary layer profile test – No Regression R2 > 0.98 59 59 

Boundary layer profile test – Single-Level Test Failure 149 523 

10m or 116m wind speed < 3 m/s 2729 2729 

Total 5892 4812 

 

 

 To assess the representativeness of the final data set in the presence of potentially 

large chronological data gaps, the number of data points available for analysis is plotted 

by month of occurrence (Fig. 65).  The months of January and February are 

underrepresented in the final data set.  The months of October, December, and March are 

also underrepresented to a lesser extent.     

To determine if these data gaps have biased the data set toward higher or lower 

wind speed and wind shear, the actual number of points available, the average 116m wind 

speed, the average 10m to 116m power law shear exponent, and the standard deviation of 
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10 to 116m direction shear are calculated quarterly and normalized by their mean values.  

These calculations are performed quarterly rather than monthly to maintain statistical 

integrity in periods with fewer data points.  The results are plotted in Fig. 66, where the 

black dotted line is a measure of how over or under-represented that quarter is with 

respect to an ideal, evenly distributed dataset and the colored lines indicate the tendency 

of each parameter to be above or below average for that quarter.  By summing the 

product of the percentage representativeness and the percent deviation from the mean for 

each parameter from each quarter, we can estimate the bias of each parameter in the data 

set.   

This process is akin to performing a weighted average, and it carries the 

assumption that the observations captured in each quarter are in fact representative of that 

quarter, and that the only shortcoming is their uneven weighting in the total data set.  The 

results (Table 7), indicate that the annual means of 116m wind speed and 10 to 116m 

power law shear exponent, and the annual standard deviation of 10 to 116m direction 

shear calculated from this data set will all be 5-8% below their unbiased values.  

Qualitatively, this result agrees with the trends in Fig. 66, since quarters of typically 

higher wind speed and shear values (winter) are generally under-represented in the data 

set.  The reader should note that analyses in this work that quantify annualized results 

involving speed shear, direction shear, and wind speed will be minor underestimations, a 

direct result of non-randomly distributed data gaps.  Analyses that do not attempt to 

establish annual quantifications are unbiased in this respect. 

 

Table 7.  Estimated annual bias from seasonal data gaps. 

Parameter Annual Bias 

116m wind speed -6.7% 

10 to 116m power law shear exponent -5.7% 

10 to 116m direction change -7.4% 
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Fig. 65.  Number of analysis points available by month of the year. 
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Fig. 66.  Normalized quarterly mean number of analysis points available (black), mean 
power law speed shear exponent (blue), mean 116m wind speed (red), and standard 
deviation of direction shear (green). 

 

 

Data Validation 

To further validate observations from the 200m tower, wind speed and direction 

records from the 10m and 116m levels are compared to the 10m West Texas Mesonet 

station on site for one calendar year.  The Reese Mesonet station is located approximately 

250m south-southeast of the 200m tower.  This measurement platform utilizes an R.M. 

Young Model 05103 Wind Monitor mounted at 10m and samples at 0.3 Hz to create 5-

minute average records of wind speed and direction.   

Since the Reese field site has open exposure and little topography, these two 

measurement platforms can be expected to show very similar wind measurements at the 
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10m level in moderate or strong wind speeds.  To validate the 200m tower measurements, 

a separate validation routine is created that first discards all 200m tower records where 

the 10m UVW wind speed is less than 3m/s.  For each hourly record of tower data, the 

validation routine searches the Mesonet database for the twelve 5-minute observations 

that correspond to that hour.  The routine checks the Mesonet wind speed averages to 

ensure that at least 9 of 12 meet the 3 m/s criteria as well, since even short periods of 

light winds can corrupt a wind direction average.  If at least 9 of the 12 records meet the 

low wind speed criteria, those records are used to compute an hourly-average wind speed 

and direction by first decomposing each measurement into u and v components, 

averaging each component separately, and then reconstructing a wind speed and direction 

from those averaged components.  This averaging approach ensures that mean wind 

directions are not corrupted when wind direction time histories cross through 0°.  

Additional care was required in this chronological verification routine because the 200m 

tower data collection system observes daylight saving time and the Mesonet data 

collection system does not.     

Once the hourly averages are found from the Mesonet data, they are concatenated 

into the tower data matrix.  Since the Mesonet data are manually quality-controlled by 

West Texas Mesonet staff, they requires little attention.  Any 200m tower data that were 

either 0.00 or unchanging in consecutive hours (to two decimal places) were discarded, 

and cases of flow through the tower structure were again omitted.  Differences in 

measured wind speed and direction between the two measurement platforms were then 

calculated for the 10m level.   

The frequency of direction differences between the 10m UVW from the 200m 

tower and the 10m Mesonet is shown in Fig. 67, where the direction difference is 

calculated as the direction observed by the Mesonet minus that observed by the 10m 

UVW on the 200m tower.  From this figure it is evident that the 10m UVW on the 200m 

tower has a strong tendency to measure a larger azimuthal wind direction than the 

Mesonet station.  The measured direction difference does not appear to be a function of 

wind speed or wind direction (not shown).  As a result, we conclude that the 14° 
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difference between these two measurement platforms is systematic, and is most likely 

caused by a difference in physical alignment of the two devices.   

 

 

Fig. 67.  Histogram of measured direction differences between the 10m UVW from the 
200m tower and the 10m Reese Mesonet station.   

 

 

Focus now shifts to the alignment of the 116m UVW instrument.  Since there is 

no Mesonet instrument at 116m, it is difficult to directly validate those measurements.  

However, preliminary analysis has shown that in cases where the 10m wind speed is 

greater than 10m/s, the direction change between the 10m and 116m measurement 

heights is a predictably small positive angle (Fig. 68).  As a result, instances of high 10m 

wind speed can be used to compare wind directions at 116m measured by the 200m tower 

to wind directions measured at 10m on the Reese Mesonet station.  This comparison will 
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have significantly fewer observations for validation, but it will yield valuable information 

about instrument alignment. 

 

 

Fig. 68.  Change in wind direction between the 10m and 116m measurement heights as a 
function of 10m wind speed.     

 

 

The frequency of direction differences between the 116m UVW from the 200m 

tower and the 10m Mesonet is shown in Fig. 69.  Again, the UVW anemometer measures 

a larger azimuthal wind direction than the Mesonet station.  The measured direction 

difference again does not appear to be a function of wind speed or wind direction (not 

shown), leading to the conclusion that the 18° difference between these two measurement 

platforms is also systematic, and is most likely caused by a difference in physical 

alignment between the two devices.   
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Fig. 68 showed a small positive change in wind direction between the 10m and 

116m instrument levels in instances of high wind speed.  The shift in mean direction 

difference from 14° to 18° between the 10m and 116m levels also demonstrates this 

phenomenon, which is meteorologically consistent with a real direction change caused by 

the Ekman spiral.  This information allows us to conclude that the 10m and 116m UVW 

instruments on the 200m tower are aligned well with respect to one another.   

 

 

Fig. 69.  Histogram of measured direction differences between the 116m UVW from the 
200m tower and the 10m Reese Mesonet station. 

 

 

As further validation that the 10m and 116m UVW instruments are aligned well 

with respect to one another and that direction differences calculated between them will be 

valid, the direction differences from the 10m level compared to the 10m Mesonet are 
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plotted against simultaneous direction differences from the 116m level compared to the 

10m Mesonet for each hourly instance of high wind speed.  This comparison (Fig. 70) 

shows that the difference between the 10m tower measurement and the Mesonet 

measurement is highly correlated with the difference between the 116m tower 

measurement and the Mesonet measurement.  Even in cases where the differences 

between the tower and Mesonet measurements were large, the 10m and 116m tower 

measurements still correlate well with one another.  Since this work will focus on the 

difference in wind direction between these two instruments, this validation provides 

further confidence that the results will demonstrate actual atmospheric phenomenon and 

not spurious instrument errors.  Nonetheless, to represent the actual wind direction as 

faithfully as possible, all wind direction measurements from the 10m and 116m UVW 

instruments on the 200m tower are linearly shifted 14° in the negative azimuthal 

direction. 

 

Fig. 70.  10m UVW direction differences plotted against simultaneous 116m UVW 
direction differences in cases where 10m wind speed exceeded 10m/s.  Dotted line 
represents a perfect 1:1 relation.  
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CHAPTER 6 
 

WIND SHEAR OBSERVATIONS 

From the data set containing over 7,000 hourly-averaged observations over two 

calendar years that have been quality-controlled and validated, this chapter contains a 

series of analyses that examine the observed diurnal evolution of the turbine layer as well 

as the frequency and severity of wind speed and direction shear.   

Diurnal Evolution of Stability in the Turbine Layer 

Chapter 3 outlined the typical evolution of the atmospheric boundary layer.  This 

evolution featured a deep well-mixed boundary layer during the day and a shallow 

statically-stable boundary layer beneath a residual mixed layer during the night.  While 

the depth of this entire cycle extends beyond the top of the 200m tower, we are able to 

examine the diurnal evolution of the layer in which the majority of modern wind turbines 

operate.   

To analyze mean diurnal trends, all observations are classified by hour of the day 

which they occur, and averages of each parameter for each hour of the day are calculated.  

Fig. 71 shows the average diurnal evolution of potential temperature.    Despite the daily, 

weekly, and seasonal variation in sensible weather, the average diurnal trend is clear.  

During the late night hours, strong radiational cooling is ongoing at the surface, while 

virtual potential temperatures increase with height.  At sunrise, the boundary layer 

abruptly transitions to its daytime convective form.   

Between 1800 and 2400 local time, the immediate surface begins to radiationally 

cool, while levels above remain relatively unchanged for an hour or more.  This is most 

evident at the 4m level, which begins to cool much more quickly than even the 10m level 
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immediately above, due to the fact that radiational cooling has no efficient mechanism for 

vertical heat flux.  The fact that rapid cooling of the 4m level is evident in a 2-year 

average data set where sunset times fluctuate widely is quite remarkable. 

 

 

Fig. 71.  Average diurnal evolution of virtual potential temperature (K). 
 

 

For the diurnal variation of stability, the time of each hourly observation is scatter 

plotted against its calculated change in virtual potential temperature per unit height (Fig. 

72).  Recall that positive gradients of virtual potential temperature indicate a stable 

environment and negative gradients indicate an unstable environment.  As expected, 

daytime stabilities are almost exclusively neutral or unstable, while nighttime stabilities 

show a much broader range from weakly unstable to strongly stable.  The relatively slow 

growth of the stable nocturnal boundary layer is evident in the slope of the observed 
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scatter after sunset, since observations of strong static stability in the 10 to 116m layer 

take many hours to develop.  In contrast, there is a very abrupt transition to neutral or 

unstable stratification at sunrise. 

 

Fig. 72.  The diurnal evolution of static atmospheric stability in the 10 to 116m layer. 
 

Speed Shear 

As discussed in Chapter 2, wind speed shear exponents that exceed the 1/7 power 

law are being discovered.  Observations from the current study support this finding.  The 

speed shear histogram (Fig. 73) illustrates the observed percent occurrence of each speed 

shear exponent magnitude between the 10 and 116m levels.  The speed shear probability 

distribution for all data is clearly bimodal, with a tall, narrow peak near 0.07 and a broad 

secondary peak in the vicinity of 0.40.   
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Fig. 73.  Probability distribution for power law speed shear exponents in the 10 to 116m 
layer for all data. 
 

 

To examine this distribution in the context of static atmospheric stability, the 

observations are partitioned into stable and unstable classifications based on the 

measured hourly mean virtual potential temperature gradient from 10m to 116m (Fig. 

74).  After this classification, it becomes immediately evident that this bimodal 

distribution is actually the sum of two dissimilar distributions.  One distribution, for 

unstable conditions, is characterized by a narrow peak at low shear values.  The second 

distribution, for statically stable conditions, features a very broad range of possible shear 

exponents reaching very high magnitudes and outlining the broad secondary peak.  This 

result is especially interesting considering that stable conditions comprised approximately 

52% of the entire data record, meaning that the stable histogram shape is applicable the 
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majority of the time.  Kelley et al. (2004), which examined speed shear in the context of 

dynamic atmospheric stability rather than static atmospheric stability, found similar 

results in that each mode of the observed speed shear distribution from Lamar, Colorado 

could be approximated by separate Gaussian distributions above and below the shear 

exponent value of 1/7.   

   

 

Fig. 74.  Probability distribution for power law speed shear exponents in the 10 to 116m 
layer for all data (gray bars), unstable observations only (red line), and stable 
observations only (blue line). 

 

 

Since stable conditions generally represent night and unstable conditions 

generally represent day, the bimodal nature of this histogram actually represents a daily 

fluctuation in speed shear magnitude.  Fig. 75 shows the average diurnal evolution of the 

wind speed profile for the entire two-year data set.  Again, despite the daily, weekly, and 
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seasonal variation in sensible weather, an average diurnal trend is remarkably evident.  At 

10am, 2pm, and 6pm when the atmosphere is relatively well-mixed, the wind speed 

profile varies little with height.  At 10pm, 2am, and 6am, the wind speed increases much 

more rapidly with height, with the strongest upper-level winds occurring at 2am.  It is 

interesting to note that the 4 to 10m layer exhibits nearly constant speed shear throughout 

the day, presumably because that layer is constantly impacted by mechanical mixing, 

regardless of static stability, due to frictional interaction with the surface.  

 

 

Fig. 75.  Average diurnal evolution of the observed wind speed profile. 
 

 

Numerous studies that have examined relatively long-term tall-tower data sets 

have documented a significant diurnal variance in average power law shear exponent.  

This diurnal variance consists of large or extreme values at night and very low values 
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during the day.  Smith et al. (2002) review speed shear patterns from Turbine Verification 

Program (TVP) wind data sites in Texas, Iowa, Colorado, Nebraska, and Wisconsin, 

finding this distinct diurnal trend at each site.  Such a diurnal cycle in shear exponent 

causes a complete reversal in the diurnal phase of wind speed over a relatively shallow 

depth.  Very close to the ground (e.g. 10m height), wind speeds tend to peak during the 

afternoon hours.  However only 100m above, wind speeds actually peak during the night.   

Such a phase change has significant implications for wind resource assessment, 

since the tallest industry-standard wind resource assessment towers (60m) will likely not 

fully capture the diurnal variation in wind speed at hub-height.  Merchant power revenues 

projected from such data without considering this phenomenon could significantly 

overestimate a cash flow stream from energy sales, since market demand and energy 

value is maximum during the time of peak demand (day). 

In addition to the locations shown in Smith et al. (2002), this diurnal trend has 

been documented in eastern North Dakota (Moon and Haynes 2006), at 5 locations in 

Indiana (Global Energy Concepts 2005), and at least one undisclosed location (Lange and 

Focken 2006, 45).  Compressed versions of figures from each of these past works are 

given in (Fig. 76).  The locations of the data sources from these previous studies are 

geographically diverse (Fig. 77), and are located both in and out of regions that are 

classically thought of as prone to low-level jet activity (e.g. the Great Plains).  In the 

present study, this phenomenon is also clearly evident (Fig. 78).  The geographic 

dispersion of this result implies the presence of a more ubiquitous mechanism for 

governance of the long-term average speed shear. 
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Fig. 76.  Diurnal variation in wind speed with height from previous work: Global Energy 
Concepts (2005) (top left),  Moon & Haynes (2006) (bottom left), and Lange & Focken 
(2006) (bottom right), and diurnal variation in speed shear exponent from Smith et al. 
(2002) (top right).   
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Fig. 77.  Locations where previous works have identified pronounced diurnal variations 
in shear exponent or hub-level wind speed. 
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Fig. 78.  Average diurnal evolution of the observed wind speed at each height level at 
Lubbock, Texas. 
 

 

Since stable and unstable atmospheric conditions appear to produce separate 

histogram shapes for speed shear, we next examine these shears on a continuum of 

stability strength (Fig. 79).  In this figure each hourly-averaged observation is represented 

by one dot, and the trend lines, which are calculated in 0.01 °K/m bins, show the mean 

(thick black) and +/- one standard deviation (thin black).  In unstable conditions, there is 

a tight clustering of observations at very small shear exponent magnitudes near 0.07, 

which corresponds to the peak of the first mode in Fig. 73 and Fig. 74.  In near-neutral 

conditions, the mean speed shear value equals the value of 1/7, though a considerable 

amount of scatter exists about that mean.  As the atmosphere becomes more strongly 

stable, observed speed shear exponents rapidly increase in magnitude.  Above only 
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moderately stable conditions, relatively few observations fall below the 1/7 shear 

exponent level.  These stable observations constitute the broad second mode in Fig. 73 

and Fig. 74. 

 

 

Fig. 79.  Observations of hourly-averaged 10 to 116m power law speed shear exponent 
(gray dots) as a function of static atmospheric stability.  Thick (thin) black line indicates 
trend in the mean (+/- one standard deviation).  Red dots are observations that have been 
omitted from analysis by the 3m/s wind speed threshold criterion. 
 

 

In Chapter 3, a citation from Blackadar (1957) recounted one intense low-level jet 

case in which a speed shear exponent of 0.84 was calculated between 10 and 237m.  In 

the present study, the analysis criterion requiring wind speeds to equal or exceed 3m/s 

prohibits the appearance of shear exponents much greater than 0.60.  However, it is 

important to note that without this criterion, there are tens of hours in these two calendar 
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years at shear exponents greater than 0.80.  Nearly all of these are observed in stable 

conditions.  These omitted observations are indicated by red dots in Fig. 79. 

To emphasize that static atmospheric stability is the primary governor of speed 

shear magnitude, the observations from the entire data set are portioned based on the hour 

of the day in which they occurred.  The average speed shear magnitude and static 

atmospheric stability are then calculated for each of the 24 hours in a day.  These average 

diurnal trends are plotted in Fig. 80.  Clearly the average diurnal trend of vertical change 

in virtual potential temperature, our metric for static stability, and speed shear exponent 

are very similar.  In fact, the correlation coefficient for these two average diurnal trends is 

1.00.  The correlation coefficient for these two parameters using all individual 

observations for the entire data set, rather than the average diurnal, is 0.68.  This is a 

lower correlation, meaning that in any given hour other factors may alter the speed shear 

exponent away from the value that the static stability alone would predict.  These results 

indicate that quantifying occurrences of a stable atmosphere, regardless of the presence of 

a low-level jet, may be a useful indicator of climatological speed shear at a site, rather 

than an assessment of low-level jet occurrences. 
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Fig. 80.  Average diurnal variation in 10 to 116m layer static atmospheric stability (solid 
line) and power law shear exponent (dotted line).   

 

 

Since the power available in the wind is a function of the wind speed cubed, it is 

important to examine the occurrence of speed shear exponent magnitudes as a function of 

wind speed.  Extreme shears that occur at lower wind speeds carry less momentum, and 

thus would be less important for energy capture and turbine fatigue considerations.  To 

quantify speed shear with respect to turbine operating states, the 10 to 116m power law 

shear exponent unique to each observation is used to interpolate the wind speed to 85m, 

the approximate hub level of the Baseline 1.5 MW turbine analyzed in Chapter 4.   

Fig. 81 is a scatter plot of hourly averaged power law shear exponent occurrences 

versus this interpolated 85m wind speed.  Again, the trend lines, which are here 

calculated in 1 m/s bins, show the trend in the mean (thick black) and +/- one standard 

deviation (thin black).  From this figure, it is clear that instances of high power law shear 

exponent actually occur at relatively high hub-level wind speeds of 8 – 15 m/s.  It should 
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be noted that even though the high shear exponents at low wind speeds in Fig. 81 are 

coherently truncated from this analysis by the criterion that the wind speed at 10m must 

be 3 m/s or greater, this peak in mean shear exponent at higher wind speeds is not 

artificial.  If these data points are permitted rather than excluded (Fig. 81, red dots), the 

mean power law shear exponent (Fig. 81, red line) still increases with increasing 85m 

wind speed to a peak near 11-14 m/s, although mean values in the 5-11 m/s range are 

higher than calculated with the threshold criterion.  This peak in speed shear exponent 

corresponds to just below and just above the rated power of a typical 1.5 MW wind 

turbine power curve.   

 

 

Fig. 81.  Observations of hourly-averaged power law speed shear exponent between the 
10m and 116m levels (gray dots) as a function of interpolated 85m wind speed.  Thick 
(thin) black line indicates trend in the mean (+/- one standard deviation).  Red dots (lines) 
are observations (trends) that have been omitted from analysis by the 3m/s wind speed 
threshold criterion. 
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It is also interesting to note that above 17 m/s, speed shear values rapidly decrease 

to some value below the 1/7 shear exponent.  Presumably, this is the point when 

mechanical mixing overcomes the damping of such turbulent mixing by stability.  The 

mechanical mixing could be generated by the high wind speeds alone or by the dynamic 

breakdown of highly sheared flow. 

In general, these results are similar to those found by Kelley et al. (2004), which 

concluded that the most extreme speed shear exponents occurred at wind speeds just 

above or below rated, and that the probability of experiencing large shear exponent 

values decreased as wind speeds increased above that level.   

Direction Shear 

To calculate direction shear from the data set, the wind direction measurement at 

10m is subtracted from the wind direction measurement at 116m.  If the calculated 

change in wind direction was found to be greater 180° or less than -180°, the analysis 

program recalculated the change in the opposite clock-referenced direction, essentially 

taking the shortest rotational path between the two vectors.  In this way the calculated 

direction change is bounded by +/- 180°.  Since the simulations in Chapter 4 normalized 

direction shear by vertical distance, observations here will be presented as degrees of 

direction change per meter of height (deg/m). 

The direction shear histogram (Fig. 82) illustrates the observed percent 

occurrence of each direction shear magnitude between the 10 and 116m levels.  Here, 

positive (negative) direction shear indicates clockwise (counterclockwise) rotation of the 

wind vector with increasing height.  The shape of this distribution features a narrow peak 

at some small positive angle with a broad right tail. 
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Fig. 82.  Probability distribution for direction shear in the 10 to 116m layer for all data. 
 

 

The observations are partitioned into stable and unstable classifications based on 

the measured hourly mean gradient in virtual potential temperature from 10m to 116m.  

Such classification again indicates that statically stable conditions permit a greater 

probability of higher-magnitude direction shears, and account for nearly the entire right 

tail of the distribution (Fig. 83).  It is important to recall that stable conditions occurred 

more frequently than unstable conditions over the course of this data period.  As a result, 

a wind turbine operating at this site would experience the stable distribution shape more 

frequently than the unstable distribution shape.   



Texas Tech University, Kevin Walter, August 2007 

 120 

 

Fig. 83.  Probability distribution for direction shear in the 10 to 116m layer for all data 
(gray bars), unstable observations only (red line), and stable observations only (blue line). 

 
 

Providing support for this result are direction shear measurements from a separate 

tower located near the town of Goodland in northwest Indiana.  A one-year dataset of 10-

minute atmospheric records from this tower are available after the Indiana Tall Towers 

Wind Study (Global Energy Concepts 2005).  The Indiana tower data were collected 

from instrumentation temporarily installed on a 206m guyed lattice tower, with redundant 

wind speed measurements at 10m, 49m and 90m and single wind direction measurements 

at 49m and 90m.  The data collection period was January 1, 2004 to December 31, 2004.  

Anemometers on this tower were wind power industry standard NRG #40 3-cup 

anemometers and NRG #200P wind vanes. 

The Indiana dataset was examined using an analysis and quality-control routine 

similar to that used on the Lubbock, Texas data with several exceptions.  Since no 
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thermodynamic profiles were measured on the Indiana tower, stability classification is 

not possible.    Also, since only three wind speed levels are available, no boundary-layer 

profile check is performed on this dataset.  As a guyed lattice tower, wake effects are 

avoided by omitting data where flow is through the tower.  Direction shear measurements 

as a function of wind direction (not shown) verify that flow from a single sector is not 

responsible for the observed magnitudes of direction shear.  Observations in which either 

the 49m or 90m wind speed was below 3 m/s were omitted.  A visual inspection of the 

data revealed a significant problem with direction locking, and extra caution was taken to 

remove those corrupt data from the record.  After these quality-control and analysis 

criteria were applied, 8,589 10-minute observations remain for analysis.   

Observations of wind direction change between the two available levels, 49m and 

90m, are shown with those from Lubbock, Texas in Fig. 84.  The shape of the probability 

distribution from northwest Indiana is surprisingly similar to the probability distribution 

from west Texas.  Interestingly, the observations from Indiana show greater probability 

of high positive and negative direction shear than the observations at Lubbock, and only 

half the probability of the low mean value occurring, despite the fact that the lower 

measurement level used in the Indiana data set (49m) is much higher than the lower 

measurement level from the Lubbock, Texas analysis (10m).  The direction shear 

measurements from Indiana would be representative of the actual direction change from 

the bottom of the rotor to hub height on a typical 1.5 MW wind turbine.   

The measurement of greater wind direction shear at the Indiana site could 

partially be an artifact of shorter averaging time in that data set.  However, it also could 

be the product of higher regional surface roughness values.  This latter mechanism would 

increase the retardation of the daytime surface flow, which would tend to increase the 

cross-isobaric near-surface flow and maximize direction change across the turbine layer.  

Also, Blackadar (1953) hypothesized that the inertial oscillation would be maximized 

following greatest daytime retardation of the flow.  If climatologically stronger inertial 

oscillations are forced in this area by greater surface roughness, one result would be 

stronger supergeostrophy in the oscillating winds, and potentially greater direction shear.   
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Regardless, the similarity of these distributions given the dissimilarity of their 

sources’ location, anemometer type, data logging system, averaging time, and operating 

institution suggest that the observed distributions of direction shear represent a more 

general result. 

 

 

Fig. 84.  Probability distribution for direction shear in the 10 to 116m layer for Lubbock, 
Texas (grey bars) and in the 49 to 90m layer for Goodland, Indiana (black line).   

 

 

Since statically stable and unstable atmospheric conditions again produce 

different histogram shapes (Fig. 83), we examine these shears on a continuum of stability 

strength (Fig. 85).  Here, each hourly-averaged observation is represented by one dot, 

solid lines show trends in the mean (thick black) and plus or minus one standard 

deviation (thin black).  Here the trends are calculated in 0.01 °K/m bins.  In this figure, 
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observations in statically unstable atmospheric conditions are tightly clustered around 

some small positive wind direction change with height.   

As the observations cross the neutral line and become more stable, the scatter in 

the observed data increases, as evident in the increased standard deviations measured in 

the stable regime.  The mean of the data also shifts perceptibly toward greater positive 

values with increasing static stability as well.  Positive wind direction changes with 

increasing height constitute a veering (clockwise) wind profile.  The tendencies 

illustrated in these figures are meteorologically consistent with the Ekman Spiral, which 

forces wind vectors to rotate clockwise with height.  Increasing static stability could also 

decrease the depth of the Ekman layer, which would cause this clockwise rotation to be 

increasingly notable between two fixed-height measurements, which could potentially 

explain the observed trend in the mean in Fig. 85, also consistent with the results found 

by Giebel and Gryning (2004). 

 

Fig. 85.  Observations of hourly-averaged change in wind direction between 116m and 
10m versus static atmospheric stability.   Thick (thin) black line indicates trend in the 
mean (+/- one standard deviation). 
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Again, since we are interested in the occurrence of high shear with respect to 

machine operating states, the dependence of hourly averaged direction shear on the 

interpolated 85m wind speed is scatter plotted in Fig. 86, where lines show trends in the 

mean (thick black) and plus or minus one standard deviation (thin black).  The means and 

standard deviations are calculated in 1 m/s bins.  Relatively significant direction shears 

are observed in the 7-12 m/s wind speed range, which includes the interface between the 

wind turbine power curve Regions 2 and 3.  Above 17 m/s, the standard deviation rapidly 

decreases and very few significant values of direction shear are observed.  This same 

result was found with speed shear and was hypothesized to be the result of intense 

mechanical mixing generated at such high wind speeds.  It should be noted that the 

apparent convergence of direction shear magnitude with increasing wind speed is likely a 

geometric artifact.  At higher wind speeds, smaller direction shear angles can result in 

wind shears that are equivalent to larger shear angles at lower wind speeds. 
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Fig. 86.  Observations of hourly-averaged change in wind direction between 116m and 
10m versus interpolated 85m wind speed.  Thick (thin) black line indicates trend in the 
mean (+/- one standard deviation).    

 

 

To emphasize that static atmospheric stability is the primary governor of direction 

shear magnitude the average direction shear magnitude is calculated for each hour of the 

day and plotted against the average static stability for each hour (Fig. 87).  Clearly the 

average diurnal trend of change in virtual potential temperature and direction shear 

magnitude are very similar.  The correlation coefficient for these two average diurnal 

trends is 0.93.  The correlation coefficient for these two parameters using all individual 

observations for the entire data set, rather than the average diurnal values, is 0.29.  This 

correlation is much weaker, meaning that in any given hour other factors may alter the 

direction shear magnitude.  Of additional interest is the dramatic jump in direction shear 
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magnitude just before sunrise.  Interestingly, the timing of this increase corresponds with 

the time that the inertial oscillation would force the greatest direction shear magnitudes.  

 

 

 

Fig. 87.  Average diurnal variation in 10 to 116m layer static atmospheric stability (solid 
line) and direction shear magnitude (dotted line).   

 

 

Calculations of wind direction change between two height levels are highly 

susceptible to instrument installation errors.  It is very difficult to install multiple 

anemometers at multiple levels on an observation tower with less than a few degrees 

discrepancy between the instrument alignments.  In addition, bluff-body flow distortion 

from the instrument boom arms could potentially introduce some error into wind speed 

and direction measurements.  Nevertheless, these observations show a clear trend in the 

magnitude of wind direction shear as a function of static atmospheric stability over a 
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relatively long averaging period of one hour, with trends in the mean and standard 

deviation that are consistent with past work and meteorological forcing mechanisms.   

Evidence of Meteorological Forcing Mechanisms 

In Chapter 3, several meteorological forcing mechanisms were outlined as 

potential causes for speed and direction shear.  One such forcing mechanism, the thermal 

wind, shows a diurnal signal in the Great Plains due to the daily heating and cooling 

cycle of sloping terrain and is most efficient at increasing power law speed shear 

exponent magnitudes with southerly flow.  A second mechanism, the inertial oscillation, 

was independent of geographical and directional constraints.  Upper-level dynamics and 

the isallobaric wind were also cited as potentially enhancing shear in this region.   

Since focus is now on the Lubbock, Texas vicinity, it is important to point out that 

the general regional terrain slope in the Lubbock vicinity is actually from northwest to 

southeast (Fig. 88), rather than east to west as in areas of the Plains further north.  As a 

result, the contribution of the thermal wind to speed shear enhancement would be 

expected with southwesterly winds.  Conversely, in northeasterly flow regimes, the 

thermal wind will be opposing the inertial oscillation, which would cause decreased 

frequency of large shear exponent values from that sector depending on the relative 

contribution of other forcing mechanisms.  The northeasterly flow regime referenced here 

is intended to indicate increasing northeasterly winds with height, and is not intended to 

represent a post-frontal regime which may feature flow from a different direction above 

the frontal inversion.  
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Fig. 88.  Southern plains topography.  Black star indicates the location of the data 
collection platform in this study.  From http://nationalatlas.gov. 

 

 

Fig. 89 illustrates the observed mean 10m to 116m power law shear exponent in 

statically stable conditions as a function of 10m wind direction.  Stable conditions are 

chosen to highlight instances when high shears are most probable, and to focus on the 

forcing mechanisms that are acting on the flow in those conditions.  Southwesterly wind 

directions are found to have the highest mean shear exponents, while the lowest shear 

exponents are found in the southeasterly sector.  This finding is generally consistent with 

the argument that the thermal wind, inertial oscillation, and the lee trough will additively 

contribute to higher climatological speed shears with winds from the southwest.  It was 

not expected that climatological speed shear would show a minimum from the southeast.  

The wind climatology for Lubbock is such that flow is most rarely from the southeast, 

which creates a statistical mean whose results carry less significance.  It is also possible 

that some flow distortion from the tower structure remains in the data set despite efforts 

to minimize those effects. 
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Fig. 89.  Mean (solid line) and +/- one standard deviation (dotted lines) of hourly-
averaged power law speed shear exponents in statically stable conditions as a function of 
10m wind direction.   

 

 

The current work highlights the inertial oscillation as an atmospheric mechanism 

for the generation of climatological speed and direction shears in statically stable 

environments.  Previous work has identified the presence of the inertial oscillation in 

observational data sets on a case-by-case basis.  To these authors’ knowledge, no study 

has attempted to identify the inertial oscillation in long-term average data. 

To perform such an analysis, the time-history of wind vectors at a given 

observation level must be considered.  A quasi-circular vector path is expected as the 

wind vector accelerates and turns to the right (in the northern hemisphere) after the 

sudden release of frictional drag after sunset.  For full rigor, the time of observations 
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would be expressed relative to the sign change of the surface heat flux, which likely 

occurs several hours before sunset.  Since time of local sunset is more readily available 

parameter than sign of the surface heat flux, time of local sunset will be used to examine 

the inertial oscillation in this work.  The approximate time of local sunset is obtained 

from the U.S. Naval Observatory Astronomical Applications Department (US Navy 

2007).  Each of the 7,523 observations in the chronological data set is then referenced to 

the sunset data to determine the number of hours the observation is occurring after the 

previous sunset.   

The observations are then partitioned based on the number of integer hours they 

occur after local sunset.  The average u (east) and v (north) components are then 

calculated from all the individual data points that fall within that sunset-referenced hour.  

This process is performed independently for both the 116m and the 10m levels.  The 

inertial oscillation signature from a two-calendar-year-average is clearly distinguishable 

on the 116m level hodograph (Fig. 90).  At 10m there is some clockwise turning of the 

wind with time, however the amplitude of the oscillation is much less than that at 116m.  

This finding is consistent with inertial oscillation amplitude trends below the nocturnal 

inversion hypothesized by Blackadar (1957).  At 10m, the wind vector trace more closely 

resembles a figure-eight than a circle.  This result is likely due to the fact that the 

influence of surface friction is never as fully dissipated at that height, a requirement for 

the inertial oscillation.   

 The period of the inertial oscillation is set by the latitude of the site through the 

Coriolis parameter f which is latitude-dependant (23).  In (23), Ω is the rotational rate of 

the earth (7.27x10-5 rad/s) and φ is the latitude. 
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The latitude of Lubbock is approximately 33.5° N, resulting in an inertial 

oscillation period of 21.7 hours.  At all times of the year the inertial oscillation will be cut 

short by the reintroduction of frictional drag at sunrise.  Sunrise time varies throughout 
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the year with respect to sunset time, occurring anywhere from 9 to 14 hours after sunset 

in summer and winter, respectively.  The reintroduction of friction and the destruction of 

the inertial circle is evident generally in hours 12 to 16 in Fig. 90, when vectors at both 

levels become similar in both magnitude and orientation and rotate counterclockwise 

(toward low pressure).  The gradual divergence after hour 22 is evidence that the surface 

heat flux has changed sign prior to actual sunset. 

 

 

Fig. 90.  Average temporal hodographs from the 10m (red) and 116m (black) levels for 
two calendar years of data.  Numbers signify hours after sunset.  Range rings indicate 
vector magnitudes of 5 and 10 m/s. 

 

 

While the preceding figure does not exclude the contribution of other forcing 

mechanisms, the quasi-circular shape of the average temporal trace at 116m suggests that 

the inertial oscillation plays a significant role in the generation of both speed and 
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direction shear.  Referring back to Fig. 87, a sudden increase in direction shear angle just 

prior to sunrise was noted.  Examining the inertial oscillation results, it becomes evident 

that the previous result is misleading.  Though the absolute magnitude of the direction 

shear angle may be significantly increased just before sunrise, wind speeds at both 10m 

and 116m are relatively low at that time.  Larger direction changes are less significant in 

lower wind speeds.  This geometric reality will be treated more directly in the Shear 

Vector section of this chapter. 

Numerous mechanisms have been shown to produce clockwise direction shear 

with height.  However, no clear mechanism has been presented to explain the generation 

of counterclockwise direction shear in the northern hemisphere.  Yet, such conditions are 

observed in this dataset.  On a larger atmospheric scale, instances in which warm air is 

advecting into a region are known to accompany a clockwise rotation of the wind vector 

with height.  Conversely, instances in which cold air is advecting into a region are known 

to accompany a counterclockwise rotation.  The change in wind direction associated with 

cold and warm air advection is usually referenced over heights on the order of one 

kilometer or greater, so it is unclear how advective patterns affect direction shear over the 

depth of the turbine layer.  Additionally, it is often difficult to separate advective 

temperature changes from local temperature changes that may be occurring 

simultaneously in an observational dataset.   

To attempt to analyze the synoptic environment in relation to the observational 

occurrence of clockwise and counterclockwise direction shear, we use the National 

Center for Environmental Prediction (NCEP) Reanalysis data (Kalnay et. al 1996) 

provided by the Physical Sciences Division of the Earth Science Research Laboratory 

(ESRL) of the National Oceanic and Atmospheric Administration (NOAA).  Through the 

tools available on their web site http://www.cdc.noaa.gov/Composites/Hour, any number 

of user-specified dates can be averaged to create a synoptic composite of those cases.  In 

an attempt to isolate the typical large-scale environment they are associated with, cases of 

clockwise direction shear are partitioned by magnitude into bins of 0 – 20°, 20 – 40°, 40 

– 60°, and greater than 60°.  Counterclockwise cases are partitioned by magnitude into 

bins of 0 – 10°, 10 – 20°, and greater than 20°.  The date that each case within each bin 
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occurred is then added to the list of dates for each bin of magnitudes.  Synoptic 

composites for each bin are then generated from the web-based synoptic composite tool.  

For each direction shear magnitude bin synoptic composites are generated of 500mb 

pressure heights, which are representative of the upper-level winds in the atmosphere, as 

well as mean sea level pressure measured at 12z.  In addition, synoptic composites of 

surface air temperature are taken 12 hours before and 12 hours after the median time.  

These plots allow us to assess the 24-hour air temperature change, though as discussed 

this change is absolute and does not allow distinction between advective and local 

changes.   

In general, clockwise direction shear cases show a trough at 500mb to the west of 

Lubbock.  This 500mb trough is most evident in the 0 – 20° magnitude bin (Fig. 91) 

which is also found to feature a clear surface pressure trough in the Great Plains (not 

shown).  As clockwise direction shear magnitude increases the 500mb trough becomes 

increasingly positively tilted, however the surface pressure trough ceases to be present.  

The 24-hour temperature change composites (not shown) show no clear trend of warming 

or cooling, so it remains unclear whether higher magnitudes of direction shear are 

occurring predominantly in the warm sector in advance of upper-atmospheric troughs or 

with more transient features such as shallow frontal systems. 

In the counterclockwise cases, the trough at the 500mb level is generally east of 

Lubbock, as seen in the 0 – 10° magnitude composite which features a trough over the 

eastern US and a ridge over the western US (Fig. 92).  The counterclockwise cases are 

generally characterized by a 24-hour cooling in surface temperature, which could 

potentially indicate cold air advection.  The solution appears to be more complex, though, 

as there is actually warming evident in the 10 – 20° counterclockwise magnitude 

composite.    
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Fig. 91.  Synoptic composite of 500mb pressure heights (m) for clockwise direction shear 
cases in the magnitude range of 0 – 20°.  Image provided by the NOAA/ESRL Physical 
Sciences Division, Boulder Colorado from their Web site at http://www.cdc.noaa.gov/. 
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Fig. 92.  Synoptic composite of 500mb pressure heights (m) for counterclockwise 
direction shear cases in the magnitude range of 0 – 10°.  Image provided by the 
NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web site at 
http://www.cdc.noaa.gov/. 
 

   

In a further attempt to isolate the forcing mechanism for counterclockwise 

direction shear, the probability of occurrence of all direction shear observations greater 

than +0.20 deg/m (clockwise) and -0.20 deg/m (counterclockwise) is examined as a 

function of time of day, month of year, wind direction, and measured 3-hour pressure 

change.  The results (Fig. 93) do not indicate any clear conditions in which 

counterclockwise direction shear is much more likely than clockwise direction shear.  

When interpreting this figure, it is important to remember that significant 

counterclockwise direction shear was observed relatively few times in this data set, 
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possibly corrupting the statistics and causing greater apparent fluctuations in these 

parameter spaces. 

The plots in Fig. 93 do provide additional insight into direction shear occurrences.  

For instance, large magnitudes of both clockwise and counterclockwise direction shear 

are more likely in southwesterly flow.  Clockwise direction shear occurrences greater 

than 0.20 deg/m show a much higher probability of occurrence in April and during the 

winter.  While April coincides with increased upper-level jet activity over the region and 

the corresponding presence of the lee trough, winter conditions feature cold temperatures 

and longer nights that are conducive to the development of strong nocturnal static 

stability.  Although a true measure of isallobaric tendency requires a horizontal gradient 

of temporal pressure tendency, the results here indicate that there is little correlation 

between falling surface pressures and enhanced direction shear, save for a small increase 

in counterclockwise probability with 3-hour pressure falls of approximately 2 mb. 

 

 

Fig. 93.  Conditional probability of direction shear greater than +0.20 deg/m (clockwise, 
CW) (black) and less than -0.20 deg/m (counterclockwise, CCW) (red) in various 
conditions. 
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It is possible that counterclockwise direction shear observations are simply caused 

by irregular pressure patterns that differ over the depth of the tower.  Since atmospheric 

pressure measurements are available at both the 4m and the 200m levels, we can compare 

the simultaneous 3-hour pressure tendencies measured at each height to infer if they are 

typically of similar sign and magnitude.  The results (Fig. 94) indicate that while the sign 

of the pressure tendency is generally the same at both levels, the magnitude of the 

temporal change is generally not equal.  This could be an indication of pressure patterns 

that change with height, which could allow for cases of counterclockwise direction shear 

despite the Ekman spiral and the inertial oscillation which tend to force the bulk of the 

distribution towards clockwise direction shear. 

 

 

Fig. 94.  Simultaneous 3-hour pressure change magnitudes measured at the 4m and 200m 
levels. 
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Joint Probability of Speed Shear, Direction Shear, & Wind Speed 

By examining the dependence of speed and direction shear magnitudes on wind 

speed, we have reason to believe that significant values of speed and direction shear may 

exist simultaneously.  Ultimately what we wish to know is the joint probability of speed 

and direction shear in various wind turbine operating states.  Recall that speed and 

direction shear were simulated at 4, 6, 8, 10, 12, and 14 m/s hub-height wind speeds in 

Chapter 4.  To examine the joint-probability of occurrence of those simulated shear 

magnitudes, the observations are partitioned into these six wind speed groups based on 

interpolated 85m wind speed.  The joint-probability distributions of speed and direction 

shear are then calculated for each group.  The results are presented in Fig. 95 through Fig. 

97.  In all of the following joint-probability graphics, the probabilities are truncated at 

0.05 to emphasize less common values. 

In these figures, it is important to notice that relatively large magnitudes of speed 

and direction shear occur simultaneously at interpolated hub-height wind speeds greater 

than 7 m/s.  In fact at these hub-height wind speeds, large magnitudes of direction shear 

do not seem to form at all unless the speed shear magnitude is also large.  The tendency 

for more frequent clockwise (positive) direction shear is also evident in these figures. 

To emphasize the impact of static atmospheric stability on these results, each 

joint-probability distribution is partitioned into the classification of stable or unstable 

based on the sign of the virtual potential temperature gradient observed during that hour.  

Those results ( Fig. 98 through Fig. 100) clearly reinforce the finding that the largest 

magnitudes of speed and direction shear occur in statically stable conditions.  The 

greatest disparity between stable and unstable conditions seems to occur at the highest 

hub-height wind speeds. 

Finally, the joint-probability distributions from the Goodland, Indiana data set are 

included in Fig. 101 through Fig. 103.  In the Indiana data set actual wind speed 

observations are available at 90m, so observations are classified based on that reading 

rather than an interpolated value.  Though large magnitudes of direction shear are not 

exclusive to instances of large magnitude speed shear, they do occur simultaneous with 

large speed shear magnitudes.  Additionally, simultaneous large magnitudes of both 
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speed and direction shear again occur at relatively high hub-height wind speeds.  Since 

no thermodynamic profiles were measured, the Indiana results cannot be classified by 

static stability.   

 

 

 

 

Fig. 95.  Joint-probability distribution of hourly-averaged speed shear and direction shear 
between 10m and 116m at interpolated 85m wind speed ranges of 3 to 5 m/s and 5 to 7 
m/s, Lubbock, Texas.  Probabilities are truncated at 0.05. 
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Fig. 96.  Joint-probability distribution of hourly-averaged speed shear and direction shear 
between 10m and 116m at interpolated 85m wind speed ranges of 7 to 9 m/s and 9 to 11 
m/s, Lubbock, Texas.  Probabilities are truncated at 0.05. 
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Fig. 97.  Joint-probability distribution of hourly-averaged speed shear and direction shear 
between 10m and 116m at interpolated 85m wind speed ranges of 11 to 13 m/s and 13 
m/s and above, Lubbock, Texas.  Probabilities are truncated at 0.05. 
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Stable: 

 

Unstable: 

 

Fig. 98. Joint-probability distribution of hourly-averaged speed shear and direction shear 
between 10m and 116m at interpolated 85m wind speed ranges of 3 to 5 m/s and 5 to 7 
m/s for stable (top) and unstable (bottom) conditions. Lubbock, Texas.  Probabilities are 
truncated at 0.05. 
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Stable: 

 

Unstable: 

 

Fig. 99.  Joint-probability distribution of hourly-averaged speed shear and direction shear 
between 10m and 116m at interpolated 85m wind speed ranges of 7 to 9 m/s and 9 to 11 
m/s for stable (top) and unstable (bottom) conditions. Lubbock, Texas.  Probabilities are 
truncated at 0.05. 
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Stable: 

 

Unstable: 

 

Fig. 100.  Joint-probability distribution of hourly-averaged speed shear and direction 
shear between 10m and 116m at interpolated 85m wind speed ranges of 11 to 13 m/s and 
13 m/s and above for stable (top) and unstable (bottom) conditions. Lubbock, Texas.  
Probabilities are truncated at 0.05. 
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Fig. 101.  Joint-probability distribution of hourly-averaged speed shear and direction 
shear between 49m and 90m at 90m wind speed ranges of 3 to 5 m/s and 5 to 7 m/s, 
Goodland, Indiana.  Probabilities are truncated at 0.05. 
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Fig. 102.  Joint-probability distribution of hourly-averaged speed shear and direction 
shear between 49m and 90m at 90m wind speed ranges of 7 to 9 m/s and 9 to 11 m/s, 
Goodland, Indiana.  Probabilities are truncated at 0.05. 
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Fig. 103.  Joint-probability distribution of hourly-averaged speed shear and direction 
shear between 49m and 90m at 90m wind speed ranges of 11 to 13 m/s and 13 m/s and 
above, Goodland, Indiana.  Probabilities are truncated at 0.05. 

  

The Shear Vector 

While power law shear exponents and the angle of wind direction change with 

height are relatively useful parameters for characterizing the wind shear, they alone lack 

information that is vital in determining the impact of those shears on wind power 

systems.  More specifically, each shear parameter lacks information about the 

simultaneous magnitude of the other as well as the magnitude of the wind speed at which 

they are occurring.  If one were to measure the power law shear exponent and the 

direction shear angle from the two generic cases in Fig. 104, they might conclude that the 

shear in each case was identical.  However when information about the wind speed at 
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which those shears are occurring is included, it becomes evident that the vector change in 

the wind is much more significant in one case.  The analysis tool shown in Fig. 104 is 

known as the shear vector.  The shear vector is the vector change in wind between two 

heights, and as such carries information about speed shear magnitude, direction shear 

magnitude, and magnitude of the wind speeds at which they are occurring. 

 

 

Fig. 104.  The shear vector in relatively high (left) and low (right) wind speeds. 
 

  

On the same token, it is important to note that all power law shear exponents are 

not equal.  If a power law shear exponent of 0.30 is used to extrapolate a wind speed of 3 

m/s from 50m to 80m, the actual physical change in wind speed is 0.45 m/s.  If that same 

power law shear exponent is used to extrapolate a wind speed of 12 m/s from 50m to 

80m, the actual physical change in wind speed is 1.82 m/s, a much greater physical 

change across the same distance. 

Similarly, all direction shear magnitudes are not equal.  A direction shear 

magnitude of 40° at low wind speeds will produce a much smaller vector change with 

height as a direction shear magnitude of 40° at high wind speeds.  As a result, it is 

imperative to consider all three factors, speed shear, direction shear, and wind speed, 

simultaneously to properly assess the physical vector change in wind across some vertical 

distance. 

To analyze the current data set in terms of the shear vector, the wind speed and 

direction at both the 10m and 116m levels are decomposed into u and v components of 
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that wind vector.  In this convention, +u is wind blowing toward the east and +v is wind 

blowing toward the north.  The shear vector is then calculated as the change in u and v 

between the two heights.  Plotting each shear vector (u,v) pair in a Cartesian coordinate 

system is equivalent to specifying the vector origin at (0,0) and plotting the terminus of 

the shear vector.  This process is illustrated by Fig. 105 where a single shear vector points 

to the northeast at 17 m/s. 

 

 

 

Fig. 105.  Plotting a shear vector in a Cartesian coordinate system 
 

 

Each shear vector tip from the current data set is plotted in this manner.  A joint-

probability distribution of shear vector tip location is then calculated for the entire data 

set (Fig. 106).  In the following figures, probabilities are truncated at 0.015 to highlight 

less common values, and vector magnitude rings at 10 and 20 m/s are plotted for 

reference.  The joint-probability distribution in Fig. 106 shows a very high probability 

that the shear vector will be pointed toward the northeast at a magnitude of less than 5 
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m/s.  However there is a considerable amount of scatter in the data, with shear vectors as 

large as 12 m/s.  The largest shear vectors lie in the northeastern and southeastern 

quadrants although shear vectors with lengths greater than 5 m/s appear in all quadrants. 

 

 

Fig. 106.  Observed probability of shear vector tip locations for all conditions.  
Probabilities are truncated at 0.015. 

 

 

 When the data set is partitioned into stable and unstable classifications (Fig. 107), 

it is again clear that the overall distribution in Fig. 106 is actually the sum of two 

dissimilar distributions.  Unstable observations comprise most of the low-magnitude 

observations pointing to the northeast, while stable observations account for the vast 

majority of the scatter and all of the shear vectors with magnitudes greater than 8 m/s.   
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Fig. 107.  Observed probability of shear vector tip locations for unstable (top) and stable 
(bottom) conditions.  Probabilities are truncated at 0.015. 
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Another way of visualizing the effect of static atmospheric stability on the shear 

vector is to calculate the average static stability of all observations in a given shear vector 

tip location.  By performing such an operation it is evident that the smallest magnitudes 

of shear vectors occur in weakly stable or unstable conditions, while the largest-

magnitude shear vectors are only observed in the most statically stable environments 

(Fig. 108). 

 

 

Fig. 108.  Average static stability (K/m) calculated from all observations at each shear tip 
location. 

 

  

 In previous sections, the inertial oscillation was identified by averaging the 

observed wind vectors of the entire two-calendar-year data set based on the number of 

hours they occurred after sunset.  If one finds the shear vector between the two height 

levels for each hour after sunset, the inertial oscillation of the shear vector itself can be 
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found.  In this data set, the 10m to 116m shear vector exhibits a clear inertial oscillation 

(Fig. 109).  Through this visualization, it is simple to see that the greatest total shear in 

this layer occurs between 4 and 8 hours after local sunset.  By comparison, shear 

magnitudes between 12 and 16 hours after sunset are relatively small, despite the 

maximization of the direction shear angle during this time frame.  Interestingly, the 

elliptical shape of the shear vector oscillation does not appear to be significantly 

disturbed by the destruction of the inertial oscillation at sunrise.  The plot below is 

additional proof that the character of the inertial oscillation is differential with height.  If 

both levels showed exactly the same inertial oscillation, the shear vector would remain 

stationary.  

 

 

Fig. 109.  Average temporal hodograph for the 10m to 116m shear vector for two 
calendar years of data.  Numbers signify hours after sunset.  Range rings indicate vector 
magnitudes of 5 and 10 m/s. 
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Distribution of Potential Losses & Economic Impact 

 Since the observational joint probabilities of speed and direction shear have now 

been quantified, it is possible to combine these probabilities with the simulated power 

changes to determine the distribution of observed losses.  For each wind speed range, the 

observational probability of each magnitude is tabulated.  These probabilities are then 

summed across all wind speed ranges to determine the probability of observing each 

power change magnitude.  This process is performed with observational data from both 

Lubbock and Indiana.  The results are presented in Fig. 110. 

 

 

Fig. 110.  Distribution of potential power change relative to the no shear case at Lubbock 
(grey bars) and Indiana (black line). 
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 In this analysis, losses as great as 3% and gains as large as 0.5% are observed.  At 

both Lubbock and Indiana, there is a relatively high chance of experiencing minimal 

power gain from the presence of shear, yet there are also relatively high chances of 

experiencing losses near 1%.  Data from Indiana show greater potential for larger losses 

relative to the Lubbock data. 

It is also possible to use this information to estimate the average power change 

relative to the zero shear case.  This average power change (∆Pavg), is calculated by 

multiplying the simulated instantaneous power-change (∆P) at each speed shear 

magnitude (α) intersect (∩) each direction shear magnitude (δ) at each wind speed (v) by 

the observed probability of those conditions summed over all conditions (24). 

(24) ( ) ( ) ( )∑∑∑ ⋅⋅∆=∆
α δ

δαδα
v

PPavg vPvPv || II  

To calculate the average power change from (24), the interpolated 85m wind 

speed distribution is required.  Since the numerical simulations and observed probabilities 

of speed and direction shear were partitioned into six explicit wind speed bins, a wind 

speed probability distribution is calculated for a corresponding range (Fig. 111).  Though 

this bin size is relatively large, it is necessary for computational efficiency and is believed 

to be adequate for characterizing the wind speed distribution (N.D. Kelley, personal 

communication, May 1, 2007). 
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Fig. 111.  6-bin probability distribution of interpolated 85m wind speed. 
 

 

Using the procedure outlined in (24), the average power change relative to the 

zero shear case at Lubbock, Texas is calculated to be -0.50%, or half of one percent 

energy loss.  If this same calculation is performed with observations from the Indiana 

data set, the average power change relative to the zero shear case is -0.67%.  It is 

essential to not necessarily focus on the exact magnitude of these results, but rather the 

spread of potential losses, the process about which these results were obtained, and the 

apparent sensitivity of modern wind turbines to direction shear in the form of reduced 

energy capture.     

The historical trend is for rapidly increasing wind turbine rotor size (Fig. 112).  

Energy loss due to speed and direction shear would be exacerbated on turbines with 

larger rotors.  A new baseline wind turbine model being simulated by NREL has a 

generator rated at 5MW, a hub height of 90m, and rotor diameter of 126m.  This rotor 

diameter is nearly twice as large as the 1.5 MW rotor simulated in the present study, and 

shear magnitudes over such an expanse would surely be increased. 
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Fig. 112.  Historic growth of wind turbine rotor size.  From EWEA (2004a). 
 

 

In a discussion about rotor size, it is important to highlight the physical limitations 

of machines installed at inland sites.   In reality, machines with rotors much larger than 

those in the present study are reaching the limits of transportability.  In studying the 

effects of speed and direction shear on the energy capture of 3-5 MW wind turbines, 

future researchers are urged to couple those simulations with shear climatologies of 

coastal or offshore sites, rather than those from inland towers as this study has 

considered.  Nevertheless, the power change result simulated here is likely one point in a 

spectrum of values that are impacted by wind environment, machine size, the simplicity 

of this particular simulation model, and the accuracy of blade-element momentum theory 

to predict accurate power change results. 

Many factors impact the economic viability of a wind power project.  These 

include but are not limited to capital costs for machines and installation; operation and 

maintenance costs which include insurance, maintenance, repair, and administrative 

costs; finance rate; and energy capture.  Of these factors, installed capital cost and energy 

capture are the most important factors for determining the cost of generating a unit of 

wind energy (EWEA 2004b). 

We have seen that wind shear has the potential to deplete the energy capture of a 

megawatt scale wind turbine.  In this way it may directly impact the economics of a wind 
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power installation.  However, fatigue loads associated with speed and direction shear, 

which have not been quantified in this study, may have a more important impact on wind 

power economics by impacting the design drivers and increasing machine costs.  

Economic impacts could also occur through increased operations and maintenance costs 

with accelerated fatigue, through decreased turbine availability through control system 

faults in these environments, or by permitting more significant turbine array losses than 

those which are predicted by standard wind resource assessment software platforms.   

Though all of these parameters could impact the economics, only the change in 

energy capture has been quantified here.  We use the term energy capture here as a 

surrogate for power depletion, since the average power change (0.5% at Lubbock) has 

been calculated from a data set that is believed to approximately represent an integer 

year.  The proceeding economic analysis will be performed assuming that energy capture 

is the only economic variable to change.  In order to make economic calculations, let us 

assume that a fictitious 100 MW wind power plant exists near the observational field site 

in Lubbock, Texas.  Let us assume that the net capacity factor without considering losses 

due to speed and direction shear is 48%.  At this capacity, the wind power plant will 

generate 420,480 MWh of energy each year.  Assume now that there is additional loss 

due to the presence of speed and direction shear.  In this work we have estimated that loss 

to be 0.5%.  Recalculating the net energy production with this additional energy loss 

decreases the net annual energy to 418,378 MWh, a decrease of 2,102 MWh.   

Wind power plants are only economically feasible if the cost of generating 

electricity is less than the price for which that electricity can be sold.  A simple 

calculation for cost of energy (COE) adapted from Manwell (2002) is shown in (25), 

where CC is installed capital cost, FCR is the fixed charge rate, CO&M are the average 

annual operations and maintenance costs, LRC is the levelized replacement cost, and Ea is 

the annual energy production.  It is important to emphasize that energy production is the 

most important factor for decreasing the cost of energy in this simple equation.  In reality, 

other factors such as tax credits or revenue from green tags would further decrease the 

cost of energy. 
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(25) 
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In the present day, a reasonable estimate for installed capital costs is $1500/kW.  

The wind plant in our example was 100 MW, so the installed capital cost (CC) would be 

$150 million.  Fixed charge rate (FCR) is essentially an annual finance charge, and here 

we will assume 10%.  At an assumed rate of 2% of the capital cost per year, CO&M is $3 

million per year.  The levelized replacement cost (LCR) is assumed to be $10 per 

installed kW per year.  Without considering the 0.5% energy loss due to speed and 

direction shear, the energy capture of the 100MW wind farm was 420,480 MWh /yr.  In 

this case, the cost of energy is: 
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With the additional 0.5% loss in energy capture due to the presence of speed and 

direction shear, the energy capture of the wind farm changes to 418,378 MWh/yr, and the 

revised cost of energy is: 
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This additional source of loss has increased the cost of energy generation by 

$0.0002/kWh. 

The true cost of the annual energy decrease is not in the increased production 

cost, but in the lost revenue from the sale of that energy.  If we assume a power purchase 

agreement where the energy produced at the wind farm is purchased for $0.05/kWh 

($50/MWh), the annual revenue lost is $105,100.  Assuming an operating lifetime of 20 

years, revenue losses due to this phenomenon at this 100 MW wind farm would total 

$2,102,000.  If all of the installed wind power capacity in Texas (2768 MW) experiences 
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similar energy losses due to this phenomenon, the total revenue lost over 20 years is 

approximately $58 million.  We have already stated that the absolute magnitude of the 

simulated loss in this work likely carries a large degree of uncertainty.  The sensitivity of 

the lifetime revenue loss to energy loss due to speed and direction shear for a single 100 

MW wind installation is shown in Fig. 113.  The reader is encouraged to consider that 

even though these percentages and dollar amounts may seem insignificant in the scope of 

the cost and production of the entire project, they are losses that are not accounted for in 

project planning.  As such, they may represent a sizable portion of the profit margin of 

the project. 

 

 

Fig. 113.  20-yr. economic impact (Millions of dollars) over a range of annual energy 
changes caused by speed and direction shear.  Current estimation is indicated by red 
dashed lines. 
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CHAPTER 7 
 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This work has examined observational evidence of speed and direction shear in 

the atmospheric boundary layer in the context of static atmospheric stability.  

Meteorological forcing mechanisms proposed to facilitate such shears in statically stable 

conditions include the thermal wind, inertial oscillation, Ekman spiral, and isallobaric 

wind.  Since the inertial oscillation and Ekman spiral are independent of geography, 

discernable diurnal patterns of wind shear are hypothesized to occur to some degree at 

any inland site in the world.   

Idealized aerodynamic vector geometry shows that the case of direction shear is 

different than the case of wind turbine operation in yawed flow.  In the direction shear 

case, the nature of the solution can be determined by assessing the sign of the direction 

shear and the direction of rotation of the wind turbine rotor.  The solution in cases where 

the blade element is retreating from the tangential component of the wind is unique from 

the solution in cases where the blade element is advancing into the tangential component 

of the wind.  When coupled with details of the meteorological forcing mechanisms, this 

result implies that turbine efficiency may differ between the northern and southern 

hemisphere, and between rotors that rotate clockwise and counterclockwise.   

Steady-state numerical simulations of speed and direction shear verify that 

modern wind turbine power output is sensitive to these phenomena.  Power change in 

counterclockwise direction shear cases shows greater losses than power change in 

clockwise direction shear cases, assuming clockwise rotor rotation.  The cause of this 

result is traced to the angle of attack both for the provision of lift and the angle at which 

that lift is applied to the wind turbine blade element.  Actual observed power gain is 
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found to be as great as 0.5% and depletion as great as 3% relative to a no shear baseline.  

The magnitude of the simulated power loss is found to vary only slightly with hub-height 

wind speed.  Coupled with joint-probability distributions of speed and direction shear at 

Lubbock, the average power change relative to the zero shear case is estimated to be -

0.5%.  Over the 20 year lifetime of a 100 MW wind power plant this finding translates to 

a $2.1 million loss in project revenue.  However, previous work has shown that 

observational power changes due to speed shear are far greater than those simulated with 

blade-element momentum theory.  If the same is true for direction shear, then greater 

actual operational losses are plausible. 

Observationally, the correlation coefficient between the average diurnal variation 

in static stability and power law shear exponent is found to be 1.00.  The correlation 

coefficient between the average diurnal variation in static stability and direction shear 

magnitude is found to be 0.93.  For both speed and direction shear, the correlation 

between shear magnitude and static stability at any given hour is lower, implying that 

other factors such as large-scale weather patterns and boundary-layer dynamics impact 

shear magnitudes on shorter time scales.  This high correlation between speed shear and 

static stability results in a clear diurnal trend in speed shear magnitude, resulting in 

diurnal phasing of wind speed that shifts the maximum from day to night over a very 

shallow depth.  Relatively large hourly-averaged magnitudes of speed and direction shear 

are found to occur simultaneously with interpolated hub-height wind speeds greater than 

8 m/s, making them present in a critical operating region where wind turbine control 

transitions from speed control to power regulation.  Additionally, the extraction of a 

coherent inertial signal from the average long-term data seems to testify to the prevalence 

of the inertial oscillation as a key driver of large speed and direction shear magnitudes.     

The influence of static stability on speed and direction shear is hypothesized to be 

globally applicable.  Since many of the proposed atmospheric mechanisms for shear 

generation are not region-specific, it is expected that non-trivial shears will exist in areas 

beyond the US Great Plains.  Speed and direction shear magnitudes measured on a 

second data platform in northwest Indiana support this hypothesis. 
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Recommendations for Future Work 

There are several limitations to this work that will need to be addressed in future 

studies.  For example, observational data from 10m and 116m were used here to calculate 

the magnitude of the direction change across the wind turbine rotor.  While data heights 

from Indiana that are more representative of modern rotor extents support those 

magnitudes, the magnitude and shape of the speed and direction change profile across a 

typical wind turbine rotor must be better quantified.  If the shape of the wind direction 

profile is found to differ from linear, power change must be simulated with those 

atmospheric profiles to document this sensitivity in the results. 

The observational averaging time in this work was one hour.  In any given hour, it 

is likely that the instantaneous wind speed and direction fluctuate around longer-term 

average values.  It is unclear how a shorter averaging time would impact the observed 

joint probabilities of speed and direction shear or how the inclusion of turbulence would 

alter the power change.  Since these turbulent conditions are closer to true turbine 

operating environments, their inclusion in future work is essential. 

It is expected that the impacts of speed and direction shear on wind power 

systems will only increase as wind turbine hub heights and rotor sizes continue to 

increase.  Future studies should quantify the impacts of rotor size and hub height on the 

results presented here, specifically through observational quantification of wind regimes 

at higher heights and numerical simulation of larger machines in those observed wind 

fields. 

 Previous work has shown that blade-element simulation poorly predicts turbine 

performance in actual operating conditions (Hunter et al. 2001).  The luxury of 

operational data spanning the range of measured ambient direction shear magnitudes 

would significantly reduce the uncertainty in the results of this work, and clarify the 

degree to which direction shear may be a factor in the general underproduction of wind 

energy facilities.  

During the time frame of the current project, the National Renewable Energy 

Laboratory (NREL) was in the process of reformulating the dynamic inflow option 

“DYNIN” for Aerodyn.  The dynamic inflow effect is expected to be insignificant except 
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in cases where the angle of attack is rapidly changing, such as in sheared or yawed flow 

(Laino and Hansen 2002).  Since the wind fields simulated here do feature rapid changes 

in angle of attack, use of the DYNIN option in Aerodyn may allow for higher accuracy in 

the simulation of power change.  Such simulations would be based on the generalized 

dynamic wake model rather than blade element momentum analysis option (“EQUIL”) 

that is used in the present study, and should be considered upon completion of the 

reformulation. 

Winds in the boundary layer can hypothetically recover from flow interruption 

over a shorter horizontal distance through increased vertical mixing.  This mixing can be 

thermodynamic or mechanical.  Ambient turbulence intensity, one measure of the 

mechanical mixing, has been shown to be one of the most important factors impacting 

array losses.  Winds with a higher (lower) turbulence intensity have been shown to 

increase (decrease) observed array losses by 3% to 20%, depending on the turbine array 

geometry and the wind direction(s) under consideration (Manwell et al. 2002, 385). 

  Stable atmospheres do not feature convective mixing, and it is possible that wind 

speeds in those conditions will require a longer horizontal distance to recover from 

blockage or interruption.  Though mechanical mixing could partially mitigate this effect, 

it is possible that array losses experienced by wind power plants show a diurnal signature, 

with generally higher percentage losses in stable conditions at night and lower losses in 

unstable conditions during the day.  This trend is already being discovered in operational 

data from offshore wind power plants (L. Jensen, Dong Energy, personal communication, 

May 8, 2007).  To these authors’ knowledge, present-day industry-standard array loss 

models do not account for variations in array losses due to static stability.  With 

implications on the accuracy of energy delivery and thus revenue stream predictions of a 

wind power plant, future studies that have the luxury of operational array loss data and 

static stability measurements should investigate this potential relation. 

The influence of static atmospheric stability on wind shear should apply to sites 

both on land and offshore, meaning that larger magnitudes of speed and direction shear 

should be more frequently observed when conditions are statically stable, and less 

frequently observed when they are statically unstable.  Extrapolating this result offshore 
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has interesting implications.  Since water heats at a slower rate than land, the average 

timing of a stable and unstable lower-atmosphere may not be night and day, respectively, 

as they are over land.  Also, the amplitude of the diurnal variation in static stability will 

likely decrease, which would cause the average diurnal variation in shear to decrease 

based on the results presented here.  Such a result would be welcome to the wind power 

community, which tends to prefer steady winds or at least a diurnal power generation 

trend that coincides with the peak of a standard utility load.  Since surface roughness 

plays a role in generating wind direction shear through the inertial oscillation and the 

Ekman spiral, direction shear would also likely be minimized offshore.  It should be 

noted that other processes, such as persistent marine inversions, may be present in the 

offshore environment and must be considered when fully assessing the shear of an 

offshore site.  Nevertheless, the hypothesized climatological effect of smaller shear 

magnitudes offshore may be favorable considering the lack of documentation of the 

impacts of direction shear on the power production and structural loading of a utility-

scale wind turbine.  Future work quantifying the observed climatology of speed and 

direction shears offshore would be beneficial to the wind power community. 

This work has shown that alteration of the wind inflow vector may affect wind 

turbine energy capture by altering the blade-element inflow vector.  Offshore wind power 

projects in deep water may be installed on floating platforms that by nature will permit 

turbine sway.  After the results here, it is possible that such swaying motions could incite 

fluctuations in the blade-element relative wind vector in addition to what may already be 

present due to wind shear, with these fluctuations leading to further depletion in energy 

capture. 

Blackadar (1957) hypothesized that the strongest nighttime supergeostrophy will 

occur following the most strongly retarded (ageostrophic) afternoon flow with the inertial 

oscillation.  Retardation of the daytime flow could be caused by high surface roughness 

or deep convective mixing, the latter which depends on factors such as soil and air 

temperature, moisture content, and amount of cloud cover.  In regions outside the Great 

Plains, higher surface roughness and weaker insolation simultaneously compete to dictate 

the magnitude of daytime flow retardation.  Depending on the magnitude of these 
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competing factors at a specific location, the strength of the inertial oscillation there may 

differ from that in the Great Plains given the same background geostrophic flow.  The 

Ekman spiral is also closely tied to the influence of surface friction.  In this light, a more 

rigorous investigation of the geographical variability of direction shear may be warranted.  

Recent work (Smith et al. 2002) has started to quantify the fatigue loading of a 

utility scale turbine caused by speed shear alone.  To these authors’ knowledge, no study 

has attempted to quantify fatigue loading due to direction shear.  At the blade element 

level, Chapter 4 of the present work found that the azimuthal variation of forces in 

environments featuring speed shear only were much greater than those in environments 

featuring direction shear only.  It this result is accurate, fatigue excursions caused by 

direction shear could fall within the current design envelope.  Nevertheless, operations 

and maintenance costs associate with machine fatigue can significantly impact a project’s 

economic operating margins, and full simulations of machine fatigue in these 

environments is warranted.  

Wind turbine fatigue loading is a complex problem that may only be partially 

explained by shears in statically stable environments.  Previous investigations of turbine 

fault occurrences show increased frequency at hub height wind speeds of 14 to 16 m/s 

(Fig. 114).  Yet, there appears to be some seasonality to fault occurrence as well as the 

diurnal signature of fault occurrence:  

While the fault time was found to have the highest frequency during the 
early morning hours when high values of shear were present, not enough 
information is available to make a definitive connection. Also, the 
availability of operating personnel to correct faults before to midnight may 
also influence the curves of [turbine fault time]. No measurements of 
atmospheric stability were available, so no conclusions can be drawn 
there. An experience at a wind farm in the northern Great Plains was 
similar. Here a significant increase (~ 85%) in the number of excessive 
vibration faults was noted during the month of August, whereas in May, 
June, and July only a relatively few cases were reported by the site 
monitoring system. Most of the faults in August occurred between 18 and 
04 h local time, whereas during the previous 3 months the time of 
occurrence was more or less uniformly distributed over 24 hours. (Kelley 
et al. 2004, 1-8) 
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Future simulations of turbine fatigue in atmospheric environments that are more 

representative of actual operating conditions may shed light on these anecdotal seasonal 

and diurnal trends. 

 

 

Fig. 114.  Fault incidence versus wind speed from Big Spring, Texas.  From Jones and 
Randall 2006. 

 

 

At the present time, a wind turbine control scheme for mitigating the depletory 

effects of speed and direction shear is not immediately evident.  Since large magnitudes 

of speed and direction shear occur almost exclusively in the stable nocturnal boundary 

layer, it is worth noting that microscale monitoring of the static atmospheric stability to 

operationally determine the likelihood of these conditions would be a relatively 

inexpensive addition to the wind turbine control suite.  Unlike wind measurements, 

thermodynamic measurements are not sensitive to obstacle flow.  In this sense it would 

be feasible to install temperature, pressure, and relative humidity sensors at multiple 

elevations on the side of each turbine tower in a wind turbine array.  The cost of installing 

an instrument package containing temperature, relative humidity, and pressure sensors at 

three vertical levels per turbine is estimated in Table 8.  Additionally, future work should 
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examine the possibility of altering the direction of rotation of wind turbine rotors in the 

southern hemisphere to minimize energy losses due to direction shear. 

 

 

Table 8.  Estimated cost per turbine for sensors to monitor static atmospheric stability. 
 

 

Instrument/Item Cost 

Quantity per 

Turbine 

Total Cost 

per Turbine 

Vaisala pressure sensor with 

R.M. Young pressure port 
$1,200 3 $3,600 

R.M. Young temperature & 

humidity sensor 
$1,000 3 $3,000 

Booms, wire, etc. $1,000 1 $1,000 

   $7,600 

  

 

 

Provided that direction shear does indeed deplete the energy capture of a wind 

turbine or adversely impact turbine fatigue, some research into control methods could 

reveal an innovative method for depressing these effects.  
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APPENDIX 

 

Fig. 115.  The TTU WISE 200m tower.  Photo by Kevin Walter. 
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Fig. 116.  Looking North from an upper platform of the 200m tower.  In this photo, the 
instrument boom arm is rotated down into the service position.  Photo by Russell Carter, 
TTU WISE.  
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Fig. 117.  TTU WISE 200m tower schematics.  UVW sensor rotation not shown as 
installed. 
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Fig. 118.  Cosine correction algorithm for Gill UVW 27005T Anemometer.  From R.M. 
Young Manual PN 27005T-90. 
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GLOSSARY 

Advancing:  An aerodynamic geometry in which a wind turbine blade element is always 
moving in the opposite direction of the tangential component of the free-stream 
wind. 

Ageostrophic:  Not geostrophic, implying that there are more forces acting on the wind 
flow than just the Coriolis force and the pressure gradient force (see geostrophic 
wind). 

Angle of attack: The angle at which the resultant wind interacts with an airfoil, usually 
measured between the resultant wind vector and the airfoil chord line. 

Axial:  The component of the wind perpendicular to the wind turbine rotor plane. 

Atmospheric boundary layer:  The lowest layer of the atmosphere in which friction from 
the earth’s surface impacts atmospheric motions. 

Bernoulli effect: A pressure decrease caused by the increase in velocity of a fluid. 

Capital cost: The portion of project costs that must be incurred to bring a wind power 
project to the point of operation. 

Coriolis force:  An apparent force that arises from a rotating frame of reference (the 
earth), deflecting flow to the right of its path in the Northern Hemisphere. 

Decoupled:  A state in which flow at one height has minimal influence on flow at an 
adjacent height. 

Direction shear: The angular change in measured wind direction between two height 
levels. 

Ekman layer:  The vertical depth over which the Ekman spiral occurs (see Ekman spiral). 

Ekman spiral:  The theoretical profile of wind speed and direction with height from the 
surface of the earth to the geostrophic wind aloft. 

Energy capture:  The amount of power produced by a single wind turbine or and array of 
wind turbines integrated over some length of time, usually expressed in kilowatt-
hours (kWh) or megawatt-hours (MWh). 
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Fixed charge rate:  The annual interest rate of borrowed capital. 

Geostrophic wind:  The vector wind that would result from a balance between the 
pressure gradient force and the Coriolis force.  The geostrophic wind flows 
parallel to isobars, or lines of constant pressure, with low pressure to its left in the 
Northern Hemisphere.  Since friction is not included in the geostrophic balance, 
the wind is only geostrophic at altitudes above the influence of surface friction. 

Green tags:  The intangible environmental benefits created by producing electricity 
through renewable means.  These benefits are often sold as a separate product 
from the actual energy that is produced. 

Hodograph: Plan-view plot of the vertical distribution of the horizontal wind by tracing 
the path of the vector head with increasing height. 

Hub height:  The height above ground level of the center of a wind turbine rotor. 

Hydrostatic balance: The balance between the vertical pressure gradient force and 
gravity.  This assumption, which neglects vertical acceleration of the flow, is not 
valid where relatively large vertical velocities are possible, such as mountain 
waves or thunderstorm updrafts. 

Induction factor:  An ageostrophic component of the actual wind that blows toward areas 
of most rapidly falling pressure. 

Inertial oscillation:  A periodic fluctuation in the wind vector just above the surface of the 
earth caused by the presence of the Coriolis force. 

Isallobaric wind: An ageostrophic component of the wind that is directed towards an area 
of most rapid pressure falls. 

Isobars:  Lines of constant atmospheric pressure.  The geostrophic wind vector is oriented 
parallel to the isobars.  Frictionally-influenced near-surface wind vectors are 
oriented at some angle across the isobars toward low pressure. 

Lee trough: Common surface pressure pattern in the US Great Plains, resulting in strong 
southerly or southeasterly surface winds. 

Levelized replacement cost: A monetary sum that accounts for future costs of major 
machine maintenance. 

Merchant power:  The decimal factor by which the free-stream wind vector has been 
slowed by interaction with the blade element. 

Payback period:  The length of time required to recover an initial investment 
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Power curve:  The functional relationship between power output and hub-height wind 
speed for a particular wind turbine model. 

Power density:  The amount of power available in the wind normalized per unit of cross-
sectional area (W/m2) to facilitate the calculation of power available for a variety 
of turbine rotor sizes. 

Power law shear exponent:  The exponential magnitude of wind speed change between 
two height levels 

Region 2½:  The portion of the power curve just above and just below rated power that is 
characterized by a transition between speed control and power control. 

Relative wind:  The wind vector caused by the instantaneous motion of the blade 
elements themselves. 

Residual layer:  The layer of air above the shallow stable nocturnal boundary layer that 
remains relatively unchanged from its well-mixed daytime state. 

Resultant vector:  The vector sum of the relative wind and the free-stream wind vector 
which has been slowed by interaction with the blade element. 

Retreating:  An aerodynamic geometry in which a wind turbine blade element is always 
moving in the same direction of the tangential component of the free-stream wind. 

Shear vector:  The vector subtraction of the wind vector at one height from the wind 
vector at another. 

Stall:  The operating state beyond some critical angle of attack where the air flowing over 
an airfoil fails to reattach, causing a significant decrease in lift and increase in 
drag. 

Static atmospheric stability:  A measure of the tendency for generation or dissipation of 
vertical motions in the atmosphere due to vertical distribution of temperature, 
moisture, and pressure. 

Tangential: The component of the wind parallel to the wind turbine rotor plane. 

Thermal wind:  The vector that describes the change in geostrophic wind with height. 

Tip speed ratio:  The ratio of the rotational rotor speed to the wind speed.  In variable-
speed wind turbines, this quantity is often held constant in power curve region 2 
by increasing or decreasing the rotor speed to follow low-frequency fluctuations 
in the wind speed. 
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Turbine inflow:  The free-stream wind field from which a wind turbine generates 
electricity. 

Turbine layer:  The atmospheric layer in which a typical utility-scale wind turbine would 
operate.  For modern machines, this height ranges from the base of the tower at 
the surface to the tip of the rotor near 200m in the largest machines. 

Utility-scale wind turbine:  A wind turbine ranging in size from approximately 500 kW to 
3 MW or greater. 

 


