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Abstract: The building of utility-scale wind farms requires knowledge of the wind speed
climatology at hub height (typically 80–100 m). As most wind speed measurements are
taken at 10 m above ground level, efforts are being made to relate 10-m measurements to
approximate hub-height wind speeds. One common extrapolation method is the power law,
which uses a shear parameter to estimate the wind shear between a reference height and
hub height. The shear parameter is dependent on atmospheric stability and should ideally
be determined independently for different atmospheric stability regimes. In this paper,
data from the Oklahoma Mesonet are used to classify atmospheric stability and to develop
stability-dependent power law fits for a nearby tall tower. Shear exponents developed from
one month of data are applied to data from different seasons to determine the robustness
of the power law method. In addition, similarity theory-based methods are investigated as
possible alternatives to the power law. Results indicate that the power law method performs
better than similarity theory methods, particularly under stable conditions, and can easily
be applied to wind speed data from different seasons. In addition, the importance of using
co-located near-surface and hub-height wind speed measurements to develop extrapolation
fits is highlighted.

Keywords: boundary-layer wind profile; similarity theory; stability correction; wind energy;
power law
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1. Introduction

Environmental concerns and rising fossil fuel prices have prompted rapid development in the
renewable energy sector. Wind energy, in particular, is projected to emerge as one of the fastest-growing
renewable energy technologies in the world [1]. In fact, the United States Department of Energy has
examined a scenario in which 20% of the energy needs of the United States are provided by wind energy
by the year 2030 [2]. Such a scenario could reduce annual carbon dioxide emissions from the energy
sector by 825 million metric tons, but would require a large increase in the installed wind capacity in the
United States [2].

It has been estimated that the Great Plains region of the United States possesses the country’s highest
wind power potential (Figure 1). The land in the Great Plains is mostly flat and located far away from
both ocean coasts. This lack of complex terrain allows wind to flow unimpeded for great distances,
which, in addition to the prominence of the nocturnal low-level jet, creates a vast, largely untapped
potential for wind power in the Great Plains. However, wind farm siting is often a meticulous process
that requires examining the site’s wind climatology at turbine hub heights, which typically range from
60 to 100 m above ground level (a.g.l.) [3]. As most standard meteorological observation sites were
not designed for wind energy applications, there is a substantial lack of meteorological data at these
heights [4]. Tall meteorological towers are expensive to operate and maintain, and many tall towers
that have been deployed at future wind farm sites do not reach the projected turbine hub height [5].
Thus, researchers and wind energy developers are often forced to extrapolate wind speed data from
available observation stations to typical hub heights to estimate the expected hub-height wind speed
climatology (e.g., [3]).

Figure 1. Wind resource map for the United States. The Great Plains region is the large,
north-south oriented area in the center of the country that is largely shaded in red and purple.
From U.S. Department of Energy [6].
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The most widely used extrapolation method is the power law, a method that relies only on the wind
speed at a reference height (typically 10 m a.g.l.) and a shear exponent, p, that governs the amount of
wind shear between the reference height and the turbine hub height [7]. Traditionally, the shear exponent
has been set to a value of 1/7, which is assumed to be associated with neutral atmospheric conditions.
However, the actual value of the shear exponent varies with atmospheric stability and surface roughness
(e.g., [7–11]). Thus, stability information is needed to separate wind speed data into atmospheric stability
classes if one wishes to develop power law fits for different atmospheric stability conditions.

Two commonly used stability parameters are the Obukhov length and the gradient Richardson
number. The Obukhov length calculation requires measurements of heat and momentum fluxes (typically
from a sonic anemometer), while the Richardson number calculation requires temperature measurements
at two different levels to estimate the vertical temperature gradient [12]. Unfortunately, cup anemometers
are widely used instead of sonic anemometers on surface stations due to the large difference in instrument
cost, and cup anemometers do not have adequate accuracy or temporal resolution to measure fluxes [13].
World Meteorological Organization Guidelines only recommend measuring air temperature at a height
of 2 m a.g.l. [14], which precludes the estimation of the gradient Richardson number at nearly all surface
observation stations.

However, the Oklahoma Mesonet, a statewide network of surface observation stations, provides wind
speed and temperature measurements at two levels to facilitate the estimation of vertical temperature
and wind speed gradients. In addition, several tall meteorological towers are in operation across
Oklahoma, with some towers located in close proximity to the Mesonet sites. Thus, Mesonet data
could potentially be used to characterize atmospheric stability near future wind farm sites and to develop
stability-dependent power law fits. The availability of low-level stability information and hub-height
wind speed measurements in Oklahoma provides a unique opportunity to study the effects of stability on
extrapolation methods.

This work explores the use of Mesonet data to classify wind speeds by a stability regime and to
improve upon the standard p = 1/7 power law fit by incorporating stability information. Power law
fits are developed for different atmospheric stability regimes using low-level Mesonet temperature and
wind speed data and 80-m wind speed data from a nearby tall tower. Power law fits developed from one
month of data are then applied to data from different seasons to investigate the robustness of the power
law method. Similarity theory is also explored as a possible alternative to the traditional power law
method. Additionally, the impact of extrapolating 10-m wind speeds from a sensor that is not co-located
with the 80-m wind sensor is investigated.

This paper provides new insights about the accuracy of various extrapolation methods for different
stability regimes. The spatial variability of extrapolation parameters is also studied. Such information
is critical for hub-height wind speed climatologies that are based on near-surface wind observations
and could provide valuable new findings for wind energy developers, who must often use extrapolation
methods when hub-height wind speed data are not available.
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2. Background

2.1. Data Sources

The Oklahoma Mesonet is comprised of over 110 surface observation stations across the state of
Oklahoma. Jointly operated by the University of Oklahoma and Oklahoma State University, the Mesonet
began network-wide data collection in 1994. Every five minutes, each Mesonet site reports standard
surface variables, including solar radiation, rainfall, pressure, air temperature and wind speed. Air
temperature is measured with thermistors at 1.5 and 9 m a.g.l. Cup anemometers provide wind speed at
2 m, and wind monitors provide wind speed and direction at 10 m [15].

Tall data collection towers in Oklahoma are maintained by the Oklahoma Wind Power Initiative
(OWPI), housed at the University of Oklahoma. Several towers were constructed near potential wind
farm sites, and in some locations, wind instrumentation was added to existing communication towers.
Wind speed and direction are measured by cup anemometers and wind vanes at several heights,
ranging from 10 m to 80 or 100 m at some of the higher towers. At some heights, anemometers
are located on two opposite sides of the mast, so that at least one of the anemometers will be
relatively unaffected by mast shadowing at all times. More information can be found on the OWPI
website [16].

The use of meteorological towers is not always ideal for wind energy studies. As wind power
production is affected by wind speeds throughout the swept rotor disk area (e.g., [17]), it is important to
measure wind speeds at several heights within the rotor disk. Due to limitations in tower height, these
wind speed measurements could be made most easily by a remote sensing device (e.g., LiDAR; [18]).
However, wind energy developers have historically used cup anemometers on meteorological towers to
estimate the wind resource at potential wind farm sites. Although remote sensing devices are gaining
popularity as useful tools in wind resource assessment studies, meteorological towers are still commonly
used by wind energy developers [5]. Furthermore, in many instances, tower data are only available up
to 50 or 60 m a.g.l., and wind energy developers are forced to use extrapolation methods to estimate
the mean hub-height wind speed [5]. Thus, we felt that an extrapolation study with meteorological
towers would still produce valuable results for the wind energy community, despite the shortcomings of
meteorological towers.

2.2. Extrapolation Methods

In this work, several different approaches are used to produce correlations between 10- and 80-m wind
speeds. The first approach involves the use of a traditional power law to relate wind speeds at different
heights to a reference wind speed at a reference height close to the ground (typically, 10 m a.g.l.). The
power law that is commonly used in the wind energy field is defined by the following equation:

u(z) = ure f

(
z

zre f

)p

(1)

where u(z) is the wind speed at height z, ure f is the wind speed at height zre f and p is the power law
or shear exponent. Traditionally, neutral atmospheric conditions have been associated with p = 1/7,
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with values higher (lower) than 1/7 indicating stable (unstable) conditions [7]. High values of the shear
exponent indicate that the wind speed changes rapidly with height, which is common in stable regimes
when the surface layer is decoupled from the rest of the boundary layer and vertical momentum transport
is limited. In contrast, low values of the shear exponent indicate that wind speeds are fairly uniform with
height, which is common during unstable regimes with substantial vertical mixing [19]. In locations with
a large degree of surface heating, the shear exponent changes drastically throughout the day in response
to the diurnal cycle of stability and vertical wind shear (e.g., [11]).

In the traditional power law, the shear exponent is determined solely from 10- and 80-m wind speed
data and does not directly incorporate stability information. However, a stability parameter, such as the
gradient Richardson number, can be used to classify wind speed data pairs by stability regime so that
separate power law fits can be developed for each stability classification. A direct dependence of the
shear exponent, p, on the Richardson number, Ri, can be deduced through the use of similarity theory.
Monin–Obukhov Similarity Theory (MOST) employs a modified “log-law” equation to estimate the
mean wind speed at different heights, z, a.g.l.:

u(z) =
u∗
κ

(
ln

z
zo
−Ψm(ζ )

)
(2)

u∗ is the friction velocity, zo is the roughness length and Ψm(ζ ) is a stability correction factor. ζ is the
height above ground, z, normalized by the Obukhov length, L, where L =− u3

∗θv

κgw′θ ′v
. θv is the mean virtual

potential temperature at the measurement height, κ is the von Kármán constant (commonly set to 0.4),
g is the acceleration due to gravity and w′θ ′v is the heat flux measured at the surface [12].

The MOST fit (Equation (2)) produces a logarithmic wind speed profile. By combining the power law
equation with MOST, a power law fit can be developed that relates the shear exponent, p, to the gradient
Richardson number. This method is described in Section 4.2.

One advantage of similarity theory-based methods is that they do not require 80-m wind speed data to
develop the extrapolation fits; 80-m data are only needed to evaluate the accuracy of the extrapolations.
In contrast, the power law method requires wind speeds at 10 and 80 m. This is problematic if only
near-surface information is available, e.g., from a Mesonet-type station. Small, 10-m towers are much
easier and less costly to build and maintain in comparison to 80-m tall towers (e.g., [18]); in addition, tall
towers do not usually include temperature information, which is needed to calculate standard stability
parameters. In the state of Oklahoma, which has high wind resource potential (Figure 1), there are
over 100 10-m Mesonet sites that have been operated nearly continuously since 1994 [15], while only a
handful of tall towers have been in operation sporadically in the past decade. Thus, it is advantageous to
use a method that requires only low-level data to develop an extrapolation fit.

However, similarity theory also has some disadvantages. A major disadvantage of MOST is that
it assumes fluxes are constant with height, which is typically only valid in the surface layer. Thus,
the accuracy of MOST tends to decrease with increasing height, particularly for stable atmospheric
conditions, where the surface layer can be very shallow [20,21]. In order to overcome this limitation,
Gryning et al. [21] developed a new set of relations to extend the wind profile above the surface layer.
This method, hereafter referred to as Extended MOST (EMOST), uses a set of length scales to estimate
the wind speed profile. The characteristic wind profile length scale, l, is related to unique length scales
in the surface layer, middle boundary layer and upper boundary layer through inverse summation:
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1
l
=

1
LSL

+
1

LMBL
+

1
LUBL

(3)

In the method of Gryning et al. [21], the following general equation is used to estimate the wind speed
profile for different stability conditions:

u(z) =
u∗
κ

ln
z
zo
− Ψm(ζ )︸ ︷︷ ︸

Stability

+ z
LMBL︸︷︷︸

Middle BL

− z
zi

z
2LMBL︸ ︷︷ ︸

U pper BL

 (4)

Ψm(ζ ) is a stability correction factor, similar to the stability parameter in MOST; LMBL is the length
scale in the middle boundary layer and zi is the boundary layer height.

3. Wind Speed Data

Wind speed data from the month of August 2009 were used as a training dataset for this study.
The month of August was chosen because the weather is typically quiescent in Oklahoma throughout the
late summer. An analysis of 500-mb height charts during this period indicates that flow was zonal for
most of the data collection period, with a large ridge over much of the Southern Plains. Thus, variations
in wind speed were likely influenced primarily by diurnal variations. After initial analysis of the August,
2009 data, the extrapolation methods were then applied to data throughout the remainder of 2009 to
examine seasonal influences on the extrapolation methods.

Wind speed data at 80 m were obtained from a tall tower in Roger Mills County. Because the data
are proprietary, the exact location of the tall tower cannot be disclosed; however, the tall tower was
located within 25 km of the Cheyenne Mesonet site (Figure 2a,b). The Cheyenne Mesonet site was
used to obtain 2- and 10-m wind speed data, as well as 1.5-m and 9-m temperature data. Wind speed
data from the tall tower are available in 10-min averages, while Mesonet data are available in 5-min
averages. The Mesonet data were thus further averaged to match the tall tower 10-min data. Data pairs
where the Mesonet wind speed at 10 m exceeded the tower wind speed at 80 m were removed, as the
extrapolation methods tested assume that wind speed increases with height. This resulted in the removal
of approximately 3% of the wind speed data pairs in August, 2009. Cup anemometers were located on
the north and south sides of the tall tower at 80 m, so wind direction information was used to select wind
speed data that were not directly affected by the mast.

Throughout 2009, tall tower data were available at 10, 50 and 80 m. As the Mesonet site and tall
tower were located in a region with moderate topography (Figure 2b), it is likely that the Mesonet
and tall tower experienced different wind speed and direction distributions. As shown in Figure 3a,b,
for the 10-m measurement height, winds were primarily from the south at the Mesonet site during
August 2009, while the winds experienced at the tall tower site more frequently had south-easterly and
south-westerly components.

While the wind speeds at the sites were generally in agreement (Figure 3c), large deviations
sometimes occurred. In particular, the Mesonet site tended to measure higher wind speeds than
the tall tower site when the wind was south-easterly to south-westerly (135◦–225◦), while the
reverse was true when winds had a stronger easterly component (45◦–135◦) (Figure 3c). The
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Mesonet site is located on the southern end of a north-south oriented ridge (Figure 2b), so it is
possible that winds from the south accelerated as they moved up the ridge to the Mesonet site. In
addition, winds coming from the south toward the tall tower may have been blocked by a nearby
obstruction [22]. It is unclear why differences occur between the two sites for winds with an
easterly component.

Figure 2. (a) Map of the state of Oklahoma displayed using ArcGIS software package.
Roger Mills county is shaded in orange; (b) Zoomed-in map of Roger Mills county in
western Oklahoma. The Cheyenne Mesonet site is indicated by a red marker. The tall tower
used in the study is located in the western part of the county.

The majority of 10-m wind speeds measured at both the Mesonet site and the tall tower site were
lower than the 80-m wind speeds measured by the tall tower (Figure 4). However, the 10-m wind
speeds measured by the tall tower had a much stronger correlation to the 80-m tall tower wind speeds
(R2 = 0.68) in comparison to the 10-m Mesonet wind speeds (R2 = 0.32; Figure 4). In Section 4, both
the Mesonet and tall tower 10-m wind speeds are used in the various extrapolation methods to examine
the effect of the spatial separation of the sites on the accuracy of the extrapolations. This information
is needed to assess whether the wind climatologies from observational networks, such as the Oklahoma
Mesonet, can be applied over a large region or if local effects cause strong deviations.
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Figure 3. (a) Ten-meter wind rose for August 2009, at Cheyenne Mesonet site; (b) 10-m
wind rose for August 2009, at the tall tower; and (c) scatter plot of 10-m Mesonet wind
speeds and 10-m tall tower wind speeds during August 2009. In (c), colors correspond to
wind directions measured in degrees at the Mesonet site, and the solid black line shows the
1:1 line. Wind speeds are given in m s−1.

(a) (b)

(c)

Further information can be gleaned by separating the wind speed data pairs by the atmospheric
stability regime. Since wind speed and temperature data were available at two levels at the Mesonet
site, the gradient Richardson number, Ri, was calculated for use as a stability parameter:

Ri =
g
To

∂θ

∂ z

(∂u
∂ z )

2
(5)
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where g is the gravitational acceleration; To is the surface temperature and ∂u
∂ z and ∂θ

∂ z are the vertical
gradients of wind speed and potential temperature, respectively. In this study, Ri was calculated from the
Cheyenne Mesonet station following the finite-differencing method of Bodine et al. [23]:

Ri =
g[(T9m−T1.5m)/∆zT +Γd)]∆z2

u
T1.5m(u10m−u2m)2 (6)

where T9m and T1.5m are the temperatures at 9 and 1.5 m a.g.l., respectively; u10m and u2m are the
wind speed magnitudes at 10 and 2 m a.g.l., respectively; and ∆zT and ∆zu refer to the differences in
measurement levels for T and u. The vertical gradient of potential temperature is approximated by
adding the dry adiabatic lapse rate, Γd , to the vertical temperature gradient. Ten-minute averages of the
wind speed and temperature data were used to update Ri every 10 min.

Figure 4. Scatter plot of 10-m wind speeds measured at the Mesonet site (blue) and the tall
tower (red) compared to 80-m wind speeds measured at the tall tower during August 2009.
The solid black line shows the 1:1 line.

In this work, stability classifications were loosely based on the classifications of Mauritsen and
Svensson [24] and defined as follows:

Strongly unstable: Ri <−0.2;
Unstable: −0.2≤ Ri <−0.1;
Neutral: −0.1≤ Ri < 0.1;
Stable: 0.1≤ Ri < 0.25;
Strongly stable: Ri≥ 0.25;

According to these classifications, nearly 50% of the wind speed data pairs in August 2009, occurred
during a neutral regime, while approximately 20% occurred during an unstable regime and 30%
during a stable regime. Unfortunately, temperature measurements were only made at the Mesonet
sites, so it was assumed that stability conditions experienced at the tall tower site were similar
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to those experienced at the Mesonet site. As most wind farms do not have on-site temperature
profile measurements, it is not uncommon to use information from an off-site sensor to determine
stability (e.g., [25]).

Figure 5. Ten-meter wind speeds vs. 80-m wind speeds as a function of atmospheric stability
during August 2009. (a) Ten-meter Mesonet wind speed vs. 80-m tall tower wind speed; and
(b) 10-m tall tower wind speed vs. 80-m tall tower wind speed. Data pairs where the 10-m
wind speed exceeded the 80-m wind speed were removed to avoid violating the assumptions
of the extrapolation methods.

(a)

(b)

Scatter plots of 10- and 80-m winds stratified by stability classification for August 2009, are
shown in Figure 5. As first shown in Figure 4, the 10-m tall tower wind speeds are much more
correlated to the 80-m tall tower wind speeds in comparison to the 10-m Mesonet wind speeds. However,
Figure 5 a,b shows an approximately one-to-one correlation between 10- and 80-m wind speeds under
unstable conditions for both the Mesonet and tall tower data. This correlation is expected, since
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well-mixed, uniform profiles of wind speed are typically observed under unstable conditions, for which
spatial variability is also less pronounced in comparison to stable conditions [19]. The correlations
between the 10- and 80-m wind speeds begin to deviate for neutral and stable conditions. Most of the
observations corresponding to neutral and stable conditions are located well above the one-to-one line,
indicating that 80-m wind speeds are much higher than 10-m wind speeds and that wind shear exists
in the vertical direction (Figure 5). However, the wind shear between the 10-m Mesonet measurements
and the 80-m tall tower measurements (Figure 5 a) is much higher than the shear between the tall tower
measurements at 10 and 80 m for neutral and stable conditions (Figure 5 b).

4. Extrapolation Methods: Results

In this section, the 10- and 80-m wind speed data for the month of August, 2009, are fit to a power
law. The power law and similarity theory methods are then combined to produce a Mesonet-derived
power law fit. The accuracy of these extrapolation methods is explored for different stability regimes
and different seasons. In addition, Monin–Obukhov similarity theory and the extended Monin–Obukhov
similarity theory of Gryning et al. [21] are investigated as possible alternatives to the power law method.

4.1. Power Law

First, the wind speed data were used to fit a power law of the form u(z) = ure f (
z

zre f
)p. ure f was taken

to be the wind speed measured at 10 m at the Cheyenne Mesonet site and the tall tower, as 10 m is
a common reference level used to fit the power law in wind energy studies [7]. The statistics toolbox
in MATLAB was used to fit a linear regression to the wind speed data, and a best-fit line of the form
u(80 m) = u(10 m)× slope was found. For a power law fit, the slope is equal to (z/zre f )

p. Solving for p
gives p = ln(slope)/ln(z/zre f ) = ln(slope)/ln(80/10). For each stability class, a different value of p was
determined, which was then used to calculate 80-m wind speeds from 10-m wind speeds.

Values of the shear exponent, p, the coefficient of determination, R2, and the root-mean-squared error
(RMSE) for the traditional power law fit are shown in Table 1. Values of R2 and RMSE for a power
law fit with a constant shear exponent of 1/7 (≈0.143) are shown for comparison. For the traditional
power law fit, the value of p approximated from the wind speed data generally increased with increasing
stability (Table 1), indicating that the amount of vertical wind shear increased with increasing stability,
as expected [7]. The neutral values of the shear exponent were quite close to the assumed neutral value
of 1/7. The use of 10-m tall tower data in the power law fit produced slightly lower shear exponent values
for most of the stability classes (Table 1). This suggests that using the Mesonet 10-m wind speed data
leads to an overestimation of vertical wind shear between 10 and 80 m.

For the month of August, 2009, the power law produced higher R2 values for unstable regimes and
lower R2 values for stable regimes. Not surprisingly, the power law fit was much more accurate when
tall tower data were used for the 10-m wind speed values. In particular, the R2 value for the strongly
stable regime increased from 0.78 to 0.96 when the tall tower data were used for the 10-m reference wind
speeds (Table 1). This lower R2 value for the Mesonet 10-m data was likely related to the overestimation
of vertical wind shear when 10-m Mesonet data were used.
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Table 1. The coefficient of determination (R2) and root-mean-squared error (RMSE) values
for different power law fits for all stability classes. Shear exponent values for the traditional
power law fit are also shown. Ten-meter wind speed data from the Mesonet and tall tower
were evaluated separately to produce power law fits.

Traditional Power Law: Shear Exponent

Month, 10-m Data Source Strongly Unstable Unstable Neutral Stable Strongly Stable

August 2009, Mesonet 0.12 0.09 0.13 0.28 0.39
August 2009, Tall Tower 0.06 0.08 0.16 0.26 0.28

p = 1/7: R2

August 2009, Mesonet 0.97 0.97 0.96 0.86 0.66
August 2009, Tall Tower 0.96 0.97 0.97 0.91 0.90

Traditional Power Law: R2

August 2009, Mesonet 0.97 0.98 0.96 0.92 0.78
August 2009, Tall Tower 1.0 0.99 0.97 0.96 0.96

Mesonet-Derived Power Law: R2

August 2009, Mesonet 0.97 0.98 0.96 0.93 0.86
August 2009, Tall Tower 0.99 0.99 0.96 0.92 0.94

p = 1/7: RMSE (m s−1)
August 2009, Mesonet 0.94 1.1 1.8 2.7 3.5

August 2009, Tall Tower 1.0 0.96 1.4 2.1 1.8

Traditional Power Law: RMSE (m s−1)
August 2009, Mesonet 0.88 0.85 1.8 2.1 2.8

August 2009, Tall Tower 0.33 0.49 1.4 1.5 1.2

Mesonet-Derived Power Law: RMSE (m s−1)
August 2009, Mesonet 0.94 0.85 1.7 1.9 2.1

August 2009, Tall Tower 0.39 0.62 1.8 2.0 1.4

The use of stability information to determine different shear exponents for different stability classes
did not have a large effect on the R2 values for unstable regimes, but served to increase the R2 values
significantly for stable regimes. In addition, RMSE values for all stability regimes (with the exception of
the neutral regime) for both the Mesonet and the tall tower fit decreased when stability information was
used to determine shear exponent values. The increase in R2 values for stable regimes is likely related
to the large deviation of the shear exponent from the neutral 1/7 value, as the atmosphere becomes more
stable (Table 1). Co-located 10- and 80-m wind speed data from Cabauw, The Netherlands, also indicate
that the shear exponent tends to be close to the neutral value under daytime, unstable conditions, but
increases substantially above the neutral value under nighttime, stable conditions [11].

4.2. Mesonet-Derived Power Law

Next, the power law and similarity theory methods were combined to develop power law fits from
the Mesonet data in a technique similar to that used by Panofsky et al. [26]. This method involves
manipulating equations for the power law fit and similarity theory to find the shear parameter, p, as a
function of atmospheric stability.
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First, differentiating Equation (1) with respect to z gives:

∂u
∂ z

= pure f

(
z

zre f

)p 1
z
= p

u(z)
z

(7)

Another expression for ∂u
∂ z can be obtained through the use of similarity theory, by utilizing the MOST

equation for the vertical wind speed gradient:

∂u
∂ z

=
u∗
κz

φm

( z
L

)
(8)

where φm
( z

L

)
is the similarity function for momentum. Equating the right-hand sides of Equations (7)

and (8) and solving for p gives the following equation:

p =
u∗

u(z)
z

κz
φm

( z
L

)
=

√
CD

κ
φm

( z
L

)
(9)

where the ratio, u∗
u(z) , is defined as the square root of the drag coefficient, CD [12]. Equation (9) can

be further simplified by defining a value of the shear parameter under neutral conditions, po. If we let
po =

√
CD
κ

, then Equation (9) becomes the following:

p = poφm

( z
L

)
(10)

If we assume that the effects of surface roughness and stability on the shear parameter can be separated,
then all roughness effects are described by the value of po and all stability effects are incorporated
into φm

( z
L

)
. For this study, po was simply defined as the shear parameter fit for neutral conditions

(Table 1), with different values for the Mesonet fit and the tall tower fit. However, the value of the
shear exponent does vary with surface roughness and has a stronger variation for unstable conditions [9].
In the future, different variables, such as wind direction, could be used to determine values for po that
depend more strongly on the upwind fetch, and thus, the roughness length, which impacts the wind
speeds at the measurement site.

The similarity function for momentum, φm
( zm

L

)
, is typically related to Ri through the use of the

following empirical relations:

ζm =
zm

L
= Ri; Ri < 0 (11)

ζm =
zm

L
=

Ri
1−5Ri

; 0≤ Ri < 0.2 (12)

φm

(zm

L

)
= 1+5ζm; ζm ≥ 0 (13)

φm

(zm

L

)
= (1−15ζm)

−1/4; ζm < 0 (14)

where zm is the mean geometric height used for the calculation of Ri. For the Mesonet-derived power
law fit, these similarity relations were used as a basis to develop a parameterization for p as a function of
Ri. Note that in Equations (13) and (14), φm is given as a function of zm

L , while φm is given as a function
of z

L in Equation (10). However, zm
L and z

L are related through the simple equation z
L = zm

L
z

zm
, where the

ratio, z
zm

, is constant for a given value of z.



Resources 2014, 3 94

Scatter plots of Richardson number and shear parameters determined from the Mesonet and tall tower
10-m data are shown in Figure 6. Although the relationship between p and Ri largely followed the similarity

functions outlined in Equations (11)–(14), some fine-tuning was needed to produce a more accurate fit.
For both stable and unstable conditions, equations of the following form were developed:

p = po(1+aRi)b (15)

where values of a and b were determined separately for stable and unstable regimes and different values
of po were defined for the Mesonet and tower fits.

Figure 6. Scatter plot of the gradient Richardson number measured at the Cheyenne Mesonet
site and shear parameter values determined from 10-m Mesonet and tall tower data and 80-m
tall tower data for August, 2009. Parameterizations for p as a function of Ri are shown with
dotted red and magenta lines.

The Mesonet neutral shear exponent, 0.13, was used for po for the Mesonet parameterizations, while
the tower unstable shear exponent, 0.08, was used for the tower parameterizations. The unstable tower
shear exponent was used instead of the neutral shear exponent, because it provided a much better fit to
the data in Figure 6. As shown in Table 1, the tower shear exponent for neutral conditions was 0.16,
twice the value of the shear exponent for unstable conditions. Using the value of 0.16 would increase
the parameterized p values in Figure 6 and provide a much poorer fit to the actual shear exponent values.
It is likely that more accurate values of po could be determined if stability information was available at
the tall tower site.

For the parameterization under stable conditions (Ri > 0), our empirical fit provided a = 10 and
b = 0.75. A critical Richardson number, Ricrit , was also defined, beyond which, Ri was simply set to
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Ricrit in the shear exponent parameterization. For unstable conditions, a = −25 and b = −0.25 (note
the similarity to Equation (14)). An additional correction factor needed to be added to the Mesonet
parameterization, due to the slight increase in the Mesonet shear parameter that occurred as Ri reached
more negative, unstable values (Figure 6). This trend is unexpected; it implies that more wind shear is
experienced between 10 and 80 m under very unstable conditions, even though boundary layer mixing is
more prevalent under very unstable regimes. In fact, the shear exponent derived from 10-m Mesonet data
for strongly unstable conditions was larger than that for unstable conditions (Table 1). The discrepancy is
likely the result of using stability information and 10-m wind speed data from a site that it not co-located
with the 80-m wind speed measurements. Thus, spatial separation does appear to play a significant role
in the development and accuracy of the power law extrapolation method.

The final shear exponent parameterizations are displayed in Figure 6 and defined as follows:

p = po(1+10Ri)0.75; 0 < Ri < Ricrit (16)

p = po(1+10Ricrit)
0.75; Ri≥ Ricrit (17)

p = po(1−25Ri)−0.25 [ −0.03Ri ]; Ri < 0 (18)

where Ricrit = 0.4 for the Mesonet fit and Ricrit = 0.25 for the tall tower fit, and the factor in brackets in
Equation (18) only needs to be added for the Mesonet fit.

Results from the Mesonet-derived power law fit are shown in Table 1. For the Mesonet fit, the use of
the shear exponent parameterization instead of the traditional power law fit increased the R2 value from
0.92 to 0.93 for stable regime wind speeds and, more significantly, from 0.78 to 0.86 for strongly stable
regimes. The shear exponent parameterization also decreased RMSE values for the neutral, stable and
strongly stable regimes. The superior performance of the Mesonet-derived power law fit for the neutral
and stable regimes is likely related to the varying amounts of 10- to 80-m shear experienced during
these regimes (Figure 5a). While the traditional power law assigned a single shear exponent for each
stability regime, the Mesonet-derived power law assigned a different shear exponent for each value of
Ri, allowing for different values of shear within the same stability class.

Results for the tall tower fit are not as promising; in fact, R2 values for all stability regimes decreased
when the Mesonet-derived power law fit was used, while RMSE values increased (Table 1). In order to
provide greater insight into this discrepancy, scatter plots of the power law fits for both the Mesonet fit
and the tower fit were examined (Figures 7 and 8). The scatter about the one-to-one line is significantly
reduced when tall tower 10-m wind speeds are used, leading to lower RMSE values for the power law
fits in comparison to the fits that used 10-m Mesonet data (Table 1). However, the Mesonet-derived
power law produced many underestimates of the true 80-m wind speed when the tower 10-m data were
used, particularly for neutral and stable regimes (Figure 8 c–e). Thus, although the tall tower estimates
lay closer to the one-to-one line than the Mesonet estimates on average, the slope of the tower estimates
changed significantly when the Mesonet-derived power law fit was used, producing a large amount of
wind speed underestimates. It is likely that this decrease in performance is the result of using stability
measurements that were taken at a different location than the 10- and 80-m wind speeds. Since the
Mesonet-derived power law fit depends directly on Ri, the difference in stability between the Mesonet
site and the tall tower site likely had a large effect on the accuracy of the shear exponent parameterization.
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Figure 7. Estimated 80-m wind speeds from power law fits compared to true 80-m wind
speeds for (a) strongly unstable; (b) unstable; (c) neutral; (d) stable; and (e) strongly stable
regimes. Observation/estimation pairs are indicated by circles, and the 1:1 line is shown by
the thick black line for reference. Data from August, 2009, were used, and Mesonet data
were used for 10-m wind speeds.

(a) (b)

(c) (d)

(e)



Resources 2014, 3 97

Figure 8. As in Figure 7, but tower data were used for 10-m wind speeds.

(a) (b)

(c) (d)

(e)
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Figure 9. Box-and-whisker plots of 80-m wind speed errors for various power law
extrapolation methods and stability classes. The solid line in the center of the box indicates
median error; edges of the box indicate the 25th and 75th percentiles, and the ends of
whiskers indicate the 10th and 90th percentiles. The black dashed line indicates an error
of 0 m s−1. Data from August 2009, were used, and both (a) Mesonet and (b) tall tower data
were used for 10-m wind speeds.

(a)

(b)
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The uncertainty in the various power law extrapolation methods is depicted in Figure 9. The error
was defined as the estimated 80-m wind speed subtracted from the true 80-m wind speed, such that
errors above (below) the 0 m s−1 line in Figure 9 are underestimates (overestimates) of the wind speed.
For the p = 1/7 power law, both the Mesonet and tall tower fits produced errors near 0 m s−1 for
neutral conditions, overestimates for unstable conditions and underestimates for stable conditions. These
results are expected, as the p = 1/7 power law is typically associated with neutral conditions.
The range of expected errors decreased significantly when 10-m tall tower data were used, particularly
for stable conditions.

When the traditional power law was used, the Mesonet fit tended to overestimate the wind speed for
unstable and neutral conditions and underestimate the wind speed for stable conditions. The range of
wind speed errors produced by the Mesonet fit is quite large for stable regimes and is likely related to
the varying amounts of 10- to 80-m wind shear that occur under stable regimes. The use of tall tower
10-m wind speeds significantly improved the traditional power law fit, producing unbiased wind speed
estimates for all stability classes and much smaller error ranges.

The use of tall tower 10-m wind speeds also decreased the range of errors for the Mesonet-derived
power law fit. However, the median errors for the tall tower fit increased for neutral and stable regimes in
comparison to the Mesonet fit, indicating that the tall tower fit tended to underestimate wind speeds for
neutral and stable regimes. As previously discussed, this positive bias is likely related to the difference
in stability between the Mesonet site and the tall tower site.

In summary, the use of co-located 10- and 80-m wind speeds in the power law fit methods leads to
a smaller range of errors and greater certainty in the resultant wind speed estimates. However, biased
estimates can be produced when stability information is collected at a different site than the 10- and
80-m wind speed data. Thus, wind speed data at 10- and 80-m, as well as stability information should
be collected at the same site in order to produce wind speed estimates that are both accurate and precise.

4.3. Seasonal Effects on the Power Law Extrapolations

Next, the August, 2009, power law fits were applied to data throughout the rest of 2009 to examine the
ability of the August fits to predict 80-m wind speeds during different seasons. (Only data from February
to November, 2009 were used, as work was being done on the tall tower during the remaining months.)
R2 and RMSE values for the power law fits for February to November, 2009 are shown in Table 2. Even
though the power law fits were only developed using one month of training data, the fits performed quite
well for the remainder of the months of 2009, with all R2 values exceeding 0.75. Similar to the training
dataset, this test dataset shows a clear improvement in performance when stability information is taken
into account, particularly for stable regimes (Table 2).

The accuracy of the August 2009, fits for the remainder of 2009 is significant; it indicates that
hub-height wind speeds are only needed for a short period of time to develop an accurate power law
fit. Thus, a wind farm could deploy a tall tower for 1–2 months to develop a representative power
law fit for different stability classes, then use wind speed data from a shorter tower to estimate
hub-height wind speeds for the remainder of the year. This would result in a large decrease in operation
and maintenance costs for the wind farm.
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Table 2. The coefficient of determination (R2) and root-mean-squared error (RMSE) values
for different power law fits for all stability classes. Ten-meter wind speed data from the
Mesonet and tall tower were evaluated separately to produce power law fits, and August,
2009, fits were applied to all months of data.

Month, 10-m Data Source Strongly Unstable Unstable Neutral Stable Strongly Stable

p = 1/7: R2

February–November 2009, Mesonet 0.96 0.97 0.96 0.87 0.75
February–November 2009, Tall Tower 0.98 0.98 0.96 0.89 0.90

Traditional Power Law: R2

February–November 2009, Mesonet 0.96 0.98 0.96 0.93 0.87
February–November 2009, Tall Tower 0.99 0.99 0.96 0.96 0.96

Mesonet-Derived Power Law: R2

February–November 2009, Mesonet 0.96 0.98 0.97 0.94 0.86
February–November 2009, Tall Tower 0.99 0.99 0.96 0.91 0.94

p = 1/7: RMSE (m s−1)
February-November 2009-Mesonet 1.2 1.4 1.9 2.9 3.1

February-November 2009-Tall Tower 0.98 1.2 2.0 2.6 2.0

Traditional Power Law: RMSE (m s−1)
February–November 2009, Mesonet 1.1 1.3 1.9 2.1 2.2

February–November 2009, Tall Tower 0.50 0.64 2.0 1.7 1.3

Mesonet-Derived Power Law: RMSE (m s−1)
February–November 2009, Mesonet 1.2 1.3 1.8 2.1 2.3

February–November 2009, Tall Tower 0.58 0.78 2.2 2.5 1.6

4.4. Monin-Obukhov Similarity Theory

Similarity theory was also used as an extrapolation method as a comparison to the power law
fits. Unlike the traditional power law, similarity theory is based on theories of boundary-layer fluxes
and wind speed profiles and directly incorporates stability information into the extrapolation fit.
However, similarity theory also contains several assumptions that may not always be true. For example,
Monin–Obukhov similarity theory assumes that fluxes of heat and momentum are constant with height
within the surface layer [12], an assumption that is generally untrue at night when the boundary layer is
stable [27].

Similar to the process outlined for the Mesonet-derived power law fit, the gradient Richardson number
was first used to calculate the similarity functions for momentum Equations (11)–(14). Next, the
Obukhov length, L, was calculated by dividing zm by ζm. Once L is known, the stability parameter,
ζ , can be computed for the two measurement heights z1 = 10 m and z2 = 80 m. The stability correction
factors at 10 and 80 m were obtained from the following generally accepted equations [12]:

Ψm =−5ζ ; ζ ≥ 0 (19)

Ψm = 2ln
(

1+ x
2

)
+ ln

(
1+ x2

2

)
−2tan−1(x)+

π

2
; ζ < 0 (20)

where x = (1−15ζ )1/4.
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Applying Equation (2) to determine the wind speed at z2 = 80 m requires knowledge of the friction
velocity, u∗, and roughness length, zo, parameters. The friction velocity, u∗, was found by solving the
equation for the dimensionless wind speed gradient for u∗:

u∗ =
(

κzm

φm(
zm
L )

)(
∂u
∂ z

)
(21)

The von Kármán constant was set to 0.4, and the mean wind speed gradient was found using a finite-
difference approach, assuming a logarithmic wind profile:

∂u
∂ z

=
u10m−u2m

ln(10m
2m )zm

(22)

Median values of u∗ were approximately 0.2–0.3 m s−1 for all stability classes, with slightly lower
values experienced during stable conditions. Next, the roughness length, zo, was calculated by applying
a modified log-law profile (Equation (2)) to the wind speed at a height z1 = 10 m and solving it for zo:

zo = 10 m× exp
(
−κ ∗u(10 m)

u∗
−Ψm(ζ1)

)
(23)

Median values of zo derived from the data were approximately 0.01 m for the month of August, 2009,
which is fitting for the open fields near the Cheyenne Mesonet site [28]. Finally, the calculated values
of u∗, zo and Ψm(80m) were used to calculate the wind speed at 80 m from the modified log-law equation
(Equation (2)).

The R2 and RMSE values for the MOST method are shown in Table 3 for February to November,
2009 (Note that the Monin–Obukhov method assumes a maximum Ri of 0.2, so similarity theory was
not applied to the strongly stable regime wind speeds or stable regime wind speeds where Ri ≥ 0.2).
Similar to the power law method, more accurate fits were produced for the unstable regime wind speed
pairs, consistent with previous work (e.g., [20]). In general, the MOST method performed much more
poorly for the stable regime wind speeds in comparison to the power law method.

To provide insight into this discrepancy, scatter plots of the 80-m wind speeds estimated from MOST
were examined for different stability regimes (not shown). Similarity theory produced fairly good
results for the strongly unstable, unstable and neutral regimes using both 10-m datasets (R2 > 0.9);
the observation/estimation pairs were scattered somewhat uniformly about the 1:1 line, indicating that
similarity theory produced approximately equal numbers of overestimates and underestimates of the
80-m wind speed. However, many of the similarity theory estimates were inaccurate for the stable
regime, with a large scatter above the one-to-one line (R2 = 0.50, RMSE = 5.9 m s−1 for the tower fit).
Thus, MOST appears to be overestimating the amount of wind shear between 10 and 80 m for stable
conditions, consistent with the findings of Holtslag [20]. This poor performance for stable regimes is not
surprising; it is likely that 80 m is above the top of the surface layer for stable conditions, invalidating
the application of MOST at 80 m. Indeed, based on data from the Wangara experiment, Hicks [29] found
that the wind speed profile under very stable conditions eventually transitions from a log-linear profile
to an approximately linear profile, deviating substantially from the profile predicted by MOST.
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Table 3. The coefficient of determination (R2) and the root-mean-squared error (RMSE)
values for MOST and Extended Monin–Obukhov Similarity Theory (EMOST) for different
datasets and stability classes.

Month, 10-m Data Source Strongly Unstable Unstable Neutral Stable
Monin-Obukhov Similarity Theory: R2

February–November 2009, Mesonet 0.95 0.97 0.95 0.47
February–November 2009, Tall Tower 0.99 0.99 0.97 0.50

Extended Monin-Obukhov Similarity Theory: R2

February–November 2009, Mesonet 0.94 0.97 0.95 0.85
February–November 2009, Tall Tower 0.99 0.99 0.95 0.88

Monin-Obukhov Similarity Theory: RMSE (m s−1)
February–November 2009, Mesonet 1.3 1.3 2.3 6.0

February–November 2009, Tall Tower 0.52 0.70 1.7 5.9
Extended Monin-Obukhov Similarity Theory: RMSE (m s−1)

February–November 2009, Mesonet 1.4 1.4 2.3 3.3
February–November 2009, Tall Tower 0.64 0.78 2.4 3.0

In order to improve the application of similarity theory for stable regimes, the extended
Monin–Obukhov similarity theory method of Gryning et al. [21] was also used to estimate 80-m wind
speeds. By using different length scales for different parts of the boundary layer, Gryning et al. [21]
show that the wind speed profile in neutral conditions can be determined through the following equation:

u(z) =
u∗
κ

(
ln

z
zo

+
z

LMBL,N
− z

zi

z
2LMBL,N

)
(24)

LMBL,N is the length scale in the middle boundary layer under neutral conditions. By using tower
observations, Gryning et al. [21] determined an empirical fit for LMBL,N , given by:

LMBL,N =
u∗o

f
/(−2ln

u∗o
f zo

+55) (25)

where f is the Coriolis parameter.
The general form of the wind profile is given by Equation (4), where Ψm is a stability correction

factor. For stable conditions, Gryning et al. [21] suggest Ψm = bz
L (1−

z
2zi
). In this work, the constant,

b, was set to five, following the relations outlined in Arya [12]. For unstable conditions, Gryning et al.
[21] suggest Ψm = 3

2 ln1+x+x2

3 −
√

3tan−1(1+2x√
3
)+ π√

3
, where x = (1− 12z/L)1/3. For both stable and

unstable conditions, Gryning et al. [21] determined the following empirical relation for LMBL:

LMBL =
u∗o

f
/[(−2ln

u∗o
f zo

+55)exp(−u∗0/ f L
400

)] (26)

Previously calculated values of u∗ and zo, determined using the MOST method, were used in the
EMOST equations. Gryning et al. [21] used a similar method to estimate zo by forcing the estimated
wind profile to coincide with the measured wind speeds at 10 m. However, Gryning et al. [21] were
able to calculate u∗ directly with sonic anemometer data instead of estimating u∗ from the dimensionless
wind speed gradient equation (Equation (21)).
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One of the parameters in the EMOST wind profile equations is the boundary layer height, zi.
Gryning et al. [21] estimate the mean boundary layer height for different stability regimes by examining
heat and momentum fluxes from sonic anemometers on a tower and extrapolating the flux measurements
upward. However, sonic anemometers are not available on either the tall tower or the Mesonet station,
so a simple parameterization for the boundary layer height was used in this paper. Gryning et al. [21]
suggest that the approximation zi ≈ 0.1u∗o/ f be used when the boundary layer height is not known, so
this approximation was adopted for the present study.

R2 values for the EMOST method are shown in Table 3. (Again, the application of EMOST was
restricted to cases where Ri < 0.2.) Similar to the MOST estimates, the 80-m wind speed estimates
from EMOST were most accurate for strongly unstable, unstable and neutral regimes. However, the
EMOST wind speed estimates for stable regimes are significantly closer to the observed 80-m wind
speeds (e.g., R2 = 0.88 using tower 10-m data) in comparison to the MOST estimates (R2 = 0.50 for the
same dataset). In addition, unlike the MOST estimates, the EMOST wind speed estimates are scattered
more uniformly about the one-to-one line, indicating that both overestimates and underestimates of the
80-m wind speed are produced (not shown). Thus, there does seem to be a slight advantage to using the
extended Monin–Obukhov Similarity Theory of Gryning et al. [21], at least for stable regime wind speed
estimates. However, both the traditional and Mesonet-derived power law fits generally produced more
accurate extrapolation results for all stability regimes in comparison to the similarity theory methods
(Tables 2 and 3). In addition, the power law fits did not require the estimation of parameters such as
friction velocity and boundary layer height.

5. Summary and Conclusions

In this work, 10-m wind speed data from the Cheyenne Mesonet site and 10- and 80-m wind speed
data from a nearby tall tower were used to evaluate different wind speed extrapolation techniques.
A standard p = 1/7 power law, a traditional power law, a Mesonet-derived power law and two different
forms of similarity theory were evaluated for different stability classes. The main findings from the
various methods can be summarized as follows:

• Both the traditional power law and the Mesonet-derived power law improved upon the p = 1/7
neutral power law fit, indicating that stability information should be used to produce more accurate
extrapolation fits;
• All power law fits were significantly improved when tower 10-m wind speed data were used;
• Wind speed estimate biases were produced for the Mesonet-derived power law method when

stability information and 10- and 80-m wind speed data were collected at two different locations;
• Similarity theory methods only produce accurate wind speed estimates for unstable conditions;
• Overall, the power law fits produced the most accurate 80-m wind speed estimates;
• Power law fit parameters developed from one month of data (August) can be applied to wind speed data

from different time periods (the remainder of the year) to produce accurate wind speed estimates

In the future, the performance of the Mesonet-derived power law fit could be improved by examining
the dependence of the neutral shear exponent on wind direction and upwind fetch. In addition, the
performance of the power law methods could likely be greatly improved by having co-located stability
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data and hub-height wind speed information. However, the stability information derived from a Mesonet site
could still be used to produce accurate power law fits for a nearby tall tower. This stability information
significantly increased the accuracy of extrapolation methods in comparison to the traditional p = 1/7
power law fit.
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