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•  Wind energy is becoming more important over large geographic areas. !

•  Numerical Weather Models can be used to produce wind power estimates.!

•  Incorporating more information into the processing of NWPM outputs should 
increase the accuracy of the wind power estimates!

•  Rotor Equivalent Wind Speed (REWS) provides a simplistic way to 
incorporate wind speed and direction shear over the rotor swept area.!

!
•  The “full” power equation provides a novel technique to account for changes 

in wind speed over time (between the model output periods).!

•  It is important to investigate the behavior of the wind at different hub heights 
as technology is constantly changing to reach greater heights.!

Motivation and Purpose!
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•  The Rapid Update Cycle (RUC) Assimilation Model is leverage for 
every hour of the years of 2006 to 2014. It has 13 km spatial 
resolution. We utilize the zero-hour analysis fields.!

•  The Assimilation model provides the “optimal estimate” of the grid 
cell-averaged state of the atmosphere when incorporating 
observations, a background state, and error covariance.!
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•  The RUC was operational until 2012. It had access to over 20,000 
observations each hour sampling the entire atmosphere. It used the 
previous one-hour forecast as a background state (as it was 
continuously cycled). !

•  It was known for some time that the RUC was to be replaced by the 
RAP and so the model improvements were relatively minor between 
2006 and 2014 with respect to wind speeds.!

•  The native levels of the RUC are in the hybrid isentropic-sigma 
coordinate system. The hybrid coordinate allows greater vertical 
resolution about complicated terrain.!
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Why use the RUC?!
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Rotor Equivalent Wind Speed from NWPM!
C. T. M. Clack et al. Accurate Wind Speed and Power Estimations
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Figure 1. Schematic diagram of the rotor area with variables for the computation of the Rotor Equivalent Speed weights. It can be
seen that weights need only be calculated for one half of the rotor, and the other half is the reflection.

half is automatically found by symmetry. The area of each segment is the area of the sector (ASi) minus the area of the
triangle encased by the chord of the top of the last segment (ATi) minus the previous segments calculated (Aj),
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By inserting Eqs (3) and (4) into Eq. (2), we derive the formula for each segment area explicitly as
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where ↵i is the weights for the RES computation. The RES, UR, is defined mathematically as

UR =

NX

i=1

↵i · Ui. (7)

The definition of the RES from Eq. (7) remains valid as long as the rotor diameter is not larger than the horizontal
resolution of the model (here they are not). The limit of the RES is a continuous function of the wind speeds integrated
over the rotor height. If the resolution of the model were to be so high that the rotor diameter is greater than the horizontal
grid spacing, then the RES would need to be recomputed using both horizontal and vertical slices. The ultimate limit to the
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* We also perform the same technique to 
obtain the Rotor Equivalent Density, 
Temperature and Clouds!
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assimilation model to produce a 13-km gridded resource mapping that includes hourly values for each grid cell for nine
years (2006-2014).

The accuracy of the dataset is important. The present paper tries to reduce the error in grid cell averaged wind power
estimates by applying the rotor equivalent wind speed (REWS) and incorporating directional shear. The REWS procedure
computes the weighted average of wind speeds at different heights over the rotor diameter. The directional shear takes into
account the drift in wind direction possible over the rotor diameter. The computations are approximations that allows wind
speed and directional shear to be accounted for in the power estimate. The incorporation of the wind speed and directional
shear provides more information, thus seeks to help reduce the risk of financial hardship for plant operators and planners.
The REWS will be applied to the analyses fields from an advanced weather assimilation model for the first time over such
a large geographic and temporal extent. The REWS concept was originally developed and used with measurements by
[18].

The demonstrated techniques in the present paper will be applied to higher resolution models and compared against
wind farm power data in forthcoming papers. The scope of the present paper is to show the effects of the REWS on the
power estimates at coarse resolution to give a first approximation and to highlight areas of particular interest.The paper is
organized as follows: in section 2 we briefly describe the methodology of REWS and the data we use; section 3 displays
the results of the work; and section 4 contains the discussions and conclusions for the present work along with the future
avenues of investigation.

2. METHODOLOGY

2.1. Hub Height Wind Speed vs Rotor Equivalent Wind Speed

To produce an estimate of wind power one wind speed is calculated, which is typically the wind speed at hub height. The
current paper uses a hub height of 80 m above ground level (AGL) along with a rotor diameter of 100 m; because these
are the most typical values found across the contiguous US [19]. It is known that wind speed changes with height, and so
the estimate of the wind speed at the hub height might not be a good representation of the wind speed over the whole rotor
diameter. The REWS, see e.g. [18], provides a solution to overcome this deficiency. The REWS can also incorporate the
directional shear, which will be discussed below.

The data utilized in the present paper is obtained from the 13-km Rapid Update Cycle (RUC) advanced assimilation
model [20, 21]. The RUC assimilation model uses in excess of 20,000 observations each hour in combination with a one
hour forecast from the previous model cycle to obtain an analysis field for the state of the atmosphere. The assimilation
analysis balances the large number of observations and the short term model forecast to minimize the errors from the data
and the model; essentially creating the best possible estimate of the current state of the atmosphere. The data collected
encompasses the nine years of 2006–2014 at hourly resolution. The full three dimensional matrices are collated and stored
to be used for the wind speed estimates at specific AGL heights and the wind power modeling. The spatial resolution of
the RUC allows 151,987 geographic locations to be produced for the dataset. Further, each geographic site contains 74,283
hourly time steps of data. The missing data (5.8%) was due to incomplete cycling from when the model was originally
run. The native levels of the RUC are in the hybrid isentropic-sigma coordinate that allows the benefits of both terrain
following and entropy conserving coordinates [20]. The wind vectors computed by the RUC assimilation model are output
on its native levels and in component form. The components can be combined to produce the horizontal wind speed at each
native level (U⌘)

U⌘ =
q

u2
⌘ + v2⌘, (1)

where ⌘ is each of the native pressure levels, u is the East-West component and v is the North-South component. Since the
native levels are not constant in height AGL, we have to interpolate U⌘ to specific heights, such as the hub height of 80 m.
The original U⌘ are stored for future work at different hub heights.

For the present work, the rotor swept area is divided into 10 m vertical slices (segments). Following the work by [18],
the REWS can be defined as

UR =
NX
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2⇡
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A
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In Eq. (2), UR is the REWS, Ui is the wind speeds at different heights across the rotor diameter, ✓i is the angle to the chord
of the top of the vertical slice being computed and Ai/A is the weighted area of the rotor swept area. The definition of the
REWS from Eq. (2) remains valid as long as the rotor diameter is not larger than the horizontal resolution of the model
(here they are not). The limit of the REWS is a continuous function of the wind speeds integrated over the rotor height. If
the resolution of the model were to be so high that the rotor diameter is greater than the horizontal grid spacing, then the

2 Wind Energ. 2015; 00:1–11 c� 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/we

Prepared using weauth.cls

C. T. M. Clack et al. Wind Speed and Power Resource Mapping

REWS would need to be recomputed using both horizontal and vertical slices. The ultimate limit to the REWS would be
the double integral of continuous wind speeds over the entire rotor swept area.

In addition to the vertical wind speed shear, we wish to add the directional shear. Instead of simply taking Ui as the
horizontal wind speed at each height, we calculate the projection of the horizontal wind speed at each height that is parallel
to the wind direction at hub height. In doing so, we assume that the nose of the turbine nacelle is aligned exactly to the
direction of the wind at hub height. Therefore, we define Ui as

Ui =
ui · uH + vi · vH

UH
, (3)

where the subscript H denotes the variable computed at hub height, and the lower case represents the component vectors
of wind speed.

The purpose of calculating the REWS with directional shear to estimate wind power is to provide more information from
the state of the atmosphere. The hypothesis is that more information should improve the estimates in terms of behavior and
magnitude. We are applying the REWS to numerical weather assimilation data over a vast geographic area, which is not
addressed in the literature thus far.

2.2. Wind Power Modeling

The full production of wind speed estimates is complex and requires multi-disciplinary analysis. However, we
circumvented the majority of the work required to produce wind speed estimates because we obtained the historical data
from the archives of the RUC assimilation model [20]. Our work focuses specifically on the production of the REWS with
directional shear and wind power estimates. To produce wind power estimates for wind turbines, we must know how power
in the wind is expressed.

The energy content of the wind in a volume is simply the kinetic energy (mv2/2) of the wind contained within that
volume. Hence, the power contained in the wind is the time derivative of the kinetic energy;

Pw =
d[Ew(U(t))]

dt
=

d
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2
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Here A is the cross section area normal to the direction of the wind, ⇢ is the density of the air, L is the length of the volume
in the direction of travel of the wind, and U is the wind speed over the cross sectional area. If we assume the wind speed
and density do not change with time, we recover the well known equation for wind power [22]

Pw =
1
2
Cp⇢AU3. (5)

Here the Cp represents the coefficient of power (an empirically derived curve from simulations and performance of
individual turbines), which is the ratio of the electric power created by the wind turbine divided by the power available
in the wind (Cp = Pt/Pw). The right hand side terms in Eq. (4) that become zero when considering instantaneous power
are related to fluctuations in the density and wind speed, but are proportional to the discretization time scale. For the
present paper, we assume these terms are small compared with the first term. However, it is noted by the authors that these
additional terms could be non-negligible in steep ramp conditions or long integration periods.

To calculate the wind power estimates, we replace U in Eq. (5) with UH for the hub height version and UR for the
REWS version. We require the coefficient of power as an input. It is assumed that the same Cp curve can be used for
hub height wind speeds and the rotor equivalent wind speeds. For the present paper, we take the composite of three or
four specific turbines for each of the International Electrotechnical Commission (IEC) classes I, II, III and offshore (IV)
and back calculate the Cp curves [23]. The turbines used are found in Table I. The Cp curves and their corresponding
normalized power curves are shown in Fig. 1. Above 25 m/s all turbines shutdown and power drops to zero. At peak
efficiency the turbines are approaching 50% extraction of the available wind power, which is approximately 85% of the
theoretical maximum (59%) possible for wind turbines [25].

As stated earlier, we use the same rotor diameter for all the IEC classes. If we had used different rotor diameters for
each class the REWS would be computed differently for the four classes making comparisons more difficult. Due to the
100 m rotor diameter the rated power for each class is different; IEC-I is 3.2 MW, IEC-II is 2.5 MW, IEC-III is 2.0 MW,
and IEC-IV is 3.5 MW. These values are utilized to normalize the power output for the dataset (so all data lies between 0
and 1). To define each RUC grid cell IEC class, we minimized the difference between the computed nine year mean hourly
wind speed at 80 m AGL and the average wind speed in IEC-61400-1 [24]. Offshore locations are designated using the
RUC land/sea mask. The defined classifications can be seen in Fig. 2. The US is predominantly IEC-III with small areas
of IEC-II and even fewer locations of IEC-I. The location of the IEC-I and II classes are strongly correlated with steep
terrain.
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REWS would need to be recomputed using both horizontal and vertical slices. The ultimate limit to the REWS would be
the double integral of continuous wind speeds over the entire rotor swept area.

In addition to the vertical wind speed shear, we wish to add the directional shear. Instead of simply taking Ui as the
horizontal wind speed at each height, we calculate the projection of the horizontal wind speed at each height that is parallel
to the wind direction at hub height. In doing so, we assume that the nose of the turbine nacelle is aligned exactly to the
direction of the wind at hub height. Therefore, we define Ui as

Ui =
ui · uH + vi · vH

UH
, (3)

where the subscript H denotes the variable computed at hub height, and the lower case represents the component vectors
of wind speed.

The purpose of calculating the REWS with directional shear to estimate wind power is to provide more information from
the state of the atmosphere. The hypothesis is that more information should improve the estimates in terms of behavior and
magnitude. We are applying the REWS to numerical weather assimilation data over a vast geographic area, which is not
addressed in the literature thus far.

2.2. Wind Power Modeling

The full production of wind speed estimates is complex and requires multi-disciplinary analysis. However, we
circumvented the majority of the work required to produce wind speed estimates because we obtained the historical data
from the archives of the RUC assimilation model [20]. Our work focuses specifically on the production of the REWS with
directional shear and wind power estimates. To produce wind power estimates for wind turbines, we must know how power
in the wind is expressed.

The energy content of the wind in a volume is simply the kinetic energy (mv2/2) of the wind contained within that
volume. Hence, the power contained in the wind is the time derivative of the kinetic energy;

Pw =
d[Ew(U(t))]

dt
=

d

dt


1
2
·A · ⇢(t) · L(t) · U2(t)

�
=

⇢AU3

2


1 +

✓R
U dt

U

◆✓
1
⇢

d⇢

dt
+

2
U

dU

dt

◆�
. (4)

Here A is the cross section area normal to the direction of the wind, ⇢ is the density of the air, L is the length of the volume
in the direction of travel of the wind, and U is the wind speed over the cross sectional area. If we assume the wind speed
and density do not change with time, we recover the well known equation for wind power [22]

Pw =
1
2
Cp⇢AU3. (5)

Here the Cp represents the coefficient of power (an empirically derived curve from simulations and performance of
individual turbines), which is the ratio of the electric power created by the wind turbine divided by the power available
in the wind (Cp = Pt/Pw). The right hand side terms in Eq. (4) that become zero when considering instantaneous power
are related to fluctuations in the density and wind speed, but are proportional to the discretization time scale. For the
present paper, we assume these terms are small compared with the first term. However, it is noted by the authors that these
additional terms could be non-negligible in steep ramp conditions or long integration periods.

To calculate the wind power estimates, we replace U in Eq. (5) with UH for the hub height version and UR for the
REWS version. We require the coefficient of power as an input. It is assumed that the same Cp curve can be used for
hub height wind speeds and the rotor equivalent wind speeds. For the present paper, we take the composite of three or
four specific turbines for each of the International Electrotechnical Commission (IEC) classes I, II, III and offshore (IV)
and back calculate the Cp curves [23]. The turbines used are found in Table I. The Cp curves and their corresponding
normalized power curves are shown in Fig. 1. Above 25 m/s all turbines shutdown and power drops to zero. At peak
efficiency the turbines are approaching 50% extraction of the available wind power, which is approximately 85% of the
theoretical maximum (59%) possible for wind turbines [25].

As stated earlier, we use the same rotor diameter for all the IEC classes. If we had used different rotor diameters for
each class the REWS would be computed differently for the four classes making comparisons more difficult. Due to the
100 m rotor diameter the rated power for each class is different; IEC-I is 3.2 MW, IEC-II is 2.5 MW, IEC-III is 2.0 MW,
and IEC-IV is 3.5 MW. These values are utilized to normalize the power output for the dataset (so all data lies between 0
and 1). To define each RUC grid cell IEC class, we minimized the difference between the computed nine year mean hourly
wind speed at 80 m AGL and the average wind speed in IEC-61400-1 [24]. Offshore locations are designated using the
RUC land/sea mask. The defined classifications can be seen in Fig. 2. The US is predominantly IEC-III with small areas
of IEC-II and even fewer locations of IEC-I. The location of the IEC-I and II classes are strongly correlated with steep
terrain.
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Table I. Turbines used to calculate the Generic Coefficient of Power Curves for the IEC classes.

Turbine Rated Power (MW) Cut-In Speed (m/s) Max Output Speed (m/s) Cut-Out Speed (m/s) Rotor Diameter (m)

IEC-I Siemens 3.0 MW 3.0 3.0 14.0 25.0 101.0

Gamesa G80 2.0 4.0 17.0 25.0 80.0

Nordex N90HS 2.5 4.0 14.0 25.0 90.0

Vestas V90 3.0 4.0 14.0 25.0 90.0

IEC-II Vestas V112 3.0 3.0 13.0 25.0 112.0

Siemens 2.3 MW 2.3 3.0 13.0 25.0 93.0

GE1.6 82.5 1.6 4.0 12.0 25.0 82.5

GE2.5xl 2.5 3.0 14.0 25.0 100.0

IEC-III Vestas V100 1.8 3.0 12.0 20.0 100.0

GE1.6-100 1.6 3.0 12.0 25.0 100.0

Repower 3.2M 3.2 3.0 12.0 22.0 114.0

IEC-IV Siemens 3.6 MW 3.6 4.0 14.0 25.0 107.0

GE4.1MW 4.1 4.0 14.0 25.0 113.0

Repower 6M 6.15 3.5 14.0 30.0 126.0
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Figure 1. (a) The coefficient of power and (b) the normalized power curves for four generic IEC wind classes.

Figure 2. The classification of RUC grid cells using the mean wind speed at 80 m AGL. The black is IEC-I, orange is IEC-II, green is
IEC-III, and blue is IEC-IV (offshore).
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Figure 1. (a) The coefficient of power and (b) the normalized power curves for four generic IEC wind classes.

Figure 2. The classification of RUC grid cells using the mean wind speed at 80 m AGL. The black is IEC-I, orange is IEC-II, green is
IEC-III, and blue is IEC-IV (offshore).
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Wind Power Estimates!
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•  Dataset has 151,987 data points!

•  Each with 74,283 time steps (5.8% were 
missing due to incomplete cycles)!

•  Each site has standard hub height 
calculation of power, REWS estimate, wind 
velocities, direction, density, temperature, 
and differences between estimates.!Wind Speed and Power Resource Mapping C. T. M. Clack et al.
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Figure 4. (a) Scatter comparison between hourly 100 m AGL wind speeds at a publicly available tower data in Washburn, TX and the
RUC grid cell averaged 100 m wind speed estimate. The location of the Washburn, TX site is indicated in all the maps by a circled
cross. The public data is only available up to the end of 2011. Each blue cross is a datapoint pair. The grey line is the least squares
correlation from the data. Each individual year showed the same overall relationship and a similar bias. The mean bias error is -0.80
m/s and the root mean squared error is 2.47 m/s. (b) The 100 m AGL wind speeds time series for the first seven days of 2006 are

shown. Red is the observations and dark grey is the RUC grid cell average.

wind speeds from the closest RUC grid cell to the latitude and longitude of the tall tower. The comparison between the
observed wind speeds and the estimated wind speeds is shown in Fig. 4. Figure 4(a) shows that the modeled wind speed
generally slightly over predict at low wind speeds and under predict at high wind speeds. The measured average hourly
wind speed at the Washburn, TX site for 2006–2011 is 9.0 m/s. For the majority of the power producing portion (> 7 m/s)
of wind speeds the RUC grid cell averaged 100 m AGL wind speed has a low bias.

In Fig. 4(b) a time series comparison between the RUC and the observations can be seen. The time series is the hourly
values for the first seven days of 2006. The model follows the pattern of the wind speeds very well, with the notable
exception of the third day. It should be noted that the RUC estimated 100 m AGL wind speed is a grid cell average over
⇠169 km2 while the observations are a single points, therefore we would not expect an exact match. The bias for the
Washburn, TX site remained around -0.80 m/s each year, and so the RUC assimilation model does not appear to improve
for wind speed estimates over the time horizon analyzed. The site is situated on an sloped elevated plateau that is right on
the edge of a transition region between very good wind resource on the plateau (⇠8.5 m/s) and moderate wind resource
to the north and south due to river valleys (⇠6.5 m/s). The validation against the tall tower in Washburn, TX indicates
that the model can reproduce the wind speeds at 100 m at hourly resolution with reasonable accuracy. Since the scope of
the current paper is to demonstrate and highlight the coarse effects of the REWS, we do not compare the wind speeds to
multiple other sites. We plan a future paper that aims to look at many more sites to compute statistics and possibly a bias
correction method to further improve the wind speed accuracy.

Figure 5 displays the nine year average capacity factors for for the entire RUC domain for the REWS estimated wind
power (Fig. 5(a)) and the percentage difference with the hub height estimated wind power (Fig. 5(b)). The difference
is the percentage of energy added or lost compared with the hub height wind speed estimate. The estimated capacity
factors highlights the commonly seen features across the US, such as the majority of the southeast having low capacity
factors (<20%). The regions that overlap with that created by MISO energy (www.misoenergy.org/WhatWeDo/
StrategicInitiatives/Pages/WindCapacity.aspx) can be compared and can be seen to be in very good
agreement. For example, the split ridge starting on the north border of South Dakota that continues into southern Minnesota
aligns very well. Unfortunately, not many capacity factor maps are available in the literature to do direct comparisons, since
most resource maps are created in wind speed form rather than capacity factor. However, with the qualitative comparison
with the AWS/NREL wind mapping and the MISO capacity factor mapping along with the quantitative comparison with
the Washburn, TX site there are indications that the REWS approach is robust; in that it does not drastically alter the
positioning or average energy production in less sheared environments.

In Fig. 5(b) it is seen that the REWS estimated power over the nine years barely changes the energy potential in the great
plains (<1%). As an example, the difference for the Washburn, TX site is -0.6% over the nine years. The largest differences
can be found in steep terrain settings, which is expected due to increased shear. The largest difference was found on the
eastern edge of the Rocky mountains in Canada at -15.4%. The average over the whole domain was a reduction of -1.56%.
The REWS reduces the average energy available at 80 m AGL compared with the hub height estimate. The difference at a
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Wind Classes with Height!

80 m! 100 m!

120 m! 140 m!

160 m!



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

Average REWS with Height!
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Average Power with Height!
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Average Power with Rotor Diameter!
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Difference between REWS and hub power!
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Summer REWS and hub power difference!
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Difference between REWS and hub power!
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Hourly differences showing “full” power equation!

Yearly average difference; entire color range is 
2% to 5%. Black denotes negligible difference.!

A single hour difference plot of “full” power 
equation vs. standard formula. Dark red is 

+25%, dark blue is -25%.!
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Conclusions and Future Work!
•  Produced a demonstration of resource mapping using REWS at different hub heights 

and rotor diameters to illustrate the varying resource with different technical 
achievements.!

!
•  The REWS alters the resource map due increased information being included. The 

main effects are at the individual time steps. With the difference being dependent on 
seasonal and diurnal cycles.!

ü  We are producing overlapping datasets from 2012-2014 with 13-km RUC and 
RAP along with 3-km HRRR. The datasets will allow analysis of the model impact 
of resource mapping along with the effect if resolution.!

ü  The “full” power estimates are being compared with observed power at wind sites 
across the US to validate the methodology.!

ü  Turbulent intensity and the “full” power equation formulations are being coded 
into the wind farm parameterization for WRF to investigate any influence it has 
on downstream turbines.!
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Questions?!
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