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1 Model Setup

The simulations were performed with version 3.3.1 of the Advanced Research
Weather Research and Forecasting model (WRF; [16]). All simulations were
forced with North American Regional Reanalysis (NARR) data [13] from
May 15 to September 30, 2001. The NARR forcing data was preprocessed
for input into WRF using the WRF Preprocessing System (WPS). May
output was excluded due to possible spin-up effects related to the turbine-
atmosphere interactions directly attributed to the wind turbines.

2 WRF Method (WRF)

We use WRF v.3.3.1 with the Fitch et al. [7] wind power parameterization
and NARR forcing data for simulating installed wind farm capacities ranging
from 0.3125 to 100.0 MWi km−2 within the Kansas wind farm region, where
subset i signifies the installed capacity (see also Table 2). A few specific code
changes were necessary to accomplish this. First, the Fitch et al. [7] wind
power parameterization does not simulate the electricity generation rate of
wind turbines, but rather the resulting effect of the wind turbines to the
atmospheric flow. Most of the framework for introducing the calculation of
electricity generation by wind turbines is already present within the WRF
v.3.3.1 Fitch et al. [7] parameterization. It was necessary to incorporate
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wind turbine power curves, related technical specifications to those turbines,
and more fully account for the estimate of power within the Fitch et al. [7]
parameterization as follows.

The Vestas V112 3.0 MWi wind turbine was introduced into this wind
power parameterization. The manufacturer’s specifications were downloaded
from the Technical University of Denmark ( http://www.wasp.dk/Download/
Power-curves/VestasPowerCurves). Generation rates and turbine thrust
coefficients are available from 0.95 - 1.275 kg m−3 and at 0.5 m s−1 intervals
between the cut-in speed of 3.0 m s−1 and cut-out speed of 25.0 m s−1. Note
that while identified as a 3.0 MWi turbine, the Vestas V112 is capable of gen-
erating 3 075 000 watts at hub-height velocities greater than approximately
11.5 m s−1.

Based on the control simulation, the mean air density within the Kansas
wind farm region from June 1 - Sept. 30, 2001 was quantified as 1.11 kg
m−3. Therefore, the manufacturer specifications for the generation rate and
thrust coefficients specific to 1.1 - 1.125 kg m−3 were used. The turbine
power coefficient, which is also necessary to include within the Fitch et al.
(2012) wind power parameterization, was derived from this generation rate
curve as: power coefficient = G

0.5·ρv3·Arotor
, where G is the generation rate at

the specified speed, ρ is the air density of 1.1 kg m−3 and Arotor is the rotor
swept area of 9852 m2 (Fig. 1). At time periods and/or locations where
the wind speed influencing the turbine rotors would be less than 3.0 m s−1

or greater than 25.0 m s−1, a standing thrust coefficient of 0.049 m−1 was
included, also based on the manufacturer specifications for this 1.1 - 1.125
kg m−3 air density range.
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Figure 1: Shown as a function of the horizontal wind speed at the 84 me-
ter hub-height, the manufacturer’s data (points) for the thrust coefficient
and derived power coefficient were included in this analysis as piece-wise
polynomial fits (solid lines).
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An initial model setup used the following physical parameterizations:
WRF single-moment 6-class microphysics scheme (WSM6) [9]; Rapid Ra-
diative Transfer Model longwave radiation scheme (RRTMG) [10], Goddard
shortwave radiation scheme [5], Monin Obukhov surface layer physics [15],
Mellor-Yamada-Janjic and Niino Level 2.5 (MYNN) for the planetary bound-
ary layer [15], Betts-Miller-Janjic cumulus cloud scheme [11], and the Noah
Land Surface Model for two-way land-atmosphere interactions [4]. Nudging
was applied based on NCAR’s WRF recommended values for grid resolutions
of 10-30 kilometers, as a boundary width of 10 grid cells and a relaxation
zone of 9 grid cells. Using a horizontal grid spacing of 12 km and 31 default
vertical levels, we were able to reproduce the 10 meter wind speed dynamics
of both the NARR forcing data and NCEP and ECMWF Reanalysis data
(Fig. 2 & 3).

Figure 2: Mean 10 meter wind speed from June 1 - September 30, 2001.
Note that in the lower right plot (WRF control simulation), the gray values
reside outside the model domain.

To assess the sensitivity of this initial setup (i.e. 12 km horizontal grid
resolution and 31 default vertical levels) to changes in the horizontal and
vertical spacing, a series of additional model sensitivities were completed.
Given our specific interest in wind power generation rates, we chose to focus
these tests on a short time period: June 15-21, 2001, with June 15 excluded
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Figure 3: Standard deviation of 10 meter wind speed from June 1 - September
30, 2001. Note that in the lower right plot (WRF control simulation), the
gray values reside outside the model domain.
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from all analysis as spin up. As shown in Fig. 4, this time period covers the
range of expected generation rates. For these tests though, only an installed
capacity of 5 MWi km2 was simulated, as this is the commonly proposed
large-scale installed capacity [12] and was thereby also the simulation most
often to be compared to VKE of estimating wind power generation rates.

Figure 4: Showing the mean generation rates from June 1 - September 30,
2001 for the various installed capacities of 0.3125 - 100.0 MWi km2. The
highlighted time period from June 16-21 shows the test time period for vari-
ous horizontal and vertical spacing changes, as it corresponds to some of the
highest and lowest generation rates for the 4-month period.

Overall, the results were quite comparable. Using a horizontal resolution
of 12 km and 31 vertical levels resulted in a mean generation rate of 1.88
We m−2 (quartile 1, Q1 = 0.91 We m−2, Q2 = 1.63 We m−2, Q3 = 2.80 We

m−2). The bottom-height of each level below 1 km in meters above ground
level is: 0, 56, 136, 241, 372, 537, 748, 998. Given the vertical extent from
28-140 meters above ground of the turbine rotor, this indicates that 3 model
levels are directly influenced by the wind turbines. Two interior nests of 6
and 3 km were then included, while maintaining the same 31 vertical levels
and the wind farm now being located within the 3 km nest. This setup did
increase the mean generation rate by 0.04 We m−2 to 1.92 We m−2 (Q1 =
0.98 We m−2, Q2 = 1.50, Q3 = 2.88 We m−2). Using the same 6 and 3 km
nests as above, this time, 61 eta levels were prescribed at: 1.0, 0.995, 0.9925,
0.99, 0.9875, 0.985, 0.9825, 0.98, 0.975, 0.97, 0.965, 0.96, 0.955, 0.95, 0.945,
0.94, 0.935, 0.93, 0.925, 0.92, 0.915, 0.905, 0.895, 0.885, etc. This setup
results in the bottom height of the 24 levels below 1 km in meters above
ground level as: 0, 40, 60, 80, 100, 120, 140, 161, 201, 242, 283, 324, 365,
406, 448, 490, 532, 574, 616, 658, 701, 786, 873, 960. With 6 vertical levels
within the turbine rotor swept area and a horizontal resolution of 3 km, this
model setup is approaching the resolutions of the original Fitch et al. [7],
who completed their WRF simulations using 1 and 2 km horizontal spacing,
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30 levels in the lowest 1 km, and 8 levels intersecting the rotor area. This
3 km horizontal high resolution vertical setup resulted in a mean generation
rate of 1.74 We m−2 (Q1 = 0.80 We m−2, Q2 = 1.40 We m−2, Q3 = 2.77
We m−2).

Given how closely the 12 km horizontal 31 default vertical level simulation
compares with the setup almost consistent with the original wind power
parameterization [7] testing, we chose to use the 12 km horizontal 31 default
vertical level setup for all analysis in the main manuscript. Even given this
similarities though, further study would be necessary to determine how well
this parameterization setup reproduces operational wind farm data or hub-
height wind velocities at 84 meters within this region of Kansas in 2001.
While we strive to reproduce the typical climatic conditions occurring in
this region during 2001 [17], the more critical focus of this study was to
illustrate the dynamic of electricity generation rates when wind turbines
are increasingly deployed into these typical climatic conditions. This model
setup accomplishes that goal, while providing the opportunity for increased
refinements in the future related to varied horizontal and vertical resolutions,
wind turbine placement, and other time periods.

Figure 5: Showing the mean generation rates from June 16 - 21, 2001, with all
simulations using an installed capacity within the Kansas wind farm region
of 5.0 MWi km2.

3 Vertical Kinetic Energy Flux Method (VKE)

This method (VKE ) extends the methodology in Gans et al. [8], allow-
ing the maximum wind power potential to be estimated from the control
climatological conditions before wind power is deployed. As three different
methodologies were shown in [8] with additional similarities to the simple
momentum model in [14], we will first review a general form and then show
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how VKE can be applied to standard WRF ’pre-turbine’ output data. Be-
ginning with the general form, we define the steady-state momentum balance
at hub-height (84 m) as:

dphub
dt

= 0 = Ftransfer − Fsurface − Fturbine (1)

where Ftransfer is the vertical momentum import rate from above, downward
through the hub-height, Fsurface is the vertical transfer of momentum to the
surface, and Fturbine is the momentum transfer to the wind turbine, avail-
able due to the entrainment of upper-atmospheric momentum from above
the atmospheric boundary layer. The momentum transfer to the surface is
parameterized as:

Fsurface = ρCDN · v2hub (2)

where ρ is the air density at hub-height. The surface friction is defined as:

CDN = k2
(
ln

z

z0

)−2
(3)

Assuming a steady-state with dphub
dt = 0, the balance of momentum at

hub-height can be expressed as:

0 = Ftransfer − (ρCDN · v2hub)− Fturbine (4)

The kinetic energy withdrawn from the atmosphere by the wind turbine per
unit surface area is:

Pex = Fturbine · vhub (5)

By combining Equations 4 and 5, the withdrawal rate from the instantaneous
downward transport of kinetic energy through hub-height and thereby the
maximum generation rate of the wind turbines can be maximized. This
results in the new steady-state wind speed: vhub =

√
3
3 v0, where v0 is the

hub-height wind speed of the control climatology before any wind turbines
are installed. This corresponds to a decrease in wind speed at the maximum
withdrawal rate by 1−

√
3
3 = 42%. The maximum withdrawal rate of kinetic

energy from the atmosphere is then:

Pmax =
2
√
3

9
Ftransferv0 (6)

This expression depends on the hub-height wind speed before the wind
turbines are installed and the vertical momentum flux, Ftransfer. It esti-
mates the maximum rate by which atmospheric kinetic energy can be with-
drawn, based on momentum conservation and the vertical momentum flux.
Given that wind turbines unavoidably introduce turbulence in the turbine’s
wake during the withdrawal process [7], not all of the kinetic energy with-
drawn from the atmosphere is converted to electricity. By assuming that
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the present-day efficiency of a wind turbine can be approximated by the
59.3% Betz Limit [2], only about 2

3 of the kinetic energy could be maximally
converted to electricity (see [6]), resulting in:

Pe =
4
√
3

27
Ftransfer · v0 (7)

To illustrate the potentially surprising efficiency of present-day wind tech-
nology and how it compares to the theoretical Betz Limit of 59.3%, we com-
pare the electricity generation rates for a single isolated turbine in Fig. 6.
Defined as:

Ge = 0.593 · (0.5ρv3) ·Arotor/106 (8)

where ρ is defined here as 1.1 kg m−3 and Arotor is 9852 m2, giving it the
same rotor swept area as the Vestas V112. Note how the two curves di-
verge as the Vestas V112 power curve saturates about 11.5 m s−1. This
is a technological limitation that occurs with all wind technologies, and is
not specific to the Vestas V112. VKE does not consider the technological
limitations which cause the turbine power curves to saturate. This was done
intentionally, making VKE independent from specific wind turbine specifica-
tions. Estimates resulting from VKE are also independent from a specified
quantity of wind turbines deployed over a specific spatial area, where for
example, high unit area (We m−2) generation rates might only be possible
during windy conditions if large quantities of wind turbines were present.

By deriving the generation rate from the natural climatic conditions with-
out being tied to a specific turbine size, adequate spacing to match forcing
conditions, or adequate quantities of such turbines to achieve maximum gen-
eration rates, the VKE quantifies the generation rates spatially and tempo-
rally while minimizing changes to the vertical transport of kinetic energy
or the free atmospheric flow above the wind turbines. To summarize, this
method includes limits to kinetic energy availability and extractability, but
it does not enable the wind turbines to alter the control climatology, which
as shown by the WRF simulations (e.g. Fig. 3 & 4) may locally increase
generation rates.

The above notes the general form of VKE and its theoretical background,
consistent with the methodology of Gans et al. [8]. In this study, to apply
VKE to the WRF hourly output of the control simulation to estimate the
maximum generation rate of electricity, we use:

Pe =
4
√
3

27
· ρu2∗ · v0 (9)

which uses the standard model output parameters of friction velocity (u∗),
air density (ρ), and wind speed at hub height (v0), with ρu2∗ quantifying the
momentum flux to the surface. The hub-height speed (v0) is derived by post-
processing the WRF output wind velocities per model layer and timestep to
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Figure 6: The black lines represent power curves for three different wind tur-
bines, all based on an air density of 1.225 kg m−3. For comparison purposes,
the pink line uses a rotor area (Arotor=9852 m2 ) specific for the Vestas
V112. For this cross-sectional area, this pink line represents the maximum
single turbine extraction rate of kinetic energy theoretically possible.

84 meters using WRF’s UPP v1.0 post processor and adding heights to the
optional flight level specification. Note how the maximum generation rate
of VKE therefore equivalent to 4

√
3

27 = 26% of the instantaneous downward
transport of kinetic energy though hub-height or 26% of the dissipation oc-
curring prior to wind turbine deployment, providing a means to compare
other local- and large-scale estimates.

4 Supplemental tables and figures
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mean percent difference
installed 10 m 84 m nighttime daytime surface
capacity speed speed ABLH ABLH mom. flux

(MWi km−2) (% · 100) (% · 100) (% · 100) (% · 100) (% · 100)
0.3125 -1.5 -5.0 +18.3 +0.8 -15.6
0.625 -1.1 -8.9 +33.6 +4.3 -15.6

1.25 -5.1 -15.5 +41.9 +1.7 -22.1
2.5 -10.2 -21.5 +57.3 +3.7 -30.4

5.0 -20.6 -30.8 +79.9 +4.3 -45.7
10.0 -33.5 -41.8 +151.7 +4.7 -61.2

25.0 -48.2 -54.6 +269.4 +5.6 -75.0
100.0 -59.2 -64.3 +349.7 +6.4 -84.4

Table 1: Based on simulations of WRF , relative climatic differences within
the wind farm region compared to the control. ABLH is an abbreviation for
atmospheric boundary layer height.

installed number of
∑

install electricity elec. gen. capacity wind farm.
capacity turbines capacity generation per turbine factor elec. gen.

(MWi km−2) (#) (GWi) (GWe) (MWe) (% · 100) (We m−2)

0.3125 11 700 35 14.8 1.27 42 0.13
0.625 23 400 70 27.3 1.17 39 0.24

1.25 46 800 140 46.3 0.99 33 0.41
2.5 93 600 281 76.0 0.81 27 0.68

5.0 187 200 562 106.5 0.57 19 0.95
10.0 374 400 1 123 124.0 0.33 12 1.10

25.0 936 000 2 808 114.0 0.12 4 1.02
100.0 3 744 000 11 232 65.8 0.02 0.6 0.59

Table 2: Based on simulations of the WRF , noting the relationship between
the installed capacity and the electricity generation rates
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Figure 7: Using the WRF simulations, left: day (red) and night (blue)
profiles of mean wind for the different installed capacities, with the data
subset area shown in Figure 8. The thick red and blue lines represent the
control simulation. The thick black line represents a simple log-wind profile
derived from constant flux (stress), assuming z0 = 0.15 m; u∗ = 0.35 m s−1.
Right: profiles of the vertical derivative (gradient) of the wind speed, with
line definitions as in the Left. In both, the shaded gray region represents the
vertical rotor swept height.

Figure 8: Showing the Kansas wind farm region (light shaded square), with
the inset darker rectangle identifying the region used for quantifying the
values in Fig. 7. Only the interior grid cells were analyzed to prevent the
inclusion of edge effects.
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Figure 9: Mean electricity generation rates using WRF with an installed
capacity of 5 MWi km−2 (top), and (bottom) mean generation rates using
VKE . Note the similar spatial structure, but prominent ’edge’ of higher
generation rates in WRF . This edge effect relates to horizontal transport
of kinetic energy into the wind farm region (Section 5 of main text), which
increases the generation rate of the wind turbines along the edge of the wind
farm region. Breaks in the color bar differ, allowing for a better spatial
comparison between the two estimates.
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Figure 10: Quantified as the mean hourly value within the wind farm region
for each of the simulations: a) 10 and 84 meter (hub-height) velocity, b)
surface momentum fluxes (ρu2∗), and c) nighttime boundary layer height.
Mean values are shown as yellow circles; the extent of the vertical line is the
min-max; the box represents the 1st quartile, median, and 3rd quartiles; the
whiskers are at 2.5%, 10%, 90%, and 97.5%. Related percent differences are
noted in Table 1.
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