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Local eﬀects of inadvertent weather changes within and near wind farms have been well documented by a number of modeling
studies and observational campaigns; however, the broader nonlocal atmospheric eﬀects of wind farms are much less clear. The
goal of this study is to determine whether wind farm-induced perturbations are able to evolve over periods of days, and over areas
of thousands of square kilometers, to modify speciﬁc atmospheric features that have large impacts on society and the environment,
speciﬁcally midlatitude and tropical cyclones. Here, an ensemble modeling approach is utilized with a wind farm parameterization
to quantify the sensitivity of meteorological variables to the presence of wind farms. The results show that perturbations to
nonlocal midlatitude cyclones caused by a wind farm are statistically signiﬁcant, with magnitudes of roughly 1 hPa for mean sealevel pressure, 4 m/s for surface wind speed, and 15 mm for maximum 30-minute accumulated precipitation. Cyclone perturbation magnitude is also found to be dependent on wind farm size and location relative to the midlatitude cyclone genesis
region and track.

1. Introduction
Amid growing emphasis on domestic, renewable, and environmentally friendly energy sources, several renewable
energy industries have experienced large growth in the
United States and across the globe. One such prominent
industry expanding in the Central United States is wind
power. To produce power, wind turbines extract kinetic
energy from the mean ﬂow, which produces drag on the
mean wind and also enhances turbulent kinetic energy
(TKE) downwind of the turbine. In turn, an important
potential result of the creation of wind farms is the inadvertent modiﬁcation of weather. Local modiﬁcation of the
atmospheric state near wind farms has been well documented by a number of observational campaigns and
modeling studies. Observations show surface temperature is
increased at night [1, 2] and hub-height wind speed is decreased within and immediately downstream of wind farms
[3]. Modeling studies have concluded a decrease of wind
speed at hub height [4–9] but a wind speed increase at the

surface due to momentum transfer in enhanced vertical
mixing [4, 7]. Surface water vapor mixing ratio has been
shown to decrease due to this vertical mixing [4] since the
surface is the source of moisture. Additionally, potential
temperature has been found to increase under stable atmospheric conditions and at times decrease when the
boundary layer is unstable [4, 8–12].
In terms of how local atmospheric modiﬁcations may
evolve, many studies suggest that relatively small perturbations can grow rapidly to modify the atmosphere nonlocally, potentially with regard to high-impact weather
events. Lorenz [13] ﬁrst reported on the fundamental nature
underlying such perturbation growth, a phenomenon
known as chaos. In recent studies more relevant to the full
atmospheric state, Zhang et al. [14] showed that smaller
initial condition perturbations grew faster, in both magnitude and spatial size, than larger perturbations introduced to
36-hour forecasts with the MM5 mesoscale model. Other
studies have explored high-impact weather features such as
tropical cyclones [15, 16] and midlatitude cyclones [17–20]
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that exhibit a large sensitivity to initial conditions. Highly
sensitive regions involved with tropical cyclone evolution
are found to be collocated with the ﬂow toward the cyclone
at upper levels [15], and these maxima in sensitivity can
occur as far as 4000 km from the cyclone [16], often to the
northwest of the storm. Midlatitude cyclogenesis can be
triggered by initial perturbations as shown by an adjoint
model [19], and midlatitude cyclones have been shown to be
sensitive to low-level temperature advection [17, 18, 20],
speciﬁcally during cyclogenesis. Additionally, low-level
moisture [17] and upper-level potential vorticity [20] perturbations to the initial state are shown to have a large
impact on developing midlatitude cyclones.
Since wind farms have been shown to directly modify the
local atmospheric state and large sensitivity of high-impact
weather features to the lower atmosphere has been demonstrated, it is reasonable to expect wind farm-induced
perturbations may evolve rapidly downstream to aﬀect
the weather in a signiﬁcant way. However, the broader
nonlocal atmospheric eﬀects of wind farms on timescales of
days are much less clear than those within and surrounding
wind farms. Therefore, there is a need to establish whether
wind farms are capable of producing modiﬁcations to the
atmosphere on large temporal and spatial scales which is the
goal of this study. This research goal is particularly aimed at
addressing the knowledge gap with regard to nonlocal inadvertent weather modiﬁcation pointed out by the American
Meteorological Society, which stated that anthropogenic
forcing which can be derived from wind farms could
“modify atmospheric circulation and weather patterns on all
scales, including synoptic storm tracks, in ways that are just
beginning to be explored” [21].
In this study, we examine the sensitivity of midlatitude
and tropical cyclones to wind farm-induced perturbations,
as these events can signiﬁcantly aﬀect weather over large
areas over periods of days. The key tool we use here to
investigate the potential link between wind farms and the
nonlocal atmospheric state is the Weather Research and
Forecasting (WRF) mesoscale model with a wind farm
parameterization introduced in [7]. Rather than assessing
wind farm eﬀects on forecast skill, we aim to fundamentally
understand the sensitivity of the atmosphere to wind farm
eﬀects on the timescale of hours to days. While an adjoint
approach [22] is one way to examine the sensitivity of wind
farms to nonlocal weather features, it is limited by computational cost and nonlinearity over the simulation window
of our experiments (96 hours). Thus, here we use an
ensemble-like approach, designed to incorporate wind farm
size and location variability, to determine the relationship
between nonlocal midlatitude and tropical cyclones to wind
farms. The experimental setup is described in the next
section. The results are then presented in Section 3. A
summary and conclusions of results are provided in
Section 4.

2. Methodology
Here, we use the Weather Research and ForecastingAdvanced Research WRF (WRF-ARW) mesoscale model
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version 3.5.1 [23] and simulate wind farms using the wind
farm parameterization outlined in [7]. The single domain
utilized is 5500 km by 3700 km as shown in Figure 1, with
a horizontal grid spacing of 10 km and 40 vertical levels.
Wind turbines being simulated in the model are based oﬀ of
the Siemens SWT-2.3-108 turbine. The turbines have a hub
height of 100 m, a rotor diameter of 108 m, cut-in and cutout speeds of 3.0 and 25.0 ms−1, respectively, a power output
of 2.3 MW, and a standing thrust coeﬃcient of 0.158. The
Fitch scheme to parameterize a wind farm is run under the
idealized conﬁguration, with the turbines being placed
equidistant from each other in a grid pattern, and the generic
thrust and power coeﬃcient curves that are approximate to
an actual wind turbine are used. In each horizontal grid cell
that makes up the wind farm, there are 324 wind turbines.
This equates to a turbine spacing of 555 5/9 m, or rotor
diameter of 5.14 m. GFS data are used for initialization and
lateral boundary conditions, which are updated every 6
hours, and the time step is 60 seconds. With the resolution
used here (10 km), this ends up being about a 3 : 1 dynamical
downscaling ratio.
Other parameterizations used here include the Thompson
scheme [24] for microphysics, the rapid radiative transfer
model scheme [25] for longwave radiation and Dudhia
scheme [26] for shortwave radiation with 30 minutes between radiation physics calls, the Monin–Obukhov (Janjic)
Eta similarity scheme [27] for surface-layer physics, the
uniﬁed Noah land-surface model [28] for land-surface
physics, the Mellor–Yamada–Nakanishi–Niino (MYNN)
2.5-level TKE scheme [29, 30] for boundary-layer physics,
and the Kain–Fritsch scheme [31] for cumulus physics with
5 minutes between cumulus physics calls. It should be
noted that the wind farm parameterization is only functional when used in conjunction with the MYNN 2.5-level
TKE scheme, and this boundary-layer physics parameterization was chosen by the wind farm parameterization
developers due to its more reliable prediction of TKE. The
TKE calculation by the MYNN 2.5-level TKE scheme is
tuned to match results from large eddy simulation (LES).
Ten total cases of midlatitude cyclogenesis (six cases) and
tropical cyclogenesis (four cases) are included in this study
(listed in Table 1). The model is initialized at 00Z about 24
hours before cyclone formation for the cases of midlatitude
cyclogenesis in an attempt to capture any interaction between the wind farm perturbations and the localized sensitivity ﬁeld associated with the cyclones demonstrated
through prior studies. While it is possible that sensitivity
would be diﬀerent within a natural state that included the
wind farm conﬁgurations in this study, we assume such
diﬀerences would be small enough with regard to the climatology of the storm track such that our experiments still
reveal valid results regarding short-term cyclone evolution.
For the tropical cyclogenesis cases, the 96-hour forecast is
initialized at 00Z when the cyclone was already within the
model domain but before the cyclone strengthened. All
midlatitude cyclones in this study form along the Rocky
Mountains, deepen, and propagate east or northeast across
the Central United States. Two of the four tropical cyclones
originate in the Gulf of Mexico and make landfall along the
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Figure 1: Members, numbered, of the wind farm location ensemble (in outlined boxes).
Table 1: Cases used in the study, the type of cyclone observed in
model simulation, and the location ensemble with the largest
perturbation.
Cases
24 August 2011 00Z–28 August
2011 00Z
26 August 2012 00Z–30 August
2012 00Z
28 May 2013 00Z–1 June 2013 00Z
3 October 2013 00Z–7 October
2013 00Z
10 October 2013 00Z–14 October
2013 00Z
13 October 2013 00Z–17 October
2013 00Z
26 April 2014 00Z–30 April 2014 00Z
6 May 2014 00Z–10 May 2014 00Z
1 July 2014 00Z–5 July 2014 00Z
12 October 2014 00Z–16 October
2014 00Z

Type of
cyclone

Member

Tropical

4

Tropical

1

Midlatitude

4

Tropical

8

Midlatitude

6

Midlatitude

1

Midlatitude
Midlatitude
Tropical

9
6
4

Midlatitude

4

Gulf Coast of the United States, while the other two are
located in the Atlantic Ocean and follow a path that tracks
just oﬀshore of the southeastern United States. In turn,
unlike the midlatitude cyclones that track much closer to the
prescribed wind farms, the tropical cyclones examined here
must take advantage of perturbations that have evolved over
long distances if they are to be modiﬁed.
Predetermined ensembles of wind farm locations and
sizes are utilized for each case. First, an ensemble of ﬁxed
locations is run for each case, consisting of 10 wind farm
locations in the Central United States as seen in Figure 1. The
wind farms in this ensemble of locations are 300 km by
300 km, or 90,000 km2. While this wind farm size is very
large, the purpose of this location ensemble is to capture the

most sensitive areas with regard to the evolution of the
cyclones, providing an appropriate place to execute an
ensemble of wind farm sizes. The member of the ensemble
that produces the most signiﬁcant changes to the midlatitude cyclone or tropical cyclone is then chosen as the
location to run the ﬁxed ensemble of wind farm sizes. To
determine which wind farm location produces the largest
perturbations, a control run is utilized in which the wind
farm parameterization is turned oﬀ. The members of the
location ensemble are then diﬀerenced with the control run
(location member minus control; examples are shown in
Figures 2 and 3), and the location that produces the largest
perturbations to minimum cyclone pressure and maximum
cyclone 10-meter wind speed is then selected as the location
for the size ensemble. Wind farm sizes included in the size
ensemble are shown in Figure 4, which in this example are
located over region 6. Some members in the wind farm size
ensemble are much larger than wind farms in operation
today. However, they are included in the ensemble to have
an estimation of how large wind farms must be to produce
a signiﬁcant change to nonlocal meteorology. Additionally,
wind farms larger than current wind farms can be seen as an
aggregation of many wind farms in the same region.
After an initial examination of results, it was determined
that some perturbations (found by diﬀerencing the wind
farm run with the control run) are not directly created by the
wind farm in the model but are possibly created by the
spurious propagation of noise that can then evolve
throughout the forecast. These “unrealistic” perturbations
occur in regions where convective precipitation and nonconvective precipitation are occurring, possibly due in part
to the Boolean response of the convection parameterization
as described in [14, 32, 33]. However, turning oﬀ the cumulus parameterization with a ﬁner grid spacing was ineﬀective in removing the unrealistic noise here. Both studies
[34] and [35] found evidence of these unrealistic processes
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Figure 2: Example time series of cyclone minimum sea-level pressure
perturbation from the control run. The case shown here represents the
tropical cyclone case initialized on 24 August 2011 00Z.
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Figure 3: Example time series of cyclone maximum 10 m wind speed
perturbation from the control run. The case shown here represents the
tropical cyclone case initialized on 24 August 2011 00Z.

influencing perturbation experiments, effectively contaminating the results. In turn, it is crucial in our experiments
here to address this issue if we are to understand the true
relationships between wind farms and the evolution of the

Figure 4: Wind farms (in outlined boxes) of the size ensemble
shown for location 6 from Figure 1.

atmosphere at the time and spatial scales examined. An
example of these unrealistic perturbations can be found in
Figure 5. Here, the perturbations in northern Missouri at
forecast hour 05 are approximately 800 km from the wind
farm and were present in the beginning at half an hour after
initialization, but at a much smaller magnitude. If realistic,
the perturbations would have traveled at 1600 kilometers per
hour, far too fast for the advection of realistic perturbations
via gravity or acoustic waves. Several other model runs have
also shown these unrealistic perturbations occurring at locations unexplainable by gravity or acoustic waves. In any
case, experimental measures must be taken to ensure that no
misinterpretations of downstream effects are being made
associated with this discovered unrealistic propagation of
noise.
To show an example of the unrealistic propagation of
noise discussed above, the model is run with no wind farm
but instead a small potential temperature perturbation
across one grid cell in the stratosphere in the northeastern
part of the domain noted by the green marker in Figure 6.
This area is selected due to the average zonal flow across the
area from west to east; therefore, the stratospheric perturbation should likely advect out of the domain and not impact
in a realistic way the features of importance in the domain
such as the tropical and midlatitude cyclones. Instead, the
same unrealistic perturbations observed with perturbations
induced by wind farms again occur. An image of the unrealistic perturbations due to a stratospheric temperature
perturbation can be found in Figure 6, and an image of
the simulated reflectivity for the control run is shown in
Figure 7. It can be seen that these perturbations in question
are indeed occurring in and near a region of precipitation
where moist physics is playing a crucial role. These moist
processes are seen to be associated with rapid initial growth
of noise through nonlinear chaos [36]. Other various model
setups including altering the parameterizations used, changing
the number of wind turbines per cell, varying the upper level
damping layer and vertical velocity damping, and utilizing
a nested domain with greater horizontal resolution over the
wind farm were all unable to remove these unrealistic effects.
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Figure 5: Differences in surface pressure at forecast hour 05 between a wind farm run and a control run without any wind farms. Wind
farms in box are centered over western Texas.
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Figure 6: Differences in surface pressure at forecast hour 05 between a run with a 2°C stratospheric potential temperature perturbation and
a control run. Location of temperature perturbation is shown by a green marker in the upper right part of the image.

To determine whether the results obtained from the wind
farm runs are realistic and are produced by the wind farm
parameterization rather than the unrealistic, rapid propagation of noise, an ensemble of ten members with varying

stratospheric potential temperature perturbations is run to
characterize the effects of the unrealistic perturbations. For
situations where the effects from this potential temperature
perturbation are not statistically different from the wind
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Figure 7: Simulated reflectivity at forecast hour 05 for the control run.

farm runs, we will be unable to conclude that any simulated
perturbations are realistically generated from the wind farm.
This technique to ensure significance results are not false
positives parallel to a strategy in Lorenz et al. [37, 38], which
utilized field significance testing to account for spatial
correlation of results and multiplicity, and is also in line with
[36] which notes there is no avoiding chaos seeding in WRF
and one must account for it in the experimental setup. The
ensemble here consists of potential temperature increases
from the control between 0.2°C and 2.0°C in 0.2°C increments and will serve as the unrealistic benchmark ensemble throughout the study. All temperature increases are
made in the stratosphere at an eta level of 0.240. By testing
against this group of model runs with the stratospheric
warming and associated unrealistic model effects, this effectively shows significance in terms of what can be concluded as realistic processes (an important aspect of the
experiments as recommended in Lorenz et al. [38]). Additionally, Ancell [36] showed the unrealistic processes have
no correlation with the magnitude of the perturbation in an
ensemble of unrealistic runs. Thus, by testing whether the
realistic ensemble shows any correlation of the metric to the
initial perturbation magnitudes (and thus a sensitivity to
the said magnitude), one would have shown real physical
relationships beyond the more randomized noise.
The list of metrics used in this study includes both cyclone minimum sea-level pressure and maximum 10-meter
wind speed, as well as cyclone maximum 30-minute accumulated precipitation, maximum and minimum 2-meter
temperature, maximum and minimum 2-meter potential
temperature, maximum boundary layer height, and maximum 2-meter water vapor mixing ratio. To determine
whether the wind farm-induced perturbations are more

significant than the unrealistic effects, linear regressions are
composed between the cyclone perturbation magnitude and
size of the wind farm or stratospheric potential temperature
perturbation. These linear regressions will determine
whether the perturbations to the cyclone show any relationship to the wind farms beyond the unrealistic effects of
the noise described above, a technique also used in [36].

3. Results
3.1. Tropical Cyclone Example. Selected surface pressure
perturbations for the 3 October 2013 tropical cyclone case
are shown in Figure 8, and Figure 9 shows the sea-level
pressure and 10 m wind for the control run. Beginning at
forecast hour 05, perturbations across the domain are restricted to within and near the wind farm in Oklahoma.
Here, a southerly flow in the wind farm region led to
a positive pressure perturbation along the southern edge of
the wind farm and extending through the wind farm due to
propagation of the perturbation. Downwind, a negative
pressure perturbation existed at the northern edge of the
farm and propagated northward with the flow. By forecast
hour 24, the southerly flow has moved pressure perturbations created by the wind farm as far north as Canada. The
pressure perturbations at this time were not well organized;
but by forecast hour 42, it can be seen that the perturbations
were beginning to organize.
At forecast hour 64, the pressure perturbation dipole
suggests a positional change of the tropical cyclone between
the control run and model run with the wind farm. These
dipole pressure perturbations are common throughout
many cases in the forecast hour range of 48–96 and may be
a systematic effect of wind farms on cyclones. However,
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Figure 8: Surface pressure perturbations at forecast hours 05 (a), 24 (b), 42 (c), 64 (d), 82 (e), and 96 (f ) for the 3 October 2013 case due to
a wind farm in box shown in Oklahoma.
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Figure 9: Surface sea-level pressure and 10 m wind speed at forecast hours 05 (a), 24 (b), 42 (c), 64 (d), 82 (e), and 96 (f ) for the 3 October
2013 control case.

these systematic effects are not consistent in each case, as the
cyclone track change is dependent on many factors including wind farm location, cyclone location, and cyclone
intensity. Also, the waves emanating from the tropical cyclone evident in the figure are regarded as realistic perturbations, likely due to gravity waves. These are not the

unrealistic model effects that occur instantaneously at model
initiation throughout the entire domain discussed previously. By the end of the forecast, the tropical cyclone
pressure perturbations have interacted with perturbations in
the larger synoptic flow, presenting a negative perturbation
to pressure. It is also worth noting that the perturbations are
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almost entirely limited to along the longitude of the wind
farm and eastward, due to the west-to-east synoptic zonal
ﬂow across the United States.
3.2. Midlatitude Cyclone Example. Examining the surface
pressure perturbations for the 26 April 2014 midlatitude
cyclone case also reveals similar features as the tropical
cyclone case above. An area of increased pressure formed on
the upwind side of the wind farm in Kansas, in this case the
southern side, and a resulting low pressure perturbation
occurred on the northern side of the wind farm. One explanation for this is with more mass accumulating on the
upwind side of wind farms due to interaction with turbines,
a decreased pressure forms on the downwind side due
to conservation of mass, as seen at forecast hour 05 in
Figure 10. Another possible mechanism for the pressure
perturbation signature is a gravity wave caused by the divergence and convergence pattern around the wind farm
[12]. For reference, the sea-level pressure and 10 m wind for
the control run are shown in Figure 11. The decreased
pressure perturbation advanced with the ﬂow to the
northeast and began to interact with unrealistic perturbations by forecast hour 16. Cyclogenesis began in northeastern Colorado shortly afterward, and the area of increased
pressure stayed in place.
By forecast hour 40, the cyclone that developed in
Colorado had moved eastward and became modiﬁed by the
wind farm-induced perturbations. The cyclone pressure was
increased due to the presence of the increased pressure
perturbation in the area. Throughout the remainder of the
forecast, the midlatitude cyclone continued to exhibit an
increased pressure due to the wind farm in Kansas. A feature
of decreased pressure in northern Wisconsin interacted with
the cyclone in forecast hours 80 through 96 as the cyclone
continued to progress northeastward.
The positioning of the wind farm is likely very important
for midlatitude cyclone perturbations, as midlatitude cyclogenesis occurs near the wind farms. The sign and magnitude of perturbations to the cyclone are dependent on the
ﬂow direction, as the positive and negative pressure perturbations are formed on the upwind and downwind sides of
the wind farm, respectively. The advancement of these
perturbations to the area of cyclogenesis or to the cyclone’s
path appears to result in the precise sign of pressure perturbation realized by the cyclone.
3.3. Sensitivity to Wind Farm Location. The perturbations
caused by wind farms appear to have an impact on nonlocal
atmospheric features downwind of the farm and are able to
modify high-impact features as seen in Figures 8 and 10.
However, simply examining diﬀerences between the control
and perturbed runs may be misleading due to the eﬀects of
unrealistic noise in the model. Thus, the cyclones in these
simulations are analyzed objectively to determine how they
are aﬀected by wind farms. First, time-series plots were
utilized to determine which wind farm locations are in
regions most sensitive to cyclogenesis, cyclone propagation,
and cyclolysis. The member of the ensemble that produced
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the most signiﬁcant changes to cyclone is chosen as the
location in which the ensemble of wind farm sizes is run. The
two metrics chosen due to their close association with cyclone intensity include the cyclone minimum mean sea-level
pressure and maximum 10 m wind speed. The time-series
plots of one tropical cyclone and one midlatitude cyclone for
these variables are shown in Figures 12 and 13, showing
model runs with the ten diﬀerent wind farm locations included in the location ensemble and how that location inﬂuences the cyclone perturbations. The location that
produces the largest perturbations over the extended forecast period is chosen as the location to run the ensemble of
wind farm sizes. Another impact of wind farms on cyclones
considered by this study is the cyclone track itself. Figure 14
shows the cyclone track for all ten wind farm location runs as
well as the control for the cyclones considered in Figures 12
and 13. Little change in the cyclone track was noticed for all
cyclones in this study, and further analysis focuses on the
intensity-based metrics introduced above, as well as other
metrics that are described later.
3.4. Sensitivity to Wind Farm Size. With the wind farm locations determined to have the largest impacts on the cyclone development, the ensemble of wind farm sizes is then
run to determine the dependency of nonlocal perturbation
magnitude on the wind farm size. Locations where the wind
farm size ensemble is run for each case are shown in Table 1.
Table 2 shows the sizes of the wind farms used for the size
ensemble. The largest perturbations over the forecast for
each of the ten wind farm sizes are compared to determine
the trend between perturbation magnitude and sign and the
wind farm size. Statistical analysis in the form of the coeﬃcient of determination, r 2, is utilized to determine how
well the perturbations with varying wind farm sizes ﬁt
a linear regression line. The slope of the linear regression is
also analyzed, and a p value is calculated to determine the
statistical signiﬁcance of that slope relative to the null hypothesis that there exists no relationship between the chosen
metrics and the wind farm size.
Arguably, the most important metric to determine the
strength of cyclones is the minimum sea-level pressure.
When comparing wind farm size and the perturbation to
cyclone minimum sea-level pressure, unique trends appear.
Generally for tropical cyclones, the wind farm decreases the
central cyclone pressure. Also, three of four tropical cyclone
cases show that the minimum pressure perturbation becomes more negative with increasing wind farm size, while
one case showed the opposite trend.
On the contrary, when it comes to midlatitude cyclones,
the opposite is usually true. In ﬁve of six cases, most wind
farm sizes increase the minimum sea-level pressure in the
cyclone, thus weakening the midlatitude cyclone. Four of the
six cases also show that the minimum pressure perturbation
becomes more positive with increasing wind farm size.
Shown in Figures 15 and 16 are the largest minimum sealevel pressure perturbations that occur with the ten wind
farm sizes, the linear regression for these perturbations, and
statistical values for the tropical and midlatitude cyclones
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(d)

Surface pressure (mb) [mem6 – ctrl] Valid: 2014-04-29_08:00Z f80

Surface pressure (mb) [mem6 – ctrl] Valid: 2014-04-30_00:00Z f96
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(e)

(f )

Figure 10: Surface pressure perturbations at forecast hours 05 (a), 16 (b), 40 (c), 62 (d), 80 (e), and 96 (f ) for the 26 April 2014 case due to
a wind farm in box shown in Kansas.
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Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-26_05:00Z f05

Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-26_16:00Z f16

(a)

(b)

Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-27_16:00Z f40

Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-28_14:00Z f62

(c)

(d)

Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-29_08:00Z f80

Sea-level pressure (mb), 10 m wind (kts) [ctrl]
Valid: 2014-04-30_00:00Z f96

(e)

(f )

Figure 11: Surface sea-level pressure and 10 m wind speed at forecast hours 05 (a), 16 (b), 40 (c), 62 (d), 80 (e), and 96 (f ) for the 26 April
2014 control case.

covered earlier. Each dot shows one model run and how the
wind farm size (or magnitude of unrealistic temperature
perturbation) corresponds to the magnitude of perturbation
to the cyclone. The linear relationship shown in the midlatitude cyclone case (Figure 16) with varying wind farm
sizes shows the relationship between wind farm size and

cyclone central pressure is significant, unlike the tropical
cyclone case shown in Figure 15 or either of the unrealistic
ensembles. In this case, the five largest-sized wind farms
produced a noticeable change to the midlatitude cyclone.
Multiple cases show a relationship between the magnitude of cyclone minimum sea-level pressure and the wind

12
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Figure 12: Cyclone maximum 10 m wind speed (a) and minimum sea-level pressure perturbation (b) for the 3 October 2013 tropical
cyclone case.
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Figure 13: Cyclone maximum 10 m wind speed (a) and minimum sea-level pressure perturbation (b) for the 26 April 2014 midlatitude
cyclone case.

farm size—five of the six midlatitude cases showed a significant p value (equal to or less than 0.05), while none of the
tropical cyclone cases did. The average p value for midlatitude cyclones is 0.1043, while the average p value for
tropical cyclones is 0.5229, shown in Tables 3 and 4.

Additionally, the coefficient of determination (r2) shows
many cases where the data fit a linear regression well. The
average r2 value for midlatitude cyclones is 0.5900, while the
average r2 value for tropical cyclones is 0.0961, also shown in
Tables 3 and 4. Again, these statistics are calculated for each
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(a)

(b)

Figure 14: Cyclone tracks for the control (black) and wind farm location ensemble members (color) for the 3 October 2013 tropical
cyclone (a) and 26 April 2014 midlatitude cyclone (b). Wind farm locations are outlined in gray.

case (six midlatitude and four tropical), among all ten
members of the wind farm size ensemble, and averaged
among all cases. The r2 value is simply a linear regression and
therefore is a measure of how consistently the perturbation
magnitude is changed as the wind farm size changes. The p
value here indicates how signiﬁcant this linear regression is
compared to no change at all. These statistical tests are also
applied to all other metrics included in the study and are also
summarized in Tables 3 and 4.
Another important metric for determining cyclone
strength, especially tropical cyclones, is wind speed. The
maximum 10 m wind speed increased in three of the four
tropical cyclone cases due to a wind farm in the Central
United States. Among these four cases, increasing the size of
the wind farm increased wind speeds in two cases and
decreased the maximum wind speed in the other two cases.
Four of the six midlatitude cyclones observed increases in
maximum wind speed with a wind farm in the model. Also,
ﬁve of the six midlatitude cyclones realized greater maximum wind speed with increasing wind farm size. The average r2 value for midlatitude cyclones is 0.2984, while the
average r2 value for tropical cyclones is 0.0803. The average p
value for midlatitude cyclones is 0.2566, while the average p
value for tropical cyclones is 0.3487.
When considering weather that has a large impact on the
safety and protection of life and property, rainfall and
ﬂooding rank among the most powerful ones. Here, we
analyze the maximum 30-minute accumulated precipitation
at the same grid point within the cyclone. The maximum 30minute accumulated precipitation is seen to increase in two
tropical cyclone cases and additionally in another only for
the largest wind farms. Among these four cases, increasing
the size of the wind farm increased maximum 30-minute
accumulated precipitation in two cases, and the other two
cases saw a decrease in maximum 30-minute accumulated
precipitation with larger wind farms. Three of the six
midlatitude cyclones observed increases in maximum 30minute accumulated precipitation with a wind farm in the
model, and the other three cases realized increases to

Table 2: Wind farm size ensemble member sizes.
Dimensions
20 km × 20 km
30 km × 30 km
40 km × 40 km
50 km × 50 km
70 km × 70 km
110 km × 110 km
150 km × 150 km
210 km × 210 km
300 km × 300 km
330 km × 330 km

Number of turbines
1,296
2,916
5,184
8,100
15,876
39,204
72,900
142,884
291,600
352,836

maximum precipitation only for the largest wind farms.
Also, ﬁve of the six midlatitude cyclones realized greater
maximum 30-minute accumulated precipitation with increasing wind farm size. The average r2 value for midlatitude
cyclones is 0.3713 (Table 3), while the average r2 value for
tropical cyclones is 0.0408 for the maximum 30-minute
accumulated precipitation metric (Table 4). The average p
value for midlatitude cyclones is 0.1000, while the average p
value for tropical cyclones is 0.7128.
It is important to demonstrate the signiﬁcance of the
perturbation magnitudes found in this study. The perturbations found here exhibit magnitudes of nearly 8 hPa for
sea-level pressure and roughly 8 m/s for surface wind speed.
The typical variability of sea-level pressure and surface wind
speed, either temporally or spatially, exhibits perhaps
a 50 hPa and 20 m/s range, respectively. Thus, the perturbations modeled here show a substantial fraction (greater
than 10%) of the natural range of variability of these variables and can certainly be considered signiﬁcant as they
achieved these magnitudes over a 4-day simulation window.
3.5. Unrealistic Perturbations to Nonlocal cyclones. To determine whether the results above are due to the wind farm
and not the unrealistic eﬀects observed in the model, the
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Figure 15: Largest perturbation of cyclone minimum sea-level pressure for the ten wind farm sizes (a) and unrealistic effects ensemble
(b) for the 3 October 2013 tropical cyclone case.
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Figure 16: Largest perturbation of cyclone minimum sea-level pressure for the ten wind farm sizes (a) and unrealistic effects ensemble
(b) for the 26 April 2014 midlatitude cyclone case.

same analysis as shown above is also applied to the ensemble
of ten stratospheric temperature perturbations in the
northeastern part of the domain. If the coefficient of determination (r2) is lower and p value is higher for this
ensemble when compared to the wind farm size ensemble
results, we can determine that, in fact the results are due to

the wind farm in the model. This is because the same relative
unrealistic perturbations that occur throughout the domain
with the wind farms included in the model, including the
cyclones in question, are also observed when a perturbation
is made to a grid cell in the stratosphere. This technique has
been used in previous works such as [36].
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Table 3: Average coeﬃcient of determination (r2), average p value with the ratio of signiﬁcant cases (95% conﬁdence), and largest
perturbation to cyclone among midlatitude cyclones.
Metric
Minimum mean sea-level pressure
Maximum 10 m wind speed
Maximum 30-minute accumulated precipitation
Maximum 2 m temperature
Minimum 2 m temperature
Maximum 2 m potential temperature
Minimum 2 m potential temperature
Maximum boundary layer height
Maximum 2 m water vapor mixing ratio

Average r2
0.5900
0.2984
0.3713
0.4898
0.1533
0.4328
0.2172
0.2054
0.3372

Average p value (ratio of signiﬁcance)
0.1043 (5/6)
0.2566 (2/6)
0.1000 (2/6)
0.1513 (3/6)
0.4678 (1/6)
0.2110 (2/6)
0.2976 (1/6)
0.3974 (1/6)
0.2459 (3/6)

Largest perturbation
+1.047 hPa
+4.1922 m/s
+15.3757 mm
+0.520°C
−0.273°C
−0.139°C
+1.082°C
+44.93 m
+0.5536 g/kg

Table 4: Average coeﬃcient of determination (r2), average p value with the ratio of signiﬁcant cases (95% conﬁdence), and largest
perturbation to cyclone among tropical cyclones.
Metric
Minimum mean sea-level pressure
Maximum 10 m wind speed
Maximum 30-minute accumulated precipitation
Maximum 2 m temperature
Minimum 2 m temperature
Maximum 2 m potential temperature
Minimum 2 m potential temperature
Maximum boundary layer height
Maximum 2 m water vapor mixing ratio

Average r2
0.0961
0.0803
0.0408
0.1953
0.1672
0.2299
0.2312
0.1056
0.1794

By comparison of the above results, Tables 5 and 6
display the diﬀerence in results between the wind farm
size ensembles and stratospheric temperature perturbation
ensembles. The greatest minimum sea-level pressure perturbations that occur with the ten potential temperature
perturbations, the linear regression for these perturbations,
and statistical values for all ten cases are included in
Figures 15 and 16 for comparison to the earlier plots for the
wind farm size ensembles.
For eight of the nine metrics regarding midlatitude
cyclones, perturbations to the cyclone by the wind farms
prove to be more signiﬁcant, both in terms of the average
coeﬃcient of determination and the average p value, than
the unrealistic perturbations. The only metric that this does
not apply to is the cyclone minimum 2 m temperature.
Additionally, all eight of these metrics saw more signiﬁcant
p values for the six midlatitude cyclone cases with the wind
farm size ensemble. Observing the greatest perturbations to
the nine metrics alone, the wind farm ensemble produced
larger perturbations to all except for minimum sea-level
pressure and minimum 2 m temperature.
Comparison of statistics between the two ensembles for
tropical cyclones reveals that, for six of the nine metrics,
perturbations to the cyclone by the wind farms prove to be
more signiﬁcant for both the average coeﬃcient of determination and the average p value. The three metrics that
were not more signiﬁcant for the wind farm size ensemble
are minimum sea-level pressure, maximum 30-minute accumulated precipitation, and maximum boundary layer
height. However, the only metric that had cases with more
signiﬁcant p values is the maximum 2 m water vapor mixing
ratio. There was no change in the number of signiﬁcant

Average p value (ratio of signiﬁcance)
0.5229 (0/4)
0.6077 (0/4)
0.7128 (0/4)
0.3960 (1/4)
0.3175 (0/4)
0.2544 (1/4)
0.3884 (1/4)
0.4518 (0/4)
0.3826 (1/4)

Largest perturbation
−7.269 hPa
+4.5865 m/s
+12.415 mm
+0.6643°C
+0.9814°C
−0.698°C
+1.225°C
−625.67 m
+0.2981 g/kg

p values for six metrics, and the remaining two metrics of
maximum 30-minute accumulated precipitation and maximum boundary layer height had more cases with signiﬁcant
p values for the unrealistic perturbation ensemble versus the
wind farm size ensemble. Examining the greatest perturbations shows larger perturbations from wind farms to all of
the metrics except for maximum 10 m wind speed and
maximum 30-minute accumulated precipitation.
Generally, higher coeﬃcients of determination and
lower p values occur for the metric diﬀerences between the
wind farm size ensemble and the control run than for the
metric diﬀerences between the stratospheric temperature
perturbations ensemble and the control run. Therefore, the
observed perturbations to the cyclones are more dependent
on the size of the wind farm than the magnitude of temperature perturbation made in the stratosphere far away
from the cyclone. The metrics where we cannot make this
claim are the minimum 2 m temperature for midlatitude
cyclones and minimum sea-level pressure, maximum 30minute accumulated precipitation, and maximum boundary
layer height for tropical cyclones.

4. Summary and Conclusions
With the increase in the number of and spatial extent of
wind farms in the United States, an important potential
consequence is an inadvertent change in weather. The main
goal of this study is to determine whether wind farminduced perturbations can evolve over periods of days,
and over areas of thousands of square kilometers, to modify
speciﬁc atmospheric features that have large impacts on
society and the environment. This research used an
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Table 5: Diﬀerence between the wind farm ensemble and stratospheric temperature perturbation ensemble in the average coeﬃcient of
determination (r2), average p value, and the ratio of signiﬁcant cases for perturbations to midlatitude cyclones.
Metric
Minimum mean sea-level pressure
Maximum 10 m wind speed
Maximum 30-minute accumulated precipitation
Maximum 2 m temperature
Minimum 2 m temperature
Maximum 2 m potential temperature
Minimum 2 m potential temperature
Maximum boundary layer height
Maximum 2 m water vapor mixing ratio

Average r2
+0.4758
+0.1385
+0.2502
+0.3932
−0.0547
+0.3641
+0.0730
+0.1489
+0.2140

Average p value (ratio of signiﬁcance)
−0.2797 (+5/6)
−0.2593 (+1/6)
−0.2995 (+2/6)
−0.2858 (+3/6)
+0.1472 (0/6)
−0.2758 (+2/6)
−0.1464 (+1/6)
−0.2304 (+1/6)
−0.2205 (+2/6)

Table 6: Diﬀerence between the wind farm ensemble and stratospheric temperature perturbation ensemble in the average coeﬃcient of
determination (r2), average p value, and the ratio of signiﬁcant cases for perturbations to tropical cyclones.
Metric
Minimum mean sea-level pressure
Maximum 10 m wind speed
Maximum 30-minute accumulated precipitation
Maximum 2 m temperature
Minimum 2 m temperature
Maximum 2 m potential temperature
Minimum 2 m potential temperature
Maximum boundary layer height
Maximum 2 m water vapor mixing ratio

ensemble approach with the WRF mesoscale model and the
Fitch wind farm parameterization to quantify the sensitivity
of meteorological variables to the presence of wind farms.
The results show that wind farms located in the Central
United States were in fact capable of signiﬁcantly altering
midlatitude cyclones, but not tropical cyclones, and can
cause large perturbations up to hundreds of kilometers away,
including perturbations to the minimum cyclone pressure of
1 hPa, maximum 2 m temperature of 0.5°C, maximum 30minute accumulated precipitation of 15 mm, and maximum
2 m wind speed of 4 m/s. Wind farms were shown to both
increase and decrease the strength of midlatitude cyclones,
and the outcome is likely due to the positioning of the wind
farm with respect to the location of cyclogenesis. The majority of midlatitude cyclone cases show that wind farms
placed nearer to or more upstream of the area of cyclogenesis
lead to negative pressure perturbations and positive wind
speed perturbations. Wind farms placed downstream tend to
result in positive pressure perturbations. This implies that
wind farms upstream of the region of cyclogenesis increase
the strength of the cyclone, while wind farms downstream of
cyclogenesis decrease the cyclone strength. Comparing the
results of midlatitude cyclone perturbations by wind farms
to the perturbations by unrealistic eﬀects, it can be seen that
the wind farm-induced perturbations are substantially more
statistically signiﬁcant than the unrealistic eﬀects in general.
This gives us conﬁdence that results presented are truly due
to the wind farm and not a result of the unrealistic noise.
As this work answers the question of whether wind farms
can modify synoptic scales at timescales of days, it is impossible to conclude that such a systematic evolution is true
more generally given the small sample size used here. Future

Average r2
−0.0170
+0.0701
−0.0731
+0.0539
+0.0715
+0.0199
+0.017
−0.1276
+0.0696

Average p value (ratio of signiﬁcance)
+0.0545 (0/4)
−0.1867 (0/4)
+0.1809 (−1/4)
−0.1004 (0/4)
−0.1750 (0/4)
−0.1099 (0/4)
−0.0044 (0/4)
+0.0057 (−1/4)
−0.0963 (+1/4)

work planned given the motivation gained in this study will
aim to discover whether such systematic changes are robust.
The average coeﬃcient of determination and the average p
value among midlatitude cyclones were more signiﬁcant for all
metrics except for cyclone minimum 2 m temperature. Additionally, those metrics saw more signiﬁcant p values when
comparing wind farm size ensemble runs versus the unrealistic
perturbation runs. The average coeﬃcient of determination
and the average p value among tropical cyclones were more
signiﬁcant for six of nine metrics, however by a relatively small
amount. Also, the only metric that saw signiﬁcant p values was
the maximum 2 m water vapor mixing ratio.
When modeling nonlocal wind farm impacts on tropical
cyclones, conﬁdence in perturbation results is low. Tropical
cyclones inherently have more moisture and convection
than midlatitude cyclones. With it being shown that unrealistic eﬀects were occurring in the model due to the rapid
growth of noise in the moist physics, the ensemble of unrealistic perturbations showed that these wind farm modiﬁcations were not more statistically signiﬁcant than the
unrealistic perturbations to the tropical cyclone. Therefore,
the signal obtained from tropical cyclone modiﬁcations
primarily lies within the noise created by the model. More
generally, the primary mechanism driving nonlocal inadvertent weather modiﬁcation demonstrated here involves
an initial local modiﬁcation, followed by subsequent growth
and evolution of those perturbations downstream similar to
the processes examined in prior sensitivity studies of cyclones. This further explains the signiﬁcance behind the
relationship between midlatitude cyclones, which evolved
near the wind farm locations, and the lack of such a relationship with regard to tropical cyclones, which did not.
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It has been determined here that wind farms can signiﬁcantly modify nonlocal midlatitude cyclones. In turn, this
motivates future studies to better deﬁne the degree of
nonlocal inadvertent modiﬁcation of cyclones and whether
these are systematic changes, and this is a planned next step
in this research. The approach taken here can also be applied
to other weather features, such as fronts or convective
initiation, to obtain a greater understanding of how wind
farms are altering the broader atmospheric state. This understanding is very applicable more broadly to forecasting
such events, as large changes due to wind farms would
suggest that forecast skill can depend on simulating the eﬀects
of wind farms by numerical weather prediction models.
Additionally, the roles of diﬀerent wind farm/turbine conﬁgurations in inadvertent weather modiﬁcation are another
avenue of future research. The size of future wind farms is
relatively unknown, though, as it is dependent on public
opinion of wind energy and the willingness of property
owners to lease their land to utility companies for the
placement of wind turbines. Moreover, our results may not
apply generally to a range of coarser turbine spacings,
which should be studied in future research. Finally, adjoint
or ensemble sensitivity techniques can be utilized to better
estimate the largest perturbations to high-impact weather
features by ﬁrst locating regions of high sensitivity and then
placing an ensemble of wind farm sizes in that location.
This approach would eﬀectively determine “worst-case
scenarios” for how wind farms might impact not only
weather features but society and the environment as well,
toward the responsible management of these eﬀects in the
future.
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