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ABSTRACT
High-resolution simulations are conducted with the Weather Research and Forecasting Model to
evaluate the sensitivity of wake effects and power production from two wind farm parameterizations [the
commonly used Fitch scheme and the more recently developed Explicit Wake Parameterization (EWP)]
to the resolution at which the model is applied. The simulations are conducted for a 9-month period for a
domain encompassing much of the U.S. Midwest. The two horizontal resolutions considered are 4 km 3
4 km and 2 km 3 2 km grid cells, and the two vertical discretizations employ either 41 or 57 vertical layers
(with the latter having double the number in the lowest 1 km). Higher wind speeds are observed close to
the wind turbine hub height when a larger number of vertical layers are employed (12 in the lowest 200 m
vs 6), which contributes to higher power production from both wind farm schemes. Differences in gross
capacity factors for wind turbine power production from the two wind farm parameterizations and with
resolution are most strongly manifest under stable conditions (i.e., at night). The spatial extent of wind
farm wakes when defined as the area affected by velocity deficits near to wind turbine hub heights in
excess of 2% of the simulation without wind turbines is considerably larger in simulations with the Fitch
scheme. This spatial extent is generally reduced by increasing the horizontal resolution and/or increasing
the number of vertical levels. These results have important applications to projections of expected annual energy production from new wind turbine arrays constructed in the wind shadow from existing
wind farms.

1. Introduction
a. Motivation
‘‘Wind theft’’ is a colloquial term used to describe the
effect wherein wakes from upstream wind turbine
(WT) arrays reduce inflow wind speeds to downstream
WT arrays. This effect has long been recognized as a
potential source of reduced overall system electrical
power production efficiency, particularly in offshore
environments (Frandsen and Barthelmie 2002) where WT
wakes tend to persist farther downstream (Christiansen
and Hasager 2005). These WT array–array interactions
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have the potential to reduce annual energy production
(AEP) from individual wind farms, and at high WT
penetration may negatively influence overall systemwide efficiency of electrical power production. By
the end of 2018 the WT installed capacity (IC) in the
United States was approximately 95 GW and wind
turbines supplied approximately 275 TW h to the
national electricity grid (AWEA 2019). Estimates of
projected expansion of WT IC suggest new additions
from wind by the end of 2021 will exceed 90 GW
(Froese 2019), and there are scenarios suggesting
20% of U.S. electricity supply could derive from wind
by 2030 (NREL 2008), potentially increasing to 35%
by 2050 (NREL 2015). In 2016 nearly 89% of U.S.
wind farms were located within 40 km of another wind
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turbine array (Lundquist et al. 2019), and there is
anecdotal evidence that at least one-half (and perhaps 84%) of all new wind installations in the United
States are within the ‘‘shadow’’ of existing wind
farms (Dr. P. Moriarty, National Renewable Energy
Laboratory, 2019, personal communication). Thus,
WT array–array interactions should be considered
when locating new developments (i.e., new WT arrays)
to properly characterize projected AEP from existing
and planned developments.
The right to unimpeded wind capture is a legal
concept that is beyond the scope of the current research. It is worth noting that the existence of legal
mechanisms to challenge construction of new upstream arrays or to require remuneration for lost
revenue or excess loading on existing WT arrays is
country, and even county/municipality, specific. For
example, ‘‘Zopf estimated that the new WT from the
other developer could reduce the energy capture of
their existing wind farm by up to 15 % or about
230,000 kilowatt hours, amounting to a financial loss
of 20,000 euros per year. However, under German law,
the wind itself cannot be owned, so Zopf has no legal
means to challenge this reduction in energy capture’’
(van der Horst and Vermeylen 2010).

b. Previous research
Research presented herein employs limited-area
(regional) modeling to examine WT array–array
interactions and systemwide efficiency of electricity production from actual land-based WT arrays.
This regional focus enables an evaluation of the cumulative impact of actual deployed WTs at relatively
high resolution but over an extensive area with multiple WT arrays. It also makes it possible to conduct
simulations to assess the sensitivity of the simulation results to both the wind farm parameterization
employed and the resolution at which the Weather
Research and Forecasting (WRF) Model is applied
over a wide range of atmospheric conditions and
different climatological seasons. However, it is important to acknowledge that there are scales of motion impacted by WT operation that are not explicitly
resolved in models such as WRF that employ ‘‘Reynolds
averaging’’ of the Navier–Stokes equations [i.e.,
Reynolds-averaged Navier–Stokes (RANS) models].
A recent review of mean and second-order flow statistics in the near wake (i.e., at distances downstream from WT of less than five rotor diameters D)
from in situ and remote sensing observations, wind
tunnel experiments, large-eddy simulations (LES),
and analytical modeling at scales ranging from 1
to 10 m that cover vortices from WT blades up to
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those of tens of meters that characterize wakes behind individual WTs can be found in Stevens and
Meneveau (2017).
LES models can be applied to generate more detailed depictions of wake structure and evolution
than are possible using regional models, but they
usually employ periodic lateral boundary conditions
and can realistically only simulate relatively small
domains because of the computational cost (Berg
et al. 2017; Vanderwende et al. 2016). Simulations
presented in Churchfield et al. (2012) used a 1–2 m
mesh around the turbines reducing to 10 m in the
far field, had a vertical extent of 1 km (where the
upper boundary is specified as a zero-stress impenetrable lid) and a horizontal extent of 3 km 3 3 km. A
recent review suggested computational costs associated with LES of wind farm flows are typically
‘‘;103–104 CPU hours per simulation’’ (Porté-Agel
et al. 2020). LES typically use either actuator-disk
models (i.e., in a manner somewhat analogous to that
used in wind farm parameterizations designed for
use with RANS models such as WRF) (Sanderse
et al. 2011), or (more commonly) more computationally expensive actuator-line models (Troldborg
et al. 2010) to represent the WT rotor aerodynamics
(Troldborg 2008). Hybrid models that resolve some
aspects of wake rotation behind the rotor are also
employed in LES (Dörenkämper et al. 2015). At the
other end of the scale in terms of spatial domain,
models that cover the entire globe necessarily operate at much coarser grid resolution (;30–100 km) and
without specific information regarding WT locations
and power and thrust curves, but they can be employed to examine the potential impacts from largescale global deployment of WTs (Fitch 2015). Our
work does not seek to characterize individual WT
wakes or to cover the entire globe. Instead, research
reported herein employs tools appropriate to characterizing the cumulative downstream impact on the
far-field flow from WT arrays (beyond ;5D) and systemwide electricity generation efficiency.

c. Wind farm parameterizations in WRF
Two wind farm parameterizations are available for
use in the WRF Model to characterize wind farm wakes:
1) the Fitch parameterization (Fitch et al. 2012), and
2) the Explicit Wake Parameterization (EWP) scheme
(Volker et al. 2015). The Fitch parameterization has
been part of WRF Model releases since version 3.3.
Thus, although early research used simplified approximations (e.g., enhanced roughness blocks; Keith et al.
2004) to represent wind turbine arrays, as indicated by
the brief precis of selected prior research provide in
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Table 1, most research with regional models conducted
during the last decade has employed the Fitch parameterization. The studies described in Table 1 have been
selected to represent a sample of past research that
shows the breadth of research questions that have been
addressed for onshore WT arrays: WT array wake effects, array–array interactions and power production,
climate impacts from WT arrays, and theoretical limits
on kinetic energy extraction by WTs. As shown, the
simulations have been conducted over a wide range
horizontal grid spacings (from ,1 to 50 km) and study
domains, have varied in vertical discretization from
relatively coarse with only 3 to more than 12 levels in the
lowest 100 m of the atmosphere, and have used idealized
case studies, domains with uniform WT types and dimensions [hub height (HH), D, and rated capacity (RC)],
or real WT deployments with a range of WT types and
prescribed or real-world meteorological inputs. Key
findings of the prior research summarized in Table 1
that motivate the current research are as follow: 1)
discrepancies in the estimates of the downstream recovery distance for full wind farm wakes due, in part,
varying inflow conditions, wind farm layouts, model
resolutions and wind farm parameterizations; 2) dependence of the inflow fidelity to model resolution; 3)
evidence that the Fitch wind farm parameterization
may overestimate the intensity and persistence of
wind farm wakes.
In both wind farm parameterizations, Fitch and EWP,
the WT drag force induced on grid cells across the rotor
plane is determined from the WT thrust coefficient and
the incident wind speed profile. An estimate of the
power produced by the WT(s) in each grid cell and
model time step is derived using the WT-specific power
curve and the gridcell-averaged incident wind speed
profile. There are number of differences between Fitch
and EWP. One pertains to differences in the manner in
which the extraction of kinetic energy over the rotor
plane is described and allocated in the vertical coordinate system. This leads to a gridcell-averaged lofting of
the wake from the WT hub height in the Fitch parameterization, while the maximum deficit is centered at the
WT hub height in EWP (Volker et al. 2015). There are
also differences in the manner in which WT are allocated to horizontal grid cells. As originally written, the
code for EWP uses ‘‘floor’’ to allocate WTs to the appropriate WRF grid. Thus, if the conversion from latitude and longitude yields a WT to a position in the WRF
grids of 116.8, 121.6 the WT would be allocated to the
grid 116, 121. In the Fortran code for the Fitch parameterization, the Fortran command ‘‘nint’’ is used, which
means the WT would be allocated to the grid cell 117,
122. For consistency across the two approaches, in this
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analysis EWP has been modified to mimic the approach
adopted in Fitch to allocated WTs to individual WRF
grid cells. The most consequential difference between
the parameterizations is the treatment of the turbulence
addition from WTs within a grid cell and the impact on
wake dynamics (Volker et al. 2015). In brief, in the Fitch
parameterization the fraction of kinetic energy extracted
by the WT that is not converted into electrical power
is estimated from the difference in the WT thrust coefficient and the power coefficient. This residual term is
assumed to represent turbulent kinetic energy (TKE)
and is added to the atmosphere via the TKE equation in
the RANS formulation (Fitch et al. 2012). The additional TKE scales with the wind speed cubed. It typically
greatly exceeds that from shear production in the vicinity of the WTs and is critical to enhancing wake dissipation in grids cells containing WT and in nearby
downstream grid cells. In EWP added TKE due to the
action of the WTs derives solely from the shear induced
in the vertical wind speed profile due to the velocity
deficit. The increase in gridcell-average turbulence resulting from WTs is treated using a subgrid turbulence
diffusion equation to induce within-gridcell vertical expansion of the wake (Volker et al. 2015). In this approach the wake-expansion length scale is a function of
the turbulent diffusion coefficient (from the WRF-PBL
scheme), the wind speed at hub height, and an initial
length scale s0 that is scaled with the rotor diameter of a
‘‘typical WT’’ (s0 5 1.7R0, where R0 is the rotor radius).
Given these differences in the wind farm parameterizations, it is reasonable to expect that they may yield
different wake profiles and potentially different wake
recovery and impacts from WT arrays on systemwide
power production efficiency and other atmospheric
conditions (e.g., near-surface climate effects). Further,
it can be postulated that both will exhibit sensitivity to
the resolution at which the WRF Model is applied,
particularly given the influence of horizontal resolution
on the wind climate (Zhao et al. 2016). With respect to
this latter point, previous research has indicated wind
speeds close to WT HH are slightly higher in both enhanced horizontal and vertical resolution simulations
(Larsén et al. 2012). However, the impact is dependent
on the moment of the distribution being considered
and the specific simulation domain. For example, the
mean annual wind speed at 100 m differed by ,1.5% in
simulations using 6 or 14 layers in the lowest 200 m
and a horizontal grid spacing of 5 km over the Baltic
Sea and surrounding land areas, but the higher number
of vertical levels resulted in slightly lower annual mean
wind speeds (Hahmann et al. 2015). A further simulation over complex terrain showed modest changes in
wind speed at 60 m, resulting from an increase in
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WRF v3.7.1; NCEP-FNL

Model and lateral
boundary conditions

Pryor et al. 2018a

Pryor et al. 2018b

Continental United States;
30 and 10 km; 31 vertical
levels

Hami region of China;
triple nesting (three
resolutions; km): outer
domain 450 3 450 (9, 3,
and 1), middle 150 3 150
(4.5, 1.5, and 0.5), and
inner 50 3 50 (1.35, 0.45,
and 0.15)

Simulation domain
and resolution

2012–14 (30 km);
2012 (10 km)

21–29 Jun 2016

Simulation period

WRF v3.8.1; ERA-Interim Centered over Iowa;
1 Jan–31 Dec 2008
12–4 km; inner: 246 3 204
and 4 km; 41 vertical
levels, 18 in lowest 1 km

1 Jan–31 Dec 2008
WRF v3.8.1; ERA-Interim Centered over Iowa;
12–4 km; inner: 246 3 204
and 4 km; 41 vertical
levels, 18 in lowest 1 km

Miller and Keith 2018 WRF v3.3.1; prescribed

Wang et al. 2019

Reference

Primary finding

Two wind farms with a total ‘‘The simulated wind speed and wind
of 99 turbines; Fitch
direction with resolutions of 150 m,
parameterization
500 m, and 1000 m were all acceptable
agreement with the observed data
extracted from the local wind mast . . .
The results show that the wake of the
whole field generally recovers at
downstream 16.5 km under prevailing
wind direction and annual average
wind speed’’
WT deployed over 13%
‘‘We find that generating today’s US
of land area (density:
electricity demand (0.5 TWe) with
0.5–3.0 MW km22); WT
wind power would warm Continental
US surface temperatures by 0.248C.
assumed to be Vestas
Warming arises, in part, from turbines
V112 3 MW; Fitch
redistributing heat by mixing the
parameterization
boundary layer.’’
Actual WT locations for
‘‘(EWP) results in faster recovery of full
all turbines in Iowa and
array wakes. This in turn leads to
20 WT ‘‘types’’; Fitch
smaller climate impacts and reduced
parameterization and
array–array interactions, which at a
EWP (Volker et al. 2015)
system-wide scale lead to higher summertime capacity factors (2–6% higher)
than those from the more commonly
applied ‘Fitch’ parameterization.’’
Actual WT locations for
‘‘the impact at larger scales on nearall turbines in Iowa and
surface air temperature, specific
20 WT ‘‘types’’; Fitch
humidity, the fluxes of latent and senparameterization
sible heat, boundary layer heights,
and precipitation is not significant in
any season other than summer. During
summer, the maximum pairwise difference in grid cell mean temperatures
is 0.5 K and the maximum increase
in near-surface specific humidity
is 0.4 g/kg.’’

WT description

TABLE 1. Brief précis of selected previous research on inadvertent modification of local to regional meteorological conditions and wind farm wake magnitudes from onshore deployment
of wind turbines conducted using limited-area regional models.
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WRF v3.3.1; NARR

WRF v3.3.1; ERA-Interim Europe; 50 km; three
vertical levels in
approximately the
lowest 100 m

Miller et al. 2015

Vautard et al. 2014

1979–2012

West central Texas tripleJuly of 2003 and 2004
nested domain 55 3 46
vs 2010–14.
(25 km), 91 3 76
(5 km), 151 3 126 (1 km),
39 vertical levels
Central Kansas; 28 3 28;
15 May–30 Sep 2001
12 km; 31 vertical levels

WRF v3.6.1; North
American Regional
Reanalysis (NARR)

Simulation period

Xia et al. 2017

Simulation domain
and resolution

WRF v3.8.1; ERA-Interim Central Iowa; Triple nest: 9, 24–27 Aug 2013
and GFS
3 1 km; 70 or 80 total
levels, with 12- or 22-m
spacing in lowest
atmospheric levels

Model and lateral
boundary conditions

Lee and
Lundquist 2017

Reference

TABLE 1. (Continued)

Primary finding

‘‘a vertical grid with approximately
12 m vertical resolution is necessary
for reproducing the observed power
production. Further, the WFP
overestimates wake effects and hence
underestimates downwind power
production during high wind speed,
highly stable, and low turbulence
conditions. We also find the WFP
performance is independent of the
number of wind turbines per model grid
cell and the upwind–downwind position
of turbines. Rather, the ability of the
WFP to predict power production is
most dependent on the skill of the WRF
model in simulating the ambient
wind speed.’’
Actual wind farm locations; ‘‘the simulated areal mean warming signal
1.5-MW WT assumed
(0.208–0.268C)’’ [within wind farm
with HH and D 5 80 m
pixels] ‘‘is about a tenth of a degree
smaller than that from
MODIS (0.338C)’’
Installed capacities of
‘‘Large-scale wind power generation in
0.3123–100 MW km22
windy regions is limited to about
over a 112 320-km2 area;
1 We m22’’ because of limitations on
Fitch parameterization
vertical momentum transfer.
Actual wind farm locations ‘‘limited impacts. A statistically
and where available wind
significant signal is only found in winter,
turbine characteristics
with changes within 60.38C and within
(1WT enhanced
0–5% for precipitation. It results from
deployment scenario);
the combination of local wind farm
Fitch parameterization
effects and changes due to a weak, but
robust, anticyclonic-induced circulation
over Europe. However, the impacts
remain much weaker than the natural
climate interannual variability and
changes expected from greenhouse gas
emissions.’’

WT description
Actual wind farm; 1.5-MW
Pennsylvania State
University generic WT;
Fitch parameterization
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Results presented for last
6 h of simulation
100 3 100 grid cells;
81 vertical levels
(20 below 1 km)
WRF v3.3. Control
simulation; 10 m s21
wind speed
Fitch et al. 2012

59 h
WRF v3.3.1. Prescribed
homogeneous.
Fitch et al. 2013

202 points; 3 and 1 km;
81 vertical levels

‘‘Night-time temperatures are seen to
Actual WT locations;
increase within and immediately
single WT type assumed;
downwind of the wind farms . . .
Fitch 1 two other
parameterizations
daytime [land surface temperature]
signals are weak and do not show any
clear correspondence between the LST
patterns and turbine locations.’’
Wind farm 10 km 3 10 km; ‘‘modeling wind farms by an increase in
Fitch parameterization
surface aerodynamic roughness leads to
an atmospheric response that is very
different from that found with a more
detailed parameterization.’’
Wind farm 10 km 3 10 km; ‘‘A wind speed deficit extended
all WT assumed to be
throughout the depth of the neutral
REpower Systems SE 5M
boundary layer, above and downstream
from the farm, with a long wake of
60-km e-folding distance.’’
1 Jun–31 Aug 2010
Central Texas; triple nest:
outer 55 3 46 and 25 km,
middle 91 3 76 and 5 km,
and inner 151 3 126 and
1 km; 29 vertical levels
WRF (version not stated);
NARR
Cervarich et al. 2013

Simulation period
Simulation domain
and resolution
Model and lateral
boundary conditions
Reference

TABLE 1. (Continued)

WT description

Primary finding
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horizontal grid spacing from 3 to 1.2 km, and a small
reduction in the bias relative to observations (Carvalho
et al. 2012). Using idealized simulations with flat terrain, and a geostrophic forcing of 10 m s21 (Fitch et al.
2012) found only a modest impact from doubling the
vertical resolution on wind speeds at WT-relevant
heights. The lower-resolution simulation (with seven
model layers below 200 m) showed higher wind speeds
(of up to 0.2 m s21) below 50 m AGL but a difference
of ,0.1 m s21 above that. When the wind farm parameterization was active, the lower-resolution simulation
was associated with slightly larger velocity deficits (by
up to 0.1 m s21). When the horizontal grid spacing was
halved from 1 to 2 km, they found that in the absence of
the wind farm the change in wind speed was negligible;
the wind speed reduction was slightly amplified (by up to
0.1 m s21) in the 1-km-resolution simulation with Fitch.
The sensitivity analysis conducted by Fitch et al. (2012)
to assess the impact of resolution on WT downstream
effects used a control resolution of 81 vertical levels, 30
of which were below 1 km and 8 of which intersected the
rotor area, and a lower vertical resolution using half as
many vertical levels, 15 of which were below 1 km and 4
of which intersected the rotor area. These vertical resolutions bracket the vertical resolution in terms of the
number of vertical layers in the lowest 1 km and the
number across the rotor plane in the simulations presented here. Fitch et al. (2012) concluded, ‘‘the sensitivity to vertical resolution appears to be less than 10%
of the response to the wind farm within the rotor area
and downstream.’’ More recent simulations of offshore
wind farms that also used idealized meteorological
conditions indicated important differences in modeled
wake profiles within WT arrays and at short distances
downstream of grid cells containing WT due to differences in model vertical resolution even for identical inflow conditions (Volker et al. 2015). Simulations over
and downwind of a large onshore wind farm (in Iowa)
also illustrated sensitivity of wake intensity to vertical
discretization and found improved agreement with 10min average power production data for a simulation
with a vertical grid space of 12 m in the lowest 400 m of
the atmosphere over one where the vertical levels were
spaced at 22 m intervals (Lee and Lundquist 2017).
However, the degree of improvement with enhanced
vertical resolution (and indeed the presence or absence
of improvement as measured by average bias) was not
uniform across the four days of simulation (Lee and
Lundquist 2017). Authors of an additional study that
focused on one day of simulations for a large offshore
WT array stated that, ‘‘significant improvement was
achieved by Lee and Lundquist (2017) by using three
and six vertical levels below and within the rotor
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area, instead of one level and four levels, respectively.
Nevertheless, in this study we obtained results closest to
the observation with one full level below the rotor area and
only three levels within the rotor area. This vertical resolution is equal to a vertical spacing of 35 m in the lowest
200 m and increasing to 100 m at 1000 m above MSL’’
(Siedersleben et al. 2018). Thus, there appears to be considerable spatiotemporal variability in the actual optimal
model configuration for wind farm wake analyses. This is
likely due, at least in part, to variations in atmospheric
properties and wind farm configurations. Long duration
simulations such as those presented here that are conducted using large numbers of grid cells naturally need to
balance computational cost against possible performance
enhancement achieved from increasing the number of
horizontal grid cells or vertical resolution.
Previous research has demonstrated a positive bias
in wake intensity in the Fitch parameterization and
therefore a negative bias downwind power production ‘‘during high wind speed, highly stable, and low
turbulence conditions’’ for simulations over a large
wind farm in Iowa (Lee and Lundquist 2017). Others
have indicated that TKE addition in the Fitch parameterization may lead to excess turbulence levels
and mixing (Vanderwende et al. 2016).
Consistent with the summary above that compares the
two wind farm parameterizations, prior research has
also revealed important differences in wake profiles,
downstream recovery and also gross capacity factors
(CF) from the Fitch and EWP schemes (Pryor et al.
2019; Volker et al. 2015). For example, a numerical experiment describing the wind speed field inside and
downwind of very large wind farms (105 km2) with a WT
spacing of 10.5D in three regions with distinct wind
speed and roughness conditions showed wind speeds
recovered to 2% above the maximum velocity deficit
faster in EWP than Fitch (Volker et al. 2017). Further
simulations conducted at 1 km horizontal grid spacing
for the offshore WT array at Horns Rev in Denmark
(80 WT; IC 5 160 MW) using an inflow of 10 m s21
found the downstream recovery distance to ,5% velocity deficit was 21 km in EWP and 11 km in Fitch
(Volker et al. 2015). The primary difference in the
wake recovery between the two schemes for the offshore case study was observed in the first two grid cells
behind the wind farm where higher TKE advected from
the wind farm in the Fitch scheme caused a more rapid
recovery of the wake deficits. The maximum TKE
difference (wind farm simulation minus control) at any
vertical level and downstream distance was 1.9 m2 s22
in Fitch and 0.3 m2 s22 in EWP. The TKE enhancement
was simulated to occur at greater downwind distances
and heights in EWP than Fitch. In contrast to these
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offshore studies, simulations for an onshore wind farm
cluster in Iowa (comprising a total of 223 WT and an IC
of 365 MW) conducted at a horizontal resolution of
4 km showed the downstream distance for the wake
to recover to a normalized velocity deficit close to
WT HH of ,5% was found to be longer in simulations
with Fitch than with EWP (12 and 8 km, respectively)
(Shepherd et al. 2020). There are three primary possible
sources of the discrepancies between the results for the
Horns Rev I offshore wind farm [presented in Volker
et al. (2015)] and the simulations of the onshore large
wind farm cluster [presented in Shepherd et al. (2020)]:
1) The length scale used in EWP for the within-gridcell
wake expansion (s0) was tuned using the Horns Rev
WTs and may not be appropriate to the WTs used in
the onshore case. However, the WTs deployed at
Horns Rev have similar physical dimensions to those
used in the analysis of Shepherd et al. (2020): HH 5 70
(Horns Rev I) and 80–100 (Iowa) m; D 5 80 and
77–101 m, respectively; RC 5 2.0 and 1.5–2.3 MW.
Further, the sensitivity analysis of Volker et al.
(2015) indicated only a weak dependence of downstream wake recovery on s0.
2) There are differences in the stability and freestream
TKE conditions on- and offshore. It can be hypothesized that the lower ambient TKE offshore means
the TKE addition from WT to the ambient TKE
budget in the Fitch scheme versus the within-gridcell
wake-expansion approach in EWP causes differential atmospheric responses according to the prevailing atmospheric conditions.
3) There are differences in the resolution response of
the EWP and Fitch parameterization schemes since
the two studies highlighted here used 4- and 1.12-km
horizontal grid spacings, respectively.
Research presented herein focuses on the third of these
hypotheses but partly addresses the second hypothesis
by including simulations over a wide range of atmospheric
conditions (and thermal stratifications).

2. Methods
a. Simulations
Here we examine whether the wind farm parameterization schemes available for use in WRF and the differences between them exhibit sensitivity to the model
vertical and horizontal grid spacing using actual wind
turbine deployments and specifications and long-term
(9 month) simulations conducted within lateral boundary conditions (LBC) from a reanalysis (ERA-Interim;
Dee et al. 2011) to represent a realistic wind climate.
The ERA-Interim reanalysis has been widely used as
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LBC for regional simulations under major climate science
initiatives such as the Coordinated Regional Downscaling
Experiment (CORDEX; Giorgi and Gutowski 2015) and
was also used in the New European Wind Atlas project
(Sıle et al. 2018).
The output from simulations for the climate from
December 2007 to August 2008 (November 2007 was
used as spinup) is presented herein for a domain that is
centered over the midwestern United States; the simulations were conducted using the settings given in
Table 2. The outer domain (d01) comprises 149 3 149 grid
cells and is resolved using a grid spacing of 12 km 3
12 km. It covers an area extending from ;1038 to 838W
and from ;33.58 to 49.58N. In the inner domain, WRF
is applied at convection-permitting resolutions of 4
and 2 km with either 41 vertical layers or with double
the number in the lower levels of the atmosphere
(57 layers). According to the USGS database (https://
eerscmap.usgs.gov/uswtdb/), over 3100 WTs (IC of
approximately 5.7 GW) were operating in Iowa as of
the end of 2014. These WTs are allocated to the appropriate WRF grid cell (Fig. 1) and are characterized
using WT specific HH, D, power, and thrust curves as
in our previous research (Pryor et al. 2018a) for use
with the two wind farm parameterizations. In all simulations, advection of TKE is enabled as in research
conducted by Fitch (Fitch 2015; Fitch et al. 2012, 2013)
to allow for effective downstream propagation of the TKE
produced by the wind turbine arrays. Recent work has
indicated use of TKE advection improves the degree of
agreement with observations downstream of an offshore
wind farm (Siedersleben et al. 2020).
The horizontal and vertical resolutions employed
herein are informed by physical constraints, prior research, and computational limitations. With respect to
horizontal grid spacing, it is important to note that the
wind farm parameterizations used in regional models do
not include interactions between WTs within a grid cell
(i.e., all WTs in a grid cells are subject to the same inflow
wind speed profile). The optimal horizontal grid spacing
is thus a balance between the desire to minimize this
‘‘missing’’ wake component (i.e., minimize the number
of WT in a grid cell) while being cognizant that the wind
farm parameterizations treat only the far wake and thus
should not employ horizontal resolutions higher than
5D (Fitch 2016). The majority of the WT deployed in
the United States have D ;100 m, which suggests a
minimum resolution of 500 m. As also noted in Fitch
(2016), a further limitation on minimum horizontal
resolution derives from considerations of the validity of
assumptions that underpin the PBL schemes employed
in RANS models. Under convective conditions, this effectively means that horizontal grid spacings should not

VOLUME 59

TABLE 2. System configuration, physics settings, and version
number used in the WRF simulations.
WRF version number
Compiler
Operating system
Physics settings used
in WRF
Microphysics
Longwave radiation

V3.8.1
GNU Fortran v5.4
Ubuntu v18.04 with WRF in a Docker
container
Scheme chosen

Eta (Ferrier) (Ferrier et al. 2002)
Rapid Radiative Transfer Model
(RRTM) (Mlawer et al. 1997)
Shortwave radiation
Dudhia (Dudhia 1989)
Surface layer physics
MM5 similarity scheme
(Beljaars 1995)
Land surface physics
Noah land surface model (Tewari
et al. 2004)
Planetary boundary layer Mellor–Yamada–Nakanishi–Niino
2.5 (Nakanishi and Niino 2006)
Cumulus parameterization Kain–Fritsch (Kain 2004) (None in
d02_XXXX)

be below about 1 km. For these reasons the two horizontal grid spacings considered herein for the inner
domain (d02) are 2 and 4 km. The inner domain (d02)
is thus resolved at 4 or 2 km and comprises 246 3 204
(or 492 3 408) grid cells (Figs. 1a,b).
Irrespective of the wind farm parameterization, it is
expected that increasing the vertical grid resolution
of the model will yield improved representation of
the vertical structure of the atmosphere including
features such as wind shear and low-level jets (Draxl
et al. 2014; Nunalee and Basu 2014; Rife et al. 2010).
Thus, two configurations are considered here: one
that employs 41 vertical levels (the default in the
name list example provided in WRF releases), and a
second that uses 57 vertical layers, where the 20 additional levels are employed at one-half of the sigma increment in the lowest 20 levels in the 41-level simulation.
Throughout this paper, examples of wake behavior
are presented for a subregion of d02 that covers an
area from 428 to 438N and from 95.28 to 92.48W and
thus is centered on a cluster of wind turbine arrays
located in west-central Iowa and referred to herein as
the Pomeroy cluster. This cluster of wind farms has a
total of 223 WT and an IC of 365 GW (location is
shown in Fig. 1b). It actually comprises five developments that were installed between 2007 and 2012 and
includes 40 Gamesa G90 2.0-MW WTs, 13 Siemens
SWT-2.3-101 WTs, and 170 General Electric GE-1.577 WTs. The hub heights and rotor diameters range
from 80 to 100 m and from 77 to 101 m, respectively.
The density of installed capacity in the western portion
of the cluster of WT arrays is ;4 MW km22, and in the
eastern portion it is ;2 MW km22. As shown in Fig. 2,
when the model is deployed at either 4- or 2-km
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FIG. 1. (a) Elevation of each 12 km 3 12 km grid cell in the outer domain, with d02 shown by the magenta outline. (b) Elevation in the
inner domain (d02) when resolved at 4 km 3 4 km. Grid cells containing WT (when run at 4 km 3 4 km) are shown in yellow. The wind farm
cluster referred to herein as Pomeroy is shown by the cyan grid cells.

horizontal grid spacings the entire cluster functions
as a single entity (i.e., there are no grid cells with zero IC).
Two other large wind turbine arrays are also included in
this subarea of d02: the Carroll and Victory projects. They
have total installed capacities of 150 and 83.2 MW, respectively and are located southwest of Pomeroy. The
Carroll project comprises 100 GE-1.5-77 WTs (HH 5
80 m) and has an approximate installed capacity density of
;2 MW km22. The layout of the Victory project is highly
irregular and has lower installed capacity densities; it comprises 52 GE-1.6-87 (HH 5 80 m) WTs. The mean height of
each sigma layer in WRF is computed from the gridcell
terrain elevation and time- (and space-) varying base state
geopotential and perturbation geopotential values from each
level. In the simulations with 41 vertical layers, over the
Pomeroy subregion there are 3 layers below 100 m, 6
below 200 m, and 8 below 300 m. For the enhanced
vertical resolution (57 layers) there are 6 layers below
100 m, 12 below 200 m, and 17 below 300 m (Fig. 3).
In summary, three sets of WRF simulations are performed: one conducted at 4-km horizontal grid spacing
with 41 layers and two others with halved horizontal grid
spacing (2 km 3 2 km grid cells) and doubled vertical
resolution in the lowest portion of the atmosphere (i.e., a
total of 57 layers in the vertical direction). In all cases,
the simulations are configured such that a single outer
domain is used and three inner domains are simultaneously computed within it. In the first inner domain
(d02_noWT) no WT parameterization is employed, in
the second the real WT locations and specifications are
used with the Fitch parameterization (d02_Fitch), and in
the third the real WT locations and specifications are
used with the EWP parameterization (d02_EWP). The

decision to run three ‘‘simultaneous’’ inner domains was
made in an attempt to avoid differences in independent
simulations such as those presented in Pryor et al.
(2018b) that may arise from numerical sources (see
discussion below). The number ordering of the inner
domains was identical for all simulations presented
herein and was d02_noWT, d02_Fitch, and then d02_
EWP. To run multiple overlapping inner domains for
noWT, Fitch, and EWP a number of changes must be
made to the WRF registry [see the documentation in
Volker et al. (2015)].

b. Statistical methods
Wind components, power, and TKE are output every
10-min from the three sets of simulations conducted at the
different horizontal and vertical resolutions. These parameters are analyzed at the model sigma levels (i.e.,
without vertical extrapolation) to examine the following:
1) We wish to determine whether the magnitude of
systemwide gross CF differ between the two parameterizations, are a function of resolution, and exhibit
seasonal variability in terms of response to resolution. This analysis thus focuses on understanding the
macroscale impact on projected electricity generation efficiency from all WTs in Iowa. Accordingly,
gross power production from the two wind farm
parameterizations and all WTs deployed in Iowa as
of the end of 2014 in each 10-min period is used to
derive estimates of electricity generation in each
simulated calendar month in gigawatt hours and to
compute gross CF by summing all power production
values in each 10-min period and then dividing by the
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FIG. 2. The mean terrain height (m MSL) of each grid cell in the portion of the domain covering the Pomeroy
wind cluster when simulated at (a) 4 and (b) 2 km. Also shown (by the magenta-outlined squares) are grid cells that
contain one or more WT at the two horizontal grid spacings.

total IC. These simulated gross CF exclude factors
such as curtailment for grid management, downtime
for operations and maintenance, and also near-wake
effects since all WTs within a WRF grid cell experience the same inflow profile. Therefore, gross CF
exceed observed (net) CF, which implicitly includes
reductions to power production due to these effects.
2) We wish to determine whether downstream wake
recovery distances at hub height from a wind farm
cluster exhibit substantial and consistent responses to
model resolution for both wind farm parameterizations.
Omnidirectional wake deficits are computed and presented to characterize the relative rates of wake recovery. Using wind speed output (WSd02_XXXX, where
XXXX is Fitch or EWP, and WSd02_noWT) for each
grid cell (x, y) and vertical level (z) in every 10-min
period (t) the median fractional velocity deficit yd(x,y,z)
is computed as
yd(x,y,z)

#
"
WSd02_XXXX(x,y,z,t) 2 WSd02_noWT(x,y,z,t)
.
5 median
WSd02_noWT(x,y,z,t)
(1)

Note that we use the median and not the mean because
the velocity deficits are not normally distributed,

rendering the mean an unstable estimator of the
central tendency. To provide a quantitative description of wake recovery from the two schemes at the
three resolutions, we quantify the number of grid cells
in the Pomeroy subdomain that have median fractional velocity deficits in excess of 10%, 5%, and 2%.
3) We wish to determine whether the vertical profiles
of wakes downstream from wind array clusters exhibit substantial and consistent responses to model
resolution in the two wind farm parameterizations.
Three-dimensional cross sections of yd(x,y,z) for the
two parameterizations and the three resolutions are
derived for the Pomeroy region, along with assessments of the median added TKE [i.e., TKE from the
wind farm simulations (d02_Fitch and/or d02_EWP)
minus d02_noWT].
It is important to recall that, as discussed above, the
influence of model resolution on wake behavior and
simulated electrical power production is not only a factor of the dependence of the wind farm parameterizations on resolution but also the influence on the wind
regime. Thus, we also examine the differences in the
wind climate close to WT HH in the d02_noWT output
at the three different resolutions. In this analysis, the
10-min output from d02_noWT is used to compute wind
speeds in each grid cell from the layer closest to the
WT HH of the Pomeroy cluster (model layer 3 in the
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FIG. 3. The mean height AGL of the sigma coordinate levels in
the portion of the domain covering the Pomeroy area (see Figs. 1
and 2 for the location of this cluster). The three simulation resolutions are 4-km horizontal grid spacing with 41 vertical layers
(4 km:41), 2-km horizontal grid spacing with 41 vertical layers
(2 km:41), and 4-km horizontal grid spacing with 57 vertical levels
(i.e., 2 times the density of vertical leaves in approximately the lowest
2 km) (4 km:57). The mean heights are computed using the gridcell
mean terrain elevation and time- (and space-) varying base state
geopotential height and the perturbation geopotential height.

41-layer simulation and model layer 6 in the 57-layer
simulation). The mean and 90th-percentile wind speeds
are derived from each of the raw time series from
d02_noWT for the three different resolutions. For visualization, the resulting monthly wind speed time series
U from all grid cells in the subdomain centered over the
Pomeroy cluster are also fitted to Weibull distributions
using maximum likelihood methods to derive the distribution parameters (A and k, and confidence intervals
thereon) (Pryor et al. 2004; Wilks 2011):
"   #
 k21
k
k U
U
.
(2)
exp 2
f (U) 5
A k
k

3. Results
a. Wind speed distributions at wind turbine hub
heights as a function of resolution
The Weibull distributions of wind speeds close to WT
HH (mean ;94 m AGL) for the region around the
Pomeroy wind farm cluster in d02_noWT output are
qualitatively similar in all months in output from the
three model resolutions. But there is an enhancement of
wind speeds in the simulations with higher vertical resolution. In all calendar months the probability distributions of wind speeds close to WT HH are shifted right
and exhibit heavier right tails in the 4-km 57-vertical-layer
simulations than in the other two simulations, which

are considerably more similar (Fig. 4). For example,
in all months the Weibull A (scale) parameters are
higher in the 4 km:57 simulations, and the Weibull A
values are statistically similar in the 4 km:41 and 2 km:41
simulations (i.e., the 90% confidence intervals on A
overlap). These distributional differences are also evident in the mean wind speeds from the 4 km:57 output,
which exceed values from the 4 km:41 by 0.2–0.6 m s21
(mean 5 0.39 m s21), and in the estimates of the 90thpercentile value, which differ by a mean of 0.68 m s21
and are consistently higher in the simulation with enhanced vertical resolution. These differences in wind
speed distributions have relevance for wake development since they dictate the part of the thrust curve
in which WT are operating. In general, for the WTs
deployed in Iowa and specifically the Pomeroy cluster
the higher prevalence of wind speeds above 10 m s21 in
the 4 km:57 output will tend to result in lower thrust
coefficients and weaker wind turbine wakes.

b. Systemwide gross CF as a function of
parameterization and resolution
Consistent with the higher WT HH wind speeds reported above for the 4 km:57 simulations, power production and gross CF from the WT fleet deployed in
Iowa are higher for both wind farm parameterizations in
the 4 km:57 simulation (Fig. 5a). The median gross CF is
38% in simulations with Fitch for both the 4 km:41
and 2 km:41 simulations, but is 41% for the 4 km:57
simulation. Comparable values for EWP are 41% and
45%, respectively. The entire probability distribution of 10min gross CF are right shifted in power production output
from both Fitch and EWP for the 4 km:57 simulation
(Fig. 5a). Thus, virtually all percentile values of gross CF
are higher in the enhanced vertical resolution simulations.
When simulated gross CF for the three resolutions and
two wind farm parameterizations is compared by calendar
month the following tendencies are observed (Fig. 5b):
1) EWP results in higher gross CF than Fitch for all
three resolutions in all calendar months. This difference has a mean value of approximately 3%–4% for
the resolutions considered herein.
2) The difference in CF for a given wind farm parameterization as a function of resolution is comparable
to the differences between the two wind farm parameterizations at a given resolution.
3) Simulations at all resolutions exhibit similar seasonality, but the impact of resolution on gross CF exhibits
clear variation with calendar month. For example,
output from May indicates only a small impact from
changing the horizontal and vertical resolution used in
WRF on simulated wind climates near WT HH (see
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FIG. 4. Monthly Weibull distributions fitted to 10-min wind speeds at approximately the WT HH in the Pomeroy area (see Figs. 1 and 2
for the location) from WRF at the three different resolutions. Also shown are the 90th- (squares) and 50th- (circles) percentile wind speeds
computed from the raw 10-min time series of wind speeds. To aid legibility, the mean wind speed and 90th-percentile wind speed in each
month are shown at an arbitrary frequency of 0.13 and 0.14, respectively. The three simulation resolutions are 4-km horizontal grid spacing
with 41 vertical layers (4 km:41), 2-km horizontal grid spacing with 41 vertical layers (2 km:41), and 4-km horizontal grid spacing with
57 vertical layers (i.e., 2 times the density of vertical levels in approximately the lowest 2 km) (4 km:57).

examples for the Pomeroy subdomain in Fig. 6) and a
relatively small impact from grid spacing on gross
CF. In this month, consistent with previous research
(Fitch et al. 2012), for the resolutions tested, there is
only a weak dependence of wake behavior, electrical
power production and gross CF to the number of
vertical layers and/or horizontal resolution. However,
in other calendar months the impact from resolution
on wind climate simulated without WT and on power
production from both wind farm parameterizations is
considerably larger (e.g., March).
4) The resolution impacts on power production and
gross CF do not appear to be solely the product
of changes in the wind climate. For example, as
shown in Fig. 4, in output from April the Weibull

distributions, mean and 90th-percentile wind speed
at approximate mean WT HH are virtually indistinguishable in output from d02_noWT at the three
resolutions. However, gross CF exhibits substantial
differences with model resolution during this month.
5) There is a general tendency for the simulations at 4 km
with 57 vertical levels to be associated with the highest
gross CF in both wind farm parameterizations. In eight
of the nine months, simulations with both Fitch and
EWP wind farm parameterizations exhibit highest gross
CF for the 4 km:57 resolution. However, this is not
uniformly the case. For the climate of August 2008,
the simulation at 2-km horizontal grid spacing and
41 vertical layers is associated with highest gross CF
in both EWP and Fitch.
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FIG. 5. (a) Cumulative density function of systemwide gross CF for all WT in Iowa (as of end of 2014) as computed for all 10-min periods
(1 Dec 2007–31 Aug 2008) for the three resolutions and two wind farm parameterizations (Fitch and EWP). The legend also shows the
median overall systemwide gross CF. (b) Monthly gross CF for all WT in Iowa computed for the two wind farm parameterizations (Fitch
and EWP) and the three resolutions. (c) As in (b), but for daytime conditions (from midday until 1600, local time). (d) As in (b), but for
nighttime (from midnight to 0400, local time) conditions. The three simulation resolutions are 4-km horizontal grid spacing with 41 vertical
layers (4 km:41), 2-km horizontal grid spacing with 41 vertical layers (2 km:41), and 4-km horizontal grid spacing with 57 vertical levels
(i.e., 2 times the density of vertical layers in approximately the lowest 2 km) (4 km:57).

The seasonality in modeled response to wind farm parameterization and resolution potentially derive from
seasonality in atmospheric stability and thus variations
in ambient turbulence levels and wind climates. As described above, these variations in ambient turbulence
intensity have also been invoked as a possible source of
the differences in analysis of the two wind farm parameterizations on- and offshore. To investigate the
postulate described above that the two wind farm
parameterizations will differ most in stable (low
TKE) conditions, power output from the simulations
were also conditionally sampled by hour of the day
and calendar month. Nighttime conditions are most
likely to be associated with stable stratification in the
lower boundary layer and are described here using
output from 0700 to 1059 UTC (0000 to 0400 local

time). Conversely, daytime conditions are most likely
to be dominated by unstable conditions and are described here using output from 1900 to 2259 UTC
(1200 to 1600 local time). The results of this conditional
sampling indicate clear support for the postulate that the
wind farm parameterizations exhibit greatest discrepancies under stable stratification (i.e., during nighttime
conditions; cf. Figs. 5c and 5d). This analysis further indicates that the influence of resolution on wake behavior
and propagation and consequences for gross CF is also
more clearly manifest at night (Fig. 5d).

c. Wake profiles and downstream recovery as a
function of parameterization and resolution
Horizontal planes of the median fractional velocity
deficit yd(x,y,z) at approximately WT HH in all grid cells
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FIG. 6. Horizontal slices of median fractional velocity deficit at approximately WT HH through a subset of d02 covering the Pomeroy wind
farm cluster and adjacent areas (see Figs. 1 and 2 for the location of this subdomain). This subdomain covers an area of approximately 80 km 3
100 km. Each section of six plots shows a separate calendar month for each wind farm parameterization (columns) and the three resolutions
(rows). The values stated near each plot indicate the gross power production during that month as derived from WT in the subdomain.

within the Pomeroy subdomain also exhibit clear evidence that wakes within WT arrays are of smaller
magnitude when EWP is applied in all calendar months
(Fig. 6). The gross power production from WT in this
subdomain exhibit a similar pattern to the systemwide
gross CF values given in Fig. 5 and generally are higher
in simulations with EWP than Fitch. They also tend to
increase with higher vertical resolution. Further, the
downstream distance needed for the fractional velocity
deficit to recover to 5% and 2% of the freestream value
(from d02_noWT) is also shorter in simulations with EWP
(Fig. 7). During the winter months (December–February,
inclusive) over 15% of grid cells within the Pomeroy area
exhibit median fractional velocity deficits of over 2% in
simulations at 4 km:41 while less than 8% do in the
equivalent output from EWP. This is true for all resolutions (Fig. 7). Indeed, for the resolutions used herein,
there is only one calendar month in which a greater fraction

of grid cells exhibits a velocity deficit of greater than 2% for
the EWP simulations at any resolution than in output from
the Fitch scheme at the three resolutions (July).
The vertical profiles of wakes from the Pomeroy wind
farm cluster and Carroll and Victory projects (to the
southwest of Pomeroy) (see example for March 2008
given in Fig. 8) exhibit lower wake magnitudes throughout the lowest 200 m of the atmosphere in output from
EWP (again irrespective of the resolution) and also larger
maximum velocity deficits within the wind farms in the
2 km:41 simulations. These profiles also show that for the
Fitch wind farm parameterization the largest acceleration
below the rotor plane is observed in the 2 km:41 experiment. The added TKE from the wind farm parameterizations is, consistent with the description of the two
schemes presented above, considerably higher closer to
WTs in the output from d02_Fitch (maximum monthly
median value in any grid cell close to WT HH is almost
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FIG. 7. Fraction (shown in percent) of grid cells within the subdomain centered over Pomeroy
wherein the median fractional velocity deficit at approximately WT HH is less than (top) 2%,
(middle) 5%, and (bottom) 10%, as shown by month for the three different resolutions and two
wind farm parameterizations. The three simulation resolutions are 4-km horizontal grid
spacing with 41 vertical layers (4 km:41), 2-km horizontal grid spacing with 41 vertical layers
(2 km:41), and 4-km horizontal grid spacing with 57 vertical levels (i.e., 2 times the density of
vertical levels in about the lowest 2 km) (4 km:57).

0.9 m2 s22) than in d02_EWP where it derives solely from
the enhancement of wind shear (Fig. 9). The amount of
shear-induced TKE production in EWP is largest in the
summer months, when it reaches maximum mean gridcell
values at approximately 2 HH of up to 0.11 m2 s22 but is
generally , 0.1 m2 s22. For example, in March 2008, the
maximum enhancement of grid cell added TKE close to
WT HH in the Pomeroy cluster from d02_Fitch is 0.49–
0.71 m2 s22, while in d02_EWP it is , 0.06 m2 s22 for all
three resolutions (Fig. 9). Consistent with the difference
in the wind farm parameterization the region of maximum enhancement of TKE is observed within wind
farms in Fitch but horizontally displaced from grid cells
containing WT in EWP. The vertical profile of added
TKE in simulations with Fitch and EWP exhibits some
sensitivity to both horizontal and vertical resolution in all
months. The maximum gridcell mean added TKE values
(i.e., d02_Fitch minus d02_noWT) over the Pomeroy
wind farm cluster at hub height is higher in the simulations with both higher horizontal grid spacing for all
calendar months, and is higher in the simulations with a
greater number of vertical levels except in August. For
example, in March (Fig. 9) the maximum gridcell mean
added TKE is 0.49 m2 s22 in the 4 km:41 simulation,

0.64 m2 s22 in the 2 km:41, and 0.56 m2 s22 in the 4 km:57.
At approximately 2 times the WT HH, the maximum
gridcell mean added TKE is 0.47 m2 s22 in the 4 km:41
simulation, 0.71 m2 s22 in the 2 km:41, and 0.37 m2 s22 in
the 4 km:57. An overview of the differences in TKE produced by the two wind farm parameterizations is given in
Fig. 10 for the Pomeroy area for heights of ; HH and
;2 3 HH. In this figure the spatial patterns of median
added TKE for each calendar month at the two heights
are examined to identify the grid cell with largest DTKE
(TKEd02_XXXX minus TKEd02_noWT). As shown, the relative magnitude of TKE added due to enhanced wind
shear (EWP) is considerably smaller than the amount
added to represent the direct aerodynamic production of
TKE from WTs (Fitch). The difference also exhibits a
strong seasonal cycle. Further, the model resolution has a
profound impact on both the amount of added TKE and
the vertical distribution of additional TKE.

4. Technical aspects of the simulations of wind farm
wakes using WRF
In perturbation experiments, simulations are conducted
to assess the impact of a specific phenomenon on the
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FIG. 8. Vertical profile of median fractional velocity deficits
over the Pomeroy region for six levels using data from March
2008 for simulations at 4-km horizontal grid spacing and 41 vertical levels (4 km:41), 2-km horizontal grid spacing and 41 vertical
levels (2 km:41), and 4-km horizontal grid spacing and 57 vertical
levels (4 km:57).

resultant atmospheric conditions. These experiments
most commonly involve undertaking two completely independent simulations and generating difference fields
from output with the phenomena present (e.g., the action
of wind turbines described) minus a control under the
presumption that those differences derive solely from the
physical source(s) under investigation and that are described numerically. However, this implicit assumption is
rarely made explicit and there is increasing evidence that a
difference between model simulations ‘‘produces a rapid
propagation of very small changes throughout all prognostic model variables at a rate many times the speed of
sound’’ as a result of the model’s higher-order spatial discretization schemes, allowing the communication of numerical error across many grid points with each time step.’’
(Ancell et al. 2018; Langhans et al. 2012). Recent research
suggests ‘‘[t]his phenomenon is found to be unavoidable within the Weather Research and Forecasting
(WRF) Model even when using techniques such as
digital filtering or numerical diffusion,’’ and further,
that while these errors were reduced by implementation
of double precision they were not eliminated despite the

substantial computing cost of double-precision simulations (Ancell et al. 2018).
As described in section 2, the simulations presented
herein were conducted with a single outer domain
and three ‘‘simultaneously’’ computed inner domains
(d02_Fitch, d02_EWP, and d02_noWT). The output
from three inner domains are used herein to compute
timewise perturbations that derive from the operation of
wind turbines as manifest in the two different wind
farm parameterizations. However, our approach does not
eradicate the presence of numerical noise in the output we
generated. For example, output from virtually all grid cells
exhibit some 10-min periods with a normalized fractional
difference in wind speed close to WT HH (e.g., d02_Fitch
minus d02_noWT normalized by d02_noWT) that are not
consistent with physical reasoning. These outliers are almost entirely confined to the warm-season months and do
not occur in December, January, February, or March. For
example, for the 4 km:41 simulation of August ;0.1% of
grid cells and time stamps in the Pomeroy area exhibit
fractional velocity deficit values in excess of 5. These
outliers are uniformly associated with time periods
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FIG. 9. Horizontal cross sections of median DTKE (d02_Fitch or d02_EWP minus d02_noWT) over the Pomeroy area computed using
output from March 2008 and shown for two heights: one close to WT HH and the other at approximately 2 times the WT HH as based on
output from Fitch and EWP applied at the three resolutions: 4-km horizontal grid spacing with 41 vertical layers (4 km:41), 2-km horizontal grid spacing with 41 vertical layers (2 km:41), and 4-km horizontal grid spacing with 57 vertical levels (i.e., 2 times the density of
vertical layers in approximately the lowest 2 km) (4 km:57).

with very low wind speeds in the d02_noWT output.
Use herein of median as a metric of the central tendency to describe fractional velocity deficits and added
TKE make the results resilient to these outliers, but it
is worthy of note that such features are present in the
simulations at all resolutions.
Given that most previous perturbation experiments
have not employed three simultaneously computed inner
domains, to further examine issues of numerical stability,
additional experiments were undertaken in which the
order in which the three inner domains are computed was
varied but otherwise all parameters were fixed. These
simulations were performed for 15–31 July, inclusive, at
the 4 km:41 resolution. The order of the inner domains is
as follows:
For simulation 1, noWT was d02, Fitch was d03, and
EWP was d04.
For simulation 2, noWT was d02, EWP was d03, and
Fitch was d04.
For simulation 3, Fitch was d02, EWP was d03, and
noWT was d04.
This experiment is designed to quantify the magnitude
of differences in output for d02_XXXX that may arise

from variations of the order in which the inner domains
were computed. Analysis of the output indicate there
are indeed marked variations in both the wind components in the third model layer from the noWT inner
domains and the 10-min power output from the wind
farm parameterizations according to domain order
(Fig. 11). When output from a given domain (e.g., U
component of the wind in the third model layer from
noWT) are compared, the results are numerically identical
if that domain was computed in the same rank order in the
two simulations (e.g., noWT was the first inner domain in
simulations 1 and 2), but otherwise they differ. For example, the mean ratios of electrical power production summed
over all WTs in Iowa in each 10-min period for Fitch
(simulation1/simulation2, simulation1/simulation3, and
simulation2/simulation3) are 0.987, 0.995, and 0.998.
Comparable results for power output from EWP are
0.977, 0.977, and 1.000. Thus, it appears that the order in
which the inner domains are computed has an influence
on the output. The three sets of simulations performed
at different resolutions and presented herein used a constant order for the inner domains and thus comparisons
across these simulations remain valid. However, this as yet
unreported, phenomenon has important implications for
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FIG. 10. Maximum median DTKE (d02_Fitch or d02_EWP minus d02_noWT) in any grid cell within the Pomeroy
area for heights close to WT HH and at 2 times WT HH as based on output from Fitch and EWP applied at the three
resolutions: 4-km horizontal grid spacing with 41 vertical layers (4 km:41), 2-km horizontal grid spacing with
41 vertical layers (2 km:41), and 4-km horizontal grid spacing with 57 vertical levels (i.e., 2 times the density of
vertical levels in about the lowest 2 km) (4 km:57).

perturbation experiments conducted within the wind
energy community. Future work will examine whether
the presence/absence/magnitude of the domain order
dependence and the occurrence of numerical outliers
exhibits a dependence on system architecture and/or
compiler and/or specific compiler settings.

5. Concluding remarks
Sensitivity analyses were conducted to examine the influence of vertical and horizontal grid spacing in the WRF
Model on the wind climate and flow perturbations (wakes)
and gross CF derived using two wind farm parameterizations (Fitch and EWP). The three sets of simulations are
performed for a domain covering the Midwestern United
States and focused on Iowa. They include one conducted at
4-km horizontal grid spacing and 41 vertical layers (4 km:
41), one with halved horizontal grid spacing (2 km 3 2 km,
and 41 vertical layers; 2 km:41), and one with doubled
vertical resolution in the lowest portion of the atmosphere (i.e., a total of 57 layers in the vertical direction) and a horizontal grid spacing of 4 km (4 km:57)
(Figs. 1 and 3).

Irrespective of the resolution used, gross simulated CF
for wind turbines in Iowa is higher in simulations that
employ the EWP wind farm parameterization than
when Fitch is applied (Fig. 5). Mean monthly power
output is 4.6%–5.6% higher when EWP is applied than
when Fitch is applied, depending on the precise resolution used. Monthly gross CF from Fitch ranges from a
low of 30.5% in July for the 4 km:41 resolution to 56.3%
in April for the 4 km:57, while for EWP the lowest gross
CF (also attained in July) is 32.7% (for 4 km:41) and the
highest is in January and is 57.2% (4 km:57); the value in
April is 57.1% (4 km:57) (Fig. 5). There is a general
tendency for the simulations at 4 km with 57 vertical
levels to be associated with the highest gross CF in both
wind farm parameterizations. This sensitivity to resolution (and wind farm parameterization) is particularly
marked during stable stratification and thus is strongly
manifest in nighttime hours (Fig. 5). It is at least partly
due to the shift in the wind climate at WT HH toward
higher values in the simulations with higher vertical
resolution (Fig. 4). Illustrative results from a subregion
of Iowa that encompasses the Pomeroy wind farm
cluster indicate that velocity deficits in excess of 2% and
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FIG. 11. Scatterplots of 10-min values of (a) U and (b) V components of the wind speed in an example grid cell
(100, 100) from the noWT inner domains and (c) sum of power production in EWP and Fitch from all grid cells
during 15–31 Jul 2008 for the three additional simulations performed at 4-km horizontal grid spacing with
41 vertical layers (4 km:41). The simulation number indicates runs conducted with the following orders of inner
domain: for simulation 1, no_WT was d02, Fitch was d03, and EWP was d04; for simulation 2, no_WT was d02,
EWP was d03, and Fitch was d04; and for simulation 3, Fitch was d02, EWP was d03, and no_WT was d04.

5% of the freestream condition (i.e., output from a
noWT domain) cover considerably larger areas when
the Fitch wind farm parameterization is employed and
the enhancement of TKE in more intense and expressed
over a larger spatial area. The area defined as within the
‘‘wind shadow’’ (i.e., with velocity deficits of .2%) is
generally largest in the 4 km:41 simulations with Fitch
and exhibits lowest variability with resolution in the
spring months (March–May, inclusive) (Fig. 7). The
lower wake intensity in the EWP formulation means
it consistently generates higher power production than
Fitch. This sensitivity of power production to wind farm
parameterization is generally of greater magnitude than
that resulting from the halving of horizontal grid spacing
for the simulations presented herein and is comparable
to doubling the number of vertical levels.
The simulations presented herein were conducted
using three simultaneously computed inner domains.
This methodological decision was made in attempt to
reduce the sensitivity of the analyses to chaos seeding in

independent simulations. However, as shown, there is a
sensitivity of the model output to the order in which the
inner domains are computed. To provide a context for
those differences, Table 3 presents the ratios of mean
power output for conditions during 15–31 July 2008 with
the WT fleet of 2014 from the different sources: wind
farm parameterization, resolution, and domain order.
The results imply that the differences in mean power
output between the two wind farm parameterizations
and between simulations with a given wind farm parameterization but at different resolutions are of larger
magnitude than the impact from inner domain simulation order. Further, consistent with results from the
long-term simulations, the sensitivity of power output to
increasing the number of vertical layers in the lowest
portion of the atmosphere is greater than the sensitivity
to increasing the horizontal resolution.
It is important to acknowledge the following: 1)
Halving the horizontal grid spacing from 4 to 2 km leads
to an increase by a factor of 4 in computing demands,
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TABLE 3. Comparison of model sensitivity in mean gross power production during 15–31 Jul 2008 from variations in model resolution,
wind farm parameterization, and order in which the inner domains are computed. For each simulation pair, the value given is the ratio of
the mean power produced; thus, for the comparison of EWP and Fitch output for the 4 km:41, the value of 1.091 indicates the mean power
production from EWP is 1.091 times that from Fitch.
Wind farm parameterization

Varied item
4 km:41/2 km:41
0.894
0.918

Model resolution
4 km:41/4 km:57
0.869
0.893

2 km:41/4 km:57
0.972
0.972

4 km:41
1.091

Model resolution
2 km:41
1.062

4 km:57
1.062

Fitch

2nd vs 3rd
0.987

Order of domains
2nd vs 1st
0.997

3rd vs 1st
1.010

EWP

3rd vs 2nd
0.982

Order of domains
3rd vs 2nd
0.982

2nd vs 2nd
1.000

Fitch
EWP

EWP/Fitch

whereas doubling the number of vertical layers in the
lower atmosphere leads to less than a doubling of computing demand. Thus, any future study will necessarily
have to balance the advantages of conducting longer simulations to sample a wide array of atmospheric conditions,
or increasing the domain to sample a wider array of regional climates against enhancing the horizontal and/or
vertical levels. 2) Research such as that presented herein
focuses on only a limited part of the total uncertainty space
in the simulation of wind climates and wind farm wake
effects, and that additional uncertainty in such simulations derives from variations in, for example, PBL parameterizations and the land-cover products used to
provide boundary conditions. Nevertheless, our analysis
is predicated on comparatively sophisticated treatment of
the mechanisms by which WT interact with the atmosphere, is of long duration and is conducted at high spatial
resolution (4 km 3 4 km or 2 km 3 2 km grid cells). Thus,
inferences drawn regarding the sensitivity of simulated
wind climates, wakes and electrical power generation
sensitivity to model resolution and wind farm parameterization are comparatively robust. In the absence of
long-term experimental data and/or availability of detailed power production data from suites of operating
wind farms, it is not currently possible to determine which
of the two parameterizations exhibit greater fidelity and/
or which model resolution is optimal to use in analyses
of array–array interactions. However, the sensitivities of
power production and wake behavior are of sufficient
magnitude to indicate the need for such observational
studies. Further, the importance of the wind farm parameterization to determining wake intensity and propagation
and the seasonality of the wake response to resolution (and
wind farm parameterization) should be used to provide

important context for previous research that has typically
been conducted over short time periods, at a single resolution, and/or using a single wind farm parameterization.
Pending availability of suitable computing resources and
release of long-term power production data from individual
wind farms, future work should include multiyear simulations and detailed validation against those observations.
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Vanderwende, B. J., B. Kosović, J. K. Lundquist, and J. D.
Mirocha, 2016: Simulating effects of a wind-turbine array using LES and RANS. J. Adv. Model. Earth Syst., 8, 1376–1390,
https://doi.org/10.1002/2016MS000652.
Vautard, R., and Coauthors, 2014: Regional climate model simulations indicate limited climatic impacts by operational and
planned European wind farms. Nat. Commun., 5, 3196, https://
doi.org/10.1038/ncomms4196.
Volker, P. J. H., J. Badger, A. N. Hahmann, and S. Ott, 2015: The
Explicit Wake Parametrisation V1.0: A wind farm parametrisation in the mesoscale model WRF. Geosci. Model
Dev., 8, 3481–3522, https://doi.org/10.5194/GMD-8-3715-2015.
——, A. N. Hahmann, J. Badger, and H. E. Jørgensen, 2017:
Prospects for generating electricity by large onshore and offshore wind farms. Environ. Res. Lett., 12, 034022, https://
doi.org/10.1088/1748-9326/aa5d86.
Wang, Q., K. Luo, R. Yuan, S. Zhang, and J. Fan, 2019: Wake and
performance interference between adjacent wind farms:
Case study of Xinjiang in China by means of mesoscale
simulations. Energy, 166, 1168–1180, https://doi.org/10.1016/
j.energy.2018.10.111.
Wilks, D. S., 2011: Statistical Methods in the Atmospheric Sciences.
3rd ed. Elsevier, 676 pp.
Xia, G., M. C. Cervarich, S. Baidya Roy, L. Zhou, J. R. Minder,
P. A. Jimenez, and J. M. Freedman, 2017: Simulating impacts of real-world wind farms on land surface temperature using the WRF Model: Validation with observations.
Mon. Wea. Rev., 145, 4813–4836, https://doi.org/10.1175/
MWR-D-16-0401.1.
Zhao, J., Z.-H. Guo, Z.-Y. Su, Z.-Y. Zhao, X. Xiao, and F. Liu, 2016:
An improved multi-step forecasting model based on WRF ensembles and creative fuzzy systems for wind speed. Appl. Energy,
162, 808–826, https://doi.org/10.1016/j.apenergy.2015.10.145.

Unauthenticated | Downloaded 01/09/23 05:05 AM UTC

