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Abstract. We propose a modification to the Fitch wind farm parameterization implemented in the Weather
Research and Forecasting (WRF) model. This modification, derived from 1D momentum theory, employs a wind-
speed-dependent induction factor to correct the local grid wind speed back to freestream before computing the
turbine’s power and thrust. While the original implementation underestimates power, the modified version shows
good agreement with the power curve. We strongly recommend employing the modification for all studies that
model at maximum one turbine per WRF grid cell. For simulations with more turbines per grid cell, additional
inner-cell wake losses have to be considered.

1 Introduction

As offshore wind energy is developing quickly and in rela-
tively concentrated regions along the coastline, models that
correctly represent large-scale wake effects and their inter-
actions with the atmosphere are needed. Several attempts to-
wards the realistic modeling of those effects have been made
by employing fast engineering models (e.g., Nygaard et al.,
2020), high-fidelity models (e.g., Wiegant and Verzijlbergh,
2019; Maas and Raasch, 2022) or mesoscale weather models
(e.g., Lundquist et al., 2019; Siedersleben et al., 2018). The
latter is being used by an increasing number of institutions
(Fischereit et al., 2021).

The most commonly used mesoscale model, especially
when studying large-scale wake effects, is the Weather Re-
search and Forecasting model (WRF; Skamarock and Klemp,
2008; Skamarock et al., 2021). The wind farm parameteri-
zation proposed by Fitch et al. (2012) has been integrated
into WRF’s main code for approximately a decade, establish-
ing itself as the most frequently utilized approach (Fischereit
et al., 2021). It models wind farms as an elevated sink of mo-
mentum and a source of turbulent kinetic energy, assuming

that thrust that is not converted to power linearly scales with
the turbulence added to the flow.

The Fitch parameterization does not consider the effect in-
duction has on the local wind speed at the grid cell of the
turbine. In this publication we show that, as a consequence,
the turbines’ power and thrust are underestimated. Abkar and
Porté-Agel (2015) mention that the local wind speed may de-
viate from the free wind speed that should be used for the cal-
culation of forces and power production. However, they only
discuss this effect for cases of multiple wind turbines in a
grid cell and use high-fidelity simulations to compute a cor-
rection factor. A similar approach was suggested by Mayol
et al. (2020), who introduced an induction-aware modifica-
tion to the Fitch parameterization by computing a correction
factor with idealized WRF simulations.

The effect of axial induction increases in relevance with
increasing ratios between turbine dimensions and grid sizes.
It is therefore desirable to have a method that does not rely on
precomputed correction factors but rather one that is directly
generalizable. This brief communication proposes a physics-
derived modification based on 1D momentum theory. It con-
siders the induction factor of the wind turbine to correct the
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local grid wind speed back to a freestream wind speed, as
is standard in actuator disk modeling. The validity of the
proposed modification is directly verified by comparing the
model’s power estimations to power curve calculations using
the wind speed from a reference simulation without a turbine.

2 Methodology

2.1 WRF setup

WRF version 4.2.1 was employed for this study. Note that
this version already includes the bug fix to the Fitch param-
eterization reported by Archer et al. (2020). The simulation
setup was largely based on Cañadillas et al. (2022). Three
one-way nested domains, the smallest one having a spatial
resolution of 2 km, were centered around a random point in
the German Bight. Initial and boundary conditions were de-
scribed every 6 h by ERA5, while the sea surface temperature
was provided by OSTIA. The physics schemes used consists
of the following: the MYNN 2.5 level planetary boundary
layer scheme, the Noah land-surface model, the MYNN sur-
face layer scheme, the RRTMG longwave and shortwave ra-
diation schemes, the WRF single-moment five-class micro-
physics scheme, and the Kain–Fritsch cumulus scheme (only
outer two domains).

We conducted a simulation of 5 d (21–25 January 2020),
preceded by 24 h that was omitted as spin-up. A single tur-
bine was placed in the domain, which was centered around
the German Bight. To analyze the sensitivity of the power
calculations to the turbine dimensions, two turbine types
were used: the NREL 5 MW wind turbine (Jonkman et al.,
2009) with a hub height of 90 m and a rotor diameter of
126 m and a 22 MW wind turbine with a hub height of 175 m
and a rotor diameter of 290 m that was created by simple di-
mensional upscaling of the IEA 15 MW wind turbine (Gaert-
ner et al., 2020). As a reference, a simulation without tur-
bines was performed, from which wind speed time series at
hub height were extracted for a direct calculation of power
by means of the turbine’s power curve.

2.2 Fitch modification

The Fitch parameterization calculates each turbine’s power
output P and its influence on the momentum equations using
the following equations:

∂u

∂t
=−0.5 ·CT(u) · u2

·A, (1)

P = 0.5 · ρ ·CP(u) · u3
·A, (2)

∂TKE
∂t
=−0.5 ·CTKE(u) · u3

·A, (3)

where u is the locally sampled wind speed in the grid cell
in which the turbine is located, CT and CP are the tur-
bine’s wind-speed-dependent thrust and power coefficients,
A= π (D/2)2 is the turbine’s rotor area, and ρ is the standard

air density. The coefficient CTKE, used to calculate the ten-
dency of the turbulent kinetic energy (TKE), is derived from
the known power and thrust coefficients by CTKE = CT−CP.
These calculations are done for each turbine individually.
When one grid cell contains multiple turbines, the resulting
effect on the momentum equations is just a sum of the single-
turbine contributions.
CT and CP are dependent on a freestream wind speed that

is undisturbed by the presence of the turbine. In practice,
measurements are taken at least 2.5 rotor diameter upstream
of the wind turbine. As the current implementation of the
Fitch equations samples the wind speed u inside the grid cell,
this condition is not respected. To this end, we suggest a mod-
ification to the Fitch equations that is based on a correction
of the local wind speed u of the grid cell in which the turbine
is placed, by the induction factor a of the wind turbine. The
aim is to obtain a free wind speed u∞ to be used in power
and thrust calculations:

u∞ =
u

1− a
(4)

with

a = 0.5
(

1−
√

1−CT (u∞)
)
· f (δ,dx,D). (5)

The induction factor a is calculated from the CT of the tur-
bine. A correction function f is needed to calculate how
much of the mesh cross-section is occupied by the turbine
area A. Because turbine orientation and mesh orientation
rarely align, we propose the following correction function,
which considers the local wind direction δ at hub height:

f (u,dx,D)= A ·
(
D · dx ·min

(∣∣∣∣ 1
cos(δ)

∣∣∣∣ , ∣∣∣∣ 1
sin(δ)

∣∣∣∣))−1

, (6)

where dx is the horizontal grid size,D the rotor diameter and
δ the horizontal wind direction. The correction function f
becomes A · (D · dx)−1 when the wind vector, and thus the
turbine orientation, is perpendicular to the mesh and A · (D ·√

2 ·dx)−1 when it is diagonal to the mesh. In the final set of
equations, the wind speed variable u∞ replaces the locally
sampled wind speed u in Eqs. (1) to (3).

For n wind turbines within one grid cell, the wind speed
correction can be extended by multiplying each turbine’s in-
duction. Note that we consider here that each turbine in the
grid cell faces the free wind speed, and no mutual wake in-
teractions occur. The assumption is also only valid when all
wind turbines are of the same type.

u∞ =
u

(1− a)n
(7)

3 Results

Figure 1 compares the calculated power of the reference,
the original Fitch (Fitch-o) and the induction modification
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Figure 1. Comparison of the 22 MW (a–c) and 5 MW (d–f) turbines modeled with different versions of the Fitch model and the reference.
(a, d) Reconstructed power curves. (b, e) Power difference relative to the reference as a function of wind speed. (c, f) Mean power difference
relative to the reference.

proposed here (Fitch-AIF). Figure 1a and d exhibit a recon-
structed power curve and Fig. 1b and e the difference in both
Fitch estimates relative to the reference. The scatter in these
plots is due to the divergence between simulations as a result
of, e.g., numerical approximations and the chaotic behavior
of the atmosphere. Regardless, Fitch-o shows a clear system-
atic power deviation for wind speeds below rated, whereas
Fitch-AIF exhibits values around zero. Averaged over the
5 d long simulation, Fig. 1c and f demonstrate that Fitch-o
produces a significant error, which vanishes for Fitch-AIF.
Moreover, the power difference is lower for the smaller tur-
bine, which can be explained by the lower induction effect
generated by the smaller turbine. Compared to Fitch-o, Fitch-
AIF shows for the wind conditions during the simulated pe-
riod a mean power and thrust increase of 5.5 % and 1.8 %
respectively for the 22 MW turbine and 3.3 % and 2.0 % re-
spectively for the 5 MW turbine. Due to the increased thrust,
the wake deficits will also increase.

To demonstrate the scalability of the modification with
high capacity densities and multiple turbines, five 22 MW
wind turbines were placed within a single grid cell in WRF.
While this scenario is rather unrealistic, it tests whether the
proposed modification holds in extreme cases. Under the as-
sumption that all five turbines operate in free wind condi-
tions, the average power production per turbine calculated
with the modification for multiple turbines (Fitch-mAIF) was
compared with Fitch-o, Fitch-AIF and the reference (Fig. 2).

This exercise reveals that the underestimation of Fitch-o
for this extreme dense case of turbines is about 23 %. This
reduces to 18 % for Fitch-AIF but is almost eliminated when
considering the number of turbines in the grid cell (Fitch-
mAIF). The slightly positive 1P in Fig. 2c is an artifact
of the decorrelation of wind speeds between the simulations
with and without turbines caused by the presence of the
turbines. A longer simulation time would effectively elimi-
nate this artifact and therefore does not affect AEP estimates
from year-long simulations. Compared to Fitch-o, Fitch-AIF
shows a power and thrust increase of 6.4 % and 3.3 %, while
Fitch-mAIF displays increases of 30.6 % and 15.1 %. By
showing that the modification is scalable to even these high
capacity and turbine densities, we can infer that it also works
for more realistic lower densities.

4 Discussion and conclusions

The Fitch wind farm parameterization implemented in WRF
version 4.2.1 does not consider local induction effects and
consequently underestimates power production of a single
wind turbine in the dynamic region of the power curve. This
issue is amplified for large turbines or when there are multi-
ple turbines in one grid cell. To correct this underestimation,
we propose a modification derived from 1D momentum the-
ory. Instead of using the local wind speed of the grid cell, we
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Figure 2. Same as in Fig. 1 but for five 22 MW turbines per grid cell and with the addition of the Fitch-mAIF modification that combines
the induction effect of the turbines within the grid cell for power calculation.

use the wind-speed-dependent induction factor to estimate
the freestream wind speed. Results from a simple analysis
verify that the turbine’s power curve is reproduced when in-
cluding this modification, thus improving the power estima-
tion of the wind turbine. Compared to measurement data, the
power of a turbine will likely still differ from the simulated
power by WRF, for example due to biases in the modeled
wind speeds and power curves. A full-scale validation with
measurement data is therefore considered important for fu-
ture work. With the proposed induction correction, however,
the model’s negligence of the reduction in wind speed inside
the grid cell due to the turbine’s presence is not responsible
for the difference anymore.

It is important to note that downstream wind speeds from
wind farms modeled with WRF-Fitch have shown good
agreement with measurements (Cañadillas et al., 2022; Fis-
chereit et al., 2021). This implies that the Fitch model may be
unintentionally generating correct results by ignoring induc-
tion as well as wake effects for grid cells containing multiple
turbines. Instead of ignoring both effects, the reduction in
thrust and power production of the cluster of turbines within
a single grid cell due to inner-grid wake effects should be es-
timated, with the reference wind speed for the calculations
being the induction-corrected wind speed. In this regard, the
presented correction is just the first step towards a more cor-
rect wind farm parameterization within mesoscale models.

Solving the induction correction becomes challenging
when turbines in a grid cell have different dimensions. In
such cases, the non-dimensional thrust coefficient needs to be
converted to dimensional form, and variations in hub heights
need to be considered. However, if precise yield calculations
for individual turbines are desired, the mesoscale model may
not be the most suitable choice due to its low spatial reso-
lution. Regardless, it is worth considering whether increas-
ing the model resolution and allocating more computing re-
sources are worthwhile to mitigate unresolved inner-grid ef-
fects.

In short, for scenario calculations of wind farm yields
with wind farms of not more than one single turbine per
cell (e.g., calculations involving future turbine dimensions),
we strongly recommend using the proposed modification as
presented in this paper for more accurate yield and wind re-
source assessments.

Code availability. The WRF code with the induction correction
for the Fitch parameterization is available for download at https:
//github.com/FraunhoferIWES/WRF.git (last access: 2 July 2024)
(https://doi.org/10.5281/zenodo.12608856, Sengers et al., 2024).
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