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Abstract.

Wind farm parameterizations are essential components of mesoscale models used to assess the impact of wind farm operation
on the atmospheric flow and surface climate. These models represent wind turbines as momentum sinks and sources of turbu-
lence. We describe the theoretical basis and implementation of an improved model to enhance the Turbulent Kinetic Energy
(TKE) treatment in wind farm parameterizations. The novel Latent Kinetic Energy (LKE) model integrates the tracer capabili-
ties of the Weather Research and Forecasting (WRF) model to accurately account for wind turbine-generated TKE throughout
the wakes in and downwind of wind farms. The formulation is compatible with multiple 1.5-order planetary boundary layer
(PBL) schemes in the WRF model and is implemented within the explicit wake parameterization. We evaluate the LKE model
against WRF large-eddy simulations with actuator-disc representations of wind turbines for an idealized 6 x 6 wind farm and
for three 1.5-order PBL schemes. The LKE formulation improves the representation of wake turbulence, reducing normalized
TKE differences relative to the large-eddy simulations to within 15 % over the wind farm region. In contrast, the Fitch wind
farm parameterization with default parameter values shows 40 %. The results further show that PBL-specific calibration is
required; with appropriate calibration, the LKE approach maintains normalized TKE differences within 15 % and reproduces

the hub-height wind-speed deficit within 1 % of the reference.

1 Introduction

The rapid expansion of wind farms globally, driven by the increasing demand for clean and sustainable energy, requires a
thorough understanding of their impacts on the atmosphere (Veers et al., 2019). Previous research shows that wind energy
extraction on a large scale can significantly change near-surface conditions and the atmospheric boundary layer (ABL), altering
its depth and wind direction (Allaerts and Meyers, 2017; Lanzilao and Meyers, 2022; Maas and Raasch, 2022). This highlights
the importance of considering the two-way interaction between wind farms and the ABL, as atmospheric conditions also affect
turbine energy production (Porté-Agel et al., 2020). This bidirectional relationship is critical not only in the planning but also
in the operational phases of wind farm projects. Therefore, atmospheric models that can capture these interactions are crucial
for assessing the impact of wind farms on local wind resources and vice versa, considering their significant economic and

environmental implications (Lundquist et al., 2019; Akhtar et al., 2021).
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The representation of wind farms in atmospheric models has evolved significantly from initially simulating wind farms as
areas of increased surface roughness or drag in global and regional climate models, to more sophisticated parameterizations
in mesoscale models (Pan and Archer, 2018; Fischereit et al., 2022). These later parameterizations represent wind turbines
as elevated (i.e., above the surface) momentum sinks and turbulent kinetic energy (TKE) sources. The Weather Research and
Forecasting (WRF; Skamarock et al., 2021) model has emerged as one of the preferred mesoscale models for implementing
and applying such wind farm parameterizations (Fischereit et al., 2022). However, integrating explicit TKE sources into the
WRF model requires using planetary boundary layer schemes capable of predicting TKE.

Planetary boundary layer (PBL) schemes in atmospheric models are crucial in modelling vertical turbulent processes that
influence temperature, moisture, and momentum throughout the atmospheric column. Among these schemes implemented in
the WRF model, the 1.5-order PBL schemes can prognose TKE and manage TKE columns independently. However, excep-
tions, one being the Mellor-Yamada Nakanishi Niino (MYNN; Nakanishi and Niino, 2009) scheme, further incorporate TKE
advection.

The wind farm parameterization (WFP) proposed by Fitch et al. (2012), commonly known as the Fitch parameterization,
stands out as the most widely adopted WFP in the WRF model, mainly due to its integration into the model’s public releases
(Fischereit et al., 2022). This parameterization incorporates an explicit TKE source and makes use of the TKE advection feature
to transport TKE downstream. TKE advection is essential, as it allows the TKE “injected” by wind turbines to properly mix
with the atmosphere at the scale of the mesoscale model, preventing spurious TKE accumulation at turbine-containing grid
cells. Consequently, WRF model studies employing the Fitch parameterization predominantly use the MYNN PBL scheme.
This, however, imposes a severe limitation by restricting simulations to a single PBL scheme.

The WRF model sensitivity to PBL scheme selection is well documented (Draxl et al., 2014; Carvalho et al., 2014; Hah-
mann et al., 2020; Bodini et al., 2023), along with the impact of other factors such as grid resolution (Skamarock, 2004; Olsen
et al., 2017; Floors et al., 2018). Given the variability in performance across different regions and case studies, there is no
universally optimal PBL scheme. This variability poses challenges, particularly when the MYNN scheme, perhaps well-suited
for integrating wake effects from WFPs, may not be the best choice for a specific region or case requiring wake effect as-
sessment. In addressing this, recent research by Rybchuk et al. (2022) and Pefia et al. (2023) explored implementing the Fitch
parameterization within an alternative PBL scheme, the NCAR 3DPBL (Kosovic et al., 2020; Juliano et al., 2022), beyond the
commonly used MYNN scheme. This investigation contributed to understanding how the choice of the PBL scheme influences
the modelled mesoscale wake and its impact on the atmosphere.

An alternative approach to exploring wind farm effects under different PBL schemes is to shift focus away from the explicit
TKE sources in wind farm parameterizations. The Explicit Wake parameterization (EWP; Volker et al., 2015) is a WFP in the
WRF model that, unlike the Fitch parameterization, does not explicitly incorporate a TKE source; instead, TKE contributions
from wind turbines are implicitly generated through increased shear associated with wakes—and without a change in buoyancy,
shear and TKE decrease below and increase above hub height compared to up-wind conditions. However, performance with

other PBL schemes has not been established, as EWP has only been applied with the MYNN scheme.
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The methodological differences between the EWP and Fitch parameterization lead to some systematic differences in sim-
ulation results (Shepherd et al., 2020; Pryor et al., 2022). Generally, studies evaluating EWP indicate that shear-generated
TKE underestimates the reference simulations and measurements, suggesting an explicit TKE source of some kind is probably
needed (Larsén and Fischereit, 2021; Ali et al., 2023; Garcia-Santiago et al., 2024). In contrast, initial applications of the Fitch
parameterization showed TKE overestimation (Abkar and Porté-Agel, 2015; Siedersleben et al., 2020). This overestimation
was attributed to a coding error and an excessively large TKE source, issues rectified by Archer et al. (2020). However, even
after correction, the spatial structure of the added TKE, as shown in Large-Eddy Simulations (LES), only partially matches
further downstream of turbines, and requires a relatively large TKE source at turbine locations (Archer et al., 2020; Pefia et al.,
2022; Garcia-Santiago et al., 2024).

This article presents a novel approach within the EWP framework to address issues related to explicit TKE sources that
significantly improve the TKE representation. Referred to hereafter as the Latent Kinetic Energy (LKE) model, this new
approach utilises the tracer capability of the WRF model to better simulate TKE at the turbine’s location and throughout the
wake’s evolution. Notably, the LKE model integrates TKE advection into the EWP framework, making it independent of the
MYNN PBL scheme and thus compatible with other 1.5-order PBL schemes. We evaluated the LKE model (implemented in
the EWP) and the Fitch parameterization against LES with actuator discs (AD), focusing on the streamwise development of
TKE to assess the performance of the new approach in simulating an idealised offshore wind farm in the same way as done in
Garcia-Santiago et al. (2024) (hereinafter referred as GS2024).

In Sect. 2, we derive the theoretical basis of the LKE model and its implementation in the EWP within the WRF model.
Section 3 presents the WRF model configuration for the LES and mesoscale simulations, the wind farm parameterizations,
and the methods used for comparison. In Sect. 4 to 6, the LKE model is compared to other wind farm parameterizations and

evaluated against the LES results. Finally, Sections 7 and 8 discuss our results and summarise the key conclusions of the study.

2 The latent kinetic energy concept

We introduce a novel model within the EWP to integrate TKE contributions from wind turbines into the 1.5-order PBL schemes.
This model addresses the current shortcomings in handling TKE in wind farm parameterizations by incorporating terms in the
TKE equations of PBL schemes that arise from the effects of “double averaging” (both ensemble and spatial) on the non-
homogeneous sub-grid scale flows in each grid cell. Our theoretical foundation relies on the work of Raupach and Shaw (1982)
and Volker et al. (2015), subsequently referred to as RS1982 and V2015. In the following (sub-)sections, we present the relevant

mesoscale model equations, the development of the new TKE model, and their implementations in the WRF model.
2.1 Background

Turbulent fluxes in mesoscale models are typically parameterized only in the vertical direction due to the coarse horizontal

resolution (Mellor and Yamada, 1982). Consequently, in standard 1.5-order closure PBL schemes, the TKE budget equation is
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simplified as

ok
5 =P Pt T M

where the left-hand side represents the temporal evolution of TKE, k = m/ 2. Here, u; denotes the velocity components
(¢ =1,2,3), primes denote fluctuations about the ensemble mean, and the overbar denotes ensemble averaging. The terms on
the right-hand side represent shear production Py, buoyant production Py, transport of TKE (T7), and dissipation (€). In
this one-dimensional PBL formulation, advection is omitted. Because unresolved turbulence is treated independently within
each vertical column, lateral heterogeneity associated with sub-grid flow structures is not explicitly represented. Thus, the
ensemble-averaged quantities in Eq. (1) are assumed to be horizontally homogeneous at the sub-grid scale (Wyngaard, 1992).

Including wind turbines in such schemes challenges this assumption of spatial homogeneity, because the unresolved turbine
wake within a grid cell constitutes a spatial perturbation to the homogeneous mean flow. To identify the contributions of wind
turbines and their wakes to the PBL TKE equation (Eq. 1), we derive a TKE budget equation that accounts for flow in the
presence of sub-grid elements. This is accomplished by applying the double-averaging procedure outlined by RS1982 (see
Appendix A). Starting from the momentum conservation equation (Eq. A3), which includes a forcing term f; associated with
the action of the wind turbines, we obtain the spatially averaged TKE budget equation (Eq. A7):

O) o e e e

7 = (Po) + (Puw) + (Po) + (Pe) +(Te) + (Tw) = (), @)
where angle brackets denote spatial averaging. Equation (2) resembles those in RS1982, Finnigan (2000), and Finnigan and
Shaw (2008); it further adds a turbine-induced TKE term, <75f> = <m>, and neglects advection for consistency with the 1D
formulation of the PBL schemes.

Equation (2) also contains the wake production term (P,,) and the dispersive transport term (7, ), both of which emerge
from the double-averaging procedure. These terms, together with <73f>, represent the additional contributions from the turbines
and their wakes introduced by the double averaging. Among them, V2015 found <75f> to be negligible, while RS1982 and
Finnigan (2000) noted that <’7},> is often neglected. Under these assumptions, the wake production term <’Pw> remains the

primary missing source of turbine-induced TKE which can be represented in the PBL closure as an additional source term:

ok - - =
EZPS—FPb‘i‘ﬂ—g—FSWt, (3)

where Sy is a parameterization guided by the wake-production term (P,,) from the double-averaged framework.
2.1.1 Diagnosing wake production from kinetic energy budgets

The wake production term is given by

(pe) = (a7 2L,

where double primes indicate spatial deviations (or dispersive, a term used in canopy studies) from the spatial mean, defined

~

<

as ¢’ = ¢ — () for any ensemble-averaged variable ¢ (Finnigan and Shaw, 2008). When the spatial average (-) is interpreted
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O

over a mesoscale grid cell, this term depends on unresolved spatial variations in the Reynolds stress and dispersive velocity
field, which therefore require parameterization.

Under the double-averaging framework, the wake-production term (P, ) transfers kinetic energy from the spatially het-
erogeneous mean flow to turbulence (Raupach and Shaw, 1982; Finnigan, 2000; Brunet, 2020). In this sense, it plays a role
analogous to shear production, which transfers energy from the mean flow to turbulent fluctuations. The main idea is to model
a leading-order portion of the mean kinetic energy budget to obtain (P, ) (here, a sink) and then introduce this term as a source
in the PBL TKE equation (Eq. 3).

The spatially averaged mean kinetic energy, % (u;u;), can be decomposed into the kinetic energy of the spatially averaged

flow and that associated with spatial deviations from it (see Appendix A):

—_

(i) = 3 ) ) + 5 (). @

[\

The second term in the right-hand side represents the kinetic energy of the spatially heterogeneous ensemble-averaged flow
field. Mesoscale models with PBL schemes only deals with two kinetic energy types : the kinetic energy of the grid-cell mean
flow, corresponding to the first term on the right-hand side of Eq. (4), and the TKE, whereas kinetic energy associated with
unresolved spatial deviations is not represented.

Within the double-averaging framework, separate budget equations can be derived for each term on the right-hand side of
Eq. (4). The term (P,,) appears in both the budget of (i} %/’) and the TKE budget, but with opposite sign. Physically, (Py,)
represents the progressive conversion of wake-induced, spatially coherent motions into turbulence as the wake mixes with the
surrounding flow (Raupach and Shaw, 1982; Finnigan, 2000; Brunet, 2020).

In the following, we refer to 1 (u//u}') as latent kinetic energy (LKE), to emphasize that this budget is not directly represented

by the turbulent mixing in the PBL closure until it is converted into TKE through (Py,).
The LKE budget equation has the following form (see Appendix A for details):

g 1 e\ e 8% <a2/a2/>_ i, O () ! O
It (2 <uzuz> - <uJ> 6l‘j <uzu]> 833]‘ 1 wiuy (9$j

~
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Ox; e 2 p Ox;
—_———
(7a) (Ca)
_ 92 _
_5isgg<a;’9”>+y<a;’8 gl >+<ﬂ;’f;’>, 6)
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where p is the pressure, p is the density, and v is the kinematic viscosity, ;3 is the Kronecker delta, g the gravitational
acceleration, 6 is the potential temperature with subscript 0 indicating a reference state. Equation (5) is similar to that obtained

by RS1982, but with the addition of the turbine-induced production rate (@ f!’). Furthermore, RS1982 also provided that in
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steady advection-free conditions, neglecting viscous terms (high Reynolds-number assumption), the budget for canopy flows

can simply be reduced to a balance between (P, ) and (Fy4).!
2.1.2 LES-based diagnosis of the LKE budget

To provide context for the magnitude and behaviour of the terms in Eq. 5, in flow around wind turbines, we diagnose the budget
contributions from time-averaged LES output of a single wind turbine under neutral atmospheric conditions from GS2024. For
a streamwise analysis, spatial averages and deviations are defined over a fixed square area in the y—z plane spanning the rotor.
The resulting quantities should be interpreted as cross-sectional diagnostics of the LKE budget. Because the averaging area is
finite and taken in the y—z plane, this averaging operation commutes with streamwise differentiation only. All terms in Eq. (5)
were evaluated from this area-averaged definition except for the pressure-related contributions and the turbine-induced term
(Fa), as p and f; were unavailable. These missing contributions are therefore represented by the residual R of the diagnosed
budget.

Figure 1a shows the streamwise evolution of the LKE budget terms. Close to the rotor, the residual is positive and dominant,
indicating that the turbine forcing (with pressure contributions) is the principal contributor to LKE production in this region.
The dispersive Reynold stresses production (P4) and the transport term (73) also contribute positively, although with smaller
magnitude than the residual. Downstream (approximately 3 Dy), production decreases, and the wake production (P, ) becomes
the primary sink downstream of the turbine followed by the transport term.

The behaviour of (P, ) is examined in more detail in Fig. 1b. When scaled by an appropriate factor, (Py,) closely resembles
the streamwise evolution of LKE, suggesting that the depletion of LKE by (P,,) is inversely proportional to a characteristic
time scale.

These comparisons are intended as a qualitative diagnostic; a complete budget analysis requires an additional dedicated
study. Regardless, these patterns provide useful guidance for constructing a simplified prognostic LKE model. The following

section introduces such model for mesoscale applications, including parameterizations of (Py,) and the relevant source terms.
2.2 The tracer-based parameterization

To represent the LKE budget in mesoscale modeling, we propose the use of a prognostic scalar with sources and sinks corre-

sponding to those in the LKE budget derived above. Let
Clxjt) = 5 (w]w) 6)

denote a scalar that represents the LKE per unit mass for a given grid cell, with units of m? s2. Such scalar is transported by

the resolved flow (%;) and diffused by an eddy diffusivity K (x;,t), similar for other scalars. Motivated from the behaviour of

Uy

(Py) relative to £ (u}u}’) in Sect. 2.1.2, and again neglecting viscous contributions, we formulate the leading-order prognostic

/! =11 I
Ui

'Notice that in RS1982 the term (Fy) is represented by % (u;) <g% >, a term derived from <7 %>
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Figure 1. Streamwise evolution of (a) LKE budget terms in Eq. (5) with a residual R and (b) only showing % (wfuy) and (75w) with values of

c1 =200s and c2 = 1. Terms are computed from LES outputs of a single wind turbine under neutral conditions (GS2024). Spatial averages

are taken over a y—z plane spanning the turbine rotor.

equation for C' in the (non-conservative) form
?Hm@i—ii(mgi):—/\c’ﬁ%; 9
the left-hand side is handled by mesoscale models with tracer capabilities (e.g. the WRF model). The advection and diffusion
of C' resembles the advection and transport terms in Eq. (5). In this framework, the transport term in Eq. (5) is interpreted as
a gradient-diffusion flux of C' which should use an effective eddy diffusivity K. For consistency (and pragmatism) with the
scalar-mixing operator of the mesoscale model, we use K¢ ~ Kj,.

The right-hand side of Eq. (7) parameterizes the dominant subgrid processes. The term —AC' represents the sink associated

with (P,,), where the effective decay rate \ needs parameterization; the term @ collects the remaining source contributions

(e.g. turbine-induced production).
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2.2.1 Parameterization of the LKE decay rate \

A first choice for the decay rate would be to prescribe A as a user-defined constant, for example based on the value inferred from
Fig. 1b. However, such a choice would produce strongly case-dependent behaviour, since the effective decay of the LKE is
expected to vary with the ambient turbulence and atmospheric stability. The intended application of the LKE parameterization
is to couple it with existing PBL schemes; therefore, A should instead adapt to the modelled turbulence conditions from the
PBL.

A suitable choice for A is a ratio of dissipation rate to TKE, the reciprocal of what has often been called the relaxation time

scale 7 in canopy studies (Katul et al., 2013; Banerjee et al., 2017):

TN@, )\:legg. 3)

Using a PBL scaling (&) ~ (k)3/2 /¢, gives A ~ <E>1/2/E, where (l;:>1/2 and £ are the velocity and the length scales (Wyngaard,

—~

2010). In flows within canopies or urban elements, the dissipation parameterization accounts for a length scale related to the
obstacle geometry (e.g. Sanz, 2003; Sogachev et al., 2012; Dellwik et al., 2019; Santiago and Martilli, 2010; Nazarian et al.,
2020; Lu et al., 2024). By the same analogy, we introduce Dy ¢, an “effective” rotor diameter for the grid cell, obtained as the
mean rotor diameter of the turbines it contains. This serves as the characteristic length scale for turbine wakes leading to the
scaling

(k)
A X .
Do et

€))

To embed this scaling within a given PBL closure, we express it in terms of the scheme’s parameters. In 1.5-order PBL closures,

the eddy diffusivity for momentum is commonly defined as
Ko = 07)"* S, (10)

where ¢ is the mixing length and Sy, is a stability function or constant. Then, we recast Eq. (9) using K, and ¢:

Ky,
éDO,eff ’

(1)

/\ZCA

where c) is introduced as a dimensionless calibration parameter. Expressing A in terms of K, from the PBL scheme has the
advantage that atmospheric stability is implicitly included through the stability function S;,,. Equation (11) is evaluated locally

(A(z;,t)) which provides a dynamical response of the decay rate to the modelled ambient conditions.
2.2.2 Parameterization of the source term

The (Q term can be interpreted as the sum of the source terms in Eq. (5): Q = (Pq) + (F4). From Fig. 1a, we can neglected the
contributions from (Py), leading (F4) as the main source. We compute (F4) following the turbine-induced TKE derivation

from Abkar and Porté-Agel (2015), here presented as the LKE source (see Appendix C for details):

Qr (@' f") = —(f)(0n)ac. (12)
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Here, (f) and (0},) represent the grid-cell-averaged force and speed (at hub height %) respectively. The axial induction factor
a is estimated using the thrust coefficient Cp via 1D momentum theory: a, = 5 (1 — v/1— Cr), where Cr < 1. The force (f)
in Eq. (12) is adopted from V2015 (see Eq. C5), with the initial length scale, oy, parameter partially controlling the vertical
distribution of the force. We retain a fixed vertical distribution for the LKE source within the rotor area (as in Abkar and
Porté-Agel, 2015; Fitch et al., 2012), but also permit the extension of the momentum deficit beyond this area. Consequently,

the force, (f), is computed twice: first modifying the momentum tendencies with a user-defined o, and second for the LKE

source, fixing og = 0.67g), where rg is the rotor radius following GS2024.
2.3 Implementation in the WRF model and compatibility with different PBL schemes

We implement Eq. (7) in the WRF model by treating C' as a prognostic scalar. The model dynamics handle the lef-hand side
of Eq. (7), while the right-hand side is implemented as a dedicated LKE submodule within the EWP routine.

The variable C is declared as a scalar array following the standard WRF configuration for prognostic tracers. This ensures
that advection and diffusion are performed automatically by the dynamical core using the same numerical schemes applied to
other prognostic scalars such as moisture or passive tracers. The decay term —AC' is evaluated in grid cells where C' exceeds
zero, while the source term () is limited to cells containing turbines. For the computation of the right-hand side of Eq. (7), we
made available the access to several PBL variables, including eddy diffusivity for momentum, turbulent length scale, and either
TKE or QKE (twice the TKE).

The conversion from LKE to TKE proceeds in two steps. First, the tendency (—AC + @) is computed, and AC, which
represents the sink of LKE and corresponding source of TKE, is added to the prognosed TKE of the PBL scheme (i.e.,
AC = Sy in Eq. 3). If the scheme prognoses QKE, the source term is multiplied by two before addition. Then, the dynamical
core advects and diffuses C alongside other scalar tracers.

Since the LKE tracer are advected by the WRF dynamical core, advection of TKE by the PBL scheme is not required for
the wake contribution; however, if advection of TKE from the PBL scheme (e.g. in MYNN or other newer schemes) is desired,

the TKE source is added to the scalar carrying the TKE advection term (e.g. QKE_ADV in the MYNN scheme).

3 Model setups and evaluation methods
3.1 Model configurations

We evaluate the results of the LKE model with idealised LES and mesoscale simulations using the same WRF model setup
(version 4.2.2) outlined by GS2024. These simulations use a simplified physics configuration, with mesoscale and LES using
a surface layer scheme and only the mesoscale setup incorporating a PBL scheme. The study uses two computational domains
for mesoscale and LES setups: an outer domain to develop the Atmospheric Boundary Layer (ABL) and a nested domain
focused on wind farm modelling. Key configuration parameters (e.g., vertical and horizontal grid spacing), including shared

and unique settings for LES and mesoscale setups, are detailed in Table 1.
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Table 1. Common and specific configuration settings for the LES and mesoscale simulations using the WRF model.

Common setup for LES and Mesoscale

Vertical discretization 120 vertical levels with model top at 2 km. First lowest 40 model levels with 5 m of spacing
Damping layer Rayleigh damping for the upper 400 m layer

Horizontal grid Two domains with a grid aspect ratio of 1:3

Nesting One-way nesting

Lateral boundary conditions Periodic for the outer domain and nested for the inner domain
Surface roughness length 2 x 10~ m (offshore conditions)

Coriolis parameter 12x 1075

Specific setup LES Mesoscale

Horizontal grid points (1n.,7,) D1 =[700,500], D2 =[1200,700] D1 =[108,96], D2 =[289,97]
Horizontal discretization [m] (Az = Ay ) DI =60, D2 =20 D1 =3600, D2 = 1200
Model time step [s] (At) D1=15,D2=0.5 D1=24,D2=8

Spin-up time [h] 8 120

Total run time [h] 12 130

Output frequency [s] 10 600

D1 = Outer domain, D2 = Nested domain

For the LES setup, we adopt the TKE-based sub-grid scale (SGS) model by Deardorff (1980) for the parameterization
of momentum and heat SGS fluxes. In the mesoscale setup, we use three local 1.5-order PBL schemes to simulate turbulence
processes in the vertical: the MYNN, the Mellor- Yamada Janjic (MY]J; Janji¢, 1990), and the Bougeault and Lacarrere (BouLac;
Bougeault and Lacarrere, 1989) schemes. The mesoscale setups employing MYNN and BouLac, as well as the LES setups,
utilise the Revised Monin-Obukhov scheme (Jiménez et al., 2012) for the surface layer (option sf_sfclay_physics
= 1), while the MYJ scheme employs its modified Monin-Obukhov scheme (option sf_sfclay_physics = 2; Janjic,
2001).

All simulations start with a dry, neutral ABL featuring a uniform geostrophic wind and a potential temperature profile set at
290 K up to 700 m. Above this height, the potential temperature increases at a rate of 10 K km™'. Mesoscale simulations include
a capping inversion layer above the inversion height with a 0.02 Km™' gradient and a 100-meter thickness to limit boundary
layer growth. Each LES and mesoscale simulation, and in the three PBL schemes, starts with a tailored geostrophic wind to
archive a mean wind speed of 10 ms~! and mean wind direction of 270° at 119 m height at the last hour of the simulations.

Initially, the LES and mesoscale simulations are run only for the outer domain to establish a steady neutral ABL (see spin-up
time in Table 1). After achieving a steady-state solution, we add the nested domain for an additional 10 hours for mesoscale

and two hours for LES. Subsequently, simulations restart at the spin-up time to model the wind farm within the nested domains
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for these additional hours. Table 1 outlines the total simulation times and spin-up requirements for both LES and mesoscale

simulations.
3.2 Wind farm modelling

The modelled wind farm consists of a 6 x 6 array of DTU 10-MW reference turbines (Bak et al., 2013), each with a 119-
meter hub height and a 178.3-meter rotor diameter, which aligns with the model’s z-y directions, as illustrated in Fig. 2 for
the LES’s nested domain. Turbines are spaced 6.7 rotor diameters (Dg) apart, matching the mesoscale grid spacing (1.2 km).
This configuration ensures each turbine’s central placement within its mesoscale grid cell to mitigate sub-grid scale wake

interactions.

[ LES nested domain ® Wind turbines
Averaged areas y-transect
12 A
g 81
=,
=
4 -
0 -
T T T T T T T
0 4 8 12 16 20 24
x [km]

Figure 2. Representation of the modelled wind farm in the LES nested domain. The y-transects serve as a reference for the evaluation and are
sequentially spaced by a wind farm length (Lwr) apart. Labels 0, 1, and 2 in transects, represent the front row, last row, and one Lwr distance
past the last row, respectively. Dy is the rotor diameter, while dashed grey squares exemplify the mesoscale grid cells and the average areas

used to post-process the LES results.

We implement the actuator disc (AD) model from Mirocha et al. (2014), incorporating tip correction factors from Shen et al.
(2005) and validated by Pefa et al. (2022), to simulate wind farm effects on flow within the LES nested domain. Within the
mesoscale’s nested domains, we model turbine impacts through three wind farm parameterizations: the original EWP (V2015),

the Fitch parameterization (Fitch et al., 2012), and our newly developed LKE model integrated in the EWP (see Sect. 2).

11



275

280

285

290

295

https://doi.org/10.5194/egusphere-2026-2144
Preprint. Discussion started: 22 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

For the original EWP, we use 09 = 1.7ry (recommended by V2015). In the Fitch parameterization, we adopt a ¢y = 0.25
(Archer et al., 2020) and explore using cy = 0. (representing no TKE generation) and ¢y = 1. The parameter ¢y denotes a
fraction of the total TKE source term in the Fitch parameterization (Archer et al., 2020). These parameter values are applied
across all PBL schemes.

For the LKE model, we investigate the impact of varying the coefficient c, from 0.0 to 1.0, only using the MYNN scheme
(TKE advection deactivated) and setting o¢g = 0.6 . We also conduct tests using a consistent ¢y = 0.4 (from Sect. 2.2.1) with
oo = 0.67¢, and 1.2ry. Furthermore, we adjust oy and cy for each PBL scheme. Table 2 provides a detailed comparison of
wind farm simulations using the three parameterizations, highlighting the specific parameters chosen for each PBL scheme and

test.
3.3 Evaluation methods

We time-average the results from the LES and mesoscale nested domains over the last hour of the simulation (see total run
times in Table 1). Following an analogous approach as in GS2024, we further average the time-mean LES results across 1.2 km
by 1.2 km areas centred on turbines, as illustrated in Fig. 2.

Our study evaluates the TKE modelled by the LKE model by comparing it with other wind farm parameterizations (EWP
and Fitch) and using LES with actuator discs (LES-AD) as the reference. We calculate the total TKE from the LES results,
adding the SGS contributions to the resolved TKE obtained from 10-second outputs of the final hour of the simulation. We also
examine the impact of the wind farm-added TKE on the wind speed recovery and the added TKE under various PBL schemes.

To compare the models, we examine the vertical profiles and cross-sectional fields from the averaged LES and mesoscale
results, focussing on the front row, exit row, and one wind farm length (Lwr) past the last row (y-transects O, 1 and 2 in Fig.
2). We present these profiles and fields as the differences between simulations with minus without the wind farm. Additionally,
we introduce the normalised difference in turbulent kinetic energy (NDTKE), calculated throughout the domain and vertically

integrated from the surface up to 2Dy =356.6 m:

f02D0 <E(’VF> dz — 02D° <l_€g> dz

o Lwr rLwr (2Do /=
Lyr o o™ Lo °<k:0,ref>dzdacdy

NDTKE =

13)

Here, kwr and k represent the TKE from each specific simulation ), in scenarios with and without the wind farm, respectively.
To account for inflow TKE variability across different PBL schemes and LES, as discussed in Appendix B, we normalise all
differences using the LES inflow TKE (ko rr) averaged over the wind farm area. Lastly, to focus on streamwise variations, we

average the NDTKE and the wind speed deficit in the y-direction as delimited by the y-transects in Fig. 2.
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Table 2. Overview of the wind farm simulations and their labels. Refer to the main text for details and definitions of parameters.

PBL’s TKE
Mode PBL Model Parameter values Label
advection
cy=0.0 Fitch-shear-adv
Fitch cy = 0.25 (default) Fitch-ctrl-adv
on cy = 1.0 (original) Fitch-100-adv
EWP oo = 1.77r¢ (default) EWP-ctrl-adv
EWP+LKE 09=0.67r9,cy=0.4 LKE-ctrl-adv
MYNN cy=0.0 Fitch-shear
Fitch
cy = 0.25 (default) Fitch-ctrl
EWP oo = 1.77r¢ (default) EWP-ctrl
Mesoscale off
oo =0.67r9,cx =0.0 LKE-shear
oo =0.6rp,cy =0.4 LKE-ctrl
EWP+LKE
oo =12rp,cy =04 LKE-opt
00 =0.670,cx ={0.0,...,1.0} LKE-range
. . cy=0.0 MY]-Fitch-shear
off (option Fitch
MYIJ cy =0.25 MYJ-Fitch-ctrl
not available)
EWP+LKE o09=1.019,cx =0.4 MYJ-LKE-opt
. . cy=0.0 BL-Fitch-shear
off (option Fitch
BoulLac cy =0.25 BL-Fitch-ctrl
not available)
EWP+LKE 09 =0.679,cx =0.4 BL-LKE-opt
LES-AD-hres (original resolution)
LES - - AD -

LES-AD (spatially averaged)
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4 Comparison of LKE with conventional parameterizations
4.1 Spatial analysis of TKE differences

Our evaluation starts with a spatial comparison of the wind farm’s added TKE, contrasting the LKE model with the Fitch
parameterization and using LES-AD as the benchmark. Figure 3 illustrates the TKE differences at hub height between the
simulations with minus the one without the wind farm. In Fig. 3a, we show the LES results at the original resolution (LES-
AD-hres), where the square wind farm configuration (Fig. 2) results in turbines being fully impacted by the wakes of upstream
ones. At this granularity, downstream turbines experience TKE increases of more than 1.0 m? s~2, surpassing the values of other
simulations discussed in this section. For comparison with wind farm parameterizations, we average the LES-AD-hres TKE
to the mesoscale resolution as shown in Fig. 3b—hereafter denoted simply as LES-AD. In this spatially-averaged LES results,
the first row appears similar to the ambient TKE due to averaging effects, with subsequent rows showing a streamwise increase

in TKE, peaking at 0.6 m” s~2 at the farm’s last row before gradually decreasing.

104 (a) LES-AD-hres 1 (c) Fitch-ctrl ] (&) LKE-ctrl
— 1.0
E 51 ———— B 1
= = | | 0.8
[ Wind farm area &
—5 T T T T T T T 06 “a
(2]
104 (b) LES-AD i i 04 ¢
E 5 - . E 0.2
>
01 T T 0.0
_5 T T T T T T T T T
0 10 20 0 10 20 0 10 20
x [km] x [km] x [km]

Figure 3. Time-averaged TKE differences (between simulations with and without the wind farm) at hub height using as reference (a) LES-
AD-hres and (b) LES-AD and comparing (c) Fitch-ctrl, (d) Fitch-ctrl-adv, (e) LKE-ctrl, and (f) LKE-ctrl-adv. Suffix “-adv” indicate TKE

advection activated from the MYNN scheme. See Table 2 for details and parameter values.

The Fitch parameterization yield different results based on whether TKE advection is enabled. As expected, without TKE
advection, Fitch’s approach (Fitch-ctrl; Fig. 3c) restricts TKE increases to cell-containing turbines, showing nearly uniform
differences (= 0.5 m?s~2) across the farm. Activating TKE advection enhances Fitch’s performance (Fig. 3d), mirroring the

increasing TKE trend of the LES-AD towards the farm’s end. However, the magnitude of the difference in TKE in the Fitch-
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ctrl-adv simulation is smaller than that of the LES-AD. Note that the Fitch-ctrl-adv simulation also introduces a TKE reduction
upstream of the wind farm front row that is not present in the LES-AD reference.

In contrast to simulations using the Fitch scheme, the LKE model captures both the LES-AD trend and magnitude of TKE,
with a minimum at the front row, a peak at the last row, and a subsequent decay downstream, regardless of the MYNN TKE
advection setting (Fig. 3e—f). The LKE model predicts a slightly larger spatial extent of the added TKE than the reference: for
example, the 0.2m? s~ contour in Fig. 3 extends downstream to approximately 18 km, whereas in LES-AD it reaches only
about 14 km.

4.2 Comparison of added TKE

To streamline the comparison of TKE changes across our simulations, we focus on the normalised difference in TKE (NDTKE;
Eq. 13). Figure 4 aggregates the streamwise variation of NDTKE from LES-AD, Fitch-ctrl, and LKE-ctrl, including additional
simulations: the original EWP (EWP-ctrl) and the Fitch parameterization without TKE injection (Fitch-shear). These two last
additions rely on the resolved shear, derived from the momentum sink, for TKE generation. As described in Sect. 3.3, all
parameterizations and LES-AD simulations are normalised using the LES inflow TKE, meaning that a value of 1.0 shown in

Fig. 4 indicates a 100 % increase over that reference TKE.

== Fitch-shear == EWP-ctrl-adv === LKE-ctrl
== Fitch-shear-adv Fitch-ctrl == LKE-ctrl-adv
= EWP-ctrl Fitch-ctrl-ady === |ES-AD

Figure 4. Comparison of the streamwise NDTKE (Eq. 13) using different parameterizations: Fitch with TKE injection (Fitch-ctrl) and
only shear contributions (Fitch-shear), LKE (LKE-ctrl) and the original EWP (EWP-ctrl), with LES-AD as the baseline. The impact of TKE
advection enabled (dashed lines; suffix “-adv” ) and disabled (dotted lines) is shown. Vertical grey lines indicate the location of the y-transects

referenced in Fig. 2, and Table 2 provides the simulation’s details.

The LES-AD simulation in Fig. 4 reiterates previous details in Fig. 3: minimal added TKE at the front row, peaking at

the farm’s end, and gradually decreasing downstream. The Fitch-ctrl simulation highlights a significant accumulation of TKE

15



330

335

340

345

350

355

360

https://doi.org/10.5194/egusphere-2026-2144
Preprint. Discussion started: 22 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

within the wind farm area, particularly in the front row (150 % of the reference TKE), followed by a sharp decrease after the
last row. Introducing TKE advection (Fitch-ctrl-adv) redistributes TKE downstream, reducing the maximum TKE at the last
row by 30 %, but with a better streamwise distribution of TKE.

For simulations generating TKE solely through resolved shear and without MYNN’s TKE advection (Fitch-shear and EWP-
ctrl), their streamwise distribution of NDTKE follows that of the LES-AD but with a much smaller magnitude. The key
difference between the Fitch-shear and EWP-ctrl runs (the former with more TKE than the latter) lies in the vertical distribu-
tion of the momentum sink, with the Fitch-shear simulation concentrating it within the rotor area and the EWP-ctrl extending
it beyond. A concentrated momentum sink produces a larger gradient of wind speed in the vertical; thus, more shear-generated
TKE than the distributed momentum sink. Activating TKE advection in those simulations shifts the streamwise TKE down-
stream and further reduces their TKE peak. The latter suggests that if an explicit source is not included in the wind farm
parameterizations, it is better to deactivate the advection of TKE from the MYNN scheme.

The LKE model performs similarly regardless of the state of the MYNN TKE advection (see Sect. 2.3). However, consistent
with the spatial analysis, the LKE simulations exhibit higher TKE levels than the reference downstream of the wind farm.
Despite this overestimation, the model reproduces the overall shape of the streamwise evolution of the added TKE observed in
the LES-AD reference. The following section investigates the origin of this overestimation and examines the factors modulating

the total TKE, with particular emphasis on the interplay between the PBL scheme and the LKE model formulation.

5 Factors determining the wind farm-added TKE in the LKE model
5.1 The effects of the new parameter c, on TKE and wind speed

In Sect. 2.2.1, we introduced the parameter c) in Eq. (11), that partially adjust the rate at which LKE decays into TKE in the
LKE model. We investigate the impact of manipulating c) (LKE-range simulations in Table 2) on NDTKE (Fig. 5a), and the
subsequent wake recovery (Fig. 5b) at hub height, using the same inflow wind speed (09 = 10 ms™") and the same momentum
sink distribution (gg = 0.67g) in all cases. For comparison, two Fitch simulations are included in Fig. 5 denoting the rage
([0,1]) of the TKE coefficient in the parameterization (Fitch-shear and Fitch-100-adv respectively; see Table 2 for details).

The LES-AD simulation exhibits a 160 % increase in added TKE and a 10 % reduction in wind speed at the end of the
wind farm. Sensitivity tests with c, values ranging from O to 1 show that the added TKE increases from approximately 60 %
to 250 %, accompanied by a reduction in wind speed deficit from 17.5 % to 12.5 % in the last row of the farm. The Fitch
parameterization produces a larger range of added TKE than the LKE model. However, using 100 % of the TKE source in the
Fitch approach (corresponding to a 350 % increase in TKE) results in a wind speed reduction of 12.5 %, comparable to the
LKE simulation with ¢, = 1. This indicates that, with the Fitch parameterization, more than 3.5 times the reference TKE must
be injected for the wind speed deficit to approach that of the LES-AD reference.

The tested c values in Fig. 5 lead to distinct streamwise evolutions of the added TKE. The most pronounced differences
occur in the magnitude of the peak at the farm’s end (2 /Ly r = 1 in Fig. 5a) and in the downstream distribution of the TKE

addition. Larger cy values lead to a faster conversion of LKE to TKE, resulting in a more rapid depletion of the LKE source and
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—— Fitch-100-adv Fitch-shear m— | ES-AD

Figure 5. Effect of varying cy values on the (a) NDTKE and the (b) hub-height wind speed deficit in the LKE-range simulations with a
constant momentum sink distribution (oo = 0.67¢). The LES-AD, Fitch-100-adv and Fitch-shear results are shown as a reference (see Table

2 for details). Vertical grey lines indicate y-transects referenced in Fig. 2.

a faster accumulation of TKE within the wind farm. In contrast, smaller ¢ values delay the conversion process and the release
of TKE. For instance, cy = 0.2 yields TKE levels below the LES-AD reference within the wind farm, while producing higher
TKE downstream of the farm (z/Lyr > 1). When ¢), = 0, the model reverts to its original formulation (i.e. EWP without
a TKE source but with o9 = 0.67¢), yielding TKE additions and wind speed deficits comparable to those obtained with the
Fitch parameterization without a TKE source (Fitch-shear in Fig. 5). These two configurations produce the deepest wind wakes
among the tested cases, nearly doubling the wind speed deficit relative to the LES-AD reference at the farm’s end (Fig. 5b).

Regarding wind wake recovery (Fig. 5b), all c) values exhibit a similar recovery trend up to approximately one wind-farm
length downstream of the last row (1 < z/Lw g < 2), with different magnitudes of wind speed deficit. Farther downstream,
the recovery rates diverge, with higher ¢, values associated with slower recovery.

A noteworthy detail is the considerable reduction in wind speed of approximately 2.5 % at hub-height 1.2 km upstream of

the first turbine row in all mesoscale simulations, contrasting with a reduction of approximately 0.6 % in the LES-AD at that
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point. At the first row of turbines, the magnitude of the reduction in the mesoscale simulations is ~5 %, irrespective of the
value of ¢y, compared to a decrease of only 2.5 % in the LES-AD simulations. In the mesoscale simulations, this upstream
reduction can be attributed in part to WRF’s numerical diffusivity, with a fraction potentially attributable to resolving some
large-scale blockage.

Based on the sensitivity analysis shown in Fig. 5a, an intermediate value of ¢ provides the best agreement with the LES-AD
reference in terms of TKE addition within the wind farm. However, the corresponding wind speed deficit still underestimates
the reference, yielding a reduction of approximately 15 % at the farm’s end. In the LKE framework (as in the EWP), this
discrepancy can be further addressed by adjusting the parameter o, allowing the wind speed deficit to be tuned independently

of the TKE addition.
5.2 TKE changes via shear production

The other factor controlling the amount of TKE added by the turbines is the shear production parameterized within the PBL
scheme. As introduced earlier, variations in this shear-generated TKE are achieved by modifying the vertical distribution of
the momentum sink (see EWP-ctrl and Fitch-shear in Fig. 4). Here, we examine how different levels of shear-generated TKE,
obtained by varying the parameter o, interact with the explicit TKE source introduced by the LKE model. This interaction
is analysed through three LKE simulations, all evaluated against the LES-AD reference. The first case employs a momentum
sink concentrated within the rotor area without an explicit TKE source (LKE-shear; oy = 0.67¢, ¢y = 0.0). The second case
applies the same momentum sink while activating the TKE source (LKE-ctrl; o9 = 0.67g, ¢y = 0.4). The third case combines
a vertically extended momentum sink beyond the rotor region with consistent TKE addition (LKE-opt; oo = 1.27r¢, ¢y = 0.4).
The value og = 0.67¢ is chosen to emulate the Fitch-shear configuration, following GS2024.

Figure 6 presents the vertical profiles of differences between simulations with and without wind farms for the wind speed
and TKE of the mentioned cases at the farm’s end (y-transect 1 in Fig. 2). The figure also includes the differences for the shear
(<7_95>) and wake production ((75W>) terms derived from the TKE budget outputs from the MYNN PBL scheme. From the three
simulation cases, the LKE-shear has the most pronounced reduction of wind speed in the rotor area (almost twice the reference
at hub height) but the least above it (Fig. 6a). The LKE-shear profile of A(k) indicates lower TKE production, from 1.8 Dy
down to the surface, compared to the LES-AD, and shows a TKE “sink” near the ground absent in the reference (Fig. 6b).
However, it captures the TKE peak’s location as seen by the LES-AD reference, which can also be observed by the maximum
value of the shear production term located at the upper rotor tip (Fig. 6¢).

Incorporating TKE via ¢y = 0.4 in the model results in greater TKE (LKE-ctrl in Fig. 6b) than the LKE-shear and LES-AD,
reducing the A(D) profile through increased mixing. Despite this additional mixing, the wind speed profile of the LKE-ctrl
remains higher (in absolute magnitude) than the LES-AD (Fig. 6a). Exploration of c) sensitivity (Fig. 5) suggests that a
cx > 1.0 might align the hub-height wind deficit with the LES-AD but at the cost of excessive (referring to the LES baseline)
TKE increase. An alternative solution can be adjusting oy = 1.2y while maintaining c) = 0.4, which leads to the LKE-opt

scenario. Increasing o smooths the A(?) profile, which in turn reduces the TKE addition from shear production (weaker
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Figure 6. Vertical profiles at the last turbine row (y-transect 1 in Fig. 2) showing differences (simulations without minus with wind farms)
in (a) wind speed, (b) TKE, and (c) Twice TKE production ({g)) by shear ((Ps); dashed lines) and wake ({Py); dotted lines) for LKE-shear,
LKE-ctrl and LKE-opt simulations (refer to Table 2 for details). Wind speed and TKE results from the LES-AD simulations are included for

reference. Horizontal grey lines mark the rotor’s top, bottom, and hub heights.

vertical gradient of wind speed than in the other two cases). This combination of parameters closely aligns the wind speed and
TKE profiles to the one from the LES-AD.

Assessing the shear and wake production terms in Fig. 6¢ offers insights into their variations across the LKE cases. Although
similar shear production is expected between LKE-shear and LKE-ctrl due to identical o values, adding TKE in LKE-ctrl
increases shear production. This effect is attributed to enhanced eddy diffusivity (from the additional TKE that comes from the
explicit source) used in the parameterization of the Reynolds stresses. With the same c),, the LKE-ctrl and LKE-opt simulations
exhibit similar wake production, with a slight increase at hub height for LKE-opt, attributed to higher hub-height wind speed
due to the distributed momentum sink and mixing. The differences in shear production between the LKE-ctrl and LKE-opt
simulations arise from their respective momentum sink distributions—reducing o increases shear production and vice versa.
The latter highlights how o directly modifies the wind speed profiles and indirectly modulates TKE generation by influencing

shear production, particularly near the upper rotor tip.

6 Assessing the LKE model across different PBL schemes

We test the LKE model with the BouLac and MYJ PBL schemes and compare their performance against the Fitch parameter-
ization and the LES-AD reference. This comparison extends our previous examination (Sect. 4) of the Fitch and LKE models
using the MYNN PBL scheme, maintaining identical parameters for both models using the MYJ and BouLac schemes.
Figure 7 presents the streamwise comparison of the NDTKE and hub-height wind speed deficit for the Fitch-ctrl, Fitch-shear,
and LKE-opt simulations using the MYJ and BouLac PBL schemes (see Table 2). LKE-opt simulations have adjusted values
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of oy for each PBL scheme. The Fitch-ctrl’s TKE pattern using both PBL schemes (Fig. 7a) mirrors its behaviour using the
MYNN scheme without TKE advection (Fig. 4): limited added TKE to the turbine-containing cells. In contrast, the LKE-opt
simulations using the MYJ and BouLac schemes (hereafter MYJ-LKE-opt and BL-LKE-opt; Fig. 7) reproduce the streamwise
TKE evolution observed in the LES-AD reference. In particular, the BL-LKE-opt case closely matches the LES-AD in terms
of added TKE magnitude, whereas the MYJ-LKE-opt simulation produces approximately 60 % less added TKE at the last row
of the wind farm compared to LES-AD.

== BL-Fitch-shear — LKE-opt
== BL-Fitch-ctrl BL-LKE-opt
== MYJ-Fitch-shear —— MYJ-LKE-opt

== MYJ-Fitch-ctrl = | ES-AD

Figure 7. Similar to Fig. 5, but for the LKE and Fitch parameterizations using the MYJ (dashed lines) and BouLac (“BL" dotted lines) PBL

schemes. Refer to Table 2 for details of each simulation.

The added TKE in the simulations varies significantly under the different PBL schemes despite identical wind farm param-
eterization settings, with the simulations using BouLac scheme generally producing higher TKE levels than those using MY]J.
These differences are evident in the Fitch-shear simulations (no explicit TKE source) with these PBLs. Under the BouLac PBL

scheme, Fitch-shear (Fig. 7a) generates TKE of comparable magnitude to the Fitch-ctrl case with an explicit source using the
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MYNN scheme (Fig. 4), but still is 60 % less than the LES-AD at the farm’s end. Surprisingly, Fitch-shear under MY]J results
in a TKE sink within the wind farm area, which then recovers to ambient levels three farm lengths downstream (Fig. 7a). While
the cause of this behaviour is beyond the scope of the present study, it highlights the importance of including an explicit TKE
source when using the MYJ scheme. Moreover, it suggests that a large TKE source may be required to approach LES-AD TKE
levels, as this PBL scheme appears to contribute little TKE through shear production.

The comparison of the wind speed deficits in Fig. 7b reveals that MYJ simulations exhibit similar deficits when using the
MYNN—greater deficits than those observed in LES-AD. In contrast, BouLac simulations replicate the deficit patterns of the
LES-AD more closely in the wind farm area. However, the BouLac simulations also indicate a slower wind speed recovery
downstream of the wind farm, diverging from LES-AD at the far wake /Ly > 2 in Fig. 7b. Wind speed deficit patterns in
the Fitch simulations under MYJ resemble those of MYNN, without TKE advection (Fig. 4), but with different TKE levels.

Except when using the MYJ scheme, the LKE simulations show differences of less than 10 % in added TKE and less than
2% in wind speed deficit within the wind farm region (0 < z/Lw r < 1). Downstream of the wind farm (z/Ly r > 1), the
LKE-opt simulation using MYNN produces approximately 20 % more added TKE than the LES-AD reference, whereas the
LKE-opt with the MY]J yields approximately 25 % less. In contrast, the LKE simulation employing the BouLac scheme shows
closer agreement with the reference in the downstream region. Overall, wind speed recovery in the LKE simulations aligns
more closely with the LES-AD than the Fitch simulations, with the MYJ-based LKE simulation exhibiting the closest match,
differing by approximately 2 % downstream.

The LKE-opt runs have a consistent ¢y = 0.4 and adjusted o values for the three PBL schemes. This adjustment is to match
the LES-AD in terms of wind speed deficit and added TKE. We determine oy = 0.67,1.07¢, and 1.27( as the optimal values
for the BouLac, MYJ, and MYNN PBL schemes, respectively. Notice that the chosen o values correspond inversely to the
eddy diffusivity values of the PBL schemes: BouLac and MYNN schemes with the largest and smallest values throughout the
ABL, respectively (see Appendix B). This adjustment highlights that the magnitude of added TKE, accurately captured by the
LKE model in shape, is not the sole determinant in obtaining an accurate wind speed shape. At the same time, this added TKE

necessitates consideration of the resolved shear and the specific treatment of TKE by the PBL scheme.

7 Discussion

To ensure an accurate evaluation of the TKE generated by wind farm parameterizations, we chose a LES modelling set-up
with an actuator disc as our reference benchmark, circuamventing the complexities involved in validating TKE from these pa-
rameterizations against actual measurements. In this process, we ensured comparable inflow conditions between the LES and
mesoscale simulations, as detailed in Appendix B. The focus thus shifted to ensuring an accurate representation of the tur-
bulence structures in the resolved TKE of the LES. Although increasing LES resolution and implementing advanced turbine
representations could enhance turbulence representation, the high computational demand makes this impractical for refining
coarser parameterizations. We consider that a 20-meter horizontal resolution in our LES was adequate to evaluate TKE from

wind farm parameterizations, showing less than a 2.2 % difference in resolved TKE compared to the 10-meter resolution setup
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by GS2024 (see Appendix D). This result supports the validity of our comparative analysis. However, it remains essential to
validate these results with field measurements, once they become available, as the application of the wind farm parameteriza-
tions is done mainly under realistic scenarios.

The differences in TKE outcomes between LKE and Fitch parameterization lie in their methods of TKE injection and their
definitions within the grid-cell-averaged TKE budget equation. The Fitch parameterization incorporates both ensemble and
spatial perturbations in its velocity perturbation definition, making the turbine-induced term 7% the primary contributor to
the added TKE. This leads to immediate injection of TKE at the turbine location, which requires advection of TKE from
the PBL to transport TKE further downwind in an attempt to achieve satisfactory results away from the turbine locations, as
indicated by previous studies. In contrast, the LKE model focuses on spatial perturbations, with the wake production term
predominantly contributing to the added TKE. As explained in Sect. 2, this results in a gradual and measured release of TKE,
transitioning from LKE to TKE in a manner that more accurately mirrors the reference LES-AD behaviour (and possibly the
real world). Additionally, the added TKE in the LKE parameterization is not merely generated at the turbine’s location for
subsequent advection, as in the Fitch parameterization, but is produced along the turbine’s wake. This is achieved using tracers
that provide a “memory” of the turbulence’s evolution, leading to a better TKE representation downstream.

The LKE source term (Eq. 12) is inspired by the TKE source term derivation from Abkar and Porté-Agel (2015), which
uses a relationship between axial induction and thrust coefficient to model spatial differences. Alternatively, one could adopt
the approach of Fitch et al. (2012), which considers the difference between thrust and power coefficients for the LKE source.
Although both methods yield similar results in terms of TKE addition, as noted by Ali et al. (2023) in their realistic simulations,
preliminary tests indicate a slight increase in TKE at the downstream end of the studied wind farm using Fitch’s method
compared to Abkar’s (not shown). We opted for Abkar’s methodology but chose not to include the { parameter, which accounts
for the discrepancy between the inflow wind speed at the turbine’s location () and the average wind speed across a grid cell
({(up)). An interesting possible improvement should account for sub-grid wake interactions (as in the MAV parameterization;
Ma et al., 2022), providing a more precise estimation of the inflow wind speed than the standard averaged-grid-cell speed
approach. Therefore, in this initial evaluation, we use an ideal wind farm layout where each turbine is located at the centre of
the cell to minimise sub-grid effects.

The proposed parameterization of A, defined as the inverse of a characteristic time scale 7, is intended to account for
differences among PBL schemes, including their background TKE levels and closure constants, as well as the characteristic
length scale of the drag-inducing elements. The dimensionless coefficient c) provides an overall calibration of this conversion.
Through )\, the LKE-to-TKE conversion acts as a complementary TKE source that varies according to each scheme’s shear
production. For example, because the BouLac scheme exhibits larger shear production, it requires a smaller explicit TKE
contribution than MYJ to achieve comparable agreement with LES reference. For the three PBL schemes considered here, this
formulation effectively narrows the calibration to a common value of ¢y = 0.4. Although alternative parameterizations of A
could be formulated based on other definitions of characteristic velocity and length scales, the present form (Eq. 11) is direct

and practical; further investigation of alternative formulations remains the subject of ongoing work.
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The added TKE influences vertical momentum diffusion through the eddy diffusivity and, consequently, wind speed recov-
ery, as shown in the results section. However, as illustrated by the Fitch scheme, introducing an excessively large TKE source
within the wind farm area is still insufficient to reproduce the deficit predicted by LES-AD in that region. Matching the LES-
AD wind speed therefore requires not only a suitable representation of the added TKE within the wind farm parameterization,
but also a mechanism to account for enhanced wake recovery. The LKE model addresses both aspects by using the initial length
scale (og, from the EWP) to distribute the momentum sink vertically, while A modulates the magnitude and structure of the
added turbulence. This vertical distribution of the force indirectly accounts for wake recovery by producing a smeared, grid-
cell-averaged deficit profile (V2015). An alternative approach would be to include a parameterization of the stress divergence,
the primary driver of wake recovery (van der Laan et al., 2023); exploring such an extension is left for future studies.

Including eddy diffusivity in A implicitly incorporates atmospheric stability into the LKE-to-TKE conversion through the
PBL scheme. However, the present analysis is limited to neutral conditions, and further evaluation under stable and unstable
regimes is needed to assess the robustness of the parameterization. More generally, we have shown that the model is compat-
ible with 1.5-order PBL schemes in the WRF model, provided that prognostic TKE and eddy diffusivity are available. This
compatibility suggests that the parameterization can be extended to other schemes of this class. However, its application to first-
order closure PBL schemes, which do not explicitly represent TKE, remains unexplored and would likely require alternative

strategies, such as enhanced eddy-diffusivity formulations, to represent turbine-induced turbulence.

8 Conclusions

Turbulent kinetic energy plays a critical role in 1.5-order PBL schemes, governing the representation of the ABL and its
vertical profiles of momentum, temperature, and moisture. Introducing TKE from turbines can significantly alter this represen-
tation, particularly in scenarios involving large wind farms or wind farm clusters, emphasising the importance of accurately
representing both the spatial distribution and magnitude of turbine-generated turbulence.

In this study, we present and evaluate the LKE model, a novel extension of the EWP designed to account for TKE contribu-
tions from wind turbines. A key limitation of existing mesoscale wind farm parameterizations is that TKE is injected locally at
the turbine grid cells and subsequently transported downstream by advection. As a result, reproducing the downstream turbu-
lence levels observed in LES requires an unrealistically large TKE source at the turbine locations, leading to an overestimation
of TKE within the wind farm. The LKE model addresses this limitation by allowing TKE to be released progressively down-
stream of the turbines, thereby decoupling the location of TKE injection from the turbine position. The main improvements

introduced by the LKE model are:

— The LKE model reproduces the streamwise evolution of added TKE observed in LES, with minimal TKE at the wind
farm entrance, a maximum near the downstream end of the farm, and a gradual decay further downstream. The distribu-
tion and magnitude of the added TKE is directly controlled by the parameter cy and indirectly by o through its influence

on shear generation.
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— The injection of TKE in the LKE model is independent of TKE advection from the PBL scheme, enabling its use with

other PBL schemes that lack this feature while still achieving satisfactory results regarding wind speed and TKE.

The results further demonstrate that turbine-generated TKE influences wind speed recovery within wind farms, with higher
TKE levels promoting faster wake recovery. Agreement with LES-AD, in terms of wind speed deficits in the wind farm area,
can be achieved without resorting to unrealistically large TKE sources, such as those required by the Fitch scheme when using
100% of the TKE source. Instead, this agreement can be obtained in the LKE model through appropriate tuning of the parameter
09, inherited from the EWP which controls the vertical distribution of the momentum deficit. Consequently, a combination of
the parameters cy and oy is required for each PBL scheme, as different schemes generate TKE in distinct ways and shape wind
farm wakes differently. For the configurations examined in this study, we identify o9 = 0.679, 1.07p, and 1.27y as optimal
values for the BouLac, MYJ, and MYNN PBL schemes, respectively, while maintaining ¢, = 0.4 for all cases as a baseline for
future studies exploring variations in inflow wind speed, wind farm layout, and atmospheric stability.

Overall, the LKE model addresses a fundamental shortcoming of existing mesoscale wind farm parameterizations by en-
abling a better streamwise development of turbine-generated turbulence without overestimating TKE at the turbine locations.
This improvement leads to a more realistic representation of both turbulence and wind speed deficits, while providing a flexible

framework for future studies of wind farm and atmosphere interactions under different PBL schemes.

Code and data availability. The model development described in this paper consists of modifications to the Explicit Wake Parameterization
(Volker et al., 2015) implemented in the WRF model version 4.2.2. The model’s code is archived at [https://doi.org/10.11583/DTU.32015934]
(Garcia-Santiago, 2026). The archive contains the necessary source files with patches for the WRF model version 4.2.2 along with a concise
example of input files to run the new parameterization. The current development version is also available at [https://gitlab.windenergy.dtu.
dk/WRF/wrf-ewp-release] (last access: 17 Apr 2026), but the archived release linked above is the version corresponding to this manuscript.
For the evaluation presented, the actuator disc and the surface fluxes routines comes from [https://doi.org/10.5281/zenodo.7765891] (Gill
et al., 2023) with the associated repository [https://github.com/a2e-mmc/WRF] (last access: 17 Apr 2026). The WRF model is available for
download from [https://github.com/wrf-model/WRF] (last access: 17 Apr 2026).

Appendix A: Kinetic energy budget equations under the “double averaging” approach

Double averaging, as outlined by RS1982, combines ensemble and spatial averaging of flow variables. Under this approach,
an instantaneous variable, ¢, can be separated into its ensemble mean, ¢, and a fluctuating component, ¢’ (¢ = ¢ + ¢’). The
ensemble-averaged variable, ¢, is further divided into a spatial mean, (¢), and a spatial deviation, ¢”, from this mean (¢ =

<q§> +¢""). Following the double averaging approach, the spatial and ensemble-averaged total kinetic energy can be decomposed
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in the following:

1 RPN

5 () = 5 () + 5 () (A1)
I, | 1 N

= 5 () (@) + 5 (@) + 5 () (A2)

Here, the right-hand side terms in Eq. (A1) denote the spatially-averaged kinetic energy of the mean flow and the spatially-
averaged turbulent kinetic energy, respectively. By further decomposing the kinetic energy of the mean flow into its spatial
average and deviations, we obtain Eq. (A2) where the second term represents the heterogeneity of the mean flow in non-
homogeneous conditions, as discussed by RS1982 and V2015. Following this, we focus on the derivation of budget equations
for the heterogeneous mean flow component (3 (/%)) and the turbulent kinetic energy component (3 (u/u})). Starting from
the incompressible momentum conservation:

Oui Oui 1o €ij3Uj — 51‘399% + Vﬁ;;? + fi (A3)

where u; is the velocity (with 2 = 1,2, 3), p is the pressure, p is the density, f. is the Coriolis parameter, ¢;;3 is the Levi-Civita

ot +uj8$j o _p 8.%1

tensor, J;3 is the Kronecker delta, g the gravitational acceleration, 6 is the potential temperature with subscript 0 indicating a
reference state, v is the kinematic viscosity, and f; is the drag force due to the turbines. Decomposing variables in Eq. (A3)
using an ensemble mean and fluctuating part: ¢ = ¢ + ¢’ (u; = u; +u}, p=p+p, 0=0+0", f; = f; + f!); and taking the

ensemble mean, we obtain the Reynolds-averaged Navier—Stokes (RANS) equation often used in mesoscale models:

ou; ou; 6uzuj 1 9p 0 A%, -
A, Uj— = —— 5 c€ij3lj — 51 [ A4
ot +uj8xj+ Ox; p@a:i—’_fgjsuj 599 +V8x? +f Sh
Then, we obtain the conservation equation of the perturbation u; by subtracting Eq. (A4) to Eq. (A3):
ou, 8u’- , 0t , Ou 10p' , g6’ o%u),  Ouj U; ,
i g 2 g i 0l i3 — 2 ; A5
ot 2, Yoz, “an, T pom Yo TV ox2 T o, T (A3)

We obtain the TKE budget equation by multiplying Eq. (A5) with w/, taking the ensemble mean, and applying product rule:

O3] oLuiu] -0, — Ouulul 1 oulp 02u
2 Uit U —2 Ui Z:—u Ui —&-513 g — i Zgp + v UQ’
ot Oz 70z, 0o * Oz p Ox; Oz}

+ulf! (A6)

7

With TKE given as k = uju / 2. From Eq. (A6), all ensemble-averaged variables (e.g., u;, uzu], U ulf’, or u} f! ) are then split

into a spatial mean and a spatial deviation around the mean: ¢ = <q§> + ¢"'; followed by a spatial averaging operation. This

process leads to the spatially averaged TKE budget equation:

@ﬂﬂﬁ o(k) _ —<W> 0 (ui) +51390< ,9,> 0 <@>+<E”a’.’>+ <W>
—_—— ——

ot oz, YL O 0z, J p
N—— N ~
(A) (Ps) (Py) (T+) (Ta) (Tp)
82u; nou! R
+” <“ 922 > - <“3“9 oz > + (i) (A7)
—_— T/ —
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For the heterogeneous mean flow component budget, one can derive it by first obtaining the spatially averaged RANS

equation by splitting ensemble-averaged terms (¢ = (¢) + #") in Eq. (A4) and then applying spatial averaging

da) 6<ai>+a<m9> +3<ﬂ2’ﬂ9’> _13{p)

_ 0) P (w)
ot + <U’J> afj 5':vj axj = P Oz, + fcgz]?) <u_]> - 61397 +v (A8)

90 81'2

Then, subtracting Eq. (A8) to Eq. (A4) and applying the product rule, we can obtain a conservation equation for u}’:

—//
oul! oul!  Ouju; ) v v 10p” " 0" o*al
v ;i R — (@) +aa! — (a'a’y) = —= L Eiial — 30— ¢ " A9
ot ) B, "o, o, () o 0] = G )) = = oy + Fesuoatly =G g T T A9

Multiplying Eq. (A9) with @ and then applying a spatial average, we obtain the LKE budget equation:

oL (ullull) 0% (ufull) olu;)  J——noul
2 7 1 — (7. 2 e A —/]—l{ K { /‘ "
at ) = W) %, +<”1“J axj>
(Aa) (Pa) (Pw)
_9 <a{/ul_u/',/>+7<a;’a;'a;!> _ [ wop"
Oz v 2 p Ox;
—_————
(Ta) (Ca)
_ 92! _
—6i35<u;’0”>+v<u2’3z - >+<u;'f;’>, (A10)
0 gty ~——
—_— — >
(Ba) (D.) o

Notice that in RS1982 the term (F,) is represented by the term % (it;) <g;;’i’ >, a pressure drag form multiplied by the mean

velocity which obtained from the term % <a;’ gil_,>.
P z;

One could argue that the averaging in Eqs. (A7) involves both a moving average (following the flow) and a spatial average,
which could directly impact the advective terms (and indirectly the production and transport), due to the derivative and aver-
aging operators not exactly commuting. However, this commutation error is assumed small, as done in RS1982 and similar
studies following it; if the grid spacing were much smaller this could introduce additional uncertainty, but such grid spacings

(Az ~ D) would introduce other problems into this mesoscale parameterization.

Appendix B: Intercomparison of inflow conditions

We compare the inflow conditions (i.e., simulations without the wind farm) of the simulated neutral atmosphere from mesoscale
simulations using MYNN, MYJ, and BouLac PBL schemes, with LES as the reference. Figure B1 showcases the inflow vertical
profiles of horizontal wind speed, wind direction, TKE, and momentum eddy-diffusivity, averaged over the last simulation hour
(Table 1) and the horizontal computational domain, from both LES and mesoscale simulations. In this comparison, MYNN’s
representation in Fig. B1 has TKE advection deactivated, given that both activated and deactivated options yield similar inflow

conditions.
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Figure B1. Time-averaged vertical profiles of (a) horizontal wind speed, (b) wind direction, (c) TKE, and (d) momentum eddy-diffusivity,
comparing mesoscale simulations using MYNN, MY]J, and BouLac PBL schemes against LES for the simulated neutral atmosphere. Profiles
represent spatial averages over the proposed wind farm area (Fig. 2), with horizontal grey lines indicating the wind turbine rotor’s top, bottom,
and hub heights.

For wind speed profiles (Fig. Bla), BouLac’s simulation aligns more with the LES outcome, whereas MYJ shows the
greatest deviation. Specifically, MYJ predicts the sharpest wind speed gradient at the rotor area, unlike BouLac, which predicts
the least. Surface wind speeds are lowest with MYJ (4 ms™') and highest with BouLac (8 ms™"), with LES reporting a surface
wind speed of 7ms~!. In this context, MYNN’s performance is intermediate between BouLac’s and MYJ’s. The jet peak is
located in the 600 m to 750 m layer for all models. In terms of wind veer (Fig. B1b), all simulations except BouLac exhibit
comparable profiles at the rotor area but diverge at higher altitudes, with the most notable differences occurring at the boundary
layer top (600 m to 750 m layer). BouLac’s wind direction profile remains constant at 270° from the surface to the rotor top.

TKE profiles (Fig. Blc) from all simulations consistently show the highest production at the surface, decreasing to zero or
a constant value at their boundary layer top. TKE at hub height is similar for MYNN and BouLac (0.25 m?s72), higher for
LES (0.4m?s72), and highest for MYJ (5.5m?s72), with MYJ imposing a constant value of 0.1 m? s~ above the boundary
layer height. Momentum eddy-diffusivity (K,,) profiles (Fig. B1d) vary across the PBL schemes, with BouLac presenting the
highest values and MYNN the lowest within the boundary layer. Additionally, the profile shapes differ, with BouLac exhibiting
sharp gradients with a peak at 250 m, contrasting with the smoother profiles of MYNN and MY]J.

In summary, LES and mesoscale simulations with the three PBL schemes show generally consistent wind speed and direction
profiles within the rotor area, achieving uniform hub-height wind speed and direction (10 m s~ and 270°). However, variations
in TKE profiles, shear, and veer across the boundary layer underscore the impacts of employing different PBL schemes under

nearly identical conditions (see Table 1).
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Appendix C: Turbine-induced LKE source

We follow the procedure from Abkar and Porté-Agel (2015) to get the source term (@ f!'), but with the difference that in
our notation, the double-primes denote only the spatial deviation from the mean, but in Abkar and Porté-Agel (2015), denotes
spatial and ensemble deviation. We define two averaged areas: The horizontal grid cell area, defined by the model’s grid spacing
A = Ay x Az, and a relatively smaller area Ja (inside A) enclosing the wind turbines. We assume that each wind turbine force

fwm is smeared out over da and outside it is zero. Then, the total spatially averaged force over the grid-cell A is:

N,
S (g 5aN,
(Fi) =3 D Furabam =0 Fur (C1)

n=1
where N, is the number of wind turbines in A. The right-hand side of Eq. (C1) assumes that all wind turbines impose the
same drag force. In reality, if there is more than one wind turbine inside the grid cell, fwt’i might differ for each turbine due to
sub-grid wake interactions. Future iterations of the model should account for that behaviour.

For the horizontal wind, we used the rotor-averaged wind speed ., ; inside da and @, outside of it. With the definitions of

the horizontal wind and force inside A and da, and using spatial decomposition (¢” = ¢ — ($)), gives the following:

W= / a) fdA, ©2)
1 7// i/ N 7// /i
=1 / i i dA+ —— " "fIdA,
A—Nyida da
1 Nwt _ = A
A / ) (= (fz>)dA+7 (Ut i — (i) (fi) (5ANM —1) dA,
A—Nytda da
= —(fi) ((U) = Tupt,s) - (C3)

Similarly, as in V2015, we use the grid-cell-averaged speed at hub height (0}, ) as the inflow velocity %g. Then, we can approx-

imate @y ; = Go(1 — ag), leaving Eq. C3 as :

(@' f"y = =(f)lon) (1= (1 - az)), (C4)
where the grid-cell-averaged force,(f) , comes from V2015:
2 — \2 2
A 7 15CT (Un) 1/z—h
(f) = —Nuwt S Ao exp [ 5\ o ; (C5)

with the effective length scale, o, in Eq. (C5) controlling the wake expansion.

Appendix D: LES grid resolution

The representation of turbulent structures in LES is influenced by various factors, including atmospheric stability and grid size

(Pope, 2004; Wurps et al., 2020; Sanchez Gomez et al., 2023). We compare our LES results to that of GS2024, which shares
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the same model configurations except horizontal grid spacing and domain size, where we use 20m compared to their 10 m
resolution.

The chosen grid spacing of 20 m proves sufficient for simulating a neutral atmospheric boundary layer and assessing wind
farm parameterizations. This is evidenced by our analysis of the total turbulence kinetic energy (k(), which integrates the
resolved (Eres) and sub-grid scale (Esgs) contributions. Although the resolved TKE at the rotor area is slightly lower in our
20-meter simulation (about 2.2 %) compared to the 10-meter setup, both configurations effectively resolve over 85 % of the
total TKE within and above the rotor area (Fig. D1a). This value meets the criteria of > 80 % for a well-resolved flow (Pope,
2004). Moreover, both simulations display comparable total TKE profiles, with the most noticeable differences in the surface

layer, where sub-grid scale contributions are predominant (Fig. D1b).

400 - (a) : i (b) —— 20-meter
10-meter
300 A .
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2 200 1 .
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0 T T T T T T T T T
0.6 0.8 1.0 0.00 0.25 0.50
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Figure D1. Vertical profiles of (a) fraction of resolved TKE and (b) total TKE from simulations of a neutral atmosphere using WRF-LES
with horizontal grid spacings of 10 m (used in GS2024) and 20 m (used in this study). Profiles represent a 1-kilometre area at the centre of
the LES domains. For reference, the vertical solid and horizontal dashed grey lines correspond to 80 % of resolved TKE and the hub height,

respectively, with the grey-shaded area corresponding to the turbine rotor.
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