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ABSTRACT

As wind farms grow in number and size worldwide, it is important that

their potential impacts on the environment are studied and understood. The

Fitch parameterization implemented in the Weather Research and Forecasting

(WRF) model since version 3.3 is a widely used tool today to study such

impacts. We identified two important issues related to the way the added

turbulent kinetic energy (TKE) generated by a wind farm is treated in the

WRF model with the Fitch parameterization. The first issue is a simple bug

in the WRF code and the second issue is the excessive value of a coefficient

that relates TKE to the turbine electro-mechanical losses, called CT KE . These

two issues directly affect the way a wind farm wake evolves and they impact

properties like near-surface temperature and wind speed at the wind farm as

well as behind it in the wake. We provide a bug fix and a revised value of

CT KE that is one quarter of the original value. We present the results obtained

with the Fitch parameterization in the WRF model for a single turbine with

and without the bug fix and the corrected CT KE and compare them against

high-fidelity Large-Eddy Simulations (LES). These two issues have not been

discovered before because they interact with one another in such a way that

their combined effect is a somewhat realistic vertical TKE profile at the wind

farm and a realistic wind speed deficit in the wake. All WRF simulations that

used the Fitch wind farm parameterization are affected and their conclusions

may need to be revisited.
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1. Introduction33

The issue of potential impacts of wind farms was first introduced in 2004 by two seminal papers:34

Keith et al. (2004) at the global scale using a climate model and Baidya Roy et al. (2004) at the35

regional scale using a mesoscale model. Since the resolution of both models was not fine enough36

to resolve the flow around the turbines, a wind farm parameterization was needed, which is a way37

to introduce sub-grid scale effects into the resolved grid.38

Keith et al. (2004) used a very simple parameterization: they treated wind farms as added sur-39

face roughness. A few other studies later used the same idea and approximated turbines as either40

increased surface roughness or increased surface drag elements (Kirk-Davidoff and Keith 2008;41

Barrie and Kirk-Davidoff 2010; Wang and Prinn 2010; Miller et al. 2011). These simple parame-42

terizations have all been dismissed, because wind turbines do not extract energy near the surface43

but rather around hub height, i.e., 80 -– 120 m (Jacobson and Archer 2012; Fitch et al. 2013).44

The wind farm parameterization by Baidya Roy et al. (2004) was more advanced because it45

treated wind turbines as elevated (i.e., above the surface) sinks of momentum and sources of46

turbulent kinetic energy (TKE). As reviewed in Pan and Archer (2018), many studies have been47

published since with the same principle of representing wind turbines as elevated momentum48

sinks, although with various different approaches with respect to power generation and added49

TKE (Blahak et al. 2010; Jacobson and Archer 2012; Marvel et al. 2013; Adams and Keith 2013;50

Abkar and Porté-Agel 2015a; Volker et al. 2015; Vollmer et al. 2016; Pan and Archer 2018). The51

Fitch parameterization (Fitch et al. 2012) was among them. Because it was incorporated directly in52

the Weather Research and Forecasting (WRF) model in April 2011 in version 3.3 and because the53

WRF model is the most widely used mesoscale model, the Fitch parameterization quickly became54

the most commonly used tool to study regional to large-scale impacts of wind farms. However, as55
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described in Sections 3b-c, a code bug and the excessive value of a coefficient seriously affect any56

results obtained with the Fitch parameterization.57

A complete literature review of past studies that have used the Fitch parameterization within the58

WRF model and therefore were affected by the two issues is not possible, as the relevant WRF59

settings were not always disclosed. We just report that at least 20 papers were published since 201160

that used the Fitch parameterization within WRF v3.3 or later and their conclusions are therefore61

impacted by the two issues discussed below, although we do not know to which extent.62

2. The two issues and their solutions63

a. The Fitch parameterization64

The coded version of the Fitch parameterization in WRF has gone through development and65

modifications by the scientific community throughout the years and therefore it is no longer the66

same as in the original formulation by Fitch et al. (2012). Here we focus on the latest version67

(WRF v4.1).68

The first step of the Fitch parameterization is the calculation of the power generated by the69

turbines in each grid cell. Since the power curve, provided in input file wind-turbine.tbl,70

is a function of hub-height wind speed, interpolation of horizontal wind speed from the vertical71

levels that surround the hub height is performed and then the power generated by the turbine (P) is72

obtained from the power curve. If multiple turbines are present in the same grid cell, regardless of73

their actual position, the total power at the grid cell is calculated as the sum of the power generated74

by each turbine, thus wake losses within the grid cell are neglected. This problem was discussed at75

length in Pan and Archer (2018) and it causes, in general, an overestimation of the power generated76

in grid cells with multiple turbines. Since this problem could obscure or complicate the effect of77
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the two issues that are the object of this study, only single-turbine simulations will be conducted78

in Section 3a.79

After calculating the power P from the modelled hub-height wind speed Uh and the manufacturer80

power curve, the power coefficient CP is estimated via this equation:81

P =
1
2

AρCPU3
h , (1)

where ρ is the air density (set to a constant, 1.23 kg m−3) and A is the turbine rotor area. Once CP82

is known, the coefficient CT KE , defined as:83

CT KE =CT −CP, (2)

where the thrust coefficient CT is given in input file wind-turbine.tbl as a function of Uh,84

can be calculated and used later to determine TKE (Eq. 3). More details about CP and CT are85

given in Section 2c.86

To obtain the vertical distribution of TKE and velocity, the basic principle is that each vertical87

level k that intersects the rotor contributes proportionally to the fractional rotor area contained in88

that level (Ak) and to the horizontal wind speed at that level (Uk):89

∂T KEk

∂ t
=

1
2

AkCT KEU3
k

(zk+1 − zk)
, (3)

90

∂uk

∂ t
=−1

2
AkCTUkuk

(zk+1 − zk)
, (4)

91

∂vk

∂ t
=−1

2
AkCTUkvk

(zk+1 − zk)
, (5)

where uk and vk are the horizontal wind components and zk is the height of vertical level k. Eq.92

3 to 5 are multiplied by a correction factor if energy conservation is not met across the rotor. If93

multiple turbines are present in the same grid cell, each will add the exact same contribution to the94

TKE and momentum tendencies as in Eq. 3 through 5.95
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In the WRF code, the Fitch parameterization (in phys/module wind fitch.F) only works96

in combination with the Mellor-Yamada Nakanishi and Niino Level 2.5 (MYNN2) Planetary97

Boundary Layer (PBL) scheme, which is itself a parameterization to predict the sub-grid scale98

turbulence effects in the PBL (Nakanishi and Niino 2009). TKE is not a main prognostic variable99

in WRF, meaning that it is only active with some of the PBL schemes, including the MYNN2,100

but not all. In the MYNN2 PBL scheme, the WRF model does not predict TKE evolution three-101

dimensionally, but rather in each vertical column separately, via a 1-D version of the TKE equa-102

tion that contains only a dependency on the vertical coordinate z (Nakanishi and Niino 2009; Fitch103

et al. 2012). In the first implementation of the MYNN2 PBL scheme (WRF v. 3.1 to 3.4), as104

well as in the default configuration since v. 3.5, there is no horizontal advection of TKE from105

one column to another because TKE is not passed further to the transport schemes (i.e., horizontal106

and vertical advection and diffusion). What this means for wind farm wakes is that, in the de-107

fault setup of the Fitch parameterization, the turbulence in the wake cannot be advected around108

horizontally in the domain, not because of a fault in the Fitch parameterization itself, but rather109

because TKE is not advected by default with the MYNN2 PBL scheme. A workaround to this110

issue was introduced in WRF v. 3.5 via the flag bl mynn tkeadvect, which can be activated111

in the namelist.input file precisely to allow for TKE to be advected horizontally between112

grid cells within the MYNN2 PBL scheme. The way this flag works is that the TKE created by113

sub-grid processes (e.g., a wind farm), which normally would remain in the vertical column and114

therefore would not be visible to the nearby cells (parallel case) or the rest of the domain (serial115

case), is stored in a scalar array called QKE ADV, which is visible to the nearby cells (parallel case)116

and to the entire domain (serial case). With this type of array, there is no need to add advection117

and horizontal diffusion functions to treat QKE ADV because this is automatically done in the WRF118

code. By contrast, TKE is not a scalar array in WRF. However, a code bug is present when the flag119

6



bl mynn tkeadvect is set to true, such that the scalar array QKE ADV is not properly updated,120

as described in the next section 3.b.121

In the MYNN2 PBL scheme, the relevant variable is QKE, defined as twice the turbulent kinetic122

energy. We will use therefore QKE in the next section, which deals with the WRF code, but TKE123

in the rest of the paper, because QKE is not a commonly used variable.124

b. Code bug125

The flowchart of the relevant processes that affect QKE in the WRF model when the Fitch126

wind farm parameterization is turned on is shown in Figure 1a (left). Note that the scalar127

variable QKE ADV is only active if the flag bl mynn tkeadvect is set to true in file128

namelist.input. If the flag bl mynn tkeadvect is set to false or not set at all, which129

is the default in WRF, then only the variable QKE is active, but it is not advected around in the130

domain because QKE is not initialized as a global scalar and therefore it is not passed to the WRF131

dynamic core for advection and horizontal mixing.132

Let us first consider the default case, in which bl mynn tkeadvect is set to false (i.e., ignore133

all the flowchart elements that contain QKE ADV in Figure 1a). In such a case, the QKE at each134

column, with or without wind turbines, is calculated by the MYNN PBL scheme as a function of135

only the relevant variables in the column, thus no QKE advection can occur by design anywhere.136

After the PBL tendencies have been calculated by the MYNN PBL scheme, the updated QKE137

enters the Fitch parameterization, where additional QKE is added at the grid cell(s) of the wind138

farm due to the wind farm itself. Note that this QKE never leaves the grid cell(s) of the wind139

farm and therefore does not affect the rest of the domain. At the next time step, the QKE in the140

column(s) of the wind farm is spread upward and downward and diffused by the PBL processes,141

but more QKE is added by the wind farm. The process is repeated over and over and eventually142
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the column(s) of the wind farm is filled with a huge amount of QKE (as shown later), because no143

advection processes are present to remove it. Other meteorological variables, such as wind speed144

and temperature, at the grid cell(s) of the wind farm are obviously greatly affected by this huge145

and unrealistic QKE injection, whereas the rest of the domain is perfectly unaffected by it (Table146

1, left column), as we will demonstrate in the Results section.147

Let us consider next the case when the flag bl mynn tkeadvect is set to true. This flag was148

introduced in WRF V3.5 precisely to solve the issue of the lack of advection of QKE and it is149

recommended to be set to true if the Fitch wind farm parameterization is to be used. The idea150

behind it was to have a new global scalar variable, called QKE ADV, which stores QKE after it is151

updated by the various PBL scheme processes and which is passed to the WRF dynamic core to152

be advected and mixed around in the domain at all grid cells, not just those with the wind farm.153

However, due to the bug, QKE at the wind farm cells(s) includes the TKE generated by the wind154

farm in the Fitch parameterization, but QKE ADV does not because QKE ADV is not updated after155

the call to the module wind fitch.F (Figure 1a). Therefore the QKE added by the wind farm,156

again, never leaves the grid column(s) where the wind farm is, but, contrarily to the previous case,157

it does not accumulate in time in the grid column(s) of the wind farm because QKE is reset to158

QKE ADV at beginning of each time step. This means that, at the grid column(s) of the wind farm,159

the QKE values that are written to the WRF output file at end of each time step are effectively160

just the QKE calculated by the PBL scheme (affected by the wind shear profile induced by the161

wind farm) plus QKE added by the wind farm. This also means that the other meteorological162

variables, like wind speed and temperature near the ground, in the grid cell(s) of the wind farm163

are not affected by the QKE added by the wind farm itself because, again, QKE ADV, which is the164

initial value of QKE at the next time step, is never updated with the QKE added by the wind farm.165

In the rest of the domain, the wind speed deficit in the wake behind the wind farm is properly166
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simulated by the WRF model (aside from a small error caused by the lack of sufficient QKE in the167

grid cell(s) of the wind farm). Some QKE is also generated downstream in the wake as a result168

of the increased wind shear above hub height and some is removed due to the reduced wind shear169

below hub height (Table 1, right column). This new QKE in the wake is also properly advected170

around, but it is too small overall, as shown later.171

The fix to the bug that is present in WRF when the flag bl mynn tkeadvect is set to true172

and when the Fitch parameterization is on is to update the variable QKE ADV after the call to173

module wind fitch.F within module pbl driver.F, as shown in Figure 1b. With this174

easy bug fix, the added QKE by the wind farm at each time step is correctly added to the global175

scalar QKE ADV and therefore properly advected around in the wake of the wind farm. Also, at176

the wind farm cells, the PBL tendencies are properly accounting for the effect of QKE induced by177

the wind farm from the previous time step.178

These incorrect QKE results, deduced purely from the flow of the WRF code in Figure 1 and179

summarized in Table 1, will be proven with ad-hoc simulations in the Results section. We would180

like to point out that no error is present in the Fitch parameterization per se, but rather in the way it181

is inserted in the WRF code. The proposed bug fix, i.e., setting QKE ADV = QKE after the call to182

the Fitch parameterization, is simple and perfectly effective when the flag bl mynn tkeadvect183

is set to true. There is no fix for the issues that arise when the flag bl mynn tkeadvect is set to184

false (or not set), since they are not exactly a code bug, but rather an inconvenient consequence of185

neglecting TKE advection by default in the MYNN PBL scheme. It is therefore recommended that,186

in addition to, of course, adding the bug fix described above, the WRF code be modified in such187

a way that, if the Fitch parameterization is activated, bl mynn tkeadvect be automatically set188

to true.189
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c. Value of CT KE190

The second issue addressed in this paper is the value of the coefficient CT KE , defined in Eq. 2.191

Remember that CT and CP are the thrust and power coefficient, respectively, both of which are a192

function of hub-height wind speed Uh and are generally provided by the turbine manufacturers. CT193

is the fraction of the momentum of the air velocity field that is transferred to the blade velocity field194

as a consequence of the air pressure drop behind the rotor. CP is the fraction of the power available195

in the air flow that becomes electric power, thus it is always lower than CT because energy is lost196

to turn the shaft, the generator, and the gears (if present), and due to other electrical losses.197

In the Fitch parameterization, the tendency equation for TKE at the grid cell(s) of the wind farm198

is given by Eq. 3. What Eq. 3 implies is that mechanical and electrical losses in the turbines are199

zero and that all of the energy left after conversion to electricity generates TKE. Thus, as stated by200

the authors themselves in Fitch et al. (2012), “the TKE source is overestimated” and CT KE should201

be refined more accurately “if data regarding the losses in the turbines under study are known”.202

Other evidence in the literature indicates that this estimate of CT KE is too high. For example,203

(Abkar and Porté-Agel 2015b, their Figure 5) showed with Large-Eddy Simulation that the added204

TKE by wind farms (18 to 32 turbines, with different spacings) calculated using Eq. 3 is too high205

by at least 50% and by up to 230%, depending on the wind farm configuration. Similar conclusions206

were also reached by (Pan and Archer 2018, their Figure 6), who found overestimates of turbine-207

generated TKE in a 48-turbine wind farm by up to 220% when the Fitch parameterization was208

used with the WRF model. Not surprisingly, the resulting TKE profiles over the wind farm also209

were overestimated by up to 150% (Pan and Archer 2018, their Figure 8).210

We propose that the value of CT KE in the Fitch parameterization be reduced to 25% of its original211

value, as demonstrated in Section 4. We recognize that there is not one value that will work212
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for all farms and all resolutions because the added TKE by a wind farm is a complex physical213

phenomenon that depends on more than just the thrust and power coefficients. However, the214

current formulation of the Fitch parameterization, especially after the bug fix proposed in the215

previous section, would dramatically overestimate the TKE added by the wind farm and therefore216

even a general correction, like the 25% factor proposed here, will give more realistic results than217

no correction at all.218

We would like to point out that the combination of the under-estimation of TKE in the farm grid219

cell from the code bug (Table 1) and the over-estimation of TKE in the farm grid cell caused by the220

excessively-high value of CT KE compensate for each other in such a way that the resulting profile221

of TKE is somewhat realistic. This is likely the reason why the bug has not been identified before.222

3. Methods223

a. WRF setup224

We used the WRF model version 4.1.2 in idealized simulations with a domain of 40 km × 40225

km × 10 km in the x, y, and z directions, respectively. The horizontal grid resolution is 1 km and226

the vertical resolution is 6.3 m near the surface, stretched above to a 225.8-m grid spacing at the227

domain top, with a total of 51 vertical levels. The turbine selected for the simulations is the NREL228

5 MW, with a hub height H = 90 m and a diameter D = 126 m. There are 9 grid levels that intersect229

the turbine rotor. The flow is driven by a pressure gradient that would give a geostrophic wind230

of about 9 m/s at hub height from the wind direction 225◦ (u = 10.5 m s−1 and v = 5.4 m s−1).231

Open boundary conditions are applied at the lateral boundaries. The bottom surface is set as water,232

with surface roughness calculated in the surface layer scheme (the revised MM5 Monin-Obukhov233

scheme by Jiménez et al. (2012)). At the top of the domain, a Rayleigh damping layer is applied234
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within the top 1000 m of the domain. The Coriolis parameter is 1.11× 10−4 s−1 at a latitude of235

50◦N.236

For the physical and dynamics options, we turned off the surface flux and radiation schemes.237

Thus all the simulations are performed under neutral stability conditions. The sf sfclay physics238

is set to 1, which provides a necessary surface momentum drag of the water body (Jiménez et al.239

2012). The boundary layer scheme is MYNN 2.5 level TKE scheme (Nakanishi and Niino 2009),240

which is the only available option working with the Fitch parameterization. The scalar adv opt241

is set to 2 (i.e., monotonic advection), which helps suppress unrealistic oscillations from sharp242

gradients of TKE near the turbine.243

The simulation is run first for 3 days without a wind turbine, to ensure that the pressure gradient,244

Coriolis force and surface friction force have come into balance. Then another 6 hours are run245

with the single wind turbine placed at the center of the domain. The instantaneous data after the 6246

hours are used. Five test cases are designed:247

1. Case 1: the flag bl mynn tkeadvect is set to false (default configuration);248

2. Case 2: the flag bl mynn tkeadvect is set to true (control case);249

3. Case 3: the flag bl mynn tkeadvect is set to true but the TKE source from the turbine is250

forced to be zero by imposing CT KE = 0. The purpose of this run is to prove that its results at251

the grid cells without the turbine are the same as those of Case 2, effectively proving that the252

added TKE from the wind farm is, incorrectly, not affecting the domain, due to the bug;253

4. Case 4: the flag bl mynn tkeadvect is set to true and the bug fix described in section b254

is implemented to allow for proper TKE advection in the domain.255

5. Case 5: as Case 4, but with the proposed reduced value of CT KE .256
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b. LES setup257

The LES results were obtained with the SOftware for Wind Farm Applications (SOWFA), an258

OpenFOAM-based set of tools, including an actuator line model for the wind turbine blades, that259

was developed by the National Renewable Energy Laboratory (NREL) to resolve the details of260

the flow around turbines (Churchfield et al. 2012a,b). SOWFA has been used successfully in261

many studies to simulate wakes of turbines under a variety of atmospheric stability conditions and262

grid/time resolutions (Archer et al. 2013; Fleming et al. 2014; Ghaisas and Archer 2016; Martı́nez-263

Tossas et al. 2015; Bhaganagar and Debnath 2015; Han et al. 2016; Ghaisas et al. 2017; Chaudhari264

et al. 2017; Archer and Vasel-Be-Hagh 2019). The domain used here is 3000 m x 3000 m x 1020 m265

with a single wind turbine in the middle, the same idealized 5 MW NREL turbine used in the WRF266

simulations with D = 126 m and H = 90 m. The initial resolution is 200 x 200 x 68 grid points in267

x, y, and z, respectively, corresponding to grid cells of approximately 15 m in all directions. The268

domain is then further refined to ∼7.5 m everywhere, except around the turbine in a volume of269

size 14D (10D downstream and 4D upstream) x 6D x 400 m, where the resolution is ∼3 m (Figure270

2). The initial conditions are the same as in WRF (neutral stability up to 700 m, where a 100-m271

thick inversion layer of 8◦C of strength caps the boundary layer) and the flow is forced to maintain272

an average wind speed of 9 m/s from the 225◦ wind direction at hub height.273

A “precursor” run without the wind turbine and with cyclic lateral boundary conditions is con-274

ducted for 12,000 s to reach a quasi-steady turbulent flow, then for an additional 2000 s to save the275

boundary values. Then, the simulation is restarted at 12,000 s but with the turbine in the domain276

center (called the “windplant” run) and with the saved boundary conditions from the precursor277

run. This initialization procedure, which is typical with SOWFA (Churchfield et al. 2012a; Archer278

et al. 2013), allows for the results to be effectively non-periodic, because the inlet boundary val-279
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ues are unaffected by the turbines themselves, as in the real world. The sub-grid scale turbulence280

model is the standard One-Equation Eddy Viscosity model in OpenFOAM but with some small281

modifications, such as buoyancy production (none in this case), specific to atmospheric flows, with282

the tunable coefficients ce = 0.93 and ck = 0.0673.283

To allow for a comparison between the fine-resolution (3–7.5 m) LES results and the coarse-284

resolution (1000 m) WRF results, the LES results are plane-averaged over all the grid points in285

selected 1000 m x 1000 m squares, numbered from 0 to 2 in Figure (Figure 2). Square 1 is used286

to compare against WRF results obtained at the grid cell of the wind turbine, Square 2 for the287

next grid cell downwind, and Square 0 for undisturbed conditions. All squares contain refined and288

non-refined cells. Turbine-generated TKE and wind speed deficits are calculated as the difference289

between the value in the square of interest – 1 or 2 – and that in Square 0, treated effectively as290

the control. A more natural choice for the control would have been the lower-left square in the291

domain. However, the lower-left square was not selected because the refinement zone introduces292

some numerical noise in it and because it is too affected by the two inlet boundaries. Square 0 was293

selected because it is sufficiently far from the inlet boundaries to have developed a fully turbulent294

flow, it is partially in the refinement zone, and yet it is not affected by the turbine wake. Square 3295

was used for comparison with coarser resolution runs in section d.296

4. Results297

The discussion in this section focuses on the WRF results obtained after four hours of simulation298

time, after which a steady state was reached such that the results did not change significantly any299

more.300
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a. Horizontal cross-sections301

As expected from Table 1, when the flag bl mynn tkeadvect is false (Case 1), there is no302

wake to speak of, as the only grid point with TKE greater than the background value of approx-303

imately 0.79 m2 s−2 is that of the wind turbine in the middle of the domain (Figure 3a). Figure304

3a-e is zoomed over the center of the domain and is designed to show the exact TKE values at the305

individual grid cells. The value at the grid cell of the turbine is very high, exceeding 1.9 m2 s−2 at306

hub height, while the LES results at most reach 2.5 m2 s−2 but only in the most turbulent portions307

of the wake (Figure 3f). A region with slightly reduced wind speed (8.9 m s−1 compared to 9.0308

m s−1 in the surrounding air, thus about 2% lower) is visible in the wind speed field (Figure 4a),309

extending over 10 km downwind of the turbine. Because the wind speed difference is so small, it310

cannot even be considered a wake.311

However, even when the flag bl mynn tkeadvect is true (Case 2), there is still no sign of312

a wake in the TKE distribution (Figure 3b) because of the bug. Only the grid point of the wind313

turbine in the center has a value of TKE that is slightly higher than the background, 0.87 m2 s−2,314

which corresponds to the amount of TKE added by the turbine just in the last time step and which315

does not affect the rest of the domain. Because the added TKE at the grid cell is lower than in316

Case 1, there is less turbulence to replenish the wind speed deficit. The wind speed deficit in317

the wake, therefore, is strong enough to cause an actual weak wake, extending to approximately318

7 km downwind (dark blue shade in Figure 4b), with a wind speed about 4% lower than that of319

the surrounding air. As a result of the two compensating errors – too low added TKE and too320

high CT KE – the TKE value at the grid cell of the turbine is actually very close to the LES value321

(∼0.9 m2 s−2, obtained by adding the WRF background value of approximately 0.79 m2 s−2 to322
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the turbine-generated TKE at hub height, approximately 0.11 m2 s−2 from Figure 6c). Probably,323

this is why the bug was not identified before.324

To demonstrate the effect of the code bug, namely that the added TKE at the grid cell of the325

turbine does not affect the rest of the domain, Figure 3c shows the TKE distribution when CT KE326

is actually set to zero intentionally (Case 3), to prevent any turbulence caused by the turbine327

from being added to the atmosphere. Aside from the grid cell of the wind turbine, the TKE328

distribution in the rest of the domain is perfectly identical in Cases 2 and 3. Similarly, the wind329

speed distribution in the wake and in the rest of the domain is exactly identical in Cases 2 and 3330

(Figure 4b,c). Again, setting the flag bl mynn tkeadvect to true does not allow for any actual331

advection of the TKE added by the turbine in the rest of the domain because of the code bug.332

When the code bug is fixed, but CT KE is equal to its default value (Case 4), a turbulent wake333

is finally formed downwind of the turbine, notable from both the reduced wind speed (Figure 4d)334

and the higher TKE (0.80-1.00 m2 s−2) than the background (Figure 3d). However, the value of335

TKE at the grid cell of the wind turbine, 1.35 m2 s−2, is over-estimated (LES indicate ∼0.9 m2
336

s−2, as explained earlier) due to the excessive value of CT KE . The wind speed deficit in the wake337

is less strong than in Cases 2-3 and the wake is rather short, because of the excessive TKE at the338

grid cell of the turbine causing excessive mixing and replenishing the wind speed field too quickly339

(Figure 4b-d).340

Finally, Figures 3e and 4e show the results when both the code bug and the CT KE issue are341

solved. The TKE at the grid cell of the wind turbine in the center is 0.94 m2 s−2, very close to the342

LES (Figure 3f), and it is correctly advected downwind, where it adds to the TKE generated by343

the shear caused by the wind speed deficit. Note that the resulting distribution of the wind speed344

deficit in the wake is similar to that in Cases 2 and 3 (Figures 4b-c) because of the compensating345

errors.346
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b. Vertical cross-sections347

We analyze next the vertical distribution of TKE in cross-sections aligned with the wind direc-348

tion, i.e., 225◦ (Figure 5).349

In Case 1, the TKE added by the wind turbine at each step keeps adding on into the grid cells350

of the wind turbine exclusively, since there is no horizontal TKE advection in the MYNN scheme351

when the flag bl mynn tkeadvect is not set. As a result, TKE has nowhere to go except352

vertically, thus it fills the entire column above and below the wind turbine (Figure 5a), which is353

completely unrealistic (Figure 5f). Case 1 was the only case that did not actually reach a steady354

state after 4 hours, as the added TKE continued to grow with time in the column of the wind355

turbine. If the flag bl mynn tkeadvect is not set to true, the results at the wind turbine cell356

are unrealistic.357

Cases 2 and 3 are, again, identical except for the grid cells directly intersected by the wind358

turbine rotor (Figures 5b,c). This proves once again that, even though TKE should be advected359

around and affect the rest of the domain, it effectively does not, due to the code bug. Whereas in360

Case 1 the column of the wind turbine responds to the added TKE (Figures 5a), the code bug acts361

in such a way that there is basically no effect of the added TKE, not even in the column of the wind362

turbine (Figures 5b,c). Note that there is a slight reduction in TKE below hub height downwind of363

the turbine in both cases, as suggested by Archer et al. (2019), a result of the reduced wind shear364

below the rotor that causes a decrease in TKE production.365

In Case 4, a wake is finally present downwind of the turbine in the TKE field (Figure 5d),366

extending approximately 4 km at hub height. Advection and local shear-generation both contribute367

to the TKE in the wake, but, due to the excessive value of CT KE , the turbulence of the wake reaches368
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unrealistically high values near the ground right below the turbine (compare against LES results369

near the ground in Figure 5f and 6c).370

Case 5 is able to produce a realistic wake, with TKE of the order of 0.9 m2 s−2 at the grid cell of371

the turbine, reaching approximately 3 km downwind (at hub height) and not touching the ground.372

c. Vertical profiles373

The two issues described in this paper, the code bug and the excessive value of CT KE , have374

not been identified before because their combined effect is extremely difficult to detect, since it375

causes the simulated vertical TKE profile at the wind turbine grid cells to be rather close to the376

observed or LES-simulated one when TKE advection is activated. In other words, the TKE profile377

is correct but for the wrong reasons (plus the rest of the domain is incorrectly unaffected by the378

added turbulence). This can be appreciated in Figure 6c, where the profile of turbine-generated379

TKE for Case 5 (the recommended configuration) is very similar to the LES profile at the grid380

cell of the wind turbines. Turbine-generated TKE is defined as the difference between the TKE381

in the various Cases and that in the run without the turbine. Case 1, as already discussed, injects382

too much TKE over the grid cells of the wind turbine and Case 4, despite the bug fix, also injects383

too much TKE because of the excessive value of CT KE (Figure 6a). Case 5 is correct above the384

wind turbine (Figure 6c) and is the closest to the LES in the downstream wake (Figure 6d), except385

for Case 4 which, paradoxically, exhibits a good match with the LES results but for the wrong386

reasons.387

Below the rotor, the LES results indicate that turbine-generated TKE is reduced both at the grid388

cell of the turbine and in the one downwind (Figure 6c-d), as discussed in Archer et al. (2019). The389

WRF simulations do not reproduce this behaviour due to the low vertical resolution. However, a390
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lack of TKE enhancement is shown in the grid cells immediately downwind of the wind turbine in391

all cases except Case 4.392

Cases 2 and 3 are identical downstream, but are slightly different in the wind turbine cells,393

because Case 3 truly injects no TKE at all, but Case 2 injects a small amount of TKE, just the394

TKE that was generated by the wind turbine in the last time step. Case 1 shows lower TKE than395

all other cases downwind of the wind turbine (Figure 6b), as expected because not even the TKE396

generated by the increased shear in the upper part of the wake is advected around in Case 1.397

Note that no simulation with the WRF model can reproduce the secondary TKE maximum398

shown in the LES results (Figure 3f and 6d), which is caused by the combination of the further399

development of turbulence structures induced by the wind turbines and the strong wind shear in400

the upper part of the wake. These subgrid-scale turbulence structures cannot be parameterized by401

simply adding a TKE source term in the PBL scheme in WRF. In addition, the wind shear in the402

wake ends up being diffused in the entire grid cell that contains the wake and therefore, at the403

resolved scale, it is not sufficient to generate TKE.404

The wind speed deficits are generally underestimated in WRF for all cases (Figure 7). At the405

cells intersected by the wind turbine rotor, the profiles from all cases are close to each other and406

lower than the LES results by up to 50% (Figure 7a). Below the rotor, however, Cases 1 and 4,407

which are the cases that injected the most TKE, show an acceleration of the flow near the ground408

that causes a negative deficit. This “jet” is not present in the LES results. Cases 2, 3, and 5, in fact,409

do not produce any such feature. This suggests that this jet, which was actually simulated in the410

literature for a single wind turbine (Xie and Archer 2015) and possibly observed in the wake of a411

wind farm (Rajewski et al. 2013), is more likely to form in the presence of high TKE in the wake.412
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Downwind of the turbine, again, the slow speed near the ground from the LES is not well413

represented in Cases 1 and 4, which still show a jet, but it is best simulated in Case 5. All cases do414

a reasonably good job at reproducing the wind speed deficit in the rotor region.415

d. Sensitivity to grid resolution416

It is likely that the optimal correction factor to the CT KE coefficient depend on a variety of417

factors, from grid resolution to wind farm layout to atmospheric stability. The proposed correction418

factor, 0.25, is the best for the case presented here, but it may or may not be for other cases. A full419

analysis of this issue is beyond the purposes of this paper, mainly because any validation would420

require additional computationally-intensive LES runs, possibly over larger domains.421

Here, without running additional LES, we are able to assess the sensitivity of the correction422

factor to a decrease of the WRF grid resolution by a factor of two, i.e., 2 km x 2 km. We focused423

on Cases 4 and 5, with various values of the correction factor (0.1, 0.25, and 0.5). Vertical profiles424

of turbine-generated TKE at lower resolution (Figure 8a) show the same pattern as those at high425

resolution (Figure 6), with unrealistically high values for Case 4 and substantial improvements426

in Case 5. The best match over the rotor region was reached with a correction factor of 0.25,427

although a value of 0.5 gives the best match above the rotor. For the wind speed deficit, the428

profiles are basically the same regardless of the value of CT KE (Figure 8b). The LES results were429

averaged over a square of 2 km x 2 km centered at the turbine location in the middle of the domain,430

identified as Square 3 in Figure 2.431

In conclusion, a correction factor of 0.25 for CT KE appears to be a robust first estimate for the432

horizontal grid resolutions considered here, i.e., 1 km and 2 km.433
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5. Conclusions434

In summary, regardless of the flag bl mynn tkeadvect, TKE advection is improperly treated435

in the WRF model in the presence of a wind farm modeled with the Fitch parameterization. As a436

consequence, all the other meteorological variables, both at the wind farm cells and in the rest of437

the domain, are incorrectly predicted. When the flag is off, TKE is greatly overestimated at the438

wind farm cells, temperature and other meteorological variables at the wind farm cells are affected439

by this excessive TKE, while the rest of the domain is not affected at all by the farm in any way.440

When the flag is turned on, TKE is greatly underestimated at the wind farm cells, temperature and441

other meteorological variables at the wind farm cells are not affected at all by this TKE, and the442

rest of the domain is affected by only the TKE formed in the wake by the altered wind shear in the443

wake.444

A code bug and the incorrect neglect of electro-mechanical losses are the reasons for the in-445

correct treatment of TKE in the WRF model with the Fitch parameterization. These two issues446

interacted in a subtle way with one another, causing compensating errors that generated somewhat447

realistic TKE and wind speed deficit profiles. This is probably why these issues were not noticed448

before.449

Here we proposed a simple code change that will fix the code bug and will allow for proper450

advection of the TKE generated by the wind farm, in addition to that generated by shear in the451

wake. We also proposed a preliminary correction of the value of the CT KE coefficient to one452

quarter of its original value, which gives us the best match to LES results for a single turbine453

positioned in the grid cell center and is dramatically better than keeping the original value, for454

both 1 km and 2 km horizontal grid resolutions. In order to provide better estimates of the CT KE455

coefficient for other configurations, future work should investigate its dependency on wind turbine456
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position in the grid, farm size (i.e., number of wind turbines), grid resolution, atmospheric stability,457

array layout, wind direction, among other properties.458

The main limitation after the fixes is that turbine-generated TKE is still not large enough in the459

wake downstream of the grid cell with the turbine. The exact impact on the resolved variables460

is unknown, but it expected to be non-negligible. It is our hope that this study will provide the461

stimulus for authors of past studies to fix the code bug and possibly rerun their simulations to462

confirm or revise the validity of their findings. We reported the bug and correction factor for CT KE463

to the github repository for WRF (https://github.com/wrf-model/WRF/pull/1235).464
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Abkar, M., and F. Porté-Agel, 2015b: A new wind-farm parameterization for large-scale atmo-474

spheric models. J Renew Sust Energy, 7 (1), 013 121.475

Adams, A. S., and D. W. Keith, 2013: Are global wind power resource estimates overstated?476

Environ Res Lett, 8 (1), 015 021.477

22



Archer, C. L., S. Mirzaeisefat, and S. Lee, 2013: Quantifying the sensitivity of wind farm perfor-478

mance to array layout options using large-eddy simulation. Geophys Res Lett, 40 (18), 4963–479

4970.480

Archer, C. L., and A. Vasel-Be-Hagh, 2019: Wake steering via yaw control in multi-turbine wind481

farms: Recommendations based on large-eddy simulation. Sustainable Energy Technologies482

and Assessments, doi:10.1016/j.seta.2019.03.002.483

Archer, C. L., S. Wu, A. Vasel-Be-Hagh, J. F. Brodie, R. Delgado, A. St. Pé, S. Oncley, and484
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TABLE 1. Summary of the effects of the incorrect treatment of TKE advection in the WRF model when used

with the Fitch wind farm parameterization. The flag bl mynn tkeadvect is set in the namelist.inp file.

560

561

bl mynn tkeadvect

False True

QKE at the wind farm cell(s) Over-estimated Under-estimated

Met-variables at the wind farm cell(s) Overly affected Unaffected

QKE in the rest of the domain Unaffected No QKE from wind farm,
only QKE shear-generated in wake

Met-variables in the rest of the domain Unaffected Affected by no QKE from wind farm,
only QKE shear-generated in wake
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a) b)

FIG. 1. Flowchart of the treatment of QKE (twice the turbulent kinetic energy) in the WRF model: a) with

the bug and b) with the proposed bug fix. Note that the scalar variable QKE ADV is only active if the flag

bl mynn tkeadvect is set to true in file namelist.inp.
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FIG. 2. Horizontal cross-section at hub height (90 m) of instantaneous wind speed (m/s) after 14000 s of the

LES simulation. The wireframe of the 3000 m x 3000 m domain is visible and the refinement zone (3000 m x

1000 m) is shown in more vibrant shades. The wind turbine is located in the middle of the domain. Square 1 is

used to calculate area-averages to compare against WRF’s results at the grid cell of the wind turbines; Square

2 for one grid cell downwind; Square 0 for undisturbed conditions; and Square 3 for comparison against WRF

results at coarser resolution (2 km x 2 km).
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FIG. 3. Horizontal cross-sections of simulated TKE (m2 s−2) at hub height (90 m) with the wind turbine in

the center: a) Case 1 (bl mynn tkeadvect = false); b) Case 2 (bl mynn tkeadvect = true); c) Case 3

(bl mynn tkeadvect = true and CT KE = 0); d) Case 4 (bl mynn tkeadvect = true and bug fixed); e)

Case 5 (like Case 4 but with CT KE reduced to 25%); and f) LES results (note the different axes).
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FIG. 4. As in Figure 3 but for wind speed (m s−1) at hub height (90 m).
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FIG. 5. As in Figure 3 but for vertical cross-sections of simulated TKE (m2 s−2) along the wind direction 225◦.
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FIG. 6. Vertical profiles from the five WRF cases and the LES run of: a) TKE (m2 s−2) at the grid cell of

the wind turbine; b) TKE one grid cell downwind; c) turbine-generated TKE at the grid cell of the wind turbine

(LES: average over Square 1 - average over Square 0, Figure 3f); and d) turbine-generated TKE one grid cell

downwind (LES: average over Square 2 - average over Square 0, Figure 3f).
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FIG. 7. Vertical profiles of wind speed deficit (m s−1) from the five WRF cases and the LES run at: a) the grid

cell of the wind turbine (LES: average over Square 0 - average over Square 1, Figure 4f), and b) one grid cell

downwind (LES: average over Square 0 - average over Square 2, Figure 4f).
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FIG. 8. Vertical profiles of: a) turbine-generated TKE (m2 s−2) and b) wind speed deficit (m s−1) from Cases

4 and 5 (with various values of the correction factor for CT KE ) at the grid cell of the wind turbine from WRF

simulations at a grid resolution of 2 km x 2 km. The LES values were obtained as the average over Square 3 -

average over Square 0 in a) and as the average over Square 0 - average over Square 3 in b).
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