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Abstract

Wind turbine wakes can be predicted somewhat accurately with mesoscale numerical

models, such as the Weather Research and Forecast (WRF) model, via a wind farm

parameterization (WFP) that treats the effects of the wakes, which are sub-grid fea-

tures, on power production and the environment. A few WFPs have been proposed

in the literature, but none has been able to properly account for the individual wakes

within a grid cell or the effects of overlapping wakes from multiple turbines. A solu-

tion to these two issues is a WFP that includes both a wake model, which is a simpli-

fied analytical model of the wind speed (or wind power) deficit caused by a wake,

and a wake superposition model, which accounts for overlapping wakes. Several such

WFPs are developed here for the WRF model—based on the Jensen, the Geometric,

and the Gaussian wake models coupled with two wake superposition methods (based

on a squared deficit and a squared velocity superposition)—and tested individually, as

well as combined together in an ensemble (EWFP), at two modern offshore wind

farms. Most WFPs perform satisfactorily alone, but the EWFP generally outperforms

them at both farms. The issue of resolved versus sub-grid wakes is explored for

single- and multi-cell cases and for directions of alignment and non-alignment

between the wind direction and the turbine columns. Although different combina-

tions of wake loss and wake superposition models might be preferred at other wind

farms, the general findings and detailed performance statistics given here might pro-

vide useful guidance in their selection.

K E YWORD S

Anholt, Jensen, Lillgrund, wake effects, wake losses, wind turbine, WRF

1 | INTRODUCTION

In the last decade, the global wind power market has experienced tremendous growth, with a quadrupling of the installed wind capacity.1 Despite

the impacts of COVID-19, the year 2020 was a record year for wind power, with about 93 Gigawatts (GW) of new capacity installed,

Abbreviations: EWFP, ensemble wind farm parameterization; GM, geometric model; WFP, wind farm parameterization; WRF, Weather Research and Forecast model; XA, Xie and Archer (2015).
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corresponding to a 53% increase with respect to the previous year.1 This phenomenal growth has been achieved via increasingly larger wind

farms, with dimensions that can be considered intermediate in atmospheric scales. For instance, the Horse Hollow Wind Energy Centre in Texas

covers an area of 240 km2,2 comparable to a typical thunderstorm cell. A second trend is that high wind speed areas have become inevitably

crowded with multiple neighboring wind farms, often separated by only a few miles. For example, the Rødsand I and II offshore wind farms,

located south of the island of Lolland in the Baltic Sea, are approximately 10 km apart. Hence, it is vital to have accurate computational tools for

predicting the two-way turbine-to-turbine and farm-to-farm aerodynamic interactions in order to design efficient wind farms. Applying intermedi-

ate scale (mesoscale) models to forecast the wake characteristics and wind power production has become increasingly popular to address this

need.3 A mesoscale model that appears to be effective at carrying this task is the Weather Research and Forecasting (WRF) model, initially devel-

oped for atmospheric research and operational weather forecasting.4

To employ the WRF model for wind power forecasts, a simplified representation of the wind turbine effects and their interactions with the

atmospheric flow needs to be incorporated in the model. This simplified representation is called a wind farm parameterization (WFP). A WFP is

necessary because the grid resolution of typical mesoscale simulations is of the order of 10 km or larger, while the resolution required to resolve

the flow features around the turbines would be of the order of a few meters. The most widely used WFP for the WRF model is the Fitch

parameterization,5 which models the wind turbines as momentum sinks that convert the mean kinetic energy of the air flow into electrical power

and turbulent kinetic energy (TKE). Because the Fitch parameterization is incorporated in the WRF release since version 3.3, it has been the most

widely used to investigate wake characteristics and power production of wind farms (e.g., Pryor et al,6 Prosper et al,7 Siedersleben et al,8 Boezio

and Ortelli,9 Duarte Jacondino et al,10 among others). However, as Pan and Archer11 discussed, this parameterization suffers from a few short-

comings: it ignores the wakes of turbines that are in the same computational cell, leading to an over-estimation of the wind farm power produc-

tion (also see Wang and Jin12); it is insensitive to the turbine positions in a grid cell (i.e., the power output is the same regardless of where the

turbines are positioned); and it is insensitive to wind direction when the entire wind farm is contained in a single grid cell (i.e., the power output of

the farm is the same for all wind directions, including directions of non-alignment). In addition, the treatment of TKE has been inaccurate up to

WRF v. 4.1, with too much TKE in the grid cells with turbines and too little in the downstream grid cells.13 As such, the Fitch parameterization is

recommended at high resolution (order of 1 km or five turbine diameters) and when only a few turbines are present in each grid cell.13,14 At

coarser resolutions, which have been the most common in the literature, the Fitch parameterization generally largely over-estimates the power

production of a wind farm,15,16 that is, a positive bias.

A few additional WFPs have been proposed since Fitch's, but so far none has been officially incorporated in the WRF model. For example,

Adams and Keith17 proposed a WFP for the WRF model that is very similar to Fitch's and applied it to a large hypothetical wind farm over the US

Midwest.18

Another WFP is the Explicit Wake Parameterization (EWP) by Volker et al,19 which adds a new term to the TKE equation to explicitly account

for the TKE added by the wind turbines within a grid cell. The EWP assumes that every turbine within a grid cell is positioned at its center; hence,

it does not consider their sub-grid interactions or the effect of the turbine layout. Only the vertical expansion of the sub-grid wakes is accounted

for. At every time step, it obtains the total thrust force within a grid cell via a linear addition of each turbine's thrust force. By using the grid cell

velocity at hub height as the upstream velocity for all turbines within the same grid cell, the EWP effectively ignores the velocity deficit that

upstream turbines within a grid cell impose on their downstream counterparts. The EWP tends to predict weaker wind speed deficits and shorter

wakes than Fitch's,20 thus potentially introducing even higher positive biases in power production.

Mayol et al21 proposed a modified version of the Fitch parameterization, namely the Induction Aware Wind Farm Parameterization (IAWFP).

IAWFP is made aware of the induction zone produced by the parameterized wind turbines by working with a “reference velocity” instead of the

speed in the grid cell that contains the wind turbine. The authors compared the performance of IAWFP against the old and the corrected13

implementations of the Fitch and the EWP. They found that IAWFP imposed the most significant deficits at hub height while the EWP was the

one that reported the lowest values. Note that IAWFP also suffers from assuming that all the turbines are located at the grid cell's center, thus

ignoring the turbine layout in a grid cell.

In addition to the parameterizations described above, researchers have proposed coupling the WRF model with the Fitch parameterization to

large-eddy simulations (LES).22 This method requires that the mesh be refined five times, downscaling from 4 km by 4 km to 4m by 6m grid cells.

While this coupling technique addresses the main issue of employing the Fitch parameterization for investigating wind farm wakes, it is computa-

tionally costly.

Some recent studies have proposed combining WRF output data with field measurements, including lidars and meteorological masts. Elshafei

et al,23 for instance, proposed using deep multi-fidelity Gaussian regression and non-linear autoregression to respectively perform temporal and

spatial data fusion to combine intermittent field measurement data and continuous WRF results. While this method appears to increase the accu-

racy of WRF's output, it requires access to field-measured data, which are not widely available, especially for the case of future or planned wind

farms, and are expensive to collect.

One can conclude that the use of mesoscale models, such as WRF, for wind farm applications is hindered by the lack of a parameterization

that realistically accounts for the wakes of individual wind turbines but is not as computationally costly as LES or as inaccessible as field measure-

ments. The solution that we propose here is to incorporate “analytical” wake loss models, also called “kinematic” models, into WFPs for the WRF
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model. These models provide an analytical solution to the local wind speed deficit (or the local power production) caused by an upstream tur-

bine.24 Using such models enables WRF to take into account the exact location of each turbine within every grid cell and their aerodynamic inter-

actions. A wake superposition technique then combines the wind speed deficit caused by each upstream turbine to obtain the overall deficit at

every point within the domain.

Two analytical wake loss models have already been proposed for WRF in the literature: the hybrid parameterization by Pan and Archer11 and

the Jensen parameterization by Ma and Archer16 The hybrid WFP directly accounts for the effect of turbine layout and wind direction by calculat-

ing the wake losses at each grid cell using the geometric wake loss model by Ghaisas and Archer.25 The hybrid parameterization was shown to be

more accurate than the Fitch's at simulating the power production of the Lillgrund offshore wind farm, which comprises 48 Siemens 2.3 MW tur-

bines; however, it has not been tested at wind farms that use a different turbine model. The Jensen WFP uses the well-known Jensen wake loss

model,26 which assumes a linear expansion of the wind turbine wake and a top-hat wind speed deficit profile to calculate wake losses. The Jensen

WFP was shown to be more accurate than Fitch's at two wind farms, especially at coarse resolutions (larger than 4 km).16 Both the geometric

model (GM) and the Jensen wake loss model will therefore be included in this study. A third analytical wake loss model, the Gaussian model by

Xie and Archer,27 referred to as XA hereafter, was also shown to be effective at predicting the power output at three wind farms,24 but it has

never been incorporated in the WRF model prior to this study. Hence, the objective of this article is to evaluate the effectiveness of the men-

tioned three WFPs for WRF based on three wake loss models—the Jensen, GM, and XA models—as well as that of their “ensemble,” meaning the

average of the three wake loss model results, referred to hereafter as EWFP. Four different wake superposition methods will also be compared

(M1,28 M2,26 M3,29 and M416) to identify the most efficient way to combine the impact of upstream turbines. In the rest of this paper, the term

WFP will indicate the combination of a wake loss model and a wake superposition method.

2 | METHODS

Of the three wake models used in this study, Jensen and XA provide an estimate of the wind speed deficit caused by a wind turbine, while the

GM estimates the power production of each turbine directly. Here we review first the main equations used in the Jensen and XA models

(Sections 2.1 and 2.2), including four wake superposition methods (Section 2.3), and then introduce the GM model (Section 2.4).

In general, the normalized wind speed deficit is:

δ¼ ΔU
U∞

¼U∞�U
U∞

, ð1Þ

where U∞ is the undisturbed hub-height wind speed, U is the (reduced) hub-height wind speed in the wake, and ΔU is the wind speed deficit.

2.1 | The Jensen model

The Jensen wake model assumes that the wake is laterally finite (i.e., it has an outer edge), that the wake expands linearly as a function of the

downwind distance x from the turbine only, and that the normalized wind speed deficit follows a top-hat distribution as follows:

δ¼ δðxÞ¼ 2a

1þ2kw x
D

� �2
" #

, ð2Þ

where D is the turbine diameter, kw is the dimensionless rate of wake expansion, equal to 0.07526 and 0.0430 for onshore and offshore wind

farms, respectively, and the induction factor a is related to the thrust coefficient CT by:

a¼1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�CT

p
2

: ð3Þ

We note that CT is a function of Uin, which is the (incoming) hub-height wind speed experienced by the turbine. If the turbine is in the front

row, then Uin ¼U∞, otherwise Uin is lower due to the turbine's exposure to the upstream wakes.

The hub-height wind speed at turbine i caused by the wake of turbine j is expressed as:

Uij ¼U∞ð1�δijÞ¼U∞ 1� 2a

1þ2kw
xij
D

� �2
" #

, ð4Þ
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where xij is the along-wind distance between turbines i and j.

If turbine i with rotor area Ai is not perfectly aligned with the upstream turbine j along the wind direction, the Jensen model needs a modifica-

tion to account for the fact that only a portion of its rotor (A0,ij) is affected by the wake of turbine j, while the rest of the rotor (Ai�A0,ij) experi-

ences the undisturbed wind speed U∞
24:

Uij ¼U∞
Ai�A0,ij

Ai
þU∞ð1�δijÞA0,ij

Ai
¼U∞�δijU∞

A0,ij

Ai
: ð5Þ

The wind speed provided by Equation (5) is effectively a rotor-average wind speed (also known as rotor-equivalent or rotor-layer wind speed),

which is a better representation of the wind speed experienced by the entire rotor than the wind speed at the exact location of the hub, and ulti-

mately provides a better estimate of the power production of the turbine.31,32

Note that Equation (5) assumes that the undisturbed wind speed U∞ is the same for turbines i and j. This is true in single-cell cases, where all

the turbines are in the same grid cell. However, in multi-cell cases, turbines i and j may be located in different grid cells and therefore may experi-

ence different undisturbed wind speeds. A more general expression for Equation (5), valid in multi-cell cases, is:

Uij ¼U∞,i
Ai�A0,ij

Ai
þU∞,jð1�δijÞA0,ij

Ai
: ð6Þ

2.2 | The XA model

The XA wake model, developed by Xie and Archer,27 predicts a wake that is neither axis-symmetric nor conical, but ellipsoidal. The wind speed

deficit in the XA model is a Gaussian function of x, y, and z, defined as:

δ¼ δðx,y,zÞ¼ δhubexp � ðz�HÞ2
2σ2z

þ y2

2σ2y

" #( )
, ð7Þ

δhub ¼ δhubðxÞ¼1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� CT

8σyσz
D2

s
, ð8Þ

σy
D
¼ σyðxÞ

D
¼ ky

x
D
þε, ð9Þ

σz
D
¼ σzðxÞ

D
¼ kz

x
D
þ ε, ð10Þ

where ky ¼0:025 and kz ¼0:0175 are the dimensionless growth rates of the wake in the y and z directions, obtained from a fit to LES results of a

single turbine wake under neutral stability,27 ε¼0:25
ffiffiffi
β

p
, β¼0:5ð1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�CT
p

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�CT

p
, and CT ¼CTðUinÞ.

Whereas the wake predicted with the Jensen model is finite, meaning that it has a clear edge, Gaussian wakes are infinite, at least in principle;

thus, any wake will always impact the entire rotor of any downstream turbine. As such, the wind speed at turbine i caused by turbine j with the

XA model in the multi-cell cases is:

Uij ¼U∞,i�

ð
Ai

δijU∞,jdA

Ai
, ð11Þ

where δij is given by Equation (7) after replacing x with xij. The single-cell equivalent can be obtained by replacing U∞,i ¼U∞,j ¼U∞. Because of the

Gaussian curve properties, the integral in Equation (11) can be solved analytically.33

1576 MA ET AL.
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2.3 | Wake superposition methods

When multiple wakes from multiple turbines j (j¼1:::N) overlap at turbine i, the incoming wind speed for turbine i needs to be calculated by a

wake superposition method. A review of different methods is given in Porté-Agel et al.34 The two most common superposition methods of wind

speed deficits are a linear superposition,28 called method M1 hereafter:

M1 :Ui ¼U∞,i�
XN
j¼1

δijU∞,j
A0,ij

Ai

� �
, ð12Þ

and a squared superposition,26 called method M2 hereafter:

M2 :Ui ¼U∞,i�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

j¼1

δijU∞,j
A0,ij

Ai

� �2
:

vuuut ð13Þ

The formulations of the superposition methods M1 and M2 for the XA model are:

M1 :Ui ¼U∞,i�
XN
j¼1

ð
Ai

δijU∞,jdA

Ai

2
664

3
775 ð14Þ

and

M2 :Ui ¼U∞,i�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

j¼1

ð
Ai

δijU∞,jdA

Ai

2
664

3
775
2

:

vuuuuuut ð15Þ

At the upwind turbine j, the incoming wind speed Uj is not necessarily equal to the undisturbed wind speed U∞,j , since turbine j itself may also

be affected by wakes. As such, an alternative method,29 named M3 hereafter, can be used in the Jensen model to estimate Ui based on a slight

modification of Equation (13) as follows:

M3 :Ui ¼U∞,i�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

j¼1

δijUj
A0,ij

Ai

� �2
:

vuuut ð16Þ

For the XA model, the equation for method M3 becomes:

M3 :Ui ¼U∞,i�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

j¼1

ð
Ai

δijUjdA

Ai

2
664

3
775
2

:

vuuuuuut ð17Þ

Lastly, Ma and Archer16 proposed a new wake overlap method, named M4, that is based on the superposition of not the wind speed deficits,

but the resulting wind speeds (Uij) at turbine i from each wake j as follows:

M4 :Ui ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

j¼1U
2
ij

N

s
, ð18Þ

where Uij is given by Equation (6) and Equation (11) in the Jensen and the XA models, respectively. Note that, in single-cell cases, U∞,i ¼U∞,j ¼U∞

in Equations (12)–(18). Method M4 was developed specifically to better take into account large- and mesoscale wind speed variability inside a

wind farm, like that caused by a weather storm approaching a wind farm. As such, M4 is expected to perform better in multi- than single-cell

MA ET AL. 1577
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cases, as single-cell cases do not have any wind speed variability within the wind farm by definition (except for that caused by the wakes

themselves).

The power generated by turbine i can then be calculated, for both Jensen and XA models, by inserting the value of Ui in the power curve

provided by the manufacturer. Wind direction variability within the wind farm in the multi-cell case is treated as in Ma and Archer.16

Methods M1 and M2 performed poorly when compared against methods M3 and M4 in the Jensen model. The average RMSE of M1 and

M2 was 22.5% and 16.1% at Lillgrund for single-cell cases, compared with 9.0% and 10.1% for M3 and M4. As such, M1 and M2 will not be

further considered in this study.

2.4 | The geometric model (GM)

The GM estimates the relative power generated by any downstream turbine with respect to the power generated by the upstream turbine.25 The

GM is a hybrid wake model because it does not simulate the physical processes occurring in wakes, like the wake expansion, but rather uses

empirical coefficients, derived from a multi-linear regression, to relate the power production of a wind turbine in a wind farm to two geometric

quantities: blockage ratio and blockage distance.11,25

The blockage ratio BRi of a wind turbine i for a given wind direction is the fraction of the swept area of turbine i that is blocked by the swept

area of any upstream turbine (0 <BRi < 1). A blockage ratio of 0 for a given wind direction means that the turbine is not blocked at all and

receives the undisturbed wind speed U∞ in that direction. A blockage ratio of 1 means that the turbine is completely blocked by one or more

upstream wind turbines. Hence, the relative power production of a wind turbine decreases with its blockage ratio. Most turbines are partially

blocked.

The blockage distance BDi is a measure of the distance between the wind turbine i and the upstream blocking turbines. Hence, a larger

blockage distance means a greater wind speed recovery, lower wake losses, and consequently more power production; vice versa, a small

blockage distance is associated with high wake losses and low power production.

The BRi and BDi for a given wind direction are defined as:

BRi ¼ 1
Ai

ð
Ai

χdA; ð19Þ

BDi ¼ 1
Ai

ð
Ai

χLþð1�χÞL∞½ �dA; ð20Þ

where χ = 1 if the infinitesimal element of swept area dA of turbine i that is blocked by a turbine and χ = 0 otherwise, and L denotes the distance

of the element dA to the upstream blocking turbine. Wherever χ = 0, that portion of the swept area of turbine i is not blocked by any other

turbine and L is assigned an arbitrary large value L∞ (L∞ = 20D was used here). The blockage distance may be thought of as the weighted average

of the distances between turbine i and all turbines j that are upstream of turbine i, weighted by the fraction of area blocked by each.

In the original formulation of the GM, the wind speed deficit is skipped entirely and the relative power PR,i is provided directly as a function

of BRi and BDi as follows:

PR,i ¼ Pi
P0

¼ αþβBRiþ γ
BDi

L∞
BRi ≠0,

0 BRi ¼0,

8<
: ð21Þ

where Pi and P0 are the power generated by turbine i and by the front turbine, and the fitting coefficients α, β, and γ are equal to 0.6824, -0.3405,

and 0.2131, respectively. These coefficients were derived by multiple linear regression between the turbine power simulated in a suite of LES

based on the Lillgrund wind farm and the values of BRi and BDi for several wind directions.25 Despite being simple geometric properties, with no

assumption on the shape or strength of the wake, BRi and BDi correlated extremely well with the simulated relative power, with correlation

coefficients in excess of 96% at Lillgrund.25

In this paper, however, we used the ratio of the local wind speed at the turbine over the undisturbed wind speed that was provided in the

hybrid parameterization by Pan and Archer11 as follows:

Ui

U∞,i
¼ αþβBRiþ γ

BDi

L∞
BRi ≠0,

1 BRi ¼0,

8<
: ð22Þ
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where α, β, and γ are equal to 0.9615, -0.1549, and 0.0114, respectively. These coefficients were derived by Pan and Archer11 using the same

method and the same LES dataset used for the GM,25 that is, by multiple linear regression between the LES wind speed at each turbine i and the

values of BRi and BDi. The actual power Pi can then be calculated with the power curve of the wind turbine, typically provided by the

manufacturer.

3 | DATA

The two wind farms analyzed in this study are Lillgrund and Anholt (Figure 1), which have been described in detail by Archer et al,24 including the

data cleaning procedures. Selecting these two farms allows for examining the performance of the proposed models at both structured and

unstructured, as well as closely and widely spaced layouts.

3.1 | Lillgrund

The Lillgrund offshore wind farm, located in the shallow waters (4–8 m) between Denmark and Sweden, was completed between 2006 and 2007

and is currently owned and operated by Vattenfall. It comprises 48 Siemens 2.3-MW wind turbines with rotor diameter D = 93m and hub height

H = 65 m, for an installed capacity of 110 MW. The layout of Lillgrund is regular (Figure 1A), meaning that the rows and columns are arranged

along straight lines and the turbines are equally spaced along them, except for a “hole” near the middle of the farm, where unfavorable sea floor

conditions prevented the installation of two turbines.

There are 10 directions of alignment at Lillgrund: 0�, 42�, 75�, 90�, 120�, 180�, 222�, 255�, 270�, and 300�. The two directions that define

the regular grid of turbines are 222� and 120�, with axial spacing of 4.3D and lateral spacing of 3.3D. This spacing of 4.3D � 3.3D is the tightest

of any utility-scale wind farm worldwide and therefore the wake losses are large. Thus, it was not possible to identify a true direction of non-

F IGURE 1 Wind turbine layout at Lillgrund (A) and Anholt (B). The black dashed lines indicate the wind directions (black arrows) aligned with
wind turbine columns. The red arrows indicate the directions of non-alignment. The red dashed lines are the columns analyzed in this study for
the non-alignment directions16
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alignment (i.e., with zero wake losses), but 315� was characterized by relatively small wake losses and therefore it was used here as a direction of

non-alignment. The wind rose at hub height is shown in Figure 2A.

The dataset used in this study includes wind power, yaw angle, wind speed, rotational speed, and blade pitch angles of each turbine for

approximately 16 months at a frequency of 1 minute or less.24

3.2 | Anholt

The Anholt offshore wind farm is located between Djursland and the island of Anholt in Denmark, in water depths of 15-19 m. It was built by

Ørsted (formerly DONG Energy) between 2012 and 2013 with a unique irregular layout (Figure 1B). It hosts 111 Siemens 3.6-MW wind turbines

with rotor diameter D = 120m and hub height H = 82 m, for a total installed capacity of approximately 400 MW.

The dataset used in this study includes wind power, yaw angle, wind speed, rotational speed, and blade pitch angles of each turbine at a fre-

quency of 10 minutes from January 2013 to June 2015.24 Because the layout is irregular, it is impossible to define directions of alignment and

non-alignment for all the turbines at Anholt. As such, only a few directions with as many turbines as possible aligned along them were identified:

168� (turbines 45-49), 179� (turbines 32-36), 183� (1-5), 228� (first row: 31, 31-32, 43-45, 66-68, 77-79, 85-86; and second row: 10, 38, 50, 84,

92), and 341� (21-30). The directions of non-alignment are 210� and 240�. The wind rose at hub height is shown in Figure 2B.

4 | NUMERICAL SIMULATIONS

In this study, all the simulations are performed with the WRF model under ideal atmospheric conditions, where the inflow wind speed and direc-

tion are kept constant. The idealized runs allow us to more clearly isolate the effects introduced by the changes in the wind farm parameterization.

In addition, although we recognize that atmospheric stability may impact the evolution, shape, length, and duration of the wake, neither the

Lillgrund nor the Anholt dataset included any measurements of atmospheric stability. As such, we did not include any stability information in this

study and performed all the simulations under neutral conditions.

The computational domain is 144 km � 144 km � 10 km (x � y � z) for all simulations except for the single-cell case at Anholt, which is

600 km � 600 km � 10 km. The vertical resolution is 4.4 m near the surface and stretched above, with a total of 62 levels, of which 4 levels below

the rotor and 7 levels across the rotor. The horizontal resolution is Δ x = 2 km at both wind farms for the multi-cell cases and 4 km and 24 km for

Lillgrund and Anholt, respectively, for the single-cell cases.

The bottom boundary is set as water body, which provides only the momentum flux calculated in the surface layer scheme (i.e., no sensible

and latent heat fluxes from the surface). The lateral boundary conditions are open radiative conditions. The Coriolis parameter is set to 1:11�
10�4 s�1, corresponding to a latitude of 50�N, with imposed geostrophic wind of ug = 7.6 m s�1 and vg = 5.88m s�1, corresponding to a steady

state wind direction of 225� at 70m (i.e., about the hub height). The initial temperature is constant 300 K below 900m and linearly increases with

height at a rate of 3 K km�1 above 900 m. The initial horizontal wind components are set equal to the geostrophic wind and the humidity is set to

zero at all levels.

F IGURE 2 Observed wind rose at hub height at (A) Lillgrund and (B) Anholt. The tick marks on the vertical axis correspond to the circles in
the wind rose and represent the frequency of occurrence in percent. This figure was reproduced with permission from Figure 3 in Archer et al.24
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Similar to the Fitch's, our proposed WFPs work only with the MYNN PBL scheme35 in WRF; thus, the PBL scheme option bl_pbl_physics is

set to 5. The simulations are integrated first for 96 hours without the turbines to reach a steady state. Then the wind farm is placed at the center

of the domain and the simulations are run for another four hours. To account for the effects of different wind directions on the wind farm, the

wind farm layout is rotated to the desired directions.

Horizontal directional shear across a multi-cell wind farm is taken into account via the method described in Ma and Archer16 In brief, each

wake from each turbine in each upstream grid cell that affects a given wind turbine in a given grid cell is assumed to be aligned along a wind direc-

tion that is the average between that at the upstream grid cell and that at the given grid cell.

5 | RESULTS AND DISCUSSION

Each wake model—Jensen, XA, and GM—was applied at the two wind farms, for at least five directions of alignment and one of non-alignment,

for single- and multi-cell cases, and with four wake superposition methods (except for the GM, which does not require wake superposition). As

such, the goal of identifying which combination of wake model and wake superposition method performs best for which case required over

252 WRF simulations.

Examples of hub-height wind speed deficits simulated by the WRF model with a few selected WFPs (i.e., a combination of wake loss model

and wake overlap method) and for the EWFP are given in Figures 3 and 4 for Lillgrund and Anholt, respectively, for both single- and multi-cell

cases. The main patterns are rather similar among the WFPs, with the strongest deficits (up to 2.0 m/s) located within the farm or immediately

downstream. The wakes of the farms—defined here as plume-like regions downwind of the wind farm with lower wind speed than the surround-

ing areas, without consideration for TKE—extend relatively far, order of 2-6 times the wind farm length along the wind direction. Without obser-

vations, it is impossible to determine which WFP produces the most realistic distribution of hub-height wind speed.

5.1 | Resolved versus sub-grid wakes

When it comes to numerical simulations of wind turbine wakes, there is an important distinction between“resolved” and “sub-grid” wakes. To

understand the difference, consider a grid cell with wind turbines in it (Wind farm 1 in Figure 5). Any WFP predicts the power generated by all

F IGURE 3 Simulated hub-height (65 m) wind speed deficit (m/s) at Lillgrund for the 225� wind direction for the multi-cell cases at 2-km
resolution (left) and the single-cell case at 4-km resolution (right) with: (A, B) GM and (C, D) the ensemble of JS-M4, XA-M3, and GM (EWFP). The
wind farm is located in the lower left corner (red square).
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F IGURE 4 Simulated hub-height (82 m) wind speed deficit (m/s) at Anholt for the 168� wind direction for the multi-cell cases at 2-km
resolution (left) and the single-cell case at 24-km resolution (right) with: (A, B) JS-M4 and (C, D) the ensemble of JS-M4, XA-M3, and GM (EWFP).
Note that the flow appears to be from the southeast, but in reality it is from 168� and the wind farm is rotated accordingly

F IGURE 5 The sub-grid wakes from Wind farm 1—only those from the last row of turbines are shown—may or may not impact the wind
speed experienced by the turbines in Wind farm 2 depending on the alignment or non-alignment of the wind direction (black arrows) with the
turbines, respectively.

1582 MA ET AL.
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the turbines in it, either via a treatment of the sub-grid wakes, as proposed here, or without considering the individual sub-grid wakes, as done in

the Fitch's WFP. The WFP then updates the grid cell wind speed to a new value that is lower than that at the beginning of the time step. This

lower wind speed is then advected to the grid cells downstream, where it is also affected by diffusion, turbulence, and entrainment, in a manner

that can be thought of as a resolved wind farm wake16,36,37 because no sub-grid processes are affecting it, only resolved-scale ones.

The single-cell cases provide examples for both sub-grid and resolved wakes (right column of Figures 3 and 4). The sub-grid wakes of the indi-

vidual turbines within the farm are treated by the WFPs, including their superposition, and result in a lower value of wind speed at the grid cell of

the wind farm than directly upstream. The wind speed deficit downstream of the wind farm is the resolved wake. There is no interference of one

type of wake with the other in the single-cell cases and no double-counting of any wake effects because the sub-grid wakes are only treated in

the grid cell of the wind farm, while the downstream wake is entirely resolved. By contrast, in the multi-cell cases (left column of Figures 3 and 4),

since the proposed WFPs account for the sub-grid wakes in all grid cells, both types of wakes might be present simultaneously in the downstream

grid cells.

Now imagine that another wind farm is placed in the grid cell immediately downwind of the original wind farm (Wind farm 2 in Figure 5). All

the turbines in the new wind farm, even those that are in the front row, will experience a wind speed that is lower than the undisturbed wind

speed upstream because the entire grid cell is affected by the resolved wake of the first wind farm. This wind speed is correctly lower if the tur-

bines in the new wind farm are truly affected by the wakes of those upstream, that is, when they are aligned behind them (case of westerly flow

in Figure 5), although not low enough because it is a grid-average wind speed, thus the wind speed deficit from the upstream wakes is diffused

over the entire grid cell volume. But, if the turbines in the new wind farm are not affected by the upstream wakes, that is, in non-alignment cases

(case of northwesterly flow in Figure 5), it is incorrectly lower because some/most of the turbines in the new wind farm are not affected by

F IGURE 6 Relative power at Lillgrund (multi-cell cases at 2-km resolution) from observations, from the Fitch parameterization, and from the
Jensen and XA wake models with the two wake superposition methods M3 and M4 along the directions of alignment (A–H) and the direction of
non-alignment 315� (I). The black circles represent the mean observed relative power and the bars are one standard deviation. The simulation
results and the observations are averaged over a wind direction window of �2:5 ∘ .
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upstream wakes and therefore should experience the same (high) undisturbed wind speed as the original wind farm. But, regardless of alignment

or non-alignment and regardless of the treatment or non-treatment of the sub-grid wakes, due to the power extraction by the turbines, at the end

of the time step the grid-average wind speed will be further reduced by the WFP in the downstream grid cell.

Now add even more turbines in further downstream cells. Even in the absence of a treatment of the sub-grid wakes (e.g., in the Fitch parame-

terization), the resolved wind speed will be reduced further in each additional downstream grid cell with turbines due to the power extraction,

regardless of the relative position of the turbines. The continuous reduction of wind speed is never observed in reality, as relative power tends to

plateau to a constant value after the first few rows of turbines, even for directions of perfect alignment.24,38,39 The continuous reduction of wind

speed (and relative power) in consecutive grid cells downstream is an unrealistic result of the resolved wake in multi-cell cases and can be

observed in the results obtained with the Fitch parameterization in Figures 6 and 7 (gray lines).

Lastly, when the wind farm is partitioned over multiple grid cells, as in the multi-cell cases, and a WFP with sub-grid wakes is used, as done

here, there is the possibility of both types of wakes being present simultaneously in the same grid cell, thus potentially double-counting some of

the wake effects. When the Fitch WFP is used, the resolved wake is the only wake effect that is accounted for, but it is generally too weak. This

explains why the Fitch WFP generally over-estimates power and underestimates the wind speed deficit, thus exhibits a strong positive bias

(Figures 6 and 7). When the Jensen, XA, or GM parameterizations are used, however, the resolved wake is still present, but it is in addition to the

sub-grid wakes, which are generally stronger. While for directions of alignment the resolved wake becomes more accurate with finer grid resolu-

tion (i.e., multi-cell cases) and with fewer turbines in each grid cell, for directions of non-alignment the power predictions are more accurate for

single-cell cases (i.e., coarse resolution) because of the absence of the resolved wake effect. These issues related to resolved versus sub-grid

wakes will become clearer after comparing single- and multi-cell results in the next sections.

5.2 | Wake superposition methods

We first focus on the wake superposition method, which was found to be as important as, if not more important than the wake model by Ma and

Archer.16 Since the GM does not provide an estimate of the wind speed deficit, only the Jensen and XA models will be compared in this

section for the single- and multi-cell cases at Lillgrund and Anholt.

F IGURE 7 Same as Figure 6 but at Anholt (multi-cell cases at 2-km resolution). The directions of non-alignment are 210� (G) and 240� (H)
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Figures 6 and 7 show the relative power predicted by Jensen (hereafter referred to as JS) and XA for the multi-cell cases at Lillgrund and

Anholt, respectively. Results obtained with the Fitch WFP are also included for comparison. Comparing relative power predicted by the two

superposition methods with the same wake loss model, significant differences are observed with both models, indicating a great impact of the

wake superposition method, in line with Ma and Archer16 This impact seems to be more pronounced for the XA model, especially at Lillgrund,

where the XA model with M4 (hereafter referred to as XA-M4) predicts not only a much higher relative power than XA-M3, but also higher than

all the other combinations and higher than the observations. For the other three combinations (i.e., JS-M3, JS-M4, and XA-M3), their predictions

are fairly close to one another at the two wind farms. A general trend is for method M4 to predict higher relative power than method M3 for both

the Jensen and the XA wake models (as the solid lines are always above the dashed lines for each color in Figures 6 and 7). A second general trend

is for wake model XA to predict higher relative power than Jensen for any given wake overlapping method (as the blue lines are always above the

red lines for each line type in Figures 6 and 7). The same general trends are found in the single-cell results in Figures 8 and 9.

A statistical performance analysis based on bias and RMSE (Tables 1 to 4) indicates that the bias is generally negative for multi-cell cases and

(slightly) positive for single-cell cases. The Fitch WFP is the exception, as it always exhibits a strong positive bias in all cases, but especially for

single-cell cases, for which it predicts no wake losses at all. For example, all combinations at Anholt exhibit an average bias that is between

�12.8% and �0.7% for multi-cell cases (column “All”), whereas for single-cell cases most combinations exhibit a positive bias (between +1.2%

and +7.1%) and only JS-M3 has a slightly negative bias of �3.4%. We note that the results in column “All” are just the simple average of the

results obtained for the wind directions considered here, without including information on the wind rose. The generally (slightly) positive bias of

these three wake loss models was also reported by Archer et al,24 which confirms that the WFPs were properly inserted in the WRF model and

behave consistently with their original formulations. Positive biases are a concern because they lead (and have led in the past) to over-estimates

of the wind farm power. The fact that the bias reverses sign just by redistributing the wind turbines over multiple cells is the consequence of the

resolved wake, which, as discussed earlier, decreases the grid cell average wind speed incrementally at downwind grid cells with turbines. The

F IGURE 8 Same as Figure 6 at Lillgrund but for the single-cell cases at 4-km resolution
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sub-grid wake model already takes into account the advection, diffusion, and expansion of the individual wakes. Thus the effect of the resolved

wake is in addition to that of the wake loss model and may cause an excessive decrease of the total power output (thus a negative bias).

The single-cell results are generally more accurate, with a smaller RMSE than their multi-cell counterpart, except for the Fitch WFP. For exam-

ple, all combinations at Anholt exhibit an average RMSE that is between 9.1% and 14.4% for multi-cell cases (column “All”), whereas for single-cell

cases all combinations exhibit a lower RMSE (between 5.3% and 9.4%) and only XA-M4 is worse in the single-cell case. At Lillgrund, the RMSE is

comparable in both cases. This worsening of the accuracy from single- to multi-cell cases is another consequence of the resolved wake.

At Lillgrund, the best two combinations are consistently JS-M4 and XA-M3 for both single- and multi-cell cases, while the combination XA-

M4 predicts unrealistically high power (Tables 1 and 3). At Anholt, the performance of the various combinations is not as consistent between

single- and multi-cell cases as it was at Lillgrund. For example, for multi-cell cases XA-M4 performs the best, with much smaller bias and RMSE

than the others, while JS-M4 and XA-M3 exhibit close errors (Table 2); however, XA-M4 performs poorly for single-cell simulations (largest posi-

tive bias and RMSE in Table 4). This inconsistency at Anholt can be explained by two compensating errors. The first is the negative bias associated

with the partitioning of the turbines over multiple cells discussed above; the second is the tendency of XA-M4 to over-estimate the power (based

on the single-cell cases). These two effects happen to balance each other out to give the most realistic prediction with XA-M4 at Anholt for multi-

cell cases.

By contrast, among the other three combinations at both farms, JS-M3 tends to greatly under-predict the power at both farms for single- and

multi-cell cases.

For directions of non-alignment (i.e., 315� at Lillgrund and 240� and 210� at Anholt), at both wind farms most combinations under-predict rel-

ative power (i.e., negative biases) and exhibit relatively large RMSE in the multi-cell cases (Tables 1 and 2). In addition, the relative power continu-

ously decreases along the column (Figures 6I and 7G,H). However, for the single-cell simulations at Anholt (Figure 9G,H and Table 4), a consistent

over-prediction of relative power was found for directions of non-alignment, as all combinations predicted no wake effects at any turbine (for

210�) or after the third turbine (for 240�). This is because there is no resolved wake affecting any turbines for directions of non-alignment and

therefore neither the decrease in power along the column nor the general underestimation are present in single-cell results.

A similar (unrealistic) decrease in relative power along a column can happen in multi-cell cases for directions of alignment at long columns of

turbines, such as 228� at Anholt (Figure 7D). Once again, it is due to the resolved wake, which in this case artificially interferes with the effects of

F IGURE 9 Same as Figure 6 but at Anholt (single-cell cases at 24-km resolution). The directions of non-alignment are 210� (G) and 240� (H)
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TABLE 1 Bias and root-mean-square error (RMSE) in power prediction (in percent) at Lillgrund (multi-cell case at 2-km resolution) by the
Fitch parameterization, the Jensen (JS) and XA models with the wake overlap methods M3 and M4, the GM, and the ensemble of the three
selected parameterizations (EWFP), each of which is marked with an asterisk (∗)

Model

180�(T23) 180�(T15) 222�(T23) 222�(T30) 255�(T36)

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 42.2 47.9 35.4 41.1 43.0 48.3 34.8 39.9 26.9 32.9

JS-M3 �9.7 11.3 �11.1 12.4 �10.2 11.2 �12.6 13.7 �13.8 15.9

JS-M4∗ 2.3 8.3 0.8 8.3 3.7 8.9 �1.4 7.7 �1.8 8.8

XA-M3∗ �0.1 6.0 �2.2 5.7 �0.9 5.5 �3.7 6.6 �5.8 8.8

XA-M4 24.9 29.5 20.4 25.6 26.3 30.6 21.2 26.5 18.9 24.8

GM∗ 3.4 6.7 �0.4 5.8 3.3 6.6 �1.3 6.5 �4.0 6.9

EWFP 1.8 3.8 �0.6 1.7 2.0 3.3 �2.2 3.8 �3.9 5.0

Model

255�(T4) 270� 300� 315� (Non-Al.) All�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 16.4 18.6 19.7 24.0 40.1 43.9 4.4 8.1 29.2 33.9

JS-M3 �13.8 16.0 �10.9 13.8 �16.4 17.9 �2.1 5.7 �11.2 13.1

JS-M4∗ �2.9 7.3 1.8 13.6 �3.0 6.6 �1.1 4.9 �0.2 8.3

XA-M3∗ �8.0 9.5 �4.8 7.1 �7.3 9.8 �12.5 14.0 �5.0 8.1

XA-M4 19.6 23.4 21.4 26.1 11.0 13.0 �0.1 4.9 18.2 22.7

GM∗ �8.5 10.8 �5.7 7.1 �1.5 5.6 �9.0 10.4 �2.6 7.4

EWFP �6.5 8.5 �2.9 6.3 �4.0 5.1 �7.5 9.1 �2.6 5.2

Note: The columns in the table correspond to the wind directions in Figure 1A; the front turbine is listed in parenthesis for wind directions with multiple

turbine columns. The direction 315� is a direction of non-alignment. The averages of all directions are shown in column “All.” The values associated with

the best performing parameterization for each direction and for each parameter are in bold.

TABLE 2 Same as Table 1 but for Anholt (multi-cell case at 2-km resolution)

Model

168� 179� 183� 228� 339�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 25.1 28.9 19.9 22.6 35.0 39.4 13.5 16.5 31.1 36.0

JS-M3 �13.5 15.3 �12.7 14.8 �10.1 11.4 �23.0 24.3 �11.0 12.6

JS-M4∗ �6.8 8.7 �5.7 7.7 �1.8 5.1 �16.6 18.4 �2.7 5.8

XA-M3∗ �7.4 9.0 �7.7 9.1 �3.2 4.5 �17.5 18.9 �4.6 6.9

XA-M4 �0.2 3.4 1.1 3.2 6.2 7.5 �9.8 13.6 4.9 7.3

GM∗ �8.5 10.1 �6.8 8.3 �0.2 2.8 �18.5 20.0 �2.5 6.8

EWFP �7.6 8.7 �6.8 8.2 �1.7 2.7 �17.5 18.9 �3.3 5.7

Model

341� 210� (Non-Al.) 240� (Non-Al.) All�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 41.7 46.3 �9.6 �12.2 �12.2 14.7 18.1 27.1

JS-M3 �8.4 9.5 �9.6 12.2 �14.0 15.3 �12.8 14.4

JS-M4∗ 3.4 7.5 �9.6 12.3 �14.0 15.2 �6.7 10.1

XA-M3∗ �1.0 4.4 �9.6 12.2 �15.6 16.6 �8.3 10.2

XA-M4 11.7 13.6 �9.0 11.4 �10.2 12.5 �0.7 9.1

GM∗ 2.8 5.2 �9.5 12.2 �14.4 15.8 �7.2 10.2

EWFP 1.7 2.3 �9.6 12.2 �14.7 15.8 �7.4 9.3

Note: The directions 210� and 240� are directions of non-alignment.
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the sub-grid wakes, already accounted for by the WFP. When the turbines are aligned behind each other, the WFP correctly accounts for the

sub-grid wakes; the additional reduction in wind speed caused by the resolved wake in multi-cell cases is small but it grows for each additional

grid cell with turbines, ultimately causing an excessive and noticeable power reduction. This is the only fundamental issue of using the approach

proposed here. This effect is significant for long columns of wind turbines, regardless of the wind direction (i.e., aligned or non-aligned).

TABLE 3 Same as Table 1 for Lillgrund, but for the single-cell case at 4-km resolution

Model

180�(T23) 180�(T15) 222�(T23) 222�(T30) 255�(T36)

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 51.2 56.1 47.9 53.0 56.5 60.5 51.4 56.0 44.2 49.5

JS-M3 �7.0 7.8 �7.0 8.0 �6.4 7.4 �7.7 9.1 �7.7 9.9

JS-M4∗ 2.6 8.9 1.5 9.1 4.7 10.5 0.6 8.7 �0.7 10.1

XA-M3∗ 3.5 4.2 3.5 5.1 4.5 5.3 3.2 5.7 2.4 4.1

XA-M4 25.6 30.5 21.7 27.7 27.4 32.3 23.5 29.6 21.9 28.9

GM∗ 6.7 7.4 4.8 6.8 8.7 9.5 5.6 8.0 3.4 4.8

EWFP 4.3 5.4 3.3 5.6 6.0 7.5 3.1 6.2 1.7 5.6

Model

255�(T4) 270� 300� 315� (Non-Al.) All�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 42.8 49.3 38.7 45.7 54.9 58.8 10.7 12.9 44.3 49.1

JS-M3 �4.0 7.1 �1.6 11.4 �13.4 14.5 3.2 5.6 �5.7 9.0

JS-M4∗ 2.5 10.2 7.0 19.7 �0.6 7.4 4.8 6.1 2.5 10.1

XA-M3∗ 5.3 8.4 6.5 12.3 �2.6 5.4 �7.6 8.9 2.1 6.6

XA-M4 30.7 36.1 26.8 33.6 14.3 16.8 2.8 8.4 21.6 27.1

GM∗ 4.1 10.2 4.1 10.5 3.7 5.5 �3.8 5.4 4.1 7.6

EWFP 4.0 9.3 5.9 14.1 0.2 2.0 �2.3 4.1 2.9 6.6

TABLE 4 Same as Table 1, but for Anholt (single-cell case at 24-km resolution)

Model

168� 179� 183� 228� 339�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 31.5 35.2 35.3 39.7 44.9 50.2 38.2 40.0 43.7 49.4

JS-M3 �9.9 11.3 �4.2 9.0 �6.5 7.6 �12.4 13.0 �6.0 7.1

JS-M4∗ �5.7 7.9 �0.4 8.7 0.1 6.4 �6.4 7.9 �0.0 5.8

XA-M3∗ �3.4 4.0 1.7 6.0 1.3 2.5 �4.8 5.4 1.4 3.7

XA-M4 1.0 3.9 6.4 9.8 8.5 10.7 2.4 6.7 8.1 10.2

GM∗ �4.8 5.6 2.2 7.3 4.4 5.3 �6.8 8.0 3.4 6.3

EWFP �4.6 5.6 1.1 7.0 1.9 3.4 �6.0 7.0 1.6 3.8

Model

341� 210� (Non-Al.) 240� (Non-Al.) All�

Bias RMSE Bias RMSE Bias RMSE Bias RMSE

Fitch 49.1 53.8 5.3 5.7 14.8 15.8 32.9 36.2

JS-M3 �5.8 6.4 5.3 5.7 12.5 15.1 �3.4 9.4

JS-M4∗ 4.2 8.9 5.3 5.7 12.8 15.0 1.2 8.3

XA-M3∗ 2.3 3.1 5.2 5.6 9.9 11.9 1.7 5.3

XA-M4 12.6 15.0 5.2 5.6 12.7 13.7 7.1 9.4

GM∗ 6.0 6.9 5.3 5.7 12.2 15.5 2.7 7.6

EWFP 4.2 5.1 5.2 5.7 11.6 14.1 1.9 6.5

Note: The directions 210� and 240� are directions of non-alignment.
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5.3 | Individual models versus ensemble

The simulation results in Figures 6–9 suggest that the combination JS-M3 should be excluded from the ensemble mean, because it always under-

predicts the relative power. The combination XA-M4 should also be considered with caution, because it significantly over-predicts the power at

tightly-spaced wind farms. Thus, we will select JS-M4 and XA-M3 for the further ensemble average, as well as the GM.

The next step is to develop an effective strategy for the ensemble averaging. A natural choice for the ensemble average is to assign weights

to the individual model results. The weight should be based on the performance of the model: large weight for the better performing model and

small weight for the worse performing model. However, since the performance of the models are not consistent at different wind farms and along

different columns, here we assume that the weights are equal for all the ensemble members (i.e., equal to 1/3). Alternative strategies to select the

ensemble weights, such as weighing by directional sector or by wind regime, may be tested in the future. The ensemble averaging is applied at

each time step in the WRF model, thus the calculated velocity tendencies and turbine-induced TKE are all generated by the ensemble averaging.

The relative power from the EWFP and from the three individual WFPs are shown in Figures 10 and A.1–A.3 in the Appendix. Comparing the

three individual WFP results, again none of them is clearly much better than the others. For example, JS-M4 always under-predicts the power at

the second turbine and tends to over-predict the power at the last few turbines. XA-M3 tends to under-predict the power at the last few turbines.

The performance of the GM model is the most consistent, with the predicted power varying around the observations, always within the error bar.

The ensemble parameterization always gives a value between the maximum and minimum of three individual WFPs for all the turbines, as

expected. In comparison to the observations, the EWFP often seems to better match the observed relative power at most turbines. However, for

certain columns, it predicts slightly worse results than the best performing individual wake loss model. Examples are direction 315� at Lillgrund

(Figure 10I and Table 1) and 341� at Anholt (Figure A.3F and Table 4). Recall that the reason we propose the ensemble approach is that there is

not a single combination that always performs better than the others in all situations (i.e., different wind farms and different wind directions). The

F IGURE 10 Same as Figure 6 at Lillgrund (multi-cell cases at 2-km resolution), but for Jensen with M4, XA with M3, GM, and the ensemble
of all three (EWFP)
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sacrifice of obtaining a worse ensemble prediction for a few rare cases is worthwhile, since the ensemble in general provides more reliable results

than any individual wake loss model.

With the ensemble averaging, the three wake loss models are run simultaneously. Compared to the simulations with one wake loss model in

the wind farm parameterization scheme, this ensemble procedure inevitably increases the computational time. To examine this additional cost, we

reran the 168� case (2-km resolution) at Anholt with EWFP and XA-M3. The average time required for a time step with the EWFP is about

0.232 s and that with XA-M3 is about 0.226 s, thus a modest increase of about 2.7%.

Lastly, the results of single-cell cases are, in general, more accurate than those of multi-cell cases, even for the EWFP. Comparing Tables 1

and 3 for Lillgrund and Tables 2 and 4 for Anholt, bias and RMSE are lower with single-cell results in general (e.g., XA-M3 exhibits a lower RMSE

with single-cell than multi-cell simulations for eight out of nine columns at Lillgrund and for seven out of eight at Anholt), and in particular for

directions of non-alignment (e.g., all combinations perform better for 210� and 240� at Anholt in single- than in multi-cell simulations) and for long

columns (e.g., 228� at Anholt). This, again, can be explained by the resolved wake. The implication is that finer resolution, which requires that the

wind farm be partitioned across multiple grid cells (i.e., multi-cell simulations), does not guarantee more accurate results with the WFPs proposed

here. By contrast, the Fitch parameterization performs incrementally better as the resolution becomes finer,16 simply because the resolved wake

is resolved better. For example, the average RMSE of the Fitch WFP drops from 49.1% to 33.9% at Lillgrund (Table 1 vs. Table 3) and from 36.2%

to 27.1% at Anholt (Table 2 vs. Table 4) when the resolution is increased from single-cell to multi-cell simulations.

6 | CONCLUSIONS AND RECOMMENDATIONS

We propose a set of new WFPs that account for sub-grid wakes from wind turbines within the same grid cell via a combination of a wake model—

Jensen, GM, or XA—and a wake superposition method—M3 or M4. We also propose an ensemble approach, in which several WFPs are run simulta-

neously and their combined effect is then fed back to the resolved processes of the model. We use observed data from two operational wind farms,

Lillgrund and Anholt, to evaluate the performance of the various WFPs that are created by combining different wake models and wake overlapping

methods. We also assess the effects of increasing the grid resolution by simulating both single-cell cases, in which the wind farm is entirely contained

in a computational grid cell, and multi-cell cases, in which the wind farm is partitioned across multiple grid cells of 2 km by 2 km.

We find that all the proposed WFPs perform well (overall bias between -11.0% and 21.6% and overall RMSE between 5.3% and 27.1%) and

that no individual WFP, not even the ensemble WFP, outperforms all others for all wind directions, farms, and resolutions. As such, we are not

able to make universal recommendations on which WFP to use for which case. However, we report three general trends that may be useful to

other researchers in selecting the right combinations of a wake model and a wake superposition method in the WFP for future applications:

(1) For a given wake model, wake superposition method M4 predicts higher relative power than method M3;

(2) For a given wake superposition method, the XA wake model predicts higher relative power than the Jensen model;

(3) For any given WFP, the partitioning of the wind farm over multiple grid cells generally causes a reduction in the power prediction (and often a

switch in the sign of the bias from positive with single-cell cases to negative for multi-cells cases), due to the resolved wake. The resolved

wake causes an unrealistic incremental wind speed reduction with each downstream grid cell with turbines due to the combination of advec-

tion and additional momentum extraction by the turbines, which is not observed in real wind farms (where the wind speed deficit is observed

to stabilize after the first few rows of turbines). It is a numerical effect caused by the fact that, in the absence of a sub-grid wake model, the

entire downstream grid cell, as opposed to only the portion that is affected by upstream wakes, experiences a reduced wind speed.

These three findings indicate that certain combinations may be less likely to be satisfactory. For example, XA+M4 is more likely to introduce

a positive bias, while JS+M3 a negative bias. This is not to say that these two combinations should not be used at all, but rather that they need to

be carefully considered depending on the circumstances. For example, at Anholt in the multi-cell cases, XA+M4 was often the best performing

combination because the partitioning of the wind farm, which causes an under-prediction of power, was compensated for by the over-prediction

of power by XA+M4.

In terms of the EWFP, it generally performs well, with overall bias between -3.3% and 7.1% and RMSE between 5.2% and 9.3%. Our findings

suggest that the EWFP performs better at tightly packed wind farms, like Lillgrund, than at widely spaced and efficient wind farms, like Anholt.

Because we had observational data at our disposal, we were able to select a subset of WFPs for the ensemble that were already performing well on

their own, based on bias and RMSE. This is the strategy that we recommend if observations are available. If one specific WFP outperforms the others

in all or most cases, then we do not recommend the use of the EWFP approach because the added computational cost, although generally small, may

not be worth it. For example, for the single-cell cases at Anholt, it appears that XA+M3 is a better choice than the EWFP. If observations are not

available—for example, for future wind farms—then we recommend that the EWFP include the three WFPs that we used here, namely XA with M3,

Jensen with M4, and the GM, because they perform well in general and because they offer a good mix of over- and under-prediction tendencies that

are beneficial to the ensemble.
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We conclude that the use of a wake model and a wake superposition model in a WFP for the WRF model is potentially advantageous

because it generates accurate wind power predictions, especially with the ensemble approach. We note that, however, in the multi-cell cases, the

effects of the sub-grid wakes from the WFP are added on to the resolved wake effects in a manner that is not entirely correct (there is no such

double-counting issue in the single-case cases). This issue needs to be investigated further. A possible solution would be to suppress the

resolved-scale advection and diffusion processes entirely at the grid cells where the wind turbines are located, preferably within the WFP. Alter-

natively, choosing a resolution fine enough to allow for only one turbine per grid cell and using the Fitch parameterization would avoid the

double-counting issue because only the resolved wake effects would be accounted for and not the sub-grid wake effects.

Another potential issue is the treatment of the added TKE by the wakes. The proposed WFPs only deal with the wind speed deficit, while the

added TKE is treated exactly like in the Fitch parameterization, that is, via an additional term in the TKE equation that is proportional to the differ-

ence between the thrust and power coefficients of the wind turbine. We plan to use the method proposed by Volker et al40 to treat the added

TKE with these new WFPs in the future.
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APPENDIX

This appendix contains additional figures from single-cell (i.e., all the turbines are located in the same grid cell in the WRF model) and multi-cell

(i.e., the turbines are distributed across multiple grid cells) cases at both Lillgrund and Anholt. The resolution for all the multi-cell cases is 2 km.

Due to the size difference between the two wind farms, the horizontal grid resolution for the single-cell cases is 4 km for Lillgrund and 24 km for

Anholt.

F IGURE A .1 Relative power at Anholt (multi-cell cases at 2-km resolution) from observations and from the Jensen model with wake
superposition methods M4, the XA model with M3, the GM, and the ensemble of all three (EWFP) along the directions of alignment (A–F) and the
directions of non-alignment 210� and 240� (G, H). The black circles represent the mean observed relative power and the bars are one standard
deviation. The simulation results and the observations are averaged over a wind direction window of �2:5 ∘ .
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F IGURE A .2 Same as Figure A.1 but at Lillgrund for the single-cell cases at 4-km resolution. The direction of non-alignment is 315� (I)
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F IGURE A .3 Same as Figure A.1 at Anholt, but for the single-cell cases at 24-km resolution
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