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 10 

Abstract. Wind farms, as an important renewable energy source to combat climate change, have had 11 

explosive development in recent years. Assessing impacts of wind farms on atmospheric and marine 12 

environments requires an accurate parameterization of wind farms in atmospheric models. The current 13 

wind farm parameterization scheme (Fitch et al. 2012) in WRF plays an important role in the study of 14 

impacts of wind farms. The scheme, however, has some shortfalls, e.g., does not consider the wind wake 15 

behind turbines inside a grid cell. In this research, the Fitch scheme in WRF is modified by inclusion of 16 

the wake effect of wind turbines. Based on an engineering wake model of a turbine, a wake superposition 17 

coefficient and an angle correction coefficient are proposed. A solution model for the inflow wind speed 18 

is established to obtain the angle correction coefficient. Other coefficients in the engineering wake model 19 

are calculated based on the CFD results. These coefficients are added in the WRF to improve the wind 20 

farm parameterization, and sensitivity experiments are conducted. Model results show that the new 21 

improved scheme significantly increases wind energy, output power and turbulent kinetic energy in the 22 

wind farm area compared with the original scheme. Sensitivity experiments also reveal that, with 23 

enlarged model grid size and shortened turbine spacing, the subgrid wake effect becomes more 24 

significant, and the new scheme shows more advantages.   25 
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1 Introduction 30 

Wind power, as a pollution-free, renewable and widely distributed energy, has gradually become the top 31 

priority of international energy transformation. In the process of adjustment of energy structure, 32 

promotion of energy production and consumption revolution, the development of wind power industry 33 

has played a pivotal role. As a strategic emerging industry, wind power has been guided by a large number 34 

of industrial policies and driven deeply by market demand, thus achieving a rapid development period. 35 

According to the latest Global Wind Power Industry Report 2022 released by the Global Wind Energy 36 

Council (GWEC), by 2021, the quantity of world's new wind power installed capacity is up to 93.6 GW, 37 

the cumulative installed capacity has reached 837GW, an increase of 12% over the previous year. 38 

With the increase of the scale of wind farms and the size of a single turbine, the impacts of wind farms 39 

on the surrounding atmospheric environment is also enlarging. Fitch et al. (2012) found that the wind 40 

speed decay in the offshore wind farm could reach 16%, and could extend to the downstream area of 60 41 

km. Christiansen et al. (2006) used the SAR radar data to study the impact of two large offshore wind 42 

farms in Denmark, and reported that the average wind speed was reduced by 8%~9%, and the wind speed 43 

decay zone could extend to 5~20 km along the wind direction. Roy and Traiteur (2010) showed that the 44 

vertical mixing is enhanced due to the turbine wake effect during operation. In the stable atmosphere at 45 

night, the vertical mixing is enhanced due the turbine wake effect, which leads to the near-surface’s 46 

warming, while in the unstable atmosphere during the day, the near-surface is cooling. Fiedler et al. (2011) 47 

argued that the precipitation in the southeast of and around the wind farms in multiple states is reduced 48 

by 1% due to the wind farms, and Vautard et al. (2014) showed that the change of winter precipitation 49 

can be 0~5%. Barrie and Kirk-Davidoff (2010) simulated effects of large-scale onshore wind farm and 50 

found that the operation of large scale wind farm would change the surface roughness and promote the 51 

generation of cyclones, thus causing atmospheric disturbance and significantly affecting atmospheric 52 

circulation. In short, the construction of large scale wind farm has a certain impact on climate factors at 53 

both global and local scales. 54 

At present, numerical model simulations are the mainly method for researching the environmental 55 

impact of wind farms. Among these numerical models, Weather Research & Forecasting (WRF), 56 

developed in collaboration with the National Center for Atmospheric Research (NCAR) and others, plays 57 

an important role in this scope and has been widely accepted by researchers. The grid resolution used in 58 

WRF is generally greater than 1 km, and the size of the turbine is only a few hundred meters, numerical 59 
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models, therefore, cannot resolve wind turbines and the effect of wind farms directly, and it is necessary 60 

to use parameterization to characterize the effect of the wind turbine on the atmosphere. The 61 

parameterization scheme applied in WRF is proposed by Fitch et al. (2013) which describes wind farms 62 

as momentum sink and turbulent source in the environment. Many scholars have employed this scheme 63 

to study the environmental impact of wind farms (Boezio and Ortelli, 2019; Jacondino et al., 2021; Pryor 64 

et al., 2019). However, the scheme ignores the influence of the wake of the front turbine on the rear 65 

turbine, which causes obvious errors. With the rising scale of wind farm in future, the subgrid wake effect 66 

will be more prominent. Therefore, it is of great significance to explore the correction method of the 67 

subgrid wake effect in WRF wind farm parameterization to improve the accuracy of wind farm 68 

representation. 69 

For the subgrid wake effect, previous researchers have proposed some solutions. Abkar and Port´e-Agel 70 

(2015) tried to average the simulation results of LES and obtained a correction coefficient ξ to correct 71 

the error of subgrid wake effect, but there is no universal prediction model or function for the correction 72 

coefficient ξ. Pan and Archer et al. (2018) combined the simulation results of LES with the relevant 73 

geometric parameters of wind farm layout, and proposed a "hybrid parameterization" scheme, and 74 

experimental results show that the hybrid parameterization scheme also has a good effect on the 75 

correction of subgrid wake effect. These above schemes use LES technology to achieve the purpose of 76 

correcting subgrid wake effect. However, LES requires a large amount of computation, which limits the 77 

usage of this method. Even if the LES simulation of wind farm is processed by the actuator model, it will 78 

still consume huge computing resources in the face of the tendency of ultra-large wind farm construction 79 

and the substantial increase in the number of turbines in a single wind farm. Elshafei et al. (2021) used 80 

the spatiotemporal fusion data of deep multi-fidelity Gaussian regression and nonlinear autoregressive 81 

algorithms to combine the simulation output of WRF with the field observation data to improve the 82 

simulation accuracy. However, the observational data used is difficult to obtain. 83 

Although the development of wind farm parameterizations in WRF has undergone several revision 84 

iterations, there is still significant room for improvement in the handling of subgrid wake in this model. 85 

This study attempts to correct subgrid wake effect errors in a new way, namely, through a simple 86 

engineering wake model. Sect. 2 of the paper introduces the parameterization principle of wind farms in 87 

WRF and a correction principle of subgrid wake effect based on engineering wake model. Sect. 3 displays 88 

the correction and calibration results of the engineering wake model. In Sect. 4, effects of the proposed 89 

new parametric scheme are analyzed and a series of sensitivity experiments are carried out.  90 
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2 Principle of subgrid wake effect correction 91 

2.1 Wind farm parameterization in WRF 92 

The WRF model is a completely compressible and non-hydrostatic multi-layer forecasting model for 93 

small and medium scale weather systems, developed by the National Oceanic and Atmospheric 94 

Administration, the National Center for Atmospheric Research and other agencies. The horizontal 95 

resolution of the grid in WRF model generally ranges from 1 to 10 km, which is larger than the feature 96 

scale of some motion elements. In order to better describe physical processes of these subgrid scale 97 

motions, it is necessary to use parametrization methods for representing the interaction between the 98 

solvable scale and the unsolvable scale. WRF model utilizes parameterization schemes of physical 99 

processes including short-wave radiation and atmospheric long-wave radiation, microphysical processes, 100 

boundary layer, cumulus convection, etc., to improve simulation accuracy (Skamarock et al, 2008). 101 

Since the height of wind farms is in the order of 100 meters which are located in the atmospheric 102 

boundary layer, it is necessary to supplement the boundary layer parameterization scheme when 103 

exploring the impact of wind farms on the environment with WRF. According to the "momentum sink - 104 

turbulent source" theory proposed by Fitch et al. (2013), parameterization of wind farms is realized by 105 

adding a momentum trend term Eq. (1) to the momentum equation and a turbulent energy generation 106 

term Eq. (2) to the equations of turbulent energy. In addition, a power generation term Eq. (3) is 107 

introduced to calculate the power output of the entire wind farm. 108 

𝜕𝑉𝑖𝑗𝑘

𝜕𝑡
= −

1

2

𝑁𝑡
𝑖𝑗𝑘

𝐶𝑇(𝑉𝑖𝑗𝑘)𝑉𝑖𝑗𝑘
2 𝐴𝑖𝑗𝑘

(𝑧𝑘+1−𝑧𝑘)
,              (1) 109 

𝜕𝑇𝐾𝐸𝑖𝑗𝑘

𝜕𝑡
=

1

2

𝑁𝑡
𝑖𝑗𝑘

𝐶𝑇𝐾𝐸(𝑉𝑖𝑗𝑘)𝑉𝑖𝑗𝑘
3 𝐴𝑖𝑗𝑘

(𝑧𝑘+1−𝑧𝑘)
,             (2) 110 

𝜕𝑃𝑖𝑗𝑘

𝜕𝑡
=

1

2

𝑁𝑡
𝑖𝑗𝑘

𝐶𝑃(𝑉𝑖𝑗𝑘)𝑉𝑖𝑗𝑘
3 𝐴𝑖𝑗𝑘

(𝑧𝑘+1−𝑧𝑘)
,              (3) 111 

where 𝑉𝑖𝑗𝑘 is the  wind vector at the grid (i, j, k); 𝑇𝐾𝐸𝑖𝑗𝑘  is the turbulent kinetic energy at the grid (i, 112 

j, k); 𝑃𝑖𝑗𝑘 for the power output at the grid (i, j, k); 𝐶𝑇(𝑉𝑖𝑗𝑘)，𝐶𝑇𝐾𝐸(𝑉𝑖𝑗𝑘)，𝐶𝑃(𝑉𝑖𝑗𝑘) are turbine thrust 113 

coefficient, turbulent kinetic energy generated coefficient and power factor, respectively, which are 114 

functions of velocity; 𝐴𝑖𝑗𝑘 is turbine swept area; 𝑁𝑡
𝑖𝑗𝑘

 is the number of the turbines. These equations 115 

show that the inflow wind speeds of all turbines are the same within one grid in this original 116 

parameterization. At the same time, it can be seen that the core variable is the inflow wind speed of the 117 
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turbine which determines the accuracy of the parameterized scheme. Therefore, this study starts with the 118 

correction of the inflow wind speed of the turbine by which the error of the subgrid wake effect based on 119 

the engineering wake model can be reduced, so as to improve the accuracy of the simulation of wind 120 

farm effect in WRF. 121 

In this study, a wake superposition coefficient and angle correction coefficient will be used to correct the 122 

inflow wind speed of the turbines, and the specific relationship is shown in Eq. (4). The wake 123 

superposition coefficient considers the wind speed change due to the wake superposition in front of each 124 

turbine when the inflow wind speed is perpendicular to the wind farm, and the angle correction 125 

coefficient is further corrected for any wind direction. In fact, there is a wind direction angle between 126 

inflow wind and wind farm layout. The wake superposition coefficient corrects the inflow wind speed 127 

under the condition of 0 ° wind direction angle, while an angle correction coefficient is to correct the 128 

inflow wind speed under any θ ° wind direction.  129 

𝑢 = 𝐶𝑎 ∙ 𝐶𝑏 ∙ 𝑢0,                (4) 130 

where Ca is the wake superposition coefficient, Cb indicates the angle correction coefficient, and u0 131 

denotes the original wind speed. 132 

2.2 Wake superposition coefficient 133 

The wake superposition coefficient is proposed based on the wake analytic model and the wake 134 

superposition model. The analytical model of a single turbine wake is a mathematical expression of the 135 

distribution of turbine wake velocity. Currently, there are many expressions of wake analytic models, 136 

among which the Jensen model (Jensen et al., 1984) appears earlier and is widely used. 137 

 138 

 139 

Figure 1: Schematic diagram of the wake analytic model. 140 

This model assumes that the expansion of wake width behind the turbine is linear along the flow direction 141 
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(Fig. 1), and that the loss of wake speed is related to CT. According to the one-dimensional momentum 142 

theorem and the mass conservation theorem, the relation between the wind speed ui and the inflow speed 143 

u0 can be given as (Jensen et al., 1984): 144 

𝑢𝑖 = 𝑢0[1 − (1 − √1 − 𝐶𝑇)(
𝑅

𝑅+𝑘𝑥
)2],            (5) 145 

where u0 represents the inflow wind speed of turbine i, ui represents the wake speed of the turbine i at the 146 

downstream position x; CT is the thrust coefficient of the turbine; R is the radius of the turbine's sweeping 147 

area; and k is the wake expansion coefficient, which is related to the roughness coefficient of the ground. 148 

Eq. (5) only describes the speed distribution of the wake behind a single turbine. In practice, the 149 

downstream turbine is often partly blocked by the upstream turbine, therefore it is necessary to introduce 150 

a wake superposition model. The wake superposition models proposed mainly include the quadratic sum 151 

superposition model, the linear superposition model and the energy conservation superposition model. 152 

 153 

Figure 2: Schematic diagram of quadratic sum wake superposition model. 154 

Among them, the more widely used is the quadratic sum superposition model proposed by Katic (1986) 155 

(Fig. 2), and is expressed as: 156 

(1 −
𝑢𝑖

𝑢0
)2 = ∑ (1 −

𝑢𝑗𝑖

𝑢𝑗
)2𝑛

𝑗=1 ,              (6) 157 

where ui represents the inflow wind speed of turbine i; u0 is the initial wind speed before superposition; 158 

n is the total number of superposition turbines in front of turbine i; uj denotes the inflow wind speed of 159 

turbine j; and uji represents the wake wind speed of turbine j at turbine i. According to Eq. (2.5), the 160 

expression of uji is: 161 

𝑢𝑗𝑖 = 𝑢𝑗[1 − (1 − √1 − 𝐶𝑇)(
𝑅

𝑅+𝑘𝑥𝑗
)2],            (7) 162 

where xj represents the distance between turbine j and turbine i. Substituting Eq. (7) into Eq. (6): 163 
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𝑢𝑖 = 𝑢0[1 − √∑ [(1 − √1 − 𝐶𝑇𝑗)(
𝑅

𝑅+𝑘𝑥𝑗
)2]2𝑛

𝑗=1 ],          (8) 164 

By contrast with Eq. (4), the expression of wake superposition coefficient can be given by: 165 

𝐶𝑎 = [1 − √∑ [(1 − √1 − 𝐶𝑇𝑗)(
𝑅

𝑅+𝑘𝑥𝑗
)2]2𝑛

𝑗=1 ],           (9) 166 

2.3 Angle correction coefficient  167 

The same as the wake superposition coefficient, because the turbine effect in the grid is directly 168 

superimposed, it is only necessary to correct the total effect of the turbine wake superposition effect 169 

under the condition of θ ° wind direction angle. The total effect of the turbine's wake superposition is 170 

averaged for each turbine, and the angle correction coefficient is used to express the effect of the averaged 171 

wind speed of a single turbine on the wake superposition. That is to say, instead of correcting the specified 172 

effect of a single turbine, only the overall deviation of the wind farm relative to the 0 ° wind direction is 173 

evaluated. For additive terms Eqs. (1-3), the velocity variables have different powers, so the angle 174 

correction coefficient needs to be divided into quadratic and cubic according to the power number of the 175 

additive terms. 176 

According to Eq. (1), after correcting using the wake superposition coefficient, that is, when the wind 177 

direction is 0°, the total effect of the turbine in one grid for the momentum trend term is: 178 

𝜕𝑉𝑖𝑗𝑘

𝜕𝑡
= −

1

2

𝐴𝑖𝑗𝑘 ∑ 𝐶𝑇(𝑣𝑛0)𝑣𝑛0
2𝑛

1

(𝑧𝑘+1−𝑧𝑘)
,              (10) 179 

where 𝑣𝑛0 is the inflow wind speed of the turbine in 0 ° wind direction. Introducing the quadratic angle 180 

correction coefficient when the wind direction is θ °, the total effect of the turbine in the momentum trend 181 

term is: 182 

𝜕𝑉𝑖𝑗𝑘

𝜕𝑡
= −

1

2

𝐴𝑖𝑗𝑘 ∑ 𝐶𝑇(𝐶𝑏2∙𝑣𝑛0)(𝐶𝑏2∙𝑣𝑛0)2𝑛
1

(𝑧𝑘+1−𝑧𝑘)
= −

1

2

𝐴𝑖𝑗𝑘 ∑ 𝐶𝑇(𝑣𝑛𝜃)𝑣𝑛𝜃
2𝑛

1

(𝑧𝑘+1−𝑧𝑘)
,        (11) 183 

where 𝑣𝑛𝜃  is inflow wind speed of the turbine in θ ° wind direction. Therefore, the quadratic angle 184 

correction coefficient 𝐶𝑏2 is expressed as: 185 

𝐶𝑏2 = √∑ 𝑣𝑛𝜃
2𝑛

1 ∑ 𝑣𝑛0
2𝑛

1⁄ ,               (12) 186 

Similarly, from the equation of turbulent kinetic energy Eq. (2), the cubic angle correction coefficient 187 

𝐶𝑏3 is given by: 188 
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𝐶𝑏3 = √∑ 𝑣𝑛𝜃
3𝑛

1 ∑ 𝑣𝑛0
3𝑛

1⁄
3

,               (13) 189 

The reason why two correction coefficients are computed in two steps, instead of directly calculating the 190 

inflow wind speed of a single turbine in one step, is that the usage of two correction coefficients will 191 

reduce much computing consumption. As the scale of wind farm tends to be larger in future, the 192 

consumption of computing resources in the simulation process will increase greatly, therefore it is of 193 

great application significance to simplify the calculation. 194 

The calculation of 𝑣𝑛𝜃  and 𝑣𝑛0 in Eq. (12) and (13) is carried out through the wind farm modeling. As 195 

shown in Fig. 3, in the modeling process, for a wind farm composed of n turbines, ln is the windward 196 

distance of each turbine along the wind direction angle of θ°, and n turbines are numbered according to 197 

the order of ln from small to large: 1...i，j...n, where turbine i is upstream of turbine j. The distance 198 

between turbine i and turbine j along the wind direction is denoted l(i,j), and the wake wind speed of 199 

turbine i at turbine j is denoted v(i,j), then l(i,j), v(i,j) can form an n×n upper triangular matrix, denoted 200 

as the distance matrix L and the wind speed matrix V (Eq. 14). The element v(i,i) on the diagonal of V 201 

represents the inflow wind speed of turbine i at a wind direction angle of θ °, i.e. 𝑣𝑛𝜃 . 202 

𝑉 =

[
 
 
 
 
 
𝑣(1,1) . . . 𝑣(1, 𝑖)

. . . . . .
𝑣(𝑖, 𝑖)

. . . . . . 𝑣(1, 𝑛)

. . . . . . . . .
𝑣(𝑖, 𝑗) . . . . . .

𝑣(𝑗, 𝑗) . . . . . .

. . . . . .
𝑣(𝑛, 𝑛)]

 
 
 
 
 

 (14) 

 203 

Figure 3: Schematic diagram of wind farm modeling principle. 204 

The wind velocity matrix V is calculated in the row sequence. According to Jenson wake analytic model 205 

Eq. (5), elements v(i,j) in row i of the wind speed matrix V can be obtained as: 206 
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𝑣(𝑖, 𝑗) = 𝑣(𝑖, 𝑖)[1 − (1 − √1 − 𝐶𝑇)(
𝑅

𝑅+𝑘∙𝑙(𝑖,𝑗)
)2],          (15) 207 

Due to the superposition of upstream turbines, the calculation of downstream turbine inflow wind speed 208 

needs to consider the superposition effect of the wake. According to the quadratic sum superposition 209 

model Eq. (6), the v(i+1,i+1) can be calculated as : 210 

𝑣(𝑖 + 1, 𝑖 + 1) = 𝑣(1,1) [1 − √∑ 𝛾(𝑛, 𝑖 + 1) (1 −
𝑣(𝑛,𝑖+1)

𝑣(1,1)
)

2
𝑖
𝑛=1 ],       (16) 211 

Given the inflow wind farm wind speed v(1,1), combining the Eq. (15) and Eq. (16),  all the elements 212 

in the matrix V can be solved, namely the inflow wind speed 𝑣𝑛𝜃  of all wind turbines in the wind farm 213 

in θ ° wind direction angle.  214 

Eq. (6) applies to the situation when the wake is completely overlapping, i.e., the downstream turbine is 215 

completely in the wake of the upstream turbine. In practice, due to the existence of wind direction angle, 216 

the downstream turbine is not completely in the wake of the upstream turbines, hence we introduce a 217 

shielding factorγ(i,j) of turbine i to turbine j as in Eq. (16). The shielding factor, representing the degree 218 

to which the upstream turbine's wake affects the downstream turbine, is the proportion of the overlap 219 

area between the upstream turbine's wake and the downstream turbine's disk surface to the swept area of 220 

the downstream turbine's impeller. The distance between turbine i and turbine j perpendicular to the wind 221 

direction is X(i,j), and the wake radius of turbine i at turbine j is R(i,j), then 222 

  𝑋(𝑖, 𝑗) = 𝑙(𝑖, 𝑗) ∙ 𝑡𝑎𝑛𝜃,               (17) 223 

𝑅(𝑖, 𝑗) = 𝑘 ∙ 𝑙(𝑖, 𝑗) + 𝑅,               (18) 224 

where θ is the wind direction angle, k is the coefficient of wake expansion, R is the radius of the impeller's 225 

sweeping area, and l(i,j) is the distance between turbine i and turbine j in the windward direction. 226 

 227 

Figure 4: Schematic diagram of the shielding factor calculation(a) no shielding; (b) partial shielding; (c) complete 228 

shielding. 229 
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As shown in Fig. 4, the shielding factor has three types of situation:  230 

(1) when X(i,j) > R(i,j) + R (Figure. 2.4a), i.e., the downstream turbine impeller is completely not in the 231 

wake of the upstream turbine, γ(i,j)=0;  232 

(2) when R(i,j) - R < X(i,j) < R(i,j) + R (Fig. 2.4b), i.e., part of the downstream turbine impeller is in the 233 

wake of the upstream turbine, γ(i,j) = Ssd / Stb; 234 

𝑆𝑠𝑑 = 𝑅(𝑖, 𝑗)2𝑎𝑟𝑐𝑐𝑜𝑠
𝑅(𝑖,𝑗)2+𝑋(𝑖,𝑗)2−𝑅2

2𝑅(𝑖,𝑗)𝑋(𝑖,𝑗)
+ 𝑅2𝑎𝑟𝑐𝑐𝑜𝑠

𝑅2+𝑋(𝑖,𝑗)2−𝑅(𝑖,𝑗)2

2𝑅𝑋(𝑖,𝑗)
−235 

           𝑋(𝑖, 𝑗)𝑅(𝑖, 𝑗)𝑠𝑖𝑛(𝑎𝑟𝑐𝑐𝑜𝑠
𝑅(𝑖,𝑗)2+𝑋(𝑖,𝑗)2−𝑅2

2𝑅(𝑖,𝑗)𝑋(𝑖,𝑗)
),         (19) 236 

𝑆𝑡𝑏 = 𝜋 ∙ 𝑅2,                 (20) 237 

(3) when X(i,j) < R(i,j) – R (Fig. 2.4c), i.e., the rotating surface of the downstream turbine impeller is 238 

completely in the wake of the upstream turbine, γ(i,j)=1. 239 

3 Correction of engineering wake model  240 

3.1 CFD experiments of wake 241 

When calculating the inflow wind speed of the turbine at different wind angles, the wake expansion 242 

coefficient plays an important role. When the total number (n) of turbines in a wind farm is 25, the 243 

distance between turbines is 5 times the turbine diameter, and the inflow wind speed v0=10 m/s, the 244 

dependence of the quadratic and cubic angle correction coefficients on the wake expansion coefficient 245 

can be seen in Fig. 5. 246 

 247 

Figure 5: Relation between the angle correction coefficient with the wake expansion coefficient (k) (a) the quadratic 248 

angle correction coefficient; (b) the cubic angle correction coefficient. 249 

With the rising of wake expansion coefficient, both angle correction coefficients diminish. Because the 250 

average inflow wind speed of the turbine at 0 ° wind angle is the same, and with the increase of expansion 251 
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coefficient, the distribution of the wake along the downstream gradually becomes divergent. For the case 252 

of θ ° wind angle, the downstream turbine is affected more by the upstream turbine, and the inflow wind 253 

speed becomes smaller, hence the two angle correction coefficients are reduced due to Eqs. (12) and (13). 254 

It is concluded that the change of wake expansion coefficient has a significant influence on the angle 255 

correction coefficient. 256 

The quadratic sum superposition model (Eq. 6) is used in the model for solving the angle correction 257 

coefficient. In the use of quadratic sum superposition model, it is assumed that the inflow wind speed of 258 

the turbine is evenly distributed. However, in the actual situation, the inflow wind speed of the turbine is 259 

affected by ground friction in the form of wind profile distribution. In short, when the wake analytic 260 

model and wake superposition model are used in this study, certain corrections need to be made according 261 

to the CFD simulation results of the turbine's wake. 262 

3.2 Calibration of the wake expansion coefficient  263 

The expansion coefficient is examined by the CFD modelling of a single turbine under different inflow 264 

wind speed conditions. In the single turbine experiment, the incoming wind speed of the turbine is in the 265 

form of wind profile. There are 9 groups of experiments are set according to the wind speed at the hub 266 

height, with the wind speed at the hub height ranging from 3 to 19 m/s (an interval of 2 m/s). As shown 267 

in Fig. 6, speed monitoring surfaces are set 1D apart in the downstream direction, and two speed 268 

monitoring lines are set in the horizontal and vertical directions on each speed monitoring surface, and 269 

100 monitoring points are set on each monitoring line to monitor the speed amplitude.  270 

After obtaining the wind speed amplitude at the monitoring line in the wake, it is necessary to determine 271 

the boundary of the wake in the horizontal and the vertical direction according to distribution of the speed 272 

amplitude. Then the relationship between wake radius and wake distance can be obtained. With a linear 273 

fit to the change of the wake radius at each inflow wind speed, the slope of the fitted line is the wake 274 

expansion coefficient k. After calculation, the relationship between wake expansion coefficient and 275 

inflow wind speed is shown in Fig. 7. The wake expansion coefficient remains relatively stable for the 276 

low wind speed (3-9 m/s), but has a significant linear growth for the high wind speed (9-19 m/s), reaching 277 

to a value of 0.019 for 19 m/s. These wake expansion coefficient is applied to the wake analytical model 278 

(Eq. 9).  279 
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 280 

Figure 6: Schematic diagram of monitoring surface setup in the turbine wake (a) Parallel wake profile; (b) Vertical 281 

wake profile. 282 

 283 

Figure 7: Dependence of wake expansion coefficient k on the inflow wind speed. 284 

3.3 Correction of the wake superposition model 285 

The wake superposition model is corrected based on the results of the CFD two-turbine wake experiment. 286 

The experiment settings are shown in Fig. 8. The distance between turbines is 5D, and 7 experiments are 287 

carried out within the working wind speed ranging from 7 to 19 m/s with an interval of 2 m/s.  288 

 289 

Figure 8: The experiment of two-turbine wake superposition. 290 
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 291 

Figure 9: Comparison of the average dimensionless wind speed behind the second turbine between the 292 

superposition experiment and the superposition model. The dimensionless wind speed is obtained by being 293 

dividing by the inflow wind speed. 294 

  295 

It can be seen from the comparison results (Fig. 9) that there are significant differences between results 296 

of the CFD experiment and the engineering model. Results calculated using the engineering 297 

superposition model are slightly higher than that simulated using the CFD experiment, and their 298 

difference gradually diminishes with the increase of the distance. Such differences are mainly due to the 299 

assumption that the inflow wind speed is evenly distributed at different altitudes in the calculation of 300 

wake superposition model, while the CFD simulation adopt the inflow wind speed with a wind profile 301 

closer to the actual situation. This assumption is one of the error source of the wake superposition model 302 

in this study, so it is necessary to correct the wake superposition model according to the CFD results to 303 

improve the accuracy of the wind farm model, further improve the accuracy of the angle correction 304 

coefficient, and finally make the correction of the subgrid wake effect more accurate. Thus a correction 305 

factor (Cover) is proposed as in Eq. 21. The dimensionless velocity of the experiment and the model is 306 

averaged over the wake distance, and the ratio between the experiment simulation (�̅�𝑠𝑖𝑚) and engineering 307 

model (𝑣𝑚𝑜𝑑) is 0.93. By applying this coefficient to Eq. (9), the correction of the wake superposition 308 

model can be completed. 309 

𝐶𝑜𝑣𝑒𝑟 = �̅�𝑠𝑖𝑚 𝑣𝑚𝑜𝑑⁄ ,                (21) 310 

4. Implement of new parameterization and sensitivity experiments 311 

4.1 Implement of new parametrization 312 
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The wake superposition coefficient (Ca), the quadratic angle correction coefficient (𝐶𝑏2) and the cubic 313 

angle correction coefficient(𝐶𝑏3) are used to modify the original parameterization scheme of wind farm 314 

in WRF. The differences between the original and new schemes are compared, and the correction effect 315 

of the subgrid wake effect is verified and discussed. 316 

In the experiments, the model domain is set from 17.68° N to 27.16° N, from 109.38° E to 122.62° E 317 

(Fig. 10). The wind farm is located in an area between 21.70° N~ 22.50° N, 115.14° E~ 116.00° E . The 318 

type of turbine used in the WRF simulation is the same as that used in the CFD simulation. The turbines 319 

are arranged parallel to the longitude and latitude lines with an equal spacing of 5D. The total number of 320 

turbines is 25600, and the output power of a single turbine is 3 MW. 321 

The experimental area nests two layers of inner and external meshes with grid resolutions of 2.8 km and 322 

8.4 km, respectively, and 30 layers are used in the vertical direction. The wind farm is located in the inner 323 

area of the nested model. The inner grid spacing is equal to 5 times the turbine layout spacing, i.e., there 324 

are 25 turbines in the one grid cell.  325 

Physical and dynamic schemes used in the simulations are identical to what was performed in the 326 

previous studies (Hong et al.,2006; Mlawer et al.,1997; Fouquart et al.,1991; Grell et al.,2002; 327 

Nakanishim et al.,2009). For the land surface process, the parameterization scheme of heat diffusion is 328 

adopted. Goddard parameterization scheme is used for short-wave radiation process, while RRTM 329 

parameterization scheme is used for atmospheric long-wave radiation process. For microphysical process, 330 

WSM6 parameterization scheme is selected to improve the accuracy of vertical profile and reduce the 331 

influence of time step on physical parameterization scheme. The Grell-Freitas scheme is employed to 332 

parameterize cumulus cloud. MYNN-2.5 is selected for the parameterization scheme of the planetary 333 

boundary layer, which contains various physical processes in detail, and can simulate the influence of 334 

wind farm on atmospheric boundary layer more accurately. The WRF model is initialized at 0000 UTC 335 

on 4 January 2022, using the data from the National Centers for Environmental Prediction Global 336 

Forecast System (GFS). All the simulations are run for about 3 days. 337 

It can be seen that there is a relatively stable northeast wind in the wind farm area at this time (Fig. 10) 338 

and the wind speed is moderate, about 10 m/s. The kind of speed belongs to the critical wind speed of 339 

the turbine to reach the rated power, which is conducive to observe and compare the difference 340 

phenomenon at this moment. 341 
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 342 

Figure 10: Snapshot of wind vectors and wind speed on 4 January 2022. The dash black lines denote the inner and 343 

external model domains, respectively. The white region with black dots represent the wind farm.  344 

 345 

Figure 11: Comparison of wind energy distribution for (a) the new parameterization scheme; (b) the original 346 
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parameterization scheme; (c) their difference. 347 

As shown in Fig. 11, the wind energy inside the wind farm region using the new scheme, which is 348 

1.44×1013 kg∙m2/s2 in total, is higher than that of the original scheme (8.54×1012 kg∙m2/s2), increasing 349 

by 68%. When the subgrid wake correction is added to the new parameterization scheme of wind farm, 350 

the inflow wind speed of the rear turbine is reduced. Therefore, the absorption of wind energy in the wind 351 

farm region is reduced. At the same time, the total wind energy becomes greater than that in the original 352 

scheme, reducing the error of overestimation of wind speed attenuation in the original scheme. The wind 353 

energy in the upstream edge region of the wind farm is significantly enhanced. This is because in the 354 

new parameterization scheme, the kinetic energy absorption of the grid in the upstream region is reduced 355 

more, so that the wind energy is more fully developed downstream and resulting in greater wind energy 356 

in the edge region of the wind farm. 357 

 358 
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 359 

Figure 12: Comparison of power output for (a) the new parameterization scheme; (b) the original parameterization 360 

scheme; (c) their differences. 361 

The power output in the new scheme is higher than that in the original scheme (Fig. 12). The total regional 362 

power output of the wind farm in the new scheme is calculated and the result is 11639.56MW, while that 363 

in the original scheme is 5703.2MW, with an increase of 104%. This is because after the new scheme 364 

corrects the excessive kinetic energy absorption error of the turbine, the wind speed in the wind farm 365 

area increases, thus increasing the instantaneous output power of all turbines. Therefore, the output power 366 

generated by the wind farm increases.  367 
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 368 

Figure 13: Comparison of turbulent kinetic energy for (a) the new parameterization scheme; (b) the original 369 

parameterization scheme; (c) their differences. 370 

As shown in Fig. 13, the turbulent kinetic energy of the wind farm region in the new scheme is also 371 

enlarged. The total regional turbulent kinetic energy under the new scheme is 7.00×1011 kg∙(m2/s2), while 372 

that in the original scheme is 4.96×1011 kg∙(m2/s2), with a rise of 41%. It can be seen from the expressions 373 

of the power output and turbulent source terms in the parameterization principle of wind farm Eqs. (2 374 

and 3) that power output and turbulent kinetic energy have the same tendency. Therefore, the growth of 375 

power output is bound to be accompanied by the enhanced turbulent kinetic energy generation.  376 

In summary, compared with the original parameterization scheme, the simulation results of the new 377 

scheme have increased significantly for the simulation results of each parameter quantity, and the 378 

differences between the two schemes also conform to the relevant law. Therefore, the rationality and 379 
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feasibility of the new scheme for the correction of subgrid wake effect can be proved. It forms a 380 

foundation for exploring the further optimization of the new parameterization scheme and its sensitivity 381 

to wind farm parameters. 382 

4.2 Sensitivity experiments  383 

A series of model experiments is conducted to investigate the sensitivity of the new scheme to wind farm 384 

parameters. Experiments are divided into two groups: the Grid experiment and the Space experiment. In 385 

all experiments, the simulation area, simulation time and other parameterization schemes are the same 386 

as in the last section. Details of the settings in each group of experiments are shown in Table 1. 387 

Table 1: Setting for sensitivity experiments. 388 

 Internal grid size Spacing Number Number in one grid 

Grid 

experiment 

5D 5D 25600 1*1 

10D 5D 25600 2*2 

15D 5D 25600 3*3 

20D 5D 25600 4*4 

25D 5D 25600 5*5 

Space 

experiment 

10D 2D 25600 5*5 

15D 3D 25600 5*5 

20D 4D 25600 5*5 

25D 5D 25600 5*5 

 389 

In the Grid experiment, the size of the inner grid size is changed with an interval of 5D, so that the 390 

number of turbines in one grid varies. As for the first experiment, the inner grid size is 5D, equaling to 391 

the turbine spacing, so there is only one turbine in one grid and has no subgrid wake effect in the original 392 

and new parameterization schemes.  With the number of turbines in the grid changing, it is easily to 393 

observe the sensitivity of the subgrid wake effect to the grid size. In the Space experiment, the scale of 394 

the wind farm is kept unchanged and only the turbine spacing is adjusted. In order to keep the same 395 

number of grid turbines, i.e., to ensure the consistency of the subgrid wake effect on the number 396 

superposition, the simulated grid size is changed to adapt to the change of turbine spacing.The simulation 397 

results of the two groups of experiments are processed and shown in Figure 15 and 16.  398 
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 399 

Figure 14:  Comparison of simulation results between the original and new schemes for the Grid experiments for 400 

(a) the wind energy; (b) the power output; (c) the turbulent kinetic energy. The difference rate is calculated as the 401 

difference between results of two schemes being divided by the old scheme results. 402 

As shown in Fig. 14, the simulation results indicate that compared with the inner grid size of 5D, when 403 

there is no subgrid wake effect, the wind energy, the output power and the turbulent kinetic energy are 404 

all significantly reduced with the grid size, which confirms the influence of subgrid wake effect on the 405 

simulation. In these Grid experiments, the size of the grid is gradually enlarged, while the spacing and 406 

the total number of turbines remain unchanged, so the range of the wind farm remains unchanged. 407 

Theoretically, the simulation results of the wind farm should also remain unchanged, however, the 408 

simulation varies due to the various intensity of the subgrid wake effect associated with different grid 409 

size. It can be found that the difference rate increases gradually with the increase of grid size. This is 410 

because the larger the grid size, the more turbines contained in the same grid, correspondingly, the more 411 

significant the subgrid wake effect in the original parameterization scheme. Under the same conditions, 412 

when the mesh size is larger, the subgrid wake effect is more significant, and it is more necessary to 413 

employ the new wind farm parameterization scheme. As the number of turbines in the grid diminishes, 414 

the difference between the original and new parameterization schemes is gradually reduced. When there 415 

is only one turbine in the grid, i.e., there is no subgrid wake effect, results of the original and new 416 

parameterization schemes are the same, proving that the new parameterization scheme can be compatible 417 
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with the original parameterization scheme. 418 

For the Space experiments (Fig. 15), the number of turbines in one grid remains unchanged, while the 419 

spacing of turbines is gradually shortened. The smaller the turbine spacing is, the stronger the wake effect 420 

would be on the downstream turbines. One can see that the difference between the new and original 421 

parameterization schemes for the parameter result is gradually growing, which confirms the enhancement 422 

of the subgrid wake effect. The total amount of wind energy in the wind farm area rises with the turbine 423 

spacing, because the larger area of the wind farm leads to the greater total amount of wind energy, also 424 

it is the case for the total output power and turbulent kinetic energy. In general, this set of experiments 425 

can show that the subgrid wake effect becomes more significant when the turbine spacing is smaller 426 

when the new parameterization scheme should be adopted. 427 

Through the sensitivity experiments the following conclusions can be drawn: the larger the grid size and 428 

the smaller the turbine spacing, the more significant the subgrid wake effect is, and the more suitable to 429 

adopt the new wind farm parameterization scheme which considers the subgrid wake effect. 430 

 431 

Figure 15: The same as Figure 14 but for the Space experiments. 432 

5 Summary and discussion  433 

Based on the engineering wake model of wind turbines, a wake superposition coefficient and an angle 434 

correction coefficient are proposed to be included in the original Fitch scheme to form a new 435 

21

https://doi.org/10.5194/gmd-2023-174
Preprint. Discussion started: 21 August 2023
c© Author(s) 2023. CC BY 4.0 License.



 

parameterization scheme of wind farms. The accuracy of the engineering model is improved using the 436 

CFD simulation of the turbine wake. The verification and sensitivity analysis of the new parameterization 437 

scheme are carried out. 438 

In the existing Fitch scheme of WRF, the inflow wind speed of all turbines in one grid are the same, 439 

which ignores the wake effect between turbines. The wake superposition coefficient corrects the subgrid 440 

wake effect under the condition of 0 ° inflow wind angle, and the angle correction coefficient further 441 

corrects the condition under any inflow wind angle. An engineering wake model is calibrated and 442 

modified based on the CFD simulation results. The wake expansion coefficient in the wake analytical 443 

model is calibrated by the change of wake radius of single turbine under different inflow wind speed 444 

conditions. At the same time, the velocity calibration of the wake superposition model is carried out by 445 

the wake superposition of two turbines under different inflow wind speed conditions. The above 446 

correction coefficients are applied to WRF to present a new parameterization scheme of wind farms. 447 

Verification and sensitivity experiments of the new parameterization scheme are carried out, compared 448 

with the original parameterization scheme under different simulation conditions. The experimental 449 

results show that the simulation results of wind energy, power output and turbulent kinetic energy of the 450 

new parameterization scheme are significantly higher than those of the original scheme. The differences 451 

between them are analyzed to be caused by the overestimation of the wind energy absorbed by the 452 

turbines in the grid in the original scheme. Sensitivity experiments show that in the experimental grid 453 

size range (5D~25D), with the increase of grid size, the difference rate between the original and new 454 

schemes grows gradually. In experiments of different turbine spacing (2D~5D), with the shortened 455 

turbine spacing, the different rate between the new and the original schemes is increased gradually. Due 456 

to the limitations engineering practice, there are still some shortcomings in the improved scheme. The 457 

method of solving the angle correction coefficient should be optimized. In the process of solving the 458 

angle correction coefficient, an average method is used to deal with the inflow angle, which cannot 459 

accurately represent the inflow wind speed in front of a specific turbine to a certain extent. It is hoped 460 

that other solving methods can be explored in future to compare the differences with the solution in this 461 

paper and improve the accuracy of the solution. The new and original parameterization schemes should 462 

be used to systematically carry out the experiments of wind farm's influence on various weather and 463 

climate systems, so as to investigate the application performance of the new parameterization schemes 464 

more systematically. 465 
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In future, after the new parameterization scheme is verified systematically, it is hoped that the new 466 

scheme can be promoted and integrated into the WRF parameterization scheme for wind farms, so as to 467 

make the simulation of wind farms in WRF more accurate, and provide a better tool to estimate the wind 468 

power and study the environmental impact of wind farms. 469 

 470 
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