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Abstract 8 

This paper provides an overview of full-scale wind field measurements of the wind-turbine wake effect 9 

and presents the results and experience of performing a new measurement. First, typical onshore wind-10 

farm measurements are reviewed and summarized, followed by a description of the measurements used 11 

in offshore wind farms. Then, the measurements obtained for studying isolated wake effects are 12 

introduced. Information about the location, equipment, and process used in a number of experiments are 13 

described in detail, followed by a discussion of significant results, an economic analysis, and the 14 

experimental difficulties encountered. Validation of a wake model has been the main purpose of some 15 

studies, which are also reviewed in this paper. Lastly, the results of a new experiment on the wake 16 

interaction effect are presented and summarized. The work presented in this paper advances our 17 

understanding of the development process and research status of full-scale wind field measurements of 18 

the wake effect. Suggestions are also made regarding future measurements. 19 
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1. Introduction21 

Wind energy, widely accepted as a clean and renewable energy source, is playing an important role22 

in many regions of the world [1]. As the number of wind turbines erected in wind farms increases, the 23 

influence of the wake effect and wake-generated loads tend to become more significant [2]. The wake of 24 

a wind turbine (WT) occurs in the downstream volume, which is affected by the WT absorbing 25 

momentum from the inflow, resulting in a reduction of the downwind speed. However, the flow in the 26 

wake is more turbulent than that in the inflow. This is due to the fact that the rotation of the WT blades 27 

generates turbulence and that the WT itself is an obstacle to the inflow [3]. In wind farms, downwind 28 

WTs suffer from structural loads and wind-speed deficits caused by the wakes of upstream WTs. This 29 

degradation in performance has an important effect on the benefits obtained by wind farms. Therefore, a 30 

better understanding of wake characteristics is essential to obtain insights and enable the protection of 31 

downstream WTs from the wake effects of upstream WTs. Related problems can be mitigated by 32 

optimizing the layout pattern of WTs in a wind farm, while also reducing the total cost of wind energy 33 

[4-6]. 34 

At present, although many wind farms are in operation, the demand for larger, more efficient, and 35 

more reliable wind farms is increasing. The key problems of modern wind farms must be solved with the 36 

least possible delay. Wind loss and the turbulence intensity in wind farms are two aspects related to the 37 

placement pattern of WTs [7]. Turbulent flow in a wind farm is characterized by the interaction and 38 

superposition of wakes from multiple WTs. The power loss in a WT caused by the wake effect generated 39 

by upwind WTs can easily represent 10–20% of the total power [8]. To design an efficient wind-farm 40 

layout for offshore wind farms, it is very important to understand the increase in turbulence and the power 41 

loss induced by the WT wakes [9]. Several studies of offshore wind have suggested that wake interactions 42 

may persist at distances of up to 5–10D (where D represents the rotor diameter of the WT) downstream 43 

of WTs [10]. The wake effect in a wind farm is related to the local wind conditions, WT characteristics, 44 

wind-farm layout patterns, and some seasonal factors. There is thus a pressing need to study wake effects, 45 
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but due to the complexity of the problem, it cannot be fully investigated using only theoretical approaches. 46 

To make better use of wind energy, data from full-scale wake experiments are necessary to guide 47 

the wind-energy community. With measured data, the characteristics of wind deficit and turbulence can 48 

be studied in depth. Via model development and validation processes, state-of-the-art wind farm models 49 

are needed that are based on more comprehensive and accurate wake measurements [11-13]. Wake 50 

characterizations based on wind field data can be applied to validate and improve numerical wake models. 51 

Such characterizations would also enable the power generated by a wind farm to be more accurately 52 

estimated and improved [14]. Advanced experimental wind-field tests of wake steering would also 53 

facilitate the study of whether the advantages predicted and observed in simulations can be realized in 54 

the field. Wind-field experiments can avoid the typical limitations of wind-tunnel experiments, such as 55 

low Reynolds numbers and down-scaled geometric dimensions [15]. Therefore, the interaction between 56 

the wakes of multiple WTs must be obtained from full-scale experiments with large wind farms, as have 57 

been conducted by the authors of [16-22]. 58 

To the best of our knowledge, no reviews of wind-field experiments have been reported to date. 59 

This study attempts to fill this research gap. One focus of this study was to comprehensively review full-60 

scale wind-field measurements of the wake effect, including experiments conducted at onshore wind 61 

farms, offshore wind farms, and isolated WTs. A second focus was to establish a reference database for 62 

various experimental sites, techniques, procedures, difficulties, economic controls, and main results to 63 

enhance readers’ understanding of full-scale wind-field measurements. In section 2, the measurements 64 

obtained at six onshore wind farms are discussed. In section 3, the measurements obtained at five offshore 65 

wind farm are presented. In section 4, eight other wind-field measurements are analyzed. In section 5, a 66 

measurement of the wake interaction effect is presented, and its main results and the experience gained 67 

from performing these measurements are summarized. Lastly, in section 6, the main conclusions of this 68 

review are drawn. 69 

2. Onshore wind-farm measurements 70 

In this section, the measurements obtained at six typical onshore wind-farms are analyzed, 71 

comprising measurements from Goodnoe Hills wind farm (Washington, USA), Sexbierum wind farm 72 

(Waadhoeke, The Netherlands), Nørrekær Enge wind farm (Jutland, Denmark), the Energy Research 73 

Centre of the Netherlands (ECN) test farm (Wieringermeer, The Netherlands), an central Iowan wind 74 

farm (USA), and Myres Hill wind farm (Eaglesham, Scotland, UK). 75 

2.1 Measurements 76 

2.1.1 Measurements at Goodnoe Hills wind farm 77 

Three 2.5-MW WTs are erected at Goodnoe Hills, a location close to Goldendale, Washington [23], 78 

where the terrain slopes upwards smoothly from west to east, and there is a steep gully in the northwest 79 

[24]. Figure 1 shows the layout of the WTs at Goodnoe Hills. 80 

 81 

Figure 1. Site layout and distances between wind turbines (red and blue symbols) at Goodnoe Hills, 82 

Washington, USA [24]. 83 

 84 

In 1982, an experimental wind-field project was conducted at the hub height (200 feet) of these WTs 85 

[24], in which the wind velocity was captured by a radiosonde suspended from a tethered balloon. A total 86 

of 21 hours of data were collected simultaneously from the free stream and the balloon. Measurements 87 

were performed to determine the downstream-wind-speed deficit rates at the centerline and the WT drag 88 

coefficients. At wind speeds from 30 mph to 45 mph, the deficits in the wind speed reached 89 
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approximately 50% at a downwind distance of 3D, and 5% at 5D. 90 

An obvious terrain-induced influence on the flow at the tower site was identified. However, some 91 

results that were initially considered to indicate wind deficits were later determined to indicate wind-92 

speed increases, and thus the reason for the deficit could not be determined due to this low experimental 93 

accuracy. The non-uniformities of the wind farm, due to terrain irregularities, accounted for some of the 94 

observed data scattering. The topography of the wind site was complex, and consequently the wake effect 95 

could be either masked or exaggerated. 96 

2.1.2 Measurements at Sexbierum wind farm 97 

The experiments at Sexbierum wind farm provided a useful database for validating wake models 98 

and WT load-calculation programs. This Dutch wind farm, which is located in Waadhoeke, 99 

approximately 4 km from the seashore [25], is situated on flat homogenous terrain with grassland, and 100 

has 18 WTs with a rated power level of 300 kW [26], a D of 30.1 m, and a hub height of 35 m. The layout 101 

of the Sexbierum wind farm is shown in Figure 2. Surrounding the wind farm, there are seven 102 

meteorological masts (M1–M7). 103 

 104 

Figure 2. Layout of Sexbierum wind farm in Waadhoeke, The Netherlands [25] (where WT = wind 105 

turbine, D = WT rotor diameter). 106 

During 1992, several experiments were conducted at Sexbierum wind farm to collect data on wind 107 

velocity, turbulence intensity, and shear stress at WT downwind distances of 2.5D, 5.5D, and 8D [25]. 108 

WT36 was fitted with instrumentation to study influence of the wake effect on WT load. The wind speed 109 

at hub height matched the Weibull frequency distribution, with a scale factor 8.6 /huba m s=  and a shape 110 

factor 2.1hubk = . The average wind speed was 7.6 m/s. 111 

The monitored quantities comprised the fast-rate wind speed in wakes, WT power, and fatigue load. 112 

At 2.5x D=  , the wake profile deviated significantly from a Gaussian shape, with this deviation 113 

disappearing at greater distances. At the same position, the turbulence intensity peaked at the maximum 114 

wind speed gradient and then disappeared after 5.5x D= . The courses of the individual shear stresses 115 

were qualitatively explained based on the assumption that the wind velocity experienced a gradient 116 

change in the wake. These data also enabled a comparison of the power output of different wind 117 

directions [26]. 118 

2.1.3 Measurements at Nørrekær Enge wind farm  119 

The Nørrekær Enge II wind farm is situated at the southern bank of the Limfjord in the northern 120 

area of Jutland, Denmark. The terrain of the wind farm is generally very flat, but there are slight 121 

irregularities, the largest of which is a 50-m hill in the south. The wind farm has 42 stall-regulated WTs 122 

with a rated power of 300 kW. The WTs are fixed in two regular 7 × 3 grids. Figure 3 shows the layout 123 

of the Nørrekær Enge II wind farm. 124 
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 125 

Figure 3. Layout of Nørrekær Enge II wind farm in Jutland, Denmark [26] (where D = wind-turbine 126 

rotor diameter). 127 

 128 

This wind farm was used to demonstrate the effectiveness of Garrad Hassan WindFarmer (GH Wind 129 

Farmer) software for predicting the power output with a wake effect [26]. The data included the power 130 

output from all of the WTs, which were averaged over a number of 10-min periods, with the wind blowing 131 

along the lines of the WTs. 132 

For a wind direction of 166˚, the mean wind speed and power data were grouped by wind speed. 133 

Thirteen data points were applied to determine the average power output of each WT. The mean wind 134 

speed was approximately 8 m/s at all of the points. The standard deviations (SDs) of these means were 135 

also the same. For a wind direction of 258˚, the powers of the front-row WTs in the wind farm were used 136 

to calculate the mean ambient wind-speed. There was generally good agreement between the predictions 137 

made by GH WindFarmer and the measured results. For a wind direction of 166˚, the software tended to 138 

overestimate the power of the third and fourth WT rows. For a wind direction of 258˚, the power of the 139 

third line was over-predicted. 140 

2.1.4 Measurements at ECN test farm 141 

The ECN Wind Turbine Test Station Wieringermeer is situated on flat farmland [27] 35 km northeast 142 

of the ECN premises in the Netherlands [28]. The test wind farm is equipped with a 108-m meteorological 143 

measurement mast and five rows of 2.5-MW WTs, each with a hub height of 80 m. The WTs are installed 144 

in a line with a uniform spacing of 3.8D [29]. Figure 4 shows the dimensions and direction of the wind 145 

farm. 146 

 147 

Figure 4. Dimensions and direction of ECN test farm in Wieringermeer, The Netherlands [28] (where 148 

WT = wind turbine, D = WT rotor diameter, MM3 = measurement mast 3). 149 

 150 

To validate models for simulating wakes and designing wind farms, 2-year data were used. The data 151 

were collected at the research site in two ways, i.e., by the ECN measurement network with local data 152 

acquisition units (Dante systems) and by the central Supervisory, Control, and Data Acquisition (SCADA) 153 

system. Most (80%) of the severe power loss was found to be caused by low turbulence with an intensity 154 

range of 2–4%. The maximum wind deficits were approximately 45% at a downstream distance of 2.5D 155 

and 35% at 3.5D. A wake rotation effect was visible in the vertical velocities up to a downwind distance 156 

of 3.5D. The profiles of wind velocity at downstream distances of 2.5D and 3.5D were compared with 157 

the preliminary numerical results of ECN’s Wakefarm model, which revealed that the width of the wake 158 

and the magnitude of the wind deficit were well predicted, but the turbulence behind the rotor was not. 159 

The second array of WTs experienced the maximum power loss, which equated to 67% in westerly winds 160 

and 73% in easterly winds. An obvious diurnal cycle was reflected in the vertical turbulence intensity, 161 

wind shear, and temperature gradient data. In the evening, a positive vertical temperature gradient was 162 

observed at a higher wind shear and a much lower turbulence intensity. 163 
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2.1.5 Measurements at an Iowan wind farm 164 

The Crop Wind Energy Experiments (CWEXs) were conducted at a wind farm in central Iowa [30], 165 

where the land is generally flat, with a slope of less than 0.5° from southwest to northeast. Crops were 166 

being raised on the wind farm property, primarily soybeans and corn. 167 

(1) CWEX-10 and CWEX-11 experiments 168 

The 2-week CWEX-10 was conducted in the summer of 2010, and the 10-week CWEX-11 was 169 

conducted the following summer. Figure 5 shows the layout of the test area. 170 

 171 

Figure 5. Expanded view of CWEX-10 and CWEX-11 measurement locations in a windfarm in central 172 

Iowa, USA [30] (where WC = Windcube, NLAE = National Laboratory for Agriculture and the 173 

Environment, ISU = Iowa State University, NCAR = National Center for Atmospheric Research). 174 

 175 

Experiments were conducted within and above a corn canopy. In late June, the height of the crop 176 

was approximately 1.5 m, and in the middle two weeks of July, the maximum height increased to 2.8 m. 177 

Correspondingly, in neutral stratification conditions, the roughness length increased from 0.05 m to 0.4 178 

m. 179 

The results of CWEX-10 and CWEX-11 revealed the influence of one-row WTs on the local 180 

environment [30, 31]. CWEX-10 studied the difference between mean variables and surface fluxes in the 181 

area surrounding the WTs. In CWEX-11, more flux towers were deployed closer to the WTs. These two 182 

experiments identified changes in the flow structure. WTs were found to modify fluxes relevant to the 183 

crops, such as CO2 and heat. They were also found to enhance the daytime CO2 flux down into the crop, 184 

but to increase the temperature at night and enhance respiration. 185 

Based on the measured data, Rajewski, et al. [30] proposed three mechanisms that affect the surface 186 

micrometeorological conditions leeward of WTs. First, the authors reported that the overhead wake did 187 

not reach the surface, but changed the intensity of the turbulence, vertical mixing, and wind profile 188 

between the overlying boundary layer and the surface. Second, they found that the wake that intersected 189 

the surface enabled the turbulence to modify the microclimate of the surface. Third, the static pressure 190 

fields around WTs were found to generate perturbations in the surface flow and produce fluxes within a 191 

short distance of the WT line. 192 

(2) CWEX-13 193 

The CWEX-13 campaign [32] was conducted in 2013. This measurement location experienced 194 

frequent nocturnal low-level jets and strong diurnal cycles of atmospheric stability [33]. Several remote 195 

sensing instruments were used to quantify the three-dimensional (3-D) wind speed and turbulence 196 

through the WTs. Figure 6 shows a schematic diagram of the wind field. The WT data obtained by 197 

scanning light detection and ranging (lidar) are indicated by the red ellipse. 198 
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 199 

Figure 6. Schematic diagram of the CWEX-13 measurement locations in a windfarm in central Iowa, 200 

USA [34] (where WC = Windcube, ISU = Iowa State University). 201 

 202 

CWEX-13 focused on the interaction of wakes from multiple WTs under different atmospheric 203 

stability conditions, which differed from those discussed in [30, 31, 35] and [36]. The results showed that 204 

under unstable conditions, the wake eroded rapidly, indicating that wake measurements should be 205 

performed primarily under stable conditions. Under stable conditions, there were significant differences 206 

in the wakes of the inner and outer WTs. Wakes at the leading edge of the test area were used to 207 

investigate the difference between the outer and inner wakes. The researchers found that strong wind 208 

conditions were related to stable conditions, which led to the stretching of the wake distribution. The 209 

behavior of wakes from the inner and outer WTs were also found to differ. 210 

With the results of CWEX-13, Bodini, et al. [34] extended the algorithm for single-wake detection 211 

proposed by Aitken, et al. [37] to the characterization of multiple wakes. Based on measurements, the 212 

algorithm was applied to assess the wind speed deficits, wake boundaries, and wake centerlines. The 213 

authors first quantified the influence of ambient wind conditions on the vertical stretching of wakes. 214 

2.1.6 Measurements at Myres Hill wind farm 215 

At the Myres Hill test facility, located outside Eaglesham near Glasgow, Scotland, a long-range 216 

inland Galion lidar device is fixed on the southern edge of the wind farm. Position plan indicator (PPI) 217 

scan geometries were used to study the wakes of several nearby WTs. Figure 7 shows the location of the 218 

Galion device relative to the WTs under study. 219 

 220 

Figure 7. Location of Galion lidar device and wind turbines at the Myres Hill windfarm, Scotland [16]. 221 

The wake of the central WT in the surveyed area was modeled using ANSYS WindModeller 222 

software, and the direct measurement results were compared with the model results. The horizontal wind 223 

speed was estimated by observing the sinusoidal variation in the line-of-sight component with the 224 

azimuth. The results obtained from the conventional k-ε model were the least successful in reproducing 225 

the measurements acquired by the Galion lidar device. This lack of agreement in the near wake area 226 

occurred because the actuator disc approach was used in the models. Use of the full resolution of the 227 

blades was found to improve this situation. Using the k-ε re-normalization group (RNG) and k-ω shear 228 
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stress transport (SST) models, good agreement was achieved for the far wake. 229 

2.2 Summary of onshore wind-farm measurements 230 

Table 1 summarizes the key information obtained in the onshore wind-farm measurements. 231 

Table 1. Information for onshore wind-farm measurements. 232 
Wind farm Country Year of 

experiment 

Duration Resolution Wake-

measuring 

device 

Terrain 

Goodnoe Hills 

[23] [24]  

USA 1982 July 12 to 

August 1 

Maximum sampling rate: 0.5 

Hz 

Radiosonde 

suspended from 

a tethered 
balloon 

Slopes smoothly 

upward from west to 

east with a steep gully 
in the northwest 

Sexbierum 

[25] [26] 

The 

Netherlands 

1992 June-

November 

Sampling rate: 4 Hz Mobile wind-

measuring masts 

Flat homogenous terrain 

with grassland 

Nørrekær 

Enge [26] 

Denmark Before 2003 - Wind-direction bin: 2.5° Machine power 

from all of the 
WTs 

Generally extremely 

flat, but has some 
features 

ECN test farm 

[27] [28]. 

[29] 

The 

Netherlands 

Since 2003 Several 

years 

Signal frequencies: 1-128 Hz Dante system 

and SCADA 
system 

Flat, open farmland 

Iowa  [30, 

31] [32] 

[33] [34] 

[30, 31, 35] 

and [36] 

USA 2010-2013 Several 
weeks 

Sonic anemometers: 20 Hz 
Flux sensors: 1 Hz 

Wind and turbulence sensor: 

0.5 Hz 

Lidars A corn canopy (the 
height of the canopy 

varied) 

Myres Hill 

[16] 

UK Before 2011 Several 
months 

- Galion lidar Hilly terrain 

 233 

Some other onshore wind-farm measurements have also provided useful information. More details 234 

can be found in the measurements from Samos Island wind park (Greece) [38, 39], AltenbruchII wind 235 

farm (Germany) [40], Nygårdsfjellet wind farm (Norway) [41], a Brazilian onshore windfarm [42], and 236 

Shiren wind farm (China) [43-46]. 237 

Experiments began at onshore wind-farms in 1982 and have continued for more than 38 years. Most 238 

of the tested wind farms are located in European countries and the United States. Experiments have 239 

typically lasted from months to years. The earliest wake-measurement device was a radiosonde on a 240 

tethered balloon, which is now outdated and should no longer be used for reference. More reliable 241 

scanning lidars have been widely used by the wind-energy industry to investigate the characteristics of 242 

the atmospheric boundary layer. Compared with traditional meteorological measurement towers, these 243 

devices are non-intrusive, relatively easy to deploy, and low in maintenance and deployment costs [10, 244 

29]. Data from SCADA systems are also routinely collected for wake analysis. In modern wind-field 245 

experiments, the resolution of the wind-speed and wind-direction measurements can fulfil research needs, 246 

reaching 0.1 m/s and 1°, respectively. Most of the tested wind farms are located on flat terrain; only a 247 

few are located on complex terrain. Ground roughness was considered in CWEX-10 and CWEX-11, and 248 

some wake models have been validated against these measured data, but an insufficient range of 249 

experiments have been conducted on non-flat terrain, especially on special terrain. 250 

When organizing onshore wind-farm measurements, researchers must consider several factors. The 251 

economic cost is closely tied to the complexity of the experiment. If an experiment only requires the 252 

collection of some data from instruments installed at the wind farm, the equipment cost may be very low. 253 

However, if certain equipment must be purchased or rented for an experiment, these costs may increase 254 

and must be carefully considered. Personnel expenditure is also an important factor in any experiment, 255 

which is influenced by the nature of the experimental scheme and its duration. 256 

When conducting experiments, the main difficulty is associated with the movement of people and 257 

equipment at the wind farm. Therefore, the site conditions have a significant effect on onshore wind-258 

farm experiments. Easier ground conditions, such as terrains with low gradients, make equipment 259 

transportation and installation easier and faster, thereby saving the time required for and costs of the 260 

entire project. The equipment used in the experiment can greatly affect its overall difficulty. Some small 261 

sensors and lidars must be placed on the hub of the WT. Full consideration must be given to the lifting 262 
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facilities and personnel safety needed for such tasks 263 

3. Offshore wind farm measurements 264 

This section presents analyses of the measurements performed at five offshore wind farms, namely 265 

the Vindeby wind farm (2 km from Denmark), Horns Rev wind farm (30 km from Denmark), 266 

Middelgrunden wind farm (2 km from Denmark), Alpha Ventus wind farm (75 km from Germany), and 267 

Longyuan Rudong Chaojiandai wind farm (4 km from China). 268 

3.1 Measurements 269 

3.1.1 Measurements at Vindeby wind farm 270 

The Vindeby wind farm has eleven 450-kW WTs [47] and is located in Denmark, approximately 2 271 

km from the coast. Two offshore masts (SMW and SMS) and one coastal mast (LM) collect 272 

comprehensive meteorological measurements to a height of 48 m. The D of the WTs is 35.5 m and the 273 

hub height is 38 m. Figure 8 shows the layout of the wind farm. 274 

 275 

Figure 8. Layout of masts and wind turbines in the Vindeby offshore wind farm, Denmark [47] (where 276 

W = western wind turbine, E = eastern wind turbine). 277 

 278 

From April 21 to 28, 2001, a total of 36 experiments were conducted. During these experiments, a 279 

sonic detection and ranging (sodar) instrument was mounted on the stable Seaworker ship to obtain 280 

profiles of the offshore wind speed. The ship was equipped with four anchors and had sufficient room 281 

for the sodar on the deck. A series of WT-on, WT-off pairs of experiments were conducted to estimate 282 

the wind-speed deficits at the hub height and downstream distances. The measured vertical wind profiles 283 

were in good agreement with the mast data. The noise of the WT caused no difficulty in measurements 284 

at a height of 100 m. The offshore wind farms within 3 km of the coast could be modeled by onshore 285 

wake models. 286 

Barthelmie, et al. [48] evaluated six frequently used wake models, namely the Risø engineering 287 

model [49-51], the Risø Wind Atlas Analysis and Applications Program (WAsP) model [52], the Risø 288 

analytical model [53], the Farm Layout Program model from University of Oldenburg [54], the ECN 289 

Wakefarm model [55], and the computational fluid dynamics (CFD) model from Robert Gordon 290 

University [56]. Their evaluation was based on detecting wind speeds in free stream and under wake 291 

conditions at downwind distances from 1.7D to 7.4D. A large scaling in the wind deficit was observed at 292 

hub height, which had no systematic relationship with the downwind distance. Some models tended to 293 

generate higher or lower predictions, but were not fully consistent. 294 

There were measurement uncertainties in the experiments, and some corrections were required in 295 

the free stream and wake-measurement stages. The experiment confirmed that sodars could be operated  296 

on floating platforms [47]. Based on the cumulative deficit of the momentum, a new method was 297 

proposed for predicting the profile of the whole wake. This method was generally correct in its 298 
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predictions, and the discrepancies in the measured values were found to be greater than those in the wake 299 

model prediction. The prediction spread was relatively even in the single wake cases, although the energy 300 

loss during propagation was substantial. 301 

3.1.2 Measurements in the Horns Rev 1 wind farm 302 

The Horns Rev 1 offshore wind farm is situated in the North Sea, approximately 30 km west of 303 

Esbjerg, Denmark [57]. Three meteorological masts (M2, M6, and M7) are fixed in the area surrounding 304 

the wind farm, which comprises 80 WTs in a 10 × 8 matrix. The WTs are numbered as shown in Figure 305 

9. 306 

 307 

 308 

Figure 9. Layout of masts (M) and wind turbines (WTs; blue and red symbols) in the Horns Rev 1 309 

offshore wind farm, Denmark [57] (where D = WT rotor diameter). 310 

 311 

(1) Study of wake-flow recovery 312 

Jensen, et al. [57] collected operational data using a SCADA system from more than 200 sensors at 313 

10-min intervals, to explore the internal wake effect. Measurements were conducted along three grid-314 

aligned lines and one diagonal line of WTs, as shown in Figure 9 (cases 1–4). The wind speed was 315 

analyzed based on four cases, whereas turbulence was analyzed based on cases 2 and 4.  316 

WT35 and WT71 were selected to study the directional dependence of the wake effect. The external 317 

wake effect was studied using the data obtained from the three surrounding masts. The results showed a 318 

continuous decrease in wind velocity between the first and second WTs in a row, and no significant 319 

decrease in wind speed after the second WT. In addition, the results revealed that the influence of wake 320 

persisted 6 km downstream of the wind farm. Moreover, the boundary layer remained unstable at pure 321 

offshore conditions when the fetch exceeded 15 km. 322 

(2) Comparison with wake models 323 

Barthelmie, et al. [8] used measured data from 2005 to compare various models, namely the WAsP 324 

linearized model, the Centre of Renewable Energy Sources–Farm model, the GH WindFarmer model, 325 

the Wakefarm model from ECN, the model from National Renewable Energy Centre of Spain, and the 326 

CFD model from National Technical University of Athens. The wind farm was found to be characterized 327 

by a low turbulence intensity of less than 8%, with many operating hours in near-neutral stability. The 328 

analysis focused on the westerly flow to maximize the amount of observed data. The three simulation 329 

cases were Case 2 (7D spacing), Case 5 (9.4D spacing), and Case 6 (10.4D spacing). 330 

For the narrowest wind direction sector of ±1º and a minimum spacing of 7D, the wind speed at the 331 

second row of WTs dropped dramatically, with the powers of the second and subsequent WTs 332 

approximately 60% that of the free stream. In wider sectors, the wind reduction at the second WT was 333 

less marked, but the wind velocity in the row continued to decrease. The power generation of each WT 334 

in a row was normalized to that of the WTs in the free stream. The power generated from the outside 335 

rows tended to be less affected by wake losses than that in the central rows. 336 
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3.1.3 Measurements at Middelgrunden offshore wind farm 337 

The Middelgrunden offshore wind farm is situated in the Øresund Strait, approximately 2 km east 338 

of Copenhagen Harbor, Denmark [9]. The wind farm consists of twenty 2-MW WTs with a D of 76 m, a 339 

hub height of 64 m, and a WT spacing of 2.4D. Figure 10 shows the layout of the wind farm. 340 

 341 

 342 

Figure 10. Layout of Middelgrunden offshore wind farm, Denmark [9] (where WT = wind turbine). 343 

 344 

The measured data were 10-min averages from 2001 to 2004 obtained using the SCADA system. 345 

The variables comprised the mean wind speed, the SD of the wind speed, the yaw angle, the mean power 346 

output, and the SD of the power output. The wind speed and wind direction were obtained at heights of 347 

50 m and 48 m, respectively. 348 

When the wind speed was 11 m/s, the turbulence intensity was the smallest (6.5%), and this 349 

increased with the wind velocity. Barthelmie, et al. [9] described two methods for estimating turbulence 350 

intensity, one based on the mean and SD of wind speed and the other on the mean and SD of the power 351 

output. Turbulence intensity estimations derived from power measurements showed better agreement 352 

with the data obtained from the meteorological mast. 353 

A comparison of the measurements and wake model results revealed that the model-predicted 354 

turbulence intensity was approximately 9% greater than that obtained from the power measurements. 355 

Under non-wake conditions, the power-based SD method better represented the ambient turbulence than 356 

that based on the nacelle anemometer. When the flow was directly along a row, the turbulence predicted 357 

by the WAsP model increased by approximately 20% in absolute terms. The observed wake loss 358 

decreased with increasing wind speed. The estimated wind-farm efficiency based on the measured data 359 

was 90%, whereas that predicted by the WAsP model was 86%. This discrepancy reveals that the 360 

modeling time was independent of the wind-farm power production, and that the actual produced power 361 

was 5.7% more than the power estimated by the power curve. In general, the WAsP model data was in 362 

good agreement with the measured results. 363 

3.1.4 Measurements at Alpha Ventus offshore wind farm 364 

The Alpha Ventus wind farm is located in the North Sea, approximately 75 km from Germany. It 365 

consists of twelve 5-MW WTs of two types [58], and the layout of the masts and WTs are shown in 366 

Figure 11. The WT Ds are 126 m (AV1–AV6) and 116 m (AV7–AV12), with respective hub heights of 367 

92 m (AV1–AV6) and 91.5 m (AV7–AV12). The offshore met mast FINO1 is located on the west side, 368 

405 m from the nearest WT. 369 



 

11 

 

 370 

Figure 11. Layout of masts and wind turbines in Alpha Ventus offshore wind farm, Germany [58]. 371 

 372 

Operational data were evaluated to determine the power reduction experienced by a single WT. By 373 

examining the effects of atmospheric stability and turbulence intensity, the wake effects were determined 374 

to be more pronounced under stable conditions. For wind speeds of 7–11 m/s, the power deficit under 375 

stable conditions was approximately 4% larger than that under unstable conditions. A single wake was 376 

found to be wider under stable stratification, which led to a 4% reduction in the power output of the free 377 

WT. When the wind speed was higher than the rated speed, the stability no longer had an effect. Generally, 378 

consideration of atmospheric stability can improve wake modeling and wind-farm monitoring. 379 

To compare the power reduction at this farm with those of other wind farms, we performed an 380 

evaluation to determine whether the power deficits of larger WTs can be scaled up. In comparison with 381 

Horns Rev windfarm data, the maximum power deficit of a single WT and a WT along a row of small 382 

wind direction sectors at Alpha Ventus windfarm were greater. This might be caused by the different 383 

offshore meteorological conditions, which generated greater turbulence intensity at Horns Rev. Therefore, 384 

such direct comparisons cannot be made. For present-day wind farms, validation for WTs with larger Ds 385 

is necessary. 386 

3.1.5 Measurements at Longyuan Rudong Chaojiandai offshore wind farm 387 

Longyuan Rudong Chaojiandai offshore wind farm, located in 4 km from Jiangsu, China, is a 388 

commercial wind farm consisting of multiple types of WTs, and has undergone various stages of 389 

construction. Fleming, et al. [59] selected 25 Envision EN136/4-MW WTs at this wind farm to study 390 

wake-steering control. These WTs are in the front two rows facing winds coming from the northeast. For 391 

this campaign, a single WT was selected as the control. 392 

The experiment was conducted in collaboration with the National Renewable Energy Laboratory 393 

and Envision Energy, a smart energy management company and WT manufacturer. To understand the 394 

wake dynamics, a yaw control strategy was implemented using the CFD model Simulator for Wind Farm 395 

Applications (SOWFA). Another engineering model, the FLOw redirection and induction in steady state 396 

(FLORIS), was used for yaw control optimization. 397 

A wake-steering controller was used to increase the amount of power captured, which was similar 398 

to the amount predicted by the models. The most easily interpreted results were obtained using the closer  399 

spacing (7D), with the 8.5D spacing showing some changes, which were partly due to the limited 400 

availability of data. There was also agreement found between the lower expected power loss using the 401 

yaw function predicted by SOWFA and the experimentally derived loss. These results have motivated 402 

further effort toward the design and development of such controls. 403 

3.2 Summary of offshore wind-farm measurements 404 

Table 2 summarizes the key information obtained by the offshore wind farm measurements. 405 

Table 2. Information for offshore wind farm measurements. 406 
Offshore Wind farm Country Year of 

experiment 
Duration Resolution Wake 

measurement 

device 

Vindeby [47] [48] Denmark 2001 April 21 to 28 Wind-speed accuracy: 0.5 m/s 
Wind-direction accuracy: ±5° 

Height resolution: 5 m 

Sodar mounted on 
a ship 
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Horns Rev 1 [57] [8] Denmark 2004-2006 Several years Wind speed: ±5 m/s SCADA system 

Middelgrunden [9] Denmark 2001-2004 Several years Wind-speed bin: 1 m/s SCADA system 

Alpha Ventus [58] Germany 2010-2012 Several months Wind-direction sector: ±2.5° Lidar 

Longyuan Rudong 

Chaojiandai [59] 

China 2016 First phase: April 3 to August 5 
Second phase: August 5 to 

December 2 

Wind-direction bin: 5° 
Data collection rate: 20 Hz 

SCADA system 

 407 

Several offshore wind-farm experiments have been conducted in the past 20 years, mostly at 408 

European wind farms. The equipment used in these offshore experiments typically has higher accuracy 409 

than other equipment and can withstand the harsh marine environment. Collecting offshore data is much 410 

more difficult than collecting onshore data. One main reason for this is that there are few positions 411 

available offshore in which to place the measurement devices. Putting these devices on a ship has proven 412 

to be a solution, but the accuracy of shipboard devices is strongly influenced by the noise level, 413 

inclination, and directional variation of the ship, which must be carefully considered. Lidar has also been 414 

a preferred option in recent offshore experiments. Calibrating a lidar device and loading it onto and off 415 

of a ship all increase the difficulty of an experiment. Researchers must also complete some of their work 416 

on the ship, and the ship movement makes offshore operations more difficult than onshore operations. 417 

Typically, offshore measurements also require greater financial support. The costs of renting a ship 418 

and shipping facilities must be included in the research budget and the equipment used for offshore 419 

experiments must be capable of withstanding high winds and high-salinity, high-humidity conditions. 420 

Rental and insurance expenses increase accordingly. Hiring professional staff to operate the ship 421 

increases the overall expenditure. Due to these financial and technical difficulties, offshore experiments 422 

using lidars are conducted only for short periods, whereas data collection by the SCADA system of a 423 

wind farm can be long-term. 424 

At present, there is little accumulated experience with offshore wind-farm measurements, and there 425 

are far less offshore data available data than those from onshore installations. Moreover, these offshore 426 

data are far from sufficient for wake research. Only offshore wind farms that are very close to the coast 427 

can be effectively simulated by onshore wake models. The results from one offshore wind farm cannot 428 

be directly applied to another that was WTs with different Ds. Therefore, more experimental work is 429 

necessary. 430 

4. Isolated WT measurements 431 

Many researchers have performed wake validations for isolated WTs, with the data obtained via 432 

remote sensing measurements [2, 13, 17, 37, 60-64]. Some researchers have reconstructed 3-D 433 

distributions of WT wakes [15, 65]. In this section, eight measurements related to the isolated WT are 434 

analyzed. 435 

4.1.1 Lidar measurements of wake dynamics 436 

Between 2004 and 2005, lidar measurement of wake dynamics was performed at the Risø National 437 

Laboratory for Sustainable Energy to validate the instrument at the Risø DTU Høvsøre Test Center [2]. 438 

This lidar system was installed on the back of the nacelle on a small WT, with a power of 95 kW, a hub 439 

height of 29.3 m, and a D of 19.0 m [13]. The instrument focused on downstream distances from 1D to 440 

10D. 441 

Bingöl, et al. [2] proposed an experimental technique for the direct detection of the instantaneous 442 

wind-speed deficit. These measurements validated the hypothesis that due to the mixing caused by small 443 

eddies, the wind-speed deficit was passively advected by large eddies and the wake gradually widened. 444 

An experiment was conducted to preliminarily verify a wake-meandering model, which essentially used 445 

the wake as a passive tracer. Trujillo, et al. [13] developed a method for tracking wake, and tested this 446 

based on 2-D lidar measurements. This method delivered the instantaneous transversal wake position, 447 

which was quantitatively compared with the predicted model value. The authors hypothesized that a 448 

slightly rotating wake would slant downwind to one side and then quickly lose symmetry. This method 449 

was applied to two 10-min time-series measurements in stable atmospheric stratification. The 450 

measurement and analysis techniques enabled an understanding and recording of full-scale WT wakes. 451 



 

13 

 

4.1.2 Wind velocity from multiple wind lidars 452 

Debnath, et al. [66] retrieved vertical wind distributions from three range height indicator (RHI) 453 

scans obtained from five simultaneous scanning Doppler wind lidars. The test was conducted at the 454 

National Oceanic and Atmospheric Administration’s Boulder Atmospheric Observatory in Colorado, 455 

USA. The experimental period was from March 2 to May 31, 2015. Three components of wind velocity 456 

were retrieved and then compared with the data obtained by profiling wind lidars and sonic anemometers. 457 

The results revealed that the direction and magnitude of the horizontal wind obtained from the triple 458 

RHI scans generally had good accuracy. However, the accuracy of the vertical velocity was relatively 459 

poor, which may have been due to their small magnitude, the error propagation related to the accuracy 460 

of the experimental setup, and the data-retrieval procedure. 461 

4.1.3 Wake Measurements with Coherent Long-Range Pulsed Doppler Wind Lidar 462 

Long-range Doppler lidar measurements for a 5-MW WT were conducted in the northern part of 463 

Germany, close to the coastline of Bremerhaven. This WT was the prototype of the Alpha Ventus offshore 464 

test site. A 2-μm lidar was situated approximately 1820 m northeast of the 5-MW WT (an M5000). Figure 465 

12 shows the layout of the lidar and WTs in the wind farm. 466 

 467 

Figure 12. Top view of azimuth scan in a wind farm in Germany [60]. 468 

 469 

Azimuth and elevation scans were conducted to analyze the distribution of the ambient wind. For 470 

the azimuth scanning, the duration was 15 s and the speed was 2˚/s. During elevation scanning, the 471 

elevation was continuously increased, but the azimuth angle was fixed. A single elevation-scanning 472 

period was 10 s and the scan speed was 1˚/s. Airflow data was measured simultaneously in front of and 473 

behind the WT. Käsler, et al. [60] discussed this measurement technique and presented data obtained 474 

from the stable nocturnal boundary layer and the diurnal layer. The authors mainly studied the reduction 475 

in the wind velocity at a series of downstream distances and proposed a method for capturing the wake. 476 

They found the 2-µm Doppler lidar to be a reliable tool for studying wind energy and modelling wakes 477 

for single WTs and wind parks. 478 

4.1.4 Investigation into the influence of turbulence intensity and wind shear on wake effect 479 

Li, et al. [67] investigated the wind-speed distribution of a WT and the influence of turbulence 480 

intensity and wind shear on wake characteristics in the horizontal direction. The tested WT was three-481 

bladed, with a D of 10.0 m, a rated power of 30 kW, and a hub height of 13.4 m. The flow field of the 482 

wake zone was determined to be closely related to the operating conditions. To detect the wake 483 

distribution, an ultrasonic current meter was installed on the downstream measurement equipment at 484 

multiple points. 485 

The WT wake results were analyzed under optimal operating conditions in accordance with the 486 

maximum power coefficient [68]. The analysis revealed that the non-dimensional wind speed ratio 487 

produced a minimum value near the y/R = 0.50 region, in which y was the lateral coordinate and R was 488 

blade radius. For both low and high turbulence intensities, the maximum wind-speed deficit was obtained 489 

at y/R = −0.50, z/R = −0.25. For all wind-shear indexes, the maximum wind-speed deficit was obtained 490 

at y/R = −0.50, z/R = −0.2. 491 
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4.1.5 Measurement of a utility-scale WT wake 492 

Hirth, et al. [61] conducted a wake measurement on a single utility-scale WT on October 27, 2011. 493 

The data were collected by two 35 GHz Ka-band mobile radars from Texas Tech University. These 494 

mobile Ka-band Doppler radar systems were built to obtain data with high spatial and sensitivity 495 

resolutions from different aspects of the atmospheric boundary layer. 496 

RHI and PPI scanning techniques were used to analyze various wakes. Preliminary results 497 

confirmed that the wind-speed deficit immediately behind the hub was approximately 50%. This result 498 

laid the groundwork for using Ka-band radar systems to further analyze wake evolution and distribution, 499 

including wake interaction and meandering at large wind farms. 500 

4.1.6 Full-scale wind-field experiment on wake steering 501 

In September 2016, Fleming, et al. [69] began an experimental campaign at the National Wind 502 

Technology Center in Boulder, Colorado. There, with the dominant wind direction being from the Rocky 503 

Mountains to the west, they operated a utility-scale WT with a yaw misalignment. A lidar was installed 504 

on the mount of the WT nacelle. 505 

In the experiment, the yaw controller of the WT was set to track various yaw misalignment set-506 

points, while the lidar was used to scan the wake at several downwind distances. The experiments 507 

combined the WT data with incoming wind data collected by a meteorological mast. Then, the measured 508 

results were compared with those predicted by FLORIS, a control-oriented wake model used to design 509 

wake-steering controllers. The comparisons included the key predictions of FLORIS regarding power 510 

loss, wind speed deficit, wake recovery, wake deflection, and wake skew. Agreement was observed 511 

between the model results and the observed data. The FLORIS simulations indicated that wake steering 512 

may positively affect the annual energy generated by a wind farm. 513 

4.1.7 Wake characterization in complex terrain  514 

The Perdigão experiment was conducted in 2017 in Portugal on a double ridge with a maximum 515 

height of 300 m above the local terrain [70]. A team from Cornell University, operating one lidar system 516 

at the bottom of the valley, conducted two RHI scans and multiple arc scans every 10 minutes. The 517 

Technical University of Denmark team used a dual Doppler lidar system to scan from the northeast ridge. 518 

A team from the Deutsches Zentrum für Luft- und Raumfahrt, the German Aerospace Center, used three 519 

lidars, two from the predominating wind direction and the third one located on the southwest ridge. 520 

Barthelmie, et al. [71] reported the wake measurements of the three groups, evaluated the 521 

advantages of the various scanning strategies, and compared the wake characteristics obtained from 522 

different systems. The process used to integrate the datasets was designed to distinguish between 523 

common spatial and temporal frameworks. The experiments revealed that the study of wake 524 

characterization was more difficult in complex terrain: first, because the flow was complex [72], and 525 

second, because the wake behavior itself responded to the flow and the terrain slope [70, 73]. The 526 

Perdigão experiment was one of the first to detect wakes by lidar in wind farms with highly complex 527 

terrain and to study the advantages of integrating the results of several scanning and lidar systems. 528 

4.1.8 Analytical wake-model validation with nacelle-mounted wind lidars 529 

Another test was conducted at the Kirkwood Community College campus in Iowa. The tested WT 530 

was a 2.5-MW Liberty C96 model, which was equipped with a SCADA system that continuously 531 

collected data at 10-min intervals. Two pulsed scanning Doppler lidars were installed on the WT nacelle. 532 

One was installed upstream to detect incoming wind characteristics, namely turbulence intensity, average 533 

wind speed, and vertical and yaw wind-shear. The other lidar was installed downwind to perform 534 

horizontal planar scans of the wind-speed deficits. 535 

Carbajo Fuertes, et al. [74] reported the setup, methodology, and results of the single WT’s wake 536 

characteristics, based on the measurements obtained under various inflow conditions. The authors 537 

concluded that a higher inflow turbulence intensity will enhance flow mixing and entrainment in the 538 

wake zone, which will then result in faster growth of the wake width, a shorter near-wake length, and 539 

faster wind-speed recovery. 540 
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4.2 Summary of isolated WT measurements 541 

Table 3 shows a summary of key information obtained from isolated WT measurements. 542 

Table 3. Information obtained from isolated WT measurements. 543 

Researchers 
Year of 

experiment 
Duration Resolution Contribution 

Bingöl, et al. 

[2]; 
Trujillo, et al. 

[13] 

2004 - 2006 several days 

Rectangular grid: 144 and 112 

divisions in the horizontal and 

vertical directions, respectively 

Presented an experimental technique for directly 

detecting the instantaneous wind-speed deficit. 
Developed and tested a method for tracking a 

wake based on 2-D lidar measurements. 

Debnath, et al. 

[66] 
2015 

March 2 to 

May 31 

Sonic anemometers: 
sampling frequency: 20 Hz 

Profiling lidar: 

sampling frequency: 1 Hz 
scanning lidar: 

Radial velocity accuracy: 0.5 m/s 

angular resolution: 0.01° 

Determined that data from triple RHI scans  

accurately capture for horizontal wind velocity 
but not vertical wind velocity. 

Käsler, et al. 

[60] 
2009 

several 

months 
Scan speed: 1°/s 

Proposed a method for capturing wake data and 

confirmed the effectiveness of lidar for use in 

researching of wind energy and model wakes. 

Li, et al. [67] 
Before 

2017 
several days 

Nacelle orientation: 0±5° 
Wind velocity change range: 0.5 

m/s 

Investigated the wind-speed distribution and the 
influence of turbulence and wind shear on wakes 

in the horizontal direction. 

Hirth, et al. [61] 2011 

6 h of 

effective 
radar data 

Azimuthal (PPI) resolution: 

0.352° 
Elevation (RHI) resolution: 0.1° 

Reported that the wind-speed deficit immediately 

behind the hub was approximately 50%. 

Fleming, et al. 

[69] 
2016 

several 

months 

Accessible area: a 0.75D × 0.75D 

square at 1D distance 
Number of measurement 

positions: 49 

Number of scan distances: 5 

Reported that wake steering may positively affect 

the annual energy generation of a wind farm. 

Barthelmie, et 
al. [71] 

2017 
May 1 to 
June 15 

Angular resolution: 0.5°/ 1° 
Physical resolution: 25-60 m 

Conducted pioneering wake experiments by lidar 

in complex terrains and integrated the results 

obtained from several scanning and lidar systems. 

Carbajo Fuertes, 

et al. [74] 
2017 

August 20 

to October 

16 

Upstream scanning: 
Angular resolution: 1–4° 

Frequency: 1.5-3 Hz 

Downstream scanning: 
Angular resolution: 2° 

Frequency: 2 Hz 

Reported that higher turbulence intensity led to a 

larger wake width, shorter near-wake length, and 

faster wind recovery. 

 544 

Some other isolated wind WT measurements have provided useful information. Details can be found 545 

in the following papers. Iungo [75] studied the effect of the atmospheric boundary-layer flow on the hub 546 

vortex instability on a 2-MW Enercon E-70 WT. Li, et al. [76] used lidars in field experiments to 547 

investigate a straight-bladed vertical-axis WT. Wang, et al. [77] collected arc-scan data from a Doppler 548 

wind lidar and evaluated the uncertainty associated with the arc-scan geometry. Li, et al. [78] conducted 549 

field experiments on the wake behind a 33-kW WT to obtain the velocity distribution. Churchfield, et al. 550 

[79] measured wakes and wake deflection due to intentional yaw misalignment under different 551 

atmospheric conditions. 552 

To date, many isolated WT measurements have been performed to investigate the wake effect, the 553 

use of experimental techniques, and to evaluate equipment. These wake studies have concentrated on 554 

single WTs. Lidar has proved to be effective in the study of experimental wakes. Some techniques and 555 

models have proved to be useful for experiments and validations, but cannot be widely applied due to 556 

the uniqueness of each case. 557 

Compared with wind-field measurements, other factors can be controlled in isolated WT 558 

measurements. Experimenters can choose WTs with the appropriate sizes and shapes, or design and build 559 

new WTs as needed. The measurement facilities need not be moved to a wind farm, which makes 560 

transportation easy and inexpensive. In addition, the experimental time is relatively flexible because 561 

isolated WTs can operate at any time and have no constraints from a power grid. Correspondingly, the 562 

difficulty and cost of an experiment are closely related to its complexity. Manufacturing a new WT is 563 

difficult and time-consuming. When ordering a WT from a manufacturer, its high price must be 564 

considered. Generally, isolated WTs are not equipped with many sensors, so experimenters must install 565 

all of the necessary equipment and sensors. Although isolated WT measurements often require greater 566 
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preparation, the actual experimental duration can be much shorter. Based on historical records, isolated 567 

WT experiments typically last several days, with the longest lasting just several months, which is much 568 

shorter than the typical multi-year duration of wind-field experiments. 569 

5. Measurement of the wake-interaction effect 570 

To date, both onshore and offshore experiments have concentrated on the wake effect of a single 571 

WT or wind farm. Few researchers have investigated the wake-interaction effect in detail, especially for 572 

WTs under a partial wake effect. In this section, a new experiment is reported to study the wake effect of 573 

an upstream WT on a downstream WT. As lidar has proved to be effective in wake measurements, it was 574 

applied in this experiment. Some practical experience is also summarized. 575 

5.1 Measurements and results 576 

A new experiment has been conducted at the Dongwan Wind Farm, which is affiliated with the 577 

Hebei Longyuan Wind Power Co., Ltd. This relatively flat wind farm is located in Baimiaotan Township, 578 

Zhangbei County, Zhangjiakou City, China. The wind farm has a total installed capacity of 99 MW, with 579 

52 1.5-MW WTs and 21 1.0-MW WTs. WT3-6 and WT3-7 were the two WTs investigated in this 580 

experiment. A lidar was used to measure the wind speed in the downstream space. Table 4 shows the 581 

locations of the measured WTs and the lidar sensor. 582 

Table 4  Locations of the measured WTs and lidar sensor. 583 
 Latitude Longitude 

WT3-6 41°12'17''N 114°57'32''E 

WT3-7 41°12'09' N 114°57'24''E 

Lidar 41°12'25''N 114°57'44''E 

 584 

Both were 1.0-MW WTs with a D of 54.4 m and a hub height of 70 m. During the experiment, the 585 

wind directions were from the north to northeast, so WT3-6 was the upstream WT, and WT3-7 586 

experienced an occasional wake effect. Figure 13 shows some typical data measured at a height of 60 m. 587 

In Figure 13(a), WT3-7 is not experiencing a wake effect from WT3-6. In Figure 13(b), WT3-7 is 588 

experiencing a partial wake effect from WT3-6. In Figure 13(c), WT3-7 is experiencing a full wake effect 589 

from WT3-6. In Figure 13(d), WT3-7 is experiencing wake effects from both WT3-6 and other upstream 590 

WTs. 591 
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 592 

Figure 13. Measured data at a height of 60 m. Time: (a) May 22, 18:47:46; (b) May 22, 19:53:28; (c) 593 

May 22, 19:20:41; (d) May 22, 20:37:13. 594 

 595 

Based on the measurement results, the wake of the upstream WT not only caused a wind deficit 596 

followed by turbulence, but also had an enormous effect on the downstream WT. When WT3-7 was 597 

partially affected by the wake of WT3-6, both the length and width of its wake region increased 598 

significantly, and the wind-speed deficit was also larger. When WT3-7 was fully affected by the wake of 599 

WT3-6, the influence of the wake became more significant. In the extreme situation, when WT3-7 was 600 

affected by the wake of several other WTs, the wind-speed deficit was much larger than that in a free 601 

stream, and the duration was longer. Interacting wakes thus had a more marked influence on downstream 602 

flows than the sum of separate wakes. 603 

5.2 Experience obtained from these measurements 604 

These measurements have provided some qualified experience. For wake measurement, mast and 605 

sodar/lidar instruments are commonly used. Although meteorological masts are available for long periods, 606 

their locations and heights are fixed, so the effective results are very limited. Lidars have become popular 607 

for use in recent wake experiments. As these devices weigh dozens of kilograms, when applying lidars 608 

in wind farms, comprehensive preparations must be made with respect to the connecting wires, leveling 609 

equipment, and installation of effective protective devices. A set of experiments lasting several months 610 

may be conducted at a site without the need to move or manipulate the lidar sensors.  611 

The positions of the lidar sensors must also be carefully considered before the collection of data. 612 

First, the local prevailing wind directions must be fully considered. Seasonal winds vary greatly in their 613 

direction, and WT wakes are sensitive to the wind direction. A small variation in the direction of the 614 

angle could cause a large change in the wake. If lidars are placed in downwind positions and the wind 615 

direction routinely changes, the wake may sometimes be outside the detection area. In this case, the 616 

measured wake length would be too short to study the wake characteristics. Second, the measured 617 

downwind distance should not be too large. The commonly used radii of lidars for theoretical 618 

investigations may reach several kilometers. But the radii of lidars for actual investigations may be 619 

smaller due to certain factors, such as aerosol density and air quality. Air that is either too clean or too 620 

dirty will reduce the effective measurement radii. Under strong wind conditions, the wake effect is 621 

intense and endures over a long distance. However, as particles are blown away, the aerosol density 622 

becomes very low. Therefore, the actual investigation radius should be carefully considered when 623 
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planning the position of lidars. Third, ground and aerial obstacles should be avoided. For wind farms in 624 

a complex terrain, terrain elevation will affect the choice of lidar position. Most WTs are fixed at high-625 

altitude positions to obtain the maximum wind resources. Given this situation, it is not recommended 626 

that lidars be placed in low-altitude positions, because the surrounding inclined ground will limit the 627 

scanning space. In addition, obstacles in front of lidars should be avoided, such as high trees and dense 628 

arrangements of electrical wires, as these will reduce the scanning space and effective data obtained. 629 

The cost of a wind-field measurement may vary widely depending on the specific time and local 630 

issues, with expenses including equipment fees and personnel expenditures. Apart from the 631 

meteorological mast installed at the wind farm, some movable and more accurate sensors or devices are 632 

needed to collect the required data. For instance, the price of the lidar used for this measurement was 633 

approximately one million Chinese yuan (CNY). Two lidars were also rented, for which the total rental 634 

expense was CNY50,000 for twenty days. This represents the largest cost of this experiment. The total 635 

rental fee comprised the lidar rental, an insurance premium, a one-time installation fee, and a round-trip 636 

transportation fee. These expenses are negotiable according to the terms of the lease, whereby a longer 637 

rental time can lead to a lower daily rental cost. During the experiment, trained personnel must be present 638 

on site to adjust the equipment and monitor the real-time data. Thus, the personnel expenditure is another 639 

inevitable and substantial expenditure for the experiment, which comprises transportation fees, living 640 

costs, and per diem rates. The duration of wind-field measurements is also affected by the weather 641 

conditions. Sometimes, researchers must wait for long periods for specific wind directions or wind speeds, 642 

which increases the cost of the experiment. In summary, it is not easy to accurately budget for wind-field 643 

measurements, but such budgets must be adequate for a long enough period of time to obtain sufficient 644 

data. 645 

Wake steering was not included in this measurement, but it merits mention as it is becoming an 646 

active field of research. The overall power production by a wind farm can be improved by coordinating 647 

the control of individual WTs co-located within the wind farm. Via effective control strategies, the 648 

interactions of the wakes of nearby WTs can be prevented or decreased. When conducting wake-steering 649 

experiments at wind farms, some concerns must be addressed in advance. For example, in a commercial 650 

wind farm, the primary limitations are often the constraints on data collection. Wind farm data are 651 

typically confidential, and developers are often reticent to share original data. If the amount and type of 652 

data are restricted, the results may be similarly restricted in their applicability. Another problem is related 653 

to the control of the WT yaw angle, as the ability to control the yaw controller may be limited. The 654 

control strategy should fully consider the angle limitations and the regulations of using alternate 655 

controllers. Furthermore, a significant concern is the additional WT load caused by wake steering. Future 656 

studies should focus on the mutual effect on upstream and downstream WTs, and wake-steering loads. 657 

6. Conclusion 658 

Research on wind field measurement has been ongoing for more than 38 years. This paper provides 659 

a comprehensive overview of historical full-scale wind field measurements of the wind turbine (WT) 660 

wake effect and reports a new measurement of the wake-interaction effect. The main conclusions are as 661 

follows. 662 

For onshore wind-farm measurements, experiments have been conducted in both flat and complex 663 

terrains. The influence of terrain on the WT flow is known to be important, but because of the relatively 664 

low experimental accuracy, it is difficult to quantify the resulting wind deficit. Wind velocity and 665 

turbulence intensity have been observed at distances 2–3D (where D represents the rotor diameter of the 666 

wind turbine) downstream of a WT. This effect diminishes at a distance of 5–7D. The turbulence intensity, 667 

vertical temperature gradient, and wind shear have significant diurnal cycles. The wake effect is stronger 668 

at night. Some software and wake models have also been validated by onshore wind-farm measurements. 669 

Site conditions have had a significant effect on onshore wind-farm experiments. The economic costs 670 

associated with personnel and facility expenditures must be carefully considered. 671 

For offshore wind-farm measurements, sodar has proved to be useful for monitoring wind when 672 

operated from floating platforms. Several wake models have been studied, but an accurate comparison 673 

of the measured values with model results has proved challenging. Some models have tended to predict 674 

low or high wakes, but the trends have not been consistent. When estimating turbulence intensity, the 675 

power-based standard-deviation method has produced a more practical description of ambient turbulence 676 

in the non-wake zone. Turbulence intensity has been determined to be strongly dependent on the wind 677 

direction. An enormous reduction in wind speed has been observed between the first two WTs in a row. 678 
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The energy output from external WTs has been shown to experience fewer wind losses than that from 679 

those in central rows. The observed wake loss has been observed to decrease with increasing wind speed. 680 

The collection of offshore data is much more difficult and more expensive than the collection of onshore 681 

data. Further model evaluation, better-quality experiments, and more effective measured results are 682 

necessary, especially for the case of multiple WTs. 683 

With respect to isolated WT experiments, various measurement methods have been used. In several 684 

experiments, the measurement equipment was installed on the mount of a WT’s nacelle. Wind lidars have 685 

been widely applied to study the characteristic of the atmospheric boundary layer. Doppler lidar has 686 

become a well-accepted tool for research in the wind-energy industry and can facilitate the improvement 687 

of wake models for single WTs and wind farms. Measurement and analysis techniques have proven to 688 

have great potential for understanding and recording full-scale wakes. A nacelle-mounted lidar on a WT 689 

with yaw misalignment was used to study the concept of closed-loop wake redirection, based on feedback 690 

from lidar sensors regarding actual wake positions. Range height indicator (RHI) and PPIposition plan 691 

indicator (PPI) scanning techniques have been applied to analyze different wakes. The opportunity to 692 

detect wakes with lidar has been demonstrated in a complex-terrain wind farm, as has the capability for 693 

studying the advantages of integrating data from several scanning and lidar systems. 694 

A new experiment has been conducted to investigate the influence of an upstream wake on a 695 

downstream WT, which fills a research gap on the wake interaction effect. According to the analysis, the 696 

wake-interaction effect is so large that it cannot be unconditionally ignored. When a WT is subject to 697 

wake effects from several other WTs, the wind-speed deficit is much larger than from a free stream, and 698 

the duration is longer. Wake interactions have a more severe influence on downstream flows than the 699 

sum of separate wakes. Some field-test experiences were discussed, and related matters that merit 700 

attention, such as economic considerations, and advanced wake-steering technology. A consideration of 701 

these experiences will contribute to the design of future wind-field experiments. 702 

Although some research has been conducted on the wake effect through wind-field measurements, 703 

further efforts are needed, as follows. (1) With respect to onshore wind, measurements in complex terrain 704 

are far from sufficient. Experimental data and experience in more complex and typical terrains are needed. 705 

(2) The vast majority of previous experiments have been conducted at onshore wind farms. However, 706 

with the development of the offshore wind industry, more attention must be given to the experimental 707 

study of offshore wind energy. (3) More and better-quality measurements of the effect of multiple WTs 708 

are required. There remains an urgent need to further evaluate wake models for multiple WTs. (4) 709 

Attention must paid to the relationship between inflows and wakes, as previous experiments have only 710 

measured wakes downstream of a WT, which cannot explain or predict the development of wakes. 711 
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