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Abstract 
Detailed observations of the interactions of 
wakes of multiple turbines in large onshore 
wind farms are required for validation of 
detailed flow simulation models for 
assessing and forecasting wind power 
production and loads on individual turbines. 
The CWEX-13 field campaign was designed 
to explore the propagation of individual 
turbine wakes as well as the interaction of 
multiple wakes in a range of atmospheric 
stability conditions. CWEX-13 took place 
between late June and early September 
2013 in a 150 MW wind farm in central Iowa, 
the same wind farm studied in previous 
CWEX campaigns. The region is 
characterized by flat topography and enjoys 
strong diurnal cycles of atmospheric stability 
as well as regular occurrences of nocturnal 
low-level jets. Multiple remote sensing 
systems characterized winds, temperature, 
and moisture profiles throughout the wind 
farm, complementing the array of surface-
based meteorological stations.  
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1 Introduction 
 
 As wind energy deployment grows, 
questions arise regarding how wind plants 
affect the local environment. The 2010 and 

2011 field campaigns of the Crop-Wind 
Energy Experiment (CWEX) [1-3] quantified 
the effects of one row of turbines on the 
local environment. In the 2013 CWEX field 
campaign presented here, multiple remote 
sensing instruments quantified the spatial 
variability of winds and turbulence through 
the complex flow of multiple rows of a ~ 150 
MW onshore wind plant.  The science goals 
of the CWEX-13 campaign include: 
• Document the effect of atmospheric 

stability on characteristics of wind 
turbine wakes (wind speed deficit, wake 
expansion, wake meandering) after one 
row and after multiple rows; 

• Quantify the impact of atmospheric 
stability, wind shear, and wind veer on 
wind plant power production; 

• Collect detailed wind and turbulence 
data to evaluate and improve wind plant 
parameterizations in numerical weather 
prediction and large-eddy simulation 
models, with attention to development of 
convergence zones within wind plants, 
speed-up areas beneath and between 
turbines, surface fluxes of 
heat/momentum/moisture, and 
turbulence dissipation within wakes after 
a single row, double row, and multiple 
rows of turbines; 

• Document the variability of the nocturnal 
low-level jet (LLJ) upwind and within a 
wind farm. 

 



2 Experimental Design 
 
The previous CWEX experiments utilized 
profiling lidar systems 
(Leosphere/Renewable NRG Systems 
WINDCUBE™ v1 systems) to quantify wake 
wind speed deficits and wake turbulence 
enhancements in the near-wake region. In 
CWEX-11, one lidar was located ~ 2 rotor 
diameters D south (typically upwind) of one 
row of turbines to quantify inflow conditions.   
Another lidar located ~ 3D north (typically 
downwind) provided quantification of the 
wake impacts during southerly flow 
conditions. Wake wind speed deficits were 
largest during wind speeds just slower than 
rated speed, when the turbine thrust 
coefficient was at maximum value [2].  
Analysis of surface flux measurements 
suggests that turbines significantly enhance 
nocturnal surface carbon dioxide and 
sensible heat fluxes downwind [3]. 
 
The CWEX-13 field campaign expanded 
these observations to consider far-wake 
impacts and the impacts of multiple rows of 
turbines. The field campaign took place 
between late June and early September 
2013 in a 150 MW wind farm in central Iowa, 
the same wind farm studied in the previous 
CWEX campaigns. The wind plant is laid 
roughly as a parallelogram with major axis 
extending from the northwest to the 
southeast and sides approximately 10 km x 
25 km. Land use in the wind plant is almost 
entirely devoted to large fields of corn 
(height 1-2 m) and soybeans (height 0.3-0.8 
m) except for four small villages, occasional 
riparian regions, and widely scattered 
farmsteads with a few trees and buildings.  
 
In the region of interest in CWEX-13, 
turbines of nominally 80m hub height and 80 
m rotor diameter D were located in rows 
separated by 20 D. Three WINDCUBE™ v1 
profiling lidar systems (provided by the 
University of Colorado at Boulder and the 
National Center for Atmospheric Research) 
were located a) south of the first turbine row, 
b) 8.5D north of the first turbine row, and c) 
5.7 D north of a second row of turbines 
(Figure 1). These instruments provide 
profiles of wind speed and direction from 40 
m to 220 m above the surface and have 
successfully characterized inhomogeneous 

flow such as wind turbine wakes with 
quantifiable error [2], although the standard 
deviations of velocities as measured by such 
lidars are not the same as turbulence 
metrics measured by sonic anemometer or 
other in situ instrumentation [4].  
 
Complementary instrumentation included a 
Radiometrics MP-3000A microwave 
radiometer (University of Colorado at 
Boulder) to quantify atmospheric stability [5] 
and several surface flux stations (Iowa State 
University). Finally, for a portion of the 
CWEX-13 campaign (31 July – 6 
September), a WINDCUBE™ 200S from 
LEOSPHERE was co-located with the 
northernmost WINDCUBE™ v1 lidar to 
enable instrument intercomparisons as well 
as horizontal scans of the turbine wakes and 
vertical scans of the wake from one 
individual turbine. 
 
 

 
Figure 1: Schematic diagram of the CWEX-13 
instrument deployment  

 
 
3 Lidar Performance 
 
Profiling lidars operated throughout the 
CWEX-13 observing period, while a 
scanning lidar operated for a portion of the 
observational campaign.  
 
WC-49 (collocated with surface flux station 
ISU3) provided freestream or upwind 
measurements during southerly flow 
conditions. As seen in Figure 1, WC-61 
collected wind profiles 8.5D north of the 
“first” row of turbines, sampling the far-wake 
region. A second row of turbines 
(approximately 20 D downwind of the first 



row) is followed by a third lidar (WC-68) 
located 5.7D north of the closest turbine. 
These three lidars were deployed on 27 
June 2013 and removed from the field on 5 
September 2013. Before the deployment, 
the three lidars were operated next to each 
other for a short time period to ensure 
calibration (Figure 2), as in [2]. The 
agreement between the instruments is 
excellent: after the lidars were moved to 
different locations, the differences observed 
in the wind field may be attributed to the 
wind field and not to variations between the 
instruments. 

 
Figure 2: Intercomparison of three collocated 
WindCUBE v1 lidars from the afternoon of 28 
June 2013 based on 2-minute averages of 
horizontal wind speed; all three lidars were 
located at site A3 during this time period. 
Data from WC68 (red) and WC61 (blue) are 
compared to data from WC49. 

Over the course of the field campaign, data 
retrieval was near 100 percent at all levels 
below 120 m, with the poorest performance 
(96% data available within the turbine rotor 
disk altitudes) at location A2 due primarily to 
a power failure.  
 
The scanning strategy for the WINDCUBE™ 
200S (which was co-located with one 
WINDCUBE™ v1 lidar) was based on a 30-
minute cycle. For three minutes, a 60-
degree elevation, 360-degree azimuthal PPI 
scan was conducted, followed by a 75-
degree elevation, 360-degree azimuthal PPI 
scan. These scans were intended for 
comparison with the collocated 
WINDCUBE™ v1 observations to “calibrate” 
the WINDCUBE™ 200S measurements. 
Initial comparisons of the horizontal winds 
retrieved with the two systems show 
excellent agreement (Figure 3) despite slight 
differences in the measurement elevations 

and averaging times (3-minutes for the 200S 
and 2-minutes for the v1). 

 
Figure 3: Comparison of 200S retrievals of 
horizontal wind speed from 60-degree 
elevation, 360-degree azimuthal scan from the 
first range gate (86m above ground), as 
compared to 80-meter altitude measurements 
from WC v1. The large excursions in the first 
several hours occur during times of low 
carrier-to-noise ratio. 

 
4 Meteorological Variability 
 
The experimental design of CWEX-13 relied 
upon frequent southeasterly-southwesterly 
winds to enable “upwind” and “downwind” 
measurements around the two rows of 
turbines of focus. Climatology for this region 
[1] supports such a field design. Wind roses 
(Figure 4) from the 40m, 120m, and 220m 
altitudes from the southernmost 
(undisturbed) lidar show that wind conditions 
were predominantly southeasterly-
southwesterly, with infrequent northerly and 
northwesterly wind cases. These northerly 
flow cases were typically associated with 
frontal passages. The wind roses suggest 
slight veering of the wind direction with 
height, likely due to nocturnal veering during 
stable conditions associated with the 
nocturnal low-level jet [6-8].  Analysis is 
underway to quantify if this veering is indeed 
most strongly associated with strong stability 
conditions or if there is a large-scale 
mesoscale veering due to the enhanced 
roughness of the wind farm. 



 

 

  
Figure 4: Wind roses for all times of day at 
220-m (top), 120-m (center), and 40-m 
(bottom) above the surface from the southern 
WINDCUBE™ location. The veering with 
height (change of direction from southerly at 
40-m to southwesterly at 220-m) tends to 
occur at night. 

The frequent southerly conditions enabled 
the WINDCUBE™ 200S from LEOSPHERE, 
when operating in plan-position-indicator 
(“horizontal slice”) mode, to observe multiple 
wakes propagating from either row of 
turbines depending on the scanning 

elevation of the lidar, similar to the study of 
[9, 10].  Because the 200S lidar was located 
on the ground, the horizontal scans were 
taken at a range of elevation angles, 
documenting velocities at different altitudes 
depending on the distance from the lidar. 
Figure 5 shows an example of these wakes 
as observed with a scan from ~ 2 UTC 
under southwesterly flow conditions (darker 
blue represents faster flow towards the 
lidar). The scan of 50 degrees in azimuth at 
a scanning rate of 0.5 degrees per second 
required 100 seconds of scan time. The 
elevation angle of this scan collects data at 
an elevation of approximately 110m at the 
row of turbines visualized here, the southerly 
row of turbines. (At this elevation angle, at 
the range of the northerly row of turbines, 
the lidar scan is at 20 m above the surface, 
underneath that row of turbines, so the 
northernmost row of turbines is not visible in 
this scan.) The degradation or “recovery” of 
the wake with downwind distance is clearly 
visible, but quantification of wake expansion 
rates requires quantitative analysis that 
considers the change of altitude with range. 
The quantitative approach of [10], previously 
applied to scanning lidar measurements of 
wakes from a single turbine, will be applied 
to these data. Goals include measuring 
interactions between turbine wakes, 
quantifying variation of wake characteristics 
with atmospheric stability, and quantifying 
wake meandering. 
   

 
Figure 5: Example PPI scan showing turbine 
wakes propagating to the northeast from the 
row of turbines approximately 2000m from the 
WINDCUBE™ 200S scanning lidar. 



  
Many of the science goals of CWEX-13 
focus on the effect of atmospheric stability 
on turbine wake evolution. As a result, the 
field program design incorporated multiple 
measurements for quantifying atmospheric 
stability. The primary means for quantifying 
atmospheric stability is via measurement of 
the Obukhov length from sonic 
anemometers mounted on 10 m surface flux 
stations. In addition to these measurements, 
this campaign involved the use of a 
microwave radiometer (Radiometrics MP-
3000A) to quantify the vertical variation of 
temperature and moisture. The Brunt-
Vaisala frequency can be calculated from 
such temperature profile data [5], and will be 
compared to Obukhov lengths estimated by 
surface-based sonic anemometer data. 
 
Example time-height cross-sections of 
temperature and moisture exhibit the strong 
diurnal cycle characteristic of the 
summertime Midwestern United States 
(Figure 6). Surface-driven cooling over the 
night (0000-1200 UTC) is evident, as well as 
strong heating of the surface during the day.  
During this 24-hour period, winds are 
consistently southerly or southwesterly 
(Figure 7, bottom panel). During the night, a 
nocturnal low-level jet developed, with 
maximum observed wind speeds of 17 m s-1 
just 200 m above the surface. Analysis of 
the 200S WINDCUBE™ data (not shown) 
suggests that this jet extends through a 
depth of several hundred meters. 
 

 
Figure 6: Time-height cross section of 
temperature (top) and water vapor density 
(bottom) from the radiometer for the 24-hr 
period starting at 00 UTC on 21 August 2013. 

 

 
Figure 7: Time-height cross-section of wind 
speed (top) and wind direction (bottom) from 
the southernmost lidar for the 24-hr period 
starting at 00 UTC on 21 August 2013. 

5 Conclusion  
  

The CWEX-13 field campaign employed a 
suite of remote sensing and in situ 
instruments to explore the dynamics and 
thermodynamics of the complex wind flow 
through multiple rows of a ~ 150 MW 
onshore wind plant in the Midwestern United 
States. Turbines of nominally 80-m hub 
height and 80-m rotor diameter D were 
located in rows separated by 20D in the 
area of observation in CWEX-13.  
WINDCUBE™ v1 lidar wind profiles at three 
locations within the wind plant (upwind, 8.5D 
past a first row, and 5.7D past a second 
row) provided observation of wind speed 
deficits and turbulence enhancements within 
the turbine wakes during southerly flow 
conditions. Scanning lidar (WINDCUBE™ 
200S from LEOSPHERE) measurements of 
line-of-sight velocity enabled assessments 
of wake locations for comparison with the 
profiling lidar measurements, as well as data 
for quantification of wake characteristics. 
Retrievals of temperature and moisture 
profiles from a microwave radiometer 
(Radiometrics MP-3000A) quantify 
atmospheric stability via the Brunt-Vaisala 
frequency. Finally, surface flux stations 
equipped with sonic anemometers at several 
locations within the wind plant document 
atmospheric stability as well as surface 
fluxes of heat, momentum, and moisture to 
identify the impact of multiple rows of 
turbines on surface-atmosphere exchange 
processes.  
 



Initial analysis from CWEX-13 suggest that 
the dataset includes numerous observations 
of nocturnal low-level jets interacting with 
the wind farm. Furthermore, these data may 
be used to validate wind plant 
representations in numerical weather 
prediction models, such as the Weather 
Research and Forecasting (WRF) wind farm 
parameterization [11,12]. The detailed 
observations of multiple wakes from two 
rows of turbines may prove useful for 
comparison to more explicit turbine-
resolving models such as available in 
OpenFOAM [13], the Large-Eddy Simulation 
capability of WRF [14], and others [15]; 
WindBlade: 
http://ees.lanl.gov/ees16/windblade.shtml).  
Evaluation of the turbine power data in 
conjunction with these meteorological data, 
as in [16] and [17], will enable insight into 
the impacts of atmospheric stability on 
power performance in this region [18,19]. 
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