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ABSTRACT

The American WAKE ExperimeNt (AWAKEN) is a multi-institutional field campaign focused on gathering critical observations of wind
farm–atmosphere interactions. These interactions are responsible for a large portion of the uncertainty in wind plant modeling tools that are
used to represent wind plant performance both prior to construction and during operation and can negatively impact wind energy profitabil-
ity. The AWAKEN field campaign will provide data for validation, ultimately improving modeling and lowering these uncertainties. The field
campaign is designed to address seven testable hypotheses through the analysis of the observations collected by numerous instruments at 13
ground-based locations and on five wind turbines. The location of the field campaign in Northern Oklahoma was chosen to leverage existing
observational facilities operated by the U.S. Department of Energy Atmospheric Radiation Measurement program in close proximity to five
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operating wind plants. The vast majority of the observations from the experiment are publicly available to researchers and industry members
worldwide, which the authors hope will advance the state of the science for wind plants and lead to lower cost and increased reliability of
wind energy systems.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141683

I. INTRODUCTION

Wind farm–atmosphere interactions (WFAI) are among the
most poorly understood phenomena when determining energy pro-
duction estimates for wind power plants,1 causing uncertainty that
leads to significant financial challenges for wind energy develop-
ment and financing.2 The historical focus of WFAI has been on
characterizing the intensity, expansion, meandering, and dissipation
from individual wind turbine wakes. As wind turbines and wind
plants continue to grow in size, and the overwhelming majority of
new turbine installations occur in proximity to preexisting farms, a
number of additional phenomena become important.3,4 These
include the aggregate effect of many turbine wakes, forming a wind
farm wake, which responds to and interacts with the stability of the
broader atmospheric boundary layer (ABL).5 Other important
WFAI, for which there are currently few data available, include
upwind blockage and modifications to the heat, moisture, and
momentum exchange that impact stability and boundary-layer
height. Wind farm owners are also interested in turbine response to
operating in partial and fully waked conditions, as well as conse-
quences for both power production and turbine loading. These
interactions impact reliability and energy production in the wind
farm environment, which the wind energy community is just begin-
ning to understand.6 Several innovative advanced control strategies
to mitigate wake effects have been proposed, although their cost-
effectiveness remains unclear due to the lack of experimental data.7

In the wind industry, developers of predictive tools for wakes
often assume these interactions are decoupled into individual phenom-
ena for ease of model development.8 As such, separate models exist for
many WFAI phenomena including wakes,9,10 blockage,11–13 flow
accelerations,14,15 internal boundary layer growth,16,17 and turbulent
fluctuations.18,19 In reality, these phenomena are highly coupled and
few observations are available to fully understand and validate their
mutual interactions, particularly at the scale of modern wind turbines
and wind plants. Although full coupling is intrinsic to high-fidelity
models of WFAI such as large-eddy simulations20 that are becoming
more commonly used, observations are still needed to validate the full
range of wind plant models.

The need for more observations to enable better understanding
of WFAI inspired the U.S. Department of Energy (DOE) to fund a
national laboratory-led multi-institutional field campaign called the
American WAKE ExperimeNt (AWAKEN). Project planning began
in March 2018 and is summarized in the overview papers of Moriarty
et al.21 and Debnath et al.22 The deployment of instrumentation began
in September 2022. This paper provides the final details of the design
and observational strategy for the AWAKEN experiment, contextual-
ized within the project’s science goals, as well as examples of data pro-
duced in the experiment that we hope will benefit the wind energy and
atmospheric science communities.

The AWAKEN project builds on previous field observation cam-
paigns dating back three decades to better understand WFAI.23 Until
the early 2010s, researchers and wind farm owners primarily focused
on wakes generated under flow aligned with wind turbine rows, which
result in the greatest losses in energy production. One of the earliest
wake studies of turbines was a series of observations24,25 in the
Netherlands, with turbines only 30 m in diameter; small by modern
turbine standards and missing some important physics of larger tur-
bines. Subsequent studies with larger turbines relied exclusively on tur-
bine Supervisory Control and Data Acquisition (SCADA) to infer
changes in wind speed within wind plants for different inflow wind
directions.26–32 In these studies, researchers estimated the wake veloc-
ity deficit at different downstream locations using power losses at each
turbine. Several of these studies have been used for model validation
under the International Energy Agency (IEA) Wind Technology
Collaboration Program (TCP) Task 31 effort33 and are the foundation
on which many industry models are validated.8 Later studies28,34 from
this era began to highlight the importance of atmospheric stability to
wake propagation, emphasizing a weakness in models that had largely
assumed the atmosphere to have near-neutral stability and neglected
thermal effects on turbulence generation and dissipation. In the next
generation of wind turbine wake observations, researchers deployed
remote sensing devices such as sodars, radars, and lidars in the vicinity
of standalone turbines and those within wind farms to more directly
observe wake behavior.35–42 Even more recently, offshore wind farms
have provided greater opportunities for WFAI measurements using
satellite observations,43 aircraft,44–47 and X-band radars.48

The current generation of atmospheric measurements, such as
those from the AWAKEN campaign or the upcoming German
WiValdi studies,49 are leveraging the experiences of previous cam-
paigns by using similar types of remote sensing instrumentation, but
in greater number and with longer range and higher fidelity. There is
also greater emphasis on gaining more detailed observations of indi-
vidual turbine response. One unique aspect of the AWAKEN project is
the incorporation of wind farm control studies that aim to modify tur-
bine operations to influence the WFAI (primarily wakes) such that the
overall energy production of the wind farm is improved with accept-
able impact on turbine reliability.6

In this paper, we begin with a summary of the testable hypotheses
for the AWAKEN project in Sec. II, which provides context for the
choice of the project site, as explained in Sec. III. We then walk through
each hypothesis in Sec. IV to explain the placement and observational
strategies of instruments gathering the measurement data needed to
achieve the science goals of the project. Finally, we describe our data
management approach in Sec. V, and we present conclusions in Sec. VI.

II. TESTABLE HYPOTHESES

By both observing and simulating the atmospheric boundary
layer in the region within and around operational wind farms, the
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AWAKEN project aims to address several testable hypotheses, which
were identified and prioritized at a technical experts meeting in 2018
(Ref. 21) and are listed here in order of priority, the highest priority
being listed first:

(1) Wind farm wakes propagate on land for tens of kilometers and
lower the energy production of neighboring wind farms.
Characteristics (magnitude and extent of momentum deficits,
magnitude and extent of the region of increased turbulence
kinetic energy [TKE]) of wind plant wakes depend primarily on
the spacing of turbines in a wind farm along the primary wind
direction, turbine size, individual turbine power level and hub-
height TKE (or turbulence intensity), wind speed at hub height,
and atmospheric stability. Wind farm wakes can be steered
using coordinated individual turbine yaw control, although
topography and yaw-misalignment will also influence wake
propagation.

(2) Wind turbines in the interior of land-based wind farms tend to
have more turbulent inflows resulting in higher damage-
equivalent loads than those on the exterior. The turbulence lev-
els in land-based wind farms asymptote to a fully developed
condition after the first three rows of wind turbines.

(3) The decrease in hub-height flow wind speed 1–30 rotor diame-
ters (D) upwind of a land-based wind farm due to wind farm
blockage, which changes power production and increases pre-
diction uncertainty, depends on turbine operation, atmospheric
stability, inflow wind speed, boundary-layer height, wind shear,
and veer (interacting with wind turbine characteristics, wind
farm layout, terrain and surface roughness, and operative condi-
tion). Furthermore, the blockage may create wind speed-up
along the edges of the wind farm.

(4) Wake steering and turbine consensus control increase full wind
farm power production and reduce structural loads of turbines
under a specific range of atmospheric conditions. The overall
benefit of wind farm control is primarily dependent upon inflow
winds, atmospheric stability, boundary layer height, wind shear
and veer, and wind direction variability (interacting with the tur-
bine type, orography, inter-turbine spacing, and alignment), with
maximum benefit coming when columns of turbines are aligned
with wind direction under stable conditions.

(5) The maximum energy produced by a large (>100 MW) land-
based wind farm is constrained by the momentum flux between
the surrounding atmosphere and the flow within the wind farm.

(6) Individual turbine wake morphology, evolution, and wake inter-
actions are affected by a complex interplay of events connected to
turbine settings, control, and short-term variability of the incom-
ing wind conditions. Including a stochastic component to wake,
turbulence, and turbine models will enable higher accuracy for
predictions of wind turbine wakes and their interactions.

(7) Intermittent atmospheric turbulent bursting events related to
Kelvin–Helmholtz instability, gravity waves, and bores lead to
fluctuations in wind farm power production and structural
loading of wind turbines.

III. PROJECT LOCATION

The AWAKEN field campaign takes place in northern
Oklahoma (Fig. 1) approximately 100km north of Oklahoma City.

A primary driver for selecting this location is its proximity to the DOE
Atmospheric Radiation Measurement (ARM) Program’s Southern
Great Plains (SGP) facility, a suite of atmospheric measurement sites
that have been in continuous operation since 1992.50,51 The SGP is the
world’s largest climate field supersite with over 55000 acres and more
than 30 instrument clusters centered 42km northeast of Enid,
Oklahoma. Some of these instrumented sites are shown in Fig. 1.

Not only does this site offer a unique array of historical and ongo-
ing atmospheric measurements, but it is also located in a wind
resource-rich area with numerous surrounding wind power plants.
There are five wind plants in the AWAKEN field campaign area, all
south of the ARM SGP central facility (denoted as C1 in Fig. 1):
Chisholm View, Thunder Ranch, Breckinridge, King Plains, and
Armadillo Flats. Some details of each are highlighted in Table I, includ-
ing year of first operation, total rated power, total number of wind tur-
bines, turbine models with rotor rated power and diameter, and farm
net capacity factor. The total installed capacity is nearly 1.19GW of
power generated by 558 turbines. Capacity factors are determined as
the ratio of actual power generation to the maximum power produc-
tion if each turbine were operating at its rated capacity for one year.
The reported net capacity factors are calculated as an average from the
annual net generation values reported by the U.S. Energy Information
Administration (EIA).52 For each wind plant, data for the first year
reported by the EIA are not considered in the calculation. The hub
heights of the turbines in the Thunder Ranch, King Plains, and the
2.3MW turbines in Armadillo Flats are 89 m, while the remaining tur-
bines have hub heights of 80 m. For the AWAKEN project, the King
Plains wind plant was chosen for a detailed study, as it is the newest
wind plant in the area with the largest turbines, which have the most
modern control systems for easier implementation of wind plant con-
trol studies.

One scientific topic of interest related to the first testable hypoth-
eses on wind farm wakes is the impact that the nearby wind farms
have on the observations from the ARM instrumentation. Since its
inception, the ARM SGP observations have been used by the world’s
meteorological and climate modelers. As wind farms have been
installed in the area, the research community has expressed interest in
quantifying the extent to which these observations are biased by the
wind plants, which have been built around the measurement sites.

Krishnamurthy et al.54 offers a detailed analysis of the atmo-
spheric conditions in the area using the long-term observations col-
lected at ARM SGP. The dominant wind direction in the area is
southerly (Fig. 2),22,54 meaning wind plants to the south are most likely
to impact ARM SGP measurements throughout a given year.

Wharton et al.55 completed one of the earliest studies that exam-
ined wind flow characteristics specifically at rotor-disk height at the
ARM SGP facility. At that time, the facility was neighbored by only a
single wind farm (Chisholm View) to the west, a wind direction not
commonly seen at the ARM site, and thus the impacts were found to
be negligible. In recent years, wind farms have been built upwind of
the SGP, making WFAI both more relevant and complex to observe
and quantify. Bodini et al.56 quantified the long-term impact of the
newer wind plants on long-term observations of surface winds, winds
aloft, and TKE at the ARM SGP, using both ARM observations and
mesoscale simulations incorporating a wind farm parameterization.
They found some impacts were appreciable, such as a 30% increase in
TKE under stable conditions, reinforcing the need to gather more
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observations to help quantify the impact not only for the wind energy
community but also for all the atmospheric scientists who routinely
analyze SGP observations.

IV. INSTRUMENTATION PLACEMENT

Instruments were placed within the AWAKEN field domain
based on the prioritized set of testable hypotheses. The majority of
instruments are deployed in and around the King Plains Wind Farm.

Data from the existing 90-m meteorological tower at this wind farm
are also available to AWAKEN researchers. There are a total of 13
ground-based field sites in the campaign hosting a variety of instru-
ments in addition to instruments placed on five instrumented King
Plains wind turbines (Fig. 3). The site locations were selected such that
the instruments can provide observations at adequate spatial resolution
to address the project science goals. Table II provides an overview of
the deployed instrumentation at each site, their primary flow region of

TABLE I. Wind plants within the AWAKEN project area. The specific locations of the wind turbines can be found in the U.S. Wind Turbine Database.53

Wind farm Operational since Total power No. of turbines No. of each turbine model (rotor diameter) Net capacity factor

Chisholm View 2012 300MW 167
140�GE 1.68MW (82.5 m)

0.3527�GE 2.4MW (107 m)

Thunder Ranch 2017 297.8MW 120
109�GE 2.5MW (116 m)

0.4111�GE 2.3MW (116 m)
Breckinridge 2015 96.9MW 57 GE 1.7MW (103 m) 0.49

Armadillo Flats 2018 241.8MW 126
80�GE 1.7MW (103 m)

0.4346�GE 2.3MW (116 m)
King Plains 2020 248.2MW 88 GE 2.82MW (127 m) 0.37

FIG. 1. DOE ARM instrument cluster field sites (labeled as magenta diamonds) within Northern Oklahoma and surrounding wind plants (black dots). The white lines are roads,
and brown areas depict towns.
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observation, and their associated testable hypotheses. We note that not
all the instruments listed in Table II remained deployed for the whole
duration of the field campaign. For more detailed information on the
precise location and deployment timeline of each instrument, users
should refer to the data portal, described in Sec. V.

In addition to the permanent instrumented sites listed in Table II,
observations during AWAKEN were also taken using mobile devices,
which were deployed at AWAKEN over shorter periods of time: a
truck-mounted lidar and a research aircraft, both primarily focused on
characterizing wind farm wakes.

The turbines themselves also provide information of their opera-
tional state through each turbine’s SCADA system, which is useful for
all testable hypotheses. SCADA data include power output, wind
speed, and direction as measured by turbine mounted sensors, which
can be used to infer the flow in between turbines in the wind farm.
Other channels are useful for inferring the turbine response, which
applies to testable hypotheses 2 and 4. SCADA data are available to
researchers (who are part of a nondisclosure agreement with the wind
plant owners and turbine manufacturer) for all turbines within the five
operational wind farms of Table I at a minimum temporal resolution
of 10min, with many channels available at higher frequencies of up to
0.5Hz depending on the turbine and data channel.

A. Inflow

Observations of the inflow conditions into the wind plants are
essential for all the testable hypotheses, which depend on an accurate

FIG. 2. Wind rose from three years of observations from the King Plains wind plant
meteorological tower (28 km SSE of ARM central facility) measured at 91 m above
ground level (AGL). Reproduced with permission from Debnath et al., J. Phys.:
Conf. Ser. 2265, 022058 (2022), IOP Publishing.22

FIG. 3. Map of the field sites where AWAKEN instruments were deployed (yellow stars), the existing King Plains meteorological tower (blue triangle), and a zoomed-in map
showing the five instrumented turbines (yellow dots).
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characterization of the profiles of incoming wind speed, wind direc-
tion, turbulence, temperature, and moisture. The primary ground sites
for inflow characterization at AWAKEN, assuming predominantly
southerly flow, includes the following: site B, just south of Armadillo
Flats; site E36, even further south; sites A1, A2, A5, and A7, all south
of King Plains; and the existing King Plains meteorological tower.

Sites A1, A2, A5, B, and E36 all include a profiling lidar, which
provides vertical profiles of flow statistics (wind speed, direction, and
turbulence intensity) in the lowest �200 m. AWAKEN uses two pri-
mary types of profiling lidars: pulsed lidars (WindCube v1, v2, and
v2.1) and continuous wave lidars (ZephIR300 and ZX300). TKE is
derived from the high-frequency u, v, and w wind components to
quantify the magnitude of 3D turbulence. Note that the pulsed lidars
output data at a slightly higher frequency than the continuous wave
for the entire measurement profile. This is because it takes approxi-
mately 15 s to complete a scan with the continuous wave lidars and 4 s
with a pulsed lidar. A second difference between the two types is the
probe depth or range gate, which is a constant 20 m in the pulsed
lidars but differs with measurement height (e.g., 1.4 m at 10 m up to
15.4 m at 100 m) for the continuous wave lidars. Even so, these instru-
ment differences should not result in large measurement differences
for energy scales at low wave numbers (k< 0.005 m–1).57 One possible
drawback of these instruments is their reliance upon the assumption
of horizontal statistical homogeneity of the flow, which is expected to
break down if wakes or turbine induction effects are present within the
scanning volume. Moreover, the direct approach to estimate TKE
from the profiling lidars is the possible overestimation of variances due
to the cross-contamination.58 The impact of these effects is strongly
dependent on the statistical properties of the flow and hence is site-
and time-dependent, which makes an a priori error quantification
highly uncertain.

Sites A1 and A2 also include scanning lidars, which are used in
both vertical profiling and vertical stare mode, and effectively vertically
extend the observations of the co-located profiling lidars up to a few
kilometers. These lidars provide additional flexibility in the program-
ming of the scan geometry, which can be leveraged to mitigate some of
the undesired effects that impact profiling lidars. The scanning strategy
adopted for wind profiling is the six-beam scan developed by Sathe
et al.59 This scan allows retrieval of not only first-order wind statistics
but also the full Reynolds stress tensor through a linear transformation
of the variance of the line-of-sight wind speed.60 This type of scan
assumes horizontal statistical homogeneity of the flow, but it is theoret-
ically devoid of the cross-contamination effect that corrupts second-
order statistics obtained by applying the eddy covariance method of a
profiling lidar.

Given the proximity of site A1 to the southernmost row of King
Plains wind turbines (� 2:5D), which could lead to a violation of the
horizontal flow homogeneity assumption, the scanning strategy of the
lidar at A1 has been properly adapted. The six-beam scan has been re-
optimized by introducing a constraint that prevents the beams from
probing the region to the north of site A1, where the induction of the
turbines may create spatial gradients, especially of mean wind speed.
The novel “tilted” six-beam scanning strategy was validated prior to
the campaign by comparing the lidar retrieval to the turbulent statistics
obtained from the sonic anemometers installed at 119 m on the M5
met tower at the National Wind Technology Center.61 One of the
scanning lidars of the AWAKEN fleet was installed in proximity to the
M5 met tower and performed alternatively regular and tilted six-beam
scans for a duration of 10min for 3months in spring/summer 2022.
Figure 4 shows a comparison of key wind statistics (wind speed, direc-
tion, TKE, and turbulent shear stress) between the lidar performing
the regular six-beam and the tilted one (top and bottom panels,

TABLE II. List of instrumentation deployed as part of the AWAKEN field campaign. Legend: SL¼ scanning lidar, PL¼ profiling or fixed-beam lidar, TP¼ thermodynamic profiler,
FS¼ surface flux station, MS¼meteorological station, C¼ ceilometer, MR¼microwave radiometer, R¼ radiation measurement, P¼ precipitation sensor, X¼X-band radar,
TS¼ tethersonde, RS¼ radiosonde, L¼ load measurement. The testable hypotheses are identified by the item number in the list provided in Sec. II.

Site Flow region Testable hypothesis SL PL TP FS MS C MR R P X TS RS L

A1 Inflow 2, 3, 5, 7 � � � � � � � � �

A2 Inflow 3, 5, 7 � � � �

A5 Inflow 2, 3 � � � �

A7 Inflow 3 � �

B Inflow 5, 7 � � �

C1a Inter-farm 1, 5, 7 � � � � �

D Inter-farm 1 �

E36 Inflow 5, 7 � � � �

G Intra-farm 2 � � � �

Golf Course Inter-farm 1, 5, 7 � � � �

H Downwind 1, 5, 7 � � � � � � � � � �

Radar 1 All 1, 3, 6 � �

Radar 2 All 1, 3, 6 �

Turbine H05 Inflow 2, 3, 4, 6, 7 � � � �

Turbine G02 Intra-farm 2, 4, 6, 7 � �

Turbine F04 Intra-farm 2, 4, 6 �

Turbine E06 Downwind 1, 2, 4, 6, 7 � �

Turbine G06 Intra-farm 3, 4, 6 �
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respectively). The accuracy in the reconstruction of mean quantities is
unaffected by the scanning mode, with a goodness of fit comparable to
that of the original publication.59 The second-order statistics, instead,
are mildly affected by scan geometry with correlation coefficients that
drop from q ¼ 0:964 to q ¼ 0:781 and q ¼ 0:601 to q ¼ 0:363 for
TKE and shear stress, respectively. However, the lower but quantifiable
fidelity of the tilted scan in reproducing wind statistics has been
deemed acceptable given the unknown effect that turbine induction
could cause to a regular scan. The quantification of the wind plant
induction is indeed one of the scopes of AWAKEN, and it is not
known a priori. Figure 5 shows an example of vertical profiles from
site A1 during a typical clear-sky day during the AWAKEN campaign.
Interesting features are the evident nocturnal low-level jet lasting
through the early morning (03:00–15:00 UTC, where UTC is the local
time þ5 h) and the drastic increase in TKE during the daytime, a clear
signature of the development of a vigorous convective boundary layer.

Inflow sites A1 and B also host infrared spectrometers (IRSs),
which are used as thermodynamic profilers to characterize the vertical
profile of temperature and humidity upwind of the wind plants. The
IRS at site B, as well as those at sites C1_a and G, run the latest version
of the Tropospheric Remotely Observed Profiling via Optimal
Estimation (TROPoe) algorithm.62 The accuracy of the retrieval has
been assessed during a pre-campaign deployment at NREL’s National
Wind Technology Center where several days of TROPoe retrievals
have been compared to the observation provided by the previously
mentioned M5 met tower. Figure 6 shows the time series of observed
temperature and mixing ratio from TROPoe superposed to their met-
tower equivalents. In spite of the profoundly different measuring prin-
ciples between the IRSþTROPoe system and the met tower, the agree-
ment for temperature [Fig. 6(a)] is excellent (q ¼ 0:993, and MAE

¼ 0:62 �C). The mixing ratio [Fig. 6(b)] also shows a fair agreement
(q ¼ 0:896, MAE¼ 0.53 g kg�1), although the two signals are signifi-
cantly different during periods of precipitation (blue band on top of
the figure). This discrepancy is likely due to wet met tower sensors and
is not particularly concerning. Figure 7 shows the thermodynamic pro-
files at site B during a clear-sky day. The temperature profiles
[Fig. 7(a)] exhibit the expected diurnal cycle with the development of a
thin stable ABL at nighttime and a sharp reversal of the lapse rate after
sunrise. Moisture [Fig. 7(b)] appears to be confined close to the surface
in night compared to daytime. It is noteworthy that the IRSþTROPoe
system is also capable of detecting a capping inversion around 500–
750 m, which is valuable information for mesoscale simulations aiming
at capturing ABL–wind plant interactions.

For portions of the AWAKEN campaign, the Collaborative
Lower Atmospheric Mobile Profiling System (CLAMPS)63 is deployed
at the ARM-owned E36 site. The CLAMPS unit includes a scanning
lidar, thermodynamic profiling system, and microwave radiometer,
and thus represents an additional important source of inflow condi-
tions further south in the AWAKEN domain.

Surface inflow conditions are also important since they provide the
bottom boundary conditions for numerical simulations and important
scaling and stability parameters for the analysis of atmospheric and tur-
bine data. High-frequency surface measurements and the associated tur-
bulent fluxes are available at sites A1, A2, and A5, whereas 1-Hz wind
speed, direction, temperature, pressure, and relative humidity are mea-
sured by the surface stations at sites A1, A2, A5, A7, and B. The King
Plains meteorological tower complements these inflow measurements of
wind speed by providing high-resolution turbulence statistics.

Dual-Doppler lidar techniques are also employed to characterize
the inflow. The scanning lidars at sites A5 and A7 are coordinated to

FIG. 4. Comparison between wind statistics at 119 m AGL from the met tower and the scanning lidar performing 6-beam profiling in the conventional configuration (a)–(d) and
inclined one (e)–(h). (a) and (e) wind speed; (b) and (f) wind direction; (c) and (g) TKE; (d) and (h) vertical turbulent stress. The linear fit parameters, correlation coefficient (q),
and mean absolute error (MAE) are also prompted as error metrics.
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create a linear array of virtual towers64,65 at varying distances south of
the leading row of turbines in the King Plains Wind Farm. Section
IVD provides additional details on the scanning strategy adopted by
these two lidars, which is particularly useful for investigating blockage.

Finally, additional inflow measurements are provided by the
nacelle-mounted lidars on turbine H05. The turbine has a scanning
lidar to probe the inflow in a wide region, and aWindcube nacelle lidar

that provides a higher-resolution characterization of the inflow along
the turbine horizontal axis in terms of wind speed, inflow direction,
shear, and turbulence intensity.

B. Wind farm wakes

The understanding of wind farm wakes is the highest priority
testable hypothesis for the AWAKEN project. Observed offshore

FIG. 5. Inflow reconstructed from the scanning lidar at site A1 on April 12, 2023. (a) Mean wind speed, where the location and magnitude of the green dots indicate the nose
height and class of the low-level jet, respectively; (b) TKE.

FIG. 6. Comparison of temperature (a) and mixing ratio (b) obtained by TROPoe and the observation of M5 met tower at 87 m AGL. The shaded area represents the 95% con-
fidence interval of TROPoe. The blue bands at the top correspond to periods when precipitation was detected at the ground.
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wakes have extended up to 50 km downwind,66 and simulated wakes
have extended even further.5,56,67–69 This large spatial extent means
that instruments must be placed further apart in the field campaign
domain and have longer range than those observing individual turbine
wakes.

One unique set of instruments to observe wind farm wakes are
custom X-band radar systems developed at Texas Tech University.70

Similar instruments have been deployed for a commercial offshore
project in the Ørsted Beacon project,48 and AWAKEN represents their
first deployment in a dual-Doppler configuration for an onshore wind

farm wake experiment. For the AWAKEN configuration, the radars
implement a maximum range of 35km and horizontal data resolution
of 0.5� in the azimuthal dimension and 9 m in the along-beam dimen-
sion. The deployment locations were chosen to most effectively pro-
vide overlapping data coverage from both radars in the area between
Armadillo Flats, Breckinridge, and King Plains (Fig. 8), allowing for
dual-Doppler wind field reconstruction in this region. The scanning
strategies implemented by these radars have been optimized to docu-
ment the horizontal extent of the wind farm and individual turbine
wakes. Although considerable terrain change occurs throughout the

FIG. 7. Temperature (a) and mixing ratio (b) profiles retrieved through TROPoe at site B on June 6, 2023.

FIG. 8. Maps showing the deployment location of the two X-band radars at AWAKEN, and (a) their 360� surveillance coverage and (b) the sectors they scan at AWAKEN to
allow for the dual-Doppler retrievals. Underlying contours show terrain elevation in m ASL.
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broad radar coverage area, focus has been placed on collecting mea-
surements through the depth of the rotor sweep of as many turbines
within the domain as possible. For example, there exists a 120 m eleva-
tion difference between the north radar and the easternmost turbine in
King Plains located at a range of roughly 32 km; 40 m due to terrain
change and 80 m due to the Earth’s curvature. A long-range scanning
lidar at Radar site 1 and a profiling lidar at site D (see Fig. 3) are used
to verify, potentially calibrate, and supplement the radar
measurements.

Figure 9 shows an example velocity field obtained by the radars
under stable nighttime conditions. With wind from the east, the wake
of the King Plains wind plant is seen propagating to the west, reaching
the edge of the radar domain, and impinging on the northern portion
of Armadillo Flats. Effects of plant layout are also visible, with bands of
low- and high-speed flow indicating wakes of turbine rows and gaps
between rows, respectively.

Because of the dominance of southerly flow in the area, appropri-
ate sites to quantify the extent of wind farm wakes are north of the
wind farms: sites C1_a, the Golf Course, and site H. At each of these
sites, scanning lidars with ranges of up to 5 km measure both the hori-
zontal and vertical extent of the wind farm wakes downwind of
Armadillo Flats (at C1_a and the Golf Course) and King Plains (at H).
All the lidars at the three mentioned locations carry out wind profiling,
while the instruments at C1_a include volumetric scans aimed at prob-
ing the intra-farm region in a 3D fashion.71 Additionally, the observa-
tions collected by the nacelle-mounted scanning lidar on turbine E06
(see Sec. IVG for details on the scanning strategy), as well as those col-
lected by NOAA’s truck-mounted scanning lidar and the Technische
Universit€at Braunschweig’s research aircraft are essential in document-
ing the variability of wind farm wakes.

In the past, analyses of wind farm wakes have primarily focused
on the variability of the velocity field. More recently, observations have
also shown wind farm impacts on near-surface temperature and
humidity72–76 and higher up with aircraft measurements.66 For the

AWAKEN project, researchers are observing full vertical profiles of
temperature and humidity downwind of wind plants using the ther-
modynamic profiling systems deployed at sites C1_a, G, and H, pro-
viding one of the first-ever insights into the effect of farm wakes on the
microclimate across the ABL height.

The mobile instruments deployed at AWAKEN are also used to
further characterize wind farm wakes north of King Plains.

A truck-mounted motion-compensated micropulsed lidar called
PUMAS (PickUp-based Mobile Atmospheric Sounder) operated by
the National Oceanic and Atmospheric Administration (NOAA) was
used to collect observations of wind speed in the wake of the King
Plains wind plant from August 15 to September 15, 2023. The
Micropulsed Doppler (MD) lidar is a compact system designed for
operations from mobile platforms such as aircrafts, ships, and ground
vehicles. The MD lidar measurements include a vertical stare and scan-
ning capability to provide the three components of wind velocity pro-
files from 46 m up to 4 km AGL with a vertical resolution of 25 m and
a spatial resolution of 750 m along the driving path. Pointing errors
during vertical stares were reduced by the use of a motion stabilization
platform to compensate for platform motion. The accuracy of mea-
surements from PUMAS was tested against the measurements from
stationary scanning lidars during several experiments prior to
AWAKEN. The results show that the pointing stabilization precision
of vertical velocity is less than 0.06� RMS (root mean square), and the
pointing accuracy is about 0.15�. Calculated and removed platform
motions allowed the acquisition of vertical velocity with 1–2� RMS in
pitch, roll, and with61–2 m s–1 vertical error due to the heave
motions. The optimized driving pattern around and within the King
Plains wind plant is illustrated in Fig. 10.

The research twin propeller aircraft Reims-Cessna F406 operated
by the Technische Universit€at Braunschweig was flown at low altitude
north of King Plains in late August and September of 2023. The instru-
mentation on board consists of different sensors to measure wind vec-
tors, temperature, and humidity at high temporal resolution. In
addition, surface properties (surface temperature and geometric sur-
face roughness) are measured, and the radiation budget is quantified
with both nadir and zenith hemispheric sensors for solar and terrestrial
irradiance. Based on the experience of pronounced offshore wakes for
stable atmospheric conditions,46 and previous simulations of wake
propagation from onshore wind farms,3 the flights were conducted in
the early morning, between sunrise and the onset of turbulent mixing,
when stable conditions can be expected. The flight pattern for the pre-
dominant wind direction from south consisted of several W–E legs at
hub height north of the King Plains wind plant at different distances
from the northernmost turbines (500 m, 2 km, 5 km, and 10km), see
Fig. 11(a). Due to the sloping terrain, a change in altitude was taken
into account in the flight trajectory [Fig. 11(b)] to preserve the mea-
surement height with respect to the ground, as the flow is likely to be
terrain-following at low altitudes. In addition, vertical profiles between
the surface and altitude of 1 km were performed at the eastern edge of
the flight legs to probe the temporal development of atmospheric sta-
bility and the wind profile.

C. Interior turbulence and turbine response

The evolution of turbulent structures, statistics, and dissipation rates
within wind farms has been explored with some detail through numer-
ical simulation,77–80 laboratory-scale wind tunnel experiments,81–84 and

FIG. 9. Velocity field at 450 m elevation ASL captured by the dual-Doppler X-band
radars on June 15, 2023 at 05:05:50 UTC, with wind from the east. Vectors indicat-
ing wind velocity magnitude and direction are shown every 20 grid points for
visibility.
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pioneering field experiments37,42 but have yet to be quantified in great
detail in the context of operational utility-scale wind plants.
Capturing the behavior of turbulence within the interior rows of a
wind farm is critical to understanding turbine response. Gathering
experimental data of both inflow and turbine response of interior
rows can help quantify how the two are correlated. Past studies have
shown that applying wind farm control through wake steering
reduces fatigue loads for interior turbines,85–87 and AWAKEN will
provide unique observations to further validate this result and assess
its variability.

Anemometers placed at various heights across sites A1 and G, as
well as the existing 90-m King Plains meteorological tower, are all
important for quantifying the change in turbulence as wind propagates
through the wind farm. Site G also has a thermodynamic profiler and
hosted a temporary installation of tethersondes deployed over two one-
week campaigns with a simultaneous deployment at A1. The tether-
sondes have sonic anemometers located at three different heights and a
distributed fiber-optic temperature sensor that measures temperature
every 0.5 m up to a range of 1.5 km AGL. Also, scanning lidars at site
A1 and A5 are coordinated to perform synchronized, high-resolution,
dual-Doppler stares within the King Plains wind farm to retrieve (lidar-
derived) turbulence information within the plant. The nacelle-mounted
lidars will be a valuable source of information to perform advanced
reconstruction of second-order wind statistics (e.g., Refs. 88–90).

A suite of sensors is placed on three of the instrumented turbines
(H05, G02, E06, Fig. 3) to provide accurate observations of structural
loading response of major turbine components, as shown in Fig. 12.
Strain gauges placed at the blade root of all three blades measure both
edgewise and flapwise bending moments. Additional strain gauges are
placed at the tower base, tower mid, and tower top to measure both
side-to-side and fore-aft tower bending moments. This provides a bet-
ter estimate of rotor thrust, which is an important input quantity for
many wind turbine wake models. A final set of strain gauges is placed
on the low-speed shaft to measure bending moments and torque,
which are important for understanding turbine drivetrain reliability,
fatigue, and load response. Several redundant instruments are installed
to track key turbine parameters such as yaw heading and rotor azi-
muth position at a higher sample rate and accuracy than normally
available from the controller.

D. Blockage

Wind plant blockage refers to a deceleration of winds approach-
ing a wind plant,11 similar to, but broader than, the induction zone
effect of an individual turbine. Because blockage can reduce the inflow
wind speed to a wind farm, it will lower power production more than
wind farm loss models based solely on undisturbed upwind wind
speeds predict. Analysis of offshore SCADA data estimate this

FIG. 10. Driving patterns of PUMAS during AWAKEN as a function of observed wind direction: white lines indicate southerly winds, the cyan line shows the major drives for the
easterly winds, and the magenta line shows the major drives for the westerly winds. The dark red line represents the driving path along CR 40, where several AWAKEN lidars
and other remote sensing instruments are located. Red circles indicate turbines selected for performing RHI scans for the (top) easterly and (bottom) southerly winds.
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reduction as 2% of the Annual Energy Production (AEP),91 with AEP
reduction exceeding 6% for the turbines placed in the most upstream
row.12 However, the magnitude of the velocity reduction and the phys-
ical mechanisms inducing wind plant blockage are still poorly under-
stood. Numerical17,92 and experimental studies93 indicate that
blockage occurs more often in stably stratified conditions at high oper-
ating thrust coefficient (CT). Other factors affecting the magnitude of
blockage are the farm size92,94 and layout.17,94 The characterization of
wind farm blockage through field experiments is challenged by terrain
effects on flow,13,95 extreme wind veer,96 and high instrumental uncer-
tainty compared to the magnitude of wind speed reduction.93 The
uncertainty of blockage measurement can be reduced by shutting
down turbines, but this is costly to the wind farm operator.

Instruments placed at sites A1, A2, A5, and A7, as well as the
nacelle-mounted lidars on turbine H05 and the X-band radars, are
configured to observe the impacts of blockage upwind of the King

Plains wind farm. The spatial distribution of these sites enables obser-
vations of both the spatial structure and temporal evolution of flow
conditions upwind of the farm.

The key instruments for observing blockage effects are scanning
and profiling lidars. As discussed in the inflow section, dual-Doppler
scans are conducted using long-range scanning Doppler lidars at A5
and A7. The scans for each of these systems are coordinated in order
to create a series of virtual towers at varying distances in front of the
leading row turbines in the King Plains wind farm. The virtual towers
are formed at the intersections of range-height-indicator (RHI) scans
(i.e., a scan where the azimuth angle is kept constant, and the elevation
angle varies), where profiles of wind speed and direction can be
retrieved from dual-Doppler analysis of the radial velocity data.65 This
technique provides accurate estimates of two-dimensional winds,97,98

and is not prone to the issues affecting the profiling lidars, e.g., in the
case of flow inhomogeneity. The scans are designed to observe the

FIG. 11. (a) The measurement strategy for the aircraft measurements for southerly wind directions includes E–W transects located north of the King Plains wind plant, with
increased spacing between the measurement legs (distance of 500 m, 2 km, 5 km, and 10 km alee of the northernmost row of turbines). (b) To ensure observations at approxi-
mately hub height with respect to the ground, steps in measurement altitude followed the terrain while maintaining the minimum granted altitude of 300 ft (ca. 91 m) above
ground.
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winds from the surface to approximately 300 m AGL at each of the vir-
tual tower locations. These profiles provide important details on the
evolution of the wind profile ahead of the Kings Plains wind farm and
help quantify wind farm blockage effects.

In addition to the dual-Doppler lidar measurements, the thermo-
dynamic profilers in the inflow help researchers identify the depen-
dency of blockage on changing temperature profiles, and therefore
local atmospheric static stability and ABL height. Nacelle-based lidars
are also considered for blockage assessments, even though the diffi-
culty of discerning the relatively subtle impact of blockage from the
terrain-induced wind speed variations around King Plains and the

inevitable dynamics of the nacelle tilt/roll could undermine the ability
of nacelle-based scanning lidars to assess the phenomenon, especially
if scanning horizontally.13 For this reason, the scanning lidar installed
on turbine H05 (Fig. 3) periodically performs a volumetric scan to
reconstruct the 3D streamwise velocity up to 30D upstream of King
Plains for southerly wind, enabling the detection of possible blockage.

Thrust-induced flow accelerations or speedups are phenomena
related to blockage but still debated in the wind energy community.
Theoretical,99 numerical,15,100,101 and also experimental results102 indi-
cate that substantial enhancements in power capture are attainable for
closely spaced turbines thanks to the ensuing flow channeling effects,
which have prompted some authors to explore the benefit of speedups
to improve wind farm efficiency.103 However, this argument runs coun-
ter to other studies that show no significant power increase.12,94 To ver-
ify the presence of this phenomenon in the context of AWAKEN, the
nacelle-mounted lidar placed on turbine G06 is devoted to the detection
of flow acceleration and channeling effects at the southeastern bound-
ary of King Plains, a location where speedups are more likely.26 The
lidar performs a full plan position indicator (PPI) scan (i.e., a scan
where the elevation angle is kept constant, and the azimuth angle
varies) specifically designed to reconstruct the mean flow at hub height
at length scales relevant to the study of pressure-induced effects.

E. Wind farm control

One unique aspect of the AWAKEN project is the testing of wind
farm control methods throughout a utility-sized wind plant. Two dif-
ferent types of wind farm controls are studied: wake steering104–106

and consensus control.107,108 Wake steering involves the yawing of
upstream turbines to deflect their wakes away from downstream tur-
bines, increasing total energy production despite losses from yaw mis-
alignment at the upstream turbine. Consensus control combines wind
direction measurements from a set of nearby turbines to determine the
wind direction at the turbine of interest more accurately than the tur-
bine’s own wind vane; this consensus wind direction estimate, which
provides a smoother wind direction signal that better represents the
slowly varying wind direction experienced by the rotor, can then be
used to improve the yaw control of the turbine. During the experi-
ment, consensus control is tested on 26 turbines on the western half of
the King Plains wind plant, whereas combined consensus control and
wake steering is implemented on 15 turbines on the eastern half of the
wind plant, as shown in Fig. 13. In addition to the turbine SCADA

FIG. 12. Locations of additional sensors placed on wind turbines.

FIG. 13. King Plains wind turbines rele-
vant for the wind plant control experimen-
tal activity.
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data from all these turbines, inflowmeasurements of wind and temper-
ature profiles upwind of King Plains as well as wake measurements
from the scanning lidars (see Fig. 17) will also be used to help interpret
the wind farm control results. Although several recent field experi-
ments have been performed with wake steering controllers imple-
mented on one or two wind turbines,109–112 to our knowledge, this test
represents the largest scale wind farm controls experiment to date.

In the consensus controller, a consensus wind direction is
computed for each turbine using a weighted average of the wind
direction signals from the turbine and its 12 nearest neighbors, sim-
ilar to the approach presented by Sinner et al.108 Note that the 12
nearest neighbors are used to determine the consensus wind direc-
tion regardless of whether they are operating with baseline, consen-
sus, or combined consensus and wake steering control. Weights are
based on the distance from each turbine to the turbine of interest
using a Gaussian weighting function. Then, the consensus wind
direction signal can effectively be used in place of the wind vane
signal typically used for yaw control. The consensus wind direction
signal is expected to provide a smoother, more accurate signal than
a wind vane, which only measures the wind at a single point and is
subjected to interference from the wind turbine nacelle and passing
of the blades. Using neighboring turbines’ signals essentially adds
an element of spatial filtering to the wind direction signal used by
the yaw controller. For this experiment, consensus yaw control is
implemented by sending yaw offset commands to the turbines’
existing yaw controllers to help orient the turbines toward their
consensus wind directions rather than the turbines’ individually
measured wind directions. Each turbine’s yaw offset command,
which is updated every 10 s, is calculated as the difference between
the 10-s average wind direction measured by the turbine’s own
wind vane and the 10-s average consensus wind direction.

The expected benefits of consensus control are as follows. When
the consensus wind direction signal is used as an input to the individ-
ual wind turbine controller, as described above, the number of yaw
activations of the turbine can be reduced because the yaw controller
tracks a smoother wind direction reference; the reduced yaw activity
can improve the reliability of the yaw system. Because of the antici-
pated higher accuracy of the consensus wind direction reference signal,
wind direction tracking can likely be improved, leading to an increase
in energy capture. Furthermore, using the consensus wind direction
signal as an input to the wake steering controller provides it with a spa-
tially averaged signal, rather than a local measurement, which can bet-
ter represent the large-scale wind direction trends relevant to wind
farm control, yielding more effective yaw offsets for wake steering.
However, as suggested by Schepers et al.,113 waked wind turbines can
experience different wind directions than their upstream, unwaked
counterparts because of the effects of partial wake impingement.
Therefore, during the experiment, potential biases caused by including
measurements from waked turbines in the consensus wind direction
estimates are investigated.

The wake steering controller uses a lookup table to determine the
target yaw offset for each wind turbine as a function of the consensus
wind direction as well as the estimated freestream wind speed and
plant-level turbulence intensity. The yaw misalignment setpoints of
the turbines’ yaw controllers are then changed to these yaw offsets,
which are updated every 10 s. Whereas most wake steering controllers
used in previous experiments include wind direction and wind speed

to determine the yaw offsets, the strong dependence of wake steering
performance on other atmospheric conditions, such as stability114,115

and turbulence intensity (TI),115,116 is addressed by including TI as a
third dimension in the lookup table, similar to the controllers imple-
mented by Doekemeijer et al.110 and Howland et al.112 Optimal yaw
offsets are identified for each combination of wind direction (in steps
of 1�), wind speed (in steps of 1 m/s), and TI (for values of 5%, 8%,
11%, 14%, and 17%) using NREL’s computationally efficient FLOw
Redirection and Induction in Steady State (FLORIS) wind farm control
engineering tool117 and the Serial-Refine method.118 Yaw offsets for
arbitrary combinations of wind direction, wind speed, and TI are
found from the lookup table using linear interpolation. The yaw offset
magnitude is constrained to be no more than 24� at low wind speeds,
and the limit is reduced further as wind speed increases. Example yaw
offsets from the lookup table are provided in Fig. 14 for the middle
wind turbine in the second row from the south within the 12-turbine
wake steering cluster.

The freestream wind speed input to the yaw offset lookup table is
estimated as the mean wind speed measured by the set of 2–27 wind
turbines classified as experiencing freestream inflow, depending on the
median wind direction in the wind plant. The plant-level turbulence
intensity is estimated at each time step as the 10th percentile of the
measured TI values from the set of operating wind turbines, which are
in turn calculated using 10-min statistics. The wind speed and plant-
level turbulence intensity inputs to the lookup table are filtered using a
first-order low-pass filter with a time constant of 60 s to better repre-
sent the slowly varying wind conditions relevant to wind farm control.
Because the consensus wind direction input to the yaw offset lookup
table already includes spatial and temporal averaging, as discussed ear-
lier, no additional filtering is applied to this signal by the wake steering
controller.

Wake steering can increase the yaw activity of the controlled tur-
bines, which can accelerate damage to wind turbine components.
Therefore, in addition to using the consensus wind direction estimates
as inputs to the lookup table, consensus wind directions are also used
as inputs to the turbines’ standard yaw controllers to help reduce the
overall number of yaw activations and yaw travel. Consensus control
and wake steering are combined by summing the individual target yaw
offsets determined for consensus control and wake steering. A high-
level overview of the combined consensus and wake steering wind
farm controller is shown in Fig. 15.

The consensus and wake steering controllers are evaluated during
the experiment using a combination of controller toggling and com-
parison with reference wind turbines. For the consensus control exper-
iment, which is tested on the western half of King Plains (see Fig. 13),
12 uniformly dispersed turbines, both on the outside and inside of the
farm, are used as reference turbines throughout the campaign; they
will still contribute their wind direction signal to neighbors but will
only use their own wind vane signal for yaw control. The remaining 26
turbines are divided randomly into two halves every 30min; one set of
turbines will operate with a yaw controller that uses the consensus
wind direction and the other will operate with the baseline control
strategy. The random selection of turbines is intended to eliminate
potential spatial sampling biases. Ideally, the toggling period would be
minimized to eliminate temporal sampling effects, but since yaw con-
trollers activate on the order of every 1–10min, several yaw activations
should be observed within each sampling period. To evaluate the
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impact of consensus control on the amount of yaw activity, yaw travel
statistics for each turbine will be compared during baseline and con-
sensus control periods. A similar process will be used to determine the
impact of consensus control on energy production; however, the
power production of each turbine will first be normalized by the aver-
age power of the reference turbines to help isolate the impact of the
control strategy from factors that could affect the performance of all
turbines in the wind plant, such as atmospheric conditions.

Wake steering is evaluated for 15 wind turbines on the eastern side
of King Plains, including the 12 turbines in the 3� 4 array shown in
Fig. 13. Because these 12 turbines are separated by large distances
[�10–15 rotor diameters (D)] for the predominant southerly wind
directions, wake losses as well as energy gains from wake steering are
expected to be relatively low, except during periods with low turbulence.

To increase the likelihood of observing significant energy gains during
the experiment, three additional turbines were selected for wake steer-
ing, with neighboring turbines only 4–8D downstream for southeasterly
wind directions (see Fig. 13). The impact of wake steering on energy
production and yaw activity is measured by toggling all 15 turbines
hourly between baseline control and combined consensus and wake
steering control so the two control modes can be evaluated in similar
wind conditions. To avoid potential biases caused by implementing the
same control mode at the same hour each day, the control mode
selected for the first hour of the day will alternate. Similar to the consen-
sus control experiment, yaw travel statistics and energy production will
be compared for the two control modes to determine the impact of
wake steering, with the power production of the test turbines normal-
ized by the power of nearby wind direction-dependent freestream

FIG. 14. Example yaw offsets for wake
steering for the middle wind turbine in the
second row from the south within the
12-turbine wake steering cluster shown in
Fig. 13. The top plot shows the target yaw
offsets as a function of wind speed for a
turbulence intensity of 8%, and the bottom
plot shows the yaw offsets as a function of
turbulence intensity for a wind speed of
8 m/s.

FIG. 15. Overview of the combined consensus and wake steering wind farm controller.
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reference turbines. Note that the first 10–20min after a control mode
change should be discarded when analyzing the data to (1) provide
time for the yaw controllers to adjust to the new yaw offset targets and
(2) allow wakes influenced by the previous control mode to finish prop-
agating through the cluster of test turbines.

F. Wind farm atmosphere momentum balance and
intermittent turbulent events

Entrainment of momentum from the surrounding atmosphere is
needed to replenish the wind resource within a wind farm and is espe-
cially critical for maximizing the power output from large wind farms.
Observations have suggested that wake replenishment in the center of
a wind farm is weaker than on the edges.41 Over the last decade, large-
eddy simulation studies119–121 have examined entrainment from the
atmospheric boundary layer into the wind farm boundary layer, in
particular examining how farm layout and turbine spacing impact tur-
bulence length scales and hence, entrainment. However, these model-
ing studies have typically employed idealized setups and therefore do
not provide full insight into the wind farm–atmosphere momentum
balance that prevails under realistic conditions. In particular, under
stable conditions and when the wind farm boundary layer does not
attain a fully developed state, it has been found that horizontal
momentum fluxes can dominate over vertical entrainment as the chief
means of replacing kinetic energy within the turbine array.122

Recently, turbulent momentum fluxes and entrainment around large
offshore wind farms were examined using aircraft-based observa-
tions,123 notably revealing the significance of horizontal momentum
fluxes under many conditions as well the profound impact of atmo-
spheric stratification on the characteristics of momentum exchange
between the wind farm and surrounding atmosphere. AWAKEN’s
observational strategy has detailed turbulence and thermodynamic
profile observations available upstream (sites A1, A2, B, E36), down-
stream (site H), and lateral (site C1a, Golf Course) to the wind farm
that allow these issues to be examined (Fig. 16)124 for land-based wind
farms in a region with strong atmospheric stability variations.
Moreover, statistical analyses of power output and other operational
data from the King Plains wind farm and the observed state of the
wind farm-atmosphere momentum balance under different atmo-
spheric conditions allows the validity of testable hypothesis 5 to be
assessed.

Intermittent bursts of turbulence have been observed in the noc-
turnal boundary layer.125–128 These bursts can originate on clear, mod-
erately stable nights from a number of physical causes, including the
breakdown of gravity waves,126 from shear instability found under-
neath a low-level jet (LLJ)125,129 or downslope flows,130 from Kelvin–
Helmholtz instabilities,125,128 or from strong wind gusts aloft.126,130

During AWAKEN, measurements of intermittent bursts of turbulence
found in the rotor-disk layer (�25–160 m) will be taken using profil-
ing and scanning lidars at sites A1, A2, B, C1a, and H. Additionally,
E36 provides measurements of background intermittent turbulence at
a location minimally influenced by the area’s wind farms. In the WFAI
context, key concerns associated with these intermittent turbulent
events are their effects on power production and turbine structural
loading. Thus, the load measurements from turbines H05, G02, and
E06 can be scrutinized during periods of turbulence intermittency to
evaluate testable hypothesis 7.

G. Wind turbine wakes

Individual turbine wakes have been one of the most extensively
studied flow features in wind energy research since they represent the
major cause for power losses in large wind farms.29,131,132 Although
several mechanisms of wake dynamics are well-understood in con-
trolled environmental conditions, only the recent advent of remote
sensing technology has permitted the characterization of wakes from
utility-scale generators placed in the ABL.40–42,133–140 The cited studies
generally focus on the characterization of wakes from a single turbine
under undisturbed inflow, whereas there is a need to further investi-
gate the behavior of internal wind farm wakes. The AWAKEN instru-
ments have the capability to detect single and merging wakes, thus
potentially expanding the knowledge of previous field studies.
Furthermore, the wake characterization is instrumental to address
other testable hypotheses, namely, those focusing on wind farm con-
trol, wake-generated turbulence, and farm wake.

Wind turbine wakes are primarily characterized by measure-
ments from scanning lidars that have been mounted on the nacelle of
five turbines within the King Plains wind plant (Fig. 17). Additional
wake characterization is possible using the dual-Doppler wind fields
generated by the Texas Tech X-band radar systems over large portions
of the Armadillo Flats, Breckinridge, and King Plains wind plants (see
Fig. 8).

FIG. 16. Median momentum flux profiles (left) and median horizontal wind speed
(right) from a surface sonic anemometer and a lidar at 40 D (or rotor diameters
(RD)) upwind of King Plains (site A2) and a lidar at 22 D downwind (site H) during
southerly wind directions (from 166� to 190�), from March 17, 2023, to September
10, 2023. The vertical limits of the wind turbine rotor layer are shown with gray con-
tinuous lines; dashed lines show the hub height.
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The scanning lidars on the instrumented turbines H05, G02, F04,
and E06 will be primarily used to characterize turbine wake variability.
Having multiple nacelle-mounted lidars on a north-south transect
allows for a systematic quantification of the turbine wakes at various
downwind distances within the wind plant, as well as an assessment of
the inflow conditions, given the predominant southerly wind direction
(see Fig. 2). The lidars use a complex scanning strategy (see Letizia
et al.141 for details), which has been optimized with the LiDAR
Statistical Barnes Objective Analysis (LiSBOA) tool proposed in Letizia
et al.89,142

All scans have been designed to take into account the wake steer-
ing activities that involve the instrumented turbines, and the scanning
strategy is differentiated between periods with and without wake steer-
ing misalignments. In general, the inflow is characterized by fast PPI
horizontal scans. The variability of wind turbine wake statistics is
assessed with a combination of slow PPI during wake steering and vol-
umetric scans otherwise. Particular focus is given to wake meandering,
whose quantification is achieved with a combination of both fast PPI
and RHI scans. Redundant measurements for wake analysis are also
provided by the nacelle-mounted staring lidar placed on H05 (primar-
ily used for control purpose) and the lidar on G06, which performs
360� PPIs for the detection of speedups.

Figure 18 showcases a turbine wake analysis with volumetric lidar
data from turbine E06. The mean streamwise velocity deficit undergoes
drastic changes from one period to the next as a consequence of the
changing wind conditions (high shear and veer onset after 0500 UTC)
and power curtailment (0600-0800 UTC).

H. Precipitation measurements

Although not included in the formal list of testable hypotheses,
the AWAKEN field campaign is also collecting data to better under-
stand the relationship between wind plants, turbines, and precipitation.

As such, laser disdrometers have been placed at sites A1 (near surface,
data shown in Fig. 19), H (near surface), and on the nacelle of the tur-
bine H05 to measure droplet size distribution and intensity.

These observations can be used to understand to what extent
wind turbines and plants impact precipitation properties, in terms of
variation of the spatial distribution of precipitation characteristics
across a wind farm. Previous studies suggested either limited143 or
no142 impacts on precipitation by wind farms. The observations col-
lected at AWAKEN would represent the first ones to more definitively
quantify the impacts of wind turbines on local precipitation patterns.
Additionally, precipitation data will also be used for analysis to under-
stand how impacts from hydrometeors leads to material stresses in
wind turbine blades.145 Leading-edge erosion (LEE) of wind-turbine
blades is an important challenge that the wind industry is facing146

and is a major cause of blade repair/replacement. LEE leads to struc-
tural degradation and poor aerodynamic performance, thereby affect-
ing the power output of the turbines and increasing maintenance and
repair costs. One of the main causes of LEE is attributed to multiple
impacts from rain droplets and hailstones, which trigger wave propa-
gation in the protective layers of the aerodynamic surface, leading to
its degradation and erosion.147 Higher tip speeds are one of the chief
contributors to LEE since they largely dictate the closing velocities and
thus impact kinetic energy transfer between the hydrometeors and the
blade.148 Reducing turbine blade tip speeds during high-rainfall events,
the so-called “erosion safe” operating mode, has been found to signifi-
cantly extend blade lifetimes.145,149 Other mitigation strategies include
leading-edge protection through tapes and coatings, though they
require regular maintenance to preserve their effectiveness. Improving
the predictive capabilities of LEE models can help to optimize mainte-
nance and turbine operation schedules to extend blade lifetimes. Using
precipitation data collected at multiple heights (surface and hub-
height) and surrounding a wind farm (inflow and within) will permit

FIG. 17. King Plains turbines that have
been instrumented with nacelle-mounted
lidars, and qualitative sketches of the
regions being scanned by each lidar.
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quantification of the combined effect of precipitation impact and
wake-induced turbulence on LEE.

V. DATA MANAGEMENT

The AWAKEN project will produce the largest quality-controlled
experimental, multi-instrumental dataset describing wind farm–atmo-
sphere interactions to date. Given the size and unique nature of this
dataset, our data management practices adhere to findability, accessi-
bility, interoperability, and reusability (FAIR) principles150 to

maximize the utility of this dataset for atmospheric science and wind
energy researchers and the return on investment for all project part-
ners and funding agencies. To this end, we will store and broadly dis-
seminate all data in the public domain on two fronts: the ARM Data
Center (https://adc.arm.gov) and the DOE Atmosphere to Electrons
Wind Data Hub (https://a2e.energy.gov).151 As detailed in the main
instrumentation timeline spreadsheet hosted on the Wind Data Hub
AWAKEN project page, the ARM Data Center is the primary hub to
host observations from ARM-owned instruments, whereas the Wind
Data Hub is the main portal for data from all remaining instruments.

The Wind Data Hub upload procedure includes execution of the
following automated processes: (1) data standardization to NetCDF
format, (2) basic preprocessing of raw data to calculate thermo-fluid-
mechanic quantities of interest, (3) quality assurance and preliminary
quality control, (4) verification of metadata completeness, and (5)
assignment of a unique digital object identifier (DOI). All data from
the ground sites are public and made available to registered users, and
archived in the long term, with metadata stored in perpetuity.

VI. CONCLUSIONS

AWAKEN is a unique field campaign to gather new observations
of WFAI that will be useful for the wind industry and research com-
munity alike. These observations will include new observations of
wind farm and turbine wakes, structural loading impacts from atmo-
spheric and wake turbulence, low-level jet impacts on performance
and large-scale testing of two wind farm controls technologies. The
field campaign has been designed to optimize placement and operation
of instruments around a series of five wind farms in Northern
Oklahoma. These instruments provide observations that researchers
will use to address seven testable hypotheses, identified as key research

FIG. 18. Case study of 3D wake mean velocity evolving throughout a period of transitional wind conditions and wind farm curtailment. Shaded areas indicate the availability of
volumetric scans within the scanning schedules.

FIG. 19. Joint probability distributions between wind speed and rain intensity at site
A1 from January 1, 2023, to September 10, 2023.
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priorities by wind energy experts. The data gathered will be used to val-
idate and improve simulation tools that will be used for future wind
farm layout optimization and wind farm control design. Most of the
observations will be publicly available in DOE’s Wind Data Hub.
Lessons learned from this project will advance the current state of the
art in wind energy science, help industry lower the cost of wind energy,
and inform future field campaigns on further WFAI data needs, both
on land and offshore.
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