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Observations Show That Wind Farms Substantially
Modify the Atmospheric Boundary Layer Thermal
Stratification Transition in the Early Evening

D. A. Rajewski' (), E. S. Takle"

, A. VanLoocke' (), and S. L. Purdy"

1Department of Agronomy, Iowa State University, Ames, IA, USA

Abstract single wind turbines and large wind farms modify local scales of atmospheric boundary layer
(ABL) turbulence through different mechanisms dependent on location within the wind farm. These
changes in turbulence scales would most likely have notable influence on surface fluxes and microclimate
during the afternoon and early evening stability transition. Profiles of Richardson number and shear and
buoyancy from 1-Hz tall tower measurements in and near a wind farm in an agricultural landscape were
used to quantify departures in stability characteristics during the fallow seasons. A single turbine wake
decoupled turbulent connection between the surface and above the wind turbine, changed the onset of
near-surface stabilization (earlier by a few hours), and lengthened the transition period (by up to an hour)
within the rotor wake. Deep within a large wind farm, turbulence recovered to near-ambient conditions and
departures of the transition onset and duration were within 30 min of the natural ABL.

Plain Language Summary Wind farms and single wind turbines change low-level atmospheric
transport of momentum, heat, and water vapor, increase surface nighttime temperature, and decrease
surface humidity. We infer that wind farms and single turbines also modify transitions in warming and
cooling of the air during the daytime to nighttime hours. Measurements are used from a twin 120-m tall
tower network in Iowa to detect differences in the evening transition between a location outside of a wind
farm and near a single turbine or inside the wind farm. Behind a single turbine, the surface air cools 2 hr
earlier while the air within the blade swept area cools 1 hr later when compared to outside the wind farm.
Wind farm flow causes a small difference (+30 min) to the transition. The results provide additional
evidence that wind turbines may influence biological regulation of soil microorganisms, plants, or animals
in the proximity of wind energy production facilities.

1. Introduction

Expansion of renewable wind power generation for mitigating impacts from climate change (U.S.
Department of Energy, 2015) has increased the global footprint of wind turbines and large wind farms in
the marine and land atmospheric boundary layers (ABLs). Individual turbines and wind farms influence
near-surface fluxes (Rajewski et al., 2014, 2016) and temperature, humidity, wind, and turbulence conditions
below and above the rotor-swept layer (RSL; Adkins & Sescu, 2017; Armstrong et al., 2016; Platis et al., 2018;
Siedersleben et al., 2018; Takle et al., 2019). Changes to the natural ABL diurnal transitions are expected
because both wind farms and single turbines modify near-surface microclimate.

The natural ABL evening transition is responsible for changes in low-level convergence, mesoscale convec-
tion (Blackadar, 1957; Stensrud, 1996), and tornadic formation (Coffer & Parker, 2015). This transition influ-
ences wildlife (Alerstam, 2011), human aviation (Blackadar, 1957), wind power production (Deppe et al.,
2012; Walton et al., 2014), and near-surface trapping of pests, pathogens, and pollutants (Takle et al.,
1976). The early evening transition (EET) is the first few hours before and after sunset (Acevedo &
Fitzjarrald, 2001; Bodine et al., 2009) during which the loss of buoyant heating at the surface leads to a rapid
collapse of turbulence. The effect of the EET gradually extends into the residual mixed layer during evening
and nighttime hours (e.g., Stull, 1988). EET turbulence is composed of local scales within the stable ABL and
nonlocal scales from the residual layer that penetrate into the stable layer (Blay-Carreras et al., 2014; Sun
et al., 2016). The growth of the stable surface layer during the EET causes a spike in low-level humidity
(Acevedo & Fitzjarrald, 2001; Bonin et al., 2013), increases low-level stress divergence (Mahrt, 1981), and
allows for the formation of a low-level jet (Klein et al., 2016).
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During the EET, a crossover to neutrality occurs in the buoyancy flux and vertical potential temperature gra-
dient (Jensen et al., 2016; Nadeau et al., 2011). The transition time for zero gradient or zero buoyancy may
vary as much as a few hours due to natural variability in the ABL and surface-linked effects including lati-
tude, terrain, vegetation, soil moisture, and temperature (e.g., Jensen et al., 2016). Forced scales of turbu-
lence created by wind turbines may also influence ABL transitions.

Wind turbines generate turbulence with spectral energy on spatial scales of the rotor diameter and tip vor-
tices (Jimenez et al., 2007; Vermeer et al., 2003). Over some daytime segments of the diurnal cycle, the energy
contained at the turbine spectral scales is lower than ambient values, and microclimate influences are cre-
ated by a decoupling of turbulence below turbine wakes from layers above (Rajewski et al., 2013; Takle
et al., 2019). However, during the EET and into the nighttime, turbulent energy from wind turbines can
dominate natural turbulence and be the key driver of microclimate processes. Wakes from single wind tur-
bines and large wind farms reduce the rate of radiative surface cooling and enhance nighttime surface tem-
perature (Baidya Roy & Traiteur, 2010; Harris et al., 2014; Zhou et al., 2012) and fluxes of heat, water, and
carbon dioxide above crops (Rajewski et al., 2013, 2014). Such evening enhancement in surface heat flux
was simulated across a 200-turbine wind farm (Lee & Lundquist, 2017). Changes in depth and intensity of
wake wind speed, turbulent kinetic energy, and wind direction three rotor diameters downwind of a turbine
were reported for one EET by Lee and Lundquist (2017) and Vollmer et al. (2017). However, other EET simu-
lations indicate that turbine-generated turbulence is similar to neutral stratification conditions (Englberger
& Dornbrack, 2018; Sharma et al., 2017). Additional wind farm observations are necessary to improve pre-
dictive skill of wind energy-atmosphere interactions.

This study presents measurements of wind turbine and wind farm modification of EET characteristics for a
flat terrain agricultural landscape within a U.S. Midwest low-density wind farm. Distinguishing impacts
from an individual turbine and from impacts of the entire wind farm addresses differences in turbulence
scales at the leading edge or deep within the wind farm. Single wake rotor-scale turbulence occupies a shal-
low ABL layer (e.g., 100 m) and should have a measureable impact on transition characteristics. The aggre-
gation of turbulence scales from multiple wakes and the entrainment of natural turbulence into a thicker
wind farm boundary layer (WFBL; e.g., >100 m) should reduce modification of the EET. Differences in sta-
bility casued by these forced scales of turbulence generation are compared to natural variations in back-
ground ABL turbulence.

2. Materials and Methods

One-Hertz in situ tower measurements of wind speed, air temperature, relative humidity, and air pressure
from the Iowa Atmospheric Observatory (IAO) (Takle et al., 2019) are taken outside (A2) and inside (A1)
a low-density 200-turbine Central Iowa wind farm with turbine spacing >15 rotor diameters, D (D = 82
m). Differences in onset, intensity, and duration characteristics of EET stratification are quantified within
wakes 13-15 D downwind of a single wind turbine and from the wind farm wake (24-170 D from 50 tur-
bines) as shown in figure 5 of Takle et al. (2019). Stability characteristics are determined from 5-min averages
of 1-Hz measurements using the Gradient Richardson number, Ri, (e.g., Stull, 1988) as calculated in Takle
et al. (2019). Gaps in sonic anemometer data prevent a climatological comparison of stability from direct
measurement of turbulent fluxes. Ri and shear and buoyancy factors of Ri are calculated for the 5-40 m
below rotor layer (BRL) beneath the turbine-swept rotor and the 40-120 m RSL of wind turbine blades
(Newman et al., 2013; Takle et al., 2019). These stability terms are composited to determine contrasting con-
ditions of the single turbine boundary layer (WTBL) and the WFBL from those of the natural ABL. Data from
6 June 2016 to 31 May 2018 are selected for analysis.

2.1. Filters for Data Quality and Nonideal Conditions

Spikes are removed from 5-min averaged measurements of wind speed and relative humidity at all tower
heights and holds in wind speed and direction are filtered (Kelley & Ennis, 2016). March to May 2018 data
are unusable because of a —9.0 K bias in air temperature and —0.9 hPa bias in air pressure caused by an elec-
tronic malfunction of the A1l instrument logger. Measurements are excluded when cloud cover is >2/8 oktas
at either of two Automated Weather Observing System locations ~20 km east-northeast and west-northwest
of A2. Precipitation and fog events from radar, satellite imagery, and surface visibility observations archived
from the Towa State University Iowa Environmental Mesonet Time Machine (2019) provide additional
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filtering metrics. Seventeen percent of the total observations are then available to isolate surface conditions
for the natural ABL, WTBL, and WFBL.

2.2. Selection of Surface Conditions and Sectors of Natural ABL, WTBL, and WFBL

Data are selected from seasonal periods with low surface roughness. Microclimate impacts from turbine
wakes in these conditions are expected to be relatively large because of low wake dissipation when ambient
shear-generated turbulence is small (Emeis, 2010). Measurements are composited for a soil/stubble surface
and when the emerged crop has a low footprint on the soil surface: November (2016 and 2017) and
March/April/May (2017 and 2018). Observations when snow cover was reported at either tower using mod-
eled snow depth information from the National Operational Hydrologic Remote Sensing Center (2019) were
removed. The A1 ABL sectors of no wind farm influence, WTBL, and WFBL are determined from the A2
80-m wind direction (Takle et al., 2019) and a 5° turbine wake expansion factor (Barthelmie et al., 2009).
The natural ABL sector features a 5-m rise in terrain over a 100-m wide knoll 50 m west-southwest of the
Al tower. Measurements from this nonprevailing wind direction characterize terrain influences on the
ABL distinguishing it from the other two directional sectors. To investigate afternoon shear convective
ABL cases leading to an evening stable ABL, turbine-operating status conditions are selected when the
80-m wind speed at A2 is above the turbine cut-in speed (3.5 m s™*) and below the wind speed of the
turbine-specified rated power (11.5m s ') (GE Energy, 2009). The temporal structure of the EET is analyzed
from the remaining 3% of observations.

2.3. Determination of ABL Transition Periods

We define the natural ABL periods for EET according to departures from a reference sunset time (zg) (Mahrt,
2017). The measurements are composited for each standardized time into a 30-min period to reduce
temporal variability leaving ~15-30 observations for each half-hour of the natural ABL, WTBL, and
‘WEFBL sectors.

2.4. Ri Profile Determination

Ri is calculated for the BRL and RSL (Takle et al., 2019). Sub-BRL/RSL levels of Ri are determined from gra-
dients between adjacent measurement levels: 5-20 m, 20-40 m, 40-80 m, and 80-120 m. Each 5-min median
Ri is composited to remove statistical outliers (Vanderwende et al., 2015; Vanderwende & Lundquist, 2016).
Changes in BRL and RSL stability transition are identified by comparing Al and A2 shear and buoyancy fac-
tors for each of the natural ABL, WTBL, and WFBL directional sectors. Sub-level Ri profiles are compared
between Al and A2 for the evolution of the EET at 30-min increments of standardized sunset times: 6, 5,
4,3,2,1.5,1, and 0.5 hr before sunset and 0, 0.5, 1.0, 1.5, and 2.0 hr after sunset.

3. Results

Differences in the EET are assessed by first describing transition conditions at the A2 tower surrounded by
uniform soil surface and flat terrain (section 3.1). The EET onset and duration characteristics from A2 are
compared with the Al tower in each composite representing the knoll in the natural ABL, the WTBL, or
WFBL flat terrain conditions in the BRL and RSL (section 3.2) and in higher vertical resolution of the
120-m layer (section 3.3).

3.1. EET Conditions in Flat Terrain ABL Outside the Wind Farm

Five-minute median composites of the A2 Ri shear term, Ri buoyancy term, and Ri for the BRL, RSL, and sub-
layers (Figure 1) indicate slight temporal and spatial variability of the onset and completion of the stability
transition. The increase of wind shear from heating the mixed layer (Figure 1a) and a quasi-constant forcing
of buoyancy (Figure 1b) during the afternoon (¢t > t; — 3.15 hr) contribute to a gradual weakening of instabil-
ity near the surface (Figure 1c). In the second phase of the afternoon transition (7 — 2.0 hr < t < 7y — 3.15 hr)
buoyancy begins to weaken with less insolation. In response, enhancement in shear further reduces instabil-
ity below 40 m, continuing into the EET at onset (¢t = 75 — 1.5 hr) and completion (¢t = 75 + 1.0 hr). The Ri
decrease above 40 m begins in the late afternoon (t = r — 2.0 hr) during the large decline in near-surface
buoyancy associated with loss of frictional forces above the surface. The 5-20 m layer exhibits a 30-min earlier
onset (t = 7 — 1.5 hr) of instability decay and 30-min earlier buoyancy transition to zero (t = g — 0.5 hr) than
the 20-40 m layer. Destabilization at both sub-levels above 40 m is concurrent at the EET onset (t = 7, — 1.5
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Figure 1. Five-minute median composites before, during, and after the EET in the 5-40 m BRL, 40-120 m RSL, and sublayers: 5-20 m, 20-40 m, 40-80 m, and 80—
120 m for the (a) shear factor of Ri, (b) buoyancy factor of Ri, and (c) Ri for flat terrain ABL. The onset of slow decrease in instability preceding the EET is marked by
a thin black line. A magenta dashed rectangle highlights the EET.

hr). Speed shear continues to rise during the EET throughout all sublayers, whereas buoyant suppression
approaches a quasi-equilibrium intensity at sunset (t = 7,) in the 5-20 m layer to ~1 hr later in the 80-120
m layer. The concurrent leveling off in the stability decrease in the 40-80 m and 80-120 m layers indicates
the completion of the EET below 120 m. Shear production is balanced by buoyant consumption for the
remainder of the first few hours of the nighttime stable ABL (s + 1.0 hr < t < 75 + 6.0 hr).

3.2. Below-Turbine Layer and Turbine-Layer EET Characteristics From Natural and Forced Scales
of Turbulence

We characterize EET variability in the BRL and the RSL shear and buoyancy factors between the tower sites
due to the 5-m knoll (Figures 2a and 2d), a single turbine (Figures 2b and 2e), or the bulk of wind farm tur-
bines at the A1 tower (Figures 2c and 2f). Overall, EET onset and duration characteristics at both towers and
all ABL sectors are similar except during afternoon hours (¢t = 7, — 4.5 hr to t = 7, — 0.5 hr) in the WTBL BRL
and the late stage of the EET (¢ = 75 + 0.5 hr to t = 75 + 2.0 hr) in both bulk layers in the WTBL and WFBL.
Differences in shear and buoyancy between the towers are generally larger in the BRL than the RSL indicat-
ing the disruption of natural turbulence progression from the knoll, a single turbine wake, or multiple tur-
bines in a large wind farm is most sensitive near the surface. The single turbine wake decouples turbulence
above the rotor layer from the region below the rotor layer, which initiates smaller BRL instability in the
middle afternoon and earlier stabilization (~1 hr) ahead of the natural flat ABL. However, in the WFBL,
the conglomeration of multiple wakes reestablishes turbulent exchange above and below the RSL and fol-
lows the flat ABL changeover time to stable conditions (Figure 2f). After the EET (¢ > 7, + 2.0 hr), nighttime
shear and stratification are more significantly reduced in the WTBL. These contrasts in EET characteristics
between natural and forced scales of turbulence are amplified by determining higher-resolution Ri profiles
in the next section.

3.3. Vertical Variations of the EET From Natural and Forced Scales of Turbulence

Afternoon and evening stability transitions are compared between the flat ABL to the knoll ABL, WTBL, and
WEFBL for additional sublayers of Ri (Figure 3). Each panel denotes (1) near-surface buoyancy decrease start
times, (EET onset), (2) first level of the zero gradient crossover start times (ZGC start), (3) second level of zero
gradient crossover end time (ZGC end), and (4) the time of positive slope of stability within all layers up to
120 m.

Temporal differences in the onset and ZGC transition in the flat ABL (Figures 3a, 3c, and 3e) are likely
explained by fetch variations caused by gaps in adjacent field boundaries. Significant departures are
observed from the flat ABL in the knoll ABL, WTBL, and WFBL. In the natural ABL, low variability of
weakly stable stratification is noted above 40 m during the afternoon. However, a shift to unstable conditions
occurs in the 80-120 m layer within the high shear deficit of the single turbine wake (Figure 3d), whereas
reduced shear in the 40-80 m layer leads to an early afternoon strengthening of stability in the upper half
of the WFBL (Figure 3f). Changes in the stability profile highlight the importance of entrainment of natural
ABL fluxes and turbulence above the WFBL downward into the RSL. Both the single turbine wake and the
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Figure 2. Thirty-minute median composite tower comparisons in the 5-40 m BRL and 40-120 m RSL of shear and buoyancy factors for flat ABL and knoll ABL (a,
d), for flat ABL and WTBL (b, e), and flat ABL and WFBL (c, f). Error bars denote the interquartile range at selected 2-hr intervals during the afternoon and EET.
The onset of slow decrease in instability preceding the EET is marked by a thin black line. A magenta dashed rectangle highlights the EET.

knoll shift the EET onset ahead by a few hours. The WTBL is behind 1 hr in the completion of the EET as
indicated by the delayed stratification in the BRL/RSL interface. Evening progression of the stratification
is only slightly modified by the WFBL.

4. Discussion

Rotor-scale turbulence induces the largest changes in afternoon and evening shear and buoyancy character-
istics within and below a turbine wake in contrast to weaker differences deep in the wind farm. Findings are
summarized (Figure 4) with a conceptual model of clear sky midday, afternoon, evening, and nighttime tur-
bulence and flux characteristics of the ABL, WTBL, and WFBL. Our conception of the natural ABL
(Figure 4a) is based on the canonical diurnal transition (Stull, 1988), observations from Béserud et al.
(2016) and Darbieu et al. (2015), and new understanding of counter-gradient transport by large coherent
eddies (Sun et al., 2016). Color, size, and orientation of turbulent eddies denote changes in
temporal-spatial turbulence structure, local/nonlocal scaling, intensity, and anisotropic quality. In the after-
noon, the decoupling of large ABL eddies above the wind turbine rotor from the surface layer shortens the
initiation time for stabilization by 1-2 hr in the lower half of the BRL (Figure 4b). In the evening, ambient
turbulence above the RSL collapses due to the loss of buoyant heating; however, in the WTBL RSL,
rotor-scale turbulence (e.g., 80 m) slows stabilization by up to 1 hr in the 20-40 m layer. Large coherent
eddies, which disrupt the completion of near-surface stratification during the EET in the natural ABL, are
unable to influence turbulence in the WTBL, thus further reinforcing BRL stabilization. For the WFBL,
enhanced turbulence from the bulk of turbines in the wind farm weakly modifies shear and buoyancy indi-
cating a recovery to ambient turbulence and transition characteristics within 30 min of the flat ABL
(Figure 4c). Results indicate that relative forcing from single turbine wakes may be as significant as a step
change in surface roughness or other heterogeneous forcing in modifying the EET (Calaf et al., 2014).
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Figure 3. Thirty-minute median composites of the Ri profiles comparing the progression of the afternoon transition and EET stability of the flat ABL in (a), (c), and
(e) to (b) knoll-influenced ABL, (d) WTBL, and (f) WFBL. Earlier/later departures from flat ABL in panels (a), (c), and (e) are denoted with red/blue text in panels
(b), (d), and (f). Symbol sizes are scaled by number of samples for each category.

Large differences in the afternoon and EET characteristics between the knoll ABL and the flat ABL were
unexpected. In addition to the slight slope in terrain west-southwest of Al, tillage management differences
between Al and A2 may influence tower measurements. Earlier near surface stabilization in the knoll may
be related to flow perturbations from isolated low hills (Jackson & Hunt, 1975) and vegetative shelterbelts
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« (Wang et al., 2001). Accelerated wind speed, higher turbulence, and diver-
gent flow in the barrier lee inhibits upward motion necessary for main-
taining buoyancy (Tian & Parker, 2003). Therefore, natural variations in
o{)o@oéc turbulence and microclimate from shelterbelts or terrain should be quan-

Q

Afternoon Transition Night

@ tified to isolate turbulent forcing attributed from a single turbine or wind
. 09 farm (Takle et al., 2019).
OQOG‘O Q\é ooc;@ fJ@ Limitations of interpreting stability from buoyancy and shear approxima-
©mw:muer tions to exact turbulent budget terms exist. The gradient method may be
@ @ ©© erroneous when vertical differences in wind speed and temperature are
small or when ABL measurement resolution is >20 m (e.g., Balsley et
al., 2008). Differences in buoyancy and shear are not concurrent during
the EET, which potentially highlight the drawback of using a 30-min com-
posite for the small data record available. Complete cases of the afternoon
and EET are lacking due to temporal variability in wind direction and
speed as wind moves between and outside of the knoll ABL, WTBL,
Afternoon Transition Night and/or WFBL sectors. Sudden changes in wind speed intensity during
and after the EET are represented as spikes and are filtered from the com-
posites. Each sector is also conditioned by ambient stability. The largest
impact of the EET was observed in the WIBL. More frequent (4%)
unstable afternoon conditions were observed in the WFBL than the
WTBL, whereas more frequent (2%) stable evening conditions were mea-
sured for the WTBL than for the WFBL. Knoll ABL cases were less than
half as many as those from the dominant sector. Additional studies are
warranted to isolate EET conditions in single wakes from those in wind
farm wakes.

Detection of the natural ABL afternoon and evening transition within
wrsL L) multiple layers below 120 m from the IAO demonstrates the need for
high resolution, high fidelity temporal and spatial simulation of
transition characteristics (Banta et al., 2013, 2018). This study indicates
fast versus slow decay of wind shear between the BRL and RSL during
the late afternoon and EET period. Simulations depict a few hours lag in
the transition of buoyancy or temperature gradients between the surface
and at higher levels in the ABL (Bosveld et al., 2014; Rodrigo et al.,
2017), but these observations indicate a 30-min difference in
transition phases.

Stable

Some of the measured contrasts of transition characteristics between the
natural ABL and within single turbines and wind farms concur with
simulations. Fitch et al. (2013) depict a 30-min earlier stabilization in
the BRL and 30-min later completion of the stratification transition in
the RSL as compared to the natural ABL. This earlier crossover of
near-surface stability is indicated in IAO measurements of both single
turbines and WFBLs unlike (Sharma et al.,, 2017). These EET and
nighttime observations are in agreement on a substantial lowering of
the shear factor (Fitch et al., 2013) and buoyancy factor (unlike Fitch
Figure 4. Conceptualization of (a) natural ABL transition, (b) forced WTBL et al., 2013; Sharma et al., 2017) within the WFBL. Limitations of these

transition, and (c) forced WFBL trar}sitiQn from midday ur%stabl.e conditif)n comparisons are due to different landscapes, climatic years, and
through the afternoon and EET until midnight stable stratification condi- svnotic-scale weather influences

tion. Local eddies (gray), nonlocal coherent eddies (gold) during the day- ynop ’
time, and mesoscale sources of turbulence (purple) during the nighttime are
shown.

5. Conclusions

This study provides a first assessment of changes in the ABL afternoon
and evening transitions within WTBLs and WFBLs from 120-m tall tower measurements outside and
inside of a large wind farm. Highlights of notable findings are as follows:
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1. Within the WTBL, the EET begins a few hours earlier and ends an hour later than in the flat ABL.
The WFBL modifies the transition start and completion by at most 30 min.

3. Heterogeneities in fetch and terrain regulate EET characteristics over an otherwise presumably flat uni-
form ABL.

4. Entrainment processes in the interaction of the ABL above and within the wind turbine/wind farm RSL
need further assessment in understanding diurnal boundary layer transitions in wind farms.

These changes in the EET due to generation of turbulence from single wind turbines may influence trans-
port of heat, water, and carbon dioxide from a non-vegetative surface. Turbine wakes are of equal or greater
significance than ABL variability attributed from natural turbulence differences in surface and atmopheric
factors. Equally important may be the modification of the morning transition characteristics from single tur-
bine wakes or the wind farm wake, which is a topic of future study.
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