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Abstract

The widespread deployment of wind-energy systems locally alters near-surface turbulent
transport processes of energy, affecting temperatures and soil moisture. This study, for the
first time, systematically investigates the influence of wind turbines on micro-meteorological
conditions using large-eddy simulations across a range of atmospheric stability regimes.
Simulations were conducted with and without wind turbines to systematically quantify dif-
ferences in air temperature, surface temperature, sensible heat flux, latent heat flux, and soil
moisture. The results show that turbine effects are strongly influenced by atmospheric sta-
bility. Under daytime strongly unstable conditions, turbines induced 0.06 K of modest air
temperature cooling and reduced sensible heat flux by 6.97 W m~2. In contrast, strongly stable
night-time conditions exhibited pronounced air temperature warming of 0.695 K, widespread
increases in surface temperature of 0.76 K, and enhanced soil moisture depletion of around
2.09 x 1073% (v/v). The latent heat flux generally increased in unstable regimes, but our
result shows an enhancement also under strongly stable conditions, which is 1.72 W m~2,
consistent with an average higher reduction of soil moisture. The results show the friction
velocity at 4 m increased by up to 0.073 m s under stable conditions, but showed slight
reductions (around 0.029 m s') under strongly unstable conditions. The findings highlight
that stability transitions, particularly from strongly stable to unstable states, play a critical
role in shaping surface warming, energy fluxes, and soil moisture responses. These insights
provide a basis for assessing potential agricultural implications of wind energy development.
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1 Introduction

Human activities, particularly the emission of greenhouse gases (GHG), most notably CO;,
are the primary drivers of global warming (IPCC 2023). It is estimated that energy production
accounts for approximately three-quarters of global GHG emissions (IEA 2024). To combat
human-caused climate change and achieve carbon neutrality by 2050, as outlined in the
European Green Deal, it is crucial to shift energy production toward sustainable and renewable
sources. The global demand for renewable energy continues to rise in response to growing
concerns over climate change, energy security, and environmental degradation (IEA 2021).
As aresult, interest in wind energy has peaked as a viable alternative to fossil fuels, leading to
a growing number of wind energy projects that contribute to national development (GWEC
2024). In 2023, onshore wind energy saw a record-high number of new installations, adding
100 GW (GWEC 2024).

As wind farms increasingly occupy rural and agricultural landscapes, there is a pressing
need to understand their interactions with local atmospheric and land surface processes.
Because of this, scientists began research on the effects of renewable energy expansion
in various aspects, including social, environmental, and economic. According to research
conducted by the US Department of Agriculture, it was found that more than 90% of onshore
wind turbines were sited on agricultural lands in the USA (Maguire 2024). As wind farms
increasingly occupy rural and agricultural landscapes, there is a pressing need to understand
their interactions with local atmospheric and land surface processes.

Previous agricultural studies have shown that farmers have been using ventilators to protect
crops during extreme cold Periods (Brooks et al. 1961; Battany 2012) to mix the warm air
aloft with the cold air near the surface, thereby reducing frost damage by increasing near-
surface temperature. A wind turbine (WT) in the middle of an agricultural land can have
the same effect during colder nights and help to reduce the adverse effects of extremely low
temperatures to some extent. It reduces the wind velocity at the hub height due to momentum
extraction (Emeis and Frandsen 1993; Baidya Roy et al. 2004), and once the turbine begins
to rotate, it generates additional turbulence that enhances vertical mixing of momentum,
heat, and scalars at the hub height, leading to changes in near-surface heat fluxes (Baidya
Roy et al. 2004; Zhang et al. 2013a). Although these effects may appear small on average,
even subtle shifts in microclimatic conditions can influence plant growth, frost risks, and
soil water retention factors critical to sustainable agricultural productivity(Chmielewski and
Rotzer 2001; Lobell and Field 2007).

For this reason, scientists also started research on the effect of wind farms on local meteo-
rological conditions (Baidya Roy et al. 2004; Zhou et al. 2012; Abkar and Porté-Agel 2015;
Sharma et al. 2017; Siedersleben et al. 2018; Zhang et al. 2024). Field campaign data showed
that the near-surface air temperature increases during the night and early morning hours,
whereas a cooling effect occurs during the daytime in the presence of WTs (Ivanova and
Nadyozhina 2000; Baidya Roy and Traiteur 2010). It also indicates that the direction of
the change in heat fluxes is mainly associated with atmospheric stability, which primarily
depends on the lapse rate at the time of day (Baidya Roy and Traiteur 2010). To explore
these effects, researchers have adopted a range of methodological approaches. Comparison
of field measurement data (Baidya Roy and Traiteur 2010), wind tunnel experiments (Zhang
et al. 2013b; Tian et al. 2017), and analysis of satellite data (Zhang et al. 2024) are a few
approaches. Traditional field measurements offer valuable insights, but are inherently limited
as the variability of natural conditions makes it difficult to isolate the specific influence of
wind farms on meteorological variables.
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Several previous studies have reported temperature changes associated with wind farm
operation. Armstrong et al. (2016), using high-resolution measurements from a wind farm in
Scotland, observed that turbine operation increased near-surface air temperature by approxi-
mately 0.18 °C during nighttime, and also elevated air, surface, and soil temperatures across
the diurnal cycle. Qin et al. (2022) analysed Moderate Resolution Imaging Spectroradiome-
ter (MODIS) satellite data and found an average nighttime warming of 0.10 °C across the
entire wind farm area, with 61% of the sites exhibiting warming of up to 0.36 °C. Their study
also highlighted that the magnitude of the effect depends strongly on the size of the wind
farm. Zhou et al. (2012), based on long-term satellite observations and numerical simulations,
reported a significant nighttime surface warming trend of 0.72 °C per decade over large wind
farms in Texas. More recently, Han et al. (2025) assessed land-surface temperatures and veg-
etation dynamics using remote sensing data, showing that wind farms increased nighttime
land-surface temperatures by 0.20 °C and decreased daytime temperatures by 0.11 °C, with
pronounced seasonal variability during daytime conditions. Field observations sometimes
report only weak or location-specific impacts of wind farms on near-surface air temperature.
For instance, Moravec et al. (2018) found no systematic differences in air temperature after
turbine installation based on measurements at a wind park in the Czech Republic. At one
station, they even observed a slight daytime warming rather than the expected cooling, which
the authors attributed to natural turbulence generated by the surrounding mountainous terrain.
Similarly, Baidya Roy and Traiteur (2010) described such cases as “low-impact wind farms”,
where the influence of turbines is comparatively small because background boundary-layer
turbulence is already high due to natural conditions. These findings raise an important ques-
tion: Is additional turbulence from turbines beneficial, detrimental, or significant enough to
meaningfully influence near-surface processes? For example, nocturnal warming induced by
turbine-driven mixing could reduce the risk of frost damage, offering potential benefits for
agriculture in frost-prone regions. Moreover, enhanced turbulence and modified surface—at-
mosphere exchange may increase evapotranspiration, thereby contributing to increased soil
moisture depletion. These processes are not limited to thermal effects but also directly influ-
ence land—atmosphere coupling through changes in evapotranspiration and surface moisture
exchange. Field evidence from the Crop Wind Energy Experiment (CWEX) demonstrated
that wind farms can modify near-surface latent heat fluxes and moisture transport within
agricultural landscapes, indicating measurable impacts on evapotranspiration dynamics in
addition to temperature changes (Rajewski et al. 2013). Similarly, modeling studies have
shown that turbine-induced turbulence can alter surface energy partitioning between sensible
and latent heat fluxes, thereby influencing soil moisture availability (Baidya Roy and Trai-
teur 2010). These findings highlight the importance of explicitly considering hydrological
responses when assessing wind farm impacts in agricultural environments.

In light of the above findings, a series of large-eddy simulations (LES) was carried out to
systematically investigate the influence of wind-turbine-induced turbulence on the microcli-
mate, thereby extending the current understanding presented in the literature. LES provides
valuable insights into these effects in a controlled and reproducible manner. With advance-
ments in computational capabilities, LES has become an important tool in modern scientific
research related to meteorology, addressing various topics (Keith et al. 2004; Calaf et al. 2010;
Witha et al. 2014; Andersen et al. 2015). In this study, we use a LES model to compare a flat,
homogeneous terrain under two scenarios: with wind turbines (WWT) and without wind tur-
bines (WOWT), based on different atmospheric stabilities. LES offers a valuable advantage
over field measurements by allowing comparisons between scenarios without being affected
by long-term changes such as global warming and the limited availability of field measure-
ments. It allows us to systematically simulate different atmospheric stability conditions and
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isolate the effects of specific factors. Field observations often make it difficult to compare
identical stability scenarios due to naturally varying conditions. In contrast, LES enables
controlled comparisons between scenarios with and without a wind farm, while holding all
other factors constant.

The primary objective of this work is to systematically assess the impact of wind turbines
on the local atmosphere under various atmospheric stabilities, focusing on the turbulent flow
field, surface energy partitioning, and coupled heat and moisture fluxes, and the resulting
effects on near-surface temperature and soil moisture. To address this objective, a set of
idealized LES is performed and analysed to systematically compare different scenarios with
and without wind turbines.

2 Methods and LES Setup

In this study, we compared different atmospheric stabilities with and without wind turbines
on flat, homogeneous terrain using the PALM-LES system (Maronga et al. 2020). Moreover,
PALM provides an integrated wind-turbine model (Witha et al. 2014) and land surface model
(LSM) (Gehrke et al. 2021) and is therefore an excellent tool to address the objectives of this
study.

2.1 Large Eddy Simulation Setup

This experiment was based on LES and was conducted with the LES model PALM release
24.04 (Raasch and Franke 2011; Maronga et al. 2020). The turbulence recycling method was
used to reduce the domain size and computation time (Gryschka et al. 2008; Gronemeier et al.
2017; Maronga et al. 2019). With this method, the existing turbulence generated due to shear
and convection can be transferred back to the start of the domain before it is disturbed by wind
turbines. So, the wind can be assumed to be coming from a far distance, even with a rather
small inflow area in the domain. By employing this approach, we were able to substantially
decrease the computational cost of the simulations, making efficient use of the allocated
high-performance computing resources.

To identify initial conditions that yield the aforementioned stability conditions, various
combinations of net radiation, temperature profiles, and wind speeds were simulated with
a small domain measuring (Ix, ly, 1z) = (500 m, 500 m, 1500 m). Based on these results,
initial conditions were chosen to result in the nine targeted stability regimes. Following that,
a series of LES simulations on a larger domain measuring (Ix, ly, 1z) = (6800 m, 1600 m,
2000 m) were conducted with an 8 m cubical grid resolution, featuring a 2-h precursor run
followed by another 4.5 h of simulation. The domain size of the precursor run was also
smaller, measuring (Ix, ly, 1z) = (2000 m, 1600 m, 2000 m). The purpose of the precursor
run was to allow time for system stabilization and to create a realistic temperature and wind
profile at the beginning of the main simulation based on the prescribed values, depending on
the stability condition, as in Table 2. This run also included cyclic boundary conditions for all
four edges to mimic an effectively infinite domain during the initial 2 h of simulation. Fixed
date and time features were utilized to prevent changes in stability conditions throughout
the simulation. This ensured that time remained constant and the solar angle did not vary
over the 4.5-h simulation period. Otherwise, simulating the same stability condition could
be more challenging, as it does not remain consistent for extended periods during the day.
Prescribed initial profiles were established at the start of the precursor run, and during the
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Fig. 1 Wind farm layout considered. The red line shows the line of turbulence recycling. D is the rotor diameter.
The shaded gray region represents the spatial domain over which averaging was performed for the analysis

simulation, these profiles were adjusted based on the defined parameters, stabilizing after the
simulation’s spin-up time. At the end of the precursor run, all stable profiles were saved and
used as initial profiles for the main simulations. In the main simulation, the length of 2000
m from the start of the domain along the x direction was defined as the recycling region, as
marked on Fig. 1. In this approach, a two-dimensional cross-section of the turbulent flow
field is extracted from this downstream location and reintroduced at the inflow boundary. This
method ensures a fully developed turbulent inflow for the main simulation while maintaining
computational efficiency. To ensure that the effect of the wind turbines does not affect the
recycled two-dimensional inflow wind, it was located 15 times the rotor diameter away from
the beginning of the wind farm. The downstream fetch of approximately 21 rotor diameters
may not be sufficient to capture full wake recovery, particularly under stable stratification
where wake persistence is enhanced (Lu and Porté-Agel 2011). Therefore, the present results
should be interpreted as representative of the developing flow regime within the wind farm
rather than equilibrium or fully developed conditions. However, the analysis is confined to
the interior region of the wind farm, which is sufficiently distant from the outflow boundary
to minimize potential boundary effects.

The land surface model (LSM) in PALM solves the surface energy balance using a
resistance-based parameterization for turbulent fluxes, coupled with a multilayer soil scheme.
The temporal evolution of the surface temperature is governed by the surface energy balance,
as expressed in Eq. 1, where C and Tj are the heat capacity and radiative temperature of the
surface skin layer, respectively. R, Hyyrr, LE,r, and G H F are the netradiation, sensible
heat flux, latent heat flux, and ground (soil) heat flux at the surface, respectively (Maronga
et al. 2020).

When defining the land-surface parameters, the soil type was designated as medium fine,
and the surface type was classified as vegetation. Furthermore, the vegetation type was
identified as crops and mixed farming, as the goal is to primarily simulate the effects on
crops. The key land surface parameters used in the simulations are summarized in Table 1. In
the radiation model, a constant radiation scheme was adopted, with values determined based
on the simulated stability condition.

dTy
WCO =R, — Hsurf - LEsurf —GHF, (D
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Table 1 Prescribed parameters in

the land surface model Parameter Value
Minimum canopy resistance 180 s m~!
Leaf area index 3m2 m~2
Longwave albedo 0.28
Shortwave albedo 0.09
Field capacity 0.383 m?> m—3
Wilting point 0.133m? m—3
Roughness length for momentum 0.1 m
Roughness length for heat 0.0001 m
Emissivity 0.95

We ran ensemble simulations for each setup. In each simulation, different random pertur-
bations were generated, which changed the turbulence initially and produced different results.
For unstable conditions, after conducting ten ensemble simulations and averaging the results,
a more uniform pattern emerged, reflecting the wind turbine’s influence on ground-level con-
ditions. For neutral and stable conditions, five ensemble runs were conducted. The reason
was that the standard deviation of variables did not change significantly after four ensembles.
All the data for the analysis were taken from the ensemble-averaged output data. The main
simulation had Dirichlet boundary conditions on the left-hand side of the domain, where the
main wind was arriving, which caused non-cyclic boundary conditions. Otherwise, cyclic
boundary conditions would introduce the effect of an infinitely long wind farm. However,
cross-wind direction boundary conditions remained cyclic as required by Dirichlet bound-
ary conditions. Since the predominant wind direction in the simulation is from left to right,
as required by the wind turbine model (WTM) in PALM-LES, slight directional deviations
occur under stable conditions due to boundary-layer processes such as Ekman turning. As a
result, minor lateral variability in the wake structure can develop. However, the use of cyclic
boundary conditions in the crosswind direction ensures continuity of the flow field and avoids
artificial reflection effects at the lateral boundaries. Above 1000 m from the ground, vertical
grid stretching was used to reduce the number of grid cells in the vertical direction.

To evaluate the results, the unstable and stable atmospheric conditions were divided into
three subcategories: strongly, moderately, and weakly unstable, and strongly, moderately,
and weakly stable. Together with the three (near-)neutral cases, this leads to nine different
combinations shown in Table 2.

The stability condition represents strongly unstable (SU), moderately unstable (MU),
weakly unstable (WU), near-neutral to unstable (NN-U), neutral (N), near-neutral to sta-
ble (NN-S), weakly stable (WS), moderately stable (MS), and strongly stable (SS). U,
(geostrophic wind speed), 6y (surface potential temperature), ¢ (total water mixing ratio),
T (soil temperature), m; (soil moisture), R (net radiation), Tp (Soil temperature at 2.93 m
below surface), Lt (local time, i.e., UTC + 2 h).

2.2 Wind Turbine Model Setup

Following an extensive literature review, the dimensions of the simulated wind farm were
chosen as illustrated in Fig. 1. The wind-farm configuration consists of 25 wind turbines
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Table 2 Values of prescribed parameters based on stability condition

Stability ~ Ug(m  6y(K) g (kg Ty at ms at RWW  TpK) Lt
condition  ¢~1) kgh 0.00lm  0.00lm m~2)
(K) (m® m™3)

SU 5 20450 0.0080 31000  0.20 660 293.00 1200
MU 10 20415 0.0055  294.15 022 350 293.00 1000
wuU 10 20515 0.0060  298.15 022 264 283.15 0910
NN-U 10 28495 00018 28695 026 150 283.15 0830
N 15 27415 00006 27215 025 50 282.15 0800
NN-S 10 27415 00006 27215 025 20 282.15 0800
wS 10 27415 00006 27215 025 10 282.15 0800
MS 10 27415 00006 27215 025 -5 282.15 0600
Ss 5 27415 00006 27315 0.5 —25 28215 0400

arranged in a 5 x 5 layout. Such configurations are commonly used in LES studies to
represent developing wind-farm flow regimes (Calaf et al. 2010; Stevens et al. 2016; Singh
and Alam 2023). For the simulations, we employed the NM80 wind turbine model from
the DANAERO MW II project (Troldborg et al. 2013), a project conducted by the Denmark
Technical University (DTU). This turbine features a rotor diameter of 80 m (38.8 m long
blade with 1.24 m hub radius), and a hub height of 57 m, making it representative of utility-
scale onshore wind turbines (Potentier et al. 2021). Based on findings from previous studies
aimed at optimizing wind-farm performance, the spacing between turbines was determined
to maximize power output while minimizing wake interference. Specifically, the longitudinal
(along-wind) distance between turbines was set to six times the rotor diameter (6D), which
is 480 m, in line with recommendations for minimizing wake losses and enhancing energy
yield. The lateral (crosswind) spacing was set to three times the rotor diameter (3D), which is
240 m, to balance land-use efficiency with aerodynamic performance. This layout provides
a realistic and representative configuration for simulating turbine-induced flow structures
and their interactions with the land surface under various atmospheric stability conditions
(Milborrow 1980; Stevens et al. 2016; Tian et al. 2018; Ali et al. 2018).

The starting coordinate of the wind farm is 3200 m from the inflow boundary (West) and
320 m from the South boundary. An aligned arrangement was selected instead of the scattered
arrangement because the effect of the wake of the previous wind turbine is higher when the
aligned arrangement is used (Tian et al. 2018).

In addition to the geometric configuration, the aerodynamic interaction between the wind
turbines and the flow is represented using the actuator disk model with rotation (ADM-R)
implemented in PALM. In this approach, turbine-induced forces are not prescribed through a
fixed thrust coefficient (Ct) but are computed dynamically based on blade-element principles.
The model utilizes detailed blade geometry, including chord length and twist distribution,
together with airfoil-specific lift and drag coefficients as functions of the angle of attack. The
resulting forces act on the flow field and generate velocity deficits, shear layers, and turbulence
in the rotor region. These features are explicitly resolved by the LES, while smaller-scale
features, such as tip vortices, are partially represented through the subgrid-scale model. Fur-
thermore, the turbine model includes active control mechanisms such as generator speed
control, blade pitch control, and yaw control, allowing the turbine to adapt to local flow
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conditions. As a result, the thrust coefficient and power extraction evolve dynamically in
response to the instantaneous wind field. This ensures a physically consistent representa-
tion of turbine-induced momentum extraction, wake generation, and turbulence production
across the different atmospheric stability regimes considered in this study. A comprehensive
description of the wind turbine model is available in Maronga et al (2020).

2.3 Data Analysis and Diagnostic Definitions

For the systematic analysis, ensemble-averaged values of the simulation results were con-
sidered. Table 3 presents the 30-min averaged output values for the one step preceding the
last time step of the simulations for the scenarios WOWT and WWT. To assess sensitivity to
the selected 30-min averaging period, additional diagnostics were evaluated over five con-
secutive 30-min windows during the final two hours of simulation for representative strongly
unstable, moderately stable, and strongly stable conditions. Key turbine-induced anomalies
remained consistent in sign and similar in magnitude across windows, indicating that the
selected averaging period captures a quasi-stationary response for the variables analysed.
Table 4 summarizes the parameters, expressed as differences between the WWT and WOWT
scenarios. To obtain the spatial mean of the 30-min averaged values, we considered the area
within the wind farm (shown in gray in Fig. 1), which represents the region influenced by the
turbines. The Obukhov length (L), turbulent kinetic energy (TKE), and boundary layer height
(z;) were calculated over the entire model domain. The results highlight how the presence of
turbines can lead to very different outcomes depending on the stability of the atmosphere.
These cases provide valuable insights into how the presence of wind turbines affects state
variables and energy fluxes near the surface.

Table 3 Output values without the wind turbines scenario

Stability L range (m) L (m) iy at LEg,f at Hgyyp at T, at 62 (K) z; (m)
condition 4m 4mW 4m (W 2m
(m m~2) m~2) 0
s7h
SU —100<L<0 —20.76 0417 338.52 284.76 27.77 299.81 843
MU —150<L< — 0.537 205.73 106.07 25.00 297.01 615
— 100 127.94
wu —200<L< - 0.507 176.33 67.31 25.41 297.48 477
— 150 178.43
NN-U —500<L< - 0.441 105.94 27.34 14.21 286.32 342
— 200 304.00
N ILI> 500 — 0.516 33.55 5.50 2.19 274.31 828
2251.47
NN-S 200<L <500 413.10 0.322 22.65 —17.52 1.55 273.66 444
WS 100 < L <200 199.96 0.288 19.07 — 11.06 1.24 273.35 436
MS 50 <L <100 51.01 0.191 1243 —13.03 0.53 272.65 364
SS 0<L<50 10.04 0.104 5.15 — 8.64 —1.24  270.90 92

For the stability conditions, refer to Table 2. L (Obukhov length), LE,,s (Surface latent heat flux), H g, (Surface
sensible heat flux), 7', (Air temperature), 62,, (potential temperature at 2 m), z; (Boundary layer height), u,. (friction
velocity). To get the detailed statistics, refer to the appendices
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In this study, z; is diagnosed using a stability-dependent approach, reflecting the funda-
mentally different turbulence-production mechanisms in convective and stable atmospheric
regimes. From SU to NN-U (convective-dominated) conditions, z; is defined as the height at
which the vertically resolved kinematic sensible heat flux (w’6") approaches zero, consistent
with the decay of buoyancy-driven turbulence in convective boundary layers. The flux profile
was extracted from the LES output and averaged over model levels, and the zero-crossing
height was determined using linear interpolation between adjacent vertical levels.

For neutral and stable conditions, where sensible heat flux remains negative throughout
the boundary layer and does not provide a clear diagnostic transition, z; is determined using
the bulk Richardson number method, defined as,

8 [QU(Z) - ev,ref](z - Zref)
Ov.ref [u(z) - Mref]2 + [v(z) — v,gf]z’

Rip(z) =

(@)

where 6, is virtual potential temperature, z,.r is a reference height within the surface layer
(20 m in this study), and Ri,= 0.25 is used as the critical threshold for dynamically defining
the boundary layer top. The final boundary layer height is identified as the first height at which
this threshold is exceeded and remains persistently above the critical value with height. This
combined approach ensures physically consistent diagnosis of z; across the full spectrum of
atmospheric stability, from strongly unstable to strongly stable conditions.

Different atmospheric stabilities were chosen to cover a broad spectrum of scenarios,
ranging from strongly unstable to strongly stable atmospheric conditions. Stability conditions
were distinguished based on the Obukhov length L as indicated by Eq. 3, at the first grid
point above the surface:

L=-——2_ 3)

with:

of —\2 _\2
Uy = (u’w’) + (v’w’) , 4)
where u, is the friction velocity (Eq. 4), k is the von Kdrman constant (0.4), g is the gravi-
tational acceleration, w’6’ is the kinematic sensible heat flux, u’, v/, and w’ are the turbulent
fluctuations of the streamwise, cross-stream, and vertical velocity components, and the over-

bar denotes a temporal and spatial average. The relationship between the kinematic sensible
heat flux and the energetic sensible heat flux is described by:

JE— H
wo = —, (®)]
PCp
where H is the sensible heat flux, p is the density of air, and c,, is the heat capacity for constant
pressure.

Table 5 summarizes the surface sensible heat flux Hy,, ¢, the surface latent heat flux
LEg,,f, and the Bowen ratio (8), which quantifies the partitioning of available energy
between sensible and latent heat fluxes in the WOWT and WWT scenarios. The Bowen
ratio is defined as,

_ Hsurf

= . (6)
LEsurf
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Table 5 Spatially averaged surface energy balance components over the wind-farm region shown in Fig. 1

Stability condition GHFin(Wm™2)  Hgypin(Wm™2)  LEg in(Wm™2) B

SU WOWT 36.72 284.76 338.52 0.84
WWT 38.62 271.78 343.60 0.81
MU WOWT 38.20 106.07 205.73 0.52
WWT 38.79 104.99 206.22 0.51
wu WOWT 20.36 67.31 176.33 0.38
WWT 20.81 66.71 176.48 0.38
NN-U WOWT 16.72 27.34 105.94 0.26
WWT 17.17 27.48 105.36 0.26
N WOWT 10.94 5.50 33.55 0.16
WWT 11.07 5.60 33.33 0.17
NN-S WOWT 4.87 —17.52 22.65 —-033
WWT 4.80 —6.95 22.15 —0.31
WS WOWT 1.99 — 11.06 19.07 —0.58
WWT 1.85 —10.53 18.69 —0.56
MS WOWT —4.40 —13.03 12.43 - 1.05
WWT —4.14 —13.36 12.49 - 1.07
SS WOWT —21.51 — 8.64 5.15 — 1.68
WWT —16.99 — 14.89 6.88 —2.17

Including ground heat flux (GH F), surface sensible heat flux (Hy,,f), surface latent heat flux (LEgy,f),
and Bowen ratio (8), for simulations with wind turbines (WWT) and without wind turbines (WOWT) under
different atmospheric stability regimes. Net radiation values and corresponding stability classifications are
listed in Table 2

The results show a reduction in the Bowen ratio in the WWT scenario under both strongly
unstable and strongly stable conditions, indicating a shift toward enhanced latent heat flux
relative to sensible heat flux.

We followed the definition of L provided by Gryning et al. (2007) and Van Wijk et al.
(1990) to define the stability conditions using L as in Table 3. Although a formulation using
virtual potential temperature flux would more completely account for moisture effects on
buoyancy, the sensible heat flux formulation was adopted consistently for all simulations and
serves here as a stability classification metric.

3 Results

3.1 Overview of Stability Regimes

3.2 Friction Velocity

Friction velocity (u,) provides a direct measure of the near-surface turbulent momentum
flux and serves as a key indicator of turbulence generation within the atmospheric surface

layer. It represents the intensity of turbulent mixing close to the surface and is therefore a
crucial parameter for understanding surface-atmosphere interactions. Figure 2 presents the
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Fig. 2 u, differences at 4 m height (xy-plane) between with wind turbines and without wind turbines for all

>

stability conditions. The plots show only the wind farm area; wind turbine locations are marked with * x ’.
Plot titles correspond to Table 2

spatial distribution of u,, differences at 4m between the WWT and reference WOWT scenar-
ios for each stability condition. The results clearly indicate that increases in u, concentrated
around the wind turbine locations in all the stability conditions. Under unstable and neutral
conditions, until the WS scenario, it shows the reduction of u, in the wake region behind
the wind turbines. In contrast, under stable conditions (MS and SS), the influence of the
increased u, extends over a broader region, suggesting that the mechanically generated tur-
bulence more effectively disrupts the stable stratification and enhances momentum exchange
across the entire wind farm area. Table 4 shows the average difference of u, between the
WWT and WOWT scenarios. The SU scenario shows the average reduction of 0.029 m
s~!. This reduction implies that, in the reference case, turbulence levels are already high
due to buoyancy-driven mixing, leaving limited potential for additional enhancement by
turbine-induced effects. As atmospheric stability increases, the difference in u, becomes
more pronounced, reflecting the growing importance of mechanical turbulence generated by
the turbines. In the SS scenario, u, increases on average by 0.073 m st indicating that wind
turbines substantially enhance turbulent momentum flux in otherwise weakly turbulent and
stratified conditions. This demonstrates the turbine’s significant effect in promoting mixing
and momentum transport near the surface, particularly during stable periods when natural
turbulence is suppressed.

3.3 Air Temperature

Figure 3 shows the difference in 7', at 2 m height between the WWT and WOWT simula-
tions. The results indicate that stability conditions directly influence air temperature. Under
SU conditions, the average response is a cooling of 0.064 K (see Table 4), with localized
regions exhibiting differences greater than 0.2 K (Appendix 2). Overall, 84% of the analyzed
area experienced cooling, although small regions of localized warming were also observed,
particularly on the upwind side of the wind farm. In contrast, the SS condition produced
pronounced warming, with a mean increase of 0.695 K and localized maxima exceeding 1
K, with 100% of the analysed area experiencing warming. The MS condition also showed
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Fig. 3 Air temperature differences at 2 m height (xy-plane) after 30 min between with wind turbines and without
wind turbines for all stability conditions. The plots show only the wind farm area; wind turbine locations are
marked with © x ’. Plot titles correspond to Table 2

warming, with an average increase of 0.095 K, and 93.2% of the analysed area was affected
by warming. Neutral and near-neutral cases show only minor differences (< 0.05 K), with no
clear spatial structure. Overall, the strongest responses are observed under SS and SU, while
other stability conditions show weaker but spatially heterogeneous signals.

3.4 Surface Temperature

Figure 4 illustrates the differences in Ty, between WWT and WOWT simulations. The
results indicate that, across most stability conditions, the presence of turbines generally leads
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Fig. 4 Surface temperature differences (xy-plane) after 30 min between with wind turbines and without wind
turbines for all stability conditions. The plots show only the wind farm area; wind turbine locations are marked
with © x ’. Plot titles correspond to Table 2
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toanincrease in Ty, r. Even under neutral conditions, a slight warming of 0.004 K is observed
(Table 3). Only the NN-S and WS scenarios exhibit marginal cooling, with decreases of 0.019
K and 0.047 K, respectively. In contrast, SU conditions result in a mean warming of 0.368
K, although the warming is not spatially uniform across the wind farm area. The strongest
response in average value difference is found under SS conditions, where Ty, increased by
0.76 K (see Table 4). The maximum and minimum differences between WWT and WOWT
were found to be 1.18 K and 0.064 K, respectively, indicating that the entire averaged area
experienced an increase in Ty, s (see Appendix 3). By comparison, in the SU scenario, the
warming is confined to specific regions, and localized cooling can even be observed directly
beneath the turbines.

3.5 Surface Sensible Heat Flux

Figure 5 shows the differences in H 5,y between WWT and WOWT simulations under various
stability conditions. Clear distinctions emerge across all regimes. H,,r exhibits a response
opposite to that of Ty,,s. Under SU conditions, turbines induce a pronounced reduction in
Hyr within the wind farm, with local anomalies exceeding — 10 W m 2, particularly in
wake regions (see Appendix 4). The spatial average across the farm indicates a reduction
of — 6.97 W m2 (Table 4). In contrast, MU and WU conditions show weaker and more
spatially heterogeneous differences, with both positive and negative anomalies, although the
average change remains negative. N and NN-U conditions exhibit minimal H,,s differences,
suggesting negligible turbine effects under well-mixed boundary layers. By contrast, NN-S
and WS stratifications reveal enhanced H s over large parts of the wind-farm area, with
positive differences in average values exceeding 0.5 W m2. In contrast, the MS case shows
a slight average reduction of — 0.33 W m2, though the pattern remains spatially variable. A
strong negative signal again occurs under SS conditions, where H g,y is consistently reduced
across the farm, with a mean decrease of — 6.25 W m2. This systematic reduction highlights
suppressed turbulent mixing and diminished upward heat transport within stable nocturnal
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Fig. 5 Sensible heat flux differences at 4 m height (xy-plane) between with wind turbines and without wind
turbines for all stability conditions. The plots show only the wind farm area; wind turbine locations are marked
with © x ’. Plot titles correspond to Table 2
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boundary layers. Overall, these results demonstrate that turbine-induced H s changes are
strongly stability-dependent, with enhanced H y,,r under weak stability but suppressed H g,,,f
under stronger stability and convective conditions.

3.6 Soil Moisture

Figure 6 presents the differences in surface soil moisture (0.001 m top layer) between simula-
tions with and without wind turbines across the considered stability conditions. As the results
represent 30-min averages, the volumetric variations are relatively small. However, consistent
patterns can be identified. Under SU conditions, soil moisture reduction is most pronounced,
with a mean decrease of 1.13 x 1072% (v/v) (Table 4). The reduction is spatially hetero-
geneous, with the wake regions behind the turbines exhibiting the strongest signal showing
maximum reduction of 1.69 x 1072% (v/v) (see Appendix 5), whereas areas directly beneath
the turbines show comparatively weaker reductions. Moreover, the downwind turbine rows
experience more pronounced effects than the first row, highlighting the cumulative influence
of wake interactions. In contrast, all unstable scenarios (SU, MU, WU) exhibit reductions in
soil moisture, with the magnitude of the decrease intensifying with increasing atmospheric
instability. NN-U, N, NN-S, and WS conditions display positive soil moisture differences in
the presence of turbines, resulting in higher moisture depletion in the scenario without a wind
farm. The MS case reveals both localized increases and decreases, but overall indicates a net
increase. Under the SS scenario, a consistent reduction in soil moisture is again observed,
with an average decrease of 2.09 x 103% (v/v). Although this change is small in abso-
lute magnitude, it represents a systematic response across the wind farm and corresponds to
approximately 18.6% of the reduction observed under strongly unstable conditions, indicat-
ing that turbine-induced effects remain non-negligible even under stable stratification. These
results emphasize the sensitivity of surface soil moisture to turbine-induced modifications
of surface fluxes and highlight the importance of extending the analysis to diurnal cycles to
capture longer-term impacts on soil water dynamics. To further interpret the surface patterns,
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Fig. 6 Soil moisture differences at 0.001 m depth (xy-plane) after 30 min between with wind turbines and

without wind turbines for all stability conditions. The plots show only the wind farm area; wind turbine
locations are marked with ‘ x ’. Plot titles correspond to Table 2
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Fig. 11 presents vertical profiles of the soil moisture difference (WWT-WOWT) within the
upper 0.3 m of the soil column. The results show that the strongest differences are confined
to the near-surface layers, with the magnitude of the signal decreasing with depth. However,
the presence of a coherent signal below the surface indicates that the turbine-induced modi-
fications to surface fluxes are not limited to the immediate surface, but propagate downward
through the soil column via land—atmosphere coupling and vertical soil moisture transport.

3.7 Latent Heat Flux

Figure 7 shows the differences in LE s between simulations with and without wind turbines.
A pronounced increase is evident in the wake region under SU conditions, with an average
enhancement of 5.08 W m2. MU and WU scenarios also exhibit positive anomalies, although
the increases are comparatively smaller. In contrast, NN-U, N, NN-S, and WS cases display
only minor fluctuations, tending slightly toward reductions. The MS condition yields a small
average increase of 0.06 W m2, whereas the SS case shows a more distinct rise of 1.72
W m2. This increase in LE surs during stable nighttime conditions is consistent with the
observed reduction in soil moisture (see Fig. 6 and Table 3). Since LE s represents the energy
associated with evapotranspiration, these findings suggest that turbine-induced turbulence can
enhance evapotranspiration at night, thereby contributing to soil moisture depletion. Overall,
the variations in LE s closely mirror those of soil moisture, but in the opposite direction,
and the Ty, in the same direction, reflecting the coupling between surface energy fluxes
and soil hydrology.

These results highlight that even modest changes in LEj,,s driven by turbine-induced tur-
bulence may alter surface water availability, particularly during nighttime stable conditions.
Such effects could have implications for crop water stress, land—atmosphere feedbacks, and
long-term assessments of wind farm impacts on agroecosystems.
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Fig. 7 Latent heat flux differences at 4 m height (xy-plane) between with wind turbines and without wind

turbines for all stability conditions. The plots show only the wind farm area; wind turbine locations are
marked with © x ’. Plot titles correspond to Table 2
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3.8 Variation of Thermal and Turbulent Characteristics Across Stability Regimes

Figure 8 presents the vertical profiles of potential temperature, providing critical insights
into the atmosphere’s static stability under varying conditions, from SU to SS. Near the
surface, the gradient of the potential temperature profile (30/9z) serves as a direct indicator
of atmospheric stability. Stable atmospheric conditions (SS and MS) lead to the greatest
alteration in the vertical potential temperature profiles. In contrast, profiles corresponding to
other stability regimes, both with and without wind farm effects, display nearly overlapping
curves.

The vertical profiles of horizontal wind speed U (Fig. 9) also provide important insight into
surface flux responses. Turbines induce a clear reduction of wind speed at hub height and in
the wake, consistent with momentum extraction. Interestingly, in strongly stable scenarios,
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Fig. 8 Vertical profiles of potential temperature (6), showing mean values averaged over the area defined in
Fig. 1. Each profile uses the same axis range to facilitate comparison across stability conditions. The rotor-swept
area is shaded in gray. Only the lowest 150 m of the domain is shown. Plot titles correspond to Table 2
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Fig. 9 Vertical profiles of horizontal mean wind speed (U), showing mean values averaged over the area
defined in Fig. 1. Each profile uses the same axis range to facilitate comparison across stability conditions.
The rotor-swept area is shaded in gray. Only the lowest 150 m of the domain is shown. Plot titles correspond

to Table 2

near-surface wind speed is slightly enhanced relative to the no-turbine case. Higher near-
surface winds promote turbulent exchange, thereby facilitating upward evapotranspiration
(LE). Consequently, the stronger night-time latent heat flux observed in the wake coincides
with reductions in soil moisture (Table 4, Fig. 11), reflecting enhanced water loss through
increased turbulent transport. Conversely, during unstable conditions, the reduction of near-
surface wind speed within the farm likely contributes to the soil moisture decline by limiting
moisture replenishment via horizontal advection, while simultaneously enhancing upward
fluxes through vertical mixing.

Vertical profiles of water vapor mixing ratio in Fig. 10 further illustrate the impact of wind
turbines on moisture redistribution under different stability regimes. Under strongly unstable
conditions, the presence of wind turbines leads to an increase in water vapor mixing ratio
near the surface as well as at hub height. The enhanced near-surface moisture is consistent
with the simulated increase in latent heat flux, while the elevated mixing ratios at hub height
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Fig. 10 Vertical profiles of water vapor mixing ratio (¢), showing mean values averaged over the area defined
in Fig. 1. Each profile uses the same axis range to facilitate comparison across stability conditions. The
rotor-swept area is shaded in gray. Only the lowest 150 m of the domain is shown. Plot titles correspond to
Table 2

indicate vertical redistribution of water vapor associated with turbine-induced turbulence
and wake mixing. In contrast, neutral conditions show only minor differences in the vertical
profiles of water vapor mixing ratio between the WWT and WOWT scenarios, reflecting
the comparatively weak response of surface moisture fluxes. Under strongly stable nocturnal
conditions, water vapor mixing ratio increases at hub height but decreases near the surface in
the presence of wind turbines, consistent with enhanced mechanical mixing and ventilation
of the near-surface layer.

Figure 11 presents the vertical profiles of soil moisture differences between the simula-
tions with and without wind turbines for all stability regimes, extending to a depth of 0.3 m.
The results indicate that under SU conditions, the reduction in soil moisture is not confined to
the immediate surface layer but extends throughout the upper soil column, with a consistent
decrease visible down to 0.2 m depth. A similar, though weaker, near-surface reduction is
also observed under SS conditions. The weakly unstable scenario doesn’t show a noticeable
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Fig. 11 Vertical profiles of soil moisture difference (WWT-WOWT), within the top 0.3 m of the soil column,
spatially averaged over the domain outlined in Fig. 1. Solid red lines with circular markers represent the
horizontal mean values, with error bars indicating £ 1 standard deviation (o) of spatial variability. The grey
shaded envelope shows the full spatial range (minimum to maximum) observed across the domain. Plot titles
correspond to Table 2

difference in this scale. In contrast, for the remaining stability regimes, the soil moisture pro-
files for the difference show slightly positive values, indicating wind turbines have reduced
the soil moisture depletion. These results suggest that turbine-induced effects on soil mois-
ture exhibit a clear dependence on atmospheric stability, with the most pronounced vertical
coherence occurring under strongly unstable conditions.

Figure 12 presents the vertically averaged kinematic sensible heat flux and moisture flux
profiles for representative SU, N, and SS conditions. Under SU conditions, both sensible
heat and moisture fluxes are substantially enhanced in the WWT simulations compared to the
WOWT case throughout the rotor layer and extending above turbine top height. The enhanced
upward transport indicates intensified turbulent vertical mixing generated by turbine-induced
turbulence under convective stratification. In contrast, the neutral case exhibits very weak
scalar fluxes with only minor differences between WWT and WOWT simulations, suggesting
that although turbines generate additional turbulence, the absence of strong vertical scalar
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Fig. 12 Vertical profiles of horizontally averaged kinematic sensible heat flux (w’0’, left) and kinematic mois-
ture flux (w/q’, right) for the SU, N, and SS scenarios in simulations with (WWT) and without wind turbines

(WOWT). Profiles are spatially averaged over the wind farm area shown in Fig. 1 and plotted up to 250 m
above ground level. The gray shaded region indicates the rotor-swept area

gradients limits the resulting turbulent scalar transport. Under SS conditions, the turbine-
induced scalar transport exhibits fundamentally different behavior compared to the unstable
regime. While the moisture flux remains positive within the rotor layer, the sensible heat flux
becomes strongly negative, indicating enhanced downward transport of warmer air toward the
surface. This contrast suggests that turbine-generated turbulence under stable stratification
produces differential transport responses for heat and moisture, reflecting the distinct vertical
gradients governing each scalar. The strongest perturbations remain confined to the rotor layer
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and rapidly decay above approximately 100-150 m, consistent with strong suppression of
vertical mixing by stable stratification.

The TKE profiles in Fig. 13 further reveal that considerable turbulence is generated even
under neutral and near-neutral cases. However, because the vertical 6-gradient is weak in these
scenarios, this turbulence does not lead to appreciable warming or cooling. This demonstrates
that TKE alone is insufficient to explain air temperature responses, but rather, the interplay
between turbulence intensity and stratification determines both the sign and magnitude of the
impact. The Profile of potential temperature and its gradient, along with the 7KE, therefore,
provide a more reliable diagnostic, as they directly reflect the thermodynamic consequences
of vertical displacements. The strong enhancement of 7KE during stable conditions (Fig. 13)
further explains why turbines often produce the most pronounced warming at night, when
stable stratification is strongest, and the potential for entrainment of warmer air is greatest.
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Taken together, these diagnostics clarify the interconnected nature of turbine impacts on
near-surface climate and surface fluxes. The combination of altered stability, momentum
extraction, and turbulence generation explains not only the observed near-surface warming
and cooling patterns but also the associated changes in sensible and latent heat fluxes, soil
moisture, and surface temperature.

4 Discussion
4.1 Model Validity and Numerical Robustness

To ensure that the results presented here are both robust and internally consistent, an
ensemble-based evaluation was performed. For each stability regime, multiple ensemble
members were simulated. In the unstable conditions, ten ensemble runs were conducted, while
for all other stabilities, convergence was achieved after five ensemble members. Across all
cases, change in standard deviation beyond these ensemble numbers was less than 10% of the
corresponding ensemble standard deviation, indicating that the simulations had reached statis-
tical stability. Variability analyses were performed for five representative parameters, namely,
potential temperature at 2 m, air temperature at 2 m, surface temperature, sensible heat flux at
4 m, and latent heat flux at 4 m. The averaged ensemble spread for these variables was found
to be minimal when horizontal averages were considered (see Appendix 9 and Appendix
10 for the ensemble averaged values and standard deviation values for air temperature at
2m and sensible heat flux at 4m for the SU scenario), suggesting that random perturbations
introduced in the initial conditions did not lead to divergent behavior. The response of each
variable followed the expected physical behavior under the corresponding stability condition,
with no unexpected or nonphysical anomalies detected. The relatively large standard devia-
tions associated with some difference fields primarily reflect spatial heterogeneity induced by
wake interactions rather than uncertainty of the mean response. Thus, interpretation focuses
on coherent spatial patterns, ensemble-averaged anomalies, and temporally persistent sig-
nals, rather than on mean differences alone. By specifying the ensemble member number as
an integer between 1 and 2000, PALM generates statistically independent realizations of the
same simulation setup. While the instantaneous turbulent flow fields of individual ensemble
members differ entirely, their mean statistical properties converge toward identical values
upon ensemble averaging. This reinforces that the simulated differences between scenarios
arise from turbine-induced processes rather than numerical artifacts. All simulations within
a given stability class shared identical initial and boundary conditions, differing only by ran-
dom perturbations applied to the velocity field. Hence, the observed ensemble variability can
be confidently attributed to stochastic turbulence generation, not to setup inconsistencies.
It is important to acknowledge that the PALM land surface model used in this study does
not include freeze—thaw physics. As a result, soil moisture and surface water do not freeze,
even when the simulated surface and near-surface air temperatures drop below 0 °C. The
model, therefore, continues to permit liquid—water evaporation, leading to non-zero latent
heat flux and soil moisture depletion under sub-zero conditions where sublimation or strongly
suppressed moisture fluxes would occur in reality. However, our interpretation relies on rel-
ative differences between WWT and WOWT simulations, and these differential responses
arise from turbulence modification. Therefore, similar turbine-induced changes would be
expected under strongly stable conditions with temperatures slightly above freezing, where
freeze—thaw processes would not be a factor.
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The present study employed realistic turbine specifications corresponding to the NM80
model from the DANAERO MW II project conducted by DTU, ensuring physical fidelity
in the turbine—atmosphere interaction. Land surface characteristics were also derived from
literature-based parameters. Vegetation and soil properties were defined according to PALM’s
inbuilt parameterizations for “crops and mixed farming” and “medium fine soil,” which
determine the roughness length, albedo, canopy resistance, leaf area index, and hydraulic
properties (e.g., field capacity, saturation moisture, and hydraulic conductivity). PALM itself
has been extensively validated in previous studies for its representation of boundary-layer
turbulence, surface-atmosphere exchanges, and turbine wake dynamics (Witha et al. 2014;
Gehrke et al. 2021; Wanner et al. 2022; Radovi¢ et al. 2024). The present simulations further
confirmed its physical realism. The instantaneous outputs of the horizontal wind velocity
field clearly demonstrated wake generation, shear-layer formation, and turbulence structures
consistent with theoretical expectations and laboratory observations. Although the present
study was based on idealized simulations using PALM, and do not allow for direct validation
against site-specific measurements, the ability of the LES framework to resolve the domi-
nant turbulent transport processes provides confidence that the key mechanisms governing
turbine—atmosphere interactions are realistically captured. The results provide physically
consistent insights into how wind turbines modify near-surface thermal and hydrological
conditions under different atmospheric stabilities.

4.2 Limitations and Applicability to Real-World Conditions

Although the present simulations provide physically consistent insights into turbine—atmo-
sphere interactions, their transferability to real-world conditions is constrained by several
idealizations. The simulations assumed horizontally homogeneous terrain, uniform vege-
tation cover, constant net radiation during the simulated period, and a fixed atmospheric
stability maintained over 4.5 h without diurnal evolution. Such stationary conditions do not
occur in nature, where continuously changing boundary-layer dynamics, varying land cover,
and heterogeneous terrain can amplify or attenuate the turbine-induced effects. In particular,
the use of constant stability conditions allows for the isolation of specific physical mecha-
nisms, but it also limits the direct interpretation of the results in a time-evolving atmospheric
context. Despite these simplifications, the simulations remain valuable for understanding
fundamental cause-and-effect relationships. The idealized framework enables us to isolate
the influence of stability on turbine—atmosphere coupling, which is often difficult to dis-
cern from field data due to confounding variability. Thus, the findings can be qualitatively
extended to real-world scenarios, under daytime unstable conditions, wind farms may locally
reduce T, due to enhanced mixing of cooler air, whereas during stable nights, they can
increase T, through downward mixing of warmer air and momentum. However, it should
be emphasized that the present analysis is based on 30-min mean responses under idealized,
quasi-stationary stability regimes. While the diagnosed temperature and flux perturbations
are physically meaningful at this timescale, their evolution over longer periods remains
uncertain. If such turbine-induced modifications persist over several consecutive hours, they
may accumulate and lead to substantial changes in near-surface temperature, surface energy
partitioning, and soil moisture. As a result, implications for soil moisture evolution, sur-
face energy partitioning, and agricultural productivity should be interpreted with caution.
While the present study identifies robust process-level responses, a quantitative assessment
of cumulative impacts requires simulations with time-varying atmospheric forcing over diur-
nal and longer timescales. Conversely, continued surface warming during stable nighttime
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conditions could progressively weaken stratification, eventually transitioning the boundary
layer toward near-neutral conditions, under which turbine-induced mixing would be less
effective. Similarly, during daytime unstable conditions, enhanced mixing may alter the effi-
ciency of convective heat transport in a non-linear manner as the boundary layer evolves.
These potential feedbacks cannot be resolved within the present framework and highlight the
necessity of extending future simulations to full diurnal cycles. Only diurnal simulations can
capture the temporal interplay between turbine-induced turbulence, boundary-layer stability
transitions, and cumulative land-surface responses. Under stable conditions, the observed
lateral asymmetry of the wakes is primarily associated with wind veer resulting from Ekman
turning, where the combined effects of Coriolis forcing and surface friction lead to a vertical
rotation of the mean wind direction. This induces a systematic lateral deflection of turbine
wakes and modifies the local inflow conditions experienced by downstream turbines. The
strength of this asymmetry increases with atmospheric stability, consistent with boundary-
layer theory. While these effects introduce spatial variability in the wake structure, the use of
spatial averaging allows us to isolate the bulk response of the wind farm without obscuring
the underlying physical mechanisms.

The responses observed in our simulations (see Tables 3 and 4), namely the reduction
in T, and H gy, and the increase in LE,,s under strongly unstable conditions, as well as
the enhanced near-surface wind speed and warming of 7 'g,,r,T, under strongly stable condi-
tions, are consistent with previous studies, despite methodological differences. For instance,
Baidya Roy and Traiteur (2010) and Baidya Roy (2011) employed mesoscale modeling with
turbine-rotor parameterizations to investigate the impact of large wind farms on near-surface
temperature, humidity, and surface fluxes. They found that during stable conditions, wind-
farm-induced turbulence enhanced vertical mixing and produced local nighttime warming,
with the magnitude of flux changes depending on atmospheric stability. Rajewski et al. (2013),
through the Crop Wind Energy Experiment (CWEX) in Iowa, used eddy-covariance measure-
ments within and around a large onshore wind farm and observed altered heat and momentum
fluxes in the turbine wake region. Smith et al. (2013) analyzed meteorological data from two
80 m masts at a large wind farm in the U.S. Midwest and found that while the vertical
potential temperature gradient was not strongly affected during daytime, it was significantly
reduced at night, accompanied by a measurable near-surface (2.5 m) temperature increase.
Using satellite observations, Zhou et al. (2012) detected a significant surface warming trend
of about 0.72 K per decade over wind farms in west-central Texas, while Xia et al. (2016) sim-
ilarly reported an increase of 0.31-0.70 °C in nighttime surface temperature after wind farm
installation, with no noticeable daytime effect. While the above studies differ from ours in
domain, method, and scale, the consistency of the directional responses of sensible heat flux,
latent heat flux, surface warming, Air temperature, and enhanced near-surface wind supports
the robustness of our LES results. This agreement suggests that PALM adequately represents
the dominant physical mechanisms, turbine-induced turbulence, momentum extraction, and
the resulting modification of surface energy partitioning.

The chosen grid resolution (8 m) allows the dominant wake structures and shear layers
generated by the turbines to be resolved. However, it may be insufficient to fully capture
smaller turbulent scales, particularly under strongly stable conditions where turbulence is
inherently suppressed. A grid-sensitivity analysis performed with a refined resolution of 4
m showed negligible differences in mean surface fluxes and temperatures, while variability
increased due to enhanced resolution of turbulent fluctuations. This indicates that the primary
turbine-induced transport processes are robust with respect to grid resolution, although small-
scale turbulence remains partially represented by the subgrid-scale model. This limitation is
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consistent with findings from LES intercomparison studies (Beare et al. 2006) and should be
considered when interpreting higher-order turbulence statistics.

4.3 Physical Mechanisms Governing Stability-Dependent Wind Turbine Effects

The interaction between wind turbines and the atmospheric boundary layer modifies the
surface energy balance in a manner that strongly depends on background stability. Under
strongly unstable conditions (see Tables 3 and 4), the presence of wind turbines leads to a
reduction in near-surface horizontal wind speed (Fig. 9) and u, (Fig. 2), indicating weakened
surface-layer shear production, while turbine-generated turbulence within and above the
rotor layer continues to enhance vertical scalar redistribution under buoyancy-dominated
conditions. Vertical profiles of water vapor mixing ratio (Fig. 10) reveal an increase near
the surface as well as at hub height in the WWT scenario, suggesting enhanced vertical
redistribution of moisture. Turbine-induced turbulence promotes the downward transport
of relatively cooler and drier air from aloft, which mixes with the warmer and moister air
near the surface. While this increases the turbulent removal of water vapor, the near-surface
specific humidity does not decrease because evaporation is not moisture-limited under these
conditions and the land surface acts as a sufficiently large moisture reservoir. This can be
explained by the increased removal of soil moisture in the WWT scenario. In contrast, the
near-surface air temperature responds more strongly to the enhanced turbulent exchange,
leading to more efficient cooling of air due to the limited surface energy supply. As a result,
latent heat flux increases while sensible heat flux decreases (see Table 5), despite only modest
changes in mean near-surface humidity.

The counterintuitive coexistence of surface warming and cooling of 2 m air temperature
can be interpreted through changes in aerodynamic resistance and surface energy partition-
ing. The reduction in friction velocity in the WWT case implies increased aerodynamic
resistance and weaker surface-atmosphere coupling, which reduces the efficiency of sensi-
ble heat transfer from the surface and contributes to surface warming. At the same time,
turbine-induced mixing enhances downward transport of cooler air from aloft, resulting in
lower near-surface air temperature. This decoupling is further supported by the increase in
ground heat flux and the reduction in Bowen ratio (Table 5), indicating increased heat storage
at the surface and a shift in available energy partitioning toward latent heat flux. A similar
coexistence of surface warming and near-surface air cooling has also been reported by Lu and
Porté-Agel (2015), who attributed this behavior to turbine-induced modifications of turbulent
transport and land—atmosphere exchange, lending additional support to the physical plausi-
bility of this response. Under moderately unstable conditions, this response becomes much
weaker, as stronger background shear maintains more effective surface-atmosphere coupling
and suppresses the aerodynamic decoupling observed under strongly unstable conditions.
The apparent non-monotonic sign changes across stability classes should not be interpreted
as erratic behavior, but rather as reflecting competing physical mechanisms whose relative
importance changes with atmospheric stability. Under strongly unstable conditions, buoyancy
dominates and turbine effects primarily modify convective transport and energy partitioning,
whereas under stable conditions mechanically generated mixing dominates and alters inver-
sion strength, moisture gradients, and momentum transport. In transitional regimes, neither
mechanism fully dominates, which can lead to weaker or even opposing responses. This
behavior also reflects that the background flow itself does not vary monotonically across sta-
bility classes, as indicated by the non-monotonic variations in friction velocity and boundary
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layer height (Table 3). Such responses are therefore an expected feature of stability-dependent
turbine—surface interactions rather than evidence of numerical inconsistency.

The vertical soil moisture difference profiles (See Fig. 11) provide additional insight into
the physical consistency of the simulated response. While the strongest differences occur in
the uppermost soil layers, the presence of a coherent signal extending to lower levels under
strongly unstable conditions indicates that the observed changes are not limited to the sur-
face. They reflect adjustments in the coupled soil-vegetation—atmosphere system driven by
turbine-induced modifications of turbulent exchange and surface fluxes. It should be noted,
however, that the simulation period is relatively short and does not allow deeper soil layers
to reach hydrological equilibrium. Therefore, the results should be interpreted as short-term
responses of the upper soil column rather than long-term changes in root-zone soil mois-
ture. The PALM land surface model represents vertical soil moisture transport through its
soil parameterization, enabling the propagation of near-surface changes into deeper layers.
Under strongly stable nocturnal conditions (see Tables 3 and 4), wind turbines induce distinct
modifications to the surface energy balance through enhanced turbulent mixing. The wind
turbine-induced turbulence enhances downward mixing of warmer but drier air from hub
height into the surface layer, weakening the near-surface temperature inversion. Despite the
increase in u, (Fig. 2), the simulations show an at time—negative Hy,s across the entire
wind farm area (Fig. 5), with H s becoming more negative by approximately 6.25 W m2
on average in the WWT scenario (Table 4). This reduction in H g,y arises from an increased
near-surface temperature gradient as 7', increases relative to T,r. Consequently, LEg,r
increases compared to the no-turbine case, driven by enhanced turbulent exchange, elevated
surface temperature, and the downward mixing of drier air, which together strengthen the
surface—air moisture gradient. Higher air temperatures further increase saturation vapor pres-
sure at the surface, reinforcing evaporative fluxes. The simultaneous reduction in H s and
increase in LEy,,s thus reflect differential responses of thermal and moisture gradients to
turbine-induced mixing. The streamwise evolution shown in the figures in Appendix 11-14
highlights that the reported bulk anomalies are influenced by the finite extent of the simulated
5 x 5 turbine array. The strongest responses generally occur after the flow has interacted
with several turbine rows, reflecting the growth of an internal boundary layer and the cumu-
lative adjustment of momentum and scalar transport within the wind farm. Consequently, the
domain-averaged values presented in the tables should be interpreted as integrated responses
over a developing array rather than as representative of fully developed deep-array conditions
described in the literature (e.g.,Calaf et al. 2010, 2011; VerHulst and Meneveau 2014). This
distinction is particularly relevant because many agricultural wind farms consist of finite
turbine arrays where entrance effects remain important and may substantially influence the
local microclimatic response.

The vertical scalar flux profiles further support the physical interpretation of the turbine-
induced transport mechanisms. Under strongly unstable conditions, both kinematic sensible
heat flux and moisture flux remain positive throughout the rotor layer and are enhanced in
the WWT simulations relative to the WOWT case, indicating intensified upward turbulent
transport driven by turbine-enhanced mixing. In contrast, under strongly stable conditions,
the turbine-induced response differs fundamentally between heat and moisture transport. The
kinematic sensible heat flux becomes substantially more negative within the rotor layer, while
the moisture flux remains positive and increases relative to the WOWT case. This behav-
ior indicates enhanced downward transport of warmer air together with enhanced upward
transport of moisture from the surface, consistent with turbulence-induced weakening of
the nocturnal inversion and enhanced evaporation. These contrasting responses highlight the
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competing roles of turbine-generated turbulence, background stratification, and reduced near-
surface momentum exchange. A similar competition between enhanced turbulent mixing and
reduced surface exchange efficiency was described by Calaf et al. (2011), who identified a
delicate balance between opposing mechanisms controlling scalar transport in wind-farm
boundary layers. While their simulations considered neutral stratification, the present results
demonstrate that this balance becomes strongly stability dependent under convective and
stable atmospheric conditions.

The spatial sensible heat flux anomalies within the wind farm exhibit organized wake-
aligned streak structures whose magnitude and spatial coherence depend strongly on
atmospheric stability (Fig. 5). Under unstable conditions, the anomalies are spatially hetero-
geneous and concentrated near wake interaction regions, whereas under stable conditions,
broader coherent reductions in sensible heat flux emerge across the farm. These patterns
are qualitatively consistent with the wind-tunnel experiments of Zhang et al. (2013a), who
also reported pronounced spatial heterogeneity of surface heat fluxes associated with tur-
bine wakes. However, unlike the near-neutral conditions considered in their experiments,
the present LES suggests that the response of scalar transport to turbine-induced mixing
depends strongly on atmospheric stability, which governs whether the resulting anomalies
remain localized or produce a coherent domain-scale signal.

Additionally, the observed increase in near-surface wind speed and u, facilitates the
removal of water vapor from the surface layer through advection and increased mixing, fur-
ther sustaining evaporation throughout the night. The combined effect of these processes
suggests a shift in energy partitioning toward latent heat and a reduction in the Bowen ratio
since the net radiation remains the same in both WWT and WOWT scenarios when the soil
moisture depletion is noted. This eventually leads potentially to a greater cumulative soil-
moisture depletion beneath the wind farm during stable nighttime conditions (Fig. 6). The
spatial heterogeneity of these effects reflects the interplay between turbine-induced turbu-
lence and background convective processes. Beyond implications for crop water availability,
turbine-induced modifications of heat and moisture exchange may also influence broader
biogeochemical processes, including soil respiration and trace gas emissions such as N O,
though these processes are beyond the scope of the present study.

Although the present simulations do not capture the full diurnal cycle, these patterns
suggest that the cumulative daily effect could be substantial. In prolonged periods with-
out precipitation or irrigation, the presence of wind turbines may therefore reinforce the
decline in soil moisture by a few percent, so that critical values such as the wilting point are
reached more rapidly. Such persistent drying could have implications for plant development
throughout different growth stages, potentially resulting in reduced crop productivity. These
patterns emphasize the importance of simulations resolving the complete diurnal cycle, as
the interaction between turbine-induced turbulence and background stability evolves substan-
tially between daytime convective and nighttime stable regimes. Therefore, 24-h simulations
could capture how these adjustments accumulate and feed back across successive stability
states, and are thus required to determine the net daily impact on surface fluxes and soil
moisture.

Furthermore, the simulations revealed a mean increase of 0.695 K in air temperature at
2 m after one 30-min averaging interval during strongly stable conditions compared to the
WOWT scenario (see Table 4). Although this warming may appear modest in magnitude,
such a warming over a short averaging period is significant (Mahrt et al. 2020). If sustained
or recurrent over several hours, this turbine-induced mixing could lead to a considerable
cumulative warming throughout the course of a night. Thus, this effect could mitigate sur-
face cooling and frost formation in agricultural croplands, potentially reducing frost-related
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damage of plant tissue. In addition, it may also alter nocturnal boundary-layer stratifica-
tion, surface energy partitioning, and dew formation processes, with complex feedbacks on
local microclimates and ecosystem functioning. However, such feedback would likely not
persist in a linear manner throughout the night. As the near-surface layer warms, static sta-
bility would progressively weaken, ultimately approaching near-neutral conditions in which
turbine-generated turbulence has a much smaller impact on mixing. This suggests that the
magnitude and duration of turbine-induced warming are dynamically constrained by the
evolving stratification. Overall, the comparison between the SS and SU regimes underscores
the dual role of wind turbines in modifying land—atmosphere interactions. They enhance
nocturnal latent heat flux and near-surface warming under stable conditions, while modify-
ing convective heat and moisture redistribution during daytime instability. To fully capture
all relevant feedback and assess how the warming evolves over a complete diurnal cycle,
simulations spanning full diurnal cycles are required. Such simulations are part of ongoing
work and will help better constrain the real-world relevance of the identified mechanisms.

The downstream fetch of the domain after the wind farm is approximately 1680 m (~
21 rotor diameters), which may not be sufficient for complete wake recovery, particularly
under stable conditions where turbulence is suppressed and wake deficits can persist over
longer distances, as highlighted by (Lu and Porté-Agel 2011). However, the primary focus
of this study is on the flow and surface—atmosphere interactions within the wind farm region
itself, rather than on far-wake recovery. Regarding the outflow boundary condition, PALM
employs a radiation-type boundary condition designed to minimize artificial reflections of
disturbances back into the domain. In the present simulations, no indications of upstream-
propagating artifacts or nonphysical flow features were observed in the velocity or turbulence
fields within the wind farm region. Furthermore, the analysis is restricted to the interior of the
wind farm (as indicated in Fig. 1), which is sufficiently separated from the outflow boundary
to reduce potential boundary effects.

These results highlight the importance of considering atmospheric stability when assessing
wind farm impacts on the surface energy balance and land-surface processes.

5 Conclusion

This study investigated the impact of wind turbines on near-surface meteorological and land-
surface variables using LES under a range of atmospheric stability conditions over a 30-min
interval. The results demonstrate that turbine-induced turbulence modifies the surface energy
balance and soil-atmosphere interactions in a systematic and stability-dependent manner.

Near-surface air temperature exhibited contrasting responses. The SU conditions were
associated with a mean cooling of 0.064 K, while the SS conditions led to pronounced warm-
ing of 0.695 K, with almost 100% of the turbine area experiencing positive anomalies (Fig. 3).
Surface temperature showed a similar pattern, with general warming across stability regimes.
The strongest increase occurred under SS conditions (0.76 K), whereas only marginal cooling
was observed in near-neutral to stable scenarios.

Simulated surface fluxes further highlighted the role of turbines in modulating land—at-
mosphere exchanges. H g+ was reduced under unstable conditions, particularly in SU, with
an average decrease of — 6.97 W m™2, reflecting enhanced mixing and reduced vertical tem-
perature gradients. Conversely, under Neutral and weakly stable regimes (NN-S, WS), H ¢
often increased. However, SS conditions show a systematic average reduction of 6.25 W mZ,
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reflecting enhanced downward turbulent heat transport. LE,,s generally increased, partic-
ularly under SU conditions (+ 5.08 W m™2) and SS conditions (+ 1.72 W m™2), suggesting
turbine-induced enhancement of evapotranspiration. These findings are consistent with the
observed reduction in mj  across most unstable regimes, with the strongest decline in SU (—
1.126 x 1072% (v/v)) and then the second strongest decline under SS (— 2.09 x 1073%
(VIv)).

Vertical profiles of potential temperature, wind speed, and TKE provided physical expla-
nations for these patterns. Turbines acted as localized sources of turbulence and sinks of
momentum, consistent with previous studies (Baidya Roy et al. 2004; Miller & Keith, 2018).
Strong vertical gradients of 6 under SS conditions facilitated near-surface warming, while
limited stratification under neutral cases prevented significant temperature changes despite
enhanced TKE. Wind speed profiles revealed reductions at hub height and near the surface,
with higher residual near-surface wind under SS conditions, potentially contributing to soil
moisture depletion beneath the wind farm.

A key contribution of this work lies in its systematic analysis of wind turbine effects
across a broad spectrum of atmospheric stability regimes, ranging from strongly unstable to
strongly stable. To our knowledge, this is among the first studies to explicitly link turbine-
induced surface responses with the transition between stability conditions to the best of our
knowledge, thereby filling a critical gap in the literature. This framework provides a pathway
to better understand how diurnal transitions in stability mediate wind farm impacts.

Overall, the findings highlight that, while daytime effects remain modest, nighttime sta-
ble conditions exhibit a systematic warming, heat flux changes, and soil moisture reductions.
Intricate land—atmosphere feedbacks are at play in response to the presence of wind turbines
and could have mixed implications for agriculture, including potential frost mitigation but
also enhanced evapotranspiration and soil drying. Future work should therefore extend these
simulations to full diurnal cycles, allowing the stability-turbulence feedbacks to evolve natu-
rally, to explore cumulative effects over multiple days. Additionally, the interactions with crop
models can be useful to better quantify the agricultural relevance of these land—atmosphere
feedbacks.

Appendix 1: Friction velocity

Friction velocity at 4 m average, minimum, maximum, and standard deviation (SD) values,
and average, minimum, and maximum values for the difference between WWT and WOWT

scenarios for each stability. All values are in m s~ !.
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Appendix 2: Air temperatureat2 m

Air temperature at 2 m average, minimum, maximum, and standard deviation (SD) values,
and average, minimum, and maximum values for the difference between WWT and WOWT
scenarios for each stability. All values are in °C.
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Appendix 3: Surface temperature

Surface temperature average, minimum, maximum, and standard deviation (SD) values, and
average, minimum, and maximum values for the difference between WWT and WOWT
scenarios for each stability. All values are in K.
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Appendix 4: Surface sensible heat flux

Surface sensible heat flux average, minimum, maximum, and standard deviation (SD) values,
and average, minimum, and maximum values for the difference between WWT and WOWT
scenarios for each stability. All values are in W m™2.
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Appendix 5: Soil moisture

Soil moisture average, minimum, maximum, and standard deviation (SD) values, and average,
minimum, and maximum values for the difference between WWT and WOWT scenarios for
each stability. All values are in % v/v.
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Appendix 6: Latent heat flux

Latent heat flux average, minimum, maximum, and standard deviation (SD) values, and
average, minimum, and maximum values for the difference between WWT and WOWT
scenarios for each stability. All values are in W m™2.

@ Springer



Page 410f52 50

Wind Turbine Impact on ASL Dynamics Across Stability Regimes

S0 06C 10°0 [ 0S0 00'8 Y 889 L00 £€e’s €0°¢ SI'¢ SS
690 LS'T S0C — 900 890 socl €e01 6v'¢Cl 600 89°CI LTl evel SN
wo 16'0 IS — 8¢0 — 0¥°0 1861 Ll 6981 v1'0 6l S9°81 LO61 SM
70 L80 9¢'T — 050 — 8¢€°0 (4% 14 10°'I¢ Sree SI°0 90°¢€C cree §9ce STNN
LT0 090 SI'T — €00 — o 90°vE L9°CE £€eee y1'0 98°¢e yIee Geee N
L0 (4! 80°¢ — 86°0 — 9¢°0 SL90T 167€01 9¢°c01 izl STLOT L9001 ¥6'S01 N NN
600 wo 910 — S1'o €1r'o 089L1 609L1 8Y'OLI 600 6S9L1 90°9L1 €EOLT nm
0’0 €9'1 6L°0 — 6¥°0 I¥'0 8¢°L0C ¥6'¥0C ¢C90T 81°0 L€90T 11°60C €L°60¢ nn
Sre Soel ey — 80°¢ ¥8'C 68'0S¢ £9'vee 09°eve 1T1 L6'TYE £9vee CS'8¢E ns
as WNWIXEIA WNWIUIA a3erony as WNWIXEIA WNWIUIA a3erony as WNWIXe WNWIUIA 93eroAy
duaIHIg LMM LMOM uonipuod Ayiqers

pringer

Qs



50 Page42of52 S.B.W.W. Hewage et al.

Appendix 7: Horizontal wind speed U at 60 m

Horizontal wind speed U at 60 m average, minimum, maximum, and standard deviation (SD)
values, and average, minimum, and maximum values for the difference between WWT and

WOWT scenarios for each stability. All values are in m s~
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Appendix 8: Potential temperature at 2 m

Potential temperature average, minimum, maximum, and standard deviation (SD) values,
and average, minimum, and maximum values for the difference between WWT and WOWT
scenarios for each stability. All values are in K.
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Appendix 9: Ensemble average values for air temperature at2 min SU
scenario

Individual simulations average, minimum, maximum, and standard deviation (SD) values,
and ensemble average, minimum, and maximum values for the without wind turbines scenario
for strongly unstable scenario. All values are in °C.

Ensemble  Individual averages Ensemble averages
number
Average  Minimum  Maximum  SD Average ~ Minimum  Maximum  SD

1 27.74 27.29 28.17 0.13  27.74 27.29 28.17 0.13
2 27.84 27.49 28.46 0.14  27.79 27.48 28.16 0.10
3 27.78 27.35 28.23 0.14 2778 27.47 28.12 0.09
4 27.76 27.41 28.12 0.13  27.718 27.55 28.05 0.08
5 27.82 27.40 28.29 0.15  27.79 27.58 28.07 0.07
6 27.80 27.39 28.13 0.11  27.79 27.60 28.04 0.07
7 27.65 27.32 28.07 0.14  27.77 27.59 28.00 0.06
8 27.73 27.44 28.37 0.13  27.76 27.58 27.98 0.06
9 27.74 27.44 28.16 0.12  27.76 27.58 27.95 0.06
10 27.82 27.52 28.28 0.14  27.77 27.60 27.98 0.06

Appendix 10: Ensemble average values for surface sensible heat flux
at4 min SU scenario

Individual simulations average, minimum, maximum, and standard deviation (SD) values,
and ensemble average, minimum, and maximum values for the without wind turbines scenario
for strongly unstable scenario. All values are in W m™2,

Ensemble =~ WOWT WWT
number
Average  Minimum  Maximum  SD Average ~ Minimum  Maximum  SD

1 289.59 273.39 307.32 5.62  289.59 273.39 307.32 5.62
2 286.47 262.70 303.28 6.09  288.03 275.12 299.58 3.88
3 290.26 265.81 305.04 6.21  288.77 278.82 297.49 3.12
4 282.17 256.16 308.07 8.01  287.12 277.28 296.36 2.87
5 282.62 256.17 302.06 926  286.22 276.39 294.76 2.86
6 283.60 266.21 299.41 530  285.78 276.49 293.25 2.64
7 278.23 250.58 302.32 7.18  284.70 275.96 291.71 2.39
8 290.15 262.38 304.27 5.48  285.39 276.60 291.98 222
9 279.52 260.80 308.70 733 284.73 277.13 291.32 2.05
10 284.95 259.58 299.85 6.43 28475 277.54 291.08 1.94
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Appendix 11: Streamwise development of the laterally averaged 2 m
air temperature difference

Laterally averaged profiles of the 2 m air temperature difference (WWT — WOWT) along
the streamwise direction, calculated across the wind farm width (320-1280 m), illustrate
the downstream adjustment of the surface response under different atmospheric stability
conditions.

Air Temperature Difference at 2m (WWT — WOWT) [°C]
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Appendix 12: Streamwise development of the laterally averaged
sensible heat flux difference

Laterally averaged profiles of the sensible heat flux difference (WWT — WOWT) along
the streamwise direction, calculated across the wind farm width (320-1280 m), illustrate
the downstream adjustment of the surface response under different atmospheric stability
conditions.
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Appendix 13: Streamwise development of the laterally averaged
surface temperature difference

Laterally averaged profiles of the surface temperature difference (WWT — WOWT) along
the streamwise direction, calculated across the wind farm width (320-1280 m), illustrate
the downstream adjustment of the surface response under different atmospheric stability
conditions.
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Appendix 14: Streamwise development of the laterally averaged latent
heat flux difference

Laterally averaged profiles of the surface temperature difference (WWT — WOWT) along
the streamwise direction, calculated across the wind farm width (320-1280 m), illustrate
the downstream adjustment of the surface response under different atmospheric stability
conditions.
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