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ABSTRACT

With the rapid expansion of China's wind power industry, the local climatic impacts of large-scale wind farms, particularly in
arid and semi-arid regions, have attracted increasing attention. This study investigates the effects of the Huitengxile wind farm in
Inner Mongolia, which hosts over 1,200 wind turbines, using high-resolution numerical simulations conducted with the Weather
Research and Forecasting (WRF) model. The analysis quantitatively evaluates the effects of the wind farm's influence on surface
temperature, surface relative humidity, turbulent kinetic energy (TKE), and wind speed at turbine height by comparing control
and sensitivity simulations. The results indicate that the Huitengxile wind farm induces a decrease in surface temperature but
an increase in surface relative humidity. At hub height, TKE increases, while wind speed decreases within the wind farm area.
These climatic responses exhibit seasonal and diurnal variability. In winter, the surface temperature decreases by approximately
0.5°C, wind speed reduces by 4.4m/s, and TKE increases by 1.2m?/s%. In contrast, summer responses are less pronounced,
with surface temperature decreasing by 0.2°C, relative humidity increasing by 0.6%, wind speed reducing by 2.0m/s, and TKE
increasing by 0.7m?/s2. Diurnal variations reveal stronger cooling, wetting, and wind speed reduction during nocturnal hours,
whereas TKE enhancement is more significant during diurnal hours. Spatial analysis reveals that the wind farm's impacts are
primarily confined to areas with high turbine density. These findings reveal the complex local climatic effects of large-scale wind
farms, providing critical scientific insights for optimizing wind farm planning.

1 | Introduction because of its abundant resources, widespread availability,

and clean, pollution-free nature [5-8]. Amid the rapid expan-

With the rapid development of the global economy, energy de-
mand continues to rise [1]. The extensive use of traditional fossil
fuels such as coal, oil, and natural gas has triggered a series of
severe environmental issues, including global climate change
caused by greenhouse gas emissions and air pollution [2-4]. To
address these challenges, nations worldwide are actively pro-
moting the development and utilization of renewable energy.
Among these, wind energy has attracted significant attention

sion of wind energy development and utilization, global wind
farm construction has rapidly increased. While this trend offers
new opportunities for sustainable energy production, it has also
raised significant concerns about the localized climatic impacts
of wind farms [9].

Early studies primarily relied on field observations to analyze
the localized climatic impacts of wind farms. For instance,
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TABLE1 | Physical parameters used in WRF.

WRF physics

Parameterization scheme

Cumulus convective scheme
Microphysics scheme
Radiation scheme

Planetary boundary layer scheme

Surface layer scheme

Land surface model scheme

Off
WRF Double-moment 6-class (WDMS6) [32]
RRTMG [33]

Mellor-Yamada Nakanishi and Niino
Level 2.5 (MYNN2) ([34, 35]; [36])

MYNN [37]
Noah

Smith et al. [10] investigated near-surface flows at wind farms
using in situ measurements from local meteorological towers;
they examined diurnal and nocturnal variations in tempera-
ture, wind speed, and turbulent kinetic energy (TKE) caused
by wind farm operations. Zhang et al. [11] analyzed meteo-
rological station data from the Dabie Mountains region, indi-
cating that wind farm operations exerted a certain degree of
influence on local wind speeds and temperatures. Specifically,
wind speeds showed a slight decrease while temperatures ex-
hibited a noticeable increase, although no significant impact
on precipitation was observed. In recent years, with continu-
ous advancements in science and technology, methods such as
satellite remote sensing and numerical simulation have been
widely applied to studying the climatic effects of wind farms
[12-17]. Among them, the Weather Research and Forecasting
(WRF) model represents one of the most commonly used nu-
merical models. Many studies indicate that wind farms can
induce significant temperature change within and around the
wind farm areas [18-21]. Sun et al. [22] utilized wind farm
data and cumulative wind power capacity data from China,
using the WRF model to simulate the regional environmental
impacts of wind farms. Results showed that operational wind
farms caused surface air temperatures at 2m height to fluc-
tuate within a range of £0.5K. Xia et al. [23] used the WRF
model and found that wind farms induce warming within the
wind farm areas and cooling in downwind areas during noc-
turnal periods. Baidya Roy [24] simulated a large wind farm in
California, revealing significant impacts on near-surface air
temperature, humidity, and surface sensible and latent heat
fluxes, resulting in nocturnal warming and diurnal cooling
of surface temperatures. Research has also shown that wind
farms can significantly reduce wind speeds at turbine heights
both within the wind farm and in downwind areas [25, 26].
Lundquist et al. [27] simulated adjacent wind farms in Texas
using the WRF model, revealing wind speed deficiency of
0.5m/s at 50km downstream under stable atmospheric con-
ditions. Fitch et al. [28] modeled the atmospheric impacts of
a 10x 10km wind farm, demonstrating that operational wind
farms significantly reduce wind speeds within a 60-km down-
wind radius during nocturnal hours. Moreover, research has
demonstrated that wind farms significantly affect precipita-
tion and sea level pressure [18, 29, 30]. Although numerous
studies on wind farm climate impacts exist, most rely on ob-
servational data or low-resolution numerical simulations, with
few high-resolution simulations at 1km scale. Furthermore,

previous studies primarily focused on small- to medium-scale
wind farms, typically comprising a few hundred turbines
or fewer, with limited research addressing large-scale wind
farms containing thousands of turbines. Therefore, high-
resolution simulations of the localized climatic effects of
large-scale wind farms are urgently needed.

This study focuses on the Huitengxile wind farm in Inner
Mongolia, which hosts more than 1200 wind turbines as a case
study site. Employing the WRF model, we simulated the impacts
of wind farm operations over the period from 2018 to 2020. And
we examined the impact of the wind farm on surface air tem-
perature, surface relative humidity, TKE, and wind speed at
turbine height across different time scales. This study provides
a scientific basis for the rational planning and optimized oper-
ation of wind farms. It also offers essential theoretical support
and data references for assessing the environmental impacts of
wind power development, formulating corresponding ecological
protection measures, and promoting the sustainable develop-
ment of renewable energy.

2 | Material and Methods
2.1 | Study Area

The Huitengxile wind farm is located at the junction of Chahar
Right Middle Banner and Zhuozi County in Ulangab City,
Inner Mongolia Autonomous Region, China. It has an average
elevation of 2100 m, an annual average temperature of approx-
imately —1.3°C, and annual precipitation of about 385mm
[31]. The surrounding Huitengxile grassland is endowed with
abundant wind energy resources and hosts approximately
1200 wind turbines. Characterized by high stability, excellent
continuity, and superior wind resource quality, it serves as an
ideal location for studying the impact of wind farms on local
climate.

2.2 | The WRF Model

This study employed the WRF model version 4.6.1, and the
primary physical parameterization schemes suitable for the
study area were determined with reference to previous related
simulation studies, as summarized in Table 1. The planetary
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FIGURE1 | Map of the WRF d02 simulation domain. Shading represents terrain elevation (units: meters), and wind turbines are indicated by
green solid circles. The blue shading in the upper-right corner of the map denotes the WRF model d01 simulation domain.

boundary layer scheme adopts the Mellor-Yamada Nakanishi
and Niino Level 2.5 scheme, which effectively simulates tur-
bulence characteristics in stable and neutral boundary layers
and has good applicability for simulating interactions between
wind farms and the atmospheric boundary layer. The surface
layer scheme employs the corresponding MYNN scheme to en-
sure consistency between the boundary layer and surface layer
parameterizations. The microphysics scheme used is the WRF
Double-moment 6-class scheme, which adequately simulates the
cloud microphysical processes and precipitation characteristics
of the study region. The radiation scheme used is the RRTMG
scheme, which offers high computational accuracy and has been
widely applied in regional climate simulations. Noah scheme is
applied as the land surface scheme, which accurately describes
the heat and moisture exchange processes over surfaces. The
WRF model domain configuration is illustrated in Figure 1, cen-
tered at 41.2°N, 112.8°E. A two-way nested grid configuration
was implemented, consisting of an outer domain with a 5-km
horizontal resolution (70 grid points in both the east-west and
north-south directions) that encompassed portions of Hohhot
City, Ulangab City, and surrounding areas, and an inner do-
main with a 1-km horizontal resolution (151 grid points in the
east-west direction and 101 grid points in the north-south di-
rection) focused on the construction area of the Huitengxile
wind farm. The 5km outer domain resolution effectively cap-
tures regional-scale atmospheric circulation features, while the
1km inner domain resolution is sufficient to resolve the local
climate responses within and around the wind farm, accurately
characterizing the spatial distribution of wind turbines and their
disturbance effects on local airflow, while maintaining compu-
tational efficiency. The simulation period spans from 2018 to
2020, with December 2017 serving as the model spin-up period.
The simulation utilized the Lambert projection with the model
top at 50hPa. Model outputs were generated every 3h and ar-
chived in NetCDF format.

The initial and boundary conditions for the WRF model are de-
rived from the fifth-generation European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis dataset (ERA5),
which integrates global observational and model data to produce
a comprehensive, high-resolution record of atmospheric land
surface and oceanic conditions [38, 39]. This dataset is widely
adopted as the lateral boundary conditions in regional climate
simulation over China [40]. In this study, ERAS5 data with a hor-
izontal resolution of 0.25° and a temporal resolution of 3h were
employed, and the wind farm parameterization scheme devel-
oped by Fitch et al. [41] was adopted, which fully considers the
turbulent kinetic energy and momentum sink mechanisms and
has been widely adopted.

2.3 | Experimental Design

In this study, the high-resolution sensitivity simulations were
conducted to evaluate the impact of the wind farm on the local
climate across four seasons from 2018 to 2020: winter (December-
February), spring (March-May), summer (June-August), and au-
tumn (September-November). Each day was further partitioned
into diurnal (06:00-18:00 Beijing Time) and nocturnal (18:00-
06:00 Beijing Time) periods [42] to examine the distinct diurnal
and nocturnal responses to wind farm operations. The simula-
tions include two experiments: a control run without the wind
farm (Con) and a sensitivity run with the wind farm (WindFarm).
The impact of the wind farm on local climate is represented by the
difference between the two experiments, calculated as follows:

AV =Vyr = Vegy @

where AV denotes the impact of the wind farm on local climate,
Ve represents the simulated variable in the experiment of
WindFarm, while V, represents the simulated variable in the
Con experiment.
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3 | Results

3.1 | Impact of Wind Farms on Local Surface Air
Temperature

The process by which wind turbines convert kinetic wind en-
ergy into electrical energy alters the exchange and transport of
atmospheric energy, momentum, and mass, thereby influenc-
ing near-surface atmospheric temperature. Figure 2 shows the
spatial distribution of differences in surface temperature during
different seasons. Within regions of high turbine density, sur-
face temperatures show cooling, while surrounding regions ex-
hibit relatively minor changes. The magnitude of the regional
mean temperature decrease in winter, spring, summer, and au-
tumn is approximately 0.23°C, 0.15°C, 0.07°C, and 0.10°C, re-
spectively, while the corresponding natural variability for these
four seasons is 1.31°C, 1.08°C, 0.86°C, and 1.11°C, respectively.
These changes do not exceed the natural variability. The cooling
effect is most pronounced in winter (Figure 2a), with a tempera-
ture reduction of approximately 0.5°C within the wind farm. In
contrast, warming of about 0.3°C occurs in the northern and
southeastern regions. During spring (Figure 2b) and autumn
(Figure 2d) seasons, surface temperatures decrease by approx-
imately 0.4°C within the wind farm and its northeastern areas,
with negligible temperature differences in surrounding regions.
In summer (Figure 2c), the surface temperature change is the
weakest, with a mean cooling of approximately 0.2°C within the

wind farm. Adjacent areas show slight warming in the northeast
and minor cooling in the west, although these changes are of
small magnitude.

Figure 3 shows the spatial distribution of mean surface tempera-
ture differences within the wind farm for diurnal and nocturnal
periods. During diurnal periods (Figure 3a), the interior of the
wind farm exhibits a modest cooling effect, with temperatures
decreasing by approximately 0.16°C. Meanwhile, a warming ef-
fect is observed in the northern region of the wind farm. Overall,
the influence of the wind farm on surface temperatures during
diurnal periods is relatively minor. In contrast, during noctur-
nal periods (Figure 3b), the cooling effect is approximately three
times greater than during diurnal periods. In areas with high
wind turbine density, the maximum cooling reaches 0.44°C and
exhibits distinct spatial clustering. This nocturnal cooling effect
is primarily concentrated within the wind farm's interior, with
a slight cooling effect in the northeastern region that gradually
weakens with increasing distance from the turbine clusters.

Figure 4a,b illustrates the spatial distribution of mean surface
temperature differences within the wind farm during diur-
nal and nocturnal periods in winter. During diurnal periods
(Figure 4a), a cooling effect is observed in areas with concen-
trated wind turbine distribution, while warming occurs in the
northern part of the wind farm. The nocturnal cooling effect is
approximately three times greater than that during the diurnal
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FIGURE 2 | Spatial distribution of mean surface air temperature differences within the wind farm for (a) winter, (b) spring, (c) summer, and (d)

autumn. Red boxes indicate turbine locations. Units:°C.
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period, with maximum cooling reaching 0.55°C in areas of high
turbine density (Figure 4b). In addition, warming zones are
identified to the north and southeast of the wind farm. In sum-
mer (Figures Sla and S1b), the magnitude of both diurnal and
nocturnal surface temperature changes within the wind farm is
smaller than in winter.

3.2 | Impact of Wind Farms on Local Surface
Relative Humidity

Figure 5 shows the spatial distribution of mean surface rela-
tive humidity differences within the wind farm across differ-
ent seasons. The wind farm affects surface relative humidity
both within its boundaries and in adjacent areas. The regional
mean relative humidity changes in winter, spring, summer, and
autumn are approximately 0.04%, 0.38%, 0.19%, and 0.39%, re-
spectively, while the corresponding natural variability for the
four seasons is 5.88%, 5.54%, 4.35%, and 3.50%, indicating that
the magnitude of these changes in surface relative humidity
remains smaller than the natural variability. Specifically, in
winter (Figure 5a), the most complex humidity pattern is ob-
served, characterized by both increases and decreases in mean
surface relative humidity within areas of high turbine density.
The amplitude of these differences is substantial, reaching ap-
proximately +1.2%. Additionally, surface relative humidity in-
creases in the southern and eastern areas adjacent to the wind

farm, while it decreases in the northern adjacent areas. In spring
(Figure 5b) and autumn (Figure 5d), the spatial distribution pat-
terns of surface relative humidity differences are similar, with
both seasons showing an increase of approximately 1.2% within
the wind farm. However, a slight decrease in humidity is ob-
served in the northern part of the wind farm during autumn.
The wind farm's influence on mean surface relative humidity is
least pronounced in summer (Figure 5c), primarily manifesting
as an increase of approximately 0.6% within the wind farm and
in western adjacent areas. Conversely, decreases in humidity are
observed in the northeastern and southern regions of the wind
farm. Except in winter, the spatial distribution pattern of water
vapor mixing ratio at 2-m level is largely consistent with that of
surface relative humidity, both showing an increasing trend in
areas with dense turbines (Figures S2b, S2c, and S2d). In con-
trast, during winter, the 2m water vapor mixing ratio decreases
by approximately 0.05g/kg in areas with dense turbines, while
changes in surrounding areas are negligible (Figure S2a). This
indicates that changes in relative humidity are not solely deter-
mined by moisture content but are also influenced by other fac-
tors such as temperature.

Figure 6 shows the spatial distribution of mean surface relative
humidity differences within the wind farm for diurnal and noc-
turnal periods. During diurnal periods (Figure 6a), the interior
of the wind farm exhibits an increase in humidity, with varia-
tions ranging from 0% to 0.6%. In contrast, adjacent northern
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areas show a slight decrease in surface relative humidity. The
spatial patterns of the 2m water vapor mixing ratio are broadly
consistent with those of surface relative humidity, both show-
ing increases in areas with concentrated turbine distribution
and decreases in the northern adjacent areas (Figure S3a).
During nocturnal periods (Figure 6b), the humidifying effect of
the wind farm is more pronounced, with an intensity approxi-
mately twice that during daytime and a broader spatial extent.
A marked increase in humidity is evident within the wind farm,
with a maximum increase exceeding 1.2%. This humidification
effect diminishes gradually from the interior of the wind farm
toward the surrounding areas. However, the 2m water vapor
mixing ratio during nocturnal periods exhibits a mixed pattern
of increases and decreases both inside the wind farm and in its
surrounding areas (Figure S3b).

Figures S4a and S4b illustrate the spatial distribution of mean
surface relative humidity differences within the wind farm
during diurnal and nocturnal periods in winter. In areas with
concentrated turbine distribution, surface relative humidity
exhibits a complex pattern characterized by both increases and
decreases, with the magnitude of nocturnal humidity changes
being approximately twice that of diurnal (Figures S4a and S4b)
changes. The spatial distribution of surface relative humidity in
summer is more complex. During diurnal periods (Figure S5a),
both increases and decreases in relative humidity are observed
within the wind farm and its surrounding areas, with varia-
tions ranging approximately +0.6%. During nocturnal periods
(Figure S5b), the humidification effect in areas with concen-
trated turbine distribution is more pronounced than during
diurnal periods, with relative humidity increasing by approxi-
mately 1.2%, while the surrounding areas exhibit a mixed pat-
tern of humidity increases and decreases.

3.3 | Impact of Wind Farms on Wind Speed at
Turbine Height

Figure 7 shows the spatial distribution of mean wind speed dif-
ferences at turbine height within the wind farm across seasons.

The impact of the wind farm on wind speeds at turbine height
primarily manifests as a blocking and attenuation effect. The re-
gional mean wind speed reductions in winter, spring, summer,
and autumn are approximately 1.93, 1.14, 0.74, and 1.41m/s,
respectively, while the corresponding natural variability for the
four seasons is 0.36, 0.48, 0.40, and 0.41 m/s, respectively. The
changes in wind speed exceed the range of natural variability
in all four seasons. Specifically, the attenuation effect is most
pronounced in winter (Figure 7a), with wind speeds decreas-
ing by approximately 4.4m/s in regions of high turbine density.
The pattern exhibits a concentric circular structure, weakening
gradually toward the periphery. In spring (Figure 7b) and au-
tumn (Figure 7d), wind speed reductions are within the wind
farm, ranging from —0.8to —3.6 m/s, with negligible differences
in surrounding areas. The reduction is weakest in summer
(Figure 7c), with internal wind speed reduction of approxi-
mately 2.0m/s. Both the range and magnitude are smaller than
in other seasons, possibly attributed to enhanced atmospheric
convection and turbulence mixing.

Figure 8 illustrates the spatial distribution of mean wind speed
differences at turbine height in the wind farm for diurnal and
nocturnal periods. During diurnal periods (Figure 8a), a re-
duction in wind speed is observed within the wind farm, with
a maximum decrease of approximately 2.7m/s. This reduction
occurs primarily in regions with high turbine density, while
the surrounding areas show no clear differences. In contrast,
during nocturnal periods (Figure 8b), this reduction intensi-
fies considerably, reaching up to 3.3m/s within the wind farm.
Furthermore, the nocturnal reduction not only displays greater
magnitude but also extends over a larger area compared to diur-
nal conditions, while the wind farm's influence on more distant
peripheral areas remains negligible.

Figure 4c,d illustrates the spatial distribution of mean wind
speed differences at turbine height within the wind farm during
diurnal and nocturnal periods in winter. During diurnal peri-
ods (Figure 4c), wind speed decreases by approximately 4.0m/s
in areas with dense turbine distribution, while changes in the
surrounding areas are negligible. During nocturnal periods
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(Figure 4d), the spatial extent of wind speed reduction is greater
than during diurnal periods, with wind speed changes dimin-
ishing gradually outward in a concentric circular pattern. In
summer (Figures Slc and S1d), both diurnal and nocturnal
wind speed changes within the wind farm are smaller in magni-
tude compared to those in winter.

3.4 | Impact of Wind Farms on TKE at
Turbine Height

In simulations of wind farm climate effect, turbines serve as
both momentum sinks and sources of turbulent kinetic en-
ergy. Figure 9 shows the spatial distribution of mean TKE
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differences at turbine height within the wind farm across sea-
sons. The wind farm induces noticeable local TKE responses
in all seasons, primarily concentrated in areas with high tur-
bine density. In winter (Figure 9a), TKE anomalies exhibit
both increases and decreases within the wind farm, although
an overall increase prevails, reaching up to 1.2m?/s%. Minor
TKE decreases are observed at southeastern turbine locations.
The spatial patterns of TKE differences in spring (Figure 9b)
and autumn (Figure 9d) are similar, with increases within
the wind farm and negligible differences in surrounding
areas. Notably, the TKE difference in spring is slightly higher
than those in autumn. Compared to other seasons, the wind
farm has the weakest influence on mean TKE in summer
(Figure 9c¢), producing an increase of approximately 0.7 m?/
s? within the wind farm and negligible differences in the sur-
rounding areas.

Figure 10 illustrates the spatial distribution of mean TKE dif-
ferences at turbine height within the wind farm for diurnal
and nocturnal periods. During diurnal periods (Figure 10a),
TKE enhancement within the wind farm reaches a maximum
of 1.2m?/s?, while TKE differences in the surrounding areas
remain negligible. During nocturnal periods (Figure 10b), the
spatial patterns of TKE differences differ slightly from those
during diurnal periods. Although overall TKE enhancement is
observed within the wind farm, a reduction of approximately
0.2m?/s? occurs in the southeastern part. Notably, the impact

of the wind farm on nocturnal TKE is weaker than that during
diurnal periods, in contrast to the difference observed for other
variables.

Figures S4c and S4d illustrate the spatial distribution of mean
TKE differences at turbine height during diurnal and noctur-
nal periods in winter. During diurnal periods (Figure S4c), TKE
increases by up to 1.2m?/s? in areas with dense turbines, while
changes in surrounding areas are negligible. During the noc-
turnal periods (Figure S4d), the magnitude of TKE increase is
slightly smaller, with a minor TKE reduction in the southeast-
ern part of the wind farm. In summer (Figures S5c and S5d),
both diurnal and nocturnal TKE increases within the wind
farm are generally weaker than in winter. Unlike in winter, TKE
enhancement prevails throughout the wind farm interior during
nocturnal periods in summer.

4 | Discussion

Based on high-resolution WRF simulations of the Huitengxile
wind farm, this study reveals the complex impacts of large-scale
wind farms on local climate. Wind turbines primarily influence
local climate through momentum extraction, turbulence en-
hancement, and boundary layer mixing. Turbine blades extract
momentum from the airflow to generate power, leading to sig-
nificant wind speed reduction within the wind farm. This effect
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is evident across all seasons and times of day, aligning with pre-
vious research [27, 43-45], which further validates the blocking
and attenuation effect of large wind farms on wind speed and
lends additional credibility to the simulation results of this study.
Concurrently, the mechanical disturbance from turbine blades
strongly affects the airflow, forming complex wake structures
and generating numerous turbulent vortices. Combined with
shear instability caused by the altered vertical wind speed distri-
bution, these factors lead to a significant increase in TKE within
the wind farm. This is consistent with the findings of Xia et al.
[17], indicating that mechanical turbulence induced by turbine
blades is the primary source of enhanced TKE in the boundary
layer. This further validates the reasonableness of the wind farm
parameterization scheme adopted in this study and the reliabil-
ity of the corresponding simulation results. Furthermore, stud-
ies indicate that wind farm impacts are most pronounced near
turbine locations, with denser turbine distributions bringing
stronger climate responses, indicating that local climate effects
of wind farms are closely linked to spatial turbine density.

The results in this study also indicate that the wind farm exhib-
its distinct seasonal variations in its impact on local climate. The
wind farm leads to reduced surface air temperatures, increased
surface relative humidity, enhanced TKE at turbine height,
and decreased wind speeds at turbine height within the wind
farm. These effects are most pronounced in winter and weakest
in summer, which can be attributed to the stable stratification
and weaker natural turbulent mixing features of the winter at-
mosphere. Concurrently, background wind speeds are typically
higher and more consistent, enabling higher operational effi-
ciency of wind turbines and more intense airflow disturbances.
Consequently, the mechanical disturbance effects of wind tur-
bines persist longer within the local environment. In contrast,
summer features active atmospheric convection and strong nat-
ural turbulence, diluting the disturbance effects of wind farms.
Combined with lower and more variable wind speeds, the im-
pact of turbines on airflow is relatively weakened. Regarding
variations between diurnal and nocturnal periods, the climatic
effects of the wind farm are generally stronger during nocturnal

periods than during diurnal periods, manifesting as more pro-
nounced surface cooling and surface humidification effects.
However, previous studies have found that wind farm operations
cause surface temperatures to exhibit a cooling effect during di-
urnal periods and a warming effect during nocturnal periods
[18, 24]. This discrepancy may relate to wind farm scale. Large-
scale wind farms, characterized by numerous densely distrib-
uted turbines, significantly disturb the atmospheric boundary
layer beyond the influence of medium and small facilities. They
persistently alter atmospheric flow patterns over broader areas,
with more pronounced turbine interactions and wake super-
position effects. This generates more complex local circulation
patterns and thermal structures, resulting in distinct response
characteristics compared to smaller wind farms. For example,
Huang et al. [46], using WRF simulations of large-scale wind
farm deployment scenarios over the Three North region of
China, found that when the deployment scale reached 3490
GW (approximately 1.75 million turbines), significant summer
surface warming exceeding 0.8°C could be induced over North
China. This contrasts with the surface cooling effect identified
for the Huitengxile wind farm (approximately 1200 turbines)
in this study. This discrepancy most likely stems from the sub-
stantial difference in wind farm scale between the two studies
while also being influenced by differences in spatial resolution,
background climate, and terrain conditions, further underscor-
ing that the climatic response of wind farms is strongly depen-
dent on deployment scale, geographic location, and underlying
surface characteristics. Notably, the wind speed reduction is
stronger during nocturnal periods than during diurnal periods,
while the TKE enhancement effect is more pronounced during
diurnal periods. This difference primarily stems from the pa-
rameterization scheme settings for wind turbines in the WRF
simulations. In the WRF simulations conducted for this study,
the cut-in and cut-out wind speeds for turbines were set at 3and
25m/s, respectively. This means that turbines only operate nor-
mally and generate turbulent disturbance effects when wind
speeds fall within this range. Because of the differing distribu-
tion characteristics of wind speeds between diurnal and noctur-
nal periods, this parameterization setting resulted in temporal
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inconsistencies between the wind speed reduction effect and the
TKE enhancement effect.

To elucidate the physical processes by which wind farms drive
local temperature changes, we examined differences in vertical
temperature profiles between scenarios with and without wind
farms (Figure 11). The results reveal a characteristic three-
layer thermal structure across all seasons and time periods:
near-surface cooling, warming at turbine height, and renewed
cooling aloft. This universal pattern indicates that wind tur-
bines primarily act as vertical heat redistributors, reorganizing
the atmospheric thermal field rather than exerting a uniform
warming or cooling effect. In the near-surface layer, large-
scale momentum extraction substantially reduces wind speeds
below turbine height, weakening the natural wind shear near

the surface and thereby diminishing turbulent heat exchange
between the surface and the overlying atmosphere. Although
the turbines inject considerable TKE, this enhancement is
maximized near turbine height and is insufficient to compen-
sate for the reduction in near-surface natural mixing. The re-
sulting vertical decoupling allows nocturnal radiative cooling
to accumulate continuously near the surface, producing near-
surface cooling. A very shallow cold layer immediately above
the ground is evident during diurnal and nocturnal periods in
winter and nocturnal periods in summer. This feature is absent
during summer diurnal periods, when strong background con-
vection mixing disrupts the near-surface thermal decoupling.
Within the rotor-swept layer, intense TKE injection markedly
enhances vertical mixing, making the turbine height region
a zone of heat convergence. The enhanced turbulent mixing
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| Vertical profiles of air temperature (unit:°C) within the wind farm during (a) winter diurnal, (b) winter nocturnal, (c) summer diur-

nal, and (d) summer nocturnal periods. NWF and WF denote the simulations without and with the wind farm, respectively.
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therefore acts as an efficient “heat pump,” transporting sensi-
ble heat upward from below and leading to localized warming
at turbine height. Above turbine height, the momentum deficit
propagates upward while TKE intensity decreases with height,
resulting in weakened turbulent mixing and a cooling signal
at higher levels. Overall, the physical processes by which wind
farms influence local climate can be summarized as a multi-
stage driving chain from kinetic energy extraction to thermody-
namic response. Wind turbines extract atmospheric momentum
through their rotor blades, causing significant wind speed atten-
uation at turbine height while simultaneously inducing intense
mechanical turbulence that substantially elevates TKE within
the boundary layer. The enhanced turbulent mixing weakens
the stability of atmospheric thermal stratification, drives a sys-
tematic rise in planetary boundary layer height, and gives rise
to a characteristic three-layer thermal structure in the vertical
direction, ultimately resulting in a series of observable changes
in near-surface climate variables including air temperature and
relative humidity.

Although this study employed high-resolution numerical simu-
lations, it has limitations. First, it used only a single parameter-
ization scheme to simulate the climatic effects of wind farms,
failing to adequately consider the sensitivity of simulation re-
sults to different parameterizations. Previous research has
demonstrated that physical parameterizations such as boundary
layer schemes, microphysical processes, and wind farm schemes
significantly influence simulation results [47, 48]. Second, this
study did not conduct a rigorous statistical significance test on
the simulation results. Because of limited computational re-
sources, the simulation period covered only 2018 to 2020, which
precluded the analysis of longer term trends and resulted in a
sample size of only three for the seasonal mean changes. With
such a small sample size, conventional statistical significance
tests have limited reliability and applicability and cannot pro-
vide robust statistical inference. Future studies could extend the
simulation period to conduct long-term simulations, thereby ob-
taining a sufficient sample size to derive more statistically robust
conclusions. Furthermore, this study employs a comparative
simulation approach using two scenarios, one with wind farms
and one without, to eliminate systematic errors. However, be-
cause of the difficulty in obtaining observational data from me-
teorological masts within the study area, the simulation results
could not be validated against in situ measurements, which to
some extent limits the reliability of the conclusions. Model vali-
dation is critical for ensuring the accuracy of simulation results,
and future research will endeavor to acquire observational data
through commercial channels or other means to conduct sys-
tematic model validation. Despite these limitations, this study
contributes to a better understanding of how the large-scale
wind farms impact climate and the environment, informing a
better balance between wind farm development and environ-
mental protection, providing guidance for the sustainable devel-
opment of the renewable energy sector.

5 | Conclusions
This study conducted high-resolution numerical simulations of

the Huitengxile wind farm in Inner Mongolia using the WRF
model, systematically analyzing the impacts of the wind farm

on the local climate. The results indicate that the wind farm
significantly influenced the local climate. Key effects included
reduced surface air temperatures and increased surface relative
humidity within the wind farm, along with enhanced TKE at
turbine height and weakened wind speeds. These climatic ef-
fects were primarily concentrated in areas with high turbine
density within the wind farm and had negligible influence on
surrounding regions.

The local climate effects of the wind farm exhibit distinct sea-
sonal variations. The most pronounced impact occurs during
winter, where surface temperatures decrease by approximately
0.5°C. Spring and autumn show slightly smaller reductions of
about —0.4°C, while summer effects are the weakest, with tem-
perature reductions of only 0.2°C. The impact of the wind farm
on surface relative humidity is more complex. During winter,
both increases and decreases in surface relative humidity co-
exist within the wind farm. In spring and autumn, the spatial
distribution patterns of surface relative humidity differences
are similar, with humidity increasing by approximately 1.2%.
Summer shows the smallest differences in surface relative hu-
midity, primarily characterized by increased humidity within
the wind farm and in western areas, while humidity decreases
in the northeastern and southern regions. Additionally, the wind
farm leads to a significant increase in TKE within the wind
farm. Regarding wind speed response, the weakening effect at
turbine height is most pronounced in winter, with wind speeds
decreasing by approximately 4.4m/s. In spring and autumn,
wind speed differences at turbine height also exclusively man-
ifest as reductions within the wind farm, ranging from —0.8to
—3.6m/s. The wind speed weakening effect is relatively weakest
in summer, with wind speeds within the wind farm decreasing
by approximately 2.0m/s. The scope and intensity of this effect
are also relatively small. Overall, the impact of the wind farm on
various meteorological elements is strongest in winter and rela-
tively weak in summer. This seasonal variation may be related
to differences in atmospheric stability, wind speed conditions,
and the intensity of surface-atmosphere water vapor exchange
during different periods.

Regarding variations between diurnal and nocturnal periods,
the wind farm generally exerts a stronger influence on local cli-
mate during nocturnal periods than that during diurnal peri-
ods. During nocturnal periods, surface air temperatures within
the wind farm decrease by approximately 0.44°C; surface rela-
tive humidity increases significantly, with an impact intensity
roughly twice that observed during diurnal periods; the wind
speed reduction effect is also more pronounced, affecting a no-
ticeably larger area than during diurnal periods. Notably, the
impact of the wind farm on nocturnal TKE is less pronounced
than during diurnal periods. Diurnal TKE enhancement reaches
1.2m?/s?, while nocturnal TKE enhancement is approximately
0.8 m?/s?. Further analysis of day-night differences in winter
and summer reveals that this pattern is evident in both seasons,
although the magnitude of responses varies among meteorolog-
ical variables across seasons. In winter, the nighttime cooling
effect of wind farms is approximately three times that of the day-
time, with a maximum temperature decrease of 0.55°C in areas
of high turbine density. Surface relative humidity exhibits a spa-
tially complex pattern of both increases and decreases during
both day and night, with nocturnal variations approximately
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twice the daytime magnitude. Hub-height wind speed decreases
by approximately 4.0 m/s during the day, while the spatial extent
of the wind speed reduction expands further at night, attenuat-
ing outward in a concentric pattern. Daytime TKE increases by
up to 1.2m?/s?, while the nighttime increase is slightly smaller,
with a minor reduction appearing in the southeastern portion
of the wind farm. The day-night contrast pattern in summer
is broadly similar to that in winter, although the magnitude of
responses across all variables is generally weaker. This varia-
tion between diurnal and nocturnal periods indicates that the
wind farm exerts varying degrees of regulatory effects on local
temperature, humidity, TKE, and wind fields by disturbing the
structure of the atmospheric boundary layer.

This study reveals the local climate effects of large-scale wind
farms, providing a crucial scientific basis for rational planning
and optimized operation of wind farms. The findings will guide
wind farm site selection and layout optimization, assess the eco-
logical and environmental impacts of wind power development,
advance the sustainable development of renewable energy, and
achieve the harmonious integration of energy development and
environmental protection.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Spatial distribution of mean surface air
temperature differences during (a) diurnal and (b) nocturnal periods in
summer (units:°C) and spatial distribution of mean wind speed differ-
ences at turbine height during (c) diurnal and (d) nocturnal periods in
summer (units: m/s). Red boxes indicate turbine locations. Figure S2:
Spatial distribution of mean 2m water vapor mixing ratio differences
during (a) winter, (b) spring, (c) summer, and (d) autumn. Red boxes
indicate turbine locations. Units: g/kg. Figure S3: Spatial distribution
of mean 2m water vapor mixing ratio differences for (a) diurnal and
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(b) nocturnal periods. Red boxes indicate turbine locations. Units: g/kg.
Figure S4: Spatial distribution of mean surface relative humidity dif-
ferences during (a) diurnal and (b) nocturnal periods in winter (units:
%) and spatial distribution of mean TKE differences at turbine height
during (¢) diurnal and (d) nocturnal periods in winter (units: m?/s?).
Red boxes indicate turbine locations. Figure S5: Spatial distribution of
mean surface relative humidity differences during (a) diurnal and (b)
nocturnal periods in summer (units: %) and spatial distribution of mean
TKE differences at turbine height during (c) diurnal and (d) nocturnal
periods in summer (units: m?/s?). Red boxes indicate turbine locations.
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