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Abstract: Analyzing historical and reanalysis datasets for wind energy climatic characteristics
offers crucial insights for wind farms and short-term electricity generation forecasting. However,
large-scale wind farms in Chinese deserts, the Gobi, and barren areas often lack sufficient wind
measurement data, leading to challenges in assessing long-term power generation revenue and
introducing uncertainty. This study focuses on the Tengger Desert as the study area, processes the
Coupled Model Intercomparison Project Phase 6 (CMIP6) data, and analyzes and compares wind
energy’s future characteristics utilizing a developed deep learning (DL) downscaling algorithm. The
findings indicate that (1) the Convolutional Neural Network (CNN) downscaling model, with the
Weather Research and Forecasting Model (WRF) numerical simulation results as the targets, exhibits
spatial distribution consistency with WRF simulation results in the experimental area. (2) Through
testing and validation with three practical wind measurements, the annual average wind speed
error is below 4%. (3) In the mid-term future (~2050), the average wind speed in the experimental
area remains stable with a multi-year average of approximately 7.00 m·s−1. The overall wind speed
distribution range is significant, meeting the requirements for wind farm development.

Keywords: climate change scenarios; CMIP6; Shared Socioeconomic Pathways (SSP); numerical
simulation; CNN; bias adjustment

1. Introduction

The deserts, Gobi, and barren lands in the northern regions of China constitute a
promising area for onshore renewable energy development, particularly in wind power.
Due to the rapid growth of wind power in this region, many yet-to-be-developed wind
farms often lack wind measurement towers or are constrained by a limited number of such
buildings. The traditional wind resource assessment with meteorological towers relies
primarily on installing measurement towers at specific locations to observe and collect
wind speed and wind direction data. Although this method is directly effective, it often
fails to accurately assess the overall wind conditions across the entire wind farm area
due to the limited number and representativeness of measurement points. Furthermore,
meteorological tower construction and maintenance costs are relatively high, and reliable
results require long-term observations.

Wind farms typically have a construction period of one year and an operational
lifespan of 20 years. Over the next few decades, wind farms’ long-term electricity generation
revenue will also face the uncertain challenge of changes in wind energy resources [1], such
as urbanization and land cover changes, which significantly impact the long-term variations
in land surface wind speeds. However, the scientific community acknowledges that natural
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and anthropogenic interactions and forcings within the Earth’s climate system greatly
influence surface wind speed. Previous studies have indicated that land surface wind
speeds have generally decreased in most regions of the Northern Hemisphere, including
Europe (0.01–0.09 m·s−1·decade−1), the United States (0.10–0.19 m·s−1·decade−1), and
China (0.12–0.22 m·s−1·decade−1) over the past few decades [2–6].

Global Climate Models (GCMs) have been widely utilized to generate predictions of
climate change and weather event patterns related to land surface winds [1,7]. Under the
auspices of the World Climate Research Programme (WCRP) Coupled Model Intercompari-
son Project (CMIP), the global modeling centers conducted the GCM experiments. They
shared their simulation results [8]. The latest phase of the Coupled Model Intercomparison
Project (CMIP), initiated in 2015 (CMIP6), provides the most advanced multi-model datasets
and is one of the most effective tools for enhancing our understanding and forecasting of
climate change [9]. These model datasets encompass a range of historical simulations and
future scenario experiments. Historical simulation data based on observational records
(1850 to 2014) is commonly employed to assess the ability to simulate climate variabil-
ity and analyze the causes of forced climate change [10]. Moreover, the GCMs provide
corresponding future scenarios by specifying greenhouse gas and aerosol concentrations,
enabling the setup of different future scenario experiments to help predict potential climate
changes in the future. With the assistance of GCMs, understanding of past, present, and
future climate change has been enhanced.

The prediction of future wind energy resources is based on the previous phases of
the CMIP6 implementation. For the prediction of future wind resources in the upcoming
periods, CMIP6 has been extensively utilized in studies related to monsoon variability [11],
offshore wind energy resources [12–14], onshore wind resources [15], and others. However,
the spatial resolution of CMIP6 is 100 km, which is too coarse to provide actionable infor-
mation for the study of local wind energy resources. Therefore, there is a need to enhance
the spatial resolution of CMIP6 for more effective environmental research. The commonly
used dynamic downscaling process with high-resolution Regional Climate Models (RCMs)
is time-consuming and introduces additional uncertainties [16]. Spatiotemporal statistical
downscaling is a practical approach for obtaining high-resolution data. This method is
based on establishing correlations between the predictor variable (e.g., wind speed) and en-
vironmental variables (predictors) and then using finer-scale predictor variables as input to
downscale the predictor variable from coarse resolution to finer resolution [17–19]. Due to
its ease of implementation, fast computational speed, and low time consumption, statistical
downscaling methods have been widely applied in climate change predictions [20,21].

Statistical downscaling methods can be broadly categorized into two types: linear
methods, such as multiple linear regression, canonical correlation analysis, singular value
decomposition, and model output statistics, and nonlinear methods, such as Convolutional
Neural Networks (CNN) and stochastic weather generators [22]. Due to the complex
terrain distribution, surface-atmosphere interactions, and thermodynamic processes in the
boundary layer in the deserts, Gobi, and barren areas of the northern region of China, the
empirical relationship between near-surface wind fields and large-scale climate variations
exhibits numerous intricate features. Therefore, local near-surface winds are influenced by
currently relevant large-scale and past and future predictor variables. These features pose
significant challenges to traditional methods and constrain the achievement of high-quality
downscaling processes. This study proposes a novel downscaling method based on deep
learning (DL) networks to address this issue and ensure wind turbines’ safe and stable
operation in extreme weather conditions over many years. In recent years, DL technology
has been increasingly introduced and applied in earth system science and the wind energy
industry [23]. The new downscaling method based on DL (CNN) can overcome the
limitations in the number of hidden layers and neurons found in classical CNNs and
incorporates fundamental differences in the training mechanism of deep networks. DL
exhibits significant advantages in non-linear function approximation for data mining,
feature extraction, and various levels of precision [24], making it considered an efficient
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method for handling and analyzing the ‘big data’ of climate in CMIP projects. However,
DL methods still face several challenges. It typically requires large-scale annotated data
to achieve good performance. Training DL models demands substantial computational
resources. The DL models may sometimes overfit the training data, leading to suboptimal
performance on unseen data. The DL needs to select appropriate model structures and
tuning hyperparameters poses challenges in the DL training process and requires iterative
experimentation and adjustment. The DL models are often considered “black boxes”,
making it difficult to explain their decision-making processes. Generally, DL methods
can assist researchers in identifying detailed correlations and uncovering the underlying
physical laws within the Earth’s climate system.

In summary, previous researchers have made significant contributions to assessing
onshore wind energy resources in large-scale wind farms. Based on wind measurement
data and the analysis of historical climate characteristics related to wind energy, a scientific
foundation can be provided for the site selection of wind farms. Short-term predictions can
also offer a reference for the operation of wind turbines. Research on the future short- to
medium-term (~2050) characteristics of wind energy resources at the onshore wind farm
scale is still relatively scarce. However, this knowledge is crucial for long-term wind energy
resource development and power scheduling planning. This study analyzes and compares
the past and future characteristics of wind energy in the deserts, Gobi, and barren areas
of northern China using CMIP6 data. It can effectively reduce the risks of wind power
development and provide a reliable basis for scientific decision-making.

2. Materials and Methods
2.1. Study Area

The Alxa League, located in the westernmost part of the Inner Mongolia Autonomous
Region, spans from 47.40◦ N to 42.78◦ N and from 97.16◦ E to 106.88◦ E, covering a total area
of 2.7 × 105 km2. It features a diverse landscape, characterized by higher elevation in the
south and lower elevation in the north, encompassing desert and Gobi areas, connected hills,
and surrounding mountains. The league includes a mountainous area of 3.44 × 104 km2,
hilly area of 1.36 × 104 km2, Gobi area of 9.1 × 104 km2, and a desert area of 8.84 × 104 km2.
The Helan Mountain in the eastern part serves as a significant geographical feature, acting
as the western boundary of China’s monsoon influence and the watershed between internal
and external basins.

This study focuses on two experimental wind farms situated in the southeastern part
of Alxa League. The northern wind farm (d03), located north of Hanwula Mountain and
east of Bayan Wula Mountain, covers an area of approximately 940 km2, with elevations
ranging between 1150 m and 1400 m. The southeastern wind farms (d04), adjacent to the
Helan Mountain Range, span around 780 km2, with elevations between 1250 m and 1600 m.
The combined installed capacity of the three wind farms in the d03 and d04 regions is
approximately 4000 MW.

The spatial distribution of the study area is shown in Figure 1.

2.2. Dataset

In this experimental area, the meteorological data from the China Meteorological
Administration weather stations and data from the measurement towers are adopted.
Among them, three measurement towers have a complete year of wind measurement data
with a temporal resolution of 10 min, namely 1822# (106.104◦ E, 40.31◦ N), 1823# (106.03◦ E,
40.34◦ N), 2137# (107.36◦ E, 37.45◦ N), and 2138# (107.16◦ E, 37.63◦ N). The observed dataset
is used for training and validating the model simulation results. In addition to the observed
dataset, the dynamical downscaling of mesoscale wind data for this region is based on
the Weather Research & Forecasting Model (WRF), and a spatiotemporal resolution of
1 h and 1 km is also performed. With higher resolution, these data are used as predictor
variables for training CNN models. The predictor variables used in the model training
include air temperature (K) at 850 hPa, specific humidity (g·kg−1), geopotential height
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(m), zonal wind speed (m·s−1), meridional wind speed (m·s−1), and vertical wind speed
(m·s−1). Each grid has six variables. For the historical period (1980–2014), daily climate
data for the selected variables with a spatiotemporal of 1 h and 0.5◦ are downloaded from
the ERA5 reanalysis, while the time series of future global climate models for the recent
period (2015–2050) with a spatiotemporal resolution of 1 month and 2.5◦ are obtained from
ESGF, https://esgf-node.llnl.gov/projects/esgf-llnl/ (accessed on 7 January 2024). Among
the numerous GCMs in CMIP6, the Canadian Centre for Climate Modeling and Analysis
(CanESM5) is selected, including two shared socioeconomic pathways (SSPs), namely, the
middle-of-the-road scenario (SSP245) and the business-as-usual scenario (SSP585). The
collected data have undergone careful processing and cleansing to establish a reliable and
accurate foundation for subsequent analyses and model development. Details of the data
used in this study are shown in Table 1.
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Figure 1. Topography map of the wind farms in the study area. The left panel illustrates the spatial
distribution of elevations in the study area, with red indicating higher elevations and green indicating
lower elevations. The right panel highlights the d03 region within the red border, while the blue
and purple borders represent the d04 region. Pointers indicate the geographical locations of the
measurement towers.

This study initially generated wind resource maps for two complete years (2017–2018) in
the study area through WRF numerical simulations, with a temporal and spatial resolution
of daily and 1 km, respectively, serving as the training targets. Concurrent ERA5 data was
used as both the input training and testing dataset. A random selection of 60% of the data
was utilized for training, 30% for testing, and the remaining 10% for validation.

Table 1. Description of Available Data Information in this study.

Data Source Temporal Resolution Spatial Resolution Availability

1822#

10 min /

2017–2018
1823# 2017–2018
2137# 2017–2018
2138# 2017–2018

ERA5 predictor variables
(air temperature, specific
humidity, geopotential

height, zonal wind speed,
meridional wind speed,

and vertical wind speed)

Hourly 0.25◦ 1980–2023

CMIP6(CanESM5)
forcing dataset Monthly 2.5◦ 1982–2100

https://esgf-node.llnl.gov/projects/esgf-llnl/
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2.3. Data Preprocessing and Statistical Downscaling Based on the CNN Model

DL effectively analyzes vast amounts of data to uncover patterns and features, and
CNN is a widely used DL model. To discover features in the data, the CNN slides convolu-
tional kernels across the input data, multiplying and adding values at each position and
summarizing them into a single value [25,26]. This process is used to extract features from
the data. While commonly applied to two-dimensional arrays like image data, CNNs can
also be effectively employed for analyzing regression data. In this case, a one-dimensional
convolutional network is utilized to reshape the input data. Keras, a high-level neural
network library running on top of TensorFlow, includes the Conv1D class, allowing you to
add one-dimensional convolutional layers to the model [27]. Building upon this foundation,
the model was trained using daily predictor variables with a resolution of 50 km from ERA5
and 1 km resolution predictor variables from 1980 to 2014, ultimately producing predictions
as the final output. Figure 2 shows three convolution layers (50:25:10), each consisting of
three 3 × 3 spatial convolution kernels. The input is provided by the input layer in CNN,
which includes stacked spatial predictor variables. The final convolution is fully connected
to the output layer (observed dataset) through linear transformations. Given the predictor
variables, the network is trained to learn the conditional daily distribution of surface wind
speed, minimizing the mean squared error. Although the wind field at a specific moment
in the study area is represented as a 2D image, this study still trains the model sequentially
from a 1D pixel perspective. This approach offers the advantage of not only increasing the
training data volume but also maintaining spatial coherence in the training results based
on the spatial consistency of multiple deterministic factors (driving data).
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Figure 2. Technical scheme for downscaling ERA5 near-surface wind speed based on the convolu-
tional neural network (CNN) algorithm.

The potential of CNN’s topology lies in its effectiveness in handling complex spatial
features. These models can handle high-dimensional predictor variable spaces, automat-
ically selecting variables and geographical regions that influence each site during the
downscaling process. This is crucial because modern statistical downscaling methods, such
as mature Generalized Linear Models, struggle to handle such high dimensionality without
overfitting, often requiring some form of manually guided feature selection (resulting
in the loss of relevant information) [28]. This study used high-dimensional input grids
and various predictor variables to test the CNN model. Simultaneously, the predictor
variables from both the historical period and the observed dataset of surface wind speed
for the training of the CNN model are adopted, with a high resolution of 1 km (Figure 3).
Subsequently, the predictions of these scenarios using our trained model are downscaled,
separately performing downscaled processing for both the historical period (1980–2014)
and the SSPs (2015–2100).
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Figure 3. Workflow and steps of the preprocessing method for downscaling CMIP6 scenarios using
the convolutional neural network (CNN) algorithm. Purple sections represent the training, testing,
and validation stages during the CNN downscaling model generation. Green sections indicate the
application stage of the model. Yellow section represents the output results of the model.

2.4. Metrics

The simulated surface wind speed accuracy was assessed by comparing the pixel
values (Mi) corresponding to the latitude and longitude of the measurement towers with
the observed values (Gi). The several statistical metrics used for validation include four
indexes. The Coefficient of Determination (R2) measures the proportion of variance in
the observed data (Gi) explained by the simulated data (Mi). A higher R2 value indicates
a stronger linear relationship between the two datasets. Mean Bias (MB) represents the
average difference between the simulated surface wind speed (Mi) and the observed
measured values (Gi). A positive MB value indicates overestimation by the model, while a
negative value indicates underestimation. Root Mean Square Error (RMSE) measures the
standard deviation of the differences between simulated and observed values (Mi − Gi).
A smaller RMSE indicates higher accuracy in the model predictions. Index of Agreement
(IOA) indicates the degree of agreement between simulated and observed data, with 1
indicating perfect agreement. A higher IOA value indicates better consistency between the
two datasets. The equations for these parameters are as follows:

R2 =

(
∑n

i=1 (Mi − M)(Gi − G)
)2

∑n
i=1 (Mi − M)

2
∑n

i=1 (Gi − G)
2 , 0 ≤ R2 ≤ 1 (1)

RMSE =

√
1
n

n

∑
i=1

(Mi − Gi)
2 (2)

MB =
1
N

n

∑
i=1

(Mi − Gi) (3)

IOA = 1 − ∑n
i=1 (Mi − Gi)

2

∑n
i=1 (

∣∣Mi − G
∣∣+∣∣Gi − G

∣∣) 2 (4)

The subscript i represents individual samples, and n is the total number of samples
used for evaluation. The significance of each parameter contributes to assessing the model’s
performance in estimating surface wind speed.
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3. Results
3.1. Testing and Validation of the CNN Downscaling Model

Before employing the CNN downscaling model, it is examined using data from the
wind towers (1822#, 1823#, 2137#, and 2138#). As shown in Figure 4, the WRF numerical
simulation results strongly correlate with the observed values serving as the training target.
The R2 values are above 0.6 (1822#: 0.69, 1823#: 0.60, 2137#: 0.63, 2138#: 0.62), passing
the significance test with p < 0.05. From the bottom row of Figure 4, it can be observed
that the CNN training model’s test results are almost equivalent to the annual mean bias
of the WRF simulation. However, the goodness of fit of the CNN downscaling model
test results essentially reaches 0.7 (1822#: 0.86, 1823#: 0.83, 2137#: 0.86, 2138#: 0.77). The
downscaling results are comparable to the WRF simulation, and the CNN downscaling
simulation results are more stable (MSE < 10 m·s−1). This is because the model also uses
the observed values from the wind towers as training targets, so the training results of the
CNN model are better than WRF. However, the errors in the WRF simulation results are
within an acceptable range and can be used as valid values for training targets. Based on
this conclusion, the downscaled wind speeds from the CNN downscaling model for CMIP6
can be used as the basis for subsequent research.

Atmosphere 2024, 15, x FOR PEER REVIEW 7 of 14 
 

 

1

1 ( )n
i ii

MB M G
N =

= −  (3)

2
1

2
1

( )
1

(| | | |)

n
i ii

n
i ii

M G
IOA

M G G G
=

=

−
= −

− + −



 (4)

The subscript i represents individual samples, and n is the total number of samples 
used for evaluation. The significance of each parameter contributes to assessing the 
model’s performance in estimating surface wind speed. 

3. Results 
3.1. Testing and Validation of the CNN Downscaling Model 

Before employing the CNN downscaling model, it is examined using data from the 
wind towers (1822#, 1823#, 2137#, and 2138#). As shown in Figure 4, the WRF numerical 
simulation results strongly correlate with the observed values serving as the training tar-
get. The R2 values are above 0.6 (1822#: 0.69, 1823#: 0.60, 2137#: 0.63, 2138#: 0.62), passing 
the significance test with p < 0.05. From the bottom row of Figure 4, it can be observed that 
the CNN training model’s test results are almost equivalent to the annual mean bias of the 
WRF simulation. However, the goodness of fit of the CNN downscaling model test results 
essentially reaches 0.7 (1822#: 0.86, 1823#: 0.83, 2137#: 0.86, 2138#: 0.77). The downscaling 
results are comparable to the WRF simulation, and the CNN downscaling simulation re-
sults are more stable (MSE < 10 m·s−1). This is because the model also uses the observed 
values from the wind towers as training targets, so the training results of the CNN model 
are better than WRF. However, the errors in the WRF simulation results are within an 
acceptable range and can be used as valid values for training targets. Based on this con-
clusion, the downscaled wind speeds from the CNN downscaling model for CMIP6 can 
be used as the basis for subsequent research. 

 
Figure 4. Regression correlation statistics between observed values (Observations) and WRF simu-
lation (WRF-out) results (a–d) and CNN downscaled simulation predictions (CNN) based on ERA5 
Reanalysis data (e–h) during 2017–2018 at four wind towers (1822#, 1823#, 2137# and 2138#). 

Meanwhile, utilizing the WRF numerical simulation results as the training target, the 
CNN downscaled model was employed to downscale the wind speed of CMIP6 with the 
climate dataset as input, downsizing the original data to kilometer-scale, daily-scale wind 
resource data. Subsequently, an extrapolation parameterization scheme proposed by 

Figure 4. Regression correlation statistics between observed values (Observations) and WRF simula-
tion (WRF-out) results (a–d) and CNN downscaled simulation predictions (CNN) based on ERA5
Reanalysis data (e–h) during 2017–2018 at four wind towers (1822#, 1823#, 2137# and 2138#).

Meanwhile, utilizing the WRF numerical simulation results as the training target,
the CNN downscaled model was employed to downscale the wind speed of CMIP6 with
the climate dataset as input, downsizing the original data to kilometer-scale, daily-scale
wind resource data. Subsequently, an extrapolation parameterization scheme proposed
by Touma [29] was applied to extrapolate the results to a hub height of 100 m. At the site
scale, Figure 5 presents a time series comparison between the downscaling results and the
actual wind tower measurements. The time series comparison graphs illustrate a very high
level of consistency between the simulation results of both. Table 2 shows the statistical
results of relative errors for independent validation at locations (1822#, 1823#, and 2137#)
for both cases. The annual average wind speeds at the wind tower locations (1822#, 1823#,
and 2137#) are 6.93 m·s−1, 7.03 m·s−1, and 5.74 m·s−1, respectively. The WRF numerical
simulation yields 6.91 m·s−1, 6.82 m·s−1, and 5.85 m·s−1 at these locations. For CMIP6,
the downscaled wind speeds in two scenarios are 6.7 m·s−1, 6.96 m·s−1, 5.87 m·s−1, and
6.83 m·s−1, 7.13 m·s−1, 5.92 m·s−1, respectively. The relative errors for WRF and CMIP6



Atmosphere 2024, 15, 271 8 of 14

are below 4% compared to the measured wind tower values. The R2 values are higher
than 0.6, and the IOA values are higher than 0.8. The differences between the downscaled
results for the two scenarios are small. Due to the region’s limited number of wind towers,
a simple error analysis indicates that both approaches have stable and consistent technical
pathways and implementation schemes, with simulation results below 4% error.
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Table 2. Error statistics for validating 100 m wind speeds downscaled from WRF simulation results
(WRF-out) and CMIP6 (ssp245 and ssp585) based on wind tower measurements (1822#, 1823#,2137#
and 2138#).

Wind Speed of
Measurements

(m·s−1)

WRF-Out
Wind Speed

(m·s−1)

CMIP6 (ssp245/ssp585)

Wind
Speed

(m·s−1)

RMSE
(m·s−1)

MB
(m·s−1) BIAS (%) R2 IOA

1822# 6.93 6.91 6.70/6.83 2.16/2.02 −0.23/−0.1 3.32%/1.44% 0.61/0.66 0.81/0.80
1823# 7.03 6.82 6.96/7.13 2.07/2.36 −0.07/0.1 0.99%/1.42% 0.64/0.62 0.87/0.85
2137# 5.74 5.85 5.87/5.92 1.49/1.98 0.13/0.18 2.26%/3.34% 0.60/0.61 0.84/0.82
2138# 5.64 5.51 5.82/5.79 1.36/1.68 −0.11/0.16 1.89%/2.76% 0.67/0.62 0.86/0.84

3.2. The Spatial Distribution of CNN Downscaled the CMIP6 Results

In the preceding section, an analysis of the downscaled results was conducted at
the site scale during the measurement period of the wind tower. This section compared
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the spatial distribution of WRF numerical simulation results and the downscaled results
from CMIP6 (ssp245) during the wind tower period. As shown in Figure 6, the spatial
distribution maps depict the downscaled results from CMIP6 and the numerical simulation
results from WRF in the project area (d03 and d04), respectively. The left figure displays
a three-dimensional representation of the WRF numerical simulation results, while the
correct figure illustrates the two-dimensional spatial distribution of downscaled wind
speeds from CMIP6 (ssp245). The top-left graph reveals the actual wind resource situation
in the d03 region, showing a pattern of higher wind resources in the north and lower in
the south. This is consistent with the results in the top-right graph, where wind resource
distribution is around 7 m·s−1. Additionally, there is a noticeable gradient from northeast
to southwest, which is correlated with the region’s topography. The graph below illustrates
the actual distribution of wind resources in the d04 region. Both results indicate significant
fluctuations in wind resources or uneven distribution of isopleths attributed to the area’s
mountainous terrain and complex topography. The wind speed distribution ranges from
7.5 m·s−1 to 8 m·s−1, showing consistency in spatial distribution between the two.
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Building upon the above results, the downscaled wind speed results from CMIP6
effectively capture the actual conditions in the experimental area. Subsequently, the down-
scaling processing on CMIP6 mid-term (2015–2050) climate data is conducted, obtaining
spatial distribution maps of multi-year monthly averages. As illustrated in Figure 7, the
spatial distribution shown in the upper graph indicates a correlation between wind speed
and terrain height in the d03 region. The wind farm exhibits a narrow distribution extend-
ing from northwest to southeast, with mountainous areas in the northern and eastern parts.
The northern mountains contribute to elevation changes in the topography, with areas at
higher altitudes experiencing less resistance, leading to higher wind speeds. Consequently,
the wind speeds in the northern region of the wind farm are generally higher. In the eastern
region of the wind farm, the canyon terrain between the northern and eastern mountain
ranges also enhances wind speeds. Overall, the spatial distribution pattern of wind speed
tends to be higher in the north and west and lower in the south and east. By examining
the monthly wind speed maps, it can be observed that the wind speeds in the d03 wind
farm area are generally higher during the winter and spring seasons (November to May
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of the following year), dominated by westerly winds. It is attributed to the influence of
large-scale westerly circulation during the winter, making it a primary period for wind
power generation. The wind speed maps provide a more intuitive visualization of the trend
in wind speed variations across the entire d03 wind farm area. By examining the monthly
wind speed maps, it becomes evident that the wind speeds in the d04 wind farm are
generally higher during the winter and spring seasons (November to May of the following
year), highlighting these periods as crucial for wind power generation. Simultaneously, the
wind speed maps and the topographical height map of d04 visually represent the wind speed
distribution across the entire d04 wind farm area. In the d04 wind farm area, northwest winds
prevail. In the western part of the area, there are residual ranges of the Helan Mountains
with higher elevation and less resistance, resulting in higher wind speeds [30]. The high wind
speed zones are also primarily distributed near the ridges. The overall topography of the area
exhibits a trend of higher elevation in the west and lower elevation in the east, resulting in a
pattern of higher wind speeds in the west and lower in the east.
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3.3. Future Mid-Term (2015–2050) Wind Speed Variations

Based on the downscaled wind speed climate data from CMIP6, as discussed above,
the trend of future mid-term wind speed variations is analyzed in the wind farm area over
time. Figure 8 illustrates the monthly scale time series of wind speed variations in the
d03 region for historical and future mid-term periods. It can be observed that the wind
speed changes are subtle in both scenarios, with future average wind speeds of 7.06 m·s−1

and 7.00 m·s−1, respectively. These values are consistent with the historical wind speed of
7.10 m·s−1. Furthermore, the downscaled results, wind tower data, and WRF numerical
simulation results are compared during the measurement period of the wind tower. The
research results reveal that all results exhibit consistent variations throughout the year. In
the future periods of 2030, 2040, and 2050, a similar analysis of the annual wind speed
variations is conducted. The more significant fluctuations are observed compared to 2017,
with high wind speeds occurring predominantly in winter and spring.
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Figure 8. Time-series analysis of historical monthly wind speed (1978–2014), future mid-term
(2015–2050) monthly wind speed variations of CMIP6 downscaled results (ssp245 and ssp585), and
wind tower measurements at1822# and 1823# in the study area (d03 region).

In summary, considering the wind energy distribution, the prevailing wind direction
in the wind farm area is predominantly WNW. The overall wind speed distribution is
extensive, aligning with the requirements for wind farm construction. When planning the
layout of wind turbines, it is advisable to consider arranging them along ridges, as this is
conducive to the development of the wind farm.

4. Conclusions

Based on wind data and reanalysis information, analyzing the historical climate
characteristics of wind energy can provide references for wind farm site selection and
short-term power generation forecasts. In the vast wind power bases in the deserts, Gobi,
and barren areas of northern China, research on the future characteristics of wind energy
resources is often relatively scarce due to limited wind measurement data. This scarcity
leads to significant uncertainty challenges in assessing wind farms’ long-term power
generation profitability. This study focuses on a wind farm in the Tengger Desert as the
research area. Using a constructed DL downscaling algorithm, the CMIP6 wind speed data
are downscaled to analyze and compare wind energy’s past and future characteristics. The
research results indicate:

(1) The DL downscaling algorithm applied to CMIP6 wind speed data provides reliable
results, demonstrating its effectiveness in capturing wind energy’s spatial and tempo-
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ral characteristics in the study area. Validation using data from three effective wind
towers indicates that the annual average wind speed errors are all below 4%.

(2) The spatial distribution of wind speed variations is influenced by the topography,
with higher wind speeds observed in areas of lower elevation and less resistance, such
as in the northern and western parts of the wind farm area.

(3) The future mid-term wind speed variations in the study area show subtle changes,
with average wind speeds consistent with historical values. This stability is crucial for
assessing wind power generation’s long-term profitability and reliability.

In conclusion, this study contributes valuable insights into the historical and future
characteristics of wind energy in the Tengger Desert region, providing a foundation for a
better understanding of wind resources and aiding in the sustainable development of wind
power in northern China.

Despite the downscaling model proposed in this study has demonstrated certain
effectiveness, it still has certain limitations. Firstly, the data used in this research may be
subject to constraints, such as spatiotemporal resolution, quality, and availability. This could
potentially impact the accuracy and comprehensiveness of the study. Secondly, the models
employed in this research may be based on certain assumptions that may be valid in specific
contexts but may not be applicable in other situations. This could influence the predictions
and reliability of the models. Additionally, as the research primarily focuses on the Tengger
Desert region, the findings may lack universality and cannot be directly extrapolated to
other geographical areas. Variances in geography, climate, and environmental conditions
may result in different wind energy characteristics. Lastly, the DL models developed in
this study may be optimized for specific conditions, and their performance in different
environments may not meet expectations.
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