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As the major renewable energy, wind can greatly reduce carbon emissions. Following

the “carbon neutral” strategy, wind power could help to achieve the realization

of energy transformation and green development. Based on ERA5 reanalysis data

and the multi-ensemble historical and scenario simulations of the Coupled Model

Intercomparison Project Phase 6 (CMIP6), a variety of statistical analyses are used

to evaluate the performance of CMIP6 simulating the wind speed in China. The

conclusions are as follows: spatial patterns of the nine CMIP6 models are similar with

ERA5, but BCC-CSM2-MR and MRI-ESM2-0 highly overestimate the wind speed in

northwest China. CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM behave

better than the other six CMIP6 models in four specific regions are chosen for detailed

study. CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM tend to simulate a

larger wind speed than ERA5 except the yearly averaged wind speed in region II and

region IV. CESM2-WACCM and NorESM2-MM simulate a large monthly mean wind

speed, but the value is relatively close with ERA5 in the summer. HadGEM3-GC31-

MM overestimates wind speed in region I and region II from April to October, but gets

closer with ERA during winter. CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-

MM simulate an increasing trend in Tibetan Plateau and Xinjiang in the next 100 years,

while NorESM2-MM projects rising wind speed in the eastern part of Inner Mongolia,

and HadGEM3-GC31-MM simulates increasing wind speed in the northeast and central

China. The future wind speed in three models is projected to decline in region I, and

the value of HadGEM3-GC31-MM is much larger. In region II, wind speed simulated

by three models is projected to decrease, but the wind speed from HadGEM3-GC31-

MM in region III and modeled wind speed in region IV from NorESM2-MM would climb

with the slope equal to 0.0001 and 0.0012, respectively. This study indicates that the

CMIP6 models have certain limitations to perform realistic wind changes, but CMIP6

could provide available reference for the projection of wind in specific areas.
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INTRODUCTION

Renewable energy, energy efficiency, and electrification are three
drivers of deep de-carbonization, and developing renewable
energy is an important measure for global climate governance
and achieving the goal of carbon neutrality. It is estimated that
by 2050, the proportion of renewable energy supply will exceed
50% (IRENA, 2018). As one of the primary carbon-free resources,
wind energymeets the electricity demand dramatically. However,
a significant decreasing trend of wind speed is reported in
numerous studies. Near-surface wind speed over the globe
is dropping at 5–15% since 1960, which is called as global
stilling (Pryor et al., 2009). The global average wind speed
trend is −0.014 m/s/a, while the wind speed over the low-
to middle-latitude areas is declining and the wind speed of
high-latitude areas is rising (McVicar et al., 2012). There was
a decreasing wind speed trend with −0.005 m/s/a in the
USA (Hobbins, 2004). The declining wind speed trend across
the Australia has reached 0.009 m/s/a since 2006 (McVicar
et al., 2008). A significant declining wind speed of −0.017
m/s/a is showed in western Canada (Tuller, 2004; Wan et al.,
2010). The downward change of wind speed in Italy is −0.013
m/s/a, while the falling trend is −0.026 m/s/a before 1975 and
decreased to −0.002 m/s/s after 1975 (Pirazzoli and Tomasin,
2003).

As one of the countries with abundant wind resource, China
has a large amount of wind power capacities and plays a
dominant role in developing renewable energy. The annual mean
wind speed in China is 4.09 m/s, while the wind power density
is 164.1 W/m2. Northeast China is the most potential area with
an annual mean wind speed 4.64 m/s while the wind power
density is 204 W/m2, and coastal areas in east China have wind
power density larger than 500 W/m2 (Liu et al., 2019). The
annual mean wind speed and maximum wind speed in China
were decreasing since 1956 (Jiang et al., 2013), and reanalysis

FIGURE 1 | The spatial distribution of multi-year (1986–2014) mean 10-m wind speed (left) and surface roughness length (right) over China. The four specific regions

are shown as black rectangles.

datasets and station observational data showed the near-surface
wind speed had been decreasing by −0.109 m/s per decade
from 1958 to 2015 (Zhang et al., 2019). In the catchment of
Yangtze River, the downward trend of wind speed was −0.008
m/s/a between 1960 and 2000 (Xu et al., 2006). The near-surface
wind speed in the Loess Plateau of China had declined by
−0.01 m/s/a (McVicar et al., 2005). Previous researches have
been done to evaluate the possible factors related with the
surface wind speed decrease in China. The land-use and cover
change over the Eastern China Plain could lead a 0.17-m/s wind
speed decrease every decade in China. The primary cause is the
pressure-gradient force, and the surface drag force also has a
significant effect on the declining wind speed (Wu et al., 2017).
The weakening of the East Asian monsoons mainly causes the
decreasing average and maximum wind speed, and the relatively
less land-falling typhoons and cold waves lead to the reduced
maximum wind speed in southeast coastal China (Jiang et al.,
2013).

As for now, the climate models cannot well-quantify the effect
from climate change (IPCC, 2007). The World Climate Research
Program’s (WCRP) Coupled Model Intercomparison Project
(CMIP) has been operated since 1990s, aiming to understand
the past, the present, and the future of climate. The new
Coupled Model Intercomparison Project Phase 6 (CMIP6) is
designed to better estimate the climate (Eyring et al., 2016).
To better know the future of wind energy, the simulations of
updated climate models could be helpful to predict the change of
wind speed.

DATA AND METHODOLOGY

ERA5
ERA5 is a fifth-generation European Centre for Medium-
Range Weather Forecasts (ECMWF) atmospheric reanalysis
of the global climate and is doing well in depicting the
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TABLE 1 | CMIP6 models used in this study.

Model name Modeling center Resolution

BCC-CSM2-MR Beijing Climate Center, China 320 × 160

CESM2 National Center for Atmospheric

Research, USA

288 × 192

CESM2-WACCM National Center for Atmospheric

Research, USA

288 × 192

CESM2-WACCM-FV2 National Center for Atmospheric

Research, USA

144 × 96

HadGEM3-GC31-MM Met Office Hadley Centre, UK 432 × 324

MRI-ESM2-0 Meteorological Research Institute,

Japan

320 × 160

NorESM2-MM NorESM Climate Modeling

Consortium, Norway

288 × 192

SAM0-UNICON Seoul National University, South

Korea

288 × 192

TaiESM1 Research Center for Environmental

Changes, Taiwan, China

288 × 192

atmospheric circulation. ERA5 is produced by 4D-Var data
assimilation in CY41R2 of the Integrated Forecasting System
(IFS), providing global atmospheric, land-surface, and sea-
state parameters. The dataset is on regular latitude–longitude
grids at 0.25◦ × 0.25◦ resolution with 37 pressure levels
vertically and covers the period from 1950 to the present. In
this study, the near-surface wind speed from 1986 to 2014
over China is used to evaluate the CMIP6 models. Since the
north China is abundant with wind resources, four specific
regions from I to IV shown in Figure 1 are chosen for further
study: region I (80◦∼90◦E, 37◦∼42◦N), region II (92◦∼100◦E,
35◦∼40◦N), region III (101◦∼117.5◦E, 37◦∼41.5◦N), and region
IV (120◦∼130◦E, 43◦∼49◦N).

CMIP6
CMIP6 historical simulations take the natural causes and human
factors into consideration and reproduce the historical variability
of climate from 1850 to 2014. The historical simulations
could be used for assessing model performance in climate and
weather (Eyring et al., 2016). Moreover, the Scenario Model
Intercomparison Project (ScenarioMIP) could provide a new
set of emissions and land-use scenarios, which, along with
the Shared Socioeconomic Pathways (SSPs), allows twenty-
first century projections to be assessed from the new future
forcing experiments. SSP585 used in our study is the updated
scenario of RCP8.5 using the rapid fossil energy evolution
with SSP5 following the high greenhouse emissions (O’Neill
et al., 2014, 2017). Multi-ensembles are averaged to maintain
the quality of evaluation, and the group of nine newest
CMIP6 global climate models from China, USA, UK, Japan,
Norway, and South Korea is used in this study. Model name,
modeling centers, and resolution of models are described in
Table 1.

Methodology
Based on the different latitude-longitude grids between CMIP6
and ERA5, the ERA5 is interpolated to the grid of corresponding
CMIP6 models before comparison. The metrics of bias,
spatial correlation coefficient (R), and root mean square
error (RMSE) are used to evaluate the models’ performance,
and the equations of calculating are shown in following.
Wm is the wind speed of CMIP6, WE represents the
ERA5 wind speed, and i is the pixel where CMIP6 and
ERA5 coincide.

Bias =

∑N
i=1 (Wmi −WEi)

N
(1)

R =

∑N
i=1

(

Wmi −Wm

) (

WEi −WE

)

√

∑N
i=1

(

Wmi −Wm

)2
√

∑N
i=1

(

WEi −WE

)2
(2)

RMSE =

√

√

√

√

√

(Wm1 −WE1)
2
+ (Wm2 −WE2)

2
+ · · ·

+ (Wmn −WEn)
2

N
(3)

RESULTS

Spatial Pattern of ERA5
Figure 1 shows the spatial distribution of multi-year mean
10-m wind speed and surface roughness length over China.
Larger values of wind speed are shown in north China and
Tibetan Plateau, and relatively smaller wind speed is shown
in southwest China and southeast China. Comparing with the
surface roughness length, the spatial distribution of wind speed
is negatively related with the spatial pattern of surface roughness
length. Wind speed tends to be smaller while the surface
roughness length is larger, which is similar with the finding of
a previous study (Vautard et al., 2010).

Spatial Pattern of CMIP6 Models
The multi-year mean 10-m wind speed (1986–2014) of the nine
CMIP6 models is shown in Figure 2. Spatial patterns of the nine
CMIP6 models are similar with ERA5 shown in Figure 1, but the
wind speed in north China is larger and the wind speed in the
Sichuan Basin ismuch smaller. However, the values of wind speed
in north China and northeast China are highly overestimated
by BCC-CSM2-MR and MRI-ESM2-0, and the maximum of
simulated wind speed tends to be over 8.78 m/s, which is far
higher than ERA5.

Metrics of Spatial Distributions
The metrics of comparison are shown in Figure 3; higher R and
lower RMSE represent that the corresponding model has better
consistency with ERA5. CESM2-WACCM, HadGEM3-GC31-
MM, and NorESM2-MM behave better than the other six CMIP6
models; the RMSE ranges from 0.48 to 2.41, and the R is between
0.52 and 0.90. From the results above, the spatial difference
between BCC-CSM2-MR and MRI-ESM2-0 is much larger, and
in Figure 3, the RMSE of these two models over the four regions
is still large and the R tends to be negative, which means that in
either the whole country or the specific regions, the simulation of
wind speed of BCC-CSM2-MR and MRI-ESM2-0 tends to result
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FIGURE 2 | Spatial distribution of mean 10-m wind speed (1986–2014) in CMIP6 historical simulations.

in large bias and uncertainty. Based on the performance of these
three CMIP6 models, the temporal variability of wind speed over
the four specific regions is also analyzed for further study.

Temporal Variability of the Four Regions
To quantitatively measure the performances of three CMIP6
models, the temporal correlation coefficients of near-surface
wind speeds during 1979 to 2014 over the four regions between
ERA5 and three CMIP6 models are shown in Table 2. The
temporal correlation coefficients in region I are higher than the
other regions, and the CESM2-WACCM and HadGEM3-GC31-
MM are 0.84 and 0.86 with p < 0.05, respectively, which indicate
the better correlation with the ERA5 in region I. In the other
three regions, HadGEM3-GC31-MM simulates the wind speed
in region II better and CESM2-WACCM does relatively better in
region III and region IV.

Figures 4A–D shows the yearly mean 10-m wind speed of
CMIP6 and ERA5 over the four specific regions (black line
represents ERA5, and the blue, red, and green lines represent
the CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-
MM, respectively). In region I and region II, three CMIP6
models overestimate the wind speed largely, and in region III and

region IV, comparing with ERA5, the wind speed of HadGEM3-
GC31-MM is underestimated, while the wind speed simulated by
NorESM2-MM and HadGEM3-GC31-MM are much larger.

Figure 5 shows the monthly mean 10-m wind speed of
CMIP6 and ERA5 over the four specific regions (the black line
represents ERA5, and the blue, red, and green lines represent
the CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-
MM, respectively). In the four regions, the 10-m wind speed
of ERA5 gets larger from January and reaches peak at April
(region II, region III, and region IV) or May (region I). In
region II and region IV, the wind speed tends to increase again
after August. The seasonal cycles of near-surface wind speed in
HadGEM3-GC31-MM, CESM2-WACCM, and NorESM2-MM
are similar with ERA5, but different in the values of monthly
mean 10-m wind speed. CESM2-WACCM and NorESM2-
MM tend to overestimate the wind speed from January to
May and October to December, and the value is closer with
ERA5 between June and September. For HadGEM3-GC31-
MM, the simulated wind speed could be closer or smaller
than ERA5 from January to May and October to December,
and the wind speed tends to be overestimated from June
to September.
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FIGURE 3 | The bar plots of metrics root mean square error (RMSE) and spatial correlation coefficient (R). Four different colors represent the four specific regions.

TABLE 2 | The temporal correlation coefficients of near-surface wind speeds

during 1979 to 2014 over the four regions between ERA5 and three CMIP6

historical simulations.

Model Region I Region II Region III Region IV

CESM2-WACCM 0.84 0.46 0.55 0.63

HadGEM3-GC31-MM 0.86 0.57 0.48 0.37

NorESM2-MM 0.79 0.37 0.42 0.61

Future Spatial and Temporal Variability of
the Four Specific Regions
The spatial bias between the historical and ssp585 simulations
from CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-
MM in China is shown in Figure 6. The wind speed projected
by the three models shows an upward trend of wind speed in
western China in the future, especially over the Tibetan Plateau
and Xinjiang. From the simulation of NorESM2-MM, the wind
speed in the eastern part of Inner Mongolia tends to increase
in the next 100 years. Different with CESM2-WACCM and

NorESM2-MM, the wind speed simulated by the HadGEM3-
GC31-MM tends to slightly increase over a relatively wider range
in China.

The wind speed of ssp585 simulation in the four specific

regions from CESM2-WACCM, NorESM2-MM, and
HadGEM3-GC31-MM is shown in Figure 7. In region I,
the linear regression shows that all three CMIP6 models show
a downward trend in the future 100 years, especially during the
2050 to 2083, there is an obvious jump of wind speed. The wind
speed of HadGEM3-GC31-MM in region I is much higher than
the other two models, which is distinct comparing with the other
three regions. Different with region I, the simulated wind speed
of HadGEM3-GC31-MM falls behind CESM2-WACCM and
NorESM2-MM in the other three regions. In region II, the linear
regression shows that the wind speed simulated by the three
models is projected to decrease with the slope of−0.004,−0.003,
and −0.001, respectively. HadGEM3-GC31-MM simulates a
slight climb of wind speed in region III, which is distinct from
the other two models, CESM2-WACCM and NorESM2-MM
represent a similar fluctuation from 2015 to 2050 while the
HadGEM3-GC31-MM shows an adverse change. NorESM2-MM
simulates a relatively strong increasing trend of wind speed with
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FIGURE 4 | Yearly mean 10-m wind speed (1986–2014) of CMIP6 and ERA5 (black line represents ERA5, and the blue, red, and green lines represent

CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM, respectively). (A–D) Region I, region II, region III, and region IV, respectively.

FIGURE 5 | Monthly mean 10-m wind speed (1986–2014) in CMIP6 and ERA5 (black line represents ERA5, and the blue, red, and green lines are the

CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM, respectively). (A–D) Region I, region II, region III, and region IV, respectively.

FIGURE 6 | The spatial distribution of wind speed bias (ssp5-8.5 minus historical) from CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM.
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FIGURE 7 | The wind speed of ssp585 simulation in the four specific regions from CESM2-WACCM, NorESM2-MM, and HadGEM3-GC31-MM. (A–D) Region I,

region II, region III, and region IV, respectively.

the slope of 0.0012 in region IV, which is totally different from
HadGEM3-GC31-MM and CESM2-WACCM.

DISCUSSION

This study uses the ERA5 reanalysis data to evaluate the near-
surface wind speed of nine global climate models in China.
Spatial patterns of the nine CMIP6models are similar with ERA5,
but BCC-CSM2-MR and MRI-ESM2-0 highly overestimate the
wind speed in northwest China. Focusing on four specific regions
in China, nine CMIP6 models are assessed by using correlation
coefficient R and RMSE, and CESM2-WACCM, NorESM2-MM,
and HadGEM3-GC31-MM behave better than the other six
CMIP6 models, which are chosen for further study. Except
the yearly averaged wind speed in region II and region IV
underestimated by HadGEM3-GC31-MM, three CMIP6 models
tend to simulate a larger wind speed. As for the monthly change,
CESM2-WACCM and NorESM2-MM simulate a large wind

speed, and the value is relatively close with ERA5 in the summer.
HadGEM3-GC31-MM overestimates wind speed in region I and
region II from April to October, but gets closer with ERA5
during winter.

In the future, CESM2-WACCM, NorESM2-MM, and

HadGEM3-GC31-MM simulate an increasing trend in the

Tibetan Plateau and Xinjiang, while NorESM2-MM projects
rising wind speed in the eastern part of Inner Mongolia and
HadGEM3-GC31-MM simulates increasing wind speed in the
northeast and central China. In region I, the future wind speed
in the three models is projected to decline and the value of
HadGEM3-GC31-MM is much larger. Except region I, the wind
speed simulated by HadGEM3-GC31-MM is the lowest. In
region II, wind speed modeled by the three models is projected
to decrease, but the wind speed from HadGEM3-GC31-MM
in region III and modeled wind speed in region IV from
NorESM2-MM would climb with the slope equal to 0.0001 and
0.0012, respectively.
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