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Abstract: 

The development of wind energy is indispensable in the pursuit of global carbon 

neutrality. Following decades of climate change, China's annual average wind speed 

has shown a clear decline, but the rate of this decline and its potential impacts on the 

need for wind power development in China have not been quantified. Here, we reveal 
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that China's observed wind speed has declined significantly at -0.169 m/s/10 yr, 33.33 

times the rate predicted by the Coupled Model Intercomparison Project (CMIP) of 

World Climate Research Programme, indicating a severe underestimation by those 

models. We attribute this underestimation to CMIP neglecting the atmospheric 

boundary layer height and greatly underestimating the Arctic amplification effect on 

wind speed. Scenario analyses demonstrate that China’s future wind power installed 

capacity, investment costs, and land area occupied based on the observed trend scenario 

will increase by approximately 53% compared to any trend of three (high, medium, and 

low) CMIP emission scenarios in order to meet China’s wind-generated electricity 

target and carbon peak emission goal in 2030. Hence, formulating its wind energy 

development plans based on these CMIP scenarios’ trends will prevent China from 

meeting its low-carbon electricity generation of carbon peak emission target by 2030 

and delaying the 2060 goal of carbon neutrality, emphasizing that the CMIP models 

urgently need to be improved. These findings should serve as a warning to countries 

throughout the Northern Hemisphere to formulate wind power development plans in 

consideration of the climate change impacts in the pursuit of global carbon neutrality. 

 

Introduction 

The International Renewable Energy Agency (IRENA) predicted that1 in order to 

achieve the 1.5°C temperature rise goal of the Paris Agreement, more than one-third of 

global electricity generation in 2050 will need to derive from wind; as a result, wind 

energy will become the world's largest source of electricity power. At present, China 
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already has the largest installed capacity and the fastest growth rate of wind power 

worldwide; at the end of 2020, China's installed wind power capacity reached 37.8% of 

the global total2, and its capacity is set to grow further. According to the plan for 

achieving China's carbon peak emission target by 20303, 25.9% of all electricity 

consumed in 2030 will be provided by non-hydro renewable energy4. Assuming that 

half of its electricity will be provided by wind power, China’s wind power generation 

potential in 2030 will be more than twice that in 20205. The development of wind power 

in China will be decisive for realizing carbon neutrality globally.  

Nevertheless, the scale of wind power development that would be required to 

satisfy China’s national strategy depends heavily on future wind speed levels. Yet, a 

decline of wind speed6 due to global climate change in the north hemisphere might have 

a profound impact on wind power development and even global carbon neutrality. At 

present, Coupled Model Intercomparison Project (CMIP)7 climate data are widely used 

to predict future climate trends8-10, including those of wind speed6, 11-13. However, past 

research on the uncertainty and accuracy of CMIP models has typically focused on 

temperature and precipitation, etc.14-16, rather than on wind speed. Hence, the reliability 

of CMIP wind speed predictions and the consequences of errors in those predictions for 

future wind power development remain unclear. 

In this paper, we aim to quantify the rates of wind decline in different speed ranges 

by observed data in China, and then to identify if CMIP models could predict wind 

speed correctly in the past, finally to evaluate its potential impacts on the future need 

for wind power development in China. To this end, by collecting observed wind speed 
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data from 771 ground stations throughout China during 1981–2014, we reveal a long-

term decline in the average wind speed that CMIP remarkably underestimates. Our 

theoretical analysis indicates that this underestimation may be due to CMIP neglecting 

the atmospheric boundary layer height and greatly underestimating the Arctic 

amplification effect on wind speed. Finally, comparing our observed wind speed trend 

and the three CMIP scenarios of high, medium, and low emissions, we estimate the new 

installed capacity, new investment costs, and new land area occupation required to fulfil 

China’s 2030 wind energy generation goal according to the national carbon emission 

reduction strategy. The scenario differences demonstrate the potential impacts of 

underestimating the wind speed rate of decline to China’s wind power development 

goal and how this threat jeopardizes the progress made toward the national carbon peak 

emission goal. This research is of great significance for facilitating China's carbon 

emission reduction and carbon neutrality strategies and further provides a scientific 

basis for formulating wind power development plans under the meteorological 

influences of global climate change. Our findings should also help other countries at 

similar latitudes in the Northern Hemisphere formulate wind power development plans 

more reasonably. 

The long-term trend of observed wind speeds in China 

For this study, we collected long-term (1981–2014) observation data from surface 

meteorological stations throughout China. A total of 771 stations were checked to 

guarantee that they had never been moved and that the data were continuous. 

Considering that the height of a typical modern-day wind turbine is 80 m, the original 



5 

 

wind speeds at a height of 10 m (10 m wind speeds) were extrapolated to a height of 80 

m (80 m wind speeds) using a power law relation. The annual average wind speed 

among all 771 stations is plotted in Figure 1. The stations are divided into three wind 

speed intervals (0–3, 3–6, and 6–9 m/s) according to the annual averages over the 34-

yr study period. All wind speed averages, and more than 75% of all stations show a 

declining trend (i.e., have a negative linear fitting coefficient; Table 1). In addition, the 

rates of decline appear to increase, and are observed at more stations, with increasing 

wind speed interval. 

 

Figure 1 | Observed 80 m wind speeds averaged over 1981–2014. a, Time series of the 

annual average wind speeds. Each thin line represents the annual average wind speed at an 
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individual observation station, and the thick lines represent the averages for all stations 

(black) and for the stations in the different wind speed intervals (colours). The 4 wind-

speed averages all show declining trends, with higher wind speeds exhibiting more 

significant declining trends. b, Linear fitting results of the annual average wind speeds. 

As shown in Table 1, the wind speed rate of decline among all stations during 

1981–2014 was -0.169 m/s/10 yr. At wind speeds above 3 m/s and up to 6 m/s, the 

decline rate was -0.316 m/s/10 yr, and more than 93% of the stations yielded a rate of 

decline. Furthermore, at wind speeds between 6 and 9 m/s, the decline rate reached -

0.488 m/s/10 yr. 

Table 1 | The average rate of decline among all 771 observation stations and the proportions 

of stations with rates of decline in different wind speed intervals. A station experiencing a 

decline is defined as having a linear fitting coefficient of less than 0 over the 34-yr period. 

Station group 

Total 

number 

of stations 

Number (proportion) of 

stations with a rate of 

decline 

Decline rate 

(m/s/10 yr) 

All stations 771 585 (75.9%) -0.169 

Stations with 34-yr average wind 

speed > 0 and < 3 m/s 
480 314 (65.4%) -0.074 

Stations with 34-yr average wind 

speed > 3 and ≤ 6 m/s 
274 255 (93.1%) -0.316 

Stations with 34-yr average wind 

speed > 6 and ≤ 9 m/s 
15 14 (93.3%) -0.488 

 

Analysing the mechanism responsible for the declining wind speeds 

Next, we theoretically analysed the mechanism responsible for the declining wind 

speeds in China by using the classic geostrophic wind relationship in the free 
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atmosphere, the Ekman spiral relationship of the atmospheric boundary layer, and the 

ideal gas state equation, etc. We derived the following long-term theoretical relationship 

of the 80 m wind speed 𝑉𝑉80𝑚𝑚: 

𝑉𝑉80𝑚𝑚 = − 𝑅𝑅𝑓𝑓 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕 �1 + 𝑒𝑒−160𝜋𝜋𝐻𝐻 − 2𝑒𝑒−80𝜋𝜋𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐(
80𝜋𝜋𝐻𝐻 )�12            (1) 

where − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  is the 2 m height latitudinal temperature (𝑇𝑇2𝑚𝑚) gradient of latitudes (𝑦𝑦), 

reflecting the Arctic amplification (the Arctic warming pace has been approximately 

double that of global average in recent decades) effect17-19, 𝐻𝐻 is the height of the local 

atmospheric boundary layer, 𝑅𝑅  is the ideal gas constant, and 𝑓𝑓  is the geostrophic 

parameter. Equation 1 illustrates that the latitudinal temperature gradient − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  (the 

horizontal influencing factor) and the atmospheric boundary layer height 𝐻𝐻  (the 

vertical influencing factor) are the two key parameters affecting the wind speed trend. 

However, this long-term declining wind speed trend is not restricted to China but is 

applicable to all other countries at similar latitudes in the Northern Hemisphere. 

To verify the above theoretical equation and quantitatively explore the influences 

of − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  and 𝐻𝐻, we used the European Centre for Medium-Range Weather Forecasts 

(ECMWF) Reanalysis v5 (ERA5) dataset20 to compute the theoretical wind speed. 

ERA5, which contains spatiotemporal grid data that can replace splattering 

observations, offers the most refined reanalysis data currently available, with a 

horizontal resolution of 0.25°×0.25°. We extracted − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  and 𝐻𝐻 from the ERA5 grid 

data corresponding to the 771 observation stations and then calculated the theoretical 𝑉𝑉80𝑚𝑚 and its rate of decline at each site. The theoretical declining trend reaches -0.124 

m/s/10 yr, which is very close to the observed rate of -0.169 m/s/10 yr, as shown in 
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Figure 2.  

 

Figure 2 | Comparison between the theoretical and observed long-term wind speed 

trends of all 771 observation stations’ average . To compare the trends, the figure 

reflects only the wind speed anomaly, that is, with the wind speed in 1981 subtracted. 

The theoretically derived declining trend is very close to that of the observation, which 

verifies the correctness of the theoretical wind speed equation. 

To better understand the magnitudes of − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  and 𝐻𝐻, their long-term trends are 

plotted in Figure 3. It can be seen that − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  presents a long-term declining trend 

caused by the Arctic amplification effect, which leads to a decrease in wind speed 

according to Equation 1. This north-south temperature difference is the driving force of 

atmospheric circulation, and thus, a decrease in circulation corresponds to a decline in 

wind speed. 

In contrast, 𝐻𝐻  presents a long-term increasing trend, which also leads to a 

decrease in wind speed. The long-term change in 𝐻𝐻 is affected mainly by the local 

surface temperature, surface roughness, etc. In particular, surface warming raises 𝐻𝐻. 

As 𝐻𝐻 increases, the upper free atmosphere (associated with high wind speeds with 

strong momentum) above the atmospheric boundary layer moves away from the surface, 
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increasing the distance over which momentum is transmitted (between high altitudes 

and the surface) and thus decreasing the surface wind speed. 

 

Figure 3 | Long-term average trends of − 𝝏𝝏𝑻𝑻𝟐𝟐𝟐𝟐𝝏𝝏𝝏𝝏  and 𝑯𝑯 at 771 observation stations 

in China from the ERA5 data. − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  shows a decreasing trend, while 𝐻𝐻 shows an 

increasing trend. According to our theoretical analysis of the long-term wind speed 

trend (Equation 1), a decrease in − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  and an increase in 𝐻𝐻 would both cause the 

wind speed to decrease. 

Next, we calculated the individual contributions of − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕  and 𝐻𝐻 to the rate of 

wind speed decline . First, we considered only a change in − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕 , keeping 𝐻𝐻 constant 

at the value obtained for 1981, and we obtained a -0.057 m/s/10 yr rate of decline. Then, 

we considered only a change in 𝐻𝐻 , this time keeping − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕   constant at the value 

obtained for 1981, and we obtained a -0.074 m/s/10 yr rate of decline. These calculation 

results indicate that the influences of − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕   and 𝐻𝐻  are approximately similar, 

although the influence of 𝐻𝐻 is slightly greater.   

Evaluating the CMIP-predicted wind speeds in China 

Currently, wind speed trends are predicted mainly based on CMIP climate models. 

For example, by using CMIP data, researchers have evaluated the future trends of wind 

speed and wind energy for the Northern Hemisphere6, including Europe11, China12-13 
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and India13. 

To evaluate the CMIP wind speed predictions, we selected the latest release, CMIP 

Phase 6 (CMIP6)21 for an analysis of three future scenarios from among the CMIP 

shared socioeconomic pathways (SSPs)22: the low-emission SSP126 scenario, the 

medium-emission SSP245 scenario, and the high-emission SSP585 scenario. 

Figure 4 plots both the predicted wind speed anomalies obtained by various CMIP6 

models (using the annual averaged time series beginning in 1981 from the 771 ground 

observation stations in each CMIP6 model and extending to 2060) and the observed 

wind speed anomaly (1981–2014). To better compare the wind speed trends among the 

different models, only the wind speed anomalies are plotted. For the CMIP6 models 

with historical simulation data, the anomaly was calculated relative to that recorded in 

1981; for the CMIP6 models without historical simulation data, the anomaly was 

calculated relative to the value in 2015. 



11 

 

 

Figure 4 | Observed and CMIP-predicted wind speed anomalies. a, Time series of 

the annual average wind speed. Each thin line represents the anual average for a 

CMIP6 model (each incorporating the data from 771 observation stations). In this 

figure, the CMIP6 models severely underestimate the wind speed rate of decline. b, 

Linear fitting result of the annual average wind speed. 

We found that all CMIP6 models severely underestimate the rate of decline of the 

wind speed anomaly over the observation period. The average rate of decline in SSP126, 

SSP245, and SSP585 is -0.0015 m/s/10 yr, -0.0037 m/s/10 yr, and -0.0059 m/s/10 yr, 

respectively (for the rate of decline of each model, see Supplementary Tables 2–4). As 

such, even the highest-emission scenario (SSP585) has a rate of decline of only 
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approximately 3% of the rate that was obtained from the observations (-0.169 m/s/10 

yr). 

We attribute the underestimation associated with the CMIP models to two 

limitations of those models. First, on the basis of our theoretically derived equation to 

calculate the 80 m wind speed (Equation 1), we hypothesize that a major potential 

source of this underestimation is their neglect of the atmospheric boundary layer height 𝐻𝐻; therefore, the effect of long-term changes in 𝐻𝐻 on the wind speed anomaly cannot 

be modelled. Second, the modelled rates of decline are much smaller than even the 

theoretical rate obtained by considering only the contribution of − 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕 ; that is, the 

CMIP models greatly underestimate the Arctic amplification effect on wind speed. 

The external boundary and forcing conditions constitute the main difference 

between the CMIP predictions and historical models. As shown above, the CMIP 

models ignore the atmospheric boundary layer height and underestimate the Arctic 

amplification effect on historical rate of decline. Therefore, the CMIP models are highly 

likely to underestimate China’s future rate of decline. Moreover, the equation for 

calculating the long-term 80 m wind speed trend is applicable to other mid-latitude 

countries in the Northern Hemisphere. Consequently, CMIP will suffer from the same 

severe underestimation problem when making predictions for those nations.  

Calculating the wind power development scale corresponding to China's 2030 

carbon peak emission target under different scenarios 

Then, we conducted a comparative analysis of the wind power installed capacity, 

investment costs, and area of new land occupation among the future scenarios to assess 
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the effects of the underestimation in the decline in wind speed that we found to arise 

from the use of the CMIP models on China's plans for achieving its 2030 carbon peak 

emission target. First, we assessed the 2030 wind speed under the four scenarios 

(observed, and the three CMIP model scenarios) and we used this to estimate the wind 

power installed capacity in 2030. Next, we compared this installed capacity prediction 

for 2030 with the installed capacity in 2020, and finally, we converted this predicted 

new installed capacity expansion to new investment costs and new land occupation. 

Scenario 1 follows the linear rate of decline of observed wind speeds in China 

(hereinafter referred to as the observation trend scenario). We applied the same rate of 

decline of the wind speed from 2015 to 2030 as for 1981 to 2014. Although the 

observation trend scenario may be biased, it is based on the statistically significant 

linear fit of the long-term observation data and is thus an extension of the actual long-

term trend. Scenario 1 therefore represents the future trend as a serious possibility. 

Meanwhile, Scenarios 2, 3, and 4 follow the linear rates of decline of the CMIP low-, 

medium- and high-emission scenarios, respectively, where the rate of decline in each 

scenario is the average of all CMIP models under the corresponding emission scenario. 

This analysis focuses on the wind speed employed to generate wind power. Hence, 

we first obtained the annual average wind speed 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014 employed to generate wind 

power in the reference year (2014) based on China’s wind-generated electricity in 2014, 

China’s installed capacity in 2014, the typical statistical Rayleigh distribution of wind 

speed (see Figure 6a in Methods ), and the typical power curve of a 2 MW wind turbine 

(see Figure 6b in Methods). The calculated wind speeds under the 4 scenarios from 
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2014 to 2030 are plotted in Figure 5, and the proposed method to calculate the 80 m 

wind speed is detailed in the Methods. 

 

Figure 5 | Annual average wind speeds from 2014 to 2030 under the 

extrapolated observation trend scenario and the CMIP high-, medium- 

and low-emission scenarios. 

Next, we calculated the wind power installed capacity in 2030 based on the annual 

average wind speed 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2030 , the planned amount of wind-generated electricity by 

China in 2030 (1.425×1012 kW-h according to China's 2030 plan4 to generate 50% of 

all power by non-hydro renewable energy), the typical statistical Rayleigh wind speed 

distribution, and the typical power curve of a 2 MW wind turbine. Then, China’s 

installed capacity in 2030 was compared to that in 20205. Using this comparison 

together with the investment costs and land occupation area of a typical 2 MW wind 

turbine, we obtained the total new investment costs and new area of land occupation in 

2030 relative to the values in 2020, as shown in Table 2. 

Table 2 | Calculated installed capacity, investment costs, and area of land occupation in 2030 

under the CMIP high-, medium- and low-emission scenarios and the observation trend 

scenario. The values in the observation trend scenario each represent an increase of at least 52% 

compared to those in the three CMIP scenarios. 
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 Scenario 2030 

Increment 

relative to 

2020 

Proportion of 

increment relative to 

the CMIP6 SSP126 

scenario 

Installed 

capacity 

(104 kW)  

CMIP6 SSP126 trend 82500 54347 — 

CMIP6 SSP245 trend 82700 54547 0.37% 

CMIP6 SSP585 trend 82850 54697 0.64% 

Observation trend 111300 83147 52.99% 

Investment 

costs (108 

USD)  

CMIP6 SSP126 trend — 5798 — 

CMIP6 SSP245 trend — 5819 0.37% 

CMIP6 SSP585 trend — 5835 0.64% 

Observation trend — 8871 52.99% 

Land area 

occupied 

(km2) 

CMIP6 SSP126 trend — 53912 — 

CMIP6 SSP245 trend — 54111 0.37% 

CMIP6 SSP585 trend — 54259 0.64% 

Observation trend — 82482 52.99% 

We found that the new installed capacity, new investment costs, and new land 

occupation in 2030 vs. 2020 of CMIP’s three scenarios were essentially the same as 

each other (to within 0.01 percentage points; Table 2). However, the observation trend 

scenario will increase by approximately 53% compared to the three CMIP scenarios. 

Specifically, under the observation trend scenario, the new installed capacity is 

predicted to exceed 2.8×108 kW, the new investment costs are expected to pass 3.0×1011 

USD, and the new area of land occupation is anticipated to span more than 28,000 km2. 

The above results show that the CMIP models’ underestimation of the wind speed rate 

of decline will jeopardize China's wind power development strategy that is being 
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implemented to achieve the carbon peak emission target by 2030; accordingly, this 

discrepancy will certainly delay the goal of reaching national carbon neutrality by 2060. 

Conclusion 

In this study, we analysed wind speed observation data during 1981–2014 from 

771 meteorological stations and simulation data from numerous CMIP models, and 

revealed that these models severely underestimate the wind speed rate of decline in 

China. The theoretical derivation of an equation for computing the 80 m wind speed 

suggests two main reasons for the declining wind speed trend, that is, a decreasing 

latitudinal temperature gradient and an increasing atmospheric boundary layer height. 

Specifically, the CMIP models neglect to account for the atmospheric boundary layer 

height and greatly underestimate the Arctic amplification effect on wind speed. 

Furthermore, we conducted a comparative analysis of three wind power development 

metrics among four future scenarios to assess the effects of the CMIP models’ 

underestimation on China's 2030 carbon emission reduction target. According to the 

results, planning the development of wind power in China by using the underestimated 

CMIP model predictions would considerably hinder China from meeting its carbon 

peak emission target by 2030 and will delay the 2060 goal of carbon neutrality. These 

findings emphasize that the CMIP models urgently need to be improved.  

This research provides an important scientific basis for a warning to countries 

throughout the Northern Hemisphere, that wind power development plans should be 

formulated with consideration of global climate change and its meteorological impacts. 

Overall, these insights should be of great significance for achieving global carbon 
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neutrality.  

 

Methods 

Calculation of the annual average wind speed at a height of 80 m  

The wind speed at each observation station is recorded at a height of 10 m, but the 

hub height of a wind turbine is generally 80 m. Therefore, the wind speed at a height of 

10 m is extrapolated to a height of 80 m using a power law relation (a power law 

coefficient of 1/7 is chosen, but the power law coefficient has been shown to only 

slightly impact the wind energy potential23 ): 𝑉𝑉80𝑚𝑚 = 𝑉𝑉10𝑚𝑚(
80𝑚𝑚10𝑚𝑚)

17                     (2) 

The observations were acquired every 6 hours, but after taking the annual average 

of the data series, the data adopt a yearly resolution. 

The original CMIP6 wind speed data are also represented at a 10 m height and are 

also extrapolated to 80 m using the power law wind profile above (Equation 2). The 

original temporal resolution is monthly, but after annual averaging, the resolution also 

becomes yearly. The CMIP6 wind speed data are spatially gridded. Thus, to obtain 

CMIP6 data spatially coinciding with the 771 observation stations, we perform bilinear 

interpolation for the CMIP data on the grids adjacent to each observation station. Finally, 

the CMIP data corresponding to the 771 stations are averaged to compute the linear 

declining trend for each CMIP model and each SSP scenario (see Supplementary Tables 

2–4). 

Theoretical analysis of the long-term trend of wind speed at a height of 80 m 
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For the high-altitude free atmosphere (that is, the atmosphere above the 

atmospheric boundary layer), the geostrophic Coriolis force is at equilibrium with the 

pressure gradient force, yielding the following geostrophic wind relationships24-25: 𝑢𝑢𝑔𝑔 =
1𝑓𝑓𝑓𝑓 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕                      (3) 𝑣𝑣𝑔𝑔 = − 1𝑓𝑓𝑓𝑓 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕                     (4) 

where 𝑢𝑢𝑔𝑔, 𝑣𝑣𝑔𝑔,𝑃𝑃,𝑓𝑓, and 𝜌𝜌 are the zonal geostrophic wind, meridional geostrophic wind, 

air pressure, geostrophic parameter, and air density, respectively. 

For the atmosphere under the atmospheric boundary layer, the geostrophic Coriolis 

force, turbulent friction force, and pressure gradient force are balanced, and the 

relationship is as follows24-25: 𝐾𝐾𝑚𝑚 𝑑𝑑2𝑢𝑢𝑧𝑧����𝑑𝑑𝑧𝑧2 = −𝑓𝑓𝑣𝑣𝑧𝑧�                    (5) 𝐾𝐾𝑚𝑚 𝑑𝑑2𝑎𝑎𝑧𝑧���𝑑𝑑𝑧𝑧2 = 𝑓𝑓𝑢𝑢𝑧𝑧��� − 𝑓𝑓𝑢𝑢𝑔𝑔                 (6) 

where 𝑢𝑢𝑧𝑧��� and 𝑣𝑣𝑧𝑧�  are the average zonal wind and average meridional wind at a height 𝑧𝑧 (under the atmospheric boundary layer, such as at the 80 m height of a wind turbine 

hub), respectively, and 𝐾𝐾𝑚𝑚 is the turbulent friction coefficient. 

Based on the above relationship between the free atmosphere and boundary layer, 

the ideal gas state equation, the vertical declining temperature gradient, the boundary 

layer height 𝐻𝐻 , and the reasonable simplification of secondary items (using a 

Boussinesq approximation26, etc.), the theoretical relationship of the long-term change 

in the wind speed at a height of 80 m 𝑉𝑉80𝑚𝑚 is derived as follows: 

𝑉𝑉80𝑚𝑚 = − 𝑅𝑅𝑓𝑓 𝜕𝜕𝑇𝑇2𝑚𝑚𝜕𝜕𝜕𝜕 �1 + 𝑒𝑒−160𝜋𝜋𝐻𝐻 − 2𝑒𝑒−80𝜋𝜋𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐(
80𝜋𝜋𝐻𝐻 )�12        (7) 

The detailed derivation of Equation 7 and the method for calculating the wind speed 
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based on ERA5 data are shown in the Supplementary Information. 

Method for estimating the average wind speed in 2014 employed to generate wind 

power in China 

Here, the Rayleigh distribution, which is commonly used for the initial estimation 

of wind energy resources, is employed as the universal statistical wind speed 

distribution27. In the Rayleigh distribution, the distribution function 𝑓𝑓(𝑣𝑣，𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎)  is 

related only to the average wind speed 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 and the wind speed 𝑣𝑣, namely, 𝑓𝑓(𝑣𝑣, 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎) =
𝜋𝜋𝑎𝑎2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2 · 𝑒𝑒𝑒𝑒 𝑝𝑝 �−𝜋𝜋 � 𝑎𝑎2𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�2�              (8) 

A typical Rayleigh distribution under 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 equals 5𝑚𝑚/𝑐𝑐 is shown in Figure 6 a. 

For the power curve, we refer to the 2 MW Goldwind GW-115 wind turbine, which 

is commonly used in Chinese wind farms. Its theoretical power curve 𝑃𝑃(𝑣𝑣) is plotted 

in Figure 6 b, and its rated power is recorded as 𝑝𝑝0. 
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Figure 6 | The probability density distribution of wind speed and power curve 

used in estimating the average wind speed in 2014 employed to generate wind 

power in China. a, The probability density of Rayleigh distribution under 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 =

5𝑚𝑚/𝑐𝑐. b, Theoretical power curve of a 2 MW Goldwind GW-115 wind turbine. 

Determining the annual power generated by a wind turbine is equivalent to 

integrating 𝑃𝑃(𝑣𝑣) with all wind speed distribution intervals over all times of the year. 

Consequently, the power generated by a wind turbine 𝑊𝑊0 is 𝑊𝑊0 = ∫  �∫ 𝑃𝑃(𝑣𝑣) ·
∞𝑎𝑎=0 𝑓𝑓�𝑣𝑣, 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014� 𝑑𝑑𝑣𝑣� 𝑑𝑑𝑑𝑑𝑇𝑇0               (9) 

where 𝑇𝑇 equals 8760 h for a year. In 2014, China's total installed wind power capacity 𝑃𝑃2014  was 9.64 ×107 kW, and the total wind-generated electricity 𝑊𝑊2014  was 

1.67×1011 kWh28. The number of 2 MW wind turbines is computed as 𝑃𝑃2014 𝑝𝑝0⁄ . Thus, 

the power generation 𝑊𝑊2014 of all China’s wind turbines in 2014 is calculated as 𝑊𝑊2014 = (𝑃𝑃2014 𝑝𝑝0⁄ ) ·𝑊𝑊0 = (𝑃𝑃2014 𝑝𝑝0⁄ ) · ∫  �∫ 𝑃𝑃(𝑣𝑣) ·
∞𝑎𝑎=0 𝑓𝑓�𝑣𝑣, 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014� 𝑑𝑑𝑣𝑣� 𝑑𝑑𝑑𝑑𝑇𝑇0      

(10) 

The only unknown quantity in Equation 10 is 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014, that is, the average wind speed 

employed to generate wind power in China in 2014; this quantity is obtained based on 

numerical discrete differentiation. The 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014  value we calculated is 4.578 m/s. 

Thus, to calculate the actual rate of decline 𝑘𝑘𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟  of the wind speed 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014  in 

China, we select the data from all 771 observation stations and identify the stations in 

2014 with an annual average wind speed within 1 m/s of the above calculated value 

(4.578±1 m/s). Ultimately, 69 stations are selected, and their average rate of decline 𝑘𝑘𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟 is -0.3155 m/s/10 yr based on linear regression. The distribution information and 

average wind speed of 69 stations are detailed in the Supplementary Information. 
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Analysis of China's new installed capacity, new investment costs and new land 

occupation in 2030 

First, we calculate the annual average wind speed 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2030 employed to generate 

wind power in China in 2030 under the 4 scenarios as follows: 

𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2030 =

⎩⎪⎪⎨
⎪⎪⎧ 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014 − 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠126 ·

(2030−2014)10  𝑓𝑓𝑐𝑐𝑓𝑓 𝑆𝑆𝑆𝑆𝑃𝑃126 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014 − 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠245 ·
(2030−2014)10  𝑓𝑓𝑐𝑐𝑓𝑓 𝑆𝑆𝑆𝑆𝑃𝑃245𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014 − 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠585 ·
(2030−2014)10  𝑓𝑓𝑐𝑐𝑓𝑓 𝑆𝑆𝑆𝑆𝑃𝑃585𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2014 − 𝑘𝑘𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟 ·

(2030−2014)10  𝑓𝑓𝑐𝑐𝑓𝑓 𝑑𝑑ℎ𝑒𝑒 𝑓𝑓𝑒𝑒𝑟𝑟𝑟𝑟 𝑑𝑑𝑟𝑟𝑑𝑑𝑟𝑟
    (11) 

where 𝑘𝑘𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟  is the observed linear rate of decline (-0.3155 m/s/10 yr), and 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠126, 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠245, and 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠585 are the average rates of decline of the three SSP scenarios 

(-0.0015 m/s/10 yr, -0.0037 m/s/10 yr, and -0.0059 m/s/10 yr for SSP126, SSP245, and 

SSP585, respectively; see Supplementary Tables 2–4). 

After calculating 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2030 under each of the 4 scenarios, we calculate China’s 

2030 installed capacity 𝑃𝑃2030 under those 4 scenarios as follows: 𝑊𝑊2030 = (𝑃𝑃2030 𝑝𝑝0⁄ ) · ∫  �∫ 𝑃𝑃(𝑣𝑣) ·
∞𝑎𝑎=0 𝑓𝑓�𝑣𝑣, 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎,2030� 𝑑𝑑𝑣𝑣� 𝑑𝑑𝑑𝑑𝑇𝑇0      (12) 

where 𝑇𝑇 equals 8760 h for a year and the planned wind-generated power 𝑊𝑊2030 is 

1.425×1012 kWh, which considers that 50% of all power is generated by non-hydro 

renewable energy according to China's 2030 plan4. Since the right side of Equation 12 

is already known, China’s 2030 installed capacity 𝑊𝑊2030  can be obtained. Then, 

China’s new installed capacity is compared with the capacity in 2020 (2.8×108 kW5). 

After obtaining China's 2030 new installed capacity, the new investment costs and 

the new area of land occupation are similarly calculated. We assume that the installed 

capacity increases with a uniform increment each year. The cost is based on the global 
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average cost of 1,473 USD/kW in 2019 (including wind turbine and installation costs), 

and the cost decreases by 5% annually29. For the land area occupied, according to China 

national standards30, the row spacing (spacing parallel to the main wind direction) 

between wind turbines is 5 times the diameter of the rotor, and the row spacing (spacing 

perpendicular to the main wind direction) is 3 times the diameter of the rotor. We again 

refer to the 2 MW Goldwind GW-115 wind turbine, and the diameter of the rotor is 

taken as 115 m. Then, a total installed capacity of 100,000 kW (the installed capacity 

of 50 wind turbines) is divided among 10 columns and 5 rows, which is equivalent to 

an area of 9.92 km2. 
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