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Supplementary Table 1: Regional data on installed capacity and electricity generation for wind power. Regional statistics of wind power installed capacity and electricity generation. The latest installed capacity data are obtained from IRENA’s Renewable Capacity Statistics 2025 report (reflecting data as of 2024; IRENA, 2025)1, while electricity generation data are derived from Ember Electricity Data Explorer (reflecting data as of 2024; EMBER, 2025)2. Installed capacity contains onshore wind (GW) and total wind energy (GW), with their ratio (%) used to estimate the onshore wind generation share applied in this study.
	Region
	Installed capacity (INERA, 2025)
	Electricity generation (EMBER, 2025)

	
	onshore wind (GW)
	wind energy (GW)
	ratio (%)
	wind (TWh)

	World
	1053.4
	1132.8
	93.0
	2508.0

	Africa
	9.2
	9.2
	100
	30.7

	Asia
	552.8
	596.4
	92.7
	1141.4

	China
	485.6
	525.6
	92.4
	997.0

	Eurasia
	15.6
	15.6
	100
	41.2

	Europe
	233.2
	268.9
	86.7
	586.9

	North America
	180.9
	181.0
	99.9
	527.0

	Oceania
	16.6
	16.6
	100
	37.2

	South America
	45.1
	45.1
	100
	144.0





	Region
	Installed capacity (GW; INERA, 2025)
	Electricity generation (TWh;  EMBER, 2025)
	LCOE (USD/MWh; INERA, 2024)

	
	onshore wind
	solar
	onshore wind
	solar
	onshore wind
	solar

	World
	1053.4
	1865.5
	2332.4
	2129.0
	34
	43

	Africa
	9.2
	15.4
	30.7
	36.0
	51
	74

	Asia
	552.8
	1179.4
	1058.0
	1228.7
	32
	39

	China
	485.6
	902.5
	921.2
	839.0
	29
	33

	Eurasia
	15.6
	23.4
	41.2
	29.9
	70
	87

	Europe
	233.2
	338.4
	508.9
	336.4
	51
	60

	North America
	180.9
	200.9
	526.5
	346.4
	39
	80

	Oceania
	16.6
	39.6
	37.2
	51.3
	41
	49

	South America
	45.1
	68.5
	144.0
	100.6
	39
	51


Supplementary Table 2: Regional data on installed capacity, electricity generation, and Levelized Cost of Electricity (LCOE) for onshore wind and solar power. Regional data used for the estimation of power generation losses and economic impacts. Installed capacity and electricity generation data for onshore wind and solar power are taken from IRENA’s Renewable Capacity Statistics 2025 report (IRENA, 2025)1 and Ember Electricity Data Explorer (EMBER, 2025)2, respectively. LCOE values are obtained from IRENA’s Renewable Power Generation Costs in 2024 report (IRENA, 2025)3.
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Supplementary Fig. 1: Climatological wind and solar power resources. Climatological monthly variations of WPD (a) and SPD (b), averaged over global land areas excluding Antarctica. Values are shown as 3-month running mean. 
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Supplementary Fig. 2: Spatial distribution of climatological wind and solar power resources. a, b Simulated climatological WPD (a) and SPD (b) over global land areas. 
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Supplementary Fig. 3: Global land mean responses of wind and solar power resources to the 1815 Tambora eruption. Monthly anomalies of WPD (a) and SPD (b) for the baseline climate (black dashed lines), the warming climate (red solid lines), and ensemble members with El Niño–like post-eruption responses (yellow solid lines), averaged over global land areas excluding Antarctica. Values are shown as 3-month running means. Bold lines indicate values that are significant at the 95% confidence level based on a two-tailed Student’s t-test.
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Supplementary Fig. 4: Differences in wind and solar power anomalies under warming and El Niño–like conditions. Spatial distribution of differences in WPD (a, c) and SPD (b, d) anomalies over land areas, averaged from Apr0 to Nov1. a, b Differences between the warming climate and the baseline climate (warming minus baseline). c, d Differences between ensemble members with El Niño–like post-eruption responses and the baseline climate (El Niño minus baseline). Black hatching indicates areas where the response is statistically significant at the 95% confidence level based on a two-tailed Student’s t-test. 
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Supplementary Fig. 5: Regional division used for calculating wind–solar power generation losses and economic impacts. The global land surface is divided into seven continental-scale regions: Africa, Asia, Eurasia, Europe, North America, Oceania, and South America. Antarctica is excluded from all calculations due to the lack of renewable capacity data from the International Renewable Energy Agency (IRENA) and the limited robustness of CESM climate simulations over polar regions. This regional classification is applied to compute regional average power generation, capacity-weighted LCOE, and the resulting economic losses associated with volcanic forcing.
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Supplementary Fig. 6: Relationship between polar vortex response and near-surface wind speed anomalies under different scenarios. Scatter plot showing the relationship between near-surface wind speed anomalies and 10 hPa zonal wind averaged north of 60°N over Apr0–Nov1. Solid circles and black solid line correspond to the baseline climate (R² = 0.45), while hollow circles and gray dashed line correspond to the warming climate (R² = 0.36). Regression lines indicate linear fits for each climate state.
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Supplementary Fig. 7: Spatial response of solar flux and cloud to the 1815 Tambora eruption. Spatial distribution of anomalies in downwelling solar flux (FSDS; a), clear-sky FSDS (b), cloud-induced FSDS (c) and total cloud fraction (d) over land areas, averaged from Apr0 to Nov1. Stippling in denotes regions where solar flux anomalies are not significant at the 95% confidence level based on a two-tailed Student’s t-test. 
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Supplementary Fig. 8: Spatiotemporal distribution of sulfate aerosol loading from 1815 Tambora eruption. Zonal-mean distribution of sulfate aerosol concentration as a function of time and latitude, illustrating the temporal evolution and meridional transport of volcanic aerosols following the eruption. The time axis spans 24 months from January 1815 to December 1816, with the eruption occurring in April 1815, corresponding to Apr0 in the model-based analyses.
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Supplementary Fig. 9: Global land distribution of wind resources and model-based selection of wind-energy-relevant regions. a Mean 100 m wind speed over global land area for the period of 2008-2017 from the Global Wind Atlas (GWA). A threshold of 6 m s-1 is applied to indicate areas with wind conditions suitable for wind-turbine deployment; regions below this threshold are masked and shown in white. Based on this criterion, 50.6% of the global land area meets the minimum wind requirement. b Climatological wind power density (WPD) from the control simulation, with the top 50.6% of grid cells retained based on WPD magnitude to match the area fraction identified in a. This threshold is used as a reference benchmark for our model-based assessment of wind-energy availability, rather than to reproduce the exact spatial distribution in a.
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(c) AWPD anomaly (El Nifio minus Baseline)





image5.tiff
90°N

60°N

30°N

0°

30°S

60°S

Definition of Study Regions

South America

P -
- North Americar

180° 90°W




image6.tiff
10m wind speed (ms™)

0.08

0.06

0.04

0.02

T

® Baseline
Warming

|

1 | !

3 6 9
10 hPa zonal wind north of 60°N (ms™)

12 15




image7.tiff
(a) FSDS anomaly

(b) Clearsky FSDS anomaly

— he

Wm?
(d) Total cloud anomaly





image8.tiff
latitude

90°N

60°N

30°N

0°

30°S

60°S

90°S

1815 Tambora eruption

I 1

1815/04

1815/08 1815/12 1816/04 1816/08 1816/12

0

30 60 9

LT T | /1’
120 150 180 210 240 270 300 330 360 390 420




image9.tiff
(a) Global 100 m wind speed in GWA

= == —

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
ms!

(b) Climatological WPD

- e

W m2




image1.tiff
Climatological resources

40 T T | | T | T

— WPD ——SPD

20 | | 1 | | | 1 | | | 1
Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov Dec Jan





