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Supplementary Tables

Supplementary Table 1 | Summary of previous studies using wind speed data with

different temporal resolutions for wind power density (WPD) assessments.

Study Temporal Data source Study Area
resolution

Akinsanola et al., 2021'  daily CMIP6 West Africa

Archer and Jacobson, daily Observations Global

20052

Costoya et al., 20213 daily RCMs China South Sea

Gil Ruiz et al., 2021* 10 min, 1 h Observations, ERAS Coastal Colombia

Hayes et al., 2021° 1h ERAS Europe

Hosking et al., 2018° daily RCMs Europe

Johnson & Erhardt, 3h RCMs USA

2016’

Karnauskas et al., 2018%  monthly CMIP5 Global

LiD. et al., 2020° 3h GCMs East Asia

Li M. et al., 202210 daily Observations China

Liuet al.,, 2019'", 20232  6h Observations China

Lu et al., 2009'3 6h RCMs Global

Miao et al., 2020 monthly Observations, Climate  Northern
Reanalysis Hemisphere

Pryor & Barthelmie, 3h RCMs USA

2011%

Pryor et al., 2005'6 30 min RCMs USA

Sherman et al., 2017"7 lh Observations, China
MERRA

Tian et al., 2019'® daily, monthly Observations, CMIP5  Global

Note: References listed in this table are detailed in the Supplementary References section.

Abbreviations:

GCMs: General Circulation Models
RCMs: Regional Climate Models

CMIP: Coupled Model Intercomparison Project

ERAS: Fifth-generation European Centre for Medium-Range Weather Forecasts atmospheric

reanalysis of the global climate

MERRA: Modern-Era Retrospective analysis for Research and Applications
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64  Supplementary Table 2 | Surface roughness lengths (zo) for different land-use and land-

65  cover types.

Land-use and land-cover (LULC) zo (meter)
Densely populated urban districts 1.6
Tree cover 0.50
Built-up 0.40
Shrubland 0.10
Cropland 0.03
Grassland 0.008
Snow or ice-covered surface 0.003
Open ground with smooth surface, e.g., desert, bare land, 0.0024
sparse vegetation cover

Permanent water bodies 0.0002

66  Note: Values are based on established classifications from previous studies and are used for

67  wind power density (WPD) calculations in this study.
68
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69  Supplementary Table 3 | Statistical characteristics of the calibration coefficient K(daily-

70  lhour) for different wind power density (WPD) levels, based on wind speed observational
71  data.

Statistical information of K(daily-1hour)
WPD levels
25th 50th 75th
(WPL, Wm?) min ) ) ) max mean
percentile percentile percentile
0-50 1.15 1.81 2.12 2.61 4.98 2.31
50-100 1.11 1.51 1.65 1.83 4.10 1.71
100-200 1.07 1.39 1.49 1.62 3.50 1.52
200-300 1.07 1.32 1.39 1.48 2.12 1.41
300-400 1.07 1.27 1.33 1.40 2.13 1.34
>400 0.96 1.15 1.21 1.28 1.64 1.22
72 Note: The median value (50" percentile) of K(daily-1hour) was used for calibration in this
73 study.
74
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75  Supplementary Table 4 | Statistical characteristics of the calibration coefficient K(daily-
76  3hour) for different wind power density (WPD) levels, based on wind speed data from the
77  fifth-generation European Centre for Medium-Range Weather Forecasts atmospheric

78  reanalysis of the global climate (ERAS).

Statistical information of K(daily-3hour)

WPD levels S o ~5h
(WPL, Wm?) min ) ) ) max mean
percentile percentile percentile
1(0-50) 1.00 1.25 1.41 1.73 4.76 1.61
11 (50-100) 1.00 1.15 1.20 1.29 242 1.24
11 (100-200) 1.01 1.13 1.18 1.24 1.98 1.20
IV (200-300) 1.01 1.08 1.12 1.17 2.37 1.14
V (300-400) 1.00 1.06 1.09 1.14 1.51 1.11
VI (>400) 0.53 1.02 1.05 1.09 1.97 1.06
79  Note: The median value (50" percentile) of K(daily-3hour) was used for calibration in this
80  study.
81
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Supplementary Figures

(a)Year 1973-2021
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Supplementary Figure 1 | Global distribution of high temporal-resolution wind speed data
(20-min, 30-min, 1-hour) from the National Climatic Data Center (NCDC). (a) Spatial
distribution of meteorological stations with valid wind speed records from 1973 to 2021. (b)

Total number of stations from 1973 to 2021.
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Supplementary Figure 2 | Time series of wind speed at the hub height (100 m) for a rural
station in southern Canada during May 2021. (a) Observational wind speed data at the site
(52.3°N, 111.8°W, station ID: 71006099999. (b) Wind speed data for the same location from
the fifth-generation atmospheric reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ERAS). Note that wind power density (WPD) values in this figure
are calculated for May 2021 only, whereas annual WPD (based on wind speed time series from
2014 t0 2021) is presented in Fig. 2a of the main text. Effective wind frequency (EWF) indicates
the proportion of wind speeds within the operational range between 3 m s™!' (cut-in speed) and
25 m s™!' (cut-off speed). Relative bias (RB, %) quantifies the underestimation of WPD when

using daily versus 1-hour wind speed data at this site.
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(a) WPD(dally) NCEP/NCAR reanaIyS|s (d) WPD(da|Iy) NCEP-DOE reanalysns

W m~2

0 100 200 300 400 500 0 200 400 600 800 1000

(b) WPD(6hour), NCEP/NCAR reanalysis (e) WPD(6hour) NCEP DOE reanaIyS|s

W m=2 [T [>Wm™?
0 100 200 300 400 500 0 200 400 600 800 1000

(c) RB, NCEP/NCAR reanaIyS|s (f) RB NCEP DOE reanaIyS|s

Supplementary Figure 3 | Wind power density (WPD) at the hub height (100 m) calculated
using National Centers for Environmental Prediction/National Centers for Atmospheric
Research (NCEP/NCAR) and NCEP-US Department of Energy (NCEP-DOE) reanalysis
datasets at 6-hour and daily temporal resolutions. The maps show WPD estimates derived
from the NCEP/NCAR reanalysis using daily (a) and 6-hour (b) wind speed data, along with
their relative bias (RB, %) (¢). Similarly, WPD estimates from the NCEP-DOE reanalysis using
daily (d) and 6-hour (e) wind speed data are shown, with their corresponding relative bias

(RB, %) (f).
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Supplementary Figure 4 | Power curve for the General Electric GE1.5s wind turbine. The
power curve includes the following parameters: rated power (1500 kW), cut-in wind speed (3.5
m s, rated wind speed (12.0 m s), cut-out wind speed (25 m s™), diameter (70.5 m), swept

area (3904.0 m?), and hub height (100 m).
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Supplementary Figure 5 | Global actual electrical power production (AEP) at 100 m hub
height from observations and climate reanalysis using the General Electric GE 1.5s power
curve. The maps show AEP (kW) derived from observational data at daily (a) and 1-hour (b)
resolutions, along with their relative bias (RB, %) (¢). Similarly, AEP derived from the fifth-
generation atmospheric reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ERAS) using daily (d) and 1-hour (e) resolutions are shown, with their
corresponding relative bias (RB, %) (f).
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Supplementary Figure 6 | Relationship between wind power density (WPD) and temporal
resolutions (At) based on climate reanalysis. (a) Wind speed distributions for different At
values (1-hour to 48-hour) fitted with Weibull probability density function, using wind speed
data from January to December 2021 at a grid in northern China (40°N, 100°W), based on the
fifth-generation atmospheric reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ERAS). Parameters k and c describe the Weibull shape and scale,
respectively, and the numbers in the panel following k and ¢ (e.g., 1, 3, 6, ...) indicate the
corresponding At values (e.g., 1-hour, 3-hour, 6-hour, ...). WPD were calculated using the
statistical method. (b) Exponential fits of WPD versus At for four global sites representing
different WPD levels: Site 1 (eastern USA, 32°N, 81°W, ~400 W m™), Site 2 (eastern Europe,
47°N, 46°E, ~300 W m™), Site 3 (Mongolia, 46°N, 101°E, ~200 W m™), and Site 4 (Tibetan
Plateau, 36°N, 83°E, ~100 W m™). Parameters a and b for each site are labeled as al, a2, a3,
a4 and b1, b2, b3, b4, respectively. (¢) Ratio of WPD(At) to WPD(1-hour) as a function of At,
corresponding to the sites in panel (b). (d-f) Scatter plots illustrating relationships among
WPD(1-hour), parameter a, and parameter b. ***indicates a correlation exceeding the 99.9%
significance level (#-test). (g-i) Global distributions of parameters a, b, and the exponential

fitting coefficient R?, respectively.
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Supplementary Figure 7 | Time series of hub-height (100 m) wind speeds at 1-hour and
daily resolutions for two high-wind sites. (a) Site 1: 56.8°N, 83.3°W, station ID:
03072099999. (b) Site 2: 47.2°N, 11.5°E, station ID: 11126099999. Wind power density (WPD)
and effective wind frequency (EWF) values shown in this figure were calculated based on wind
speed data from January to December 2021. These two sites show examples with positive
relative bias (RB, %) values, indicating an apparent overestimation of WPD when using daily
versus 1-hour wind speed data. However, this effect is attributed to artificially high-speed winds
resulting from averaging wind speeds above the cut-out threshold, which do not contribute to

actual electricity production.
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Supplementary Figure 8 | Global 1°x1° gridded dataset of calibration coefficient K(daily-
lhour) based on observational data. This gridded dataset is based on Fig. 3a of the main text.
The K(daily-1hour) values represent current wind conditions and are applicable for correcting
wind power density (WPD) estimates. However, recalibration may be necessary if wind
conditions undergo significant changes due to future climate change. Source data are provided

as a Source Data file.

15733



(a) Daily le—3 (b) Daily

. 5
s el e F = - *kok
. o F R =-0.491 4l
4 4 -
3 33
= 3 =]
53 5
S 2 321
¥ D+ 4
) [Fria L
14 14
10° 10 102 103 i I v vV
WPD(daily) (W m~2) WPL(daily)
c) 6hour - d) 6hour
2.0 Lo le-2 2.0 L
. Rr= .57k 1.4
: 1.2
5 1.0 =
215/ 215/
i 0.8 i g
3 ]
2 0.6 =
o o
: s % 11 T
1.0 - 59 1.0 -
0.8 T T T 0.8 T T T T T T
100 10! 102 103 I [ il v Y, Vi
WPD(6hour) (W m~2) WPL(6hour)
e) 3hour - f) 3hour
1.50 = le-2 1.50 ®
. e : R = .55 7wee 2.5
= s, 20
3 3
ﬁ. 1254 15 5 1.25 -
(o] (o]
= 1.0 G
1.00 1 0.5 1.004 —
0.90 T T T 0.90 T T T T T T
10° 10t 102 103 I [ 1] v Y WY/
WPD(3hour) (W m~2) WPL(3hour)

164

165  Supplementary Figure 9 | Calibration coefficient K(At-1hour) for wind power density
166  (WPD) at daily, 6-hour, and 3-hour resolutions based on observations. (a, ¢, e) Scatter plots
167  of K(At-1hour) values for WPD at daily, 6-hour, and 3-hour resolutions, respectively. (b, d, f)
168  Boxplots of K(At-1hour) values across WPD levels (WPL, grades I-VI: 0-50, 50-100, 100-200,

169  200-300, 300-400, >400 W m™).
170
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Supplementary Figure 10 | Global distribution of calibration coefficient K based on
different climate reanalysis datasets. (a) K(daily-lhour) calculated from the fifth-generation
atmospheric reanalysis produced by the European Centre for Medium-Range Weather Forecasts
(ERAS). (b, ¢) K(daily-6hour) calculated from the National Centers for Environmental
Prediction/National Centers for Atmospheric Research (NCEP/NCAR) and the NCEP-US
Department of Energy (NCEP-DOE) climate reanalysis datasets, respectively.
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Supplementary Figure 11 | Relationship between wind power density (WPD) and
calibration coefficient K based on climate reanalyses. (a) Scatter plot of WPD(daily) versus
K(daily-1hour) derived from the fifth-generation atmospheric reanalysis of the European Centre
for Medium-Range Weather Forecasts (ERAS). (c, e) Scatter plots of WPD(daily) versus
K(daily-6hour) calculated from the National Centers for Environmental Prediction/National
Centers for Atmospheric Research (NCEP/NCAR) and the NCEP-US Department of Energy
(NCEP-DOE) reanalysis datasets, respectively. (b, d, f) Boxplots of K across WPD levels (WPL
grades [-VI: 0-50, 50-100, 100-200, 200-300, 300-400, >400 W m™) for each dataset.
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Supplementary Figure 12 | Global onshore wind power density (WPD) trends during the
historical period (1950-2014) and future projections (2015-2100) under different Shared

Socioeconomic Pathway (SSP) scenarios. (a) WPD trends derived from raw daily-resolution

wind speed data. (b) Calibrated WPD trends using K(daily-3hour). The climate models used

for assessing relative changes in WPD under future climate scenarios include BCC-CSM2-MR,
CMCC-ESM2, CNRM-CM6-1, EC-Earth3, INM-CM4-8, IPSL-CM6A-LR, MIROC6, and
MRI-ESM2-0, all of which participate in the Coupled Model Intercomparison Project Phase 6

(CMIP6). Antarctica is excluded from the analysis due to its current unsuitability for wind

power development. The numbers in the panels, from left to right, represent WPD trends (unit:

W m™ per year) for the historical period and future projections under the SSP245, SSP370, and

SSP585 scenarios, respectively.

19 /33



—e— 3-hr

trend(3-hr) = -12.86%, p<0.001 —e— daily
trend(daily) = -12.18%, p<0.001

100 A

90 A

80

70 A

WPD (W/m?)

60

50 A

40 -

30 A

20 I 1 1 1 1
1980 1990 2000 2010 2020

Year
202
203  Supplementary Figure 13 | Time series and trends of wind power density (WPD) at 3-hour
204  and daily resolutions over China from 1973 to 2020.
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Supplementary Figure 14 | Global distribution of land-use and land-cover (LULC) types
around the National Climatic Data Center (NCDC) sites, derived from the European
Space Agency (ESA) WorldCover dataset.
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Supplementary Figure 15 | Wind power density (WPD) at the hub height (100 m)
calculated from daily and 1-hour observational data, shown for different LULC types. (a,
b, ¢) Global WPD distribution for grassland derived from daily and 1-hour observational data,
along with their relative bias (RB, %). (d, e, f) Global WPD distribution for built-up derived
from daily and 1-hour observational data, along with their relative bias (RB, %). (g, h, i) Global
WPD distribution for tree cover derived from daily and 1-hour observational data, along with

their relative bias (RB, %).

22 /33



220

221

222
223

. L " R(Built-up) = -0.407%**
sLE s T om L. . . R(Tree cover) = -0.438***
R e . R(Water bodies) = -0.567***
3/ ] - -* R(Bare land) = -0.365%**
S5 e cewdat 7 e,
(@) o : ) ° %o
< ol At et o e "
— e e L R A .
é\ - : °® ¢= ...' ..c..'.’.. ..0. o ‘:: t. * ° [
R R ok VL
z o. L :... og.. .'" :’:“:.“ .:..': " K ‘. [
2 e - % . .’: 3 5 ." 78 % }.' K °

WPD(daily) (W m~2)

Supplementary Figure 16 | Calibration coefficient K(daily-1hour) for various land-use

and land-cover (LULC) based on observations.
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Supplementary Figure 17 | Prevailing wind directions for wind power production based
on 1-hour and daily observational data and their differences. (a, b) Prevailing wind
directions for wind power production derived from daily and 1-hour observational data,

respectively. (¢) Relative bias (unit: degree) between them.
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Supplementary Figure 18 | Global distribution of surface roughness length (zo) estimated
from the fifth-generation European Centre for Medium-Range Weather Forecasts

atmospheric reanalysis of the global climate (ERAS).
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Supplementary Figure 19 | Comparison of wind power density (WPD) calculated using
statistical and Weibull methods for different temporal resolutions. (a, b) WPD estimated
using the statistical method and Weibull method based on 1-hour wind speed observational data,
respectively. (¢) Relative bias (RB, %) between WPD values in panels (a) and (b). (d, e) WPD
estimated using the statistical method and Weibull method based on daily wind speed
observational data, respectively. (f) Relative bias (RB, %) between WPD values in panels (d)
and (e).
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Supplementary Figure 20 | Relative bias (RB, %) between wind power density (WPD)
calculated using the statistical method and estimated using the Weibull method for 1-hour
and daily temporal resolutions. (a) Scatter plot of RB between Weibull-derived and
statistically calculated WPD(1-hour), expressed relative to statistically calculated WPD(1-hour).
(b) Boxplot of RB for WPD(1-hour) across WPD levels (WPL grades I-VI: 0-50, 50-100, 100-
200, 200-300, 300-400, >400 W m™). (¢) Scatter plot of RB between Weibull-derived and
statistically calculated WPD(daily), expressed relative to statistically calculated WPD(daily).
(d) Boxplot of RB for WPD(daily) across WPL grades [-V1.
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Supplementary Notes
Supplementary Note 1 | Influence of temporal resolution on wind power density trends

To evaluate whether temporal resolution (At) affects wind power density (WPD) trend estimates,
we first used China as an example, where declining trends in historical WPD have been widely
reported!’. Using daily and 3-hour wind speed data from 1973 to 2020, we observed consistent
decreasing trends in WPD, with only minor differences in trend rates (Supplementary Fig. 13).
This suggests that At has a minimal impact on historical WPD trend estimation.

We extended the analysis to future scenarios using multi-model outputs from the Coupled
Model Intercomparison Project Phase 6 (CMIP6), including BCC-CSM2-MR, CMCC-ESM2,
CNRM-CM6-1, EC-Earth3, INM-CM4-8, IPSL-CM6A-LR, MIROC6, and MRI-ESM2-0.
Results from the multi-model mean indicate statistically insignificant global onshore WPD
trends for 2015-2100 across various Shared Socioeconomic Pathway (SSP) scenarios
(Supplementary Fig. 12). Importantly, applying the calibration coefficient K did not notably
alter these trends.

While coarse-resolution wind speed data are sufficient for detecting long-term WPD trends,
they are inadequate for accurately quantifying absolute WPD values. High-resolution data
remain essential for precise projections of future wind energy resources’®. When high-
resolution data are unavailable, applying K can improve the reliability of coarse-resolution

WPD estimates while reducing computational demands.
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Supplementary Note 2 | Influence of land-use and land-cover on wind power density

calculations and calibration coefficient K

To enhance the accuracy of wind power density (WPD) calculations, we used the logarithmic
wind profile equation to extrapolate hub-height (100 m) wind speeds. In applying the
logarithmic law, we considered land-use and land-cover (LULC)-specific surface roughness
length (zo), based on established values®'* (Supplementary Table 2). LULC classifications for
observation sites were determined using the European Space Agency (ESA) WorldCover data®’,
and validated against high-resolution remote sensing imagery to ensure their accuracy in
representing local conditions around the National Climatic Data Center (NCDC) sites
(Supplementary Fig. 14). The LULC-specific zo values were then applied in equation (4) to
extrapolate hub-height wind speeds for observation sites.

The fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis of the global climate (ERAS) provides both 10 m and 100 m wind speeds,
enabling the global calculation of zo for each grid using equation (4). The resulting global zo
map (Supplementary Fig. 18) aligns well with established LULC-specific roughness values
(Supplementary Table 2). Globally, zo varies significantly: low zo values (<0.005) are common
in deserts (e.g., Sahara, Arabian Desert, Australian Outback) and snow/ice-covered areas (e.g.,
Antarctica, Greenland); moderate zo values (0.005-0.15) are found in grasslands, shrublands
(e.g., central USA, southern Africa, central Asia), and croplands (e.g., eastern Asia, eastern
Australia, southeastern Brazil); while high zo values (>0.15) are often associated with dense
tree cover, including tropical rainforests (e.g., Amazon, Congo, Southeast Asia) and boreal
forests (e.g., Siberia, northern Canada). This global zo map derived from ERAS5 was
subsequently applied to extrapolate hub-height wind speeds from the Coupled Model
Intercomparison Project Phase 6 (CMIP6) model outputs, improving the reliability of WPD
calculations across diverse landscapes.

To examine whether the impact of temporal resolution (At) on WPD is consistent across

different landscapes, global NCDC sites were categorized based on their LULC types. The
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corresponding WPD(daily) and K(daily-1hour) were then subdivided and analyzed. As shown
in Supplementary Fig. 15, the underestimation of WPD(daily) compared to WPD(1-hour) is
consistent across common LULC types, including grassland, tree cover, and built-up areas,
which together account for more than 90% of all sites. Although variations in surface roughness
among different LULC types influence the extrapolation of hub-height wind speeds and
absolute WPD wvalues, WPD distributions across LULC types are broadly overlapping
(Supplementary Fig. 16). Generally, grasslands exhibit slightly lower WPD values (the lowest
among the analyzed LULC types), leading to relatively higher biases between WPD(daily) and
WPD(1-hour), making WPD calculations in grasslands more sensitive to At.

More importantly, a consistent and significant negative correlation (p<0.001) was
observed between K(daily-1hour) and WPD(daily) across all LULC types, with correlation
coefficients ranging from -0.32 to -0.57 (Supplementary Fig. 16). This result indicates that the
impact of At on WPD is broadly consistent across diverse landscapes, and that the relationship
between WPD and K remains unchanged across LULC types. These findings again underscore
that the relationship between WPD and At is primarily governed by wind speed distribution

characteristics (parameter a) rather than land surface attributes.
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Supplementary Note 3 | Influence of temporal resolution on primary wind direction for

wind power production

Primary wind direction plays a crucial role in optimizing wind farm layouts, turbine alignment,
and overall efficiency?*-?®. However, few studies have systematically explored how temporal
resolution affects wind direction determination®®!. To address this, we compared primary wind
directions derived from 1-hour and daily wind speed data for 1973-2021 (Supplementary Fig.
17).

The results derived from 1-hour and daily data are generally consistent, both aligning well
with prevailing circulation patterns. For example, westerly winds dominate in mid-latitudes,
with primary wind directions typically from the northwest. Southwest winds prevail in coastal
northern Europe. Northeast trade winds, influenced by the Subtropical High, affect regions such
as the Sahara Desert and the Cuban Islands. Meanwhile, southeast trade winds dominate areas
like Brazil and northern Australia in the tropical Southern Hemisphere.

Biases between 1-hour and daily-derived primary wind directions are minimal in trade
wind regions but more pronounced in mid-latitudes (Supplementary Fig. 17), where rapid wind
direction shifts caused by extratropical cyclones are common®?. Those rapid wind rotations may
not be fully captured when wind observations have large intervals or coarse averaging times.
Notably, such biases can reach 45°-90°, which can significantly impact wind farm layouts,
given that even a 10° misalignment may reduce power output by up to 43%*. Therefore, coarse-
resolution data should be used cautiously when determining primary wind direction for wind
power generation®*. Further research is needed to better understand these discrepancies,

particularly in mid-latitude regions, to refine turbine placement strategies.
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