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ABSTRACT

A comprehensive understanding of long-term trends in near-surface wind speed (SWS) and their underlying physical mecha-
nisms is imperative for progress in atmospheric science, climatology, and energy-related fields. Utilising observational data and
simulations from 10 models, this study investigates the role of anthropogenic activities in the observed decline of SWS over the
Tibetan Plateau (TP) from 1961 to 2014. The results show a widespread and statistically significant decline in the annual mean
SWS across the TP. The models qualitatively captured this decreasing trend under all-forcing scenarios. Detection and attribution
analysis attributes the observed wind speed decline primarily to anthropogenic forcings, which account for most of the reduction,
while natural forcings show no detectable influence. Among these anthropogenic factors, greenhouse gas (GHG) emissions were
responsible for the greatest decrease in SWS over the TP. In comparison, the contributions from aerosol forcing and land use
change were marginal; their negative regression coefficients indicate that they partially offset the overall weakening trend. The
underlying mechanism involves GHG-induced asymmetric warming. This warming weakened the pressure gradient over the TP
by causing a greater increase in geopotential height over the mid-high latitudes north of the plateau than over the regions to its
south. These findings highlight the dominant influence of human activities on wind speed changes over the TP, with important
implications for wind resource planning and ecological management.

1 | Introduction occurrence of dust storms (Wang et al. 2017), and the viability of

wind power generation (Tian et al. 2019; Zeng et al. 2019; Pryor

Near-surface wind speed (SWS) over terrestrial environments
serves as a fundamental component of atmospheric circulation,
exerting a major influence on the distribution and flux of en-
ergy and substances within the lower atmosphere. Fluctuations
in SWS exert profound effects on a diversity of environmen-
tal and climatic domains, including but not limited to: hydro-
logical cycles (Liu et al. 2014), regional evapotranspiration
rates (McVicar et al. 2012; McMahon et al. 2013), ambient air
quality (Cai et al. 2017; Han et al. 2017; Zhang et al. 2020), the

and Barthelmie 2021). Consequently, elucidating the variability
inherent to SWS is a subject of considerable scientific interest.

Under global warming, significant declines in wind speeds have
been documented across terrestrial regions (Wu et al. 2018; Tian
et al. 2019). Internal climate variability and external forcings
can both affect the changes in SWS (Wu et al. 2018). From the
perspective of internal climate variability, the North Atlantic
Oscillation (NAO) is found to partly account for fluctuations in
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SWS across multiple regions (Earl et al. 2013; Jerez et al. 2013;
Azorin-Molina et al. 2014, 2016). The arctic oscillation (AO) has
significant influence on the distribution of changes in SWS over
China (Chen et al. 2013). The Interdecadal Pacific Oscillation
(IPO) modulates regional wind speed variability on decadal
timescales (Fu et al. 2011). In terms of external forcings, anthro-
pogenic (ANT) forcing contributed particularly to the long-term
reduction in SWS (Zha et al. 2024). The warming influence of
increased atmospheric greenhouse gas (GHG) concentrations
and the cooling influence from atmospheric aerosols (AER)
have dominated changes in climate system drivers since 1750
(IPCC 2021). Elevating GHG and AER concentrations directly
influence radiative forcing and determine the magnitude of
warming when combined with associated climate feedbacks
(Kramer et al. 2021; Li et al. 2022), with the warming dis-
playing significant spatial heterogeneity globally (Seneviratne
et al. 2016; IPCC 2021). Anthropogenically induced warming
and cooling anomalies (from GHGs and AERs) modify regional
thermal contrasts, thereby altering pressure gradients and sub-
sequently influencing surface wind regimes (You et al. 2010;
Clifton and Lundquist 2012; Lin et al. 2013; Zhang and Li 2016).
Meanwhile, changes in surface roughness induced by land-use
and land-cover change partially explain observed variations in
SWS (Vautard et al. 2010; Zha et al. 2017). In general, changes
in SWS result from combined effects of ANT activities and nat-
ural climate variability. Under global warming, quantifying the
contribution from human activities remains critically important
yet insufficiently understood. The weighting of different ANT
drivers (e.g., land-use change [LUC], AER emissions) in altering
surface wind regimes varies considerably across geographical
regions (Wu et al. 2018). Attribution analyses should be con-
ducted regionally.

The Tibetan Plateau (TP), renowned as the ‘Roof of the World’
and ‘the Water Tower of Asia’, possesses the most abundant
wind energy resources in China (Gao et al. 2020). Changes in
SWS play a pivotal role not only in wind energy potential but
also in regulating the hydrological cycle and shaping local geo-
morphology and ecosystems (Yang et al. 2014; Dong et al. 2017;
Song et al. 2017; Gao et al. 2020). SWS over the elevated TP
have declined more significantly than those in other regions
of China (McVicar et al. 2010; You et al. 2010), and attracting
increasing attention (Kuang and Jiao 2016; Ding et al. 2021;
Guo and Tian 2022; Ma et al. 2024; Zhang, Azorin-Molina,
et al. 2024). However, it remains unclear to what extent ANT
activities have contributed to the observed SWS decline over
the TP under global warming. Moreover, the relative impacts of
different ANT forcing components—particularly GHGs, AERs
and LUC—on SWS attenuation over the TP remain poorly
quantified. Therefore, using outputs from the Coupled Model
Intercomparison Project Phase 6 (CMIP6) and observations, this
study employs correlation-based detection and attribution anal-
yses, combined with multivariate linear regression, to quantify
the contributions of different external forcings to the observed
decline in SWS over the TP during 1961-2014. The findings
are expected to advance the understanding of regional climate
change mechanisms on the TP and provide a scientific basis for
formulating policies related to wind energy development, eco-
logical protection and sustainable land use management in this
unique and vital region.

2 | Materials and Methods
2.1 | Observations and CMIP6

This study used monthly 10-m wind speed data from the
gridded observational dataset over China (CN05.1) to detect
SWS changes (Wu and Gao 2013). The CN05.1 dataset is de-
rived from quality-controlled observations at over 2400 me-
teorological stations across China, has a spatial resolution of
0.25°%0.25° and covers the period from 1961 to present (Wu
and Gao 2013; Wu et al. 2017). The CN05.1 dataset employs an
anomaly-based interpolation scheme to convert station data
into a gridded format, a methodology consistent with that of
the Climatic Research Unit (CRU) dataset (New et al. 2002; Xu
et al. 2009). This two-stage procedure first constructs a base-
line climatological field using thin-plate smoothing spline
interpolation. It then interpolates daily station anomalies to
the grid via angular distance weighting. The final gridded
product is obtained by superimposing the daily anomaly field
onto this climatological background (Shi et al. 2018; Wu and
Gao 2013). Spatial interpolation in the CNO5 dataset lever-
ages the flexibility of spline functions, which can incorpo-
rate covariate sub-models—for example, to account for how
variables vary with elevation—thereby enhancing accuracy.
Specifically, thin-plate splines utilise longitude and latitude
as primary variables, with elevation integrated as a covariate
to interpolate the baseline climatic fields (Wu and Gao 2013).
This method is particularly robust for sparse or irregularly
distributed data points (New et al. 2002). This study utilised
the aforementioned datasets for the TP covering the period
1961-2014. The CNO5.1 dataset has been widely employed
for analysing climate changes over the TP and verifying the
output of climate model simulations (Jiang and Zhou 2023; Li
et al. 2023; Wang et al. 2023; Liu et al. 2024; Xiang et al. 2024;
Wau et al. 2025).

We used outputs from 10 models of the CMIP6 (Eyring et al. 2016)
to assess the influence of ANT activities on SWS attenuation over
the TP. Details of the models are provided in Table 1. We utilised
historical simulations to estimate the SWS responses to different
external forcings, including all external forcings (ALL), natural-
only runs (NAT), GHG forcings only, AER-only runs and land-
use-unchanged runs (noLUC). As performed in many studies, the
response to LUC forcing was estimated by comparing differences
between the ALL and noLUC experiments (Liu et al. 2022; Luo
et al. 2024; Zhang, Gao, et al. 2024). The former is driven by his-
torical evolving natural (e.g., orbital, solar and volcanic) and ANT
(e.g., GHGs, AERs and LUC) forcings (Eyring et al. 2016), while
the latter experiment is identical to the former except that all land-
use and land-cover are fixed at the 1850 level during the historical
simulation from 1850 to 2014 (Lawrence et al. 2016). Similarly, the
response to ANT forcing was estimated by subtracting NAT forc-
ings from ALL forcings (Hu et al. 2020; Paik and Min 2020; Seong
et al. 2021; Xu et al. 2022; Pan et al. 2023). To ensure equal weight-
ing across models, the multimodel ensemble mean is derived by
taking the mean of each model's ensemble and then averaging
across all models. To quantify natural internal climate variabil-
ity, preindustrial control (piControl) simulations were employed,
wherein GHG concentrations, AER loading, ozone levels and
solar irradiance were fixed at preindustrial levels throughout the
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TABLE1 | Summary of CMIP6 models, experiments and ensemble members employed in this study.

No. Models Historical Hist-NAT Hist-AER Hist-GHG Hist-noLUC piControl
1 ACCESS-CM2 10 3 1 1 — 9
2 BCC-CSM2-MR 1 1 1 2 1 11
3 CESM2 9 2 1 1 2 22
4 CanESM5 10 10 10 5 8 37
5 CNRM-CM6-1 5 5 5 5 — 9
6 E3SM-2-0 10 5 3 3 —_ 9
7 HadGEM3-GC31-LL 2 10 3 3 — 37
8 IPSL-CM6A-LR 4 4 10 8 3 18
9 MIROC6 5 5 10 5 — 14
10 NorESM2-LM 2 3 3 2 1 14
Sum (models) 58 (10) 48 (10) 47 (10) 35 (10) 15 (5) 180 (10)

Note: Parentheses in the last row show the total number of models for each forcing.

simulation. For consistency with observational records, this study
focuses on historical simulations spanning the 1961-2014 period.

2.2 | Correlation-Based Detection and Attribution
Analyses

Monthly anomalies of observations and external forcing
simulations were calculated for each grid point relative to
the 1961-1990 baseline period. The study focuses on the TP
(25°-40°N, 75°-105°E), a region with an altitude exceeding
2000m. To assess the possible influence of external forcings
on SWS changes, we employed a correlation-based detection
method that has been widely applied in previous studies (Qian
and Zhang 2015; Wan et al. 2015; Zhu et al. 2022). Detection
and attribution analyses were performed for regional mean
SWS anomalies above 2000m elevation over the TP using
non-overlapping 5-year means from 1961 to 2014 to filter out
the interannual oscillation signal. Model-simulated responses
to ALL, NAT, ANT, GHG, AER and LUC forcings were com-
pared with observations to identify observational evidence of
climate responses to different external forcings. The piControl
simulations were segmented into multiple non-overlapping in-
tervals matching the duration of observations and historical
runs, with identical processing methods applied to all forced
simulations. Correlation coefficients were calculated between
observations and model-simulated forced responses to the
specified external forcings. To assess statistical significance,
parallel correlations were calculated between observations
and each of the 180 piControl simulation segments. A one-
sided Monte Carlo test was applied to evaluate the statistical
significance of the correlation. If the correlation coefficient be-
tween observations and an externally forced signal exceeded
the 90th percentile of the correlation coefficients between the
observations and the piControl intervals, the relationship was
deemed statistically significant at the 90% confidence level
relative to internal variability, indicating detectable forced re-
sponses in observations.

2.3 | Contributions of External Forcings

To assess the relative contributions of different external forcings
to interdecadal wind speed variations, we employed a multivar-
iate linear regression approach, expressed as

y= ZﬂiXi+£ )]
i=1

where y denotes the observation vector, f; is the regression co-
efficient for the ith external forcing, X; represents the simulated
climate response to that forcing and € is the residual term. Two
regression models were developed: the NAT-ANT model was de-
signed to quantify the contributions of natural and ANT forcings
and the GHG-AER-LUC model was designed to separate the ef-
fects of GHGs, AERs and LUC. The relative contribution of each
external forcing was calculated as follows:

Contribution; = f#,AX; @)

where p,; is the regression coefficient for the ith forcing, and AX;
denotes the change in SWS under that forcing over the period
1961-2014.

3 | Results
3.1 | Decreased SWS Over the TP

Annual mean SWS across the TP exhibits a significant and spa-
tially extensive declining trend from 1961 to 2014 (Figure la).
The decadal-scale variability demonstrates notable spatial co-
herence, with most grid cells showing a strong positive correla-
tion with the regionally averaged wind speed (Figure 1b). The
10th-90th percentile range of the grid cells reflects substantial
interannual spread in SWS values. Nevertheless, a coherent and
persistent declining trend is apparent across the entire region
over the study period (Figure 1c), with a mean rate of decrease
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of —0.116ms~! decade™! (p<0.01). This high spatial coherence Simulations from the 10 CMIP6 models are broadly consis-
indicates that the temporal evolution of SWS is largely uniform tent with the observed historical decline in SWS over the TP
across the plateau, justifying the use of a regional mean time (Figure 2a). All selected models successfully capture the neg-

series for subsequent detection analysis. ative trend qualitatively (Figure 2b), and the multi-model mean
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FIGURE1 | (a)Trendsin annual mean 10-m wind speed over the Tibetan Plateau (TP; elevation >2000m) from 1961 to 2014, based on observa-
tions. Dots denote grid points where the trends are statistically significant (p <0.10). (b) Spatial pattern of correlation coefficients between the TP-
wide average and each grid point for the 5-year running mean of annual 10-m wind speed. Dots indicate where the correlation coefficients are signif-
icant (p <0.10), accounting for the effective degrees of freedom. (c) Temporal evolution of annual 10-m wind speed over the TP (elevation >2000m).
The shading indicates the 10th-90th percentile range across individual grid cells. [Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 2 | (a) Anomalies of 10-m wind speed over the TP (elevation >2000m) during 1961-2014 relative to the 1961-1990 baseline period, de-
rived from CMIP6 multi-model simulations. The grey shading represents the intermodel spread (10th-90th percentile range) across 58 ensemble
members under ALL forcing. (b) Linear trends of 10-m wind speed during 1961-2014 for individual models and the multi-model ensemble mean.
Solid circles denote trends that are statistically significant at the 90% confidence level. [Colour figure can be viewed at wileyonlinelibrary.com]
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produces a statistically significant trend of —0.017 ms~! decade™!
(p<0.01). This demonstrates that the models generally replicate
the observed phenomenon, albeit with an underestimation of its
magnitude.

3.2 | Influence of ANT Activities on SWS
Attenuation

To detect the contribution of ANT activities to the decreased
SWS over the TP, a correlation-based detection and attribution
analysis has been performed here using ensemble members from
10 CMIP6 models. The observed overall decline in SWS is well
captured by simulations incorporating ALL forcings (both ANT
and NAT) as well as those with ANT forcing alone (Figure 3a).
In contrast, simulations driven by NAT forcing alone fail to re-
produce the observed weakening trend. This implies that ANT
forcings are the primary driver of the observed decline in wind

speed in the ALL simulations. This conclusion is strongly sup-
ported by the significant decreasing trend of —0.018 ms~! de-
cade™! (p<0.01) simulated under ANT forcing alone. Further
supporting this, the correlation coefficients between observa-
tions and simulated responses are 0.693 for ALL, 0.725 for ANT
and only 0.046 for NAT forcings (Figure 3b). A one-sided Monte
Carlo test based on piControl simulations confirms that the cor-
relations for ALL and ANT forcings are statistically significant
(p<0.01), whereas that for NAT forcing is not. Thus, the simu-
lated responses to ALL and ANT forcings are detectable, while
the response to NAT forcing is not.

Furthermore, compared to the trends under AER and LUC forc-
ings, the decreasing trend in SWS under GHG forcing is much
closer to the observed trend, with a rate of —0.013ms~! decade™!
(p<0.01; Figure 3c). The correlation between observations and
the simulated response to GHG forcing is statistically significant
(r=0.757, p<0.01), as confirmed by a one-sided Monte Carlo
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FIGURE 3

| Five-year non-overlapping mean anomalies of SWS over the TP above 2000 m from observations (CNO5; bars) and CMIP6 model sim-

ulations under (a) all-forcing (ALL), natural-only (NAT) and anthropogenic-only (ANT) forcings and (c) greenhouse gas-only (GHG), anthropogenic
aerosol-only (AER) and land-use change (LUC) forcings. Anomalies are estimated for the 1961-1990 baseline period. (b) Correlation coefficients
between observed and model-simulated SWS over the TP. Red asterisks, blue solid circles and orange hollow circle denote correlation coefficients
between the observations and model-simulated responses to ALL forcing, ANT forcing and NAT forcing, respectively. The 5th-95th and 10th-90th

percentile ranges of the correlation coefficients between the observations and 180 segments of piControl simulations are expressed by black error bars

and green error bars, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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test. In contrast, the correlations for AER (r=-0.257) and LUC
(r=-0.384) forcings are not significant, even at the 0.10 level.
This lack of robust statistical relationships rules out a signifi-
cant contribution from AERs or LUC to the reduction in SWS.
Therefore, the detectable decline in the ANT response is primar-
ily attributable to GHG forcing.

The influence of GHG on the decline in SWS is further confirmed
through spatial analysis. When comparing the observed trends
with those from the CMIP6 historical experiments, it is evident
that the models successfully capture the spatial pattern of wind
speed changes over the TP, demonstrating a statistically signifi-
cant pattern correlation of 0.336 (p <0.10; Figure 4a). In contrast
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to the contribution from NAT forcing (Figure 4b), the decreasing
pattern of SWSunder ALL forcing is primarily attributable to ANT
forcing (Figure 4c). This reinforces the notion that ANT factors
have played a significant role in shaping the recent wind speed
changes over the TP. Specifically, the weakening of wind speed
in the ANT forcing runs is predominantly driven by GHG forcing
(Figure 4d), while the contribution from AER forcing is relatively
minor (Figure 4e). Conversely, LUC forcing alone induces a sig-
nificant increase in wind speed across most of the TP (Figure 4f),
indicating a partial offset to the overall weakening trend. These
findings suggest that human activities, particularly GHG emis-
sions, are the principal contributor to the observed prevailing de-
cline in SWS over the TP during the period 1961-2014.

(b) NAT
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FIGURE4 | Linear trends of the SWS over the TP during 1961-2014 in the model-simulated responses to the (a) ALL, (b) NAT, (c) ANT, (d) GHG,
(e) AER and (f) LUC forcings. The multimodel ensemble mean is shown. Dots mark where the trends are significant at the 0.05 level. The elevation

of 2000m is used as the outline of TP. [Colour figure can be viewed at wileyonlinelibrary.com]
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A multiple linear regression was performed to quantify the
contributions of NAT and ANT forcings, the latter further de-
composed into GHG, AER and LUC, to the observed decrease

0.8

0.4

o e S

-1.2

T T T T T

NAT  ANT GHG AER LUC
FIGURE 5 | Attributable reduction in SWS over the TP due to NAT
and ANT forcings and due to GHG, AER and LUC forcings from the
multiple-variable linear regression, along with their 90% confidence in-
tervals. The solid line indicates the observed decreasing magnitude of
SWS from 1961 to 2014. [Colour figure can be viewed at wileyonlineli-
brary.com]
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in SWS. Based on the NAT-ANT multivariate linear regression
model (p <0.10), the analysis attributes a reduction of —0.605m/s
(90% confidence interval: —0.226 to —0.983m/s) out of the ob-
served total decline of —0.628 m/s during 1961-2014 to ANT
forcing (Figure 5), while the contribution from NAT forcing
is negligible. Further decomposition of the ANT forcing using
the GHG-AER-LUC regression model (p<0.01) indicates that
among the three individual components of ANT forcing, GHG
forcing accounts for a decrease of —0.628m/s (90% confidence
interval: —0.354 to —0.902m/s; Figure 5). In contrast, the contri-
butions from AER (0.027m/s) and LUC (-0.110m/s) are minor.
Their negative regression coefficients imply that both forcings
actually exert a mitigating effect on the overall decline in wind
speed. This contribution analysis based on multiple linear re-
gression further verifies the dominant role of GHG forcing in the
weakening of SWS over the TP.

3.3 | GHG-Induced Asymmetric Warming

From the above, it is concluded that the decreased SWS over the
TP is mainly attributed to human activities, especially to GHG
forcing. One of the possible impact pathways of GHG on wind
change is regional differences in warming, which can affect
pressure gradients and therefore wind speed. To demonstrate
the cause of the attenuated wind speed over the TP, the spatial
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FIGURE 6 | Spatial distribution of the climatological mean and trend of (a, c) air temperature and (b, d) geopotential height at 500hPa from the

GHG-only forcing experiment for the period 1961-2014. Dots mark locations where the trends are significant at the 0.05 level. The black rectangle

denotes the TP area. [Colour figure can be viewed at wileyonlinelibrary.com]
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distributions of the climatological mean and trend of air tem-
perature and geopotential height at 500hPa under GHG forcing
for the period 1961-2014 have been analysed here. On aver-
age, both air temperature (Figure 6a) and geopotential height
(Figure 6b) over the TP exhibit a pronounced south-to-north
gradient. Under GHG forcing, more pronounced warming oc-
curred in the mid-to-high latitudes northwest of the plateau
compared to the low-latitude regions to its southeast (Figure 6c¢).
This asymmetric warming induced a greater rise in geopotential
height over the mid- to high-latitudes north of the TP than to the
south (Figure 6d), thereby weakening the pressure gradient and
leading to a decrease in SWS.

4 | Conclusions and Discussion

Based on observations and an ensemble of 10 CMIP6 model
simulations, this study assesses the ANT influence on long-
term SWS trends over the TP during the period 1961-2014.
A robust and spatially coherent decrease in SWS over the TP
from 1961 to 2014 is evident in observational data, thereby con-
firming the recently reported declining trend in homogenised
annual wind speed over the TP (Zhang, Azorin-Molina,
et al. 2024). CMIP6 model simulations attribute the observed
wind speed decline primarily to ANT forcings, which explain
most of the reduction (—0.605 out of —0.628 m/s), whereas nat-
ural forcings show no detectable influence. This result under-
scores the dominant role of human activities. Among ANT
factors, GHG emissions are the leading contributor to wind
speed attenuation. In contrast, the contributions from AER
and LUC are marginal; moreover, their negative regression
coefficients indicate they slightly mitigate the overall decline.
This study therefore confirms the predominant role of GHG
forcing in the recent weakening of surface winds over the re-
gion. The reduction in wind speed is mechanistically linked
to GHG-driven warming disparities, which elevate geopo-
tential height more markedly in regions north of the TP. The
asymmetric warming pattern arises from a complex process
that encompasses multiple factors, including snow/ice-albedo
feedback, atmospheric circulation adjustment, temperature
feedback, cloud feedback and water vapour feedback, among
others (Dai et al. 2019; Overland and Wang 2010; Pithan and
Mauritsen 2014; Screen and Simmonds 2010; Vavrus 2004; You
et al. 2021). Consequently, the meridional pressure gradient—a
critical driver of surface winds—is attenuated. These findings
have important implications for understanding the regional
climate system over the TP. By clarifying the roles of differ-
ent ANT factors, we can better predict future trends of SWS
changes and take targeted measures to mitigate the adverse
impacts and make the most of the potential benefits.

A notable finding is that the CMIP6 multi-model mean, while
qualitatively reproducing the observed declining trend in
SWS, systematically underestimates its magnitude. This quan-
titative discrepancy is consistent with a recognised challenge
in contemporary climate models, particularly over regions of
complex topography (e.g., Jiang et al. 2024; Long et al. 2021;
Shen et al. 2022). Potential contributing factors include the
coarse resolution of global models, which smooths fine-scale
terrain features, and uncertainties in the parameterization
of boundary-layer processes and land-surface friction (e.g.,

Bichet et al. 2012; Jiang et al. 2024; Wu et al. 2020). Such a sys-
tematic bias underscores the need for caution when interpret-
ing the quantitative aspects of future SWS projections derived
from these models. It implies that the projected trends may
also be subject to a similar level of uncertainty. Advancing
model capabilities in representing local-scale processes, for
instance through dynamical downscaling or improved param-
eterizations, is therefore crucial for reducing this uncertainty
in regional climate projections (e.g., Dong et al. 2025; Jiménez
et al. 2010; Zhou et al. 2018).
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