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Abstract
Near-surface wind speed exerts profound impacts on many environmental issues, while the long-term (�60 years) trend and multidecadal
variability in the wind speed and its underlying causes in global high-elevation and mountainous areas (e.g., Tibetan Plateau) remain largely
unknown. Here, by examining homogenized wind speed data from 104 meteorological stations over the Tibetan Plateau for 1961e2020 and
ERA5 reanalysis datasets, we investigated the variability and long-term trend in the near-surface wind speed and revealed the role played by the
westerly and Asian monsoon. The results show that the homogenized annual wind speed displays a decreasing trend (�0.091 m s�1 per decade,
p < 0.05), with the strongest in spring (�0.131 m s�1 per decade, p < 0.05), and the weakest in autumn (�0.071 m s�1 per decade, p < 0.05).
There is a distinct multidecadal variability of wind speed, which manifested in an prominent increase in 1961e1970, a sustained decrease in
1970e2002, and a consistent increase in 2002e2020. The observed decadal variations are likely linked to large-scale atmospheric circulation,
and the correlation analysis unveiled a more important role of westerly and East Asian winter monsoon in modulating near-surface wind changes
over the Tibetan Plateau. The potential physical processes associated with westerly and Asian monsoon changes are in concordance with wind
speed change, in terms of overall weakened horizontal air flow (i.e., geostrophic wind speed), declined vertical thermal and dynamic momentum
transfer (i.e., atmospheric stratification thermal instability and vertical wind shear), and varied Tibetan Plateau vortices. This indicates that to
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varying degrees these processes may have contributed to the changes in near-surface wind speed over the Tibetan Plateau. This study has
implications for wind power production and soil wind erosion prevention in the Tibetan Plateau.

Keywords: Tibetan Plateau; Wind speed; Decadal change; Atmospheric circulation; Physical processes
1. Introduction

A secular decline in terrestrial winds since the 1960s was
found, termed ‘stilling’ (Roderick et al., 2007). This negative
trend is reported for many mid-latitude low-elevation regions
such as Australia (McVicar et al., 2008), the USA (Pryor et al.,
2009), Spain and Portugal (Azorin-Molina et al., 2014), eastern
China (Li et al., 2022) and numerous other locations globally
(McVicar et al., 2012). However, the global stilling ceased
around 2013 and may have reversed slightly afterward (Zeng
et al., 2019; Azorin-Molina et al., 2021). Regional wind
studies reported a cessation of the ‘stilling’ or even reversal in
land near-surface wind speeds for the Iberian Peninsula
(Utrabo-Carazo et al., 2022), Saudi Arabia (Azorin-Molina
et al., 2018a), Sweden (Minola et al., 2022), and northern
China (Zhang et al., 2021). Due to the limited observations and
poor quality of wind speed data, wind speed variability in global
high-elevation and mountainous areas, such as the Tibetan
Plateau (TP), has only received minor attention (McVicar et al.,
2010; You et al., 2014; Wu et al., 2018). For example, previous
study has found that wind speed at high elevation is declining
more quickly than at low elevations in both China and
Switzerland (McVicar et al., 2010), while opposite wind speed
trends were observed below and above the trade-wind inversion
layer in the Canary Islands (Azorin-Molina et al., 2018b).
Several previous studies reported an overall decline in near-
surface wind speed over the TP using anemometer observa-
tions for various periods (Lin et al., 2013; Guo et al., 2017; Ding
et al., 2021), and noted a distinct variability in wind speed trends
(Table A1). They did not employ quality control and homoge-
nization methods to the raw wind speed series, making the
quantitative estimate questionable.

Since more than 60% of the TP is arid or semiarid, near-
surface wind is one of the most important factors shaping
local landform and geographical environment (Dong et al.,
2017), and their changes have prominent environmental im-
plications. The near-surface wind speed strongly affects
evapotranspiration in the TP (Song et al., 2017), and hence
regulates its hydrological cycle (Yang et al., 2014). Strong
wind (i.e., >5 m s�1), along with sparse vegetation cover, also
poses a serious wind erosion threat to the barren soils across
the TP ( Jiang et al., 2021), triggering frequent dust storms
(Kang et al., 2016). Due to abundant wind power resources,
wind electricity production in the TP plays a key role in
renewable energy development (Sherman et al., 2017).
Moreover, near-surface wind speed change also exerts impacts
on many other environmental and ecological processes in the
TP, such as wildfire activity (Wang et al., 2023) and pollen
emission (Lü et al., 2020).
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The near-surface wind speed variability is driven by many
factors and physical processes, such as atmospheric circu-
lation changes (Azorin-Molina et al., 2018a; Wu et al.,
2018), vegetation growth (Vautard et al., 2010), rapid ur-
banization (Zhang et al., 2022), effects of local air
pollution (Jacobson and Kaufman, 2006), and instrumenta-
tion issues (Azorin-Molina et al., 2023). The TP winds are
primarily modulated by interactions between the Asian
monsoon and mid-latitude westerlies (Yao et al., 2012; Nie
et al., 2017). For example, near-surface wind speed in the
southwestern TP is mainly determined by the Indian summer
monsoon (Ding et al., 2021), while mid-latitude westerlies
are the primary driver of wind speed over the western TP
(Wang et al., 2016). Considering the dynamics of wind
speeds in high-elevation or mountainous areas (e.g., TP),
accurate attribution of their causes becomes more chal-
lenging as atmospheric circulation strongly interacts with
land surface and complex terrain (Xue et al., 2017; Yao
et al., 2019; Zha et al., 2022).

The TP has experienced faster warming during the last
decades compared to the surrounding low-elevation areas and
the global mean (Yao et al., 2019; You et al., 2021), which
has further altered the interaction between the Asian
monsoon and mid-latitude westerlies (Yao et al., 2019). Due
to the complex topographic environment (Yao et al., 2012),
there are strong valley winds in the high mountainous area
(Yang et al., 2018), and frequently occurring synoptic cir-
culations (e.g., the TP vortex, Wu et al., 2022) also strongly
affect wind speed over the TP. Previous research demon-
strated elevation-dependent change in climate changes over
the TP (e.g., You et al., 2020) and confirmed that dynamics
of wind speed were strongly determined by local terrain and
geographical settings. These effects have enhanced the un-
certainty and the difficulty in accurately assessing potential
causes of TP wind speed dynamics. In a warming climate,
there is still a lack of understanding regarding the potential
causes of wind speed variability over the TP. It remains
unclear whether westerly winds and the Asian monsoon have
played the same role in influencing changes in TP wind
speeds and the underlying physical processes driving these
changes.

Given the aforementioned, this study aims to investigate
long-term (i.e., 60 years) trends and multidecadal variability in
homogenized annual and seasonal mean near-surface wind
speeds, and reveal the potential causes. This study enhances
the understanding of stilling and recent reversal of near-
surface wind speeds, and has implications for near-surface
wind speed changes related wind erosion and wind power
production in the TP.
ce wind speed over the Tibetan Plateau: The role played by the westerly and
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2. Data and methods
2.1. Observed data
Wind speed observations (at 10-m height) at four-time steps
(from 2000 to 2000 UTC the next day) with 6-h intervals from
the China Meteorological Administration (CMA) are used to
calculate daily mean series, consisting of 104 stations covering
the TP (Fig. 1), with the highest TP station (i.e., Bangge) at
4701 m a.s.l. As many CMA stations started to record wind
speed in 1960, the analysis covered from 1961 to 2020, to
avoid the low station density of the earlier years.

Dailywind speed observations were aggregated intomonthly
values, allowing amaximumof fivemissing days in eachmonth.
Further, stations were eliminated when too much missing data
occurred (i.e., 8 months in total in 1961e2020). Station reset-
tlement, anemometer type replace (Wan et al., 2010), and
anemometer aging (Azorin-Molina et al., 2018c) can induce
artificial bias in raw wind speed series. As successfully applied
in previous works (e.g., Azorin-Molina et al., 2018a; Zhang
et al., 2021), the Climatol package (Guijarro, 2018; http://
www.climatol.eu/; last accessed on 1 January 2024) was used
to implement quality control, homogenization process, and
missing data infilling on the 104 raw near-surface wind speed
series, using the ERAS reanalysis wind speed as reference data.
More details of the homogenization can be found in Azorin-
Molina et al. (2018a) and Zhang et al. (2020). The homoge-
nized wind speed series has eliminated the impacts of non-
climatic factors in raw wind speed (Fig. A1), and has been
utilized in the analysis presented in the results section.
2.2. Reanalysis data
Reanalysis data including monthly wind at surface, 500 and
450 hPa, geopotential height at 500 hPa, and atmospheric
pressure at the surface, air temperature at 500, 300, and
200 hPa, and hourly 500 hPa relative vorticity were obtained
Fig. 1. Terrain map showing the distribution of the 104 homogenized mete-

orological stations over the Tibetan Plateau.
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from the ERA5 dataset (https://cds.climate.copernicus.eu/
cdsapp#!/search?type¼dataset&text¼ERA5; 0.25 � 0.25�,
Dee et al., 2011) from 1961 to 2020.
2.3. Asian monsoon and westerlies modes
To uncover the influences of interactions between the Asian
monsoon and westerlies on wind speed changes over the TP,
relationships between wind speed and Asian monsoon and
westerlies modes were investigated. The indices representing
these modes were listed in Table A2, and including the East
Asian summer monsoon index (EASMI; Li and Zeng, 2002; Li
et al., 2010), the Indian summer monsoon index (ISMI; Wang
et al., 2001), East Asian winter monsoon index (EAWMI;
Wang and He, 2012), and the Westerly Index (WI; Vicente-
Serrano et al., 2016). Additionally, a well-established Ti-
betan Plateau Index (TPI; You et al., 2014) that indicated the
activity of anticyclone over the TP was used. The TPI was
significantly related to wind speed over the TP (You et al.,
2014). All of the indices in 1961e2020 were derived from
the National Climate Centre of China Meteorological
Administration (http://cmdp.ncc-cma.net/cn/index.htm).

The physical processes of Asian monsoon and westerlies
modes regulating wind speed were firstly represented by the
regional horizontal pressure-gradient force at 500 hPa (Zhang
et al., 2020). Further, changes in the regional atmospheric
vertical momentum transport were expressed as, atmospheric
thermal stratification instability (the A index, Zhang et al.,
2014), and vertical wind shear between 500 hPa and
450 hPa (Zhang et al., 2020).

Mesoscale to synoptic-scale weather system were identified
by the TP vortexes (TPV; Hodges, 1994, 1999). Briefly, TPVs
are detected with local maxima in the 6-h 500-hPa relative
vorticity field, subject to T40-100 spatial filtering. Only
vorticity maxima greater than 0.2 s�1, which originated on the
TP above the 3000-m altitude and persisted for at least 1 d, are
accounted for. Following Curio et al. (2019), a geopotential
minimum filter is additionally applied. Specifically, TPV tracks
that have 500-hPa geopotential height minimumwithin a search
radius of 2.5� � 2.5� around the TPV center at least for one time
step are considered. See Curio et al. (2019) for full details.
2.4. Statistics analyses
Wind speed trends (in m s�1 per decade) was computed by
Sen's slope method (Atta-ur-Rahman and Dawood, 2017;
Collaud Coen et al., 2020), and the multidecadal variability of
wind speed was illustrated by an 11-year Gaussian low-pass
filter. ManneKendall's tau-b non-parametric correlation coef-
ficient was applied to determine the statistical significance of
trends (Zhang et al., 2020). The turning point of wind speed
variability indicate the end of previous subperiod and the start of
new subperiod, and it was included in both subperiod. Two p-
level thresholds ( p< 0.05 and p> 0.05) were used. Besides, the
relationship between atmospheric circulation modes and wind
speed variability was exhibited by the Pearson correlation co-
efficient (r). The multiple linear regression was used to quantify
ce wind speed over the Tibetan Plateau: The role played by the westerly and

.accre.2024.04.007

http://www.climatol.eu/
http://www.climatol.eu/
https://cds.climate.copernicus.eu/cdsapp
https://cds.climate.copernicus.eu/cdsapp
https://cds.climate.copernicus.eu/cdsapp
https://cds.climate.copernicus.eu/cdsapp
https://cds.climate.copernicus.eu/cdsapp
http://cmdp.ncc-cma.net/cn/index.htm


4 ZHANG G.-F. et al. / Advances in Climate Change Research xxx (xxxx) xxx

+ MODEL
the explained variances of atmospheric circulation indices to
wind speed (Shi et al., 2019). Note that in the regression analysis
of winter wind speed, summer monsoon indices are not
included. Similarly, winter monsoon indices are not considered
in the regression of summer wind speed. The atmospheric cir-
culation indies modeled wind speed was based on piecewise
linear regression, and calculated by the function between at-
mospheric circulation indices and wind speed (Zeng et al.,
2019).

3. Results
3.1. Multidecadal variability and trends of near-surface
wind speed
The annual mean wind speed exhibits a significant
( p < 0.05) decreasing trend of �0.091 m s�1 per decade, with
seasonal series also having an overall significant decreasing
trend for all seasons (Fig. 2 and Table 1). Specifically, spring
experienced the strongest decreasing trend (�0.137 m s�1 per
decade), and autumn shows the weakest negative trend. The
11-year Gaussian low pass filter uncovers three phases (sub-
periods) for the annual mean wind speed, a prominent
increasing phase from 1961 to 1970 (0.188 m s�1 per decade,
p > 0.05), a significant decreasing phase from 1970 to 2002
(�0.269 m s�1 per decade, p < 0.05), and an increasing or
reversal phase after 2002 (0.073 m s�1 per decade, p < 0.05).
These three phases can also be detected in the seasonally
averaged wind speed series (Fig. 2). However, wind speed
from ERA5 shows a relatively stable interannual variability for
1961e2020 (Fig. A2).

The significant negative trend ( p < 0.05) recorded in 87.5%
of the stations for annual wind speed (Table A3). Most stations
(>90.0%) are related to a slowdown in wind speed for all
Fig. 2. Annual and seasonal mean near-surface wind speed anomalies (relative to 19

lines indicate the 11-year Gaussian low-pass filter. The two red dashed vertical lin
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seasons, although this occurs less frequently for winter
(93.3%) and summer (95.2%) than for autumn (96.2%) and
spring (100%). Noted that an upward wind speed trend
occurred in some stations, which may be induced by local
environmental changes, such as glacier breezes (Conway
et al., 2021). In 1961e1970, annual (75.0%, Table A3) and
seasonal wind speed (68.3%e79.8%, Table A3) increased in
most regions of the TP, while decreased wind speeds were
detected at northeastern, southern and northwestern margins of
the TP (Fig. A3). During 1970e2002, all the stations had
decreasing trends (ranging between �0.1 and �0.5 m s�1 per
decade) in annual and all seasons (Fig. A4, Fig. 2). During
2002e2020, an interesting pattern occurred, that is, most of
the stations located in the northern TP showed a decreasing
trend, while increasing trend was found in most of the stations
located in the southern TP (Fig. A5). When looking at wind
speed trends from ERA5 (Fig. A6), a similar pattern with
declined winds was found in the northern TP, while the
southern TP showed an increasing trend.
3.2. Relationship with westerly and Asian monsoon modes
Table 2 reports the correlation between annual near-surface
wind speed and atmospheric circulation indices response to
the westerly and Asian monsoon from 1961 to 2020. The
correlation coefficients of EASMI/ISMI and the TP wind
speed were weak, while both indices were significantly
correlated with wind speeds at some stations located in
southeastern TP ( p < 0.05, Fig. A7). EAWMI had a significant
positive correlation (r ¼ 0.37, p < 0.05) with wind speed over
the TP, especially for those stations at southeastern and east-
western TP (Fig. A7). WI and TPI had a significant negative
correlation with the TP wind speed, and this is true for most
stations in the TP (Fig. A7). Annual EAWMI significantly
81e2010) for the Tibetan Plateau as a whole for 1961e2020 (The black solid

es (years 1970 and 2002) indicate the division of the three sub-periods).

ce wind speed over the Tibetan Plateau: The role played by the westerly and
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Fig. 3. Spatial distribution of the sign and magnitude of annual and seasonal observed near-surface wind speed trends over the Tibetan Plateau for 1961e2020 (A

small black dot in a circle indicates a significant trend at p < 0.05).
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decreased (�0.26 per decade, p < 0.05) during 1961e2020,
and TPI significantly increased (28.7 per decade, p < 0.05)
(Fig. A8), which can partly explain the overall declined wind
speed in the TP (Yang et al., 2021; You et al., 2014, Fig. 2a).

By using piecewise linear regression, Table 3 summarizes
the variance of near-surface wind speed changes explained by
westerly and Asian monsoon modes that exhibit significant
correlations with the TP wind speed during three sub-periods
in the TP. How the near-surface wind speeds were repro-
duced based on the significantly correlated westerly and Asian
monsoon indices is shown in Fig. 4. Annually, westerly and
Asian monsoon modes contributed the highest variance
(52.4%) of wind speed changes over the TP in 1961e1970,
followed by 1970e2002 (49.8%) and 2002e2020 (42.4%).
The reconstructed wind speeds were overall consistent with
observed wind speed for the three sub-periods (Fig. 4), espe-
cially for 1960e1970 (r ¼ 0.72, p < 0.05, Table A4), which
Table 1

Trends in annual and seasonal mean near-surface wind speed (m s�1 per

decade) for the TP as a whole from 1961 to 2020 and in the three sub-phases.

Season 1961e2020 1961e1970 1970e2002 2002e2020

Annual ¡0.091 0.188 ¡0.269 0.073

Winter ¡0.084 0.466 ¡0.270 0.102

Spring ¡0.131 0.194 ¡0.308 �0.005

Summer ¡0.075 0.224 ¡0.264 0.125

Autumn ¡0.071 0.238 ¡0.229 0.122

Note: Statistically significant values ( p < 0.05) are bolded.
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indicates that wind speed across the study region was largely
modulated by westerly and Asian monsoon changes. Season-
ally, the westerly and Asian monsoon modes explained the
highest wind speed variance during 1960e1970 in spring
(67.0%) and summer (56.7%). In contrast, autumn (68.1%)
and summer (56.6%) wind speeds were largely regulated by
westerly and Asian monsoon changes during 1970e2002. In
2002e2020, westerly and Asian monsoon modes contributed
less than 50% of near-surface wind speed variances in all
seasons (13.2%e47.8%).
3.3. Potential physical processes associated with westerly
and Asian monsoon circulation change
Given the close relation between westerly and Asian
monsoon circulation and near-surface wind speed across the
TP, the interacted physical processes behind westerly and
Table 2

Correlation coefficient of EASMI, ISMI, EAWMI, WI and TPI with observed

annual and seasonal near-surface wind speed series for the TP as a whole for

1961e2020.

Season EASMI ISMI ESWM WI TPI

Annual 0.13 0.15 0.37 �0.28 ¡0.53

Winter e e 0.35 �0.31 �0.01

Spring 0.02 0.26 0.44 �0.39 ¡0.38

Summer 0.09 0.17 e �0.24 ¡0.41

Autumn 0.21 0.05 0.34 �0.04 ¡0.59

Note: Statistically significant values at p < 0.05 are bolded.

ce wind speed over the Tibetan Plateau: The role played by the westerly and
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Table 3

Total contributions (%) of the westerly and Asian monsoon modes to near-

surface wind speed variance during three sub-periods for the TP.

Season 1961e1970 1970e2002 2002e2020

Annual 52.4 49.8 42.4

Winter 43.0 38.8 29.9

Spring 67.0 34.5 13.2

Summer 56.7 56.6 29.5

Autumn 37.1 68.1 47.8
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Asian monsoon circulation influencing wind speed were
explored. Fig. 5 exhibits the spatial distribution of annual and
seasonal geostrophic wind speed trends over the TP and sur-
roundings from 1961 to 2020, Annually, geostrophic wind
speed widely declined over the TP, especially in the north-
eastern part (�0.4 to �0.8 m s�1 per decade, p < 0.05), cor-
responding to the spatial pattern of observed wind speed trends
(Fig. 3a). This indicates that the overall declined regional at-
mospheric circulation over the TP may have contributed to the
weakened wind speed. Seasonally, negative trends of
geostrophic wind speed were found in most parts of the study
region in all seasons, especially for winter and spring (�1.2 to
0 m s�1). When compared with the seasonal wind speed
changes, it is seen that the geostrophic wind speed trend is
consistent with near-surface wind speed trends (Fig. 3b‒d).
Although, there are some exceptions in summer and autumn,
as the opposite trends between geostrophic wind speed and
near-surface wind speed over the southeastern TP. These pat-
terns imply that westerly and Asian monsoon induced hori-
zontal air flow decline is partly responsible for the decrease in
wind speed over the Tibetan Plateau.

Moreover, the changes in the vertical thermal and dynamic
transport of atmospheric momentum from 1961 to 2020 are
represented by trends of the A index (Fig. 6) and vertical wind
Fig. 4. Variability of observed and piecewise linear regression modeled annual and

(The two dashed vertical lines indicate 1970 and 2002, respectively).
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shear (Fig. 7). Most of the plateau experienced negative trends
of the annual A index, with significant trends ( p < 0.05) in
southeastern and northeastern TP. Meanwhile. vertical wind
shear weakly declined over the TP ( p > 0.05). Both patterns
indicate that the weakened dynamic and thermal vertical
momentum transport likely caused the slowdown of wind
speed (Fig. 3a). Seasonally, both winter atmospheric thermal
stratification instability and vertical wind shear declined over
the most area of the TP. Those patterns demonstrate a weak-
ened vertical thermal and dynamic transport of atmospheric
momentum, which is in line with the declined wind speed
during the study period. Furthermore, spring witnessed nega-
tive trends of the A index in most parts, with significant areas
( p < 0.05) occurring in the northern TP. At the same time,
vertical wind shear trends had negative trends (�0.1 to 0 m s�1

per decade) in the northern and southwestern TP. Those
showed agreement with the wind speed trends pattern
(Fig. 3c). For summer, few southern and eastern parts showed
negative trends of the A index, while vertical wind shear
declined in most of the study region. Lastly, the A index
experienced widely negative trends in autumn, barring parts of
the northern TP, where a weakened thermal vertical mo-
mentum transfer in the middle and low troposphere can be
seen. The decreases in vertical momentum transfer, along with
the overall decline in horizontal air flows represented by
geostrophic wind changes, emphasizes the crucial role of
westerly and Asian monsoon systems in weakening wind
speed over the TP.

The annual and seasonal trends of the frequency of TPVare
illustrated in Fig. A9. They are associated with mesoscale and
synoptic-scale processes over the TP. The annual TPV fre-
quency shows a weak negative trend ( p > 0.1) for the whole
study period, due to the cancellation between positive trends in
southern TP and negative trends in part of northern TP. This
seasonal near-surface wind speed over the Tibetan Plateau from 1961 to 2020

ce wind speed over the Tibetan Plateau: The role played by the westerly and
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Fig. 5. Spatial distribution of annual and seasonal geostrophic wind speed trends at 500 hPa across the Tibetan Plateau and surrounds for 1961e2020 (*p < 0.05).
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partly concords with the overall declined annual wind speed.
This result indicates that TPV frequency change may be
responsible for the wind speed change in the northern TP.When
it comes to the seasons, an increased TPV frequency is found in
winter ( p > 0.05) and autumn ( p > 0.05). Locally TPV fre-
quency change ranges from 0 to þ0.8 per decade in winter and
from 0 to þ1.6 per decade in autumn. This result is contrary to
the declined winter and autumn wind speed for most of the TP.
However, TPV frequency has decreased in spring ( p> 0.05) and
summer ( p > 0.1), with stronger negative trends in northern TP
in spring and southern TP in summer. This is consistent with the
Fig. 6. Annual and seasonal spatial distribution of the sign and magnitude and assoc

(the A index, K) between 200 hPa and 500 hPa trends across the Tibetan Plateau
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weakened summer and autumn wind speed and indicates that
summer and autumn wind speed changes might be related to
declined TPV frequency.

4. Discussion

Fig. 8 demonstrates a schematic summary for the variability
and possible causes of near-surface wind speed changes over
the TP. Our current work provided timely evidence that the
wind stilling and reversal phenomenon can be seen in the TP,
the world's highest plateau, as homogenized wind speed over
iated statistical significance of the atmospheric thermal stratification instability

and surrounds for 1961e2020 (*p < 0.05).
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Fig. 7. Spatial distribution of trends in the annual and seasonal vertical wind shear between 450 hPa and 500 hPa across the Tibetan Plateau and surrounds for

1961e2020 (*p < 0.05).
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this region significantly declined during 1970e2002 and
increased after 2002. The homogenized data have high quality
by infilling the missing data, removing and fixing possible
breakpoints caused by non-climatic factors, while the trends of
raw wind speed are close to trends from homogenized data
(Fig. A1; Table A5). In fact, with homogenizing a series where
break-points are present, trends would more related to climatic
changes rather than artificial factors (Azorin-Molina et al.,
2019; Minola et al., 2022). As booming wind energy re-
sources exploitation is rapidly becoming an integral part of
many nation's energy strategies (Gao et al., 2018; Pryor and
Barthelmie, 2021; Sherman et al., 2020), a general reversal
of winds will benefit the wind energy production in the TP and
may facilitate it to become the first carbon neutral region in
China. However, enhanced wind speed can trigger more
Fig. 8. Schematic frameworks of variability and possible causes of near-surface w

changes in near-surface wind speed, while the blue color signifies the physical pro

wind speed. The dashed line around ‘Surface roughness’ indicates this was not co
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frequently occurred wind erosion (Zhang et al., 2017), which
may further cause serious land degradation and should be
taken into account when designing and implementing envi-
ronmental and ecological protection programs.

Limited to the observed wind speed data for a long-term
period (e.g., �60 years), the multidecadal variability of wind
speed is still not fully addressed. For example, existing studies
showed that wind stilling can last for around 30e40 years, and
ceased from the 1990s to the 2010s (Zeng et al., 2019; Azorin-
Molina et al., 2021). Although many recent works reported the
reversal of wind speed, to date, this new phenomenon has only
been observed for 10e30 years (Azorin-Molina et al., 2018c;
Zha et al., 2021; Minola et al., 2022). An interesting question
now is ‘How long the increased wind speed tendency will
continue’? Due to the long-term dataset (i.e., 60 years) utilized
ind speed changes over the TP (The green color represents the factors driving

cesses associated with atmospheric circulation modes that impact near-surface

nsidered herein).
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in this study, we can see that the total period of wind stilling in
the TP is 33 years (Fig. 2). Based on the record of lake sed-
iments in northern China, a periodic change in wind speed was
found while the total cycle of wind speed (increased wind
speed and decreased wind speed) varied from ~60 to 70 years
(Xu et al., 2019). While this finding is in line with our spec-
ulation, we strongly advocate that more direct records of long-
term (i.e., century or more) wind speed observations, and
proxies of wind speed (e.g., Fang et al., 2022), be curated and
analyzed for as many locations as possible.

We compared the spatial distribution of wind speed trends
at different sub-periods. Most of the stations in the northern
Tibetan Plateau continue to display a decrease in wind speed
during the period of wind reversal, even though most of the
stations in the southern TP have significant positive trends,
thus wind reversal trends should be interpreted cautiously.
Previous studies documented different start dates of wind
reversal in different continents (Zeng et al., 2019; Azorin-
Molina et al., 2021), while this study suggests that wind re-
covery is not spatially synchronous in a region with complex
terrain. It should be noted that the northwestern TP, which is
characterized by complex topography, lacks long-term wind
speed observations (Fig. 1). As a result, there are significant
uncertainties regarding the variability of wind speeds in these
high-elevation mountainous regions.

Our analyses suggest that TP wind speed dynamics are
largely regulated by westerly, while the role played by Asian
monsoon is less evident, except for the stations in the low-
elevation southeastern TP. This might be related to the in-
tensity attenuation of these summer monsoon circulations with
the increased distance between the origins and the mountainous
mainland TP (Kathayat et al., 2017; Son et al., 2019). Note that
the EAWMI shows a higher correlation with spring TP winds
than winter; this is likely due to the key role played by the
westerlies on winds in spring. The EAWM represents the in-
tensity of the Siberian high-pressure system, which primarily
regulates westerlies affecting winds in the TP (Yang et al.,
2021). That westerly and Asian monsoon modes together
explain 42.7%e82.8% variance of the seasonal mean wind
speed changes in the TP confirms the key role of westerly and
Asianmonsoon onmodulatingwind speed variability (Wu et al.,
2018; Zeng et al., 2019). Note that the explained variance of the
wind speed changes in the last sub-period is relatively low. This
suggests that other factors, such as changes in local circulation
(e.g., glacier breeze), may have played amore significant role in
regulating wind speed changes during that time. Furthermore,
we revealed that deceased regional pressure gradient, and
widely weakened vertical thermal and dynamic transport of
atmospheric momentum, contributed to the overall declined
wind speed. The pattern of TPV trends is partly consistent with
the near-surface wind speed, while the spatial and temporal
scale of TPV is relatively small compared to the large-scale
changes of surface winds. This indicates that the TPV can
also be affected by the changes in large-scale wind speed. If we
compare the changes of those physical processes in the latter
two sub-periods (i.e., 1970e2002 and 2002e2020), it was seen
that vertical transport of atmospheric momentum also reversed
Please cite this article as: ZHANG, G.-F et al., Variability and trends of near-surfa
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(Figs. A10 and A11), when wind stilling turned to wind re-
covery. This indicates that the recent recovery in the TP can be
partly attributed to physical processes associated with atmo-
spheric circulation vertical changes.

Although a large part of interannual TP wind speed vari-
ability can be explained by the westerly and Asian monsoon
changes (Table 3), there are other factors such as vegetation
recovery (Vautard et al., 2010; Wever, 2012; Zhang et al.,
2019) and urbanization (Chen et al., 2020), which may have
played a role and are not considered in this study. For
example, a secular increased NDVI (Normalized Difference
Vegetation Index, a proxy of vegetation cover) was detected
from 1982 to 2002 in the TP (Zhang et al., 2013; Pang et al.,
2017), which indicates that the increased roughness caused by
greening may have contributed to the declined wind speed
during this period (Vautard et al., 2010). However, vegetation
has had continuous growth in the TP since 2002 (Li et al.,
2018), which is contrary to the wind reversal since 2002.
This means large-scale atmospheric circulation change is most
likely a more dominant factor to recent wind reversal detected
in the TP, rather than vegetation change. Nevertheless, the
consistently increased vegetation over recent decades is likely
to be postponing or attenuating the observed reversal of near-
surface wind speeds (Zhang et al., 2021). It is worthwhile to
quantify the contribution of vegetation growth to near-surface
wind speed changes by analyzing sensitivity experiments in
regional climate models (Wang et al., 2020; Zhang et al.,
2022), This will enhance our understanding of the drivers of
near-surface wind speed for the TP.

5. Conclusion

(1) Overall, annual mean near-surface wind speed over the
TP significantly declined from 1961 to 2020. Seasonal
wind speed trends displayed a similar pattern, with the
highest negative trend for spring and the lowest for
autumn.

(2) The annual mean TP wind speed experienced a pro-
nounced periodic change on the multi-decadal scale.
Specifically, it abruptly increased from 1961 to 1970,
then significantly declined from 1970 to 2002, before a
consistent recovering since 2002.

(3) The prevailing westerly and Eastern Asian winter
monsoon play a more important role than the East Asian
summer monsoon and the Indian summer monsoon in
modulating the near-surface TP wind speed variability.
The westerly and Asian monsoon circulations together
explain 42.4%e52.4% of the variance of annual wind
speed and 13.2%e68.1% of the variance of seasonal
wind speed in three sub-periods.

(4) Changes in four interacting physical processes were
suggested to explain how the westerly and Asian
monsoon circulation influence the detected wind speed
changes. These include declined regional pressure
gradient force; both weakened vertical thermal mo-
mentum transfer and vertical dynamic momentum
transfer, and varied TPVs frequency.
ce wind speed over the Tibetan Plateau: The role played by the westerly and
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