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Inter- and intra-annual wind

speed variabilities in wide valley
regions of the middle reaches

of the Yarlung Tsangpo River, China

Yue Ben?, Yadong Mei'*’, Yiming Chen?, Tiesong Hu* & Di Zhu?

Wind speed and variability are the most critical climatic factors affecting sand/dust storms, which
have not been sufficiently studied in the middle reaches of the Yarlung Tsangpo River (MYR). In

this study, wind speed variability was investigated using the moving average over shifting horizon
method (MASH), combined with the modified Mann-Kendall test and Sen’s slope based on data from
the Tsetang, Lhasa, and Nyémo meteorological stations during 1960-2015. The results indicated
that annual wind speeds for the MYR wide valley regions declined significantly at decadal rates of

- 0.216 m/s and underwent three stages from 1960 to 2015: an increasing trend from 1960 to 1975
(0.44 m/s per decade), a weakening until 2006 (- 0.46 m/s per decade), and a remarkable subsequent
recovery (1.05 m/s per decade). Different variability trends were observed for the three stations:
wind speed decreased significantly during all months at the Tsetang and Nyémo stations, particularly
in the spring, while for Lhasa, a non-significant wind speed increase was detected in summer, and
the highest decline occurred in winter. The MASH method resulted in the effective visualization of
different patterns, making seasonal process analysis and trend detection easier. In addition, the
possible main causes for wind speed change were also discussed. The wind speed change in the

study region was strongly associated with the large-scale atmospheric patterns, and the surface
pressure gradient variability between the mid and low latitudes may have been a primary driving
force. Positive/negative phases of the Pacific Decadal Oscillation (PDO) corresponded well with wind
speed decreases/increases and were regarded as an indicator of wind speed variations. The effects of
human activities associated with surface roughness change in the MYR were minor compared with the
climatic changes.

The Yarlung Tsangpo River (YR) originates in the northern Himalayas of southwestern Tibet, China. The YR is
one of the highest rivers in the world, with an average elevation of greater than 4,000 m, and this river is par-
ticularly vulnerable to global climate change'. Suffering from the plateau’s monsoon and subtropic westerly jet,
the river valley experiences cold-arid and windy climate conditions. Under favourable conditions of extensive
aeolian sandy deposits in the wide valley, sand/dust storms (SDSs) frequently occur in the middle reaches of
the YR basin (hereafter referred to as the MYR), where Tibet’s social, economic, and political activities centre is
located®, hampering local socioeconomic development and threatening its ecological environment'.

As an essential indicator of meteorology, wind is the direct driving force behind SDSs*, which is strongly
related to the frequency of SDSs in the MYR Basin (see Fig. 1). Hence, studying wind speed change could contrib-
ute to better understanding of the internal causes of SDS events and future tendency predictions, thus enabling
the implementation of countermeasures for the ecological recovery of the region.

Over the last two decades, numerous researchers have detected wind speed decreases in mid-latitude regions,
including Austria®”, North America®'°, Europe''""%, and Asia'*-'%, with decadal linear trends ranging from
- 0.07 to — 0.16 m/s, respectively'®. On the other hand, an increase by approximately 0.05 m/s per decade has
been reported in high latitude regions, such as Antarctica’ and Alaska?. In China, a more evident decrease in
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Figure 1. Variations in total dust events (red line) and annual mean wind speed (blue line) in wide valley
regions of the middle reaches of the Yarlung Tsangpo River (MYR) during 1978-2015. The SCC value represents
the Spearman correlation coefficient between them.

surface wind speeds has been observed. At the national scale, Xu et al.’> measured wind speed changes from
1969 to 2000 and found that winds weakened by 28% at a decadal rate of — 0.21 m/s. Liu et al.*! noted that annual
mean surface wind speeds decreased by more than 20% in most areas of China from 1966 to 2011. However, the
decreasing trend of surface winds over China appears to be non-uniform, with a recovery observed during recent
years??~?°. In the Tibetan Plateau, wind speed decreases have varied across different regions and time periods,
ranging from — 0.06 to — 0.30 m/s per decade from 1960 to 2009*+26-%5,

These previous studies mainly focused on global or national decadal wind speed variability but failed to
include the most recent changes or to consider such changes in the MYR Basin, especially in the wide parts of
the valley that have been severely affected by SDSs. In addition, meteorological variables, such as wind speed and
temperature, are generally characterized by seasonal and inter-annual variability, making trend analysis at finer
time scales more difficult (e.g., weekly or daily)**°. Thus, a new approach known as the “moving average over
shifting horizon (MASH)”, introduced by Anghileri et al.?’, was applied in this paper, allowing for a reduction in
the diurnal variability in a wind speed time series. In addition, the MASH method was supplemented by trend
analysis using the Mann-Kendall method, Sen’s method and linear regression.

The purpose of the present study was to analyse the inter- and intra-annual wind speed variabilities in the
wide valley regions of the MYR over the last five decades and to identify possible causes of wind speed changes,
providing scientific support for the prevention and mitigation of SDSs in this area. There were several compo-
nents to the analysis: (1) the MASH method was combined with the Mann-Kendall test, linear regression, and
Sen’s method to estimate changes in data seasonality by filtering out the periodic impacts on the wind speed time
series; and (2) the potential main causes for the observed wind speed changes were identified in the study area.

Data and methods

Study area. The study area was located in the wide valley regions of the MYR Basin, including the east-west
tributary Lhasa River. This region extends from west of the Lhasa region (Nyémo County) to north of the Shan-
nan region (Sangri County) and covers an area of approximately 5.37 x 10* km? (Fig. 2). Thus, three representa-
tive stations were selected: Tsetang station (downstream of the study area), Lhasa station (located in the middle
of the study area and on the Lhasa River), and Nyémo station (upstream of the study area). The climate is a
semiarid plateau monsoon climate in a temperate zone, with mean annual temperatures of 7-9 °C. The average
annual potential evaporation in the study area is very high, ranging from 2,400 to 2,700 mm, which is more than
six times that of precipitation (approximately 350-400 mm per year). Suffering from the westerly jet, winds in
the region are strong and frequent during winter and spring, with approximately 40 days of strong winds per
year. The mean annual wind speeds are 1.4-2.6 m/s.

Data. Observed daily wind speed and air temperature data from 1960 to 2015 were obtained from the National
Meteorological Information Center of China (NMIC). These daily data sets were examined and calibrated by
NMIC to test whether they were homogeneous, extreme, and temporally consistent. The data were considered
to be reliable®~**. To obtain homogeneous wind speed and air temperature records at each station, this paper
selected meteorological stations according to the criteria applied by Guo et al.”> and Wu et al.*: (a) A station
must be a standard national meteorological station. (b) The station was not moved during the study period. (c)
The data series should be at least 30 years in length. (d) The total number of missing data must account for less
than 1% of the length of the total data series. Based on these criteria, the Tsetang, Lhasa, and Nyémo stations
were selected for this study. The specific locations of the three sites are shown in Table 1 (left column).
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Figure 2. Location of the study area. Map generated using the ArcGIS 10.2 software (ESRI Inc., California,
USA. URL: https://www.esri.com/sofware/arcgis/arcgis-for-desktop).

Station information Missing data rate and K-S test results
Daily wind speed Daily air temperature
Station Missing data K-S test Missing data K-S test
Name No Latitude | Longitude | elevation (m) rate (%) probability rate (%) probability
Tsetang 55,598 | 29°15'N | 91°47'E 3,500 0.31 0.95 0.25 0.96
Lhasa 55,591 | 29°42'N | 91°08'E 3,658 0.91 0.99 0.90 0.99
Nyémo 55,585 | 29°25'N | 90°08' E 3,809.4 0.11 1.00 0.04 1.00

Table 1. Location information for Tsetang, Lhasa, and Nyémo stations and the missing data rate and K-S test
results for daily wind speed and air temperature data sets examined by NMIC.

To ensure data continuity, daily wind speed and air temperature values for missing data were interpolated by
averaging the day before and after the missing data. If values were missing for more than three consecutive days,
a regression imputation based on data from adjacent stations was used to fill in the missing data*. In addition,
the two-sample Kolmogorov-Smirnov (K-S) test was used to calculate the differences between the pairwise
sample distributions (interpolated and original data) and their probabilities****. Table1 shows that all probability
values (0.95, 0.99, and 1.01 for wind speeds and 0.96, 0.99, and 1.00 for air temperatures) were greater than the
predefined significance level of 0.05, which meant that the differences between the interpolated and original data
distributions were non-significant, and therefore, the interpolated data were reasonable. Based on these quality
checks and interpolation procedures, higher-quality data were obtained for daily wind speed and air temperature
at the Tsetang and Lhasa stations from 1960 to 2015 (56 years) and Nyémo station from 1974 to 2015 (42 years).
The four seasons were divided into spring (March to May), summer (June to August), autumn (September to
November), and winter (December to February).
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Figure 3. Analysis of the effect of parameters: (a) w on trend analysis (Y =20, w=1-20); (b) Y on the estimated
trend (w=10, Y=1-25). The dark blue curves with sharp peaks represent the original time series, and the curve
to be smoother varying with the larger moving level.

The observed total annual dust event frequency data of the selected three stations from 1978 to 2015 were
provided by the Meteorological Bureau of Tibet Autonomous Region.

Methods. To tackle the issue of seasonality and interannual variability, the novel MASH method was applied.
As a supplementation, the Mann-Kendall method was used to estimate the tendency of changes in filtered daily
wind speed, and the magnitude of the trend was calculated using Sen’s slope method. Then, Spearman’s correla-
tion coefficients (SCC) was adopted to measure the correlation between wind speed and indicators at the ordinal
level.

Moving average over shifting horizon (MASH). MASH is a two-dimensional moving average method, which
means the data are averaged moving in two directions, “over consecutive days in the same year and over the same
days in consecutive years”, according to Anghileri et al.?® After smoothing, the average daily data are calculated
for each day and year, which is expressed as follows:

Uy = mean mean X, 1
Ph ety —1] Lle[t—w, ) } )
where u, , refers to the filtered data on the t,, day of the year in the hy, horizon, and x,, represents the original
data on the dy, day of the y,, year. The averaging window width and length are determined by the parameters
2w+1 and Y, respectively. Thus, the length of the smoothed data series N, is calculated as follows:

Np=Ny,—Y+1 (2)

where N, means the number of years for the original data.
Taking 365 days per year as an example, the averaging result is described in the following matrix:

[Z3N] uiz2 .. ul,Nh
u u e U

MASH = 2,1 2,2 2,Ny, (3)
U3es,1 U365,2 --- U365,N),

The MASH method is essentially a low-pass filter, and the smoothing results can be influenced considerably
by the values of w and Y.

For w, very small values will not effectively smooth the daily time series data; conversely, extremely large
values can make it difficult to detect seasonal time series variability.

Parameter Y represents the length of the smoothing window in years. Larger values of Y reduce the MASH
moving average level, resulting in a more similar change trend for each horizontal time series. In contrast, the
periodic effect of a time series cannot be sufficiently filtered out. Anghileri et al. applied the MASH method to
analyse inter- and intra-annual variations in runoff, precipitation, and temperature over Lake Maggiore in Italy
(1979-2010) using Y'=20 years®, while Osuch and Wawrzyniak selected Y'=10 years for the trend analysis of
temperature, precipitation (1979-2014), and snow depth (1984-2016) in the Spitsbergen area of Norway*>¢.
However, these previous studies did not indicate how to select the appropriate Y value. Thus, the wavelet analysis
has been proposed to determine the value of Y by detecting periodic variability.

To determine the appropriate w value, trend estimates of daily wind speed at the Tsetang site, with w values
ranging from 0 (means 0x 2 +1=1 day in the original data) to 20 (moving at 20 x 2+ 1 =41 days per year) and
Y=20 (averaging level over years), were detected (Fig. 3a). Therefore, to avoid excessive weakening of the seasonal
change trend and filter out unnecessary information, the intermediate value w =10 was selected for this paper
based on previous literature®.

Similar to parameter w, the impact of Y on wind speed trends at the Tsetang station is shown in Fig. 3b. Y
values ranging from 1 to 25 years were used for trend testing. Although the trend distributed over the whole
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time series at different moving levels was roughly the same, a decreasing trend of the change rate was observed
varying with the Y values among these levels. When Y> 20 years, the decreasing trend gradually became smooth.
Combined with the wavelet analysis results (the primary periods for wind speed time series at the Tsetang,
Lhasa, and Nyémo stations were 19, 18, and 23 years, respectively), and the average value of the primary periods,
Y =20 years, was selected, facilitating the comparative trend analysis across the three stations.

MMK method. 'The Mann-Kendall (MK) test is widely applied in time series trend estimations because it
makes no assumptions about the distribution of residuals®*%. A Z statistic >0 indicates an increasing trend and
vice versa. |Z|>1.64 and 2.32 imply that the trend is statistically significant at the a=0.05 and 0.01 confidence
levels, respectively. The disadvantage of the MK method is the dual effects of series autocorrelation and seasonal-
ity, so the modified Mann-Kendall (MMK) test was developed (for more details, see reference®). In the present
study, we used the MMK method to avoid series autocorrelation caused by smoothing. In addition, Sen’s slope
method was adopted to estimate the trend rate (for more details, see reference).

Spearman’s correlation coefficients. As a nonparametric statistical method, Spearman’s correlation coefficient
(SCC)*! measures the correlation between two variables at the ordinal level*?. For variables X and Y, the Spear-
man’s correlation coeflicient p between them is expressed as follows:

N
63 i1 47

N P el (4)

p=1-
where {x;} and {y;} (i=1, 2,..., N) represent the ranks of X and Y, respectively; the difference in ranks is expressed
as d;=x;-y;. The interval of p is [- 1, 1], where 0 indicates no correlation, and 1 or — 1 indicates an extremely
positive or negative correlation, respectively.

Results and discussion

Inter- and intra-annual wind speed change. Trend detected. Using the MASH method, the daily
wind speed time series were filtered for all three stations: Tsetang, Lhasa, and Nyémo. The left column in Fig. 4
is a visual representation of MASH for wind speed with w=10 days and Y =20 years. The original data covered
the periods from 1960-2015, 1960-2015, and 1974-2015 at each station, so the results contained N, =37, 37 and
23 lines, respectively. Blue lines represent the earlier wind speed horizons, and red lines are more recent. At the
Tsetang station (Fig. 4a), there was a clear and uneven decreasing trend distributed across the entire time series,
which can be roughly divided into three stages: a slight increase from horizon from 1960 to 1979 and 1975 to
1994, then a marked decrease from horizon from 1976 to 1995 and 1987 to 2006, and a weak increase during the
recent horizons, as identified in the figure. Although decreasing wind speeds were observed in all months, this
image clearly shows that the largest changes in wind speed occurred during the gale period from March to April.
Thus, the difference between wind speed maximums and minimums also gradually decreased. A similar wind
speed change trend was observed at the Nyémo station from 1974 to 2015 despite the minor differences observed
from July to August (Fig. 4c). For the Lhasa station (Fig. 4b), a non-significant wind speed change from June
to August was detected from 1960 to 2015, a departure from the other two stations. The plotted MASH results,
however, provided a clear and descriptive illustration of how daily wind speed changed over time.

The right column in Fig. 4 is another way to display the MASH results, emphasizing the duration of change
for different months rather than the changes in wind speed magnitude. The colour scale represents the smoothed
wind speed. Wind reductions were clearly visible in almost all months at the Tsetang, Lhasa, and Nyémo stations,
especially in the spring months (the red parts in Fig. 4b,d,f), starting from the 1st to the 20th (1960-2003), the
Lst to the 25th (1960-2008), and the 1st to the 10th (1974-1997) moving horizons at the three respective stations.

To better understand the changes across different periods in the time series, the MMK method was used to
estimate the smoothed data trends. Figure 5 shows daily wind speed changes at Tsetang (blue line), Lhasa (red
line), and Nyémo (green line) from 1960 to 2015, 1960 to 2015, and 1974 to 2015, respectively. Most months
exhibited significant decreasing trends (negative values in the graph). The results for the Tsetang and Nyémo
stations were similar, with a statistically significant decrease for almost every day throughout the year. Only in
December at Tsetang and in parts of July, September, November, and December at Nyémo were the daily wind
speed trends non-significant. In contrast, at the Lhasa station, non-significant trends were detected from late
May until August for most of September and early October. The largest daily decadal changes at the Tsetang and
Nyémo stations occurred in April (- 0.7 m/s) and March (- 0.69 m/s), respectively, while at the Lhasa station,
they occurred in February (- 0.25 m/s).

The original data trends were also conducted in the same way to assess the influence of MASH filtering on
trend estimates. The results are presented in Fig. 6. This figure shows that the trends are not statistically significant
on most of the days at the three stations, which is probably because there is no filtering of interannual variability,
as already discussed when describing Fig. 3b. According to the 21-day smoothing averaged curve, the largest daily
decadal changes at three stations occurred in March at both the Tsetang and Nyémo stations and in February
at the Lhasa station, which almost coincided with the MASH results. However, the trends seemed to be much
gentler than the MASH filtered data.

To estimate the accuracy of the MASH method results, the widely used MK test was applied. Simultaneously,
the least squares linear regression (LSLR) was chosen as evidence for the outcomes of the MK test. Both tests
were performed to analyse mean wind speed trends at annual, seasonal, and monthly temporal scales (Table 2).
Mean annual and monthly wind speeds were obtained by averaging daily data for the corresponding years and
months, respectively.
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Figure 4. Results of MASH for wind speed at Tsetang (a, b), Lhasa (c, d), and Nyémo (e, f) stations. Left
column is the plotted MASH results. Original time series covers from 1960 to 2015, 1960 to 2015, and 1974 to
2015 for three stations, thus the results containing Nh=237, 37 and 23 lines, respectively. Each line represents a
20-year average of daily wind speed. Right column is another visual representation of MASH at three stations.
X- and Y-axis indicate the data are averaged over 20 years and 21 days, respectively.

The MK test results showed statistically significant decreasing trends in mean annual wind speeds at the
Tsetang and Lhasa stations from 1960 to 2015, with decadal rates of — 0.286 and — 0.078 m/s, respectively. On
the other hand, the results at Nyémo showed larger decreasing trends from 1974 to 2015 (- 0.38 m/s per decade),
which contrasted with the MASH results, where the most distinct trend occurred at the Tsetang station. The
monthly 225 mean wind speed declines differed across the three stations. Both the Tsetang and Nyémo stations
exhibited statistically significant decreases for each month, with the highest rates of decline occurring in April
(= 0.41 m/s per decade) and March (- 0.59 m/s per decade), respectively. In contrast, a non-significant wind
speed increase was detected at the Lhasa station from June to August, and the maximum slope decline occurred
in February (- 0.17 m/s per decade). These results corresponded well with the MASH results described above,
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Tsetang Station Lhasa Station Nyémo Station

Time MK test LSLR test MK test LSLR test MK test LSLR test

4 b T m z b T m zZ b T m
Annual —4.87 | 0286 | —5.71 | -0.256 | —4.26 | —0.078 | —3.24 | —0.069 | 483 | -0.388 | —6.12 | —0.320
Spring —541 | -039%6 | —6.70 | -0.363 | 479 | —0.107 | —-5.56 | —-0.104 | 551 | -0.516 | —7.72 | —0.461
Seasons Summer —4.49 | -0.247 | —4.86 | -0.219 0.69 0.012 0.64 0.011 397 | -0.340 | 445 | —0.268
Autumn —4.77 —0.260 —-5.50 —-0.245 —2.76 —-0.061 -3.09 —0.055 -3.53 -0.274 -3.97 —0.226
Winter —3.57 | —0.230 | 4.09 | -0.200 | 582 | —0.140 | -7.02 | —0.130 | -4.64 | -0.355 | —6.01 | —0.326
Jan —3.00 | -0.217 | 345 | -0.207 | 458 | —0.138 | —5.40 | —-0.127 | -4.01 | -0.305 | —4.68 | —0.270
Feb -3.82 | —0.304 | 422 | -0272 | -394 | —0.170 | 451 | —-0.156 | -5.15 | —0.500 | —6.73 | —-0.520
Mar —4.59 | 0361 | —5.03 | -0.335 | 430 | —0.129 | 497 | —-0.121 | 580 | -0.590 | —8.82 | —0.568
Apr 549 | -0414 | 687 | -0.383 | 397 | —0.116 | -4.92 | —0.120 | 509 | —0.489 | —6.40 | —0.426
May —5.64 | 0399 | 686 | -0.371 | 295 | —0.067 | -3.16 | —0.073 | 428 | —0.416 | —5.57 | —0.389
Months Jun —4.50 —0.274 -5.07 —-0.250 0.06 0.001 —0.02 —0.001 -3.70 —0.379 -3.99 —-0.289
Jul —4.12 | -0.238 | —5.13 | -0.214 1.32 0.026 1.45 0.029 348 | -0.302 | 430 | -0.271
Aug 372 | -0.203 | 381 | -0.194 0.27 0.005 0.18 0.004 371 | —0.304 | 423 | —-0.245
Sept —4.19 | -0.235 | 456 | -0.216 | -0.76 | —0.019 | —0.89 | —0.019 | -3.93 | —0.372 | 465 | -0.292
Oct —4.50 | -0.251 | —5.57 | -0.238 | —2.30 | —0.054 | —2.32 | -0.050 | 321 | —0.230 | -3.51 | —0.199
Nov -4.48 —0.289 -4.89 —0.280 -3.38 -0.087 | —4.16 —-0.095 -2.69 -0.226 -3.09 —0.188
Dec —2.16 | —0.144 | 2.08 | —-0.122 | 4.11 | —0.108 | 493 | -0.108 | —2.57 | —0.192 | —2.86 | —0.188

Table 2. Results of the Mann-Kendall (MK) and least squares linear regression (LSLR) test of the mean wind
speed at Tsetang, Lhasa and Nyémo stations. The study periods for Tsetang, Lhasa and Nyémo stations are
1960-2015, 1960-2015 and 1974-2015. Values in italics denote the tendency were failed pass significant at
0.05 confidence level. The variables Z and T are the statistics of MK test and LSLR test, respectively. b is the
Sen’s slope of MK test, while m is the slope of the estimated linear relationship; both of the unit is m/(s-decade).
Values in italic and bold and in bold represent the correlation coeflicient were statistically significant at 0.01
and 0.05 confidence level, respectively. The colors marked in table indicate the maximal slope value in seasons/
months.

indicating that using the MASH method is feasible and effective to filter the wind speed data. A comparison of
the MK and LSLR results also showed that the trends were detected consistently despite the minor difference
observed in some cases. In June at the Lhasa station, MK detected an increasing trend, while the LSLR had a
decreasing slope; however, both related p-values were extremely high (see Figure S1 online), indicating low
confidence in the results.

Trend analysis and discussion. In summary, with the exception of a non-significant increasing trend in the
summer at Lhasa, wind speed declines were detected at the annual, seasonal and monthly scales from 1960 to
2015, especially in the spring at the Tsetang and Nyémo stations and in the winter at the Lhasa station. These
results were detected by both the MASH method and the MK test and were consistent with most other regions
over China***~%, Additionally, three stages of wind speed change in the study area from 1960 to 2015 were
detected using the MASH method. To further understand changes across different periods, the annual mean
wind speed variability at the three stations and the station-averaged values are shown in Fig. 7. There were
two apparent transitions in wind speed at the three stations and their averaged values, occurring in 1975 and
2006. On average, the annual mean increasing trend during the first period (1960-1975: referred to as P1) was
0.044 m/s per year and then weakened during the second period (1976-2006: referred to as P2) with a slope of
— 0.046 m/s per year. During the third period (2007-2015: referred to as P3), there was a marked increasing
trend in the station-averaged annual mean wind speed (0.105 m/s per year). Similarly, this recent recovery in
wind speed after the 2000s has also been reported in some other regions, including the Czech Republic'?, Iran*®,
China (TP%, southwestern® and nationwide?!), Spain and Portugal’’, and South Korea*. Globally, however,
reversed terrestrial stilling was detected in approximately 2010 based on updated data (1978-2017), and the
recent global mean annual wind speed increasing rate of 0.24 m/s per decade is three-fold the former decreasing
rate®. Our results supported the latest scientific findings. It is worth noting that the turning point in our study
is approximately 2-3 years earlier than the global turning point, demonstrating that the wind speed changes in
the Tibetan Plateau may be a sensitive indicator of global climate change. In addition, Zha et al.*® also pointed
out that the recovery in wind speed over Eastern China could also occur in the next two decades. The predicted
tendency, if evidenced to be true at the global scale, could elucidate the causes of global terrestrial stilling and is
worthy of continuous attention.

In addition, the different trends between stations showed spatial differentiation in the study area. Of the three
stations, the Tsetang station had the most pronounced reduction in wind speed, but at the lowest elevation, which
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Figure 7. Annual mean wind speeds at Tsetang, Lhasa, and Nyémo stations and the station-averaged value. The
linear trends (m/s/a) during entire period (P; 1960/1974-2015), P1 (1960-75), P2 (1976-2006) and P3 (2007-
2015) are given in the legend of the figure panels. Values in italic and bold and in bold represent the correlation
coeflicient were statistically significant at 0.01 and 0.05 confidence level, respectively.

was inconsistent with the findings of Guo et al.** that higher-elevation environments have experienced greater
reductions in wind speed. This finding indicated that elevation-dependent reductions in wind speed may not be
applicable for the regional-scale decline in our study.

Overall, combined with statistical tests, such as the MMK and Sen’s method, the MASH method was able to
simultaneously handle both seasonal and interannual variabilities, and the results were effectively visualized in
different patterns, making seasonal process analysis and trend detection easier.

Possible causes of the observed changes. Changes in wind speed may be the result of a combination
of several natural and anthropogenic processes operating on local, regional, and global scales. Previous studies
have explored the possible forces that affect wind speed, which can be roughly divided into two parts based on
the aerodynamic equation': the driving force, such as large-scale atmospheric circulation patterns*>*>*! and air
temperatures®'*?, and the drag force, including surface roughness due to land use/land cover changes® and
urbanization®* and local air pollution'>>’. However, the specific causes of wind speed changes differ regionally.
In this study, we investigated the possible main driving force and drag force of wind speed changes in the MYR
by examining the effects of climatic changes and human activities on wind speeds.

Effect of large-scale atmospheric circulation. Changes in large-scale air circulation patterns are one of the
key factors affecting surface wind speeds. Vautard et al.* noted that wind speed decreases in the Northern
Hemisphere were partly (10%-50%) related to changes in atmospheric circulation. Yang et al. also showed that
changes in longitudinal (meridional) and latitudinal (zonal) wind speeds at 500 hPa were related to wind speed
changes in China?.

To quantify changes in large-scale atmospheric circulation from 1960 to 2015, the monthly zonal component
(u) and meridional component (v) of the 10 m wind at 500 hPa during 1960-2015 (P1, P2 and P3) were derived
over the domain of 28°-30°N and 90°-92°E from the NCEP/NCAR Reanalysis Project (available at https://www.
cdc.noaa.gov/) with a spatial resolution of 2.5° x 2.5°*%. Regional average trends were calculated according to
amalgamate grid points.

The annual and seasonal zonal (1) and meridional (v) component variabilities for different periods are shown
in Fig. 8, and the LSLR was used to estimate the trends. Zonal wind speeds (u) blow in a west—east direc-
tion, where a positive (negative) value indicates westerly (easterly) wind, and meridional winds (v) blow in the
north-south direction, where a positive (negative) value indicates a southerly (northerly) wind. Correlation
coeflicients between u (v) and near-surface wind speed at three stations using Spearman’s correlation coefficient
(SCC) are shown in Table 3.

As Fig. 8 shows, a statistically significant (¢ =0.01) decreasing trend was observed for u at both annual
(- 0.23 m/s per decade) and seasonal scales across the entire period (1960-2015), with the largest decadal
declines occurring in spring (- 0.32 m/s) and autumn (- 0.31 m/s). Contrary to u, there was a slight decline in v
(= 0.06 m/s per decade) from 1960 to 2015, and the seasonal variability was not consistent, with the largest dec-
adal increases and decreases occurring in spring (0.11 m/s) and autumn (- 0.32 m/s), respectively. These results
indicated that the wind speed decline in the study area may have been mainly influenced by the decreased u,
which may reflect the decreased strength of the westerlies, and this finding can also be confirmed by the statistical
correlation results between the wind speed and decreased u (Table 3). As mentioned earlier, westerly winds are
dominant winds, and a decrease in zonal winds can explain the downward trends in this region. Similar findings
have also been reported in China®** and Turkey'.
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Figure 8. Annual and seasonal variations of zonal wind speed () and meridional wind speed (v) at 500 hPa
during entire period (P, 1960-2015), P1(1960-1975), P2(1976-2006) and P3(2007-2015). The linear trends
(m/s per year) are given in the legend of the figure panels. Values in italic and bold and in bold represent the
correlation coefficient were statistically significant at 0.01 and 0.05 confidence level, respectively.

Meanwhile, u and v variabilities were also detected during different periods (P1, P2, and P3): a gradually
strengthening, decreasing trend was observed in u from P1 (- 0.01 m/s per decade) to P3 (- 0.71 m/s per decade),
while for v, there was a sharp increase during P1 (0.47 m/s per decade) and then a gradual decrease from P2
(= 0.02 m/s per decade) to P3 (- 0.67 m/s per decade). The high positive correlation coefficients between aver-
aged station wind speed and v during P1 (0.61) shown in Table 3 indicated that increased wind speed from 1960
to 1975 was mainly associated with a stronger monsoon circulation; during P2, on the other hand, significant
positive correlation coefficients with u (0.39) demonstrated that decreased westerlies had notable effects on wind
speed reductions in the region.

Moreover, the effects of the u(v) components on wind speed varied seasonally at different stations. Notably,
during P2, wind speeds at both Tsetang and Nyémo were significantly positively correlated with decreasing u
in autumn and winter and negatively correlated with increasing v in spring, whereas there were no evident rela-
tionships between the u and v components and wind speed at Lhasa in all seasons. In addition, the correlations
between wind speed at Lhasa and the u components in summer were larger than v, which was the opposite of
the results at the other two stations. These obvious differences may be the reason why the wind speed in Lhasa
declined non-significantly from June to September. Although there were no evident relationships between the
u(v) components and wind speed in most seasons during P3, it is worth noting that the winter wind speed at
Tsetang had a high positive correlation with increased v (0.75). This result demonstrated that the enhanced winter
monsoonal circulation may have led to wind speed recovery in winter during 2007-2015.

Opverall, the significant high correlations between wind speed and u(v) occurred when u(v) changed signifi-
cantly, confirming that wind speed changes in the MYR could be related to changes in westerlies and monsoonal
circulation.

Except for the westerlies and Asia monsoonal circulation, the wind speed variability in the study area can
also be affected by the Tibetan Plateau monsoon (TPM)?. The Tibetan Plateau monsoon index (TPMI), first
proposed by Zhao et al.*®, is used to describe the magnitude of the TPM and is the cumulative value of the geo-
potential height difference between each grid and 500 geopotential metres in a given region. TPMI contains two
indices based on different latitude and longitude ranges: index A represents 25°-35°N, 80°-100°E, and index B
represents 30°-40°N, 75°~105°E. In this study, index A data were selected according to the geographical location
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Annual Spring Summer Autumn Winter
Station Period
v u v u v u v
1960-2015 0.08 0.32 0.3 0.33 0.23
Pl -0.2 0.02 0.51 0.11 -
Tsetang
P2 0.38 -0.06 | 031 —0.37 | 0.19 0.33 0.31 0.15 0.36 0.08
P3 0.3 -0.3 0.52 0.18 -0.55 | -0.65 | -0.02 | -0.48 | 0.29 0.75
19602015 0.24 0.15 - -0.13 | 0.05 0.19 0.15 —0.06 | 0.24 0.03
Pl 0.52 0.32 0.53 0.001 0.17 0.4 0.22 -0.01 0.4 -0.17
Lhasa
P2 0.2 -0.05 | 0.19 -0.14 | 0.31 0.16 0.07 -0.26 0.3 0.11
P3 0.1 -0.57 | 0.53 0.17 -0.51 | -0.46 | -0.32 | -0.7 0.24 —-0.13
1974-2015 0.3 0.04 029 | =0.32 | 0.02 0.08 - 0.02 0.23 0.06
Nyémo P2 —0.01 026 | =035 | 0.13 0.18 0.36 0.11 0.42 -0.03
P3 -03 | -0.53 | 0.27 -0.33 | —043 | -047 | 042 -0.13 | -0.33 | 0.53
1960-2015 0.13 - -0.27 | 0.13 0.09 0.3 0.15
Pl 0.18 0.61 0.17 0.04 -0.19 0.04 0.42 0.06
Station_averaged
P2 0.39 -0.13 | 0.25 -0.33 | 0.21 0.25 0.3 0.04 0.28 0.06
P3 —0.02 | —0.48 | 0.53 0.12 -0.58 | —0.59 | 0.23 -0.23 | 0.07 0.65

Table 3. Results of the Spearman’s correlation coefficients between wind speed time series at Tsetang, Lhasa,
and Nyémo meteorological stations and zonal (1) and meridional (v) wind components of 10 m wind during
1960-2015 (P1, P2, and P3). Values in italic and bold (marked in red/blue) and in bold (marked in light red/
light blue) represent the correlation coeflicient were statistically significant at 0.01 and 0.05 confidence level,
respectively. The color in red/blue indicates positive/negative correlation.

Annual Spring Summer Autumn Winter
Period b (hPa/a) |SCC |b(hPa/a) |SCC |b(hPa/a) |SCC |b(hPa/a) |SCC |b(hPa/a) |SCC
1960-2015 0.107 -0.63 0.082 -0.44 0.102 —-0.61 0.139 - 0.64 0.105 -0.49
P1 -0.712 -0.57 | -0.210 0.05 | -0.975 -0.59 | -0.440 -0.57 | —-1.224 -0.75
P2 0.513 -0.78 0.485 -0.77 0.425 - 0.69 0.467 -0.70 0.675 - 0.54
P3 -0.751 -0.34 | -0939 -0.36 | -0.283 -0.13 | -0.606 -048 | -1.178 -0.50

Table 4. Results of the linear trends b (hPa/a) and Spearman’s correlation coefficients (SCC) between station-
averaged wind speed and TMPI during 1960-2015 (P1, P2, and P3). Values in italic and bold and in bold
represent the correlation coeflicient were statistically significant at 0.01 and 0.05 confidence level, respectively.

of the study area. The monthly TPMI data were provided by the National Climate Center of China (online at
https://cmdp.ncc-cma.net/).

Based on the LSLR test and SCC results from Table 4, statistically significant increasing trends for annual
TPMI were observed from 1960 to 2015 at a rate of 0.107 hPa/a (a=0.05). Increases also occurred in all four
seasons, with the highest rate of 0.139 hPa/a in autumn. More importantly, the correlation coefficients showed
that there were strong negative correlations between wind speed and TPM, especially during P2, with correla-
tion coeflicients ranging from — 0.54 to — 0.78, demonstrating that the enhanced TPM had a significant effect on
wind speed decline in the MYR by changing the regional atmospheric circulation mode. Previous studies have
documented that the Tibetan Plateau influences global and regional atmospheric circulation systems through
strong thermodynamic and dynamic effects. A significant increase in the TPMI could affect the regional monsoon
circulation and westerly circulation, thus leading to a decline in wind speed®. However, the specific mechanisms
behind these relationships require further study. Additionally, the non-significant SCC results during P3 indi-
cated that TPM may not have been the main reason for the short-term recovery in wind speed over recent years.

Effect of air temperature and pressure changes. Numerous researchers have found that rising temperatures may
be a possible cause of wind speed change because air temperature changes can affect surface pressure gradients
and wind speed in turn®141%23,
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Annual Spring Summer Autumn Winter
Station Period b (°C /a) SCC b(°C/a SCC b (°C /a) SCC b (°C /a) SCC b (°C/a) SCC
Tsetang 1960-2015 0.030 - 0.68 0.022 -0.36 0.031 -0.53 0.031 - 0.64 0.036 -0.44
Lhasa 1960-2015 0.049 -0.56 0.043 -0.39 0.044 0.26 0.027 -0.33 0.060 -0.54
Nyémo 1974-2015 0.027 -0.43 0.029 -0.28 0.029 0.07 0.016 -0.11 0.035 -0.29
1960-2015 0.027 -0.44 0.021 -0.43 0.028 -0.39 0.027 -0.67 0.031 -0.49
Station_averaged P1 0.011 -0.10 0.005 0.16 0.002 -0.02 0.008 -0.39 0.029 0.63
P2 0.047 -0.78 0.038 -0.35 0.035 -0.26 0.043 -0.69 0.072 -0.63
P3 -0.102 -0.73 -0.149 -0.47 -0.017 -0.18 -0.126 -0.62 -0.113 -0.87

Table 5. Results of the linear trends b (°C/a) and Spearman’s correlation coefficients (SCC) between wind
speed and air temperature at Tsetang, Lhasa, Nyémo and stations_averaged during 1960-2015 (P1, P2, and
P3). Values in italic and bold and in bold represent the correlation coefficient were statistically significant at
0.01 and 0.05 confidence level, respectively.

In this study, a significant (a=0.01) increasing temperature trend was detected from 1960 to 2015, with
the highest increases in winter (0.031 °C/a) (Table 5). The strongest significant (a=0.01) negative correlations
between air temperature and wind speed were observed in autumn (- 0.67). However, air temperatures in the
MYR did not rise consistently. A sharp decreasing trend was detected from 2007 to 2015 at a rate of — 0.102 °C/a.
The high negative correlation (- 0.73) during P3 suggested a possible link between the recent recovery in wind
speed and air temperature reductions, especially in winter (— 0.87). These results demonstrated that there could
be a connection between wind speed and air temperature in the MYR.

Similar to the average wind speed, dramatic increasing trends in annual and seasonal temperatures were
observed at all three stations. The strongest trends occurred in winter and ranged from 0.035 to 0.06 °C/a
(Table 5). Inter- and intra-annual changes in the relationship between daily wind speed and temperature at the
three stations are also shown in Fig. 9. The intensity of each horizon indicates the degree to which the wind
speed or temperature rose or fell. The images in the left column of Fig. 9 show that there were three clear stages
of variability in the relationship between air temperature and wind speed from 1960 to 2015, corresponding to
the three stages of wind speed change mentioned above (the left column of Fig. 9). As seen in the right column
of Fig. 9, both minimum air temperatures and wind speed levels at the three stations were observed in December
and January, whereas maximum air temperatures occurred from June to August, which was two months later
than the maximum wind speeds. While higher air temperature increased in winter (Table 5), a stronger decrease
in wind speed occurred in spring (Table 2). Higher surface temperatures in winter may reduce surface pressure,
thereby weakening the temperature and pressure gradient between land and the adjacent oceans, ultimately
leading to declines in wind speed”'.

Previously, the horizontal pressure gradient force (PGF) was the main driving force for horizontal motion,
which can be affected by the horizontal temperature gradient. For instance, asymmetric air temperature increases
at different latitudes may decrease the horizontal temperature gradient, which leads to a decrease in the horizontal
PGE and in turn, the regional wind speed declines??. To further investigate the internal relationship between the
horizontal temperature gradient changes and wind speeds, three latitude regions were defined within the study
area (85°-95° E) according to Yang et al.*: low latitude (LL: 15°-25° N), middle latitude (ML: 35°-45° N), and
high latitude (HL: 55°-65° N), and monthly surface temperature and pressure data at 500 hPa obtained from
the NCEP reanalysis online (www.cdc.noaa.gov/) were used to estimate surface air temperature and pressure
gradients between the three latitudinal regions. Warming rates from 1960 to 2015 showed significant increases
at 0.006, 0.013 and 0.045 °C/a for the low, middle and high latitudinal zones, respectively, with the strongest
warming occurring in HL regions (Fig. 10a—c). This asymmetric warming would decrease latitudinal temperature
gradients?>?, and the different interannual variability between the surface temperature gradients of HL-ML and
LL-ML also illustrates these changes (Fig. 11a,b). Together with surface pressure, the maximum increasing trend
in the ML region and a weak decreasing trend in the HL region also represented these asymmetric changes over
the last five decades (Fig. 10d-f).

Moreover, long-term decreases were also observed in the annual mean surface pressure gradient between the
HL and ML and between the LL and ML, except for a significant increase in the LL-ML surface pressure gradient
during P3 (Fig. 11¢,d). Such variations were roughly consistent with the wind speed changes in the study area,
and it was evident that the LL-ML (correlation coeflicient with wind speed: 0.66) surface pressure gradient may
be the main factor affecting the wind speed changes compared with the HL-ML (0.4). Obviously, the interannual
variability in the two surface temperature gradients was roughly consistent with the surface pressure gradients,
especially in the LL-ML, with a significant negative correlation coefficient that reached — 0.51. All of the above
results demonstrated that the surface pressure gradient variability between the middle- and low-latitudes in the
study region may have been a primary contributor to wind speed changes under asymmetric warming from
1960 to 2015 in the study area.

Effect of several climate indices. ~Additionally, some climate indices were used to describe the atmospheric cir-
culation variability. Because changes in circulation patterns differ regionally, the influence of circulation patterns
on wind speed also has regional differences. Previous studies have demonstrated that Arctic Oscillation (AO)
and North Atlantic Oscillation (NAO) variability influence surface wind speeds in the Northern Hemisphere,
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Figure 9. Relationship between daily wind speed and air temperature at the three stations: Tsetang (a, b), Lhasa
(¢, d), and Nyémo (e, f). All time series data are smoothed by MASH. Left column represents the inter-annual
changes of the relationship; Right column represents the intra-annual changes of the relationship.

such as Europe?””, the US®, and China®. The Pacific Decadal Oscillation (PDO) is the leading principal com-
ponent of monthly sea surface temperature anomalies in the North Pacific Ocean®. It can modulate the impacts
of the El Nifio-Southern Oscillation (ENSO) on East Asian atmospheric circulation®', and is also associated with
wind speed changes®>. However, Lin et al. argued that AO/NAO/PDO trends were not in phase with the changes
in wind speeds over China from 1960 to 2009%*. Therefore, it is worth discussing whether wind speed variability
is related to these indices in the study area. The AO and NAO indices were downloaded from NOAA (www.cpc.
ncep.noaa.gov), and PDO was provided by JISAO (Joint Institute for the Study of the Atmosphere and Ocean) of
University of Washington (online at https://research.jisao.washington.edu/pdo/PDO.latest).

Figure 12 shows the annual anomalies of the AO, NAO, and PDO indices from 1960 to 2015. For the AO/
NAO (Fig. 12a, b), a statistically significant increasing trend for the AO (0.07 per decade) and a non-significant
trend for the NAO (0.014 per decade) were detected (Table 6). Both the AO and NAO indices exhibited gently
increasing trends before/after 1990 and then decreased from 1990 to 2006. A sharp increasing trend was observed
after 2007, which was consistent with wind speed trends during P3. In addition, statistically significant (a=0.05)
increasing trends were detected in winter for both the AO and NAO. Previous studies have shown that the AO/
NAO are the most important modes for atmospheric circulation in the mid-high latitudes of the Northern
Hemisphere, with significant impacts on many climatic factors near the surface in winter?”**%, However, the
SCC results (Table 6) showed that the correlations between the AO/NAO and average wind speed were not sig-
nificant across all seasons in the study area. Therefore, wind speed changes in the MYR cannot simply be linked
with oscillation indices such as the AO/NAO, as Lin et al. concluded?. As shown in Fig. 12¢, the PDO index
experienced three periods during 1960-2015: a negative/positive phase before/after 1975 and a sharp upward
step after 2006. Although there were no significant correlations between PDO and wind speed at the annual and
seasonal scales (Table 6), the wind speed transitions corresponded well with the positive/negative phases of PDO.
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PDO AO NAO
Period b (/a) SCC b (/a) SCC b(/a) SCC
Annual 0.011 -0.04 0.007 -0.22 0.001 0.03
Spring 0.017 -0.10 0.007 -0.19 0.040 -0.20
Summer 0.010 0.05 - 0.0003 -0.03 -0.070 0.25
Autumn 0.004 0.21 0.003 -0.06 —-0.020 0.17
Winter 0.014 -0.13 0.017 -0.14 0.100 -0.18

Table 6. Results of the linear trends b (/a) and Spearman’s correlation coefficients (SCC) between annual and
seasonal station-averaged wind speed and climate indices (PDO, AO and NAO) during 1960-2015. Values in
italic and bold and in bold represent the correlation coefficient were statistically significant at 0.01 and 0.05
confidence level, respectively.

Because changes in the positive/negative or warm/cool phases of the PDO are related to sea surface temperature
(SST)/sea level pressure (SLP) patterns, it is possible that they could affect the wind speed in the study area, which
has a typical East Asia monsoon climate®. Thus, the PDO was regarded as an indicator of wind speed variability.

Effects of surface roughness. As mentioned above, the effects of regional-scale factors on wind speed, including
urbanization/land use and land cover change and anthropogenic activities, cannot be ignored. Previous stud-
ies have shown that the difference between the trends at urban and rural stations in China is quite small**4*!,
In this study, we selected the urbanization rate as an indicator to describe urbanization in the MYR wide val-
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Figure 13. (a) Annual urbanization rate of the study area during 1960-2015, and (b) annual anomalies of
NDVTin YR during 1982-2010. The dash line denote linear regression trend, and the trends slopes and their
R?values are shown in the margin. SCC value represents the Spearman correlation coefficient with station-
averaged wind speed.

ley regions, which is defined as the ratio of the population in cities to the total population of this region5*’.

Urbanization rate data corresponding to the stations were from the 1960-2015 statistical yearbooks of the Tibet
Autonomous Region, including the cities of Lhasa and Shannan. As shown in Fig. 13a, the urbanization rate
increased by 1.3 times from 1960 to 2015, especially since the 2000s, with a larger increase rate of 4.59% per
decade, and a significantly (p<0.01) negative correlation between the urbanization rate and wind speed was
detected (- 0.51). However, the wind speed in this region underwent three stages, which was inconsistent with
the increasing urbanization rate. This disagreement demonstrated that urbanization should not be a main cause
of surface wind speed changes in the MYR.

Furthermore, increasing land use change is considered to be an important factor for 25-60% of wind speed
reductions in the Northern Hemisphere™. Some studies showed that LUCC had distinct effects on the slowdown
in surface wind speed over Eastern China®%% and caused a decline in wind speed 0of 0.12-0.17 m s™! decade™!
from the 1980s to 2010s*>”. Compared with these developed areas, the MYR Basin remains a natural watershed
formed by climate and hydrology, and only 1-2.02% of land cover in this region changed during 1980-201577".
In addition, the dominant land cover types in the MYR were bare soils and short grasses due to the semiarid
plateau monsoon climate, and the changes in surface roughness were highly non-significant. NDVI trends in the
MYR from 1982 to 2010 were very gentle, as demonstrated by Li et al.”?, with a decadal trend of 0.007 (Fig. 13b).
Therefore, it is doubtful that changes in surface roughness would have such a significant impact on surface wind
speeds. In other words, despite some land use changes and industrialization in the Tibetan Plateau’, the direct
human impact was relatively small in this study area. These findings coincide with the latest literature’s conclusion
that the increased surface roughness was probably not the main reason for the near-surface wind variability but
the internal decadal ocean—atmosphere oscillations®.

Identification of the main factors affecting wind changes. The effects of climatic factors (such as u, v, TPM,
T/AT/AP and AO/NAO/PDO) and human activities (urbanization rate and NDVI) on wind variation were
discussed above. These variables may have causal relationships with each other, and the significant correlation
between some of these factors demonstrates these relationships (see Table S2 online). The principal component
analysis (PCA) is a technique for reducing the number of parameters to extract the most important factors in the
analysis of meteorological data’”°. Thus, PCA was conducted to determine the contributions of climate change
and human activities to wind speed changes using Social Sciences software (Version 24.0).

The PCA reduced the total variance in 13 variables to 3 uncorrelated principal components, with the cumula-
tive contributions reaching 75.13% (Tables 7 and 8). The first component was strongly correlated (loadings of
more than 0.7) with TPM and ATy, ,, with the factor score coefficients of TPM being the highest, which may be
termed the atmospheric circulation factor. The second component brought together ATy y; and APy g, with
factor score coefficients greater than 0.85. Therefore, the second component had a close relationship with the
surface pressure/temperature gradient, which can be termed the dynamic factor. The third component strongly
correlates with the urbanization rate (loadings of more than 0.85) and may be termed the anthropogenic activities
factor. The three components explained 38.22%, 22.83% and 14.07% of the variances in the original 13 variables,
but the former two components, which reflect climatic variation, were more important. This result supports the
conclusion discussed in “Effects of surface roughness” section that the wind speed variation in recent decades
has mainly accounted for climate change rather than human activities.
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Component | Eigenvalues | Variance % | Cumulative %
1 4.779 38.222 38.222
2 2.868 22.834 61.057
3 1.669 14.071 75.127
4 0.885 7.051 82.179
5 0.808 5.607 87.785
6 0.777 4.679 92.464
7 0.385 2.164 94.628
8 0.259 1.490 96.118
9 0.187 1.135 97.253
10 0.138 0.961 98.215
11 0.107 0.727 98.941
12 0.076 0.582 99.523
13 0.062 0.477 100.000

Table 7. Eigenvalues and the explained percentage of variance for each component.

Variable | Comp t1l | Comp t2 | Comp t3
u 0.56 0.52 0.47
v 0.67 0.25 -0.25
TPM -0.78 —-0.20 0.33
T -0.26 0.11 0.67
ATy 0.24 0.89 0.02
ATy v 0.71 -0.32 -0.07
APy v 0.23 -0.11 -0.27
AP v -0.07 0.85 - 0.06
AO 0.46 —-0.64 —-0.45
NAO 0.48 -0.32 -0.71
PDO 0.00 0.19 -0.12
UR -0.12 -0.13 0.86
NDVI -0.22 0.13 0.12

Table 8. Rotated component matrix. Rotation converged in 11 iterations. Varimax with Kaiser normalization.

Conclusions

Wind speed and variability are the most critical climatic factors affecting sand dust/storms, which has not been
well-studied in the wide valley of the MYR. In the present study, the intra- and interannual variabilities in wind
speed at three meteorological stations (Tsetang, Lhasa, and Nyémo) in the wide valley regions of the MYR were
investigated from 1960 to 2015, 1960 to 2015, and 1974 to 2015, respectively. The MASH method was combined
with the wavelet analysis, MK test, linear regression test and Sen’s slope method. The possible causes of wind
speed changes in the MYR were also explored by examining the effects of climatic changes and surface rough-
ness, and the main factors were identified by using PCA.

On average, wind speed changes in the MYR underwent three stages from 1960 to 2015: an increasing trend
from 1960 to 1975 (P1), a weakening until 2006 (P2), and a remarkable recovery afterward (P3). Compared with
earlier findings, the wind decline during P2 was delayed by approximately six years in the study area, and the
rate of increase during P3 was much higher than that during P1. The study period extension and the regional-
scale area may account for these differences. Trend analysis at each site revealed several statistically significant
variations at different time scales from 1960 to 2015: wind speeds at the Tsetang and Nyémo stations decreased
significantly in all months, with the highest decadal rate in spring (- 0.7 m/s). At Lhasa, on the other hand, a
non-significant increase in wind speed was detected in summer. All trend results were consistent with the MASH
method outcomes. Furthermore, the MASH results were used to visually detect the duration of changes in dif-
ferent months: the highest wind speeds occurred in spring and lasted from 1960 to 2003, 1960 to 2008, and 1974
to 1997 at the Tsetang, Lhasa, and Nyémo stations, respectively. Based on these results, the MASH method effi-
ciently detected seasonal changes by filtering out the periodic and random variabilities in the original time series.

It was evident that the zonal component of wind speed (1) decreased gradually from P1 (- 0.01 m/s per
decade) to P3 (- 0.71 m/s per decade) in the MYR, and the decreased westerlies may have had stronger effects
on wind speed reductions during P2 based on the SCC results. The meridional component (v) had a slight
decreasing trend that increased sharply during P1 and then fell gradually from P2 (- 0.02 m/s per decade) to P3
(= 0.67 m/s per decade). Increased wind speeds from 1960 to 1975 were mainly associated with strengthened
monsoonal circulation. The high positive correlation coefficients with increased v that only occurred in winter at
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Tsetang indicated that enhanced winter monsoonal circulation may have induced wind speed recovery in winter
from 2007 to 2015. Wind speeds at Lhasa also declined more gently, especially from June to September, which
may have been due to a relatively lower influence by the westerlies and the East Asian monsoon. In addition,
the enhanced Tibetan Plateau monsoon (TPM) also had a significant effect on the declines in wind speed due
to changes in the regional atmospheric circulation mode.

As temperatures increased from 1960 to 2015, the station-averaged wind speed was negatively correlated with
mean air temperatures at both annual and seasonal scales, with the highest value in autumn (- 0.668). However,
a sharp decreasing trend from 2007 to 2015 may have led to wind speed recovery in recent years, especially in
winter (- 0.867). Furthermore, the relationship between daily wind speed and temperature at the three stations
clearly showed that with higher air temperature increases during winter, there was a higher associated decrease in
wind speed during spring. Under asymmetric warming from 1960 to 2015, the surface pressure gradient variation
between mid and low latitudes in study region may have been a primary contributor to the wind speed changes.

The positive/negative phases of the PDO corresponded well with decreased/increased wind speeds in the
MYR. The wind speed changes simply could not be linked with the AO/NAO.

In general, climatic changes, such as the TPM and pressure/temperature gradient variability, are the main
causes of the region’s wind speed change rather than human activities associated with surface roughness based
on the PCA results. Further investigation based on the dependence of SDSs on wind speed changes is necessary
to determine these main causes.

Received: 11 December 2019; Accepted: 30 June 2020
Published online: 29 July 2020

References
1. Shen, W, Li, H., Sun, M. & Jiang, J. Dynamics of aeolian sandy land in the Yarlung Zangbo River basin of Tibet, China from 1975
to 2008. Glob. Planet. Change 86-87, 37-44 (2012).
2. Dong, G. et al. The causes and developmental trend of desertification in the middle reaches of the Yarlung Zangbo River and its
Two Tributaries in Xizang. Chin. Geogr. 5, 355-364 (1995).
3. Chen, J., Mei, Y. & Xiao, W. Establishment of the ecological relationships and properties of the Lhasa River Basin water resources
system, China. Sustain. Cities Soc. 47, 101477 (2019).
4. An, L. et al. Temporal and spatial variations in sand and dust storm events in East Asia from 2007 to 2016: Relationships with
surface conditions and climate change. Sci. Total Environ. 633, 452-462 (2018).
5. Roderick, M. L., Rotstayn, L. D., Farquhar, G. D. & Hobbins, M. T. On the attribution of changing pan evaporation. Geophys. Res.
Lett. 34, 1-6 (2007).
6. McVicar, T. R. et al. Wind speed climatology and trends for Australia, 1975-2006: capturing the stilling phenomenon and com-
parison with near-surface reanalysis output. Geophys. Res. Lett. 35, 1-6 (2008).
7. Dunn, R. J. H., Azorin-Molina, C., Mears, C. A., Berrisford, P. & McVicar, T. R. Surface wind (in: ‘State of the Climate in 2015:
special supplement’). Bull. Am. Meteorol. Soc. 97, S38-S40 (2016).
8. Klink, K. Trends in mean monthly maximum and minimum surface wind speeds in the coterminous United States, 1961 to 1990.
Clim. Res. 13,193-205 (1999).
9. Turner, J. et al. Antarctic climate change during the last 50 years. Int. J. Climatol. 25, 279-294 (2005).
10. Yu, L., Zhong, S., Bian, X. & Heilman, W. E. Temporal and spatial variability of wind resources in the United States as derived from
the climate forecast system reanalysis. . Clim. 28, 1166-1183 (2015).
11. Pirazzoli, P. A. & Tomasin, A. Recent near-surface wind changes in the central Mediterranean and Adriatic areas. Int. J. Climatol.
23,963-973 (2003).
12. Brazdil, R., Chroma, K., Dobrovolny, P. & Tolasz, R. Climate fluctuations in the Czech Republic during the period 1961-2005
Rudolf. Int. J. Climatol. 29, 223-242 (2009).
13. Cusack, S. A 101 year record of windstorms in the Netherlands. Clim. Change 116, 693-704 (2013).
14. Dadaser-Celik, F. & Cengiz, E. Wind speed trends over Turkey from 1975 to 2006. Int. J. Climatol. 34, 1913-1927 (2014).
15. Xu, M. et al. Steady decline of east Asian monsoon winds, 1969-2000: evidence from direct ground measurements of wind speed.
J. Geophys. Res. Atmos. 111, 1-8 (2006).
16. Bandyopadhyay, A., Bhadra, A., Raghuwanshi, N. S. & Singh, R. Temporal trends in estimates of reference evapotranspiration over
India. J. Hydrol. Eng. 14, 508-515 (2009).
17. Choudhary, R. R,, Jhajharia, D. & Technology, P. Climate and its variations over Bikaner since 1951-2008. J. Ind. Geol. Congr. 1,
79-86 (2009).
18. Zha, ], Wu, ], Zhao, D. & Yang, Q. Changes of the probabilities in different ranges of near-surface wind speed in China during the
period for 1970-2011. J. Wind Eng. Ind. Aerodyn. 169, 156-167 (2017).
19. Wu, ., Zha, J., Zhao, D. & Yang, Q. Changes in terrestrial near-surface wind speed and their possible causes: an overview. Clim.
Dyn. 51, 2039-2078 (2018).
20. Lynch, A. H,, Curry, J. A,, Brunner, R. D. & Maslanik, J. A. Toward an integrated assessment of the impacts of extreme wind events
on Barrow, Alaska. Bull. Am. Meteorol. Soc. 85,209-221 (2004).
21. Liu, X,, Zhang, X. J., Tang, Q. & Zhang, X. Z. Effects of surface wind speed decline on modeled hydrological conditions in China.
Hydrol. Earth Syst. Sci. 18, 2803-2813 (2014).
22. Guo, Z. H., Wy, ., Lu, H. Y. & Wang, J. Z. A case study on a hybrid wind speed forecasting method using BP neural network.
Knowl. Based Syst. 24, 1048-1056 (2011).
23. Yang, X. et al. The decreasing wind speed in southwestern China during 1969-2009, and possible causes. Q. Int. 263, 71-84 (2012).
24. Lin, C, Yang, K., Qin, J. & Fu, R. Observed coherent trends of surface and upper-air wind speed over China since 1960. J. Clim.
26, 2891-2903 (2013).
25. Zha, ]., Wu, J., Zhao, D. & Tang, ]. A possible recovery of the near-surface wind speed in Eastern China during winter after 2000
and the potential causes. Theor. Appl. Climatol. 136, 119-134 (2019).
26. Zhang, Y, Liu, C,, Tang, Y. & Yang, Y. Trends in pan evaporation and reference and actual evapotranspiration across the Tibetan
Plateau. J. Geophys. Res. Atmos. 112, 1-12 (2007).
27. You, Q. et al. Decreasing wind speed and weakening latitudinal surface pressure gradients in the Tibetan Plateau. Clim. Res. 42,
57-64 (2010).
28. Yang, K. et al. Response of hydrological cycle to recent climate changes in the Tibetan Plateau. Clim. Change 109, 517-534 (2011).

SCIENTIFIC REPORTS |

(2020) 10:12657 | https://doi.org/10.1038/s41598-020-69392-2



www.nature.com/scientificreports/

29.
30.
31.
32.
33.
34.

35.
36.

37: Kendall, M. & Gibbons, J. D. Rank Correlation Methods (Edward Arnold, London, 1990). .
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

50.

57.
58.

59.

67.
68.
69.
70.
71.
72.
73.

74.

Anghileri, D., Pianosi, F & Soncini-Sessa, R. Trend detection in seasonal data: from hydrology to water resources. J. Hydrol. 511,
171-179 (2014).

Osuch, M. & Wawrzyniak, T. Inter- and intra-annual changes in air temperature and precipitation in western Spitsbergen. Int. J.
Climatol. 37, 3082-3097 (2017).

China Meteorological Administration. Specifications for Surface Meteorological Observation (China Meteorological Press, Beijing,
2007).

Zha, ]., Wu, J. & Zhao, D. Effects of land use and cover change on the near-surface wind speed over China in the last 30 years. Prog.
Phys. Geogr. 41, 46-67 (2017).

Wu, J., Zha, ., Zhao, D. & Yang, Q. Changes of wind speed at different heights over eastern China during 1980-2011. Int. J. Climatol.
38, 4476-4495 (2018).

Young, I. T. Proof without prejudice: use of the Kolmogorov Smirnov test for the analysis of histograms from flow systems and
other sources. J. Histochem. Cytochem. 25, 935-941 (1977).

Marsaglia, G., Tsang, W. W. & Wang, J. Evaluating Kolmogorov’s distribution. J. Stat. Softw. 8, 1-4 (2003).

Osuch, M. & Wawrzyniak, T. Variations and changes in snow depth at meteorological stations Barentsburg and Hornsund (Spits-
bergen). Ann. Glaciol. 58, 11-20 (2017).

Mann, H. B. Non-parametric test against trend. Econometrica 13, 245-259 (1945).

Hamed, K. H. & Ramachandra Rao, A. A modified Mann-Kendall trend test for autocorrelated data. J. Hydrol. 204, 182-196
(1998).

Sen, P. K. Estimates of the regression coefficient based on Kendall’s Tau. J. Am. Stat. Assoc. 63, 1379-1389 (1968).

Spearman, C. The proof and measurement of association between two things. Am. J. Psychol. 15, 72-101 (1904).

Hauke, J. & Kossowski, T. Comparison of values of pearson’s and spearman’s correlation coefficients on the same sets of data.
Quaest. Geogr. 30, 87-93 (2011).

Jiang, Y., Luo, Y., Zhao, Z. & Tao, S. Changes in wind speed over China during 1956-2004. Theor. Appl. Climatol. 99, 421-430
(2010).

Li, Z., Yan, Z., Tu, K., Liu, W. & Wang, Y. Changes in wind speed and extremes in Beijing during 1960-2008 based on homogenized
observations. Adv. Atmos. Sci. 28, 408-420 (2011).

Guo, X., Wang, L., Tian, L. & Li, X. Elevation-dependent reductions in wind speed over and around the Tibetan Plateau. Int. J.
Climatol. 37,1117-1126 (2017).

Keyhani, A., Ghasemi-Varnamkhasti, M., Khanali, M. & Abbaszadeh, R. An assessment of wind energy potential as a power
generation source in the capital of Iran, Tehran. Energy 35, 188-201 (2010).

Azorin-Molina, C. et al. Homogenization and assessment of observed near-surface wind speed trends over Spain and Portugal,
1961-2011. J. Clim. 27,3692-3712 (2014).

Kim, J. C. & Paik, K. Recent recovery of surface wind speed after decadal decrease: a focus on South Korea. Clim. Dyn. 45,
1699-1712 (2015).

Zeng, Z. et al. A reversal in global terrestrial stilling and its implications for wind energy production. Nat. Clim. Change 9, 979-985
(2019).

Zha, J., W, J., Zhao, D. & Fan, W. Future projections of the near-surface wind speed over eastern China based on CMIP5 datasets.
Clim. Dyn. 54, 2361-2385 (2020).

. Guo, H., Xu, M. & Hu, Q. Changes in near-surface wind speed in China: 1969-2005. Int. J. Climatol. 31, 349-358 (2011).
. Vautard, R., Cattiaux, J., Yiou, P, Thépaut, J. N. & Ciais, P. Northern Hemisphere atmospheric stilling partly attributed to an increase

in surface roughness. Nat. Geosci. 3, 756-761 (2010).

. Jacobson, M. Z. & Kaufman, Y. J. Wind reduction by aerosol particles. Geophys. Res. Lett. 33, 1-6 (2006).
. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project. Bull. Am. Meteorol. Soc. 77, 437-471 (1996).
. Zhang, R., Zhang, S., Luo, ]., Han, Y. & Zhang, ]. Analysis of near-surface wind speed change in China during 1958-2015. Theor.

Appl. Climatol. https://doi.org/10.1007/s00704-019-02769-0 (2019).

. Zhao, H. & Moore, G. W. K. On the relationship between Tibetan snow cover, the Tibetan plateau monsoon and the Indian sum-

mer monsoon. Geophys. Res. Lett. 31, 1-4 (2004).

Earl, N., Dorling, S., Hewston, R. & Von Glasow, R. 2010-1980 variability in U.K. surface wind climate. J. Clim. 26, 1172-1191
(2013).

Clifton, A. & Lundquist, J. K. Data clustering reveals climate impacts on local wind phenomena. J. Appl. Meteorol. Climatol. 51,
1547-1557 (2012).

Chen, H. Assessment of hydrological alterations from 1961 to 2000 in the Yarlung Zangbo river, Tibet. Ecohydrol. Hydrobiol. 12,
93-103 (2012).

. Zhang, Y., Wallace, J. M. & Battisti, D. S. ENSO-like interdecadal variability: 1900-93. J. Clim. 10, 1004-1020 (1997).
. Yoon, J. & Yeh, S. Influence of the Pacific decadal oscillation on the relationship between El Nifio and the northeast Asian summer

monsoon. J. Clim. 23, 4525-4537 (2010).

. Fu, G. et al. Temporal variation of wind speed in China for 1961-2007. Theor. Appl. Climatol. 104, 313-324 (2011).

. Gong, D., Wang, S. & Zhu, J. East Asian winter monsoon and arctic oscillation. Geophys. Res. Lett. 28, 2073-2076 (2001).

. Zhou, L. et al. Evidence for a significant urbanization effect on climate in China. Proc. Natl. Acad. Sci. USA 101, 9540-9544 (2004).
. Wu, ], Zha, J. & Zhao, D. Estimating the impact of the changes in land use and cover on the surface wind speed over the East China

Plain during the period 1980-2011. Clim. Dyn. 46, 847-863 (2016).

. Wu, ], Zha, J. & Zhao, D. Evaluating the effects of land use and cover change on the decrease of surface wind speed over China in

recent 30 years using a statistical downscaling method. Clim. Dyn. 48, 131-149 (2017).

Zha, J., Zhao, D., Wu, J. & Zhang, P. Numerical simulation of the effects of land use and cover change on the near-surface wind
speed over Eastern China. Clim. Dyn. 53, 1783-1803 (2019).

Zhang, N., Gao, Z., Wang, X. & Chen, Y. Modeling the impact of urbanization on the local and regional climate in Yangtze River
Delta, China. Theor. Appl. Climatol. 102, 331-342 (2010).

Zhang, N., Wang, X., Chen, Y., Dai, W. & Wang, X. Numerical simulations on influence of urban land cover expansion and anthro-
pogenic heat release on urban meteorological environment in Pearl River Delta. Theor. Appl. Climatol. 126, 469-479 (2016).

Li, E, Xu, Z., Feng, Y., Liu, M. & Liu, W. Changes of land cover in the Yarlung Tsangpo River basin from 1985 to 2005. Environ.
Earth Sci. 68, 181-188 (2013).

Zhang, R., Xu, Z., Liu, X. & Bai, J. Spatiotemporal characteristics of land use/cover change for the Yarlung Tsangpo River Basin
from 1980 to 2015. China Rural Water Hydropower 106-111 (2019).

Li, H., Shen, W,, Cai, B., Ji, D. & Zhang, X. The coupling relationship between variations of NDVI and change of aeolian sandy
land in the Yarlung Zangbo River Basin of Tibet, China. Acta Ecol. Sin. 33, 7729-7738 (2013).

Frauenfeld, O. W,, Zhang, T. & Serreze, M. C. Climate change and variability using European Centre for Medium-Range Weather
Forecasts reanalysis (ERA-40) temperatures on the Tibetan Plateau. J. Geophys. Res. D Atmos. 110, 1-9 (2005).

Singh, P. K., Kumar, V., Purohit, R. C., Kothari, M. & Dashora, P. K. Application of principal component analysis in grouping
geomorphic parameters for hydrologic modeling. Water Resour. Manag. 23, 325-339 (2009).

SCIENTIFIC REPORTS |

(2020) 10:12657 | https://doi.org/10.1038/s41598-020-69392-2


https://doi.org/10.1007/s00704-019-02769-0

www.nature.com/scientificreports/

75. Tadi¢, L., Bonacci, O. & Brlekovi¢, T. An example of principal component analysis application on climate change assessment. Theor.
Appl. Climatol. 138, 1049-1062 (2019).

Acknowledgements

This study is supported by the National Natural Science Foundation of China (91647204) and the National Key
R&D Program of China (NO. 2016YFC0401306). The authors thank the National Climate Center, China Mete-
orological Administration, for providing climatic data.

Author contributions

M.Y and H.T formulated the problem and directed the research; B.Y. and Z.D. designed the experiments; B.Y.
and Z.D. conducted the experiments; B.Y. and M.Y. analyzed the results; all authors contributed to the discussion
of the results and preparation of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-69392-2.

Correspondence and requests for materials should be addressed to Y.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12657 | https://doi.org/10.1038/s41598-020-69392-2


https://doi.org/10.1038/s41598-020-69392-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inter- and intra-annual wind speed variabilities in wide valley regions of the middle reaches of the Yarlung Tsangpo River, China
	Anchor 2
	Anchor 3
	Data and methods
	Study area. 
	Data. 
	Methods. 
	Moving average over shifting horizon (MASH). 
	MMK method. 
	Spearman’s correlation coefficients. 


	Results and discussion
	Inter- and intra-annual wind speed change. 
	Trend detected. 
	Trend analysis and discussion. 

	Possible causes of the observed changes. 
	Effect of large-scale atmospheric circulation. 
	Effect of air temperature and pressure changes. 
	Effect of several climate indices. 
	Effects of surface roughness. 
	Identification of the main factors affecting wind changes. 


	Conclusions
	References
	Acknowledgements


