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Abstract: This study uses hourly surface wind direction and wind speed observations from
53 meteorological stations on the Tibetan Plateau (TP) (70–105◦ E, 25–45◦ N) between 1995 and
2017 to investigate diurnal variations in the surface wind. The results show large diurnal variations
in surface wind on the TP. The minimum wind speed occurs in the morning and the maximum in
the afternoon. In all four seasons, the prevailing meridional wind is a southerly, and this is typically
evident for more than two-thirds of each day. However, in the mornings during December–February
and September–November, this southerly wind is replaced by a northerly, but remains southerly in
the afternoon. The TP shows remarkable regional characteristics with respect to diurnal variations in
wind speed. In the eastern region, the minimum and maximum daily wind speeds occur about 1 h
later than in the west. Among the 53 meteorological stations, 79% observed that it took less time for
the minimum speed to rise to the maximum speed than for the maximum to drop to the minimum.
The blocking effect of the high surrounding terrain causes the diurnal variations seen in the surface
winds at the three stations in the Qaidam Basin to differ significantly from those observed at the other
stations elsewhere on the plateau. These Qaidam Basin stations recorded their maximum wind speeds
around noon, with the minimum at dusk, which is around 1900 LST. The EOF1 (EOF = empirical
orthogonal function) of the hourly wind speed on the TP indicates the key daily circulation feature of
the region; i.e., the wind speed is high in the afternoon and low in the morning. The EOF2 reflects the
regional differences in the diurnal variations of wind speed on the TP; i.e., the eastern region reaches
the daily maximum and minimum wind speeds slightly later than the western region.
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1. Introduction

Research into diurnal variations in meteorological parameters is important in improving our
understanding of weather and climate systems. There has been much research into diurnal variations
in global or local meteorological parameters (e.g., precipitation and surface winds). However, the
limited amount of available observational data meant that early studies of these diurnal variations
focused mainly on tropical areas. Infrared satellite data have been used to investigate the diurnal
variations in convective activity using cloud cover, cloud crest brightness temperature, and water
vapor (e.g., [1–4]). Studies in tropical regions have shown that the daily cycle of convective activity
is strongly dependent on geographical location, and that topography plays a crucial role in the daily
cycle of weather patterns [1,5].
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The Tibetan Plateau (TP), also known as the third pole, is the world’s largest landform and has an
average elevation of about 4500 m. The TP has a significant effect on its surroundings through thermal
and dynamic processes [6,7]. Wind is an important indicator of atmospheric circulation, and changes in
wind speed are an indication of circulation changes caused by natural or anthropogenic processes [8].
The wind is known to be distinctively turbulent and non-stationary. As a consequence, the wind
velocity varies rather randomly on many different time scales [9]. Previous studies have examined
the surface wind regime on the TP. For example, analysis of daily wind speed data from ground
observation stations on the TP has shown seasonal differences in the surface wind, with the wind
speed dropping most significantly during March–May [10]. Other research has found that changing
wind speed is the most important meteorological control on trends in potential evapotranspiration on
the TP [11].

There are limited observational data to study diurnal variations in meteorological elements over
the TP. This has led to some studies having to rely on data with a low temporal resolution, or data
obtained from indirect observations, to analyze such variations. For example, data with a temporal
resolution of 3 h have been used to analyze diurnal variations in precipitation, thunderstorms [12], and
surface winds [13]. Other studies have used satellite and radar data to explore the changing weather
and climate on the TP (e.g., [14–17]).

Following the rapid deployment of automatic weather stations across China in recent years, hourly
observational data are now available. However, these automatic weather stations are typically about
10 years old, so their records are short. Before the establishment of automatic weather stations, various
self-recording instruments were widely used for hourly and even minute-by-minute observations,
such as self-recording rain gauges and self-registering anemometers, but most of these datasets were
recorded on paper, which is more difficult to collate and analyze than digital data, thereby restricting
the application of these valuable data. In 2017, the China Meteorological Administration (CMA), after
nearly 10 years of data processing work that included integrating the surface wind data observed by
automatic weather stations, established the first hourly wind series from 2400 Chinese stations covering
the period since 1951. The CMA also developed suitable quality control procedures, based on the
characteristics of hourly wind data, to check the accuracy and completeness of the hour-by-hour wind
series, and so established the Hourly Surface Wind dataset (HSW dataset) for mainland China [18].

The reliability of various reanalysis data is relatively low (e.g., [19,20]). Observational data
recorded at meteorological stations are fundamental to the data processing and analysis that underpins
climate research. The direction and speed of surface wind are major elements of China’s meteorological
observational dataset. However, few studies have used the long sequence of hourly wind data observed
by the stations to analyze diurnal variations in surface winds on the TP. Accordingly, this study uses
hourly wind direction and speed data from the TP in the HSW dataset to analyze diurnal variations in
surface winds on the TP.

2. Data and Methodology

We used the HSW dataset from mainland China, which was developed, collated, and quality
controlled by the National Meteorological Information Center (NMIC) of the CMA (Zhao et al.,
2017 [18]). In this study, the TP region is defined as that bounded by 70–105◦ E and 25–45◦ N. Our
study area in west China encompasses Qinghai Province, Tibet, and parts of neighboring Xinjiang,
Gansu, Yunnan, and Sichuan provinces. To avoid biases introduced by missing data, we limited our
analysis to the 53 stations on the TP that provide a complete hourly wind speed series from 1995 to
2017 and are located at altitudes above 2000 m (figure omitted).

In China, the standard time (Beijing time) is UTC + 8, and this is the time used for meteorological
observations. However, because of its vast size, China is divided into five time zones, and the TP alone
spans three time zones (UTC + 5 to UTC + 7). Therefore, using LST to analyze diurnal variations on the
TP avoids the difference in diurnal variations in wind speed caused by the gap between LST and Beijing
time. In the diurnal cycle of surface wind speed at each station, the hour when the wind speed reached
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its maximum is defined as the ‘max-hour’, and the hour when the wind speed reached its minimum is
defined as the ‘min-hour’. The difference between the maximum and minimum is the daily range of
wind speed. The ‘max-dir’ is the wind direction in the hour when the wind speed reached its daily
maximum, and the ‘min-dir’ is the wind direction in the hour when the wind speed reached its daily
minimum. For our analysis, we divided the year into four equal periods: December–February (DJF),
March–May (MAM), June–August (JJA), and September–November (SON).

3. Diurnal Variations in Wind Speed

Figure 1 shows the seasonal and annual mean wind speed, variances of wind speed, zonal wind
speed, and meridional wind speed on the TP. The maximum wind speed occurs during MAM, with the
average wind speeds at all hours being higher than those of the other three seasons. MAM also sees the
largest range in wind speed of up to 2.7 m·s−1, whereas JJA sees the smallest range of 1.8 m·s−1. The
minimum wind speeds on the TP in DJF, MAM, JJA, and SON were recorded at 0800, 0600, 0600, and
0600 LST, respectively, and the maximum wind speeds at 1500, 1600, 1600, and 1500 LST, respectively.
It is suggested that increased downward turbulent mixing of momentum during the day could be
one of the main causes for the early afternoon maximum of surface wind speed [13]. In DJF, the wind
speed takes the shortest time to rise from the daily minimum to the daily maximum, of up to 7 h,
meaning it takes 17 h to drop from the maximum to the minimum. In MAM and JJA, it takes 10 h for
the wind speed to rise from the lowest in the morning to the highest in the afternoon, compared with
9 h in SON. Previous research has shown that in eastern China, wind speed drops to its minimum at
0500 LST and rises to its maximum at 1500 LST each day [21], with a variation of 1.2 m·s−1. On the TP,
however, the wind speed reaches its minimum at 0600 LST and maximum at 1500 LST, with an annual
average diurnal variation of 2.2 m·s−1. Therefore, the minimum wind speed in the daily cycle of wind
speed on the TP arrives 1 h, on average, later than in the eastern part of China, whereas the maximum
wind speed arrives at the same time. The amplitude of the variation in the former is nearly twice that
in the latter.

The change in wind speed is large when the wind speed is high (Figure 1a,b). In addition, although
in the daily cycle of wind speed the hourly wind speeds during SON are lower than those during
MAM, the changes in SON wind speed are larger than those in MAM between 1200 and 1500 LST. The
maximum hourly wind speed variation during MAM and SON arrives 1 h earlier than the maximum
hourly wind speeds.

In the zonal wind diagram (Figure 1c), the prevailing wind alternates between an easterly and a
westerly in JJA and SON. In most cases, a westerly wind prevails in JJA, and the westerly component
reaches a maximum at 2000 LST of only up to 0.52 m·s−1 which is much smaller than the maxima
in other seasons. The zonal wind speed is compensated in averaging on multiple station data, not
weakened at each station (figure omitted). The effect of large terrain on airflow movement is mainly
manifested in blocking and diverting. On the one hand, these effects of mountain ranges on airflow will
lead to asymmetric distribution of surface pressure on windward and leeward slopes, which usually
results in a gradient of pressure from the windward slope to the leeward slope. On the other hand, the
southwest monsoon from the Indian Ocean can affect southeastern Tibet and southwestern Sichuan
province in JJA. Therefore, the zonal wind at some of the 53 stations is westerly in JJA (Figure 1), and
the weaker westerly wind will appear in most hours of a day by being compensated in averaging on
multiple stations which are not affected by the southwest wind. An east wind prevails during SON,
with the zonal wind speeds all above 0.5 m·s−1 between 1200 and 1700 LST, reaching a maximum at
1400 LST of up to 1.1 m·s−1. During DJF and MAM, the average zonal wind for all hours on the TP is
an easterly. During DJF, the zonal wind speeds between 1200 and 1700 LST exceed 1.0 m·s−1, reaching
a maximum at 1500 LST of up to 2.1 m·s−1. During MAM, the zonal wind speeds between 1100 and
1700 LST exceed 1.0 m·s−1, reaching a maximum at 1400 LST of up to 1.6 m·s−1.

The diurnal variations in the average meridional wind speed during each season and the annual
mean can be divided into two groups (Figure 1d): 2000–0800 and 0800–2000 LST. Overall, the prevailing
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meridional wind in each season is a southerly. To be specific, a southerly and northerly wind alternate
during DJF and SON, with the southerly being replaced by a northerly at about 0800–0900 LST,
returning to a southerly at 1500–1600 LST. Over the 24 h of each day, the north wind prevails for about
7 h in DJF and SON, while the south wind prevails for the remaining 17 h. During MAM and JJA, the
south wind is replaced by a weak northerly for only the 2–3 h before noon, and the southerly prevails
for the remaining 21–22 h of each day.
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(93.2° E, 36.9° N) in Qinghai Province reaches its peak wind speed at 0900 LST, the earliest among the 
stations, Nuomuhong (96.5° E, 36.4° N) in Qinghai Province reaches its peak at 1100 LST, while 
Huajialing (105.0° E, 35.4° N) in Gansu Province and Jianzha (102.0° E, 35.9° N) in Qinghai Province 
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Figure 1. Diurnal variations in seasonal and annual mean wind speed (a), variances of wind speed (b),
zonal wind speed (c), and meridional wind speed (d) averaged over the TP.

The max-hour and min-hour in the average diurnal wind speed cycle for each station on the TP
are shown in Figure 2. The eastern region typically experiences the maximum wind speed about 1 h
later than the western region. Among the 53 stations, 10, 15, and 15 stations reach their peak values at
1400, 1500, and 1600 LST, respectively, indicating that most stations (57%) reach the maximum wind
speed between 1500 and 1600 LST each day. In contrast to most other stations, Xiaozaohuo (93.2◦ E,
36.9◦ N) in Qinghai Province reaches its peak wind speed at 0900 LST, the earliest among the stations,
Nuomuhong (96.5◦ E, 36.4◦ N) in Qinghai Province reaches its peak at 1100 LST, while Huajialing
(105.0◦ E, 35.4◦ N) in Gansu Province and Jianzha (102.0◦ E, 35.9◦ N) in Qinghai Province reach their
peaks at 2100 and 1900 LST, respectively.

Similarly, according to Figure 2b, the eastern region attains a daily minimum wind speed about
1 h later than the western region. Thirty six stations (68% of the total) reach the daily valley at
0600–0700 LST. The Xiaozaohuo, Delingha (97.4◦ E, 37.4◦ N), and Nuomuhong stations (all in Qinghai
Province) differ from the other stations, reaching their daily minimum wind speed at 1900 LST. Anduo
(91.1◦ E, 32.4◦ N) in Tibet and Tianjun (99.0◦ E, 37.3◦ N) in Qinghai Province reach their daily minimum
wind speed at 0100 LST.
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Figure 2. Timing of daily maximum (a) and minimum (b) surface wind speeds (vectors according to
key at right, LST). Shading denotes elevation (m). The insets show histograms of the peak (a) and
valley (b) hours.

The time interval between the min-hour and max-hour for the stations on the TP varies between
6 h (3 stations) and 19 h (2 stations). A total of 30 stations take 8–10 h to see the wind speed rise from
the minimum to the maximum, and 42 stations need less than 12 h (Table 1). That is, 79% of the stations
take a shorter time to see the wind speed rise from the minimum to the maximum than to see the wind
speed drop from the maximum to the minimum. It takes 12 h for three stations to see their wind speed
rise from the lowest to the highest, so 6% of the stations take an equal time to see the wind speed go
from the lowest to the highest and from the highest to the lowest. A total of eight stations take more
than 12 h to see their wind speed rise from the lowest to the highest, so 15% of the stations take longer
to see their wind speed rise from the lowest to the highest than to see the wind speed drop from the
highest to the lowest.

Table 1. Frequency distribution of the time (hours) required from the lowest to the highest daily wind
speeds among the stations.

Number of hours 6 7 8 9 10 11 12 13 14 15 16 19

Number of stations 2 5 9 14 11 5 2 1 1 1 1 1

Percentage (%) 3.8 9.4 17.0 26.4 20.8 9.4 3.8 1.9 1.9 1.9 1.9 1.9

4. Diurnal Variations in Surface Wind Directions and Diurnal Range of Wind Speed

Figure 3 and Table 2 show that the peak wind directions at each station differ, being northeasterly,
southeasterly, northwesterly, and min-hour southwesterly for 24, 22, 4, and 3 stations, respectively. For
87% of the stations, the max-dir is easterly and for 13% it is westerly (Figure 3). For 55% of the stations,
the min-dir is easterly. In the min-hour, 10, 19, 15, and 9 stations recorded northeasterly, southeasterly,
northwesterly, and southwesterly winds, respectively. For 74% of the stations, the average wind
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direction is easterly, and 17, 22, 6, and 8 stations have an average wind direction of northeast, southeast,
northwest, and southwest, respectively.
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Next, we consider the daily range of wind speed at the stations. Figure 4a,b shows the daily
range of annual average wind speed and wind speed variance for all stations. The variation in hourly
wind speed is greater in the areas with a larger daily range. Tuotuohe (92.6◦ E, 34.0◦ N) station in
Qinghai Province has the largest daily range of wind speed, reaching 4.2 m·s−1, and Delingha station
in Qinghai Province in the northerly part of the TP has the smallest daily range of wind speed, at
about 0.7 m·s−1. The average daily range of wind speed across the TP is 2.4 m·s−1. The daily range of
wind speed for all stations on the TP varies significantly from one season to another (Figure 4c–f). The
high-value zone with a daily range over 3.6 m·s−1 moves northwestward from DJF to MAM. From
MAM to JJA, the high-value zone continues to move northwestward. The spatial distribution of the
wind speed daily range in SON is similar to that in DJF, but with a smaller daily range.

Atmosphere 2019, 10, x FOR PEER REVIEW 6 of 12 

 

Figure 3 and Table 2 show that the peak wind directions at each station differ, being 
northeasterly, southeasterly, northwesterly, and min-hour southwesterly for 24, 22, 4, and 3 stations, 
respectively. For 87% of the stations, the max-dir is easterly and for 13% it is westerly (Figure 3). For 
55% of the stations, the min-dir is easterly. In the min-hour, 10, 19, 15, and 9 stations recorded 
northeasterly, southeasterly, northwesterly, and southwesterly winds, respectively. For 74% of the 
stations, the average wind direction is easterly, and 17, 22, 6, and 8 stations have an average wind 
direction of northeast, southeast, northwest, and southwest, respectively.  

 
Figure 3. Surface wind direction and speed at the max-hour for each station. 

Table 2. The numbers of stations which recorded northeasterly, southeasterly, northwesterly, and 
southwesterly winds in max-dir, min-dir, and average wind direction. 

Wind Direction 
The Numbers of Stations 

Max-Dir Min-Dir Average Wind Direction 
Northeast 24 10 17 
Southeast 22 19 22 
Northwest 4 15 6 
Southwest 3 9 8 

Next, we consider the daily range of wind speed at the stations. Figure 4a,b shows the daily 
range of annual average wind speed and wind speed variance for all stations. The variation in hourly 
wind speed is greater in the areas with a larger daily range. Tuotuohe (92.6° E, 34.0° N) station in 
Qinghai Province has the largest daily range of wind speed, reaching 4.2 m·s−1, and Delingha station 
in Qinghai Province in the northerly part of the TP has the smallest daily range of wind speed, at 
about 0.7 m·s−1. The average daily range of wind speed across the TP is 2.4 m·s−1. 

The daily range of wind speed for all stations on the TP varies significantly from one season to 
another (Figure 4c–f). The high-value zone with a daily range over 3.6 m·s−1 moves northwestward 
from DJF to MAM. From MAM to JJA, the high-value zone continues to move northwestward. The 
spatial distribution of the wind speed daily range in SON is similar to that in DJF, but with a smaller 
daily range. 

 
Atmosphere 2019, 10, x FOR PEER REVIEW 7 of 12 

 

 
Figure 4. Daily range of annual average wind speed (a) (m·s−1), hourly wind speed variance (b), and 
daily range of wind speed (m·s−1) in December–February (DJF) (c), March–May (MAM) (d), June–
August (JJA) (e), and September–November (SON) (f). 

5. Diurnal Cycle of Surface Winds in Different Zones 

As mentioned above, the diurnal cycles of surface winds recorded in Xiaozaohuo, Delingha, and 
Nuomuhong are strikingly different from the other zones of the TP, and these three stations are all 
located in the Qaidam Basin. In this section, we analyze these diurnal variations by treating the three 
stations as a ‘basin area’ and the remaining 50 stations as a ‘plateau area’. Figure 5 shows the annual 
average diurnal wind speed variations for the basin area and the plateau area. The diurnal wind 
speed variations of the two areas are obviously different. The wind speed in the basin area features a 
broad peak that reaches a maximum either side of noon and with a minimum at 1900 LST. In contrast, 
the plateau area sees a maximum wind speed at 1500 LST and a minimum wind speed at 0600 LST. 
At this time (0600 LST), the wind speed in the basin area is not at its minimum, but shows a small 
reduction compared with the wind speeds in the adjacent periods. Yu et al. (2009) [21] found a similar 
reversed day–night phase in the surface wind speed between mountain regions and plain regions of 
China. Based on a single year of wind data from television towers, Crawford and Hudson (1973) [22] 
concluded that the wind speed of the lower (higher) layers reached a minimum around midnight 
(noon) and a maximum in the afternoon (midnight). Their research target was diurnal wind speed 
variations on large plains and high mountain stations. In the present study, most of the stations from 
which data were collected on the TP are located in large high-altitude terrain, other than the stations 
at Xiaozaohuo, Delingha, and Nuomuhong, which are located in the Qaidam Basin at lower altitudes 
than the surrounding stations. Consequently, we suggest that the clear differences in the diurnal 
variations of the surface winds at these three stations are caused by the blocking effect of the 
surrounding mountainous terrain. 

In MAM, DJF, and SON the Qaidam Basin shows similar diurnal variations in wind speed to the 
annual mean (Figure 5b). The difference is that the wind speeds in MAM (SON and DJF) are higher 
(lower) than the annual mean wind speed. The diurnal variation in surface wind speed during JJA is 
different to that in the other three seasons. In JJA, the wind speed gradually decreases from 0800 to 
1900 LST and reaches a daily minimum at 1900 LST. In the other three seasons, however, the diurnal 
variations in wind speed feature a gradual rise (in MAM) or continuous high speeds (in SON and 

Figure 4. Daily range of annual average wind speed (a) (m·s−1), hourly wind speed variance (b),
and daily range of wind speed (m·s−1) in December–February (DJF) (c), March–May (MAM) (d),
June–August (JJA) (e), and September–November (SON) (f).
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Table 2. The numbers of stations which recorded northeasterly, southeasterly, northwesterly, and
southwesterly winds in max-dir, min-dir, and average wind direction.

Wind Direction
The Numbers of Stations

Max-Dir Min-Dir Average Wind Direction

Northeast 24 10 17
Southeast 22 19 22
Northwest 4 15 6
Southwest 3 9 8

5. Diurnal Cycle of Surface Winds in Different Zones

As mentioned above, the diurnal cycles of surface winds recorded in Xiaozaohuo, Delingha,
and Nuomuhong are strikingly different from the other zones of the TP, and these three stations are
all located in the Qaidam Basin. In this section, we analyze these diurnal variations by treating the
three stations as a ‘basin area’ and the remaining 50 stations as a ‘plateau area’. Figure 5 shows the
annual average diurnal wind speed variations for the basin area and the plateau area. The diurnal
wind speed variations of the two areas are obviously different. The wind speed in the basin area
features a broad peak that reaches a maximum either side of noon and with a minimum at 1900 LST. In
contrast, the plateau area sees a maximum wind speed at 1500 LST and a minimum wind speed at
0600 LST. At this time (0600 LST), the wind speed in the basin area is not at its minimum, but shows a
small reduction compared with the wind speeds in the adjacent periods. Yu et al. (2009) [21] found
a similar reversed day–night phase in the surface wind speed between mountain regions and plain
regions of China. Based on a single year of wind data from television towers, Crawford and Hudson
(1973) [22] concluded that the wind speed of the lower (higher) layers reached a minimum around
midnight (noon) and a maximum in the afternoon (midnight). Their research target was diurnal wind
speed variations on large plains and high mountain stations. In the present study, most of the stations
from which data were collected on the TP are located in large high-altitude terrain, other than the
stations at Xiaozaohuo, Delingha, and Nuomuhong, which are located in the Qaidam Basin at lower
altitudes than the surrounding stations. Consequently, we suggest that the clear differences in the
diurnal variations of the surface winds at these three stations are caused by the blocking effect of the
surrounding mountainous terrain.
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Figure 5. (a) Diurnal variations in annual mean wind speed averaged over the plateau area (blue line)
and the basin area (red line). (b) Diurnal variations in seasonal mean wind speed averaged over the
basin area.

In MAM, DJF, and SON the Qaidam Basin shows similar diurnal variations in wind speed to the
annual mean (Figure 5b). The difference is that the wind speeds in MAM (SON and DJF) are higher
(lower) than the annual mean wind speed. The diurnal variation in surface wind speed during JJA is
different to that in the other three seasons. In JJA, the wind speed gradually decreases from 0800 to
1900 LST and reaches a daily minimum at 1900 LST. In the other three seasons, however, the diurnal
variations in wind speed feature a gradual rise (in MAM) or continuous high speeds (in SON and DJF)
from 0800 LST to about 1400 LST. In JJA afternoons on the TP the prevailing wind is a southwesterly.
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In the afternoons of the other seasons, however, the prevailing wind is a southeasterly (Figure 1c,d).
As the TP is higher in the northwest and lower in the southeast, and the Qaidam Basin is aligned
northwest–southeast, the blocking effect of the surrounding terrain on the Qaidam Basin is more
pronounced in JJA, when a southwest wind prevails, than in the other seasons when a southeasterly
prevails. In other words, because the dominant wind direction is aligned with the basin except in JJA,
the blocking effect would not play a major role in DJF, MAM, and SON like JJA.

We applied empirical orthogonal function (EOF) analysis to the hourly wind speed data of the
TP (51 stations, excluding two remote stations in Xinjiang Province). The hourly wind speed series
from each station was standardized prior to the EOF decomposition. The first and second leading EOF
(EOF1 and EOF2) passed the North test [23]. EOF1 and EOF2 account for 83% and 13% of the total
variance, respectively. EOF1 shows mainly positive values, with weakly negatives in the Qaidam Basin
(Figure 6a). The time coefficient curve of EOF1 (Figure 6c) is similar to the series in Figure 1a, with both
featuring a single peak. The peak in diurnal wind speed occurs between 1400 and 1500 LST, and the
wind speed at night tends to decrease slowly. EOF1 reflects mainly the diurnal variation of wind speed
in most areas of the TP, and the diurnal variations that differ between the Qaidam Basin and the much
larger plateau area. EOF2 (Figure 6b) varies between positive and negative values with an east–west
dipole pattern, while the corresponding time coefficient features a single peak (Figure 6d). EOF2
is negative in the Qilian Mountains in Gansu Province, eastern Qinghai Province, western Sichuan
Province, and southeast Tibet (the eastern region), and is positive in mid-west Qinghai Province,
eastern Sichuan Province, and central Tibet (the western region). This suggests that EOF2 indicates that
the eastern region reaches the peak and valley of diurnal wind speed slightly later than the western
region, which is consistent with the conclusion drawn above. The branching effect of the TP on airflow
makes the surface wind of the eastern edge of the TP different from that of the western part of the TP.
The northerly airflow generated by the circulation of the plateau forms a “leeward wake zone” on the
eastern edge of the plateau, and the anticyclone vortex is very strong, while westerly winds prevail in
the western part of the plateau [24]. The difference of atmospheric circulation pattern will inevitably
lead to the difference of surface wind diurnal variation between the eastern and western regions.Atmosphere 2019, 10, x FOR PEER REVIEW 9 of 12 

 

 

  
  

Figure 6. (a) The first leading empirical orthogonal function (EOF1) pattern of climatological hourly 
wind speeds on the Tibetan Plateau (TP). (b) As for (a), but for the second leading empirical 
orthogonal function (EOF2). (c) Time series corresponding to EOF1. (d) Time series corresponding to 
EOF2. 

6. Summary and Discussion 

The diurnal cycle of surface wind speed on the TP was analyzed using hourly wind observation 
data from 53 meteorological stations with 23 years (1995–2017) of complete data. Our results reveal 
some novel spatial and temporal characteristics. The main conclusions are summarized as follows. 

(1) The surface wind speed shows large diurnal variation. MAM has the highest wind speed and 
largest daily range of wind speed. On the TP, the minimum wind speed occurs in the early 
morning at 0600 LST and the maximum in the afternoon at 1500 LST. It is understandable that 
during daytime, as a response to surface solar heating, the downward vertical turbulent 
transport of momentum reaches its strongest in the afternoon. During night time, as a response 
to nocturnal cooling in the boundary layer, the eddy viscosity is reduced and less momentum is 
transported to the lower level. The surface wind slows down gradually due to the surface friction 
[21]. When the wind speed is high, the variation in wind speed is also large. On the TP the daily 
minimum wind speed arrives 1 h later than that recorded in eastern China by Yu et al. (2009) 
[21]. The two regions analyzed see the peak hourly wind speed in the same hour. The average 
daily range of wind speed on the TP is 2.4 m·s−1, nearly twice that in eastern China. 

(2) The surface winds were decomposed into meridional and zonal winds, and their diurnal 
variation analyzed. The south wind dominated the meridional winds in each season, accounting 
for more than two-thirds of each day. In the mornings during DJF and SON, the south wind 
changes to a north wind, changing back to a south wind in the afternoon. In JJA and SON, east 
and west winds alternate as the prevailing wind direction. During DJF and MAM, the average 
wind direction on the TP is easterly throughout the day. 

(3) The seasonal variation in the daily wind speed range of each station on the TP is well defined. 
The area of high diurnal range moved to the northwest with seasonal changes from DJF to MAM 
and from MAM to JJA. The hourly wind speed at 57% of the stations takes 8–10 h to develop 

Figure 6. (a) The first leading empirical orthogonal function (EOF1) pattern of climatological hourly
wind speeds on the Tibetan Plateau (TP). (b) As for (a), but for the second leading empirical orthogonal
function (EOF2). (c) Time series corresponding to EOF1. (d) Time series corresponding to EOF2.
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6. Summary and Discussion

The diurnal cycle of surface wind speed on the TP was analyzed using hourly wind observation
data from 53 meteorological stations with 23 years (1995–2017) of complete data. Our results reveal
some novel spatial and temporal characteristics. The main conclusions are summarized as follows.

(1) The surface wind speed shows large diurnal variation. MAM has the highest wind speed and
largest daily range of wind speed. On the TP, the minimum wind speed occurs in the early
morning at 0600 LST and the maximum in the afternoon at 1500 LST. It is understandable that
during daytime, as a response to surface solar heating, the downward vertical turbulent transport
of momentum reaches its strongest in the afternoon. During night time, as a response to nocturnal
cooling in the boundary layer, the eddy viscosity is reduced and less momentum is transported
to the lower level. The surface wind slows down gradually due to the surface friction [21]. When
the wind speed is high, the variation in wind speed is also large. On the TP the daily minimum
wind speed arrives 1 h later than that recorded in eastern China by Yu et al. (2009) [21]. The two
regions analyzed see the peak hourly wind speed in the same hour. The average daily range of
wind speed on the TP is 2.4 m·s−1, nearly twice that in eastern China.

(2) The surface winds were decomposed into meridional and zonal winds, and their diurnal variation
analyzed. The south wind dominated the meridional winds in each season, accounting for more
than two-thirds of each day. In the mornings during DJF and SON, the south wind changes to a
north wind, changing back to a south wind in the afternoon. In JJA and SON, east and west winds
alternate as the prevailing wind direction. During DJF and MAM, the average wind direction on
the TP is easterly throughout the day.

(3) The seasonal variation in the daily wind speed range of each station on the TP is well defined.
The area of high diurnal range moved to the northwest with seasonal changes from DJF to MAM
and from MAM to JJA. The hourly wind speed at 57% of the stations takes 8–10 h to develop
from the lowest to the highest speed. At 79% of the stations the wind speed rises from the lowest
to the highest in less time than it takes to change from the highest to the lowest.

(4) The diurnal variation of wind speed over the TP is noticeable [13]. At 0600–0700 LST, 68% of the
stations experienced their lowest wind speed, and 57% recorded their highest wind speeds at
1500 or 1600 LST. The lowest and highest daily wind speeds in the eastern part of the TP were
recorded 1 h later than in the western part. The diurnal variation in surface winds in the Qaidam
Basin differs significantly from that at the other plateau stations due to the blocking effect of the
surrounding terrain. In addition to the hilly area, mountain-valley breeze can also occur on the
edge of the plateau and the basin, and there is a significant diurnal variation in wind speed and
wind direction. During the daytime, the wind often blows from the valley to the mountainside
and the mountaintop. At nighttime, the wind often blows from the mountaintop and the
mountainside to the valley. Based on decomposing the observed wind into the system wind and
the mountain-valley breeze, researchers could carry out research on the diurnal variation of the
surface wind and the mountain-valley breeze. This may contribute to analyzing the causes of
diurnal variation of surface wind on the TP, however, more detailed mechanisms are to be further
explored in future studies.

(5) The EOF of the hourly wind speeds reflects the high wind speeds in the afternoon and lower
wind speeds in the morning over most of the TP (except for the Qaidam Basin). It also reflects
that the wind speed in the eastern part of the TP reaches a diurnal maximum later than that in
the western part. It may be reasonable that EOF2 may be related to the different atmospheric
circulation systems [25], topographic characteristics, snow cover and vegetation cover in the
eastern and western parts of the TP.
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