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Abstract

:

Wind gusts are sudden, brief increases in wind speed that have important implications for wind power generation, building design, aviation and marine safety. However, wind gusts in the Plateau and coastal plain are very different. In this paper, the gust characteristics are explored and compared at two sites in the same latitude—Xining, a city in the eastern Tibetan Plateau, and Qingdao, a city in the coast in China—using Doppler lidar data. The results indicate that the wind gusts in Xining are more intense and occur at a higher height than those in Qingdao. Though mean winds and turbulence significantly influence gusts, the turbulence intensity is responsible for the differences in gust, and high turbulence in the eastern part of the Tibetan Plateau is inferred. These results provide observational evidence for wind gusts over the complex terrain of the Tibetan Plateau and are useful for studying their impact on important aspects, such as flight safety.
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1. Introduction


Wind gusts are sudden, brief increases in wind speed that play a critical role in wind power generation, building design, aviation, and marine safety [1,2]. Wind gusts and extreme winds can cause extensive damage to coastal areas and urban communities, and this damage is even more powerful on the Tibetan Plateau [3].



Wind gusts are closely related to atmospheric variables such as mean wind speed, boundary layer turbulence, bottom surface and atmospheric stability, as many studies have found in recent years with the increasing number of ground-based observations [4,5,6]. Many studies [7,8] have indicated that turbulence is one of the most important factors affecting gust formation. For example, Hu et al. [5] showed that near-surface wind gusts are closely related to mean wind speed and turbulence intensity. Luchetti et al. [9] further assessed the changes in meteorological elements during gust passage and found that vertical airflow and turbulence kinetic energy were enhanced in most cases. He et al. [10] used meteorological tower data to analyze the structure of wind and turbulence and showed a tendency for turbulence to intensify prior to the passage of wind gusts. These results highlight the important role of turbulence in the development of wind gusts.



Turbulence may arise from complex topography and may contribute to the strong local characteristics of the wind gusts [11,12,13]. Harper et al. [14] reported that the various bottom surface properties of the ocean and land lead to distinct turbulence and wind gusts under diverse substrates (e.g., inland, off-land, off-sea and offshore), indicating that wind gusts have significant sea–land differences. Similarly, Wang et al. [13] classified the Bohai Sea and its coastal areas into four regions based on topography and analyzed every region’s peak gust climatology through observations. They found that a rough bottom surface stimulated stronger turbulence and increased the peak gust and gust factor. Moreover, wind speed can be affected by the unevenness of the terrain, which creates complex flow patterns [15]. For example, wind can be channeled or accelerated by topographic features such as hills or valleys [16,17,18]. Complex terrain also leads to more frequent and stronger wind gusts [6,19,20]. Wind gusts are amplified by the effects of topography on the formation and structure of large-scale weather systems and mountain waves [21,22]. However, the lack of adequate observational data in complex terrain limits the understanding and prediction of wind gusts, and more research is needed to explore the features and causes of wind gusts in different environments [23,24,25,26].



The Qinghai–Tibet Plateau, the highest plateau on Earth, has complex topography and is one of the key drivers of regional atmospheric circulation and climate [27]. Thus far, the characterization of wind gusts on the Tibetan Plateau remains inadequate, leading to difficulties in forecasting blowing snow and low-visibility events [28,29,30,31]. The Tibetan Plateau has complex topography that may cause turbulence and wind gusts with strong local features. However, it is unknow how these wind gusts differ from those in a typical coastal plain because of the lack of wind data in the Tibetan Plateau [3]. To date, the estimation of local wind gusts in weather and climate prediction algorithms remains challenging due to the lack of understanding of the spatial and temporal characteristics of wind gusts in plateau areas with complex terrain [25]. An analysis of the characteristics of wind gusts influenced by the complex terrain in the Plateau based on measured data could help to improve the forecasting of wind gusts, assessment of potential hazards and aircraft safety.



Long-term wind gust observations in plateau areas with complex terrain are challenging to conduct. In addition, meteorological towers are costly and limited in height, while conventional radiosondes cannot provide continuous wind data. Doppler lidar can overcome the limitations of weather towers and radiosondes with its large vertical detection range and high temporal resolution. That makes it more suitable for observing complex turbulence and wind gusts [32,33]. Indeed, Doppler lidar has been used to estimate wind gusts and turbulence in many pioneering works [16,34], demonstrating its potential ability to support gust and turbulence studies in complex environments.



This study analyzed wind gusts using data from the same type of Doppler lidar in Xining, on the eastern part of the Tibetan Plateau, and Qingdao, a coastal city at a similar latitude. The aim was to compare the wind gust characteristics of these two typical locations and to explore the influence of complex topography on wind gusts. We also discuss how turbulence affects the development of wind gusts over the eastern part of the Tibetan Plateau.




2. Materials and Methods


2.1. Scope


This paper chose two sites with similar latitudes and surface wind speed (Figure 1d) but very different topography to avoid the influence of latitude. Xining (at approximately 102.0°E, 36.5°N, 2594 m above mean sea level; Figure 1b) is located in the eastern part of the Tibetan Plateau and is surrounded by two mountains about 4000 m in height. In contrast, Qingdao (at approximately 120.4°E, 36.1°N, 11 m above mean sea level; Figure 1c) is near the northern coast of the Yellow Sea with no tall steep peaks nearby. Moreover, the high concentration of human activities and transportation in Xining and Qingdao makes the wind gusts in these two sites influential and noteworthy.



The study used a dataset derived from Doppler lidar observations at both sites between 24 March and 10 June 2022, the period examined by our experiment. During this period, although the western Pacific subtropical high was located between 15 and 30°N and the rainband covered South Central China, they did not directly influence the weather in Qingdao. Moreover, neither typhoons nor strong fronts directly affected Qingdao during the study period; only local convection occurred occasionally. In April, the Xining site experienced several cold air activities and strong convection due to the high pressure from the eastern part of Lake Baikal. However, these factors did not significantly affect the statistical results. Most of the time, the winds at these two sites were free from strong weather system disturbances, which facilitated the study of wind gusts and turbulence in the lower troposphere.




2.2. Doppler Lidar Data Quality Control


Doppler lidar can detect low-level tropospheric winds continuously, unlike conventional weather towers and radio sounders. Therefore, it is increasingly used in aviation weather services and local weather studies [35,36,37]. To compare the data from the two sites and ensure their consistency, we used the same model of Doppler lidar (FC-II) in the experiment. The device uses a 1.55 µm wavelength Doppler beam swing (DBS) technique. The lidar measures the wind with four beams that are oriented at an elevation angle of 70°. By varying the zenith angle of each beam at four different azimuths, the lidar scans the radial wind field and estimates the horizontal and vertical components of the wind speed and direction at various heights. The device has a 50 m vertical resolution and a 5 s temporal resolution, with a wind speed detection error of less than 0.5 m·s−1.



The efficacy and quantity of obtainable data for lidar are influenced by the rapid attenuation of aerosol particles, which are the indicators for lidar, with increasing height [38,39]. As depicted in Figure 2a, the data availability diminishes considerably with increasing height, but it is satisfactory below 2000 m. Erroneous data from Doppler lidar can contaminate gust studies and need to be eliminated. We applied an unsupervised machine learning technique based on the isolated forest algorithm to ensure the quality of the raw data.



The isolated forest algorithm works by splitting the data space with a random hyperplane into two subspaces and repeating this step until each subspace has only one data node. Each leaf node contains a single data node, forming an isolated tree [40].



We split the wind data into longitudinal and latitudinal components and normalized their sum. The outlier points had sparse data density and remained in a subspace after the hyperspace was repeatedly divided by a multidimensional plane. We set the threshold to the path length from the longest leaf node to the root node in the first 0.15% of each height layer and considered any data longer than this length as singular. The wind data at a certain height should be continuous with high resolution. The isolated forest algorithm tends to eliminate isolated points in the multidimensional space that have poor continuity. The black points in Figure 2b,c represent some of the data that were eliminated. This method eliminates data that may be affected by other noise disturbances while preserving gust turbulence disturbances. A possible limitation of our method is that removing isolated points of poor continuity may also filter out strong turbulence signals. However, as a previous experiment [41] has discussed, this does not significantly affect the results.



We note that the conventional carrier-to-noise ratio (CNR) thresholding method can also produce reliable results after adjusting the thresholds [42,43]. However, the CNR of lidar can vary considerably under different seasonal, weather, or terrain conditions, and different thresholds are needed for data from both sites. Machine learning methods for quality control based on data continuity have better portability and can offer a convenient basis for experiments under different environmental conditions.




2.3. Parameters and Definitions


Wind gusts can be measured using several parameters, and different sampling intervals can have an impact on the gust factor values [44]. While the WMO recommendations do not specify a strict limit, most studies on near-surface wind gusts adopted 10 min and 5 s sampling intervals to measure mean and instantaneous winds.



The mean wind speed (   V T   ) is the average of all 5 s wind speeds in the same interval, while the instantaneous wind speed (   V  t , T    ) is any 5 s running mean wind speed observed. And the peak gust (   V  t , T   max    ) is the highest 5 s running mean wind speed in a 10 min interval.



The gust amplitude (   V  t , T  a   ) is described as the difference between the peak gust (   V  t , T   max    ) and the 10 min mean wind speed:


   V  t , T  a  =  V  t , T   max   −  V T   



(1)







The gust factor (   G T   ) is the ratio of the peak gust to the 10 min mean wind speed:


   G T  =    V  t , T   max      V T     



(2)







The turbulence intensity (   I T   ) is defined as


   I T  =    σ T     V T     



(3)




where    σ T    is the standard deviation of the wind component and is expressed as


   σ T  =    σ u 2  +  σ v 2  +  σ w 2     



(4)









3. Comparison of Wind Gusts Parameters at Two Sites: Phenomenon


To compare the wind gusts in the eastern part of the Qinghai–Tibet Plateau and the wind gusts along the coast at the same latitude, we took Xining and Qingdao as examples, respectively. These two locations show different characteristics of wind gusts, as illustrated in Figure 3.



Figure 3 shows the different characteristics of wind gusts at the two sites with increasing height. Above 200 m, the average wind speed in Qingdao is significantly higher than that in Xining (Figure 3a). This may be because the complex canyon topography on both sides of Xining hinders the wind, while the sea–land wind in Qingdao strengthens it [45,46]. However, the difference in peak gust (   V  t , T   max    ) over the two sites is small (Figure 3b). This means that Xining may experience transient wind gusts of the same magnitude as Qingdao, even though the background wind field is weaker. Moreover, Xining has a larger gust amplitude (   V  t , T  a   ) and gust factor (   G T   ) (Figure 3c,d). These are the difference and ratio between instantaneous and mean winds when wind gusts occur. These results suggest that the gusts in the eastern part of the Tibetan Plateau are more complex and unpredictable than those at the coast. They also imply that wind gusts in Xining may cause more powerful damage when they occur.



Previous studies [43] have shown that wind gusts vary significantly with diurnal conditions. We studied the diurnal variation in gust parameters at different heights for both sites (Figure 4).



Figure 4 shows the diurnal variation in gust parameters at two typical height layers: 100 m and 1000 m. These layers represent the near-surface mass and low height, respectively. For Qingdao, the gust parameters vary more at the bottom layer than at the upper layer diurnally. The most notable difference is that the peak gust (   V  t , T   max    ) at 100 m reaches its maximum at noon and is weakest at night. However, this feature disappears at 1000 m. Moreover, the gust amplitude (   V  t , T  a   ), gust factor (   G T   ) and turbulence intensity (   I T   ) are also weaker at 1000 m than at 100 m. This result confirms Suomi et al.’s [43] report that the gust phenomenon becomes less prevalent with height.



In Xining, the gust parameters and turbulence intensity still vary significantly with time of day at 1000 m. In fact, the peak of the gust amplitude (   V  t , T  a   ) and peak gust (   V  t , T   max    ) at 1000 m are higher than those at 100 m (Figure 4a,b). This indicates that strong wind gusts occur above the near-surface mass in Xining. The gust factor (   G T   ) and turbulence intensity (   I T   ) at 1000 m in Xining are lower than those at 100 m, but still much higher than those in Qingdao (Figure 4c,d). This indicates that the gust phenomenon in Xining can extend to higher heights and is not limited to the near-surface mass, which poses a threat to aviation activities.



The possible reasons for the significant differences in the gust characteristics between Xining and Qingdao are worth exploring. We note that the gust factor (   G T   ) and turbulence intensity (   I T   ) vary similarly with time of day for both Xining and Qingdao, at both 1000 m and 100 m (Figure 4c,d). This may imply that turbulence influences the gust development. We will discuss this in the next section.




4. The Role of Turbulence: A Possible Explanation


As discussed in Section 3, the gust characteristics in Xining and Qingdao are very different, and turbulence may play some role in gust development. In studying this, Yus-Díez et al. [47] indicated that wind gusts are influenced not only by the mean wind speed but also by turbulence intensity. To investigate further, we analyzed the correlation of gust parameters with mean wind speed and turbulence intensity for both sites, respectively (Figure 5).



As shown in Figure 5, the mean wind speed (   V T   ) had a good correlation with the peak gust (   V  t , T   max    ) in Qingdao and Xining, but a weak correlation with the gust amplitude (   V  t , T  a   ). Likewise, the gust factor (   G T   ) had a weakly negative correlation with the mean wind speed (   V T   ). On the other hand, turbulence intensity (   I T   ) has a significant positive correlation with both gust amplitude (   V  t , T  a   ) and gust factor (   G T   ), while its correlation with peak gust (   V  t , T   max    ) is weak.



Based on the approach of Zeng et al. [48], we consider wind gusts a superposition of mean winds and turbulence. The peak gust (   V  t , T   max    ) correlates well with the mean wind speed (   V T   ), but not with the turbulence intensity (   I T   ), suggesting that the peak gust may be influenced by background wind. Moreover, turbulence intensity acts on the magnitude of instantaneous wind, and the stronger the turbulence intensity (   I T   ), the higher the gust factor (   G T   ) and gust amplitude (   V  t , T  a   ). These results indicate that the mean wind and turbulence intensity may be responsible for the differences in wind gusts.



To examine how turbulence affects gust formation, we classified the 50 m winds in Xining into two groups based on their turbulence intensity (   I T   ): strong-turbulence winds (0.365 <    I T   ) and weak-turbulence winds (   I T    < 0.161). The lower and upper quartiles of    I T    at this height are 0.161 and 0.365, respectively. We then analyzed the wind gusts for each group separately and compared them in Figure 6.



Figure 6 shows that the peak gust (   V  t , T   max    ) increases rapidly with the mean wind speed (   V T   ) under strong turbulence conditions. However, this does not mean that the peak gust (   V  t , T   max    ) are always higher under strong turbulence conditions. Under strong turbulence conditions, the mean wind speed (   V T   ) is mostly below 5 m·s−1 and the peak gust (   V  t , T   max    ) is below 10 m·s−1. Under weak turbulence conditions, however, the mean wind speed (   V T   ) can reach up to 10 m·s−1 and the peak gust (   V  t , T   max    ) can reach up to 15 m·s−1. A possible explanation is that a strong mean wind reduces the turbulence intensity.



This indicates that both the mean wind and the turbulence affect the wind gusts. However, strong turbulence conditions can produce higher wind gusts than weak turbulence conditions at the same mean wind speed, which supports our previous experiments [41].



As discussed above, turbulence and mean winds jointly influence the development of wind gusts, which may explain the different gust characteristics between Xining and Qingdao. These two sites are in the eastern part of the Tibetan Plateau and the coastal area, respectively, and their background wind and turbulence activities need to be analyzed to further explain the reasons for the differences in wind gusts between Xining and Qingdao.



Figure 7 and Figure 8 show the average wind speed and wind direction at different height levels in Qingdao and Xining, respectively. In Qingdao, the lower layer has a smaller wind speed and a southwesterly flow, being influenced by the secondary circulation of the sea and land. The upper layer has a strong westerly wind, consistent with the geostrophic wind theory. The wind speed increases and the wind direction shifts westerly with the increase in height.



The wind field in Xining is strongly influenced by the complex topography of the plateau. The mean winds are weak and constant in direction (either southeast or northwest) below 1000 m, but they change abruptly to strong westerlies above 2000 m. This suggests that the high mountains on the north and south sides of Xining increase friction and obstruct air flow.



Figure 9 shows the diurnal variation in turbulence intensity at different height layers in Qingdao and Xining. The turbulence intensity (   I T   ) of the near-surface mass increases sharply after sunrise in Qingdao and starts to decrease in the late afternoon, at up to 500 m in height (Figure 9a). In contrast, very strong turbulence is observed in Xining during the daytime, and its intensity is much greater than that in Qingdao. Furthermore, the turbulence development in Xining is very vigorous and can reach very high heights of up to 3000 m (Figure 9b).



One possible cause of the special gust characteristics of Xining is the strong turbulence intensity at this site. As shown in Figure 5, turbulence intensity (   I T   ) has a strong positive correlation with gust factor (   G T   ) and gust amplitude (   V  t , T  a   ). The strong turbulence in Xining may result from various factors, such as strong radiation and topographic friction in the eastern part of the Tibetan Plateau. Further work is needed to analyze the exact causes.



We propose that the bulk shear, which is the ratio of the vertical airflow to the height [49,50], is the main driver of the strong turbulence near the surface of Xining. To examine this hypothesis, we compared the bulk shear characteristics at different heights between the two sites, Xining and Qingdao (Figure 10).



According to Figure 10, the bulk shear in both Xining and Qingdao is strong near the surface and decreases rapidly with increasing height. However, the bulk shear in Xining is always stronger than that in Qingdao. Moreover, the bulk shear has a significant positive correlation with turbulence intensity at 100 m, but not at 1000 m or 2000 m. This result supports the work of Yus-Díez et al. [47], which demonstrates that low-level turbulence is mainly driven by shear. Therefore, we infer that due to the complex topography in the eastern part of the Qinghai–Tibet Plateau, there can be stronger friction and shear, thus driving stronger near-surface turbulence. To measure terrain complexity, the standard deviation of the elevation based on the ASTER Global Digital Elevation Model was calculated [51]. The results show that the standard deviation of topography within 1° centered on Xining (624.59) is much higher than that of Qingdao (66.02), which supports our inference.



However, this result still does not explain why turbulence can develop at very high heights in Xining. This could be related to mountain waves, gravity waves and density flow [52,53,54], but more evidence is still needed.




5. Conclusions and Discussion


Wind gusts and their hazards have been extensively studied in recent years. However, the characteristics of wind gusts under the influence of complex topography on the Tibetan Plateau are still poorly understood [3,43]. This paper compares the wind gust characteristics of the eastern Qinghai–Tibet Plateau and the coastal areas at the same latitude, using Doppler lidar data from Xining and Qingdao stations. We also analyze the causes of these differences.



Although Doppler lidar is highly reliable, some erroneous data still exist. In this paper, data quality control is performed by machine learning methods to remove significant erroneous data while preserving turbulence perturbations. The gust parameters and turbulence were analyzed using the data after data quality control, and the conclusions are as follows.



Previous studies have shown that wind gusts have different properties in the vertical direction and vary greatly with diurnal conditions [6,36,41,55]. In this study, we analyzed the gust parameters and their diurnal variation at different heights at the two sites (Figure 3 and Figure 4).



The results show that the vertical wind speed over Qingdao is significantly higher than that over Xining, but the difference in peak gust between the two sites is small (Figure 3b). Moreover, the gust amplitude and gust factor are larger for Xining than for Qingdao. For Qingdao, the gust phenomenon decreases with height, confirming the report of Suomi et al. [43], which showed that wind gusts near the surface are more influenced by surface properties and subject to stronger frictional effects. However, for Xining, the gust parameters and turbulence intensity are still strong at 1000 m above ground.



The complex canyon topography on both sides of Xining impedes the winds, while the sea–land winds from Qingdao strengthen the winds [45,46]. However, the results indicate that the gust phenomenon in Xining is stronger and can extend to higher altitudes, not being limited to near the surface. This poses a threat to aviation activities. Therefore, wind gusts on the eastern Tibetan Plateau may be more complex and unpredictable than wind gusts on the coast, and wind gusts in Xining may cause more powerful damage when they occur.



We analyzed the relationship between mean wind and turbulence intensity and its effect on gust parameters (Figure 5), referring to the work of Yus-Díez et al. [47]. The aim was to identify the factors that influence the differences in wind gusts between the two sites. The results show that the peak gust is significantly correlated with mean wind speed, while gust factors and gust amplitudes are strongly correlated with turbulence intensity. These results suggest that the mean wind and turbulence intensity may be responsible for the differences in gust. Moreover, strong turbulence conditions can generate higher wind gusts than weak turbulence conditions at the same mean wind speed. However, a high mean wind speed may also reduce the turbulence (Figure 6).



Finally, we analyzed the background wind and turbulence at both sites. We found that the wind field in Qingdao is consistent with the ground-rotation wind theory, where the wind speed increases with increasing height and the wind direction shifts to the west. In contrast, the wind in Xining is strongly influenced by the complex topography of the plateau, and the high mountains to the north and south of Xining increase friction and impede the air flow. We also observed that very strong turbulence is present in Xining during the daytime, and its intensity is much greater than that in Qingdao. In addition, turbulence development in Xining is very strong and can reach very high altitudes of up to 3000 m (Figure 9b). Turbulence and mean wind jointly influence the development of wind gusts, and the strong differences in turbulence may explain the different gust characteristics between Xining and Qingdao.



However, the cause of such strong turbulence in the eastern part of the Tibetan Plateau is not well understood. We compared the bulk shear at different heights between two sites, Xining and Qingdao, and found that Xining had stronger bulk shear than Qingdao. This result is consistent with that of Yus-Díez et al. [47], who suggested that shear is the main driver of low-level turbulence. We hypothesize that the complex topography of the eastern Tibetan Plateau creates more friction and shear, which enhances the near-surface turbulence.



In conclusion, this study compares the different characteristics of wind gusts at two sites, Xining and Qingdao, and analyzes the reasons behind them. We found that complex topography and turbulence may contribute greatly to the development of wind gusts over the eastern part of the Tibetan Plateau. These results provide observational evidence for wind gusts over the complex terrain of the Tibetan Plateau. That will contribute to the understanding of the mechanism of wind gust development, regional differences in wind gusts and the study of the impact of wind gusts on flight safety in the eastern part of the Tibetan Plateau. However, the generalizability of these findings needs to be tested on a larger scale, and the causes of strong turbulence at high altitude over the eastern Tibetan Plateau need to be further analyzed. In addition, topography and bulk shear do not adequately account for the complex wind gusts and turbulence on the Tibetan Plateau. It also depends on thermal and radiative factors that need more comprehensive data analysis.
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Figure 1. (a–c) Locations of the Xining site in the eastern Tibetan Plateau and the coastal site in Qingdao (background color represents elevation), where Doppler lidar was deployed on open ground. (d) Diurnal variation in the mean surface wind speed at the two sites during the study period, with the horizontal axis showing the local standard time (LST). 
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Figure 2. (a) Data availability at different heights during the study period, with red and blue colors representing the Qingdao and Xining sites, respectively. Partial data quality control results (at 250 m) for (b) Qingdao and (c) Xining based on the isolated forest algorithm, with white dots indicating valid data, black dots indicating rejected data and yellow ranges indicating the distribution of the valid area (horizontal axis shows the u-component of wind and vertical axis shows the v-component of wind). 
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Figure 3. Comparison of wind and gust parameters at the Qingdao and Xining sites during the study period. The figure shows the variation in (a) mean wind speed    V T   , (b) peak gust    V  t , T   max    , (c) gust amplitude    V  t , T  a    and (d) gust factor    G T    with increasing height. The red line represents Qingdao, and the blue line represents Xining. 






Figure 3. Comparison of wind and gust parameters at the Qingdao and Xining sites during the study period. The figure shows the variation in (a) mean wind speed    V T   , (b) peak gust    V  t , T   max    , (c) gust amplitude    V  t , T  a    and (d) gust factor    G T    with increasing height. The red line represents Qingdao, and the blue line represents Xining.



[image: Remotesensing 15 03655 g003]







[image: Remotesensing 15 03655 g004 550] 





Figure 4. Diurnal variation in gust parameters and turbulence intensity at Qingdao and Xining sites at two heights. The figure shows the hourly averages of (a) peak gust    V  t , T   max    , (b) gust amplitude    V  t , T  a   , (c) gust factor    G T    and (d) turbulence intensity    I T    at 100 m and 1000 ms. The red line represents Qingdao, and the blue line represents Xining. The solid line indicates 1000 m and the dashed line indicates 100 m. 
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Figure 5. Correlations between gust parameters (peak gust    V  t , T   max    , gust amplitude    V  t , T  a    and gust factor    G T   ) and (a–c) mean wind speed    V T    or (d–f) turbulence intensity    I T    for Qingdao (blue) and Xining (red). R and P are the correlation coefficient and the extreme probability value, respectively. 






Figure 5. Correlations between gust parameters (peak gust    V  t , T   max    , gust amplitude    V  t , T  a    and gust factor    G T   ) and (a–c) mean wind speed    V T    or (d–f) turbulence intensity    I T    for Qingdao (blue) and Xining (red). R and P are the correlation coefficient and the extreme probability value, respectively.



[image: Remotesensing 15 03655 g005]







[image: Remotesensing 15 03655 g006 550] 





Figure 6. Relationship between mean wind speed (   V T   ) and peak gust (   V  t , T   max    ) under different turbulence intensity (   I T   ) conditions. The vertical axis shows the peak gust and the horizontal axis shows the mean wind speed. The red points represent strong turbulence conditions and the blue points represent weak turbulence conditions. 
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Figure 7. Average wind at different heights in Qingdao. (a–f) Wind speeds at 100 m, 300 m, 500 m, 1000 m, 2000 m and 3000 m, respectively. The circles show the 5% frequency increment wind speed of lidar, with wind speed divided into seven grades. Topographic elevations along (g) 120.43°E and (h) 36.11°N, respectively. 
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Figure 8. Average wind at different heights in Xining. (a–f) Wind speeds at 100 m, 300 m, 500 m, 1000 m, 2000 m and 3000 m, respectively. The circles show the 5% frequency increment wind speed of lidar, with wind speed divided into seven grades. Topographic elevations along (g) 102.01°E and (h) 36.50°N, respectively. 
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Figure 9. Turbulence intensity    I T    at different heights and times for (a) Qingdao and (b) Xining. The horizontal axis is the local standard time (LST), and the vertical axis is the height. The background color shows the turbulence intensity. 
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Figure 10. Bulk shear under different turbulence intensities in (a) Qingdao and (b) Xining for three heights: 100 m (red), 1000 m (blue) and 2000 m (green). (c) Bulk shear as a function of height for Qingdao (red) and Xining (blue). 






Figure 10. Bulk shear under different turbulence intensities in (a) Qingdao and (b) Xining for three heights: 100 m (red), 1000 m (blue) and 2000 m (green). (c) Bulk shear as a function of height for Qingdao (red) and Xining (blue).



[image: Remotesensing 15 03655 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
@n000m N

[90:120)

{12015
= (150180
= {0
it s
-
'™
3
" L] S
R S

Longitude (E) Laitade (N)





media/file4.png
Height (m)

3000

2500

2000

1500

1000

500 =

50
0

@
. W Qingdao
B Xining

20 40 60 80 100
Availability of data (%)

v(m's™!)

v(m-'s™!)

40

(b)

Ef fective data
Discontinuous data

______________






media/file18.png
Height (m)

3000
4

2500 +

2000 -

n

o

o
1

1000 -+

8

(a)

—— 3000

2500 -

2000 -

1500 -

1000 ¢

500 4

S -
I (

16

0 12 16 20 8 12 20
Hour (LST) Hour (LST)
! [ [ . B
0.0000 0.0714 0.1429 0.2143 0.2857 0.3571 0.4286 0.5000

Turbulence intensity





media/file3.jpg
Height (m)

3000 i
- ingdao

—= - Xining
|——
e

2500 E——
===
———

|

2000

Ill

|

1500

H

i

:

|

Availability of data (%)

it
Disotivurss doe






media/file19.jpg
00150 7y e | T
00125 - -
7 00100 - =
5 00075 - A
2 ol 1500
E 0.0050 -
00025 - 1250

Height (m)
g

750 -}

500 -

250 -

000 0002 0004
Bulk shear (s ')






media/file7.jpg
Peak gust (m's 1)
Gust amplitude (s 1)

Gust Factor
Turbulence Intensity

,DL.,A;U..ALJA.‘L‘AL

,,ﬂ,uu_g.h.‘h_).ku_‘#
216 20 4 8 12 16 20

Hour (LST) Hour (LST)

—— Gust parametersat 1000m over Qingdao Gust parameters at 100m over Qingdao

—— Gust parameters at 1000m over Xining. Gust parameters at 100m over Xining.





media/file10.png
(a)
40
Qingdao
y 1.038x+1.504
35 4 R=.(l.f)254l6,P<().()l
Xinin,
y 1.139x+1.860
=3 ‘
30 - R=0.897050,P<0.01 e
i »
Ic-n 25 - é
g =
7 20 - E
&n B
E z
3 15 - s
P 3
Qo
10 -
5 —
0+ |
0 10 20
Mean wind speed (m-s™")
(d)
40
Qingdao
y—-5.198x+10.521
3= o R=-0.124244,P<0.01
X‘lnzn
y -2.253x+9.614
30 - R=-0.073721,P=0.01 -
|
o v
G 4 E
g -
7 20 E
: 3
'ﬁ 15 <
L +—
. 3
Q
10
5
0 T
0.0 0.5 1.0

Turbulence intensity

(©)

(b)
5.0
Qingdao
14 1 y 0.038x+1.504
R=0.089932.P<0.01 4.5 -
Xining
12 4 y 0.139x-1.860
R=0.240335,P<0.01 4.0 -
10 -
35 -
8 -
3.0 -

Mean wind speed (m-s~")

Gust factor

I
10

20 0

Qingdao

y -0.028x-1.516
=-0.366887,P<0).01

Xining

y -0.045x—1.828

R=-0.390481.P<0.01

10
Mean wind speed (m-s™")

20

(e) ()
5.0
Qingdao Qingdao
14 4 = y 10.512x+0.554 T y-2.620x+0.975
R=0.660440,P<0.01 4.5 1 R=0.919156,P<0.01
Xining Xining
12 4 7 v s176x-0949 Ty 2.579x+0.971
R=0.587468,P<0.01 4.0 = R=0.919571,P<0.01
10 -
. 354
Q
g 3]
n <
S~ -
£ 3.0
2]
=
6- © 25 -
4 A 30 -
25 L 4
0 T 1.0 T
0.0 0.5 1.0 0.0 0.5 1.0

Turbulence intensity

Turbulence intensity





media/file14.png
(d)1000m N

(€)2000m N

()3000m N

Elevation (m)

NW NE
\25
w E  Qingdao
Wind speed (m-s 1)
mm (0.0:3.0)
SW SE B [3.0:6.0)
< < . =3 [6.0:9.0)
3 [9.0: 12.0)
(a)100m N (b)300m N (c)500m N 3 [12.0:15.0)
== [15.0: 18.0)
NW NE NwW NE NW NE ;
B [18.0:inf)
\25 \25 \25
W EW EW E
SW SE SW SE SwW SE
S S S
h
400 &) 400 @)
300 E 300 -
=
200 = 2 200 -
o
ks
100 = Qingdao, elevation=11m | 100 7 Qingdao, elevation=11m
0 T
120.0 120.2 120.4 120.6 120.8 35.6 35.8 36.0 36.2 36.4
Longitude (°E) Latitude (°N)






media/file11.jpg
bulence,

strong {ur

S w o

(;-5-w) 1503 yeaq

Mean wind speed (m-s ")





media/file6.png
Height (m)

Height (m)

3000 (5 : 3000 (b
2500 - 2500 -
2000 - 2 2000 -
1500 - E 1500 -
2
1000 - 1000 -
] S N A L] e
| é
4 0 5
Mean Wind (m's 1) Peak Gust (m-s ')
3000 () 3000 (g
2500 [=srs R S B 2500 [-------- B e e -
2000 - = 2000 -
1500 - < 1500 -
500 - 500 -
I | 1 l |
0 1 2 3 4 1.0 12 14 16
Gust Amplitude (m-s ') Gust Factor

— Qingdao

——  Xining





media/file15.jpg
@n000m N

© Xining
Wind speed (m-s)
-(00:30)

= [30:60)
=3 [60:9.0)
= 90: 120)

= (120:150)
= [150:180)
-—(150: i)

e s e me S A
Langide () Lattde (N





nav.xhtml


  remotesensing-15-03655


  
    		
      remotesensing-15-03655
    


  




  





media/file16.png
Elevation (m)

5000

4000

3000

2000

1000

(d)1000m N (€)2000m N
NW NE NW NE
\25 \25
EW
SW SE SW SE
S S
(a)100m N (b)300m N
NwW NE NwW NE
\25 \25
EW
SW SE SW SE
S S
(2)
g
= et
&
| Xining, elevation=2594m *§
2
i m
I I | 1 |
101.6 101.8 102.0 102.2 102.4
Longitude (°E)

5000

4000

3] [9%]
Lo o
(=1 (=]
o =]

1000

()3000m N

E  Xining
Wind speed (m-s 1)
mm [0.0:3.0)
mm [3.0:6.0)
. =3 [6.0: 9.0)
== [9.0 : 12.0)
(©)500m N = [12.0: 15.0)
= [15.0: 18.0)
W NE m [18.0: inf)
\25
E
SW SE
S
(h)
A Xining, elevation=2594m
1 | 1 | 1
36.2 36.4 36.6 36.8 37.0

Latitude (°N)






media/file2.png
Surface Mean Wind (m-s_l)

- ~4s

95°E 105°E 115°E 125°E

‘- (b) Site location | (c)

o

35°N

120°E

10 ; (d)l i i

E i i -l Qingdao
g ! ! ! B Xining
6! |
4 | 1
2 -
0 -

0 12 16 20

Hour (LST)

5600
4800
4000
3200
2400
1600
800

Elcvation (m)





media/file20.png
0.0150 (a) 7=100m (C) — Qingdao
z 1000m — Xining
0.0125 - e 2=2000m ;
f-\ 0.0100 - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ L=l
g 0.0075 -
= 1500 -
i,
= 0.0050 -
as]
00025 & ‘ ‘ 1250 -T ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.0000 | 1 1 1 1 I 1 1 7I 1 i [} 1 ) 1 ' 1 1 1 1 l 1 l” 1 1 ,é\
0.0 0.2 04 0.6 0.8 1.0 =
Turbulence .'?.)9 K00
| | — z=100m =
~—— 7=1000m

e 7z=-2000m

Bulk shear (s7!)

Cl e
0.4 0.6 0.8 1.0

Turbulence

0 | I i
0.000 0.002 0.004
Bulk shear (s ')





media/file5.jpg
3000 @y

2500 -
gamor
5 1500 -
= 1000 -
500 - 500 -
i T ' i i
4 6 8 10 0 5 10 15
3000 py—Memn Wind (m's ') 3000 Peak Gust (m's ')
2500 - 2500 -
7 2000 g
1500 - 5, 1500 -
1000 - = 1000 -
500 - 500 -
o1 2 3 4 012 14 16 18

Gust Amplitude (m-s ') Gust Factor

— Qingdao  —— Xining





media/file1.jpg
WSE 1ISE

Site location

@

Qingiao
- Xiing

] 4 s 12 16 2
Hour (LST)





media/file12.png
| 1
|
a 1
_ | 1 |
1 : -
| : | - |
| : | _ -
1 : | _ _
1 : | _ |
1 - | _ |
| : | _ _
| : i _ _
1 _ | _ |
IIIII — — — — —
II* IIIII — — — —
1 PN _ _ _
| _ R _ _
- _ _ S H
— ! _ _ _ |||||
. | _ | _ _ ||
T 2N _ _ _ _
e | : | _ |
LS i _ _ _
s x| _ | _ _
oo < ! ! _ | |
IIOIM.JI.." 1 1 " _
. ——— — —
S N . i “
> F_ R _
$ 5 “ -
- — — _ -
2 3 | _ _
S 5 _ _ _
E=! _ \ “
o 31 |
| 2.5 4 _ _
Iw-LII | _
g 2 _ _ N h.
1 : | .
7 _ | _ \
| i | 1A
| : | _
1 : | _
] : | _
1 : | _
1 : | _
1 : i |
. H _ _ i
e o _ _
= e _
0 o
S W
o

30

(;_S-w) Isn3 yead

20

15

M :
ean wind speed (m-s™ 1)





media/file9.jpg
(@) ()
“ 50
— Vi
s . -
o] TR | i
T 5 3
H H H
i i 20
g H ]
35 H © s
- &
w0 20
s s
o 104
o . m ‘c = o w0 o=
Mean wind speed (m-s ™) Mean wind speed (m's™') Mean wind speed (ms™").
@ ©
w
144 — i 0ss
- o
2
0 -
- o
w2 E 35
£ e £
HE i L
i Nl L
. 20
2 s
0 w0
@ 10 o o5 1o a0 o5 10

Tl iy I — Tudbulbnce ilouily





media/file0.png





media/file8.png
(; S-w)Isn3 yeaq

szmm=d=-p
1 1 1 i

5=

20

o

1 i T

-
N - g -

-~

Aj1sudjuy ddudnginy,

T,
¢
|
!y
S
-t
1
-t
i
|

10308,] 1SN0

20

20

Hour (LST)

Hour (LST)

--==-= (Qust parameters at 100m over Qingdao

—— QGust parameters at 1000m over Qingdao

----== Gust parameters at 100m over Xining

— Gust parameters at 1000m over Xining





media/file17.jpg
Height (m)

3000 7 3000

G . U
2500 2500
2000 2000

‘
1500 1500 4
1000 1000 4
500 500
—
0 4 8 12 16 20 0 4 8 12 16 20
Hour (LST) Hour (LST)
00000 00714 01429 02143 02857 03571 04286  0.5000

Turbulence intensity





