[image: image1]Extreme-wind events in China in the past 50 years and their impacts on sandstorm variations

		ORIGINAL RESEARCH
published: 13 January 2023
doi: 10.3389/feart.2022.1058275


[image: image2]
Extreme-wind events in China in the past 50 years and their impacts on sandstorm variations
Yingsha Jiang1, Yunfa Miao2*, Yongtao Zhao2, Jingjing Liu2 and Yanhong Gao3
1Key Laboratory of Land Surface Process and Climate Change in Cold and Arid Regions, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China
2Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China
3Department of Atmospheric and Oceanic Sciences and Institute of Atmospheric Sciences, Fudan University, Shanghai, China
Edited by:
Chenghai Wang, Lanzhou University, China
Reviewed by:
Feimin Zhang, Lanzhou University, China
Qingxiang Li, School of Atmospheric Sciences, Sun Yat-sen University, China
* Correspondence: Yunfa Miao, miaoyunfa@lzb.ac.cn
Specialty section: This article was submitted to Atmospheric Science, a section of the journal Frontiers in Earth Science
Received: 30 September 2022
Accepted: 31 October 2022
Published: 13 January 2023
Citation: Jiang Y, Miao Y, Zhao Y, Liu J and Gao Y (2023) Extreme-wind events in China in the past 50 years and their impacts on sandstorm variations. Front. Earth Sci. 10:1058275. doi: 10.3389/feart.2022.1058275

Extreme-wind events not only cause disasters by themselves but can also trigger sandstorms, resulting in significant social and economic losses. Since recent years have experienced more frequent and severe extreme weather events, it is worth to explore how extreme-wind events response to recent climate change and how they impact the sandstorm variation. This work established two indices, EW90 and EW95, to identify extreme-wind events based on the relation between extreme-wind intensity and local-source sandstorm. EW90 and EW95 extreme-wind indices are defined as the daily maximum wind speeds greater than the 90th and 95th quantiles of local long-term historical records. The spatial distributions of EW90 and EW95 extreme-wind events are similar, which is higher in arid and semi-arid and coastal regions, and lower in southern China. Seasonally, extreme-wind events mainly occur in April and May for most areas over China, while they are more frequent from July to August for humid regions. During 1971–2020, both the EW90 and EW95 extreme-wind speeds and annual frequencies have significant decreasing trend (p < 0.01), while the daily mean wind speed does not decrease significantly. Extreme-wind events do not have significant abrupt change as well, while a turning positive trend after 2003 is found for mean wind speed. Moreover, sandstorm days are highly correlated with the EW90 and EW95 extreme-wind events, with linear and partial correlation coefficients around 0.95 and 0.5, respectively, while they do not have significant correlations with mean wind speed. Therefore, the significant reduction of sandstorms over northern China in the past 50 years is mainly due to the substantially decreasing extreme-wind events.
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1 INTRODUCTION
With global warming, the frequency of extreme weather events has increased significantly in recent years, such as the global extreme heatwave in summer 2022 and unusual floods in some regions (Alexander et al., 2006; Sillmann et al., 2013; Yu and Li, 2015). Many previous studies have explored extreme temperature and extreme precipitation events (Alexander et al., 2006; Qian et al., 2019; Russo et al., 2019), with a number of identification indices of extreme temperature and precipitation, but researches on extreme-wind events and related indices are relatively less discussed. In China, recent disasters caused by extreme wind have created a great deal of public concern. For example, in March 2021, northern China was hit by the strongest dust storm in 10 years, which affected 17 Northern provinces (including autonomous regions and municipalities directly under the central government). Extreme-wind events not only cause disasters by themselves easily, destroying roadside plants and buildings, but also trigger sandstorms or are accompanied by other extreme weather events, such as strong precipitation (Vallis et al., 2019; Outten and Sobolowski, 2021; Owen et al., 2021). Thus, forecasting such events is an important part of disaster prevention and control in meteorological administration. Furthermore, fine soil particles transported by extreme wind increase dust particles and reduce snow and ice-albedo feedback (Painter et al., 2007), and so affect regional climate and hydrology (He et al., 2019); on the other hand, they are an important part of the material cycle of the terrestrial ecosystem (Jickells et al., 2005; Yu et al., 2015). Meanwhile, long-term wind erosion also leads to soil coarsening, reduces soil fertility and increases the risk of desertification (Ravi et al., 2011; Li et al., 2018). More importantly, extreme-wind events threaten the security of tall buildings and bridges and the systemic management of wind power (Höltinger et al., 2019; Meng et al., 2019; Gonçalves et al., 2021), so their classification and estimation are also the focus of research field of wind power (Torrielli et al., 2016; Couto et al., 2021). Therefore, wind extremes play an important role in the prevention and control of meteorological disasters and desertification prevention, and control the understanding of the material cycle of the ecosystem and the management of wind power systems.
There are a large number of studies on land-surface wind speed (Pryor et al., 2009; McVicar et al., 2012; You et al., 2014), but only a few of them pay attention to extreme-wind speed. Among the small number of works concerning wind extremes, most of them focus on synoptic or convective extreme-wind events (Gatzen, 2013; De Gaetano et al., 2014; Lombardo and Zickar, 2019; Vallis et al., 2019): several mainly concern the concurrent events of extreme wind and extreme precipitation (Owen et al., 2021; Vignotto et al., 2021; Zhang et al., 2021), and extreme-wind events in the context of cyclones (Messmer and Simmonds, 2021). However, extreme-wind events accompanied by extreme precipitation, thunderstorms or cyclones mainly occur in eastern China (Ma et al., 2019; Zhang et al., 2021) and coastal areas, while extreme-wind events occurring in northern China have received little concern so far. Although a number of studies have found that land-surface wind speed has decreased significantly in recent decades (Pryor et al., 2009; McVicar et al., 2012; You et al., 2014), as well as extreme wind, some studies found that the negative trend of surface wind speed turned to positive around 2010 (Zeng et al., 2019). Zhang et al. (2021) also found a similar shift in 2010 for the concurrent extreme wind and extreme precipitation. Since the northern China is where sandstorms mainly occur, it is important to check if extreme-wind events related to sandstorms experienced similar shifts in this area under climate change.
However, it is still unclear how to identify extreme-wind events relating to sandstorms in northern China. There are mainly two ways to identify extreme-wind events, as described in previous studies. One uses a specific value as the threshold of extreme-wind events, for example, the instantaneous wind speed over 20, 25 or 30 m s−1 (Fei et al., 2016; Ma et al., 2019; Vallis et al., 2019), as shown in Table 1. Another approach is the percentile method, which uses a specific percentile as the threshold of extreme wind, such as the 90th, 95th or 98th percentiles of the daily maximum wind speed (de Brito Neto et al., 2022; Messmer and Simmonds, 2021; Zhang et al., 2021; Table 1). As shown in Table 1, the thresholds of extreme-wind events varying between works, even though they concern similar topics such as thunderstorm extreme-wind events. This indicates that there is still no widely accepted definition of extreme-wind events and their identification indices, let alone sandstorm extreme-wind events. Thus, it is necessary to explore that which kinds of threshold are more appropriate for the identification of sandstorm extreme-events in northern China.
TABLE 1 | Identification threshold of extreme events in previous studies. In this table, gale refers to a maximum wind speed higher than 10.8 m s−1, maximum wind speed means the largest 10-min average wind speed in a specific day, instantaneous wind speed can be the average wind speed in 3 s or 2 min.
[image: Table 1]Another problem with the definition of extreme-wind events is what kinds of wind speed should be used to identify extreme wind—instantaneous, maximum or daily average. This is because the average wind speeds obtained in different time scales show substantial differences. We have found that the half-hour wind speed observed at in situ stations in the central part of the Qinghai–Tibet Plateau is around 20%–30% larger than the daily wind speed, and the difference in annual total days of strong wind between them can reach hundreds (Jiang et al., 2018). That is why the daily maximum wind speed is generally lower than the instantaneous/maximum wind speed in one or two levels.
Aiming at above problems, the key point of this work is to find the most appropriate indices to identify extreme-wind events for northern China, and explore the relations between extreme-wind events and sandstorms. This study first analyzed the daily maximum wind speed when sandstorms occur to establish the extreme-wind index appropriate for northern China using the percentile method. Then, we solved the problem of how to evaluate extreme wind with wind speed at different time scales. Finally, two extreme wind indices were applied to analyze the spatio-temporal distributions and variation trends of extreme-wind events in northern China. The applicability of each extreme wind index is discussed, and conclusions are given in the final section.
2 MATERIALS AND METHODS
2.1 Datasets and their quality controls
We mainly used the observation data from the Chinese national standard meteorological stations, including the daily land-surface observation dataset in China and the strong sandstorms in China. The observation period for the sandstorm dataset was from 1954 to 2007, including the sandstorms with visibility of less than 1 km during this period, the beginning and end times of sandstorms, and the 10-min average (10 min) maximum wind speed and direction when sandstorms occur. Daily land-surface observation in China provides the daily air pressure, air temperature, relative humidity, precipitation, evaporation, wind speed and direction, sunshine and 0 cm ground temperature. Wind speed and direction are observed at 10 m height, and provide daily average wind speed and daily maximum wind speed averaged every 10 min and 2 min, respectively. Considering that the daily 10 min maximum wind speed is relatively more complete than that in 2 min, with much fewer missing data, this work mainly uses the 10 min averaged daily maximum wind speed, which is also the same parameter provided by the sandstorm dataset.
There are many missing data in the observations of daily maximum wind speed, so a series of quality control filters were introduced here. Firstly, to ensure data reliability and integrity for long-term analyses, years with more than 30 missing days were excluded (the whole year was set as missing), and then stations with more than 20% of missing years (10 years here) were excluded. After the first step, there are fewer than 70 observation stations surpassing the quality control standards in China before 1971, and that increases to 299 in 1971, 410 in 1972 and 701 in 1986, while the largest number of observation stations for this dataset is 824 in China. Thus, the daily maximum wind speed observation data from 1971 to 2020 in 628 observation stations after the preliminary screening are used in this paper except Sections 3.1.1, 3.1.2, which used the data in 1954–2007 to keep consistent with the sandstorm observations.
For those missing values within 30 days, according to the meteorological similarity theory, we preferentially used the observations of neighboring stations to fill up the missing data, because of the rapid temporal variation and poor temporal continuity of surface wind speed. The interpolation method is the inverse-distance weight method, so the distances of Earth surface between the station to be interpolated and its neighboring stations were first calculated. Then, we selected the nearest five stations, and the closer points will have the greater weights in the interpolation process. For the few missing data that might have remained after the neighboring interpolation, simple linear interpolation based on time series was used to complete the dataset. The above interpolations did not include the years with more than 30 missing days that were eliminated in the first stage of quality control, which means that the whole-year missing data were not filled.
We also used gridded data of precipitation and land cover types in analyses. The gridded precipitation dataset is the 0.5-degree daily land-surface precipitation in China (V2.0) released by the National Meteorological Science Data Center, which provides the daily cumulative precipitation for the whole country from 1961 to 2012. It is mainly used to divide the climatic regions of China (the annual cumulative precipitation for arid, semi-arid, semi-humid and humid areas is <200 mm, 200–400 mm, 400–800 mm and >800 mm, respectively; Yang et al., 2011). The MODIS land-use types in 2001 (https://modis-land.gsfc.nasa.gov/landcover.html) are used in the analysis for sandstorm extreme-wind events as well. The closest points of the gridded dataset to the observation stations were extracted for use in the stations. Furthermore, the land-use types were reclassified into six categories: bare land, grassland, shrub, farmland, forest and urban.
2.2 Identification method
As mentioned above, two methods have been used to identify extreme-wind events in previous works, mainly using a specific wind speed or a specific percentile as the threshold (Table 1). Figure 1 shows the cumulative frequency of dust storms and the daily maximum wind speed when they occurred from 1954 to 2007. It shows that sandstorms mainly occur in the arid and semi-arid areas of western China, while the large daily maximum wind speed when sandstorms occur is mainly in the northeast of Xinjiang, Inner Mongolia and the middle and eastern part of the Qinghai–Tibet Plateau. This suggests that the sandstorms occur not only in areas that experience high wind speeds but also in areas where the maximum wind speed is fairly low, such as the Tarim Basin. Therefore, using a specific wind speed as the threshold of extreme-wind events is not appropriate for such a large area of northern China.
[image: Figure 1]FIGURE 1 | Sandstorm frequency (A), and multi-year mean daily maximum wind speed when sandstorm occurs (B), m s−1 in 1954–2007.
Therefore, the percentile method is more appropriate for this study. Extreme weather (climate) event refers to the situation when a weather (climate) event deviates seriously from its average state, and has a low probability of occurring. The percentile method extracts low-probability events with statistical significance according to quantiles such as 95% or 5% in the historical long-term conditions of the research target. For example, the indices of warm days and warm nights (TX90, TN90), recommended by the World Meteorological Organization (WMO), are the days that the maximum/minimum air temperature are greater/lower than 90% of the historical records. Thus, it is a research method developed based on the definition of extreme climate events, and is used in this work to identify sandstorm extreme-wind events.
Using the percentile method, it is first necessary to analyze the long-term historical record, which is usually over 30 years and in this study is 50 years, and then rank its historical sequence according to data value. Finally, the 99th, 95th or 90th quantile values are extracted as the threshold of extreme-weather indices. Taking extreme wind as an example, we first collected all the daily maximum wind speeds in 1971–2020 at each station in China, and then the total 18,263 days was ranked from the lowest to the highest for each station. Finally, the wind speed of the 90th and 95th percentiles were the extreme-wind indices.
3 RESULTS
3.1 Establishment of extreme-wind indices
3.1.1 Identify the local-source sandstorm
Sandstorm observations can be divided into source sandstorms caused by local soil wind erosion, and exogenous sandstorms caused by dust transported by strong passing weather. Soil wind erosion is the movement of local surface soil particles by strong surface wind speed and the unstable stratification of the atmosphere. Thus, the local-source sandstorm is a good indicator of sandstorm extreme-wind events. We first identified the local-source sandstorms according to the time when each sandstorm event occurred. When a sandstorm occurs at a site, if no other sites in China have sandstorms occurring earlier on the same day or the day before, then the sandstorm at this site is considered to be a local-source sandstorm. It is worth noting that only observation stations in China were used here, so for stations close to the national border, especially in Inner Mongolia, sandstorms from neighboring countries that cross the border may be misjudged as local-source sandstorms. Since there are relatively few such observation stations (within 10 stations near the national border in Inner Mongolia), their impact on the overall results is negligible.
Sandstorms from 1954 to 2007 in arid, semi-arid and sub-humid areas (areas with annual total precipitation less than 800 mm) are used in this section. Each sandstorm in 1954–2007 at every station was judged individually, and results are shown in Figure 2A. It shows that most of eastern China did not experience local-source sandstorms, and most semi-humid areas experienced local-source sandstorms fewer than five times in 54 years. The Tarim Basin experienced the most local-source sandstorms, with more than 100 in the central area, followed by the arid regions of Gansu province and Inner Mongolia, and the southern edge of Qaidam Basin in the Qinghai–Tibet Plateau. However, those areas with more local-source sandstorms do not show higher wind speed than other places, especially the Tarim Basin (Figure 2B). This and the Figure 2C both indicate that the strength of wind speed does not have direct relations with the occurrence of local-source sandstorm, but we then found the hidden regular of them in the following section.
[image: Figure 2]FIGURE 2 | Total occurring days of local-source sandstorms during 1954–2007 (A), and the mean daily maximum wind speed when local-source sandstorm occurred (B), and their scatter plot (the local-source sandstorm days versus the daily maximum wind speed, (C)).
3.1.2 Establish the sandstorm extreme-wind indices
To find the relationships between the strength of wind speed and the local-source sandstorms, the percentiles of the daily maximum wind speed when local-source sandstorm occurs in the long-term historical observations are computed. The daily maximum wind speed from 1954 to 2007 was used to be consistent with the local-source sandstorms, as well as the same observation stations. Then, all the daily maximum wind speeds of each observation station in 1954–2007 are ranked and compared with the daily maximum wind speed in each local-source sandstorm to find out their relative quantiles in the ranking. Here and after, the percentile of the daily maximum wind speed of local-source sandstorm in all the observations of daily maximum wind speeds during 1954–2007 is abbreviated as the Pmw (the percentile of maximum wind speed, %). Finally, the multi-year average Pmw at each station, where ever had the local-source sandstorm in 1954–2007, was obtained and shown in Figure 3.
[image: Figure 3]FIGURE 3 | Mean percentile of the daily maximum wind speed when the local-source sandstorm occurred (Pmw, %) compared to all daily maximum wind speeds in 1954–2007 for each observation station. The blue shaded areas represent the multi-year mean annual total precipitation (mm).
Figure 3 shows that when the local-source sandstorm occurred, the Pmw for most stations in China is above 90%, and half of them have Pmw above 95% in various regions of northern China. Stations with a Pmw of 80%–90% are only sporicidal, and a few have a Pmw of less than 80%. The Pmw of each station was then classified by the land use types and climatic regions, dividing by the annual cumulative precipitation. Figure 4A shows that the Pmw in different climatic regions is relatively close, while their median value in the semi-humid area is slightly higher. This means that more sites are concentrated in the high-value area of Pmw for semi-humid regions, which indicates that, although the average probability of local-source sandstorms is similar in three climatic regions, the wind speed to trigger local-source sandstorms in semi-humid regions is larger than that in arid and semi-arid regions. Similar conclusions can be drawn from the classification results of Pmw under different land use types. The mean and median Pmw for different types are also similarly around 95%, but roughly increase with increasing vegetation cover. Therefore, the distributions of Pmw generally agree with the results of other studies involving soil wind erosion, that is, regions with higher soil moisture and better vegetation cover require higher threshold wind speeds for wind erosion (Du et al., 2015). The statistical results for semi-humid areas and grasslands show greater uncertainties (the distribution of Pmw values is more scattered), which is probably due to other contributors of wind erosion, such as soil particle size and crust.
[image: Figure 4]FIGURE 4 | Box plots of mean Pmw (%) under different levels of annual total precipitation (A), mm and land use types (B). Five factors of each box from top to bottom are the maximum, 90th percentile, median, 10th percentile and minimum values. The mean value is marked by a small circle, and the numbers listed above the boxes are the number of stations which experienced local-source sandstorms in 1954–2007.
Therefore, the EW90 and EW95 extreme-wind indices can be established based on the above statistical analysis of the 10th quantile and average Pmw, respectively (Figures 4A,B). The 10th quantile of Pmw for all stations over China (the first box in Figures 4A,B) can cover 90% of the local-source sandstorms, and its corresponding Pmw value is 89.9%, so we select the 90th percentile as the EW90 index for our study. The average Pmw is 95.0% and the medium Pmw is 95.8%, so the 95th percentile is used as the EW95 index. Figure 4 also shows that the EW95 index is relatively stable under different climate zones and different vegetation types, and is also widely used in some previous studies of extreme-wind events (Zhang et al., 2021; de Brito Neto et al., 2022). The definition of EW90 and EW95 extreme-wind events can be summarized as a daily maximum wind speed greater than the 90th and 95th quantiles of local long-term historical observations, respectively. According to their definitions and characteristics, the EW90 index is more appropriate for the forecast and early warning of sandstorms caused by extreme wind with lower risk of misreporting, and EW95 index is more appropriate for large-scale analysis of extreme-wind events.
3.1.3 Expanding the definition of extreme-wind index
Although we have defined the EW90 and EW95 extreme-wind indices, there is an important debatable point of this defilation about the temporal resolution of source wind speed. As mentioned above, wind speeds averaged in different time intervals have substantial differences, so what is the difference between extreme-wind events judged by different wind speeds? Here, we compared the EW95 extreme-wind index and events based on the daily maximum wind speed averaged in 2 min (2 min-max wind) and the daily maximum wind speed in 10 min (10 min-max wind), which is what we mainly use in this work.
Due to the huge missing observations for the 2 min-max wind speed, fewer than 100 stations with 2 min-max wind speed passed the quality control checks, as outlined in Section 2.1, until the 1990s. For the period from 1971 to 2020, only 32 stations in China met the quality control standards. Therefore, in order to ensure the comparability with the EW95 index defined above, we only use those 32 stations in this section. The EW95 extreme-wind index, speed and days were calculated from the daily 2 min-max and 10 min-max wind speed for those 32 points, respectively. The results show that the differences in the EW95 extreme-wind indices between the 2 min-max and 10 min-max wind speed are relatively stable. The differences of each site for two different extreme-wind indices are all between 5 and 7 m s−1, with an average value of 5.6 m s−1 (Figure 5A). In the wind level system widely used in the field of Chinese meteorology, a difference of two wind levels is also within 5–7 m s−1; for example, the difference between the minimum thresholds of four and six wind levels is 5.3 m s−1, and it is 6.4 m s−1 for the six and eight wind levels. Similarly, the EW95 extreme-wind speeds obtained from the 2 min-max and 10 min-max data also have stable differences with an average value of −6.6 m s−1 (Figure 5B) and very close extreme-wind days (Figure 5C).
[image: Figure 5]FIGURE 5 | EW95 extreme-wind index ((A), m s−1), wind speed ((B), m s−1), and annual total days (C) derived from the daily 2 min-max (solid lines) and 10 min-max (dashed lines) wind speed.
Therefore, wind speed in all kinds of time intervals within a day can be used in the percentile method to identify extreme-wind events once it can represent the maximum value of wind speed on that day. There is no essential difference between the obtained extreme-wind events for different time-interval wind speeds, since their extreme-wind days are equivalent, and extreme wind speeds have stable differences. This is because, taking the 2 min-max and 10 min-max wind speed as an example: 1) both are the maximum value in a day representing the same type of extreme state; 2) the percentile method extracts extreme events with the same probability based on their own historical record, and so actually takes their relative locations instead of their absolute values. Therefore, we can further expand the definitions as: for all kind of temporal resolutions of wind speed within a day, EW90 and EW95 extreme-wind events are the daily maximum wind speeds greater than the 90th and 95th quantiles of local long-term historical records, respectively.
3.2 Applications of extreme-wind indices
3.2.1 Spatio-temporal distributions of extreme-wind events
Based on above definitions of EW90 and EW95 extreme-wind indices, extreme-wind events in China and sandstorm extreme-wind events in the northern China are identified. As shown in Figure 6, the sandstorm EW90 and EW95 extreme-wind speeds (accompanied by local-source sandstorm) during 1971–2020 are generally higher than the normal extreme-wind speeds, and mainly distributed in the northern China. This is mainly because local-source sandstorm rarely occurs even when there is extreme wind. The occurrence of local-source sandstorm is not only controlled by extreme wind as the trigger of wind erosion, also by atmospheric and land-surface conditions and erodible materials, such as the updrafts, soil moisture, vegetation cover and biological soil crust. For example, the total local-source sandstorm days are around 10–20 days during the whole past 50 years in most areas of the Inner Mongolia (Figure 2A), while every year could have around 36 days of EW90 extreme-wind days (10% of the total day number). Thus, the frequency of sandstorm extreme-wind events (accompanied by local-source sandstorm) are much less than the normal extreme-wind events, and result in differences in their values and spatial distributions.
[image: Figure 6]FIGURE 6 | The wind speed of sandstorm EW90 (A) and EW95 (B) extreme-wind events (accompanied by local-source sandstorm) in norther China, and the wind speed of all the EW90 (C) and EW95 (D) extreme-wind events in China (regardless the accompanying of sandstorm).
As we mainly focus on the extreme-wind events themselves and their relations between sandstorms, we use the normal extreme-wind events regardless they are accompanied by sandstorm or not in the following analyses. EW90 and EW95 Extreme-wind speeds in China are generally higher in northern and coastal areas and relatively low in southern China (Figures 6C,D). The more obvious spatial distribution is that the extreme-wind speed in the west of the 600 mm line of annual total precipitation is significantly higher than those in the east (Figures 6C,D). In arid and semi-arid areas, the regional average values of extreme-wind speed are higher than those in the semi-humid and humid areas. The regional average values of EW90 and EW95 extreme-wind speed are highest in semi-arid regions, which are 12.6 m s−1 and 14.1 m s−1, respectively, and lowest in humid areas within 10 m s−1. The northwestern Xinjiang province, the central part of Inner Mongolia, and the central Qinghai–Tibet Plateau have the largest extreme-wind speed.
For the seasonal variations, there is no essential difference between the EW90 and EW95 extreme-wind events except for their values for extreme-wind days; therefore, Figure 7 only shows variations of EW90 events. The extreme-wind events in most parts of China mainly occur in spring (March to May); however, in different climatic regions, the months with most extreme-wind events are slightly different. In arid, semi-arid and sub-humid regions, the months with the most extreme-wind days are April and May, while they are March and April in humid regions (Figure 7). In the wettest South China region, extreme-wind events mainly occurred from July to August. This is mainly due to the zonal movements of the westerly belt and the intensity of East-Asian monsoons. The westerly belt in the northern hemisphere moves northward in March and southward in October, and the strongest East-Asian monsoons in China occur from July to August. Therefore, stations located more toward the south tend to have more extreme-wind events in March, while as the westerly wind moves northward, the more northern stations have frequent extreme-wind events later (Figure 7). For southern China and coastal areas that are substantially affected by monsoons and typhoons, extreme-wind events mostly occur in summer, when monsoons are stronger and typhoons are more frequent (Figure 7).
[image: Figure 7]FIGURE 7 | Monthly total EW95 extreme-wind days during 1971–2020 in different climatic regions divided by the multi-year mean annual total precipitation within <200 mm, 200–400 mm, 400–800 mm, 800–1,200 mm and >1,200 mm.
3.2.2 Variation trends of extreme-wind events
From 1971 to 2020, annual wind speeds of EW90 and EW95 extreme-wind events show significant decreasing trends with rates of around −0.029 m s−1a−1 (Figure 8 a1-b1), passing the significance level of 0.01. The variation trends of two indices are very close, and both extreme-wind speeds have decreased around 1.5 m s−1 in recent 50 years. The extreme-wind days of EW90 and EW95 have decreased even more severely by around 70% (Figure 8 a2-b2). The EW90 extreme-wind days have decreased from 70 days to about 20 days, and the EW95 extreme-wind days have reduced from 40 days to around 10 days in 50 years (Figure 8 a2). For comparison, we also provide the interannual variation of the annual mean wind speed derived from daily mean wind speed (Figure 8 c1), as well as the annual total days on which sandstorms occurred (Figure 8 c2). The interannual variation of the daily mean wind speed fluctuates greatly, and its decline rate is fairly low and does not pass the significance test.
[image: Figure 8]FIGURE 8 | Mean wind speed (a1–c1, m s−1) and annual total occurring days (a2–c2, d) of EW90, EW95 and EW99 wind extremes, and annual mean value of daily mean wind speed (d1, m s−1) and sandstorm days (d2, d). Their variation trends (linear regression coefficients) are also marked in the figure, and the regression coefficients passing the 99% significance test are shown in bold.
Moreover, the mean wind speed has an obvious increasing trend after 2003 (Figure 8 c1), and a significant abrupt turning point around 2002 is found by the moving t test (Figure 9A) and Pettitt test (not shown here). A similar increasing trend after 2010 is also found for global average wind speed (Zeng et al., 2019; Deng et al., 2021); Zhang et al. (2021) even found a turning point in 2010 for the concurrent events of extreme wind and extreme precipitation. However, the two types of extreme-wind events did not have similar increasing trends in recent decade (Figure 8 a1-b1, a2-b2), although extreme-wind days show very slight increase. The moving t test of EW90 and EW95 extreme-wind events may not work here, because this test is mainly used in the identification of single turning point, while the significant turning years for them are too many (Figures 9B,C, testing results for EW95 extreme-wind events are similar to those of EW90, so is not shown here). The Pettitt test is also used here, and find that the most significant turning year of EW90 and EW95 extreme-wind speeds are in 1994, while it is 1996 for the extreme-wind days. Beside above methods, Mann-Kendall tests for extreme-wind events are not significant. Considering above conflicts between different methods of abrupt tests and the inter-annual variations of extreme-wind events, there is no significant abrupt change for extreme-wind events.
[image: Figure 9]FIGURE 9 | The results of moving-T test for the annual mean wind speed (A), EW90 extreme-wind speed (B) and extreme-wind days (C).
The annual total sandstorm days also show a significant decreasing trend in 1971–2007, which is closely related to extreme-wind events, with correlation coefficients around 0.95 (Table 2), substantially higher than that of the mean wind speed. Removing the influences of inter-annual variation trends, the partial correlation coefficients between the EW90 and EW95 extreme events and the sandstorm days are around 0.5, passing the 0.01 significance level (Table 2). Therefore, the significant reduction in sandstorms in northern China is mainly due to the significant decreasing extreme-wind events.
TABLE 2 | Pearson sample linear cross correlation and partial correlation coefficients between the sandstorm days and the wind speeds and annual total days of EW90, EW95 extreme-wind events and daily mean wind speed, respectively. Coefficients passing the 0.05 significance level are in bold.
[image: Table 2]We also provide a figure on variation trends of extreme-wind events in every station to show if there is any principle of spatial distribution for the decline in extreme-wind events. Since two extreme-wind events have similar spatial distribution, the EW90 extreme-wind days are shown here as an example. Figure 10 shows that, in the past 50 years, the extreme-wind days in most parts of China have decreased, significantly passing the 0.01 significance level except for several stations, so there is nothing notable about the special distributions of decreasing extreme-wind events.
[image: Figure 10]FIGURE 10 | Temporal variation trends (linear regression coefficients) of annual total EW95 extreme-wind days in 1971–2020 (d yr-1), the stations represented by solid squares have passed the 0.01 significance level.
4 DISCUSSION
This study found extreme-wind indices appropriate for the analysis of sandstorms in northern China, which can provide theoretical support for related research on extreme-wind events under climate change, as well as predicting and warning of severe weather conditions caused by extreme wind. There is another parameter of land-surface wind speed that is closely related to sandstorms: the threshold wind speed used in the process of wind erosion. Wind erosion only occurs when the friction velocity is larger than the threshold friction velocity, and the land-surface wind speed that causes friction velocity to meet this threshold is called the threshold wind speed. Thus, we compared the EW90 extreme-wind index with the threshold wind speed found in previous studies (Table 3). In general, the threshold wind speeds for the sandy regions in the west of Jilin province and southern Horqin (Naiman county) with semi-humid climate and better vegetation are higher than other arid regions, reaching 10 m s−1, and the EW90 indices are also 10–11 m s−1 in these areas (Table 3). The threshold wind speeds in arid regions are relatively low, mostly at 5–6 m s−1, including the sandy region of Hunshandake, the Taklimakan Desert, while the EW90 indices in these areas are significantly higher (Table 3). This indicates that for the arid area with abundant erodible materials, low soil moisture and low vegetation cover, the threshold wind speed is much easier to reach since it is substantially lower than the extreme wind, because extreme wind speed is not the only contributor to wind erosion and sandstorms. However, the EW90 and EW95 indices and their establishing methods can provide another perspective for understanding extreme climate events.
TABLE 3 | Threshold wind speed of dust emission (m s−1) in existing studies, and EW90 extreme-wind indices in the nearest meteorological stations.
[image: Table 3]A number of methods and indices have been developed for extreme climate/weather events in recent two decades with increasing attentions of extreme events under climate change. The most widely used extreme indices are the joint CCl/CLIVAR/JCOMM Expert Team (ET) on Climate Change Detection and Indices (ETCCDI), which are mainly used in the study of extreme temperature and extreme precipitation (Sillmann et al., 2013). Those indices have two methods to identify extreme events, one uses a certain value of temperature or precipitation as the threshold (such as the hot-night days, TR), and the other one is the percentile method used in this work. However, the ETCCDI do not have indices related to extreme-wind events at present, so we established two in this work. The ETCCDI and EW90, EW95 indices are more appropriate to analysis the spatial and temporal distributions and variations of extreme events, while for the attribution analysis and predictions in future climate, the generalized extreme value (GEV) model is more appropriate (Kharin et al., 2007; Li et al., 2014; Wang et al., 2014). Since the GEV model requires high stability of data series which atmospheric data may not meet, the non-stationary GEV model is more widely used in the area of extreme climate/weather events (Van de Vyver and Delcloo, 2011), such as the risk evaluation and prediction of extreme-wind hazard (Wang et al., 2013; Chang, 2018).
Although this paper does not explore the mechanism for the significantly decreasing trends of extreme-wind events, a number of previous studies have proposed several possible reasons. Some studies pointed out that the stilling wind speed is caused by the significantly decreasing high-level wind speed, which is related to the weakening large-scale atmospheric circulation (Gastineau and Soden, 2009), such as atmosphere–ocean circulation (Zha et al., 2021) and Arctic oscillation (AO, Ge et al., 2021). The weakening large-scale circulation may be because high latitudes warm faster and more significantly than other areas, resulting in reduced differences of temperature and pressure between high and low latitudes (Li et al., 2022). Other studies argue that the weakening wind speed is related to significant changes in land–surface conditions, including changes in land-use type (Deng et al., 2021) and urbanization (Wang et al., 2020). Therefore, as part of the land–surface wind speed, the significantly decreasing extreme-wind events could also be related to the above factors. Our own opinion is that the weakening atmospheric circulation may be the main contributor to the decreasing extreme-wind events considering the wide distribution of decreasing trends all over China without any spatial characteristics.
5 CONCLUSION
This study identified the local-source sandstorms according to the occurrence time, and analyzed their statistical characteristics to establish the EW90 and EW95 extreme-wind indices. They are defined as: the daily maximum wind speeds greater than the 90th and 95th quantiles of local long-term historical records. We also tested the temporal resolution of source wind used to extract the daily maximum value, and results show limited impact on the derived extreme-wind events with similar extreme-wind days and stable-difference extreme-wind speed.
The sandstorm EW90 and EW95 extreme-wind speed (accompanied by local-source sandstorm) is slightly higher than normal EW90 and EW95 extreme wind, and mainly locates in northern China. Regardless the accompanying of sandstorm, EW90 and EW95 extreme-wind speeds in China are higher in the arid and semi-arid regions, and are relatively lower in the semi-humid and humid regions. The semi-arid region has the highest EW90 and EW95 extreme-wind speeds reaching 12.6 m s−1 and 14.1 m s−1, respectively. For inner-annual changes, extreme-wind events in arid, semi-arid and semi-humid regions mainly occur between April and May, but they are more frequent from July to August for the humid regions in southeastern China.
From 1971 to 2020, the annual wind speed and total days of EW90 and EW95 extreme-wind events show a continuous and significant decreasing trend, which have passed the 0.01 significance level. The reduction rates of EW90 and EW95 extreme-wind speed are both around −0.029 m s−1a−1 averaged over China, and the extreme-wind days of EW90 and EW95 both decreased by over 70% in the last 50 years. These substantial reductions are found in almost all stations in China without a spatial distribution pattern. Furthermore, both extreme-wind events have significant correlations with sandstorm days, with correlation coefficients reaching 0.95 and partial correlation coefficients of around 0.5. However, daily mean wind speed has not shown a significant negative trend over the past 50 years, with a shifting increasing trend in 2003, and it is not significantly correlated with sandstorm days. Therefore, the substantial reduction of sandstorms in the past 50 years is mainly due to the significant decrease in extreme-wind events instead of the variations of mean wind speed.
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