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Using FY–2G satellite data, Aircraft Meteorological Data Relay (AMDAR) downlink data, and the fifth generation European Centre for Medium–Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERA5) dataset, we analyzed the circulation, thermal, and dynamic characteristics of the convective aircraft turbulence over Australia in the Southern Hemisphere. The results show that the near-convective clouds turbulence (NCCT) in the Southern Hemisphere mostly occurred in front of deep warm high–pressure ridges in mid–latitude regions and on the left side of the axis of the subtropical westerly jet stream. The isotherms in this area were relatively dense (i.e., large gradients), and the wind speed was high, with strong horizontal and/or vertical cyclonic wind shear. In addition, the NCCT usually occurred near the zero–divergence or zero–vorticity line and in areas with large vertical wind speed gradients. There were also strong vertical and horizontal wind shears in this area, which could easily trigger severe turbulence. Furthermore, the NCCT in the Southern Hemisphere mostly occurred at the intersection of cold and warm temperature advections (i.e., near the zero–temperature advection line), and the turbulence point was located near the high–altitude frontal zone where there was a strong gradient of cold and warm advections. There was temperature inversion with pseudo–equivalent potential temperatures in the middle and lower troposphere on the warmer side of the turbulence point. The unstable stratification of cold air at the top and warm air at the bottom was conducive to triggering convection from the ground, forming strong convective clouds, and causing severe turbulence.
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1 INTRODUCTION
Aircraft turbulence is a serious threat to flight safety. Statistics show that 30% of flight accidents can be attributed to meteorological conditions, aircraft turbulence and jet streams account for 6% of the meteorological factors (Williams and Joshi, 2013; Mazon et al., 2018). According to the National Aeronautics and Space Administration (NASA) Weather Accident Prevention Project, airlines incur millions of dollars of economic loss each year due to turbulence, especially the severe aircraft turbulence which can even cause casualties (Sharman et al., 2006; Liao and Xiong, 2010; Prosser et al., 2023). Therefore, it is essential to study the severe aircraft turbulence.
Numerous studies have been conducted on aircraft turbulence in recent decades (Wang, 2006; Huang et al., 2010; Kim et al., 2011; Prosser et al., 2023). A general conclusion is that aircraft turbulence is directly caused by airflow disturbance, and the occurrence and intensity of aircraft turbulence are closely related to meteorological conditions (Kim and Chun, 2016). The airflow disturbance which can trigger the aircraft turbulence usually occurs near the upper jet stream area and the frontal zone, the isotherm dense zone near the high-pressure ridge and the upper trough, and the cumulus clouds area (Kim et al., 2011; Lane et al., 2012). According to the specific meteorological conditions, turbulence can be divided into five types: frontal turbulence, terrain turbulence or mountain wave turbulence, jet stream turbulence, clear–air turbulence, and convective turbulence (Lane et al., 2012; Meneguz et al., 2016; Bramberger et al., 2020; Sharman and Bernstein, 2022).
Many studies have focused on the characteristics and mechanism of these five types of aircraft turbulence. Richardson derived equations based on atmospheric motion principles that reflect the atmospheric conditions during aircraft turbulence, and introduced the Richardson number as a metric to characterize the strength of aircraft turbulence (Wang, 2006; Huang et al., 2010). Other studies have explored the relationship between vertical wind shear, frontogenesis function, and the intensity of turbulence, leading to the development of forecast indices for clear-air turbulence and frontal turbulence (Colson and Panofsky, 1965; Ellrod and Knox, 2010). Additionally, some research has emphasized the importance of thermal and dynamic conditions during aircraft turbulence events, highlighting that the occurrence of aircraft turbulence is caused by the vertical motion of the temperature advection through the edge of the dense isotherm near the upper jet stream (Zhu, 1997). And flying over high altitude plateau routes, the effect of terrain on aircraft turbulence is crucial. A series of studies have revealed the physical mechanism of aircraft turbulence during flight in atmospheric turbulence on the lee side of mountains. The breaking of mountain gravity waves generated by airflow over mountains can also lead to strong downslope winds, lee rotor circulation, and low-level turbulence on the lee side of the mountains, causing severe aircraft turbulence (Li and Huang, 2008; Bramberger et al., 2020). At the same time, meteorologists began focusing on the connection between gravity waves and aircraft turbulence. Research revealed that under stable atmospheric wave conditions, minor wind shear can trigger gravity waves; however, as wind shear increases, stable gravity waves can quickly transition to instability, eventually evolving into atmospheric turbulence that affects aircraft flight (Wang and Zhu, 2001). Furthermore, other studies have confirmed that instability in gravity waves near the tropopause can induce aircraft turbulence in the vicinity of the tropopause (Wang, 2006; Kim and Chun, 2016).
Numerous factors (e.g., jet streams, wind shear, upper-level lows, mountain waves, fronts, etc.) contribute to turbulence, impacting the safety of flight, thus the convective clouds are one of the most important, and convective turbulence is mostly severe and can easily cause casualties and damage to an aircraft (Lane et al., 2012). Convectively induced turbulence is commonly observed in convective clouds; the vertical motion associated with convective processes, such as updrafts and downdrafts, creates varying wind speeds and directions within the cloud. These rapid changes in wind patterns lead to turbulent airflow, which can result in hazardous conditions for aircraft flying through or near convective clouds (Lane et al., 2012; Meneguz et al., 2016). Additionally, specific cloud features like mammatus and anvil regions further contribute to the development of turbulence within convective systems. For instance, a Boeing 777 flying from Washington, D.C. to Los Angeles encountered severe turbulence near a convective cloud system over Missouri on 20 July 2010; the aircraft was diverted to Denver to treat 17 passengers and 4 injured crew members (Lane et al., 2012). For these turbulence processes, avoidance of cloudy air through visual identification or remote sensing with radar and satellite imagery is usually effective (Schultz et al., 2006).
Turbulence generated outside of convective clouds but ultimately caused by convective clouds is also an important factor affecting flight safety that has been appreciated for some time. Because this near-convective clouds turbulence (NCCT) is invisible to pilots and cannot be detected by ground-based radar and standard onboard, although NCCT is usually weaker than turbulence inside convective cores, it is arguably more dangerous (Schultz et al., 2006; Lane et al., 2012). Because the outflow induced by convection is usually stronger and lasts for a long time, an anticyclone can change the wind speed tens of kilometers away by 20–40 m·s–1, increasing the vertical wind shear and causing aircraft turbulence (Ellrod and Knox, 2010; Yoshimura et al., 2022). Moreover, since the positions of the updraft and downdraft airflow may differ from the positions indicated by radar, many aircraft can be affected by abnormal vertical and horizontal gusts near convective clouds (Trier and Sharman, 2016). Similarly, Lane et al. (2006) have indicated that gravity waves generated by convection are a significant factor contributing to NCCT, ultimately playing a role in the turbulent processes that occur away from the core of the convective cell. For example, because the signal of a large–scale mesoscale strong convective system over southern Missouri in the United States was not displayed on the radar echo, although it avoided the center of the strong convection, a flight at an altitude of 40,000 feet above St. Louis went through severe turbulence at the edge of convective clouds. At present, relatively little is known about the meteorological environment, large-scale circulation features, thermal and dynamic characteristics of near-convective cloud turbulence, especially in the southern hemisphere which has the specific coastal and terrestrial distribution characteristics. Previous studies have shown that further warming of the Southern Ocean throughout the 21st century and the wind-evaporation feedback in the tropical southeastern Indian Ocean can sustain enhanced precipitation and anomalous convection near the Australia (Sekizawa et al., 2018; Cai et al., 2023). Thus, the near-convective clouds turbulence will be likely to increase significantly as the number of the Southern Hemisphere flights increases in the future.
Therefore, an in–depth and detailed analysis of the large-scale circulation, thermal and dynamic characteristics of near convective clouds is critical for further understanding the causes of near-convective clouds turbulence. In this study, based on the typical events of aircraft turbulence in winter over Australia, this article explored the large–scale circulation that caused convective turbulence over Australia. By analyzing such variables as the vertical speed, divergence and vorticity, vertical and horizontal wind shear, temperature advection, and pseudo–equivalent potential temperature, the thermal and dynamic characteristics of aircraft turbulence near convective clouds were quantified.
2 DATA AND METHODS
2.1 Data
The data used in this article include 1) hourly mean equivalent black–body temperature products (TBB) of FY–2G satellite in 9,210 format provided by the National Meteorological Information Center (NMIC) of China Meteorological Administration (CMA) at 0200 UTC 5 December 0000 and 0100 UTC 9 December, and 2300 UTC 30 December 2016 (http://data.cma.cn/; only available in Chinese) (Wen et al., 2019); 2) Aircraft Meteorological Data Relay (AMDAR) data provided by the International Civil Aviation Organization and the World Meteorological Organization, which includes information such as time, latitude and longitude, flight altitude, wind direction, wind speed, Derived Equivalent Vertical Gust (DEVG), and Eddy Dissipation Rate (EDR), covering the period from 1 December to 31 December 2016 (Sherman, 1985; Kim et al., 2020; Cai et al., 2023); 3) The European Centre for Medium–Range Weather Forecasts (ECMWF) ERA5 hourly reanalysis data during 1–31 December 2016 with a spatial resolution of 0.25 × 0.25, including specific humidity (g·g−1), zonal and meridional wind (m·s−1), geopotential height (gpm), and surface air temperature (K), etc (Lee et al., 2023).
2.2 Methods
As mentioned above, the near-convective clouds turbulence (NCCT) is closely related to wind shear (Schultz et al., 2006). Localized weather phenomenon, wind shear, can be categorized into three types: 1) vertical wind shear, characterized by changes in horizontal wind speed and/or direction with altitude, 2) horizontal wind shear, which involves changes in horizontal wind speed and/or direction within horizontal space, and 3) downdrafts (microbursts), representing variations in vertical wind speed in horizontal space. As a result, this study aims to diagnose and analyze the characteristics of vertical wind shear, horizontal wind shear, and vertical velocity during the NCCT events, which will help to understand the causes of NCCT.
The vertical wind shear (hereafter referred as vws) has been found to play an important role in the occurrence of aircraft turbulence, so vws is calculated here to examine its effect on near-convective clouds turbulence (Ellrod and Knox, 2010; Prosser et al., 2023). Previous studies have defined the vertical wind shear vector in different ways, and the calculation method of vws used in this study is the widely adopted method internationally (Palmer and Barnes, 2002; Yu et al., 2010), which utilises the vector difference of the regional average wind at 850 hPa and 200 hPa levels to represent the vws. The calculation formula is as follows:
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where vws (vertical wind shear) represents the change (with altitude) in the speed and/or direction of horizontal wind component; u200 and u850 are the zonal wind at 200 hPa and 850 hPa levels respectively; and v200 and v850 are the meridional wind at 200 hPa and 850 hPa levels respectively. Vertical wind shear is considered an important meteorological parameter that has a significant impact on the development and intensity of weather phenomena. This expression can quantify the differences in wind speed at different heights and assess the vertical variation of wind field (Yu et al., 2010). It is important to note that the vertical wind shear here represents the vertical shear of the horizontal wind, not the shear of the vertical wind component.
In order to compare with the results of vertical wind shear calculated in Eq. 1, this study also use another method to calculate vertical wind shear (hereafter referred as vws2), that is, by calculating the vertical derivative of flight height (Kaluza et al., 2022; Rodriguez et al., 2023), to characterize the vertical shear of horizontal wind
[image: image]
where u and v are the zonal and meridional wind components.
In addition, apart from analyzing the characteristics of vertical wind shear, this study also aims to investigate the characteristics of horizontal wind shear (hereafter referred as hws), which represents the change in the horizontal wind speed and/or direction in the horizontal space (Misaka et al., 2008). The calculation formula for horizontal wind shear is as follows:
[image: image]
where hws (horizontal wind shear) represents the magnitude of horizontal wind shear, u and v are the zonal wind component and meridional wind component respectively, and s is the composite wind speed ([image: image]).
Similarly, another equation for calculating horizontal wind shear (hereafter referred as hws2) was selected here to compare with the results of horizontal wind shear defined in Eq. 3. The horizontal wind shear can be calculated as the square root of the sum of squares of the partial derivatives of the horizontal wind components (u and v) with respect to their spatial x and y coordinates (Li and Huang, 2008). The concept of horizontal wind shear essentially describes the variation of wind speed and/or direction in the horizontal space. And the gradient notion precisely describes the rate of change of a variable in space. The calculation formula of the hws2 is as follow:
[image: image]
where u and v are the zonal and meridional wind components.
3 RESULTS
3.1 Cases of severe aircraft turbulence near convective clouds in the southern hemisphere
The cases of aircraft turbulence selected in this study were all severe or greater turbulence. The World Meteorological Organization (WMO) has presented the relationship between the derived equivalent vertical gust (DEVG) and the turbulence intensity, and a wind speed of 9.0 m·s–1 is regarded as the threshold for severe turbulence (Gill, 2014; Huang et al., 2019). When the DEVG reaches 9.0 m·s–1 or greater, an aircraft will encounter severe turbulence.
Based on this threshold, the selection criteria of typical convective turbulence cases were as follows: 1) DEVG ≥9.0 m·s–1; 2) in order to eliminate terrain and frontal turbulence at low altitudes, the flight altitude was limited to ≥28,000 feet; and 3) the black–body temperature (TBB) was ≤ −32°C (241.15 K). Based on these criteria, 192 cases of severe aircraft turbulence at different longitudes and latitudes over Australia were identified, and four of the 192 cases were included for analysis in this study.
The occurrence time (universal time), longitude and latitude, altitude, and turbulence intensity (i.e., DEVG) of these four cases are presented in Table 1. A TBB cloud map for the four turbulence cases is shown in Figure 1. The black dots represent the longitude and latitude of the turbulence. As can be seen from Figure 1, all four turbulence cases were located in the area where the TBB was less than 241.15 K, which meet the conditions of convective turbulence.
TABLE 1 | The occurrence time (universal time), longitude and latitude, altitude, and turbulence intensity (i.e., DEVG) of these four cases.
[image: Table 1][image: Figure 1]FIGURE 1 | Black–body temperature (TBB) cloud map (unit: K) at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016], where the black dots indicate the locations of the aircraft turbulence.
3.2 Analysis of circulation and physical characteristics of convective turbulence
For the four typical cases selected, analysis of the thermal and dynamic variables was performed to determine the characteristics of the convective turbulence and the key factors impacting aircraft turbulence near convective clouds.
3.2.1 Circulation characteristics of convective turbulence
In this section, the large–scale circulation characteristics of connective turbulence are analyzed, including the pressure field (geopotential height field), temperature field, and vector wind field in the low, middle, and upper troposphere. Exploring the key circulation systems and circulation factors at each level of the troposphere provides a large–scale circulation background for the subsequent analysis of the convective turbulence variables (Wang et al., 2018).
Figure 2 shows the distributions of the surface pressure field, temperature field, and vector wind field for the four cases of connective aircraft turbulence. It can be seen that during the turbulence event, there was always a warm high–pressure center south of Australia or in the southwest ocean, which has been discussed in other articles (Miyasaka and Nakamura, 2010). In particular, the high–pressure systems related to Cases 2 and 3 were very strong (Figures 2B, C). Moreover, the ocean southeast of Australia and west of New Zealand was mainly controlled by cold low–pressure systems on the ground, and aircraft turbulence often occurred between the high–and low–pressure systems. Additionally, it can be seen from the characteristics of the isotherms that aircraft turbulence occurred over areas with relatively large isotherm gradients, suggesting that the turbulence points were likely located near the front line.
[image: Figure 2]FIGURE 2 | Distribution of sea level pressure (blue contours; unit: hPa), surface air temperature (red contours; unit: °C), and surface wind fields (barbs; unit: m·s−1) at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of the aircraft turbulence, and the letters “H” and “L” indicate the high– and low–pressure centers, respectively.
In the middle troposphere (500 hPa), the mid–to low–latitude areas in the Southern Hemisphere usually exhibit a weather pattern of two ridges and one trough during aircraft turbulence, with the high–pressure ridge on the west side is located over the area near 110∼120°E. During Cases 2 and 3, the high–pressure ridge on the east side was located between 150 and 160°E, and the intensity of the ridge was relatively strong. During Cases 1 and 4, the high–pressure ridge was located farther to the east, within 170∼180°E near New Zealand Island, and its intensity was relatively weak. Additionally, the subtropical high during Case 1 (588 geopotential line) was stronger and wider than those during the other three cases, and it controlled the weather over the northern part of Australia. During Cases 2, 3, and 4, the low–pressure troughs were all located near 140°E, whereas during Case 1, it was located near 160°E. A cut–off low pressure system can also be found on the east side of the trough during case 4, which were usually closed circulations in the middle and upper troposphere (Pinheiro et al., 2017). Furthermore, it can be seen from Figure 3 that convective turbulence mostly occurred in the northwest stream in front of the ridge behind the trough. The contours and isotherms in this area were relatively dense and the wind speed was high.
[image: Figure 3]FIGURE 3 | Distributions of 500 hPa geopotential height field (blue contours; unit: dagpm), air temperature field (red contours; unit: °C), and wind fields (barbs; unit: m·s−1) at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of the aircraft turbulence.
According to the altitudes of the turbulence points in Table 1, all four cases of aircraft turbulence occurred in the upper troposphere, that is, at ∼250 hPa. Figure 4 shows the geopotential height field, zonal wind field, and vector wind field in the upper troposphere (250 hPa) during the four cases. There was a significant high–pressure system in the upper troposphere. Compared with the high–pressure system in the lower troposphere, the location of the upper troposphere high–pressure system was slightly farther east and close to the locations of the high–pressure ridges on the east and west sides in the middle troposphere, indicating that the high–pressure system was a deep warm high–pressure system. All four cases of connective aircraft turbulence occurred in front of a deep warm high–pressure ridge where the contours (isotherms) were dense (i.e., large gradients) and there were strong northeasterly winds.
[image: Figure 4]FIGURE 4 | Distributions of 250 hPa geopotential height field (blue contours; unit: dagpm), zonal wind field (shadings; unit: m·s−1), and wind fields (barbs; unit: m·s−1) at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign is the location of the aircraft turbulence.
In addition, the four cases all occurred near the subtropical westerly jet stream in the Southern Hemisphere, with wind speeds of ≥20 m·s–1. In particular, the jet wind speed during Case 1 reached 60–70 m·s–1. As can be seen from Figure 4, the turbulence point was located slightly to the left of the axis of the westerly jet stream where there was strong cyclonic wind shear and significant horizontal or vertical wind shear, which easily caused the occurrence of aircraft turbulence (Sharman et al., 2012).
3.2.2 Dynamic characteristics of convective turbulence
Aircraft turbulence is caused by atmospheric turbulence (Kim et al., 2018; Tenenbaum et al., 2022). The generation of atmospheric turbulence is governed by large–scale atmospheric motions. Atmospheric conditions that can easily trigger the occurrence and development of atmospheric turbulence are key factors that need to be considered when predicting aircraft turbulence.
The vorticity field, divergence field, and vertical speed field are fundamental dynamic fields that define atmospheric motion, and they describe the rotation speed and direction of the airflow, the change in volume, and the speed and direction of the vertical motion, respectively. In this section, the dynamic characteristics of convective turbulence are studied by analyzing the vorticity field, divergence field, vertical speed, horizontal wind shear, and vertical wind shear during the four cases of turbulence. As can be seen from Figure 5, the turbulence points of all four cases were not located in the extreme (positive or negative) divergence area but at the junction of the positive and negative divergence fields (i.e., near the zero–divergence line). That is, the turbulence occurred when the aircraft was passing through the transition area between the positive and negative divergence values, and the contours of the divergence field in this area were dense. According to the 250 hPa vorticity field, the aircraft avoided the high vorticity area in all four cases, yet the turbulence points were relatively close to the extreme (positive or negative) vorticity area where there was obvious vertical wind shear, which provided favorable conditions for the occurrence of aircraft turbulence. Therefore, the above results indicate that in the transition area between positive and negative divergence and vorticity areas, atmospheric turbulence is likely to develop due to the reversal of the motion and direction of the airflow. In particular, in the area with extreme (positive or negative) vorticity and nearly zero divergence, severe aircraft turbulence is likely to occur.
[image: Figure 5]FIGURE 5 | Longitude–pressure cross–section of divergence (contours; unit: 10−5 s−1, bold line is the zero line) and vorticity (shadings; unit: 10−5 s–1) along the latitudes of the turbulence locations in Table 1 at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of the aircraft turbulence.
In addition, vertical airflow is a key factor that triggers atmospheric turbulence or aircraft turbulence (Sharman et al., 2012). Studies have shown that flying into vertical airflow and turbulence zones at a certain speed is one of the causes of aircraft turbulence. When an aircraft flies in an area of atmospheric turbulence, the speed and direction of the vertical wind changes significantly, resulting in drastic changes in the lift and causing aircraft turbulence. Next, we continue to explore the relationship between aircraft turbulence and the vertical airflow near convective clouds. Figure 6 shows a longitude–altitude profile of the vertical speed and specific humidity at 250 hPa along the latitude at which the turbulence point is located.
[image: Figure 6]FIGURE 6 | Longitude–pressure cross–section of 250 hPa vertical velocity (shadings; unit: Pa·s−1) and specific humidity (contours; unit: g·kg–1) along the latitudes of the turbulence locations in Table 1 at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of the aircraft turbulence.
As shown in Figure 6, it can be seen that the turbulence points in all four cases were located near the area with strong ascending motions, and there was a thick moist layer in the middle and lower troposphere. This further validates that the cases in this study were all near-convective clouds turbulence events. In Cases 2, 3, and 4, the turbulence occurred next to the region with a prominently negative vertical speed, in the transition area between the positive and negative vertical speeds, indicating that the turbulence point was in the area with a strong vertical speed gradient, which is consistent with the above results based on the vorticity and divergence fields (Figure 6). Therefore, the positions of the four cases of aircraft turbulence were not only located to the left of the axis of the subtropical high–altitude jet stream but also in an area with a strong vertical speed gradient, that is, strong vertical wind shear and horizontal wind shear occurred in this area. As a result of the significant changes in the wind speed or direction, it was easy for aircraft turbulence to occur. In Case 1 (Figure 6A), the turbulence point was located on the west side of the ascending stream of the convective clouds and the deep moist layer. Despite of the large distance, the convective motion and the moist layer had a relatively wide influence, such that in Case 1, the aircraft was still in the transition area between the positive and negative vertical speeds, and there was also a certain vertical speed gradient.
3.2.3 Thermal characteristics of convective turbulence
By analyzing the temperature advection field around the turbulence point, the relationship between the temperature gradient, wind direction and speed, and aircraft turbulence was explored. Temperature advection is the phenomenon of the horizontal transport of temperature by the wind. It occurs when a warm or cold air mass moves into an area with a different temperature. The equation for calculating temperature advection is as follows:
[image: image]
where [image: image] is the horizontal temperature advection, u and v are the zonal wind and meridional wind, respectively; T is the temperature, [image: image] is the gradient of temperature in the latitudinal (east-west) direction, and [image: image] is the gradient of temperature in the longitudinal (north-south) direction (Clark and Feldstein, 2020). The flow of air from a low–temperature area to a high–temperature area is referred to as cold advection, [image: image], and the air mass moves downward. The flow of air from a high–temperature area to a low–temperature area, which causes the temperature in the cold area to rise, which is called warm advection, [image: image], and the air mass moves upward. The occurrence of aircraft turbulence is caused by the vertical motion stimulated by the temperature advection at the edge of dense isotherms near the high–altitude jet streams. The frequency of aircraft turbulence is higher at the edge of dense isotherms near high–altitude jet streams than in other parts of the jet stream.
Figure 7 shows the distribution of the temperature advection at 250 hPa during the four near-convective clouds turbulence cases. It can be seen that the turbulence points during Cases 1, 2, and 3 were not located in the extreme area of temperature advection, but at the intersection or the boundary between the warm and cold advections, i.e., near the zero–temperature advection line. In the area, there was a large gradient between the warm and cold advections, which likely stimulated alternating upward and downward streams, and there were transition areas between the updraft and downdraft on both sides of the turbulence point. According to the route of the aircraft, it would pass the zero–temperature advection line, which is consistent with the above results based on the vertical speeds (Zhu, 1997). Moreover, during Cases 1, 2, and 3, positive and negative temperature advection occurred alternately near the turbulence points. Hence, the aircraft passed the zero–temperature advection line multiple times during its flight. Due to the different thermal properties of the air masses on both sides of the zero–temperature advection line, there was frequent vertical airflow in this area, making it easy for aircraft turbulence to occur. This is consistent with the conclusion based on the vertical speed (Figure 2). In conclusion, the turbulence cases 1, 2, and 3 corresponded well with the location of the zero–temperature advection line, and the temperature advection alternated between positive and negative values. The turbulence point during Case 4 was located in the positive temperature advection area, yet it was found that there were significant negative temperature advection areas both upstream and downstream of this area, indicating that positive and negative temperature advection also alternated near the turbulence point, resulting in significant vertical wind shear or vertical gusts and causing aircraft turbulence. Figure 8 illustrates the vertical wind shear and 250 hPa horizontal wind shear distribution during the four near-convective cloud turbulence events, calculated using Eqs 2, 4, respectively. It is evident that there was significant vertical wind shear during typical cases 1, 2, and 4, and noticeable horizontal wind shear during typical cases 2, 3, and 4, creating favorable conditions for the occurrence of aircraft turbulence. The conclusion remains consistent when examining the results of vertical and horizontal wind shear calculated using Formulas 2 and 4 (Figure 9).
[image: Figure 7]FIGURE 7 | The 250 hPa temperature advection calculated from the Eq. 5 (shadings; unit: 10−5 K·s−1) and wind field (vector; unit: m·s−1) at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green dots indicate the locations of the aircraft turbulence.
[image: Figure 8]FIGURE 8 | Distribution of vertical wind shear calculated from the Eq. 1 (shadings; units: m·s−1) and 250 hPa horizontal wind shear calculated from the Eq. 4 (contours are 2, 4, 6 s−1) during the four turbulence cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of aircraft turbulence.
[image: Figure 9]FIGURE 9 | Distribution of vertical wind shear calculated from the Eq. 2 (shadings; units: s−1) and 250 hPa horizontal wind shear calculated from the Eq. 4 (contours are 8, 14, 20 s−1) during the four turbulence cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of aircraft turbulence.
Next, the European Centre for Medium–Range Weather Forecasts (ECMWF) ERA5 climate reanalysis data were used to calculate the vertical profiles of the pseudo–equivalent potential temperature ([image: image]) along the latitude (longitude) of the turbulence points for the four cases so as to further analyze the atmospheric stability characteristics around the turbulence locations. As shown in Figures 10, 11, the pseudo–equivalent potential temperature near the convective clouds shifted towards the cold area with increasing altitude, and the turbulence point was located in the area with large pseudo–equivalent potential temperature gradients. The results suggest that the horizontal temperature gradient in the frontal zone was much larger than that of the air masses on both sides of the frontal zone, and there were dense isotherms near the frontal zone (Yuan and Talley, 1996; June 2007). The frontal zone is the area containing dense isotherms on the isobaric surface map. Therefore, the four cases of aircraft turbulence may have occurred near the high–altitude frontal zone, which is consistent with the conclusion illustrated in Figure 2. Since the warm air obliquely covered the cold air, the vertical temperature gradient was much smaller in the frontal zone than in the air masses on both sides, and sometimes, there was even a temperature inversion phenomenon, that is, the temperature increased with altitude. As shown in Figure 10, in all four cases, inversion of the pseudo–equivalent potential temperature (i.e., the convective unstable stratification [image: image], occurred in the middle and lower troposphere near the turbulence locations (warm air side) and distributed in the range of 10∼30°S. The unstable stratification of cold air at the top and warm air at the bottom was conducive to triggering convection from the ground, forming strong convective clouds and causing severe turbulence (Murakami et al., 2003; Liu et al., 2020). In addition, in Cases 1 and 3, the southerlies in the lower troposphere and the northerlies in the upper troposphere induced strong vertical wind shear, resulting in a certain degree of baroclinicity and promoting the development of convective turbulence. This is consistent with the findings illustrated Figure 8. In Cases 2, 3, and 4, significant vertical airflow occurred on the cold side of the turbulence points, and the wind speeds on both sides of the turbulence point were significantly different at the same altitude, indicating the occurrence of strong horizontal wind shear in this area, which was conducive to the occurrence of aircraft turbulence (Figures 10B–D, 11B–D).
[image: Figure 10]FIGURE 10 | Latitude–pressure cross section of the pseudo–equivalent potential temperature (shadings; unit: K) and the wind field (the arrows represent the composite wind vectors of u and ω×250) along the longitudes of the turbulence locations at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of aircraft turbulence (Flight altitude was selected at 250 hPa).
[image: Figure 11]FIGURE 11 | Longitude–pressure cross section of the pseudo–equivalent potential temperature (shadings; unit: K) and the wind field (the arrows represent the composite wind vectors of u and ω×250) along the latitudes of the turbulence locations at the time of the four cases [(A): 0200 UTC 5 December 2016; (B): 0000 UTC 9 December 2016; (C): 0100 UTC 9 December 2016; (D): 2300 UTC 30 December 2016]; The green plus sign indicates the location of aircraft turbulence (Flight altitude was selected at 250 hPa).
4 CONCLUSION
Based on four typical cases of near-convective clouds turbulence over Australia, this study analyzed the large–scale circulation background of these convective turbulence events. By analyzing such variables as the vertical speed, divergence and vorticity, vertical and horizontal wind shear, temperature advection, and pseudo–equivalent potential temperature, the thermal and dynamic characteristics of the aircraft turbulence near convective clouds were quantified. The conclusions of this study are as follows.
(1) During near-connective clouds turbulence, the middle to low–latitude areas in the Southern Hemisphere usually exhibit a weather pattern characterized by two ridges and one trough. In the four cases analyzed in this study, convective turbulence mostly occurred in the northwest stream in front of the ridge behind the trough. This area was in front of a deep warm high–pressure ridge where the contours (isotherms) were dense (i.e., large gradients) and there were strong northeasterly winds. Additionally, the turbulence points of all four cases were located slightly to the left of the axis of the westerly jet stream where there was strong cyclonic wind shear and significant horizontal or vertical wind shears, which easily caused the occurrence of aircraft turbulence.
(2) The turbulence points of all four cases were located at the junction between the positive and negative divergence or vorticity fields (i.e., near the zero–divergence/vorticity line). That is, the turbulence occurred when the aircraft was passing through the transition area between the positive and negative divergence and vorticity areas. In the transition area, atmospheric turbulence was likely to develop due to the reversal of the motion and direction of the airflow. In particular, in the area with extreme (positive or negative) vorticity and nearly zero divergence, severe aircraft turbulence is likely to occur. In addition, convective turbulence usually occurs in an area with a large vertical speed gradient where there are strong vertical and horizontal wind shears that can easily trigger aircraft turbulence.
(3) The turbulence points were located at the intersection or boundary between warm and cold advections, i.e., near the zero–temperature advection line. In this area, there was a large gradient between the warm and cold advection, which likely stimulated alternating upward and downward airstreams. Moreover, turbulence occurred near the high–altitude frontal zones, and inversion of the pseudo–equivalent potential temperature occurred in the middle and lower troposphere near the turbulence point (on the warm air side). The unstable stratification pattern of cold air at the top and warm air at the bottom occurred in the upper part of the frontal zone, which was conducive to triggering convection from the surface, forming strong convective clouds, and causing aircraft turbulence.
5 DISCUSSION
Four typical severe near-convective clouds turbulence events over the Australia have been examined in present study. Expanding the analysis to more events and other regions in the following study can significantly strengthen the above conclusions. A deeper exploration of the possible physical mechanisms behind the observed relationships in present study will be conducted in the future work. For example, the formation mechanism of the significant vertical and horizontal wind shear near these turbulence points will be revealed by analyzing the gravity wave breaking or other external forcing factors.
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