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The Tibetan Plateau is known as the “Third Pole”. However, there are few studies on clear-air turbulence (CAT) event over the Tibetan Plateau. On 11 February 2023, a severe clear-air turbulence (CAT) event occurred along Lhasa-Chongqing route. To verify the role of mountain waves in this aircraft turbulence event, using ERA5 reanalysis data and the Weather Research and Forecasting (WRF) Model, the characteristics and generation mechanisms of this event are investigated. In synoptic features, the warm advection in the lower troposphere benefits the atmospheric instability, promoting the development of atmospheric turbulence. The CAT primarily occurred near the upper-level jet stream core. The significant vertical wind shear decreases the Richardson number (Ri). Kelvin–Helmholtz (K-H) instability with small Ri generates the CAT. To a certain extent, the WRF model can reproduce this turbulence event and accurately simulate the vertical motions over the plateau. Though previous studies indicated that the Tibetan Plateau is one of the main causes of CAT along Sichuan-Tibet route for the complex topography, our results of terrain sensitive experiments reveal that the topography of the plateau has little impact on this turbulence event. Therefore, K-H instability related to tropopause folding is the main mechanism causing this aircraft turbulence.
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1 INTRODUCTION
Aircraft turbulence refers to the perturbations experienced by an aircraft due to atmospheric turbulence with a horizontal scale between 100 and 1,000 m, also known as aircraft-scale turbulence (Sharman et al., 2006; Liu et al., 2023). In aeronautical meteorology, turbulence occurring in the free atmosphere over 6,000 m is commonly referred to as Clear Air Turbulence (CAT), which does exclude turbulence linked to deep convection and convectively unstable boundary layers, but does not eliminate turbulence occurring within non-convective clouds (mostly cirrus) (Sharman and Pearson, 2017). As aircraft turbulence can result in occupant injuries, flight delays and aircraft damages (Sharman et al., 2012), it has long been a serious concern in the field of aeronautical meteorology. Particularly, CAT is considered one of the most significant threats to flight safety, because it is difficult to be detected by pilots or onboard radar systems (Williams and Joshi, 2013). Furthermore, the frequency of CAT is expected to increase obviously in the future under global warming (Williams and Joshi, 2013; Williams, 2017; Atrill et al., 2021; Hu et al., 2021).
The Tibetan Plateau, with an average altitude of over 4,000 m, is known as the “Third Pole” of the Earth. Due to the complex terrain, the Tibetan Plateau is also considered a frequent occurrence zone for aircraft turbulence. Xu et al. (2007) argued that the frequency and severity of turbulence along the Chengdu-Lhasa route are strongly related to the large topography of the Tibetan Plateau. Aircraft are directly impacted by small-scale turbulence caused by large-amplitude mountain waves and the subsequent breaking of these waves over complex terrain (Jiang and Doyle, 2004; Doyle et al., 2005; Lane et al., 2009). However, upper-level jet streams and the associated frontogenesis are also responsible for generating aircraft turbulence. The Eurasian subtropical westerly jet stream lingers over the Tibetan plateau every February. A severe CAT occurred along the Lhasa-Chongqing route on 11 February 2023. Whether the CAT was caused by the upper-level jet stream perched over the Tibetan Plateau or by mountain waves caused by the large topography remains unknown. This is the focus of this study.
The paper is organized as follows: A brief review of data and method is presented in Section 2. Section 3 shows the analysis of synoptic-scale circulation pattern, model results and mechanisms of the CAT event. Finally, a summary and discussion are provided in Section 4.
2 DATA AND METHOD
2.1 Data and model
The data used in this study include (1) Automatic Dependent Surveillance-Broadcast (ADS-B) data, which determines the three dimensional position and identification of aircraft, and then periodically transmits information available to other aircraft and ground stations. The information about position and velocity vectors of the aircraft are derived from the Global Positioning System (GPS) or other suitable Navigation System (Manesh and Kaabouch, 2017). (2) Pilot Reports (PIREPs) data sets. (3) hourly mean equivalent black–body temperature products (TBB) of Japan Himawari-8 satellite on 11 February 2023. The spatial resolution is 0.05° [image: image] 0.05° (Bessho et al., 2016). (4) The fifth generation of global reanalysis data ERA5 provided by the European Center for Medium-Range Weather Forecasts (ECMWF). ERA5 provides hourly estimates for a large number of atmospheric quantities, such as zonal and meridional wind, geopotential height, temperature and so on. The horizontal resolution of the ERA5 data is 0.25° [image: image] 0.25°, with 37 pressure levels (1,000 hPa to 1 hPa) in the vertical direction (Lee et al., 2023).
The Weather Research and Forecasting (WRF) Model (version 4.2) is employed to investigate the possible mechanisms of the CAT event. The numerical model is configured with two-way nested domains centered on the turbulence region, using ERA5 data at 0.25° [image: image] 0.25° resolution as input to provide the initial and lateral boundary conditions. The model features horizontal resolutions of 9 km and 3 km, with grid dimensions of 244 × 274 and 397 × 280, respectively. All domains have 51 vertical layers reaching up to 50 hPa. The parameterizations used in the simulation include the Morrison cloud microphysics scheme (Morrison et al., 2009), the RRTMG longwave radiation scheme (Iacono et al., 2008), the Dudhia shortwave radiation scheme (Dudhia, 1989), the Pleim-Xiu land surface model (Gilliam and Pleim, 2010), and the ACM2 boundary layer scheme (Pleim, 2007).
2.2 CAT diagnostics
Following the previous studies (Sharman et al., 2006; Kim et al., 2018; Sharman et al., 2006; Kim et al., 2018; Lee et al., 2023), three representative diagnostics are calculated to characterize CAT. It has been discovered that the vertical wind shear (VWS) is a significant contributor to CAT. VWS is associated with changes in horizontal wind speed and/or direction with altitude. The calculation formula is as follows
[image: image]
where z is the vertical direction, u and v are the zonal and meridional wind components (unit: m/s).
The second turbulence diagnostics is the Richardson number (Ri). Both theory and observation have demonstrated that CAT are produced by K-H instabilities with small Ri in some situations (Endlich, 1964; Dutton and Panofsky, 1970). Ri is defined as
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with
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where [image: image] is potential temperature, and g is the gravitational acceleration.
Thirdly, Ellrod index 1 (TI1) is a reliable diagnosis for CAT near the jet stream (Ellrod and Knapp, 1992). TI1 depends mainly upon the magnitudes of the total deformation (DEF) and VWS (Equation 1), which is related to the horizontal gradient of [image: image]. TI1 is calculated as follows
[image: image]
with
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where u and v are the horizontal wind components in the east–west (x) and north–south (y) directions, respectively.
3 RESULTS
3.1 The phenomenon of this CAT event
According to PIREPs, Flight PN6392 from Lhasa to Chongqing encountered severe turbulence on 11 February 2023. The flight departed from Lhasa Gonggar International Airport (ZULS) at 0548UTC and arrived at Chongqing Jiangbei International Airport (ZUCK) at 0755 UTC. The turbulence occurred at approximately 0655UTC at a location (29.76°N, 99.62°E) with an altitude of 10,743 m (∼250 hPa). The severe turbulence lasted about 10 min. Using ADS-B data, the flight route is plotted. As shown in Figure 1A, the route traverses the Tibetan Plateau, which has an average elevation of 4,000 m, as well as the steep terrain of the eastern foothills of the plateau. This complex terrain not only increases the difficulty of flight piloting but also benefits the occurrence of turbulence. According to the infrared cloud imagery of brightness temperature from satellite observations (Figure 1B), although there are notable convective cloud clusters north of 30°N, there are no convective clouds in the area where the turbulence occurred, indicating that this incident is a CAT event (Kim and Chun, 2010; Lee et al., 2023).
[image: Figure 1]FIGURE 1 | (A) The topographic map of Southwest China and the horizontal flight route of PN6392 (blue line) on 11 February 2023 from Lhasa Gonggar Airport (ZULS) to Chongqing Jiangbei Airport (ZUCK); (B) Infrared cloud imagery of brightness temperature (unit: K) from Himawari-8 satellite at 0700 UTC on 11 Feburary 2023 over Southeast China. The red triangle in (A) and the black dot in (B) shows the position (29.76°N, 99.62°E) where aviation turbulence mainly happened.
3.2 Analysis of synoptic-scale circulation pattern
Using ERA5 data, Figure 2 shows the synoptic-scale weather conditions around the flight route during the occurrence of the aircraft turbulence. It is found that the turbulence occurred near the upper-level jet stream core at the 250-hPa level. The jet stream flows from the west to the east over Southeast China with a maximum speed of 70 m/s (Figure 2A). There are densely packed isotherms on the upper-level jet stream’s northern edge. Additionally, there is an interlacing pattern in the contour lines and isotherms. However, the area where the turbulence occurred does not exhibit a significant intersection of isotherms and contour lines, suggesting that the inertial terms have little effect on the turbulence. In the mid-troposphere (at the 500-hPa level), Figure 2B shows a weak ridge over the central and eastern parts of China. To the west of the turbulence zone, there are cold centers with temperatures of −8°C and −14°C located in the 27°–31°N, 88°–93°E and 27°–32°N, 95°–98°E regions, respectively. Westerly winds transport the cold air from these regions towards the CAT area. The synoptic-scale flow pattern at the 700-hPa level (Figure 2C) is different from that at the 500-hPa level. There is a closed low-pressure center, known as the Southwest Vortex, located at the east of the plateau, accompanied by a cold center with a temperature of −8°C in the northeastern part of the plateau. In the southern part of the plateau, noticeable warm advection appears from the south to the north. Figure 2D depicts the spatial distributions of the surface wind field, temperature field, and relative humidity. Evidently, the most distinctive characteristic of the overall relative humidity distribution is that the humidity is higher on the eastern of the figure, while it is relatively lower in the western sides including Sichuan Basin area. The consistent southwesterly wind, crossing the isotherms, indicates a warm advection in the near surface layer. There is a low-value center located between 29° and 31°N and along 100°E, which is precisely the Southwest Vortex mentioned previously. Overall, the surface synoptic situation aligns well with that in the middle and lower troposphere at 700 hPa (Figure 2C). The existence of warm advection in the middle and lower troposphere facilitates the occurrence of convective instability.
[image: Figure 2]FIGURE 2 | Geopotential height (blue line, unit: gpm), temperature (red line, unit: °C) and horizontal wind (black arrow, unit: m/s) at (A) 250 hPa; (B) 500 hPa and (C) 700 hPa. The shading in (A) and (C) shows the horizontal wind speed (unit: m/s) and elevation, respectively. (D) The surface wind (black arrow, unit: m/s), temperature (red line, unit: °C) and Relative humidity (unit: %). All the data is obtained from ERA5 at 0700 UTC on 11 February 2023 over Southeast China. The black dot (29.76°N, 99.62°E) shows the position where aviation turbulence mainly happened.
The T-logp diagram is shown at the position where aviation turbulence mainly happened (29.76°N, 99.62°E) at 0700 UTC on 11 February 2023 in Figure 3. At the 500-hPa level, the dew point and temperature curves are close, indicating high humidity in this layer. As the altitude increases, humidity decreases. The air is dry at approximately 350 hPa, which is conducive to the occurrence of clear skies at high altitudes. Although humidity increases slightly above 350 hPa, it still does not favor cloud formation. The enhanced stability in the mid-upper troposphere is associated with tropopause folding, that is, the process of tropopause deformation and stratospheric air being squeezed into the middle troposphere. The details of the tropopause folding will be shown in the following figures. Figure 3 also presents the vertical profile of wind. According to the principle of thermal wind, the wind rotates clockwise with increasing height from around 600 hPa to 400 hPa, indicating that there is warm advection in this layer. Nevertheless, the wind rotates counterclockwise with increasing height from 400 hPa to 175 hPa indistinctly, suggesting no obvious cold advection existing in this layer. This configuration warm advection at low atmospheric levels aligns with the circulation patterns shown in Figure 2.
[image: Figure 3]FIGURE 3 | Skew T-logp diagram of temperature (black line, unit: °C), dewpoint temperature (blue line, unit: °C), and wind (unit: m/s) obtained from ERA5 data at the position where aviation turbulence mainly happened (29.76°N, 99.62°E) at 0700 UTC on 11 February 2023. Wind speeds at each level are shown by full (10 m/s) and half (5 m/s) barbs and a pennant (50 m/s).
From a turbulence forecasting perspective, the CAT diagnostics are of interest along with their thresholds for stability. Using ERA5 data, three representative diagnostics are employed to investigate the CAT activity. As shown in Figure 4A, the Richardson number (Ri, Equations 2, 3) in the turbulence region ranges between 0.6 and 2.0 value of Ri indicating occurrence of mild to moderate CAT (Table 1), meanwhile,A small Ri indicates significant vertical wind shear or relatively weak static stability, promoting the development of turbulence, which consequently leads to the occurrence of aircraft turbulence. The turbulence region is located near the upper-level jet axis, with wind speeds reaching 60–65 m/s. Lee et al. (1984) found that the value of VWS more than 9.7 × 10−3 s−1 indicating occurrence of mild to moderate CAT, while a high-value region of VWS with approximately 1 × 10−2 s−1 in Figure 4B satisfying the conditions of mild to moderate CAT. Pronounced vertical wind shear tends to generate K-H waves. Under high wind speeds, K-H waves become shear-unstable, leading to waveform breakdown and the creation of multi-scale turbulent vortices. The energy transforms into turbulent energy. Therefore, K-H instability has long been recognized as an important source of CAT (Sharman et al., 2012). K-H instability results in local Ri reductions. Moreover, Figure 4C shows that TI1 (Equations 4, 5) with the value exceeding 1 × 10−6 s⁻1 also indicates the occurrence of light turbulence. Although all three indexes show lighter intensity of turbulence than that reported by PIREPs, the three diagnostics can reflect the occurrence of turbulence.
[image: Figure 4]FIGURE 4 | Geopotential height (black line, unit: gpm), temperature (red line, unit: °C), horizontal wind (black arrow, unit: m/s) and (A) the Richardson number (Ri, shading); (B) vertical wind shear index (VWS, shading, unit: 10−2 s−1) and (C) Ellrod 1 index (TI1, shading, unit: 10−6 s−2) at 250 hPa at 0700 UTC on 11 February 2023 obtained from ERA5 data. The black dot (29.76°N, 99.62°E) shows the position where aviation turbulence mainly happened.
TABLE 1 | Classification of CAT with three turbulence diagnostics (Source: ICAO, 2005; Sharman et al., 2006).
[image: Table 1]Previous studies claimed that turbulence near the upper-level jet streams is usually with tropopause folding (Kim and Chun, 2010). Additionally, the analysis of humidity profiles in the T-logp diagram above also mentioned tropopause folding. According to the statistical results, potential vorticity in the stratosphere is approximately an order of magnitude greater than that in the troposphere due to the differences in static stability (Lamarque and Hess, 1994; Griffiths et al., 2000). High potential vorticity value usually indicates stratospheric air. The height at which potential vorticity equals 1.5 or 2 PVU (1 PVU = 10−6 K∙m2∙kg−1∙s−1) represents the dynamical tropopause. Tropopause folding can be identified using the undulation of the potential vorticity isolines or potential vorticity anomalies. As the green solid line shown in Figure 5A, there is a steep 1.5 PVU line over the plateau and the tropopause is deeply folded down to a level of roughly 350 hPa. Moreover, strong wind shear tends to occur at the boundaries of high potential vorticity regions, leading to turbulence. As a result, the local Richardson number becomes small.
[image: Figure 5]FIGURE 5 | The latitude-height cross section along 99°E for (A) the Richardson number (shading), potential temperature (red line, unit: K), zonal wind (black line, unit: m/s), temperature (purple dotted line, unit: °C) and potential vorticity (green solid line, unit: PVU); (B) vertical velocity (shading, unit: 10−1 Pa/s) and potential temperature (red line, unit: K). The red triangle (29.76°N) shows the latitude where aviation turbulence mainly happened. The data is from ERA5 at 0700 UTC on 11 February 2023.
Another notable characteristic of this turbulence event is that it occurred over the complex terrain of Qinghai-Tibet. Breaking mountain wave generated by stratified airflow passing over topography is a source of CAT (Lane et al., 2009). Figure 5B shows the latitude-height cross section along 99°E of vertical velocity and potential temperature. The vertical velocity exhibits a “+-+-” pattern. The potential temperature increases with height, showing that the atmosphere is in a relatively stable stratification. This stable stratification is a crucial condition for the generation of gravity waves. However, whether the gravity waves generated by the plateau terrain are the primary cause of this clear-air turbulence event requires further verification.
3.3 Generation mechanisms of the CAT event
In order to better understand the possible mechanisms of the CAT event on 11 February 2023, numerical simulations of this event are conducted using the mesoscale WRF (V4.2) model. The model configuration is shown in Figure 6. There are two-way nested domains. Apart from the control experiment, additional terrain sensitivity experiments are designed to investigate the impact of the topography of Tibetan Plateau on the turbulence process (Table 2). The topographic height of the Tibetan Plateau is reduced to 1,500 m and 500 m in the two sensitivity experiments, respectively.
[image: Figure 6]FIGURE 6 | Configuration of the WRF model with two-way nested domains. The shading shows the elevation (unit: m). The red dot shows the position where the aviation turbulence event mainly happened.
TABLE 2 | Design of the model experiments.
[image: Table 2]The observed radiosonde data at Changdu Staion (31.15°N, 97.1667°E) and Xichang Station (27.9°N, 102.2667°E) are selected to check the effect of WRF simulation at 1200 UTC on 11 February 2023. The simulated vertical profile by WRF can well matched the observation (Supplementary Figure S1). Even though these two stations are the closest radiosonde stations to the airplane bumps, they are quite far away from the turbulence point (29.76°N, 99.62°E), and the time (1200 UTC) is 5 hours later than the turbulence occurrence time (0700 UTC). So it is difficult to reflect the atmospheric condition when the turbulence occurs. As a result, we use reanalysis data to analyze atmospheric stratification at that time. In fact, there are many studies that use reanalysis data for observational research (Trier and Sharman, 2009; Wang et al., 2009; Hu et al., 2023). The vertical profile of temperature, dewpoint temperature, and wind obtained from the control experiment and ERA5 data are basically consistent (Figures 7A, B). In the control simulation, the maximum humidity appears slightly higher (at about 450 hPa level) than that in the atmospheric reanalysis data ERA5. As the altitude increases, humidity decreases, with the minimum humidity appearing at 350 hPa. Humidity then increases with height above 350 hPa. The simulated trend of humidity variation with height is consistent with the result derived from ERA5 data. Comparing the control experiment with the two terrain sensitivity experiments (Figures 7C, D), it is found that the skew T–logp diagrams of temperature, dewpoint temperature, and wind are similar, indicating that the topography mainly affects the temperature and wind field in the lower to mid troposphere. The maximum humidity is located near 750 hPa in the terrain-1,500 m experiment, while the maximum humidity appears below 850 hPa in the terrain-500 m experiment.
[image: Figure 7]FIGURE 7 | The same as Figure 3 but for (A) ERA5 reanalysis data; (B) control experiment; (C) terrain-1,500 m experiment and (D) terrain-500 m experiment at 0700 UTC on 11 February 2023. The experiments in (B–D) are simulated by the WRF model.
For further investigation of the WRF model simulations, CAT diagnostics are calculated in the control experiment and compared with the values derived from the ERA5. As shown in Figure 8G, although TI1 calculated from the simulation is slightly smaller, it still falls within the turbulence threshold range (Table 1). The Ri and VWS values in Figures 8A, D are similar to those obtained using ERA5 (Figures 4A, B), indicating that the WRF model can effectively reproduce the clear-air turbulence process. Comparing the control experiment with the two terrain sensitivity experiments (Figures 7C, D) (terrain-1,500 m and terrain-500 m experiments), it is found that changing the terrain height does not significantly alter the Ri (Figures 8B, C). The VWS in the terrain-500 m and terrain-1,500 m experiments (Figures 8E, F) is almost the same as that in the control run. The Ri, VWS, and TI1 all show light to moderate turbulence near the position of airplane bumps in terrain-1,500 m and terrain-500 m experiments. Though the TI1 in both terrain experiments is slightly smaller than that in the control experiment (Figures 8H, I), it still represents the turbulence process, suggesting that the large terrain of the Tibetan Plateau has little impact on this turbulence event.
[image: Figure 8]FIGURE 8 | Ri (shading) and horizontal wind (black arrow, unit: m/s) at 250 hPa of (A) control experiment, (B) terrain-1,500 m experiment and (C) terrain-500 m experiment at 0700 UTC on 11 February 2023. (D–F) are the same as (A–C) but for VWS (shading, unit: 10–2 s−1). (G–I) are same as (A–C) but for TI1 (shading, unit: 10–6 s−1). The black dot (29.76°N, 99.62°E) shows the position where aviation turbulence mainly happened.
Considering that the calculated Ri at 250 hPa in the model simulation is consistent with the ERA5 calculations, the distribution of the Richardson number with height is further analyzed in the WRF control experiment and terrain sensitivity experiments. The vertical distribution of Ri calculated from the control experiment aligns closely with that from ERA5 above 400 hPa. Due to the high spatial resolution of the WRF model, the vertical distribution of Ri in the mid-to-lower troposphere reveals more detailed features. However, the range of Ri, especially below the main turbulence occurrence area, shows similarity between the WRF simulations and ERA5 calculations, indicating that the WRF model can accurately simulate the atmospheric turbulence characteristics. Through comparison between the control experiment and the terrain sensitivity experiments, it is found that the large terrain of the Tibetan Plateau has little impact on the atmospheric turbulence above 350 hPa. However, the topography has a significant influence on the atmospheric turbulence near the surface and in the mid-to-lower troposphere. In the control experiment (Figure 9A), the Ri near the plateau surface is less than 0.5, indicating strong turbulence between 500 and 600 hPa. The Ri between 400 and 500 hPa is still relatively low, ranging from 0.5 to 0.75 below the main turbulence area. In both the terrain-1,500 m and terrain-500 m experiments, the lowest Ri also appears near the surface subject to surface friction (Figures 9B, C). The Ri between 400 and 500 hPa in the two terrain experiments is similar to that in the control experiment but shows slight differences in spatial distribution, with stronger turbulence areas mainly located to the north and south of the turbulence occurrence area. This elucidates that the topography has an important influence on the atmospheric turbulence near the surface and in the lower-middle troposphere. The influence of the topography diminishes with height.
[image: Figure 9]FIGURE 9 | The latitude-height cross section along 99°E for the Richardson number (shading), zonal wind (black solid line, unit: m/s) and temperature (purple dashed line, unit: °C) of (A) control experiment; (B) terrain-1,500 m experiment and (C) terrain-500 m experiment at 0700 UTC on 11 February 2023. The red triangle (29.76°N) shows the latitude where aviation turbulence mainly happened.
The WRF model can accurately simulate the vertical motion caused by terrain, showing the pattern of vertical velocity in agreement with that in the atmospheric reanalysis data ERA5. Owing to the high resolution of model, the simulated vertical velocity values (Figure 10A) are larger than the reanalysis results. When the terrain height is reduced, the vertical motion weakens, especially near the surface (Figures 10B, C). The vertical motion mainly occurs above 400 hPa, with the maximum vertical velocity located around 250 hPa in the terrain-1,500 m experiment. Compared to terrain-1,500 m experiment, the vertical motion is significant between 800 and 500 hPa in terrain-500 m experiment with the terrain height being furtherly reduced. However, the vertical velocity above 400 hPa is similar in the north of the turbulence region in both the 500 m and 1,500 m terrain experiments. This phenomenon indicates that terrain significantly affects vertical velocity, but this influence decreases with height. The conclusion also confirms that the clear-air turbulence was not mainly caused by terrain but related to the significant vertical wind shear of the upper-level jet stream and tropopause folding. This result is consistent with the findings that CAT often occurs in the tropopause folding region (Reid and Vaughan, 2004; Kim and Chun, 2010; Luce et al., 2012).
[image: Figure 10]FIGURE 10 | The latitude-height cross section along 99°E for the vertical velocity (shading, unit: Pa/s) and potential temperature (red contour, unit: K) at 0700 UTC on 11 February 2023. (A) control experiment; (B) terrain-1,500 m experiment and (C) terrain-500 m experiment. The red triangle (29.76°N) shows the latitude where aviation turbulence mainly happened.
4 CONCLUSION AND DISCUSSION
A severe CAT event occurred over the Tibet Plateau during the flight departing from Lhasa to Chongqing on 11 February 2023. Using reanalysis data ERA5 and WRF model, the characteristics and possible generation mechanisms of this event are investigated.
From the perspective of large-scale circulation patterns, there is warm advection in the lower troposphere. This warm advection at lower atmospheric levels benefits convectional instability, promoting the development of atmospheric turbulence. The aircraft turbulence primarily occurred near the upper-level jet stream core. High wind speeds and significant vertical wind shear can easily lead to a decrease in Ri, furtherly causing K-H instability. K-H instability contributes to the occurrence of CAT.
Whether it is diagnostic analysis or model simulation, the intensity of turbulence reflected by the three indexes is smaller than that reported by PIREPs. The WRF model can simulate this CAT event well to some extent. Orographic sensitive experiments reveal that the terrain of the plateau is not the primary cause of this clear-air turbulence. Therefore, K-H instability related to tropopause folding is the main mechanism causing this aircraft turbulence. Understanding the causes of the CAT events is important but is a challenge. Previous studies suggested that the frequency and severity of turbulence on the Chengdu-Lhasa route are closely related to the large topography of the Qinghai-Tibet Plateau (Xu et al., 2007; Li et al., 2011). This random case study demonstrates that CAT over the plateau should not be ignored. Furthermore, the conclusion drawn in this study may be subject to the single case study and model limitations. Studies using more cases under various weather conditions and different models would be helpful for determining the robustness of this work.
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