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Abstract. Kelvin Helmholtz instability (KHI) is most likely to be the primary source 29 

for clear-air turbulence that is of importance in pollution transfer and diffusion and 30 

aircraft safety. It is exemplarily indicated by the critical value of Richardson (Ri) 31 

number, which is typically taken as 1/4. However, Ri is fairly sensitive to the vertical 32 

resolution of the dataset: a higher resolution systematically leads to a finer structure. 33 

The study aims to evaluate the performance of ERA5 reanalysis (137 model levels) in 34 

determining KHI spatial-temporal variabilities, by comparing it against a near-global 35 

high-resolution (10-m) radiosonde dataset during years 2017 to 2022, and to further 36 

highlight the global climatology and dynamical environment of KHIs. Overall, the 37 

occurrence frequency of Ri<1/4 in the free atmosphere is inevitably underestimated 38 

by the ERA5 reanalysis over all climate zones, compared to radiosonde, due largely to 39 

the severe underestimation in wind shears. Otherwise, the occurrence frequency of 40 

KHI indicated by Ri<1 in ERA5 is climatologically consistent with that from 41 

radiosondes in the free troposphere, especially over the midlatitude and subtropics in 42 

the Northern/Southern Hemisphere. Therefore, we infer that the threshold value of Ri 43 

should be approximated as 1, rather than 1/4, when using ERA5 for the KHI 44 

estimation. KHI occurrence frequencies revealed by both datasets exhibit significant 45 

seasonal cycles over polar, midlatitude, and subtropics regions, and they are 46 

consistently strong at heights of 10–15 km in the tropic region. In addition, the 47 

frequency at low-levels is positively correlated with the standard derivation of 48 

orography, and it is exceptionally strong over the Niño 3 region at heights of 6–13 km. 49 

Furthermore, the dynamical environment of KHI favors strong wind shears probably 50 

induced by the mean flows and the propagation of orographic or non-orographic 51 

gravity waves.  52 
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Introduction 59 

Kelvin Helmholtz instability (KHI) is a common phenomenon in the atmospheric 60 

boundary layer and the free atmosphere (Muschinski and Wode, 1998), and its 61 

wavelengths and depths span a wide range of scales throughout the atmosphere, 62 

varying from few meters or less to 10s of km (Fritts et al., 2011). It contributes 63 

vertical mixing of heat, momentum, and constituents, and it acts to limit the maximum 64 

shears, just to name a few (Fritts et al., 2011). KHI along with gravity wave (GW) 65 

breaking are the most recognized instabilities in stably stratified flows (Fritts and 66 

Rastogi, 1985). In addition, GW breaking has been identified as important sources of 67 

instability (e.g., Fritts et al., 2020; Dong et al., 2020, 2021, 2022). KHI arises 68 

preferentially on strong shears due to medium-frequency and lower frequency GWs, 69 

tides, planetary waves (PWs), and mean flows (Baumgarten and Fritts, 2014). In 70 

addition, complex terrain may locally enhance wind shear, leading to KHI (Grasmick 71 

and Geerts, 2020). Large wind shear is common in regions where stability changes 72 

rapidly (e.g., near the top of the boundary layer) and the associated large gradient in 73 

jet stream (Grasmick and Geerts 2020), which may increase clear-air turbulence 74 

(Williams and Joshi, 2013). In turn, KHI can reduce wind shears and alter tracer 75 

gradients where turbulence and mixing are most intense (Fritts et al., 2022).  76 

KHI influences depend on the spatial scales at which they lead to turbulence 77 

(Fritts et al., 2022). Turbulence is by far the most common cause of serious injuries to 78 

aircraft (Williams and Joshi, 2013). Convective instability, shear instability, KHI, and 79 

GW breaking are known to be the major source for turbulence (Sharman et al., 2012; 80 

Ko et al., 2019; 2022). Among others, KHI is one of the most common causes of 81 

turbulence throughout the atmosphere from Earth’s surface to the lower thermosphere 82 

(Fritts et al., 2011; Sharman et al., 2012). KHI requires a sufficiently large Reynolds 83 

number and a Richardson (Ri) number sufficiently below 1/4 to enable KHI formation 84 

and subsequent secondary instability leading to turbulence (Fritts et al., 2022). Ri is 85 

not a good guide to instability character in general, and Ri>1/4 does not assure flow 86 
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stability for superpositions of mean and GW motions. Despite these caveats, Ri<1/4 87 

does provide a reasonable guide to expected local KHI structure in cases where clear 88 

KH billows arise (Fritts et al., 2014). Values of Ri close to zero favor strong instability, 89 

deep billows, and relatively intense turbulence, whereas values of Ri closer to 1/4 90 

favor weak instability, shallow billows (Fritts et al., 2011). The threshold value of Ri 91 

can be potentially used an indicator of turbulence (for instance, Jaeger et al., 2007). 92 

Moreover, over half of turbulence exists below Ri<1 when the environment is 93 

beneficial for the development of turbulence (Zhang et al., 2022). 94 

Turbulent mixing is of crucial importance to mass, energy, momentum transfer, 95 

the dispersion of pollutant, and stratosphere-troposphere exchange. However, it 96 

presents a challenge both in observation and numerical modeling (Sharman et al., 97 

2012; Homeyer et al., 2014; Plougonven and Zhang, 2014). Due to the intermittent 98 

nature of turbulence it is generally not resolved in (global) numerical weather 99 

prediction models, even at nowadays common/states of the art horizontal resolutions 100 

of the order of tens of kilometers (Sandu et al., 2019).While in numerical models, 101 

turbulent dissipation rate, turbulent diffusivity and other parameters representing 102 

turbulent mixing efficiency are the most basic parameters, which need to be 103 

accurately parameterized to evaluate the impact of turbulent effect on matter and 104 

energy distribution (Gavrilov et al., 2005). For this reason, the indices of turbulence, 105 

such as large wind shear, small Ri, the negative squared Brunt-väisälä frequency, 106 

could be a great tool to characterize turbulence (Jaeger et al., 2007).  107 

The Ri is estimated by the finite differences across thin layers and is quite 108 

sensitive to the vertical resolution of measurements (Haack et al., 2014). Thus, a 109 

proper estimation of Ri requires a high-resolution measurement of temperature and 110 

wind speed. The near-global distributed radiosonde site offers a unique opportunity to 111 

investigate the climatology of KHI occurrence frequency. The overview of KHI 112 

occurrence by using a near-global high-resolution (10-m) radiosonde data was 113 

presented in Zhang et al. (2022), and a close association between KHI occurrence 114 

frequency and turbulence fraction has been found. However, the global climatology 115 

characteristic of KHI remains most unclear, especially over oceans where the 116 
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radiosonde network has a poor coverage. 117 

 By comparison, ERA5 global reanalysis can provide a seamless coverage of 118 

temperature and wind, and it is the last version of the European Centre for 119 

Medium-Range Weather Forecasts (ECMWF) model and has 137 model levels 120 

(Hersbach et al., 2020). It experiences a lot of improvements, including the 121 

statistically significant improvement in short-range forecasts by the Aeolus satellite 122 

(Rennie et al., 2021). Its predecessor, ERA-Intrim, was found in particular wind shear 123 

a factor of 2–3 lower simulated based on high-resolution radiosondes (Houchi et al., 124 

2010). Moreover, results show that whatever the location and the geophysical 125 

conditions considered, biases between ERA-Interim and balloon wind measurements 126 

increase as a function of altitude (Duruisseau et al., 2017). Recent studies have 127 

suggested that the structure and variability of the trade winds in the lower troposphere 128 

are reasonably reproduced in the ERA5 reanalysis based on the EUREC4A field 129 

campaign (Savazzi et al., 2022). However, the similar comparison between ERA5 and 130 

high-resolution radiosonde across a near-global area has largely been undetermined. 131 

The proper estimation of wind shear and Brunt-Väisälä frequency is essential for the 132 

determination of Ri.   133 

 Thus, our objectives are to: (1) The performance of ERA5 (137 model levels) at 134 

different heights and climate zones in estimating wind shear and KHI occurrence 135 

frequency, comparing with a large high-resolution (10-m) radiosonde dataset spanning 136 

years from 2017 to 2022. (2) Based on the validation and comparison results, we pose 137 

a question: how to use ERA5 for KHI study? (3) The global climatology of KHI 138 

occurrence based on versatile measurements and products. (4) The dynamic 139 

environment (GWs and mean flow) of KHI. These works would be valuable for the 140 

understanding of the global distribution of KHI, and furthermore, turbulence fraction. 141 

To this end, this analysis is organized as follows. Section 2 shows the data and 142 

methods used. Section 3 represents the climatological variation of KHI and its 143 

comparison with radiosonde. Section 4 ends with a summary.  144 

 145 
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2 Data and methods 146 

2.1 High-resolution radiosonde dataset 147 

As described in Guo et al. (2021) and Zhang et al. (2022), a high vertical 148 

resolution radiosonde (HVRRS) dataset gained from several organizations was 149 

adopted, spanning January 2017 to October 2022, in a total of 5.8 years. The 150 

organizations include the China Meteorological Administration (CMA), the U.S 151 

National Oceanic and Atmospheric Administration (NOAA), the Global Climate 152 

Observing System (GCOS) Reference Upper-Air Network (GRUAN), the Centre for 153 

Environmental Data Analysis of the United Kingdom (CEDA), University of 154 

Wyoming, Deutscher Wetterdienst, and ECMWF. In total, 115 million radiosonde 155 

profiles from 434 radiosonde stations released at regular synoptic times of 0000 UTC 156 

and 1200 UTC were collected to determine the value of Ri. These profiles were 157 

sampled at 0.5 Hz or 1 Hz, corresponding to a vertical resolution of approximately 10 158 

m or 5 m. Thus, all the profiles were evenly interpreted to 10 m resolution in vertical 159 

by applying a cubic spline interpolation. In addition, the sounding with the burst 160 

height lower than 10 km above ground level (a.g.l) was directly discarded for further 161 

study. Meteorological variables, including temperature and wind speed, were prepared 162 

for the Ri estimation.  163 

One of the shortage of radiosonde measurements is its inadequate concentration 164 

over the polar and ocean regions (Xia et al., 2021). The geographical distribution of 165 

total profile number of each radiosonde station is demonstrated in Figure S1 in 166 

Support Information. The released radiosoundings over Europe, the United States, and 167 

Australia have good geographical coverage and time duration. Over some islands of 168 

oceans (e.g., the Pacific Ocean) there are dozens of stations that can provide 169 

high-resolution measurement. Over the polar regions, there are around thirty stations.  170 

2.2 ERA5 reanalysis and the collocation procedure 171 

 ERA5 is the latest version of ECMWF meteorological reanalysis, benefiting from 172 
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a decade of developments in model physics, core dynamics, and data assimilation 173 

(Hersbach et al., 2020). The wind and temperature fields are modelled by the ERA5 174 

reanalysis on a spatial resolution of 0.25° latitude/longitude and a temporal resolution 175 

of 1 hour. The reanalysis has 137 model levels, giving a vertical resolution of 176 

approximately 300 m in the middle and upper troposphere and 500 m in the lower 177 

stratosphere. The vertical resolution of ERA5 is illustrated in Figure S2. Compared to 178 

ERA5 reanalysis, the HVRRS is hard to provide global seamless observations. Thus, 179 

the collocation procedure between reanalysis and HVRRS goes as follows: (1) the 180 

matched grid of ERA5 reanalysis is the nearest neighbor of radiosonde station; (2) the 181 

regular synoptic start time of radiosonde and reanalysis needs to keep exact the same; 182 

(3) the pressure coordinate of reanalysis is converted into geometric altitude to match 183 

with HVRRS. In addition, the standard deviations of orography (SDOR) and 184 

near-surface wind speed at 10-m in ERA5 reanalysis are extracted.  185 

The relative error between HVRRS-based and ERA5-based quantities is 186 

estimated by the ratio of deviations between HVRRS and ERA5 derived quantities to 187 

the HVRRS one. 188 

2.3 The occurrence frequency of KHI and its uncertainty 189 

The burst of KHI is characterized by the occurrence of the Ri under a critical 190 

value which is frequently taken as 1/4, and Ri is formulated as:  191 

Ri = �̅�2 𝑆̅2⁄       (1) 192 

where N is the Brunt-Väisälä frequency, S  is the vertical wind shear, and the 193 

overbar denotes a moving average in 200-m step to eliminate the influence of 194 

small-scale fluctuations, such as turbulence and small-scale waves. In this case, the 195 

matching quantities that include Ri, wind shear, and the Brunt-Väisälä frequency 196 

between radiosonde and ERA5 profiles are actually handled in averaged 200 m 197 

intervals. The occurrence frequency of KHI is defined as the ratio of Ri<1/4 relative 198 

to all Ri calculations at a specified time period or height interval.  199 

In Eq.(1), the length scale of overbar could potentially impact the value of Ri, and 200 
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eventually, the occurrence frequency of KHI. In addition, the critical value of Ri and 201 

the vertical resolution of archived radiosonde could also cause the change in Ri values. 202 

We resample the HVRRS data to 50 m and 100 m, and range the length scale of 203 

overbar from 100 m to 500 m, to diagnose the uncertainties raised by the length scale 204 

of segments and the vertical resolution of dataset. As indicated in Figure 1, under the 205 

same length scale of overbar, a sparser vertical grid inevitably leads to a lower 206 

occurrence frequency of KHI. For instance, as the length scale set to 100 m, the 207 

occurrence frequency of Ri<1/4 at 0–2 km above sea level (a.s.l) decreases from 22% 208 

when vertical resolution is equal to 10 m to 16% for a vertical resolution of 50 m. 209 

Moreover, a longer length-scale of segment generally yields a smaller occurrence 210 

frequency. For example, as the vertical resolution of radiosonde is equal to 10 m, the 211 

occurrence frequency at 10–15 km decreases from 9% when the length scale of 212 

segment equals 100 m to 1% when it equals 500 m. It is interesting to note that the 213 

occurrence frequency under a vertical resolution of 50 m and a segment interval of 214 

100 m is a bit larger than that under a vertical resolution of 10 m and a segment of 215 

200 m, possibly implying the fact that a shorter segment interval could be expected 216 

for a sparser vertical resolution.   217 

2.4 Gravity wave energy 218 

The GW energy is extracted based on the broad spectral method, according to 219 

Wang and Geller (2003). In this method, the magnitude of measured zonal wind (u), 220 

meridional wind (v), and temperature (T) consisting of background states (𝑢0, 𝑣0 and 221 

𝑇0) that are determined by applying a second-order polynomial fit (Chen et al., 2018; 222 

Zhang et al., 2022) and perturbations. Therefore, total perturbations are derived as: 223 

(𝑢′, 𝑣′, 𝑇′) = (u, v, T) − (𝑢0, 𝑣0, 𝑇0)     (2) 224 

The perturbations could include measurement noises, KH waves, GWs, and 225 

planetary waves. Only the perturbations with vertical wavelengths of 0.3–6.9 km are 226 

considered as GWs (Wang and Geller, 2003). By applying this band-pass filter, the 227 

average gravity-wave kinetic energy per unit mass (energy density) and the average 228 
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potential energy density can be expressed as: 229 

 𝐸𝑘 =
1

2
[𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ ]     (3) 230 

𝐸𝑝 =
1

2

𝑔2�̂�′2̅̅ ̅̅ ̅

𝑁2      (4) 231 

where g is the gravitational constant, �̂�′ = 𝑇′ �̅�⁄  the normalized perturbation 232 

temperature, and the overbar indicates an averaging over the tropospheric segment, 233 

which is chosen as 2–8.9 km for all regions, expect the polar region, and it is selected 234 

as 2–7.4 km for the polar region (Wang and Geller, 2003). Eventually, the total GW 235 

energy 𝐸𝑡 is the sum of 𝐸𝑘 and 𝐸𝑝. 236 

3 Results and Discussions 237 

3.1 Comparisons of wind shear between HVRRS and ERA5 reanalysis 238 

 The variations in vertical shear of horizontal wind speed and the squared 239 

Brunt-väisälä frequency entirely determine the Ri magnitude. Figure 2 provides an 240 

overview of the spatial distribution of wind shear at heights of 0–2 km a.s.l and 10–15 241 

km a.s.l obtained from the HVRRS and ERA5 reanalysis, explicitly representing the 242 

variations of shear in the planetary boundary layer (PBL) and the upper troposphere, 243 

respectively. The shear in the PBL regime estimated by ERA5 reanalysis demonstrates 244 

a strong spatial variation, and it is largely dependent on underlying terrains and 245 

latitudes (Fig.2a). For example, large values in the PBL regime can most likely be 246 

observed along the coastline, which could be attributed to the prevailing sea-breeze 247 

circulation. Large wind shear is common in regions where stability changes rapidly 248 

(Grasmick and Geerts, 2020). As compared to the HVRRS, these shears are slightly 249 

underestimated by approximately 4 m/s/km, mostly based on continental sounding 250 

measurements. However, the oceanic shear is hard to be quantitatively assessed by a 251 

large number of in-situ radiosonde stations, with this aspect likely being evaluated by 252 

the ship-based radiosonde. Over the tropical oceans, Savazzi et al. (2022) found the 253 

wind bias between EUREC4A field campaign and the ERA5 reanalysis varies greatly 254 

from day to day, attributing to the bias in wind forecasting in the ERA5 reanalysis. 255 
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Nevertheless, a close association between averaged ERA5-reterived shears and 256 

HVRRS-determined shears can be noticed in terms of geospatial distribution, with a 257 

correlation coefficient of 0.36. 258 

 It is noteworthy that shears in the ERA5 reanalysis at heights of 10–15 km a.s.l is 259 

dramatically underestimated by around 8 m/s/km, especially at middle latitudes, 260 

compared to the HVRRS. The underestimation could partly be due to the coarse 261 

vertical resolution (around 300-m) in the ERA5 reanalysis in this height interval. 262 

However, the spatial distribution of the ERA5 shear still exhibits a significant positive 263 

correlation with the HVRRS shear, with a correlation coefficient of 0.35 (Fig.2d). 264 

 Following Houchi et al. (2010), the monthly shears over seven typical climate 265 

zones are separately investigated, which are defined as follows: Northern 266 

Hemisphere/Southern Hemisphere polar (70°–90°), Northern Hemisphere/Southern 267 

Hemisphere midlatitude (40°–70°), Northern Hemisphere/Southern Hemisphere 268 

subtropics (20°–40°), and tropics (20°S–20°N). Over the polar region in the 269 

Northern/Southern Hemisphere, HVRRS-based shears are exceptionally strong in the 270 

lower stratosphere compared to those in the troposphere (Fig.3a, g), which could be 271 

attributed to the stratospheric polar jet. However, the similar altitude variation can 272 

hardly be found in ERA5-based shears that are dramatically underestimated by around 273 

16 m/s/km in the lower stratosphere (Fig.3h, n). The results in midlatitudes reach a 274 

similar conclusion (Fig.3b, f, i, m). Over subtropical regions in the Northern/Southern 275 

Hemisphere, HVRRS-based shears are consistent strong at heights of 16–21 km a.s.l, 276 

just above the subtropical jet stream (Fig.3c, e). However, in the ERA5 reanalysis, the 277 

region with consistently strong shears can be noticed at approximately 16 km a.s.l 278 

(Fig.3j, l), which is about 3 km lower than that in the HVRRS. In the tropics, the 279 

signature of quasi-biennial oscillation (QBO) can be identified in the lower 280 

stratosphere (Fig.3d, k). 281 

 Overall, the ERA5-based shears are underestimated at almost all investigated 282 

heights and over all climate zones, especially in the lower stratosphere. The 283 

comparison between HVRRS-based and ERA5-based shears at three typical regimes 284 

are tabulated in Table 1, representing the comparison result in the PBL region, the 285 
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middle and upper troposphere, and the lower stratosphere. These metrics highlight 286 

that ERA5-based shears are underestimated by approximately 5 m/s/km, 7.5 m/s/km, 287 

10 m/s/km at heights of 0–2 km, 10–15 km, and 20–25 km a.s.l, respectively, which 288 

are roughly consistent with Houchi et al. (2010).  289 

By comparison, the ERA5-acquired 𝑁2 averaged from the surface to 30 km a.g.l 290 

is reliably estimated over all climate zones, with a relative error of around 14%, as 291 

illustrated in Figure S3. This finding indicates that the ERA5 reanalysis can properly 292 

present the static stability of the background atmosphere, but it is not properly 293 

coincident with radiosonde in terms of the small-scale variability of dynamical 294 

structures. Due to a lack of global measurement of the fine-structure of the upper-air 295 

wind, however, the accuracy of ERA5-resolved shears is hard to be globally validated.  296 

3.2 Occurrence frequency of Ri<1/4 in HVRRS and ERA5 reanalysis 297 

 As a prominent example, the monthly occurrence frequency of Ri<1/4 over the 298 

Corpus Christi station (27.77° N, −97.5° W) during years from January 2017 to 299 

October 2022 is illustrated in Figure 4. As a result, the monthly occurrence rate of 300 

Ri<1/4 in the PBL regime determined from HVRRS is lower than the ERA5-based 301 

one, with mean values of around 10.6% and 16.9%, respectively. In the lowermost 2 302 

km, the vertical resolution of ERA5 reanalysis is less than 200 m, and it is less than 303 

the moving segment interval in Eq.(1). The high occurrence frequency in the PBL 304 

regime could be likely related to the convective activity that leads to a negative 𝑁2. 305 

Especially during the daytime, PBL is well mixed due to strong turbulence induced by 306 

uprising thermals (Song et al., 2018). In addition, an obvious seasonal cycle of 307 

occurrence frequencies is revealed by HVRRS in the middle and upper troposphere 308 

and has a maximal in the spring season (March–April–May), which is consistent with 309 

the finding in Zhang et al. (2019). In the vicinity of jet streams, the occurrence 310 

frequency of Ri<1/4 is generally enhanced by large wind shears. However, the ERA5 311 

reanalysis is hard to provide such a seasonal cycle pattern, and it is significantly 312 

underestimated by around 8%, which could be attributed to the underestimation in 313 
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wind shears. In the lower stratosphere, both the HVRRS and ERA5 reanalysis provide 314 

a low estimation of occurrence frequencies, with a value of around 1%. 315 

Furthermore, on a large spatial scale the occurrence frequency of Ri<1/4 retrieved 316 

by ERA5 reanalysis is remarkably underestimated in the free atmosphere, as 317 

compared to the HVRRS. The annual variation of the occurrence frequency of Ri<1/4 318 

over seven climate zones at 0 to 30 km a.g.l indicated by HVRRS and ERA5 319 

reanalysis is further demonstrated in Figure 5. It is clearly seen that the occurrence 320 

frequency of Ri<1/4 provided by ERA5 reanalysis is underestimated in all months, 321 

over all climate zones, possibly implying that, in the free atmosphere, the threshold 322 

value of 1/4 in Eq.(1) is too small for the ERA5 reanalysis to capture the occurrence 323 

of KHI.   324 

Therefore, the question posed here is, what is the proper threshold value of Ri in 325 

predicting the occurrence of KHI when using the ERA5 reanalysis? The occurrence 326 

frequency of Ri<1/4 indicated by the HVRRS, the ERA5-determined occurrence 327 

frequencies produced by Ri<0.25, Ri<0.5, Ri<1, Ri<1.5, and Ri<2 at all heights up to 328 

30 km a.s.l are demonstrated in Figure 6. It is notable that over all climate zones and 329 

in the free atmosphere, occurrence frequencies of Ri<0.25 and Ri<0.5 obtained from 330 

the ERA5 reanalysis are undervalued, but the frequencies of Ri<1.5 and Ri<2 are 331 

generally overvalued. Among others, the occurrence frequency of Ri<1 gives a close 332 

estimation both in magnitude and spatial variation compared to HVRRS over all 333 

climate zones. 334 

 Furthermore, the correlation coefficients between HVRRS-determined KHI 335 

occurrence frequency and the ERA5-determined frequencies indicated by different 336 

threshold values of Ri at height levels of 0 to 30 km are illustrated in Figure 7. It is 337 

worth noting that, in the troposphere, the ERA5-based frequencies indicated by Ri<1, 338 

Ri<1.5, and Ri<2 are highly positively correlated with those from the HVRRS, with a 339 

correlation coefficient of around 0.6 over all climate zones. In the lower stratosphere, 340 

however, these coefficients rapidly decline to 0.1, which can be explained by the low 341 

occurrence frequency of KHI in this height regime.   342 

Combined the findings in Figures 6 and 7, in the free troposphere, we can 343 
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conclude that the ERA5-determined occurrence frequency of Ri<1 is closest to the 344 

frequency of Ri<1/4 based on the HVRRS. In the free atmosphere, KHI is the 345 

dominant source for clear-air turbulence (CAT) that is a well-known hazard to 346 

aviation. Therefore, the global characterization of KHI occurrence frequency in the 347 

free atmosphere obtained from ERA5 reanalysis could be of importance for 348 

understanding the spatial-temporal variation of CAT. In the following sections, the 349 

occurrence frequency of KHI (hereinafter OF(KHI)) is based on Ri<1 in ERA5 350 

reanalysis and Ri<1/4 in HVRRS, unless otherwise noted.  351 

3.3 The OF(KHI) climatology  352 

For a first hint the global distributions of OF(KHI) provided by the ERA5 353 

reanalysis at 0–2 km a.s.l and 10–15 km a.s.l are displayed in Figure 8. OF(KHI) in 354 

the PBL region is considerably spatially heterogeneous. Over subtropical oceans in 355 

the Northern/Southern Hemisphere, the intense OF(KHI) can be noticed and has a 356 

magnitude of around 50% (Fig.8a). In addition, over the Sahara Desert the OF(KHI) 357 

reaches as high as 65%. Interestingly, the spatial variation in OF(KHI) keeps high 358 

consistency with that of planetary boundary layer height (PBLH), as shown in Figure 359 

S4. Usually, in the PBL regime, a deeper PBLH that represents more vigorous 360 

convection activities can predict a higher OF(KHI). These findings suggest that, in the 361 

PBL regime, the burst of KHI is likely closely associated with thermal convection due 362 

to the heating of the ground. Similarly, at heights of 10–15 km a.s.l, intensive 363 

OF(KHI) can be viewed over subtropic regions and has a value of around 10% 364 

(Fig.8b), which is likely attributed to upper tropospheric jets.     365 

In comparison, the spatial-temporal variability of OF(KHI) indicated by HVRRS 366 

keeps high consistency with that of ERA5 reanalysis over all climate zones and at all 367 

heights up to 30 km (Figure 9), especially in the free troposphere. Obvious seasonal 368 

cycles can be detected over subtropics and midlatitude regions in the troposphere by 369 

both the HVRRS and ERA5 reanalysis. However, the ERA5-based OF(KHI) can only 370 

reflect the backbone of the cycles, and it is hard to quantify the detailed variation like 371 
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the HVRRS does. For regions without high-resolved wind and temperature 372 

measurements, the ERA5 model product could be a good choice to represent the 373 

thermodynamic instability of background atmosphere. Although ERA5-based 374 

OF(KHI) is consistent with the HVRRS-based one from a global perspective, it is 375 

generally underestimated over polar regions (Fig.9a, g, h, n). 376 

Furthermore, the seasonal variation of OF(KHI) over seven climate zones 377 

indicated by two datasets is shown in Figure 10. Over midlatitude and subtropics 378 

regions, the OF(KHI) quickly decreases from around 40% in the PBL regime to 379 

around 6% at around 3 km and then increases to around 8% at around 9 km, and 380 

eventually, it decreases to around 2% in the lower stratosphere (Fig.10b,c,e,f). Over 381 

tropic regions, a primary peak can be clearly noticed at around 13 km, with a 382 

maximum of 12% for the HVRRS and 20% for the ERA5 reanalysis (Fig.10d, k). 383 

Over polar regions, the tropospheric OF(KHI) is significantly lower than that over 384 

other climate zones, with values ranging from around 4% at heights of 2–8 km to 1% 385 

in the lower stratosphere (Fig.10a,g).    386 

 As well, the latitude-altitude variation of ERA5-reterived OF(KHI) is clearly 387 

notable. In the free atmosphere the highest occurrences can be noticed at height 388 

intervals of 8–15 km over tropical zones in all seasons, with magnitudes of around 389 

30%. A poleward decrease pattern can be clearly detected in all seasons, with values 390 

varying from 30% at low latitudes to around 5% at high latitude in the middle and 391 

upper troposphere, which is consistent with the report in Zhang et al. (2022). 392 

In Table 2, the mean OF(KHI) magnitudes over seven climate zones and at three 393 

typical altitude regimes are listed. In the PBL, the ERA5-based OF(KHI) is about 20% 394 

larger than that of the HVRRS-based one. In the middle and upper stratosphere, the 395 

ERA5-based OF(KHI) is reasonably well estimated, except that it is overestimated by 396 

around 5.8% over the tropics region. In addition, ERA5 underestimates OF(KHI) by 397 

around 0.5% in the lower stratosphere.  398 

According to Fig.8a, it seems that low-level OF(KHI) is dependent on underlying 399 

terrains. Therefore, we investigate the association of low-level HVRRS-determined 400 

OF(KHI) with the standard deviation of orography (SDOR). At heights of 1–2 km 401 
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a.g.l, the underlying terrain with a large SDOR generally corresponds to a high 402 

OF(KHI), with a correlation coefficient between OF(KHI) and SDOR of 0.24. Then, 403 

the coefficient decreases to 0.15 at 3–4 km a.g.l (Fig.11b), and eventually, it equals 404 

0.14 at 5–6 km a.g.l (Fig.11c). These findings indicate that, over mountainous areas, a 405 

high low-level OF(KHI) would be expected.   406 

Moreover, it is quite evident from Fig.8b that the OF(KHI) is largely enhanced 407 

over the tropical ocean associated with El Niño Southern Oscillation (ENSO) events. 408 

The most of the enhanced OF(KHI) can be identified over the Niño 3 region (5° N–5° 409 

S, 150° W–90° W), and the time-height cross section of OF(KHI) during years of 410 

2000 to 2022 is illustrated in Figure 12. The OF(KHI) at height region of 6–13 km are 411 

evidently large, with values of around 40%, which is about 20% larger than the 412 

climatological mean value (Fig.9j). More specifically, OF(KHI) during time periods 413 

of La Niño events is obviously stronger than that during the EI Niño periods. The 414 

identification of ENSO events is based on Ren et al. (2018), Li et al. (2022), and Lv et 415 

al. (2022). It is also worth recalling here that the wind shear does not exhibit such an 416 

anomaly over the Niño 3 region (Fig.2c), implying that the OF(KHI) anomaly could 417 

likely be attributed to the ENSO-related tropical convective heating in the upper 418 

troposphere.  419 

3.4 The dynamical environment of KHI  420 

In the PBL, the raised KHI could be attributed to the interaction between complex 421 

terrain and low-level wind and thermal convection. While in the free atmosphere 422 

where the convection activity is weak, KHI is preferentially generated from strong 423 

wind shear, which is closely associated with mean flows and wave activities.  424 

 We first evaluate the association of low-level OF(KHI) with near-surface wind 425 

speed for the HVRRS station with a SDOR greater than 50 (Figure 13). It is probably 426 

not surprising that the OF(KHI) is positively correlated with near-surface wind speed 427 

at both heights of 1–2 km and 3–4 km a.g.l, with correlation coefficients of 0.09 and 428 

0.04, respectively. These low coefficients could be attributed to too large samples. 429 
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Therefore, we infer that the interaction between near-surface winds and complex 430 

terrains could increase the magnitude of low-level OF(KHI).  431 

 The propagation of GW could raise strong wind shear, and therefore generate 432 

KHI. Thereby, we investigate the joint distribution of OF(KHI) with tropospheric GW 433 

total energy and wind shear (Figure 14). The latitudinal variation of GW total energy 434 

exhibits a double-peak structure, with two peaks at around 30° in the 435 

Northern/Southern Hemisphere (Fig.14a). Overall, large OF(KHI) always 436 

corresponds to strong GW activities and large wind shears, likely indicating that GW 437 

activity is crucial for the occurrence of KHI.  438 

 In addition, the interaction between low-level wind and mountain barrier could be 439 

a source of orographic GWs (Zhang et al., 2022). We take orographic GW dissipation 440 

in ERA5 reanalysis, which is the accumulated conversion of kinetic energy in the 441 

mean flow into heat over the whole atmospheric column, as an indicator of the 442 

strength of orographic GWs. It is interesting to note that monthly averaged orographic 443 

GW dissipation and ERA5-determined OF(KHI) at heights from ground up to 30 km 444 

demonstrates a close association (Figure S5). For instance, in the middle troposphere, 445 

they are positively associated over mountainous areas such as the Rocky Mountains 446 

and the Alps Mountain, with correlation coefficients of around 0.5. These findings 447 

also suggest that the propagation of orographic GWs could be a potential source for 448 

KHI.  449 

At jet heights (10–15 km a.g.l), a large shear is easily induced by strong wind 450 

speed. Figure 15 demonstrates the joint distribution of OF(KHI) with wind speed and 451 

wind shear. Similarly, large OF(KHI) can be easily found when the wind speed 452 

exceeds 20 m/s and wind shear is larger than 20 m/s/km. However, it is clear that 453 

large wind speed is not a necessary condition for KHI. The occurrence of KHI favors 454 

the mean flow with a speed exceeding 20 m/s, but it does not ensure to happen for an 455 

extremely large wind speed.    456 

In a short conclusion, in the troposphere, the occurrence of KHI favors the 457 

dynamical environment with strong orographic or non-orographic GW activities and 458 

relatively large mean flow (>20 m/s). 459 
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4 Conclusion and remarks 460 

The occurrence of KHI is potential crucial for many implications, such as aircraft, 461 

mass transfer, and climate change, just name a few, but it is very hard to be globally 462 

understood due to its fine structure. This analysis uses high-resolution model products 463 

and radiosondes to globally characterize the distribution of KHI occurrence frequency 464 

from the years 2017 to 2022. 465 

Wind shears are considerably underestimated at almost all heights and over all 466 

climate zones by the ERA5 reanalysis, compared to the HVRRS. It is noteworthy that 467 

shears in the ERA5 reanalysis at heights of 10–15 km a.s.l is dramatically 468 

underestimated by around 8 m/s/km, especially at middle latitudes. However, the 469 

spatial distribution of the ERA5 shear exhibits a statistically significant positive 470 

correlation with the HVRRS shear. The underestimation therefore influences the 471 

performance of KHI analysis. As a result, the ERA5-determined occurrence frequency 472 

of Ri<1/4 in the free tropospheric is significantly underestimated. In addition, it is 473 

poorly correlated with HVRRS-determined ones at all heights and over all climate 474 

zones. 475 

Interestingly, the ERA5-determined occurrence frequency of Ri<1 is highly 476 

consistent with the frequency of Ri<1/4 obtained from HVRRS, in terms of magnitude 477 

and temporal variation. Rather than Ri<1/4, the threshold value of Ri<1 could be more 478 

proper when using ERA5 reanalysis for KHI study, especially in the middle and upper 479 

troposphere over midlatitude and subtropic regions in the Northern/Southern 480 

Hemisphere.  481 

The climatology of OF(KHI) exhibits significant seasonal cycles over polar, 482 

midlatitude, and subtropic regions. A poleward decrease can be clearly identified in 483 

the middle and upper troposphere. In addition, the low-level OF(KHI) is positively 484 

sensitive to the standard deviations of orography. Moreover, it is immediately obvious 485 

that the OF(KHI) in the middle and upper troposphere of the Niño 3 region is largely 486 

enhanced by the tropical convective heating.  487 
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Over the mountainous area, the low-level OF(KHI) favors large near-surface 488 

wind speed. In the free troposphere, the OF(KHI) favors intensive orographic or 489 

non-orographic GW activities and relatively large mean flow (>20 m/s). 490 

Those findings could be valuable for pointing out the performance of ERA5 491 

reanalysis in terms of representing KHI occurrence frequency, as compared to a 492 

near-global high-resolution radiosonde measurement. In addition, the spatial-temporal 493 

variability of OF(KHI) over different climate zones from near-ground up to 30 km is 494 

quantitatively characterized, which could provide new insights that increase our 495 

understanding of the fine structure of upper air. 496 
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 684 

 685 

Table 1. Comparisons of mean wind shears between HVRRS and ERA5 reanalysis at 686 

heights of 0–2 km a.s.l (a), 10–15 km a.s.l (b), and 20–25 km a.s.l (c).  687 

(a) Wind shear at 0–2 km a.s.l (m/s/km) 

 Polar 

(NH) 

Midlatitude 

(NH) 

Subtropics 

(NH) 

Tropics Subtropics 

(SH) 

Midlatitude 

(SH) 

Polar 

(SH) 

HVRRS 12.67 12.94 12.30 10.57 13.03 14.16 15.01 

ERA5 7.45 7.68 7.78 5.4 8.44 9.67 8.42 

(b) Wind shear at 10–15 km a.s.l (m/s/km) 

HVRRS 13.23 14.71 13.02 9.40 13.28 14.64 13.00 

ERA5 4.22 6.13 6.82 5.86 6.86 5.20 3.42 

(c) Wind shear at 20–25 km a.s.l (m/s/km) 

HVRRS 15.12 15.74 15.41 16.76 16.69 16.12 17.15 

ERA5 2.87 3.52 4.06 5.27 3.99 3.36 2.92 
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 702 

 703 

Table 2. Similar to Tab.1 but for the occurrence frequency of KHI. Note that the 704 

occurrence of KHI is indicated by Ri<1/4 in radiosonde, but it is identified with Ri<1 705 

in ERA5 reanalysis.     706 

(a) OF(KHI) at 0–2 km a.s.l (%) 

 Polar 

(NH) 

Midlatitude 

(NH) 

Subtropics 

(NH) 

Tropics Subtropics 

(SH) 

Midlatitude 

(SH) 

Polar 

(SH) 

HVRRS 9.56 16.10 15.78 13.08 16.98 15.38 13.97 

ERA5 26.91 33.85 35.70 37.27 40.56 40.46 26.55 

(b) OF(KHI) at 10–15 km a.s.l (%) 

HVRRS 0.53 2.22 5.44 11.22 6.17 1.55 0.62 

ERA5 0.44 2.62 6.86 17.03 7.15 1.67 0.28 

(c) OF(KHI) at 20–25 km a.s.l (%) 

HVRRS 0.36 0.49 0.43 0.5 0.40 0.67 1.35 

ERA5 0.06 0.07 0.04 0.1 0.06 0.06 0.04 

 707 

 708 
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 709 

Figure 1. The averaged occurrence frequencies of Ri<1/4 at heights of 0–2 km a.s.l (a) 710 

and 10–15 km a.s.l (b), with vertical resolutions ranging 10-m to 100-m and moving 711 

point numbers increasing from 0 to 50. The error bars correspond to the standard 712 

deviation. The metrics are counted based on all radiosonde profiles during years 713 

2017–2022.  714 
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 715 

Figure 2. The spatial distribution of mean wind shear in ERA5 reanalysis at heights 716 

of 0–2 km a.s.l (a) and 10–15 km a.s.l (c), where the areas with a near-surface 717 

pressure lower than 800 hPa are masked with white. The overlaid colored circles 718 

represent the result in HVRRS at the same height levels. Each data point represents a 719 

vertically averaged value of the wind shear at one radiosonde station during the whole 720 

study period. Density plots (b, d) show the correlation between wind shears in 721 

HVRRS and ERA5 reanalysis. The ERA5 derived wind shears are spatially and 722 

temporally collocated with those of HVRRS. In addition, the red lines represent a 723 

least-squared linear regression, and the star superscripts indicate that values are 724 

statistically significant (p<0.05). 725 
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 726 

Figure 3. Monthly mean wind shears during years 2017–2022 in HVRRS (a–g) and 727 

ERA5 reanalysis (h–n) at different climate zones. The ERA5 derived wind shears are 728 

spatially and temporally collocated with those of HVRRS. NH=Northern Hemisphere; 729 

SH=Southern Hemisphere.  730 

 731 
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 732 

Figure 4. The monthly occurrence frequency of Ri<1/4 at Corpus Christi station 733 

(27.77° N, −97.5° W) in HVRRS (a) and ERA5 reanalysis (b). Note that the contour 734 

curves in (a) concern the mean horizontal wind speed, and that the ERA5 derived 735 

quantities are spatially and temporally collocated with those of HVRRS. 736 
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 737 

Figure 5. The annual cycles of the occurrence frequency of Ri<1/4 in different 738 

climate zones at 10–15 km a.s.l. The red and blue boxes represent the frequencies in 739 

HVRRS and ERA5 reanalysis, respectively. The ERA5 derived Ri is spatially and 740 

temporally collocated with that of HVRRS. NH, Northern Hemisphere; SH, Southern 741 

Hemisphere. 742 

 743 
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 744 

Figure 6. The altitude variation of the occurrence frequency of Ri below certain 745 

thresholds (0.25, 0.5, 1, 1.5, and 2) in ERA5 reanalysis in various climate zones. The 746 

ERA5 derived Ri is spatially and temporally collocated with that of HVRRS. The 747 

occurrences of Ri<1/4 in HVRRS are marked with red dots.  748 

 749 
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 750 

Figure 7. The correlation coefficients between monthly averaged KHI occurrence 751 

frequency in the HVRRS and the monthly occurrence frequency of Ri below certain 752 

thresholds (0.25, 0.5, 1, 1.5, and 2) in ERA5 reanalysis. The ERA5 derived Ri is 753 

spatially and temporally collocated with that of HVRRS. The coefficients in various 754 

climate zones are estimated in an increment of 2 km.  755 
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 756 

Figure 8. The spatial distribution of the mean occurrence frequency of KHI in ERA5 757 

reanalysis at 0–2 km a.s.l (a) and 10–15 km a.s.l (b). Note that the threshold value of 758 

Ri is set to 1.  759 
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 760 

Figure 9. The monthly averaged OF(KHI) in the HVRRS (a–g) and ERA5 reanalysis 761 

(h–n) in seven climate zones. NH=Northern Hemisphere; SH=Southern Hemisphere.  762 
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 763 

 764 

Figure 10. The seasonal averaged OF(KHI) in the HVRRS (a–g) and ERA5 765 

reanalysis (h–m) in seven climate zones. The gray areas indicate the free tropospheric 766 

regime with maximal OF(KHI) in four seasons. MAM, March–April–May; JJA, 767 

June–July–August; SON, September–October–November; DJF, December–January–768 

February. NH=Northern Hemisphere; SH=Southern Hemisphere.  769 
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    781 

 782 

Figure 11. The association of HVRRS-determined OF(KHI) with different standard 783 

deviations of orography. (a), (b), and (c) are for height ranges of 1–2 km, 3–4 km, and 784 

5–6 km a.g.l, respectively. The correlation coefficients between OF(KHI) and 785 

standard derivation of orography are marked in the top right corner, where the star 786 

superscripts indicate that values are statistically significant (p<0.05). 787 

      788 
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 789 

 790 

Figure 12. The monthly averaged OF(KHI) in ERA5 reanalysis over the Niño 3 791 

region (5° N–5° S, 150° W–90° W). The blue and red shadings in time axis indicate 792 

the time periods with EI Niño and La Niño events, respectively. 793 
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 794 

Figure 13. Density plots of HVRRS-derived OF(KHI) over terrain with standard 795 

deviation of orography larger than 50 as a function of near-surface wind speed. The 796 

red lines represent a least-squared linear regression. The star superscripts indicate that 797 

values are statistically significant (p<0.05). 798 

   799 
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 800 

Figure 14. Geographical distribution of mean tropospheric GW total energy obtained 801 

from the HVRRS (a). The latitudinal variation of mean energy in a grid cell of 5° 802 

latitude (b). The joint distribution of OF(KHI) with GW energy and wind shear (c). 803 

The OF(KHI) and wind shear are derived from individual HVRRS profiles and 804 

vertically averaged over the tropospheric segment that is used for GW study. The 805 

numerical number in (c) indicates the matched profile number in each grid, using a 806 

bin size of 2 J/kg along the x axis and 2 m/s/km along the y axis.  807 

 808 
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 811 

 812 

 813 

Figure 15. Joint distribution of HVRRS-derived wind speed, wind shear, and 814 

OF(KHI), with a bin size of 5 m/s along the x axis and 5 m/s/km along the y axis. 815 

Note that all the relationship is based on the mean result of individual profiles at 816 

heights of 10–15 km a.g.l. The number indicates the matched profile number in each 817 

grid. 818 
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