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Abstract

On December 18, 2022, Hawaiian Airlines flight HA35 encountered severe turbulence in a cloud-free region without warning.

We simulated this incident using the Model for Prediction Across Scales (MPAS) with a convective permitting grid. We found

that the turbulence formed due to the Kelvin-Helmholtz instability (KHI) generated by strong vertical wind shear. At low

altitudes, deep convection caused a decrease in wind speed in both upstream and downstream regions. At upper levels, the jet

descended and accelerated after flowing over the convection, which acted like a barrier and produced a situation similar to a

downslope windstorm. The low Scorer parameter above the jet and the self-induced critical level created the locally enhanced

descending jet stream, which destabilized the flow through KHI.
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Key Points:8

• A regionally convection-permitting model and a new eddy dissipation rate calcu-9

lation method were used to predict aviation turbulence.10

• Deep convection acted like terrain and interacted with a jet stream, causing an11

upper-level windstorm downstream of the convection top.12

• Severe turbulence upstream and downstream of convection was due to different13

mechanisms, but both related to Kelvin-Helmholtz instability.14
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Abstract15

On December 18, 2022, Hawaiian Airlines flight HA35 encountered severe turbulence in16

a cloud-free region without warning. We simulated this incident using the Model for Pre-17

diction Across Scales (MPAS) with a convective permitting grid. We found that the tur-18

bulence formed due to the Kelvin-Helmholtz instability (KHI) generated by strong ver-19

tical wind shear. At low altitudes, deep convection caused a decrease in wind speed in20

both upstream and downstream regions. At upper levels, the jet descended and accel-21

erated after flowing over the convection, which acted like a barrier and produced a sit-22

uation similar to a downslope windstorm. The low Scorer parameter above the jet and23

the self-induced critical level created the locally enhanced descending jet stream, which24

destabilized the flow through KHI.25

Plain Language Summary26

On December 18, 2022, Hawaiian Airlines flight HA35 encountered severe turbu-27

lence without warning, resulting in injuries to some passengers and damage to the equip-28

ment. This unusual incident requires careful investigation to broaden our understand-29

ing of aviation turbulence. A numerical model at kilometer-scale resolution was used to30

simulate this case and reveal the dynamics, and we successfully captured the occurrence31

of turbulence with the simulation. The cause of the turbulence was a previously unknown32

mechanism. It involves the interaction between the deep convection that acted as a bar-33

rier and an upper-level jet. Severe turbulence was generated in a situation similar to a34

downslope windstorm near the ground due to mountains. This interaction caused tur-35

bulence in different locations near the strong convection, making the turbulence unpre-36

dictable because it occurs in cloud-free regions and cannot be detected by airborne radar.37

1 Introduction38

The turbulence in aviation is a significant contributor to weather-related incidents,39

causing injuries, occasional fatalities, and structural damage annually. Furthermore, it40

incurs considerable operational expenses for airlines, resulting in schedule disruptions41

and air traffic management challenges, amounting to millions of dollars (Tvaryanas, 2003;42

R. D. Sharman, Doyle, & Shapiro, 2012; Kim & Chun, 2016; R. Sharman & Lane, 2016a).43

Aviation turbulence is classified according to its sources: convection-induced turbulence44

(CIT), mountain wave turbulence (MWT), and clear-air turbulence, which are always45

generated by atmospheric instabilities, such as static, Kelvin–Helmholtz (KHI), convec-46

tively, conditional instabilities(R. Sharman & Lane, 2016b). Specifically, turbulence mo-47

tions can be active in convection and its surrounding air because of moist instability. They48

can be generated by the strong deformation of the flow near the cloud and gravity wave49

breaking (Lane et al., 2003; Trier et al., 2012).50

Topography can also induce turbulence because of the formation of gravity waves51

over the lee side of the mountain when flow passes the terrain. The significant ampli-52

tude and fragmentation of these waves induce turbulence. This phenomenon depends53

on the characteristics of the upstream environment, terrain geometry, and atmospheric54

stability at different altitudes (Clark & Peltier, 1984; R. Sharman & Lane, 2016b). At55

high altitudes, the “critical layers” where the wind reverses direction with height are im-56

portant (R. D. Sharman, Trier, et al., 2012); at low altitudes, the possible “hydraulic jump”57

can make the flow turbulent (Prósper et al., 2019). Hydraulic jump derives from hydraulics58

and is a phenomenon that the thickness of a flow is rapidly increased. It usually occurs59

when a high-velocity fluid enters a low-velocity region, where the thickness of the fluid60

rises due to the opposite relationship between the thickness and energy of the supercrit-61

ical and subcritical flow. Previous researchers have primarily examined the effects of MWT62

at high altitudes, as it is the altitude range that directly impacts aircraft.63
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However, what will happen if this terrain is suspended in the air? Fujita (1982) found64

that deep convection can act like a topographical feature (virtual terrain), inducing the65

upstream flow to either deflect or go over it. Under appropriate atmospheric conditions66

and convection, it can even generate a hydraulic jump at high altitudes, resulting in tur-67

bulence downwind (O’Neill et al., 2021). Our research reveals that strong convection func-68

tions as a topographical feature, inducing high-altitude jet streams to generate turbu-69

lence in distinct regions downstream of the convection. This mechanism differs from pre-70

vious studies focused on CIT though this region has strong convection. Furthermore, the71

velocity of the jet increase as they descend, leading us to believe that this process is sim-72

ilar to the formation mechanism of a downslope windstorm.73

Downslope windstorms have been observed in mountainous regions worldwide (Fudeyasu74

et al., 2008; Koletsis et al., 2009) and relevant studies utilized various methodologies such75

as observation and numerical simulations (Doyle & Smith, 2003; Klemp & Lilly, 1975),76

which showed the nonlinear effects on large-amplitude mountain waves. To explain these77

nonlinear effects, various theories have been developed: 1) the flow undergoes a transi-78

tion from subcritical flow upstream to supercritical flow downstream (D. R. Durran, 1986;79

Smith, 1985; Long, 1953); 2) the upward propagating waves are reflected downward by80

an area where the Scrorer parameter changes rapidly, which creates a superposition of81

the wave to increase the wind velocity (Klemp & Lilly, 1975); and 3) the “self-induced82

critical layer” can trap the energy to increase the wave amplitude (Peltier & Clark, 1979;83

Clark & Peltier, 1984).84

In this research, we used the Model for Prediction Across Scales (MPAS) to study85

a case of severe aviation turbulence that happened near the Hawaiian Islands. The ac-86

cident left 25 people injured, some seriously, and the condition of “smooth with clear skies”87

(Oxenden, 2023) suggests its complex mechanisms involved. MPAS has the flexibility88

and advantage to cover global circulation but refine its grid mesh to a convection-permitting89

resolution regionally. It is found that the server turbulence is caused by a new mecha-90

nism not considered before in aviation turbulence, which is due to the interaction be-91

tween the jet stream and deep convection.92

2 Models and Methods93

2.1 MPAS Setup94

The MPAS version 7 is used in this study for regionally convection-permitting sim-95

ulations. It is characterized by a non-hydrostatic dynamical core using unstructured Voronoi96

meshes and C-grid discretization (Skamarock et al., 2012). The global variable-resolution97

mesh can have finer resolutions in interested areas. This study focuses on aviation tur-98

bulence near Hawaii Islands. Our experiments are designed with 1 ∼ 60, 3 ∼ 60 and99

9 ∼ 60 km meshes. Figure S1 in supplementary materials shows the mesh configura-100

tions, which have higher resolution near the Hawaiian Islands and offshore waters and101

gradually change to 60-km resolution in the background. The analysis is the results from102

the 1 ∼ 60 mesh if not specified otherwise. Different resolutions help to test the sen-103

sitivity of the simulated convection and turbulence to grid spacings.104

The initial conditions are based on the European Centre for Medium-Range Weather105

Forecast (ECMWF) fifth-generation reanalysis (ERA5) data at a 0.25◦ horizontal grid106

spacing and 37 vertical levels (Bell et al., 2021). The initialization time of our simula-107

tions is approximately 6 hours before the occurrence of the incident. The MPAS has a108

vertical profile consisting of 55 layers, with the highest layer situated at an altitude of109

22 km above the surface. The experiments turned off the convection parameterization110

since switching it off can usually provide a higher intensity of turbulence. We used the111

MPAS microphysics suite, which uses the Thompson scheme (Thompson et al., 2008)112

for grid cells smaller than 10 km and the WSM6 scheme (Hong et al., 2006) for other cells,113
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the planetary boundary layer scheme suite, which uses the YSU (Hong, 2010) at the courser114

resolution and the MYNN (Nakanishi & Niino, 2009) at the finer resolution. The Noah115

land surface scheme (F. Chen & Dudhia, 2001), and the RRTMG short and longwave116

radiation schemes (Mlawer et al., 1997; Iacono et al., 2000) are used in all simulations.117

2.2 Calculation of Eddy Dissipation Rate (EDR)118

A new method to estimate EDR based on convection-permitting model output and119

subfilter-scale reconstruction has been developed by H. Chen et al. (2023). It has been120

proven to be more effective in capturing turbulence than other methods. This method121

separates subfilter scales into resolvable subfilter scales (RSFS) and subgrid scales (SGS).122

The RSFS components have much more energy than the SGS component. Thus, we com-123

pute the RSFS part only. Following (Chow et al., 2005). The reconstructed RSFS ve-124

locity125

ũ∗
i = ũi + (I −G)ũi + (I −G)(I −G)ũi + · · · (1)

where the overline denotes the filter, the tilde denotes discretization, ũi is, therefore, the126

grid variable from MPAS, I is the identity operator, and G is the filter. In this study,127

the filter is a top-hat filter applied to all three dimensions. Keeping ũi is the zero-order128

reconstruction and is what we adopted. Including more terms on the right side of Eq. 1129

generates higher-order reconstruction, which is not used in this study because it may oc-130

casionally generate negative TKE.131

After obtaining RSFS velocities, the RSFS TKE is132

TKE =
1

2

(
ũ∗
i ũ

∗
i − ũ

∗
i ũ

∗
i

)
(2)

And assuming the turbulence is in the inertial subrange, the EDR is the following (Schumann,133

1991),134

ε1/3 =
(
TKE3/2/L

)1/3

(3)

where L = (λ∆x∆y∆z)1/3 is the integral scale of the turbulence, ∆x, ∆y and ∆z are135

grid spacings. In our calculations, we interpolated MPAS data from the unstructured136

grid to 0.008◦×0.008◦ latitude-longitude grid before using the above equations. There-137

fore, ∆x and ∆y are approximately 0.8 km for the region near Hawaii Islands. ∆z is 500m.138

λ = 8 for our calculation. However, in principle, one could adjust this factor λ to cal-139

ibrate EDR estimation for the operational forecast.140

2.3 Other Physical Quantities141

The Froude number (Fr) in this case was calculated from142

Fr =
U

NH
(4)143

here, the U is the velocity of the upstream wind, N is the Brunt–Vaisala frequency, and144

H is the height of flow descent (O’Neill et al., 2021), and we extracted the flow by some145

specific isentropes, it will be described later, so the U and N is the average in the flow.146

If Fr ≫ 1, the flow passes over the barrier with small changes(Carruthers & Hunt, 1990),147

if Fr ≪ 1, the flow will be blocked and have substantial nonlinear effects(Smolarkiewicz148

& Rotunno, 1989), and the Fr ∼ 1 means transitional flow may happen.149

The Scorer parameter l2, an value to evaluate if a gravity wave can propagate through150

a region, is defined as follows:151

l2 =
N2

U2
− 1

U

d2U

dz2
(5)

Waves with horizontal wave numbers larger than l2 are evanescent(D. Durran, 2003).152
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3 Results153

3.1 Environmental Conditions154

Figure 1 a) shows a map of the large-scale wind field, geopotential height and the155

brightness temperature from GOES-17(?, ?) at 200 hPa on December 18, 2022, 20:10156

UTC. It exhibits extensive cloud coverage over the western Hawaiian Islands and over157

the sea to the northeast. The clouds are located in the exit region of a distorted mid-158

latitude jet stream, due to a low pressure in the northwest of Hawaii. Notably, the clouds’159

altitude is relatively low, and the airplane was traversing a cloud-free region. The wind160

near Hawaii is southwesterly, opposite to the direction of the aircraft’s flight path.161

The horizontal distributions of the total hydrometeors at altitudes of 5200m and162

10200m are presented in Figure 1 b) and c), showing the consistency with observation,163

wherein the aircraft track is represented by a red line. The airplane’s trajectory was lo-164

cated in a region with less convection around its path, but it was still affected by strong165

turbulence. Notably, the lower altitudes exhibit more convective activity, and some alerts166

about thunderstorms in the vicinity were raised. At high altitudes, convection is reduced,167

with sporadic strong convection forming a loosely organized arc perpendicular to the pre-168

vailing wind direction.169

Figure 1. a) Horizontal distribution of brightness temperature (shading) from GOES-17,

200-hPa wind (vectors), and geopotential height (unit: m, green contour). b) total hydrometeors

in MPAS simulation at 5200m, c) sas as (b) but at 10200m. These data are on December 18,

2022, at 20:10 UTC. The red square in (a) indicates the location of aviation turbulence events.

The red lines in (b) and (c) represent the airplane’s path. The two crosses mark the positions of

turbulence events

–5–



manuscript submitted to Geophysical Research Letters

Additional figures about wind at different altitudes can be found in Figure S2 in170

the supplementary material. It can be found that there exists a low-speed region to the171

northwest of the airplane path, southwest of the convection, and the positions of con-172

vection can be indicated in Supplementary Figure S3 with vertical velocity. This sug-173

gests the influence of the convection system on the wind field, as evidenced by an increase174

in speed over the convection.175

3.2 Validation of Simulations176

Based on media coverage and flight data, we know there were two approximate lo-177

cations where the turbulence happened. Figure 2 shows the distribution of EDR on the178

cross-section along the airplane’s trajectory from different simulations at 20:10 UTC on179

December 18, 2022. The red line represents the aircraft’s path, while the two markers180

denote the locations where turbulence incidents occurred. The lower marker, situated181

at an altitude of 11 km, corresponds to the trajectory at 20:16 UTC. The higher marker,182

positioned at an altitude of 12.5 km, corresponds to the trajectory at 20:08 UTC. In the183

aircraft’s trajectory record, a rapid 500 ft descent was observed near this upper-level in-184

cident, followed by a return to the original altitude.185

In Figure 2, the x-coordinate denotes distance. The moderate and severe intensity186

turbulence (EDR ≥ 0.22) has a descending distribution at altitudes exceeding 12 km,187

with the wake just intersecting the flight track. At the altitude of 10 km, the turbulence188

displays a stable, mostly horizontal distribution, with a thickness of approximately 1 km189

within the x-range of 0 to 450 km, beyond which the altitude of the turbulent layer de-190

creases to 8 ∼ 10 km. Notably, the turbulence occupies a high altitude but is confined191

to a narrow horizontal distance around x = 350 km. There was a series of deep con-192

vective systems in that area, serving as the source of this turbulence. Overall, the pat-193

tern of turbulence remains qualitatively consistent at different resolutions. Similar dis-194

tributions can be seen in ERA5 data, but there are some location discrepancies, and the195

deep convection is missing. In two turbulence incident locations, all three MPAS sim-196

ulations show EDR values significantly higher in surrounding regions. The higher res-197

olution produced higher values. These resolution-depending results are consistent with198

our previous resolution testing results and previous research(Barber et al., 2018).199

Notably, the resolution dependency cannot be fixed by a simple adjustment with200

a constant scaling factor. For example, if the 9-km resolution results are doubled to reach201

the magnitude of 1-km resolution simulation results, it will overestimate the turbulence202

in 6 ∼10 km height range, x coordinate 100 ∼ 300 km. Additionally, when observing203

the coordinates of convective clusters, which are areas where turbulence appears in a col-204

umn shape, the 1-km resolution results are further to the east, indicating a delay in the205

development of convection in the low-resolution results. Therefore, the higher resolution206

appears to be necessary for simulations.207

Figure 2 e), f) shows the distributions of the EDR in different altitudes at 20:10208

UTC on December 18, 2022, from the 1-km resolution simulation. The southern red lines209

represent the flight path of the airplane. We found that, especially at high altitudes, the210

eastern incident location is actually part of a large turbulence area. The wind speed map211

(Fig. 1) also shows a low wind speed area to the northwest of the aircraft’s path, followed212

by wind vectors pointing to a large area with intense turbulence. Therefore, in order to213

better reveal the mechanism of turbulence, we can examine the section along the green214

line, which is to the north of the flight trajectory.215

3.3 Turbulence Generation Mechanisms216

Figure 3 shows the cross-section (green line in Fig. 2) for different turbulence in-217

dices overlaid by EDR contours for regions with EDR higher than 0.25. We marked three218
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Figure 2. Cross sections along the path of the airplane, with the distribution of EDR from

different resolutions a) 1 km, b) 3 km, c) 9 km and d) 0.25◦ and horizontal distribution of the

EDR from 1- km mesh with different altitudes. e) 10200m, f) 12200m. at December 18, 2022,

20:10 UTC, while the ERA5 result is on December 18, 2022, 20:00 UTC. The red line represents

the path of the airplane, the two notations represent the positions of turbulence events. The

green line represents the new section.

regions, with each part exhibiting moderate or high-intensity turbulence. The first two219

regions encompass the areas below the jet and on both the upstream and downstream220

sides of the convection, respectively. The third section pertains to the region above the221

descending jet.222
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By comparing the indices for turbulence based on wind shear and other different223

mechanisms, we found that all turbulence in the three marked regions appears to be gen-224

erated by the KHI, which is mainly driven by strong vertical wind shear. From Figure225

3 a) and b), strong vertical wind shear, low Richardson number, and high EDR regions226

tend to overlap. In Figure 3 c), the Ellrod index is greater than 25 over many areas, which227

would be considered as severe turbulence (Ellrod & Knapp, 1992), but Region 3 is not228

covered at all. In Figure 3 d), the regions where sign changes of potential vorticity (PV)229

exist are considered to have turbulence (Audrey et al., 2011). The PV sign changes mainly230

occur in the vicinity of convection, and this PV-based prediction is very inaccurate re-231

garding the location of turbulence.232

Figure 3. Vertical cross-sections of a) wind shear, b) Richardson number, c) Ellrod index, and

d) potential vorticity on December 18, 2022, at 20:10 UTC. The area where EDR is higher than

0.25 is highlighted with the red contour in all panels. The numbers in the figure mark different

turbulent regions.
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In Regions 1 and 2. The hindering effect of convection caused low-speed areas up-233

stream and downstream and combined with the jet at 11 km altitude, resulting in stronger234

wind shear below the jet, leading to KHI.235

The Region 3 appears to be unique because of the relatively low-speed air. It oc-236

curs above the jet descent region, which results from the interaction between deep con-237

vection and the preexisting jet. The turbulence in this region originates from a situa-238

tion similar to a low-level downslope windstorm due to mountains. We will discuss the239

details of the flow structure and mechanisms in the next section.240

3.4 Windstorm Over Deep Convection241

This section concentrates on how the high-altitude jet and convection interact to242

yield flow acceleration when the jet flows over the convection, as well as the structure243

of this ‘downslope’ jet.244

Figure 4 shows cross-sections of simulated potential temperature, wind, vertical mo-245

tions, and the Scorer parameter at 20:00, 20:20, and 20:40 UTC on December 18, 2022.246

This figure reveals the location of the convection through the presence of strong verti-247

cal velocity, which exhibits slow movement. The height of hydrometeors drops signifi-248

cantly after crossing the strong convection. Concurrently, the altitude where the jet ac-249

celeration occurs, as well as the turbulent region, follow the development and movement250

of the convective system with time. Notably, at 20:20, the convective activity intensi-251

fies at x coordinate of 240 km, causing the isentropes above to be warped upwards. These252

flow characteristics suggest that the strong convection acted as a barrier to the jet stream.253

Figure 4 indicates that below the altitude of 11 km and before reaching the x-coordinate254

of 250 km, the wind vector exhibits an upward lift. There is a large positive area of ver-255

tical velocities, which signifies the occurrence of an upward process of the flow to the west-256

ern region of the convection and shows the topography-like effects from deep convection.257

Meanwhile, the jet maintains a relatively stable height. Upon flowing over the convec-258

tive system, the isentropes with a height between 10 ∼ 14 km undergo a significant drop259

in height, decreasing by 1.5 km in height within a horizontal range of approximately 180 km.260

Moreover, the wind speed undergoes a notable increase during the descent at the down-261

stream side of the convection, with the average wind speed rising from 40 to 50 m/s, in-262

dicating the presence of a downslope storm-like high-speed region. At half of the descent263

height, the isentropes adopt a wavy pattern with a short wavelength of approximately264

7 ∼ 8 km.265

Some theories used to explain downslope windstorms require a critical layer. In res-266

onant amplification theory, it is typically thought to isolate the effect of gravity waves267

that propagate vertically, which may be induced by a directional shift in wind or strong268

vertical shear. An area of a lower Scorer parameter or the lower Richardson number can269

also lead to this effect. In the theory of transitional flow, since the Fr needs to be cal-270

culated based on Equation 4, the obstacle’s height is important.271

In our investigation, the high-altitude jet is a component of large-scale circulation272

and is not ubiquitous across the entirety of high-altitude regions in middle latitudes. Con-273

sequently, the vertical wind shear is substantial in the layers immediately above and be-274

low the jet, as evidenced by Figure 4 j), k) and l). Additionally, a lower Scorer param-275

eter is present at an altitude range of 12 ∼ 14 km and 8.5 ∼ 10 km prior to crossing276

the convection.277

Therefore, a well-functioning waveguide has been generated before traversing the278

convection. Upon crossing the convection, the gravity waves are stimulated and reflected279

back towards the jet from the low Scorer parameter region. It results in an increase in280

the velocity of the jet due to the resonance as well as the wind shear, which leads to a281
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Figure 4. Cross-sections of different variables (columns). The rows represent different times

on December 18, 2022, at 20:00, 20:20, and 20:40 UTC. a), b) and c) show total hydrometeors;

d), e) and f) show the vertical velocity, g), h) and i) are the horizontal wind speed along the

section; and j), k) and l) are the Scorer parameter. Wind vectors reference the orientation of the

cross-section and are superimposed on a), b), and c). Potential temperature is superimposed as

green contours with an interval of 4K. The area where EDR is higher than 0.25 is highlighted

with the red contour in all panels. shades)

lower scorer parameter at the higher altitude of the jet so that the wave can break here282

more easily; it can be recognized as the self-induced critical level. Thus, a positive feed-283

back system is established. In Figure 4 g), h) and i), there is an area of low-speed wind284

between altitude 12.5 ∼ 14 km, x coordinate 350 ∼ 480 km, where overturning and285

breaking of the gravity wave is pronounced.286

In an alternative hydraulics theory of transition flow, a critical level is still impor-287

tant, but we can find the representations of flows directly, isentropes in the blue box in288

Figure 4 h) exhibit a pattern of initial descent followed by an ascent downstream of the289

convection. This behaviour is consistent with a subcritical flow. A supercritical flow be-290

haves in the opposite way. In the yellow box, the isentropes exhibit a consistent descent.291

This trend is indicative of transition flow, where the flow undergoes acceleration before292

and after crossing the convection since the state of the flow is converted to supercriti-293

cal flow.294

In this theory, it is necessary to calculate the Fr to determine the state of the flow.295

It is very complex to calculate this number for this virtual terrain. Though the deep con-296

vection can act as the terrain from previous analysis, it can constantly evolve, and its297
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barrier effects vary at different times and locations, and some air parcels may penetrate298

the deep convection directly. Nonetheless, we tentatively separate the jet from the back-299

ground by extracting the area from the potential temperature between 338K and 350K,300

since they envelop the core of the jet and the isentropes, depicting the characteristics of301

the transitional flow. By applying the Equation 4, and the H here can be set as 1500m302

by comparing the same isentropes downstream, we obtain the Fr is 1.08 at 20:10, and303

this value indicates a transitional flow can happen. The condition is favourable for downs-304

lope windstorms and a hydraulic jump.305

4 Conclusions306

In this study, we used the MPAS that utilizes a regionally convection-permitting307

mesh to simulate a severe aviation turbulence incident near the Hawaiian Islands. This308

model is capable of accurately simulating both the large-scale and local wind fields. Ad-309

ditionally, we applied a recently developed subfilter-scale reconstruction method to es-310

timate EDR from the convection-permitting model output. Our findings confirm this ap-311

proach is effective in predicting aviation turbulence.312

In this case, the airplane experienced severe turbulence abruptly in the cloud-free313

region without any alerts. The environment has convection mostly at lower altitudes,314

with very few convective cells occurring above 8000m. As the airplane typically cruises315

at around 12,000m, relying solely on cloud distribution for warning would assume a smooth316

flight process. However, in this case, we find that the turbulence originated from the in-317

teraction between the large-scale jet and local deep convection, causing the turbulence318

to develop extensively and strongly outside the clouds.319

The weather conditions of this case created a situation similar to downslope wind-320

storms caused by terrain. Deep convection played the role of ‘terrain’ in the air, and the321

movement of the turbulent area following the convective system confirmed this effect.322

The jet stream, brought to low latitudes by a low-pressure system, has an exit region near323

Hawaii. It created the region of a low Scorer parameter immediately above and below324

the jet. After passing over the convection, barrier-caused gravity waves broke on the down-325

stream side of the convection top and created a wave-induced critical level, which over-326

laid with the previously mentioned low Scorer parameter region, amplifying the reflec-327

tion of gravity waves and causing the jet to accelerate during its descent. The presence328

of continuous descending isentropes during the process and the critical value of the Fr329

also suggest the existence of transitional flow. The jet streams created low Richardson330

number regions, which favour the generation of severe turbulence. This interaction be-331

tween mid-latitude jet streams and deep convection is a new mechanism of aviation tur-332

bulence not appreciated before. Our case study provides insights to prevent the encounter333

of aviation turbulence in cloud-free regions.334

Open Research Section335

The ERA5 hourly data in different levels(Bell et al., 2021) can be downloaded on336

https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.bd0915c6337

?tab=overview. The flight data can be downloaded from https://www.flightradar24338

.com/data/flights/ha35 (membership required). The GOES-17(GOES-R Series Pro-339

gram, 2019) satellite data can be downloaded from https://www.avl.class.noaa.gov/340

saa/products/welcome.341
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Figure S1. Global variable-resolution mesh size distribution in the variable-resolution a)

1 ∼ 60 km, b) 3 ∼ 60 km and c) 9 ∼ 60 km experiments.
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Figure S2. Horizontal distribution of the wind speed at at December 18, 2022, 20:10 UTC

from different levels a) 6200m, b) 9200m, c) 10200m and d) 12200m. The red line represents

the path of the airplane, the two notations represent the positions of possible turbulence events.
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Figure S3. Vertical distribution of the wind speed at at December 18, 2022, 20:10 UTC from 

different l evels a ) 6200 m , b ) 9200 m , c ) 10200 m  a nd d ) 12200 m . The r ed l ine r epresents the 

path of the airplane, the two notations represent the positions of possible turbulence events.
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