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ABSTRACT: Atmospheric turbulence plays a key role in the mixing of trace gases and diffusion of
heat and momentum, as well as in aircraft operations. Although numerous observational turbulence
studies have been conducted using campaign experiments and operational data, understanding
the turbulence characteristics particularly in the free atmosphere remains challenging due to its
small-scale, intermittent, and sporadic nature, along with limited observational data. To address
this, turbulence in the free atmosphere is estimated herein based on the Thorpe method by using
operational high vertical-resolution radiosonde data (HVRRD) with vertical resolutions of about 5
or 10 m across near-global regions, provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF) via the U.S. National Centers for Environmental Information (NCEI) for 6 years
(October 2017-September 2023). Globally, turbulence is stronger in the troposphere than in the
stratosphere, with maximum turbulence occurring about 6 km below the tropopause, followed by
a sharp decrease above. Seasonal variations show strong tropospheric turbulence in summer and
weak turbulence in winter for both hemispheres, while the stratosphere exhibits strong turbulence
during spring. Regional analyses identify strong turbulence regions over the South Pacific and
South Africa in the troposphere and over East Asia and South Africa in the stratosphere. Notably,
turbulence information can be provided in regions and high altitudes that are not covered by
commercial aircraft, suggesting its potential utility for both present and future high-altitude
aircraft operations.

SIGNIFICANCE STATEMENT: The purpose of this study is to understand the characteristics of
atmospheric turbulence in the free atmosphere, utilizing global high vertical-resolution radio-
sonde data (HVRRD) for recent 6 years (October 2017-September 2023). Our analysis shows that
turbulence is stronger in the troposphere than in the stratosphere, with the maximum about 6 km
below the tropopause. Regional analyses over 10 areas worldwide demonstrate the geographical
characteristics in the troposphere and the stratosphere. This study will advance our understanding
of atmospheric turbulence and help in development and validation of aviation turbulence forecasting
systems for current and future high-altitude aircraft operations.
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1. Introduction

Atmospheric turbulence plays a vital role in the mixing of trace gases and diffusion of heat
and momentum and is important for commercial airline operations due to its impact on
aircraft passenger comfort and safety. Turbulence cannot be explicitly resolved in numeri-
cal weather prediction (NWP) models and is therefore parameterized in terms of turbulent
kinetic energy (TKE) and diffusion (Janji¢ 2002; Shin and Hong 2011). In the aviation
community, the NWP model output is used with turbulence indices representing favorable
synoptic situations for generating turbulence or the breaking of gravity waves, to forecast
the turbulence potential, rather than the turbulence itself. This assumes that potential tur-
bulence regions can be identified based on the energy cascade from large- to small-scale
phenomena (Sharman et al. 2006; Kim et al. 2011; Lee et al. 2020). These studies are
susceptible to both the model and parameterization uncertainties, requiring validation via
observational data. Particularly, in the development and validation of aviation turbulence
forecasting systems utilizing multiple turbulence indices, global turbulence observations
play a crucial role (Sharman et al. 2006; Sharman and Pearson 2017; Bechtold et al. 2021;
D.-B. Lee et al. 2022; Shin et al. 2023).

For several decades, turbulence in the free atmosphere has been estimated using vari-
ous data sources such as aircraft, radar, and radiosondes. While aircraft typically provides
observations with a sufficient resolution and broad coverage when integrating data from
multiple commercial flights over a long period, these observations are limited to the main
flight routes (Nastrom and Gage 1985; Cho et al. 2003; Sharman et al. 2014; D6rnbrack et al.
2022). Radar offers temporally continuous data over specific sites, but requires significant
costs and may not be feasible in many countries (Hocking 1983; Li et al. 2016). While op-
erational radiosondes provide high vertical-resolution data up to about z = 30 km, previous
studies have been confined to specific regions and relied on data provided by individual
countries and national meteorological services (NMSs) (e.g., Clayson and Kantha 2008;
Muhsin et al. 2016; Ko et al. 2019; Kohma et al. 2019; Zhang et al. 2019a,b; Lv et al. 2021).
Although recent efforts have explored the use of small uncrewed aircraft systems (UASs) to
address observation gaps (Pinto et al. 2021), current technical limitations restrict these to
the lower atmosphere.

This lack of sufficient wide-scale, long-term observational data makes observing turbulence
difficult, and even when turbulence is observed, understanding its characteristics is also a
challenge due to its small-scale and intermittent nature. To facilitate reliable turbulence es-
timation globally, there should be three key observational requirements: (i) the data should
have sufficiently high resolution, (ii) the coverage should be wide enough to include various
regions, and (iii) the data should be provided routinely and operationally.

In this study, the global distribution of atmospheric turbulence in the free atmosphere is
estimated using operational high vertical-resolution radiosonde data (HVRRD) provided by
the European Centre for Medium-Range Weather Forecasts (ECMWF). The HVRRD provide
in situ observations of basic atmospheric quantities such as air temperature, pressure,
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horizontal wind, and humidity, along with the longitude, latitude, and altitude of each
observation point from the global positioning system (GPS) following balloon drift. The
HVRRD are routinely provided by operational radiosonde stations for synoptic weather
observations with approximately 5- or 10-m vertical resolution, thereby enabling turbu-
lence to be estimated quasi-globally and consistently without additional observation costs,
although various quality control issues must be considered. Ingleby et al. (2016) discussed
early progress in providing HVRRD to the NWP centers, and Pauley and Ingleby (2022)
provided a recent update. These operational data have only recently become available to
the atmospheric research community, and this study is believed to be the first to use this
global HVRRD.

The aim of this study is to investigate the characteristics of global atmospheric turbulence
in the troposphere and lower stratosphere by using operational HVRRD. In the following
sections, the HVRRD is described. Then, the spatiotemporal distributions of turbulence are
presented, along with regional analyses, followed by discussions on the potential applications
to aviation turbulence. In this study, turbulence is estimated based on the Thorpe method
(Thorpe 1977, 2005; Clayson and Kantha 2008), which has been used in numerous studies
to estimate atmospheric turbulence in various geographic regions and periods (Nath et al.
2010; Muhsin et al. 2016; Ko et al. 2019; Kohma et al. 2019; Zhang et al. 2019a,b; Geller et al.
2021; Lv et al. 2021; Ko and Chun 2022; Ko et al. 2023). This method relies on identifying
absolutely unstable layers that are assumed to be overturned by turbulent motion. Details of
the Thorpe method are given in the appendix.

2. HVRRD

Operational radiosonde reports are exchanged internationally via the World Meteorological
Organization (WMO) Information System (WIS). Different vertical resolutions exist at different
stations and for different periods. This study utilized only radiosonde data with 1- and
2-s resolutions, which correspond to vertical resolutions of approximately 5 and 10m,
respectively. The ECMWF provides HVRRD from October 2014 to the present, with
460 stations providing at least 1 HVRRD profile each from October 2014 to September 2023.
The data availability and monthly numbers of HVRRD stations are indicated in Fig. S1 in the
online supplemental material. After mid-2017, the number of stations providing 1-s data
significantly increased (Fig. S1b); therefore, the 6 years from October 2017 to September 2023
were selected for this study. Additionally, 2-s data have been available from approximately
100 stations since the end of 2015, which significantly increases the number of stations
used in this study. Therefore, 2-s data were also utilized in this study. To ensure statistically
robust results, only data from stations with 60 or more profiles in each season were used. The
sensitivity to the selection of the minimum number of profiles was examined by changing the
minimum numbers from 60 to 90 and 120. We found that the results with 90 and 120 profiles
were almost identical to those with 60 (not shown).

A total of 332 stations and 947 319 profiles were used herein. As shown in Fig. 1, 187 (56%)
of the stations provide 1-s data, 109 (33%) provide 2-s data, and 36 (11%) provide both 1- and
2-s data. Further, 248 (75%) of these stations are in the Northern Hemisphere (NH) and
84 (25%) are in the Southern Hemisphere (SH). Station information of these 332 stations
is given in Table S1. Although China has 120 operational stations providing 1-s resolution
data since 2011 (Guo et al. 2016), only lower-resolution data are exchanged internationally.
The WMO Global Basic Observing Network (GBON, https://community.wmo.int/en/activity-areas/
wigos/ghon) regulations will prompt higher resolution data exchange.

The radiosonde data used herein have undergone processing for radiation correction and
smoothing (Ingleby et al. 2016). While several studies have documented the radiation corrections
(e.g., von Rohden et al. 2022; S.-W. Lee et al. 2022), the smoothing process is proprietary to the
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Fic. 1. Locations of radiosonde stations providing HVRRD with 60 or more profiles in each season for
6years (October 2017-September 2023). Red, blue, and green indicate the stations that provide resolu-
tions of only 1-s (187 stations), only 2-s (109 stations), and both 1- and 2-s (36 stations), respectively
(332 stations in total).

instrument manufacturer and beyond public knowledge (Wang and Geller 2024, manuscript
submitted to J. Atmos. Oceanic Technol.). Additionally, a total of 24 radiosonde instruments were
used among the various stations (Fig. S2), each having its own errors and biases (e.g., Nash
et al. 2011; Dirksen et al. 2014; Ingleby 2017; Pauley and Ingleby 2022). It remains uncertain
how these errors and biases affect turbulence estimation. Meanwhile, Wang and Geller (2024,
manuscript submitted to J. Atmos. Oceanic Technol.) indicated that temperature fluctuations are
smaller in the processed data than in the raw data by up to a factor of 2 and vary depending
on the radiosonde instruments. Hence, future studies are needed to assess the effects of the
different instruments and processing methods on the turbulence estimation more rigorously.

3. Global distributions of turbulence

Histograms oflog, ¢ occurrence in the troposphere (from 3 km above the station height to the
tropopause) and stratosphere (from the tropopause to 30 km) in the NH and SH are presented in
Fig. 2, where the tropopause was calculated for each individual profile using the WMO (1957)
definition of the first tropopause. Except for the SH stratosphere, where there were relatively
few cases, a lognormal distribution is generally observed. Moreover, the mean and median
of turbulence intensity are higher in the stratosphere than in the troposphere, as represented
by mean log, ¢ values of -3.47, -2.82, -3.39, and -2.84 m” s~ in the NH troposphere, NH
stratosphere, SH troposphere, and SH stratosphere, respectively, along with median values
of -3.46, —2.85, -3.38, and -2.90 m? s, respectively. This contrasts with Ko et al. (2019),
who reported that the mean ¢ was larger in the troposphere than in the stratosphere over
the U.S. mainland during September 2012-August 2016. This is primarily because Ko et al.
(2019) calculated the instrumental noise as a single value for the entire vertical range of the
individual profile, whereas the instrumental noise was calculated as a variable quantity that
generally increases with height herein. The larger instrumental noise in the stratosphere leads
to a higher rejection rate of thin and weak turbulence layers (Wilson et al. 2011; Ko and Chun
2022), thereby contributing to a larger mean ¢ in the stratosphere. This is supported by the
fact that the mean value of log, ¢ is larger in the troposphere than in the stratosphere, in both
the NH and the SH (not shown), when using a single value of instrumental noise as in Ko
etal. (2019). Meanwhile, the number of occurrences of turbulence (n in Fig. 2) is significantly
larger in the troposphere than in the stratosphere. This implies that turbulence is less likely
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Fic. 2. Histograms of log, ¢ occurrence in (a) the NH troposphere, (b) the NH stratosphere, (c) the SH
troposphere, and (d) the SH stratosphere during October 2017-September 2023. The black, green, red,
and blue lines represent the results for DJF, March-May (MAM), JJA, and September-November (SON),
respectively, and “n” denotes the total occurrence number in each domain.

to occur in the stratosphere due to its relatively strong stability compared to the troposphere,
but the intensity of turbulence overcoming this strong stability is larger than that in the tro-
posphere. This is consistent with Zhang et al. (2022). Moreover, to assess the sensitivity of
the statistics to the sample size, the mean and median log, ¢ were also calculated by using
1000 and 10000 random subsamples within each domain shown in Fig. 2. Furthermore, to
avoid sampling bias, this procedure was performed 100 times, and the overall average of each
statistic was reported as the result. The results in Table S2 indicate that the average values
obtained using both 1000 and 10000 subsamples are almost the same, and they are nearly
the same as those shown in Fig. 2, thereby indicating that the statistics are robust, regardless
of the varying sample size.

The seasonal variations in log, ¢ are revealed by the different colors in Fig. 2. Maximum
and minimum occurrences are observed during June—August (JJA) and December—February
(DJF), respectively, in the NH troposphere (Fig. 2a), and during DJF and JJA, respectively, in
the SH troposphere (Fig. 2c), thereby indicating the same seasonal variation. This is consis-
tent with previous results obtained using HVRRD and the Thorpe method in various regions,
including the United States (Geller et al. 2021; Ko and Chun 2022; Ko et al. 2023), India
(Muhsin et al. 2016), and China (Lv et al. 2021). In the stratosphere, both the NH (Fig. 2b) and
SH (Fig. 2d) show maximum turbulence occurrences during spring (MAM and SON, respec-
tively), but the variation is less distinct in other seasons. This is partially consistent with Ko
and Chun (2022), who showed that the occurrence numbers for log, ¢ > -3 m* s~ are largest
during spring. By contrast, when using HVRRD in China, Lv et al. (2021) found the largest
occurrence frequency of turbulence in the stratosphere during summer. As noted above, the
HVRRD used herein do not include the Chinese HVRRD, so this difference may be attributed
to different geographical locations. It should also be noted that the distributions presented
in Fig. 2 inherently reflect geographical biases due to the uneven distribution of radiosonde
locations, as shown in Fig. 1. Regional analysis will be provided in the following sections.

The thickness of the turbulence layer (hereafter thickness) represents the vertical range
where mixing of momentum and trace gases occurs. It is also considered a fundamental
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Fic. 3. Histograms of the thickness of the turbulence layer in (a) the NH troposphere, (b) the NH strato-
sphere, (c) the SH troposphere, and (d) the SH stratosphere during October 2017-September 2023.

parameter in turbulence modeling and parameterization (Dewan 1981; Osman et al. 2016;
Munoz-Esparza et al. 2020). The occurrence distributions of thickness are presented in
Fig. 3. Here, thick layers of turbulence are generally more frequent in the troposphere than
in the stratosphere, which is consistent with earlier works (Ko et al. 2019; Kohma et al. 2019;
Geller et al. 2021; Ko and Chun 2022). Moreover, the seasonal variations in thickness are
consistent with those observed in the log, ¢ above: In the NH troposphere (Fig. 3a), thick-
ness is more frequent and thicker during JJA, but less frequent and thinner during DJF. In the
NH stratosphere (Fig. 3b), thickness is more frequent and thicker during MAM than in other
seasons. In the SH, turbulence layer thickness in the troposphere (Fig. 3c) and stratosphere
(Fig. 3d) exhibits same seasonal variations as in the NH.

The results in Fig. 3 demonstrate that the occurrence of thickness decreases sharply for
thicknesses larger than the peak value (Luce et al. 2014; Bellenger et al. 2017; Wilson et al.
2018; Ko et al. 2019; Geller et al. 2021; Ko and Chun 2022). Osman et al. (2016) reported that
turbulence diffusion is more strongly promoted by a small number of large thicknesses than
a large number of low thicknesses. In Fig. 3, the median thickness values are 145, 80, 180,
and 100m in the NH troposphere, NH stratosphere, SH troposphere, and SH stratosphere,
respectively, while the 95th percentiles are 600, 255, 760, and 360 m, respectively. This
is consistent with the results of Bellenger et al. (2017), who reported peaks of thickness at
80-140m over the tropical ocean. Notably, the statistics of thickness are larger in the SH than
in the NH. As for the log, ¢, the statistics of thickness in all four domains are nearly the same
regardless of sample size (Table S3), although the similarity in the SH thickness is slightly
less than that in the SH log, ¢.

a. Horizontal distributions of turbulence. The above results indicate that the mean and me-
dian values of ¢ are larger in the stratosphere than in the troposphere, while the opposite is
observed for the thickness value and occurrence (Figs. 2 and 3). The stronger average ¢ in the
stratosphere is likely due to the smaller number of turbulence cases therein, thereby implying
that, by itself, a nonzero average ¢ within a specific altitude bin does not properly represent
the turbulence characteristics. To reconcile this situation, Ko and Chun (2022) proposed the
effective ¢ (EE), which takes into account both the intensity (c) and vertical range (thickness)
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of turbulence. The EE is calculated using the formula EE = (e x thickness)/Z (m*s ™), where
Zis the layer depth of each altitude bin. In this study, Z is about 8.4 km for the troposphere that
is defined from 3 km above the station height to the tropopause and is about 18.3 km for the
stratosphere that is defined from the tropopause to z = 30km for Figs. 4 and 5. On the other
hand, a regular bin of 1km is used for Fig. 6.

The global distributions of log, EE at each station during the study period are presented
in Fig. 4. Generally, log, EE is much larger in the troposphere than in the stratosphere. In the
troposphere, large values of log, EE occur over Tiirkiye, India, East Asia, South Pacific Is-
lands, the lee side of the southern Andes, and South Africa, while small values appear at both
poles. In the stratosphere, large values are observed over Tiirkiye, India, and East Asia, while
small values appear in Northern Europe, Australia, and Antarctica. To the best of the author’s
knowledge, the present study is the first to provide observational evidence for maximum tur-
bulence over Tiirkiye. Some studies have used global reanalysis data to indicate maximum
turbulence indices over Tiirkiye and nearby. For example, Jaeger and Sprenger (2007) used
44 years of ERA40 data (ECMWF 40-yr reanalysis; Uppala et al. 2005) to reveal a summer

(a) Troposphere
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Fic. 4. The global distributions of log, EE at each station for October 2017-September 2023 in the
(a) the troposphere and (b) the stratosphere.
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mountain waves due to high
and complex terrain and their

of the southern Andes, known
as a hotspot for gravity waves
(Hindley et al. 2019; Rapp et al. 2021), turbulence can be attributed to these waves. Clima-
tologically, East Asia has the strongest jet stream over the globe (Koch et al. 2006), such that
strong wind shear and the resultant Kelvin—-Helmholtz instability (KHI), along with gravity
wave activity induced by this jet stream, can contribute to turbulence (Jaeger and Sprenger
2007; Kim and Chun 2010, 2011; Lee and Chun 2018; Lee et al. 2023). In the South Pacific
and South Africa, strong convection and associated convective gravity waves may contribute
to strong turbulence (Kim et al. 2021).

The influence of the strength of the jet stream on the turbulence occurrence is examined.
Here, the strength of the jet stream is evaluated based on the method by Koch et al. (2006).
The turbulence occurrence frequency relative to the maximum jet location (Fig. S4) reveals
that turbulence occurs more frequently under strong jet than weak jet conditions, which is
somewhat expected. Interestingly, turbulence occurring is maximum about 2 km below the
height of the jet maximum for both the strong and weak jet conditions, with larger frequency
for the strong jet condition. When the influence of the strength of the jet stream on the turbu-
lence occurrence frequency is further analyzed for each season (not shown), the turbulence
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frequency is higher in strong jet
streams than in weak jet streams
across all seasons, with a maxi-
mum occurring below the height
of the jet maximum, as shown in
Fig. S4. Further analysis of the
detailed generation mechanisms
associated with the jet steam is
needed in the future study.
Sources of turbulence include,
but are not limited to, KHI gener-
ated by strong vertical wind shear
in a thermally stable atmosphere,
convective instability, and break-
ing gravity waves. However, dif-
ferentiating between the sources
of Thorpe-estimated turbulence is
challenging. The Thorpe method
exclusively estimates turbulence
from 6 overturning, and it is not
straightforward to distinguish
whether this 6 overturning is gen-
erated by KHI or convective in-
stability. Moreover, HVRRD may
have limitations in investigating
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Fic. 6. The vertical distributions of log, EE for October 2017-
September 2023 within each 1-km altitude bin with respect
to the TP-relative altitude. The lines with colors represent
the median of log, EE within each region shown in Fig. 5,
and the black dots denote the median of log, EE of the total
332 stations. The gray shading indicates the full range of

. log. EE within each 1-km altitude bin.
turbulence sources because it 945k Wit rtu :

contains inherent turbulence effects, which cannot represent the background condition
for generating the turbulence. For instance, Ko et al. (2019) reported almost no correlation
between ¢ and vertical wind shear derived from HVRRD in the United States, likely due to
mixing within each turbulence layer. Hence, Ko and Chun (2022) used the global reanalysis
data with the highest currently available horizontal resolution, ERA5, to investigate the po-
tential sources of turbulence in HVRRD estimates in the United States. They found that the
low static stability and precipitation, along with the orographic gravity wave drag over the
Rocky Mountains, are all strongly correlated with turbulence. Further, Zhang et al. (2022)
reported a positive correlation between the turbulence frequency and the orographic gravity
wave dissipation. Even without wave breaking, propagating gravity waves can modulate static
stability and wind shear, leading to the onset of KHI and subsequent turbulence (Bellenger
etal. 2017; Zhang et al. 2022; Woiwode et al. 2023). Further investigation into the generation
mechanisms of Thorpe-estimated turbulence based on high-resolution numerical simulations
is underway.

The regional statistics of turbulence are further revealed by the regional distribution of
log, EE in Fig. 5. In Fig. 5a, the globe is divided into 10 regions, with regions 1-5 in the
NH and regions 6-10 in the SH, while boxplots of log, EE within each region are presented
in Fig. 5b. The regions are selected by grouping geographically close areas, ensuring that
all regions are not overlapped and that all radiosonde stations are included. As noted
above, log, EE is generally larger in the troposphere than in the stratosphere. Thus, North
America (region; R2), Europe (R3), and Asia and Hawaii (R5), which cover broad areas and
various weather patterns, exhibit a wide range of log, EE values, whereas the regionally
confined Alaska (R1) and Siberia (R4) exhibit a narrow range. Moreover, the range in the
stratosphere is wider than that in the troposphere in most regions, thereby indicating higher
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spatial variability of turbulence in the stratosphere. In terms of the median log, EE, global
maxima occur in the South Pacific (R6) and Asia and Hawaii (R5) in the troposphere and
stratosphere, respectively, while global minima occur in the Antarctica (R10) and Oceania
(R9) in the troposphere and stratosphere, respectively. The large tropospheric values in the
South Pacific (R6) and South Africa (R8) are consistent with the findings of Kim et al. (2021),
who estimated near-cloud turbulence diagnostics based on convective gravity wave drag
parameterization. Ko and Chun (2022) also found that the Thorpe-estimated turbulence is
favorable in weak static stability and convective conditions.

b. Vertical distribution of turbulence. The vertical distribution of log, EE within each
1-km altitude bin is shown in Fig. 6. The results in Fig. 6 are based on the tropopause (TP)-
relative altitude to consider the significant variations in TP height according to latitude
and season (Birner 2006). In the following discussion, the TP-relative altitude is defined
by z-z.,, where z is the absolute altitude above mean sea level and z_, is the TP height of an
individual profile.

Log, EE exhibits a significant difference between the troposphere and stratosphere, which
is consistent with the findings in Figs. 4 and 5. The global median of log, EE (black dots) peaks
at about TP-6 km, sharply decreases across the tropopause, remains relatively constant up
to TP+12km, and then increases again. The latter increase might be due to the increase in
instrumental noise with height (Wilson et al. 2011), which leads to a higher rejection rate of
thin turbulence layers at higher altitudes. Alternatively, Haack et al. (2014) suggested that
the increase in turbulence with height may be due to the increasing kinematic viscosity. The
present result is consistent with that of Clayson and Kantha (2008). Regionally, Siberia (R4),
Asia and Hawaii (R5), South Pacific (R6), and South Africa (R8) exhibit higher values of median
log, EE in the troposphere, indicating stronger turbulence in these regions. On the other hand,
Antarctica (R10) shows lower values in the troposphere. In the stratosphere, Asia and Hawaii
(R5) exhibits the highest values of log, EE, followed by Siberia (R4). Additionally, Alaska (R1),
Oceania (R9), and Antarctica (R10) show lower values from the TP to TP+9 km. From TP+9
to TP+23 km, Oceania (R9) reveals the lowest values of log, EE. Moreover, the gray shading,
representing the full range of log, EE of 332 stations, is wider in the stratosphere than in the
troposphere. This indicates higher spatial variability of turbulence in the stratosphere, which
is consistent with the findings in Fig. 5. For readers who may be interested in the individual
values at each station, these values are provided in Fig. S5.

There are other definitions of tropopause height, such as the dynamical tropopause based
on a potential vorticity iso-surface (2 potential vorticity units = 2 x 107 K m? s™* kg™') and
the potential temperature gradient tropopause (Tinney et al. 2022). In this study, analyses
using both definitions were additionally conducted. Note that the dynamical tropopause
height was retrieved from the ERA5 reanalysis at the nearest grid point from the radiosonde
launch location, as the potential vorticity cannot be calculated using radiosonde data alone.
The global-average height of the dynamical tropopause and the potential temperature gradi-
ent tropopause is 11 552 and 11 246 m, respectively, which is slightly less than that from the
WMO tropopause of 11 731 m. It was found (not shown) that results shown in Figs. 2—-6 using
different definitions of the tropopause heights are nearly identical to those using the WMO
tropopause definition.

4. Potential applications of HVRRD-derived turbulence in aviation turbulence

The results of this study have potential relevance to aviation turbulence, which causes
injuries to passengers and crews, damage to aircrafts, and economic losses of millions
of dollars (Sharman et al. 2006; Wolff and Sharman 2008). The accurate forecasting of aviation
turbulence is crucial, and prediction systems are presently in operation (Sharman et al. 2006;
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Sharman and Pearson 2017; Pearson and Sharman 2017; D.-B. Lee et al. 2022). To con-
struct and validate such prediction systems, observational turbulence data are required. To
date, only aircraft-based observations such as pilot reports (Sharman et al. 2006; Wolff and
Sharman 2008; Kim and Chun 2011; Kim et al. 2011) and in situ flight data (Sharman et al.
2014; Kim et al. 2021; D.-B. Lee et al. 2022) have been used. However, aircraft provides
data along flight paths only and avoids convective areas if possible, thus leading to sam-
pling biases (Ko et al. 2023). By contrast, the HVRRD can provide turbulence information
regardless of aircraft operations, thereby enhancing the observational data resources for
aviation turbulence. For example, Ko et al. (2023) compared the HVRRD-based turbulence
with in situ flight turbulence over the United States for a 6-yr period (2012-17). Given
that radiosondes ascend more than 30 km on average, the HVRRD-derived turbulence can
provide observations at the current cruising altitudes of commercial airlines along with
the higher altitudes that future aircraft operations are expected to utilize [Federal Aviation
Administration (FAA) 2020].

The global distributions of HVRRD-based turbulence counts within each 1° longitude x
1° latitude box within z = 5.4-18 km and 18-30km are presented in Fig. 7. Here, two alti-
tude ranges represent the class-A airspace used for commercial aircraft operations (https:/
www.faa.gov/air_traffic/publications/atpubs/aip_html/part2_enr_section_1.4.html) and the upper
class-E airspace where operations have been limited due to the challenges in conventional
fixed-wing aircraft in reduced air density (https://www.faa.gov/uas/advanced_operations/
upper_class_etm), respectively. Figures 7a and 7c depict the total turbulence counts, while
Figs. 7b and 7d show the distributions of moderate-or-greater (MOG) turbulence counts

(a) Total turbulence count in z = 5.4-18 km
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(b) MOG turbulence count in z = 5.4-18 km
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(c) Total turbulence count in z = 18-30 km

(d) MOG turbulence count in z = 18-30 km
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Fic. 7. (a).(c) The total turbulence count and (b),(d) the MOG turbulence count derived from HVRRD within each 1° longitude x
1° latitude box for October 2017-September 2023 at (a),(b) z = 5.4-18, and (c),(d) z = 18-30km.
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classified using the threshold £ > 0.22 m?”® s* (Sharman and Pearson 2017). Here, turbu-
lence counts are relatively large over the United States, Europe, East Asia, South America,
South Africa, Australia, Greenland, Siberia, South Pacific, and Antarctica, as expected from
Fig. 1. In total, 2325 855 and 422 893 turbulence counts are detected within z = 5.4-18 km
and 18-30km, respectively. Among these, there are 19 435 (0.84%) and 14 388 (3.40%)
counts of MOG turbulence within z = 5.4-18 km and 18-30km, respectively. Although the
counts are generally smaller in z = 18-30km than in 5.4-18 km, except in East Asia near
Korea and Japan, MOG turbulence is abundant, and turbulence is distributed more broadly
due to increased drift from the station with height. Importantly, these turbulence observa-
tions can be used for turbulence nowcasting (Pearson and Sharman 2017). By utilizing
these turbulence observations from HVRRD, the aviation industry can better predict and
mitigate turbulence-related risks, thereby enhancing flight safety for both current and future
high-altitude aircraft operations.
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APPENDIX
Turbulence Estimation: Thorpe Method
The Thorpe method (Thorpe 1977, 2005; Clayson and Kantha 2008) is used to estimate
turbulence in the free atmosphere. To understand how it works, first consider that potential
temperature 6 increases with height in the stable atmosphere. If 6 overturning occurs (i.e.,
low 6 in the upper level and high 6 in the lower level), this is assumed to be accompanied by
turbulent motions (Thorpe 2005). Because 6 is a conserved quantity for adiabatic motions,
the observed 6 overturning can be sorted to a stably stratified profile by using a sorting al-
gorithm. During this process, the individual vertical displacements of 6 are defined as the
Thorpe displacements (d). The thickness of the turbulence layer is then defined as the vertical
range of successive nonzero values of d. Then, the root-mean-square d within each turbulence
layer is defined as the Thorpe scale (L,). Meanwhile, the Ozmidov scale (L ) is defined by
L, = (¢/N°)'2, where ¢ is the rate of turbulent kinetic energy dissipation and N is the
Brunt-Viiséla frequency (Ozmidov 1965). Assuming a linear relationship between L, and
L, ¢ can be calculated as ¢ = C, L ?N°, where C, is the square of the linear coefficient between
L and L. Note that one-third power of ¢ (EDR = ') is used as the standard metric of turbu-
lence in aviation meteorology [International Civil Aviation Organization (ICAO) 2010].
Previous studies have shown that C, varies depending on the source and development
stage of the turbulence (e.g., Schneider et al. 2015; Scotti 2015; Fritts et al. 2016; Wang et al.
2019) and the altitude (Balsley et al. 2018; Kohma et al. 2019). It is difficult to distinguish
the sources and development stages of turbulence because HVRRD inherently include tur-
bulence effects (Ko et al. 2019). Nevertheless, C, can be estimated from a comparison with
other measurements or numerical simulations. For instance, Schneider et al. (2015) used the
HVRRD and Leibniz Institute of Turbulence Observations in the Stratosphere (LITOS) data to
show that individually determined C, values vary by two orders of magnitude. Subsequently,
Kohma et al. (2019) used ¢ values calculated using radar and HVRRD to show that C, varies
with height. Using direct numerical simulations (DNSs), Fritts et al. (2016) also found that C,,
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varies by more than two orders of magnitude for individual turbulence events, but Wang et al.
(2019) showed that C, converges to a single value after averaging many profiles. Moreover,
several studies have indicated general agreement between ¢ estimated using the Thorpe
method and other measurements (Kantha and Hocking 2011; Li et al. 2016; Jaiswal et al.
2020). In particular, Kantha and Hocking (2011) and Li et al. (2016) showed a good agreement
between the radar-estimated ¢ and the Thorpe-estimated € when using C, = 1. Therefore, it
is assumed that C, = 1 herein.

Before applying the Thorpe method, the same data processing as in Ko and Chun (2022)
was applied, except that both the 1- and 2-s resolution HVRRD were used in this study and
interpolated into 5- and 10-m intervals, respectively, whereas Ko and Chun (2022) exclusively
used 1-s resolution HVRRD. Instrumental noise correction was performed via the method
of Wilson et al. (2010, 2011), and moisture correction was performed according to Wilson
et al. (2013). Details can be found in Ko and Chun (2022). Herein, turbulence was estimated
exclusively in the free atmosphere, specifically 3 km above the station height, as the Thorpe
method is valid above the assumed convective surface boundary layer (Thorpe 2005). During
the visual check, several abnormally strong ¢ values were observed, likely due to erroneously
strong vertical temperature gradients. Such gradients, whether positive or negative, induce
strong artificial 6 overturning and, hence, a strong ¢. As it is difficult to set a threshold on
the temperature gradient for HVRRD, turbulence cases with ¢ values of less than the 99.99th
percentile (0.3195 m? s3) globally were permitted herein. This corresponds to the EDR (=&'/?)
value of 0.68 m?”®> s7!, which is twice the threshold of severe intensity 0.34 m? s given by
Sharman and Pearson (2017).
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