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This study calculated the Thorpe scale, thickness of turbulent layer, turbulent kinetic
energy dissipation rate, and turbulent diffusion coefficient based on the Thorpe method
using a set of near-space high-resolution radiosonde data in northwest China, and a case
study was conducted to analyze the large-scale turbulent layer in the middle stratosphere.
The results showed that the most turbulent layers exist near from the middle and upper
troposphere to the tropopause region, accounting for 44.0% of the total turbulence, and
the largest Thorpe scale and thickness of turbulent layer also appear in this altitude range.
In addition, affected by the large-scale turbulence near the tropopause, the calculated
turbulent energy dissipation rate and diffusion coefficient also have maximum values at this
altitude, which are 0.003m?s™® and 6.94m?%s™', respectively. By analyzing the
meteorological elements, it is found that there is an obvious correlation between
precipitation and large-scale turbulence in the stratosphere. When the precipitation
occurs, the corresponding two sets of radiosondes detected larger-scale turbulence
layers in the middle stratosphere.

Keywords: thorpe analysis, turbulence, precipitation, radiosonde data, ERA5 reanalysis data

KEY POINTS

1) In this study, a set of near space high-resolution balloon data were used to explore the
characteristics of turbulence.

2) The influence of tropospheric meteorological elements on turbulent activities in the stratosphere
is studied from a new perspective.

3) It is found that there is a clear relationship between precipitation and the enhancement of the
turbulent layer in the middle stratosphere by the Thorpe method.

INTRODUCTION

Fluid motion of the atmosphere can be divided into two basic forms, laminar and turbulent flow
(Riveros and Riveros-Rosas, 2010). As an important form of the atmospheric motion, turbulence can
lead to a certain random overturn and irregular fluctuation in temperature, air pressure, and
humidity of each layer (Fritts et al., 2012; Sharman et al., 2012). In the stratified stable atmosphere,
when the wind speed and wind shear increase to a certain degree, the gravity wave (Kelvin-Helmholtz
wave) becomes unstable in shear and cannot maintain the stable state before, so it breaks into
turbulence of different scales, and the kinetic energy is converted into turbulent energy. In the

Frontiers in Environmental Science | www.frontiersin.org 1

January 2022 | Volume 10 | Article 839685


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.839685&domain=pdf&date_stamp=2022-01-26
https://www.frontiersin.org/articles/10.3389/fenvs.2022.839685/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.839685/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.839685/full
http://creativecommons.org/licenses/by/4.0/
mailto:19994035@sina.com
https://doi.org/10.3389/fenvs.2022.839685
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.839685

Qin et al.

troposphere, thermal convection caused by uneven surface
heating and Kelvin-Helmholtz instability are important
sources of turbulence (Fritts and Werne, 2000). Thermal
convection, latent heat release, strong wind shears, and other
factors produce turbulent layers of different scales, causing the
atmospheric elements inside the turbulence to mix in different
degrees. And the scale of turbulence can reach ranges from a few
kilometers to a few millimeters in thickness. Owing to the high
randomness of turbulence, its corresponding parameters also
have randomness and uncertainty. How to detect turbulence
more accurately is of great significance to better understand
the mechanism of turbulence action on matter and energy in
the atmosphere as well as the spatial and temporal distribution
and variation of turbulence.

The detection of atmospheric turbulence is still a complicated
problem at present. The use of turbulence probes on airplanes for
in-situ detection is expensive and rare (Cohn, 1995). Doppler
radar echo is easier to detect turbulence, but the influence of
atmospheric uncertainty needs to be considered (Hooper and
Thomas, 1998). The estimation of turbulent kinetic energy
dissipation rate (TKE) using radar backscattering power
requires detection of atmosphere column as auxiliary data.
The spectral broadening method will be interfered by other
factors except turbulence, and the measurement accuracy of
the above two methods in the troposphere is relatively low, so
it is difficult to make accurate and reliable turbulence
measurement in free atmosphere (Clayson and Kantha, 2008).
Owing to the low resolution of the detection data, it is difficult to
observe atmospheric turbulence by conventional methods.
Thorpe proposed a simple turbulence calculation method to
estimate the scale of ocean turbulence mixing overturn and
determine the turbulence mixing layer, which provides a good
idea for atmospheric turbulence study using conventional
sounding data (Thorpe, 1977). Clayson and Kantha (2008)
systematically demonstrated the applicability of Thorpe
analysis in the free atmosphere using a large number of
observational data, and confirmed the feasibility of the Thorpe
method in the atmospheric field. The vertical profile of potential
density and potential temperature in laminar flow is a monotonic
function of altitude. Under the action of turbulence, there will be
a certain degree of overturn. The Thorpe method uses the
detected basic elements of the atmosphere to calculate the
vertical profile of the potential temperature (or potential
density), analyzes the difference between the real profile and
the profile after monotony sorting, finds the flipping area of
potential temperature (potential density), and then calculates the
location of turbulent air mass and various turbulence parameters
(Kohma et al, 2019). This method provides a new idea for
analyzing atmospheric  turbulence using conventional
radiosonde data with relatively low vertical resolution in the
future (Sun et al., 2016; Bellenger et al., 2017; Zhang et al., 2019;
He et al., 2020a).

Calculating the turbulence in the free atmosphere from the
observed data is helpful to improve the accuracy of numerical
weather prediction and climate models. Turbulence caused by jet
stream in the tropopause and breaking internal waves near the
tropopause is of potential importance in the exchange of trace
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gases, such as ozone and greenhouse gases. Atmospheric
turbulence also plays an important role from the point of view
of air passenger safety and comfort. Owing to the lack of
atmospheric data of upper troposphere and stratosphere, it is
difficult for us to understand the characteristics of small-scale
strongly mixed regions (Wilson, 2004). We know that the
atmosphere is a chaotic system, although deterministic, it is
very sensitive to the disturbance of some weather phenomena
(Jonko et al., 2021). In 2020, the average precipitation in China
was 695 mm, 10.3% more than that in the previous year. Correct
analysis of the coupling relationship between atmospheric
turbulence and precipitation and finding the internal
relationship are conducive to the prediction of changes in
atmospheric  turbulence and motion state. In turn,
precipitation can be predicted to a certain extent through
changes in atmospheric turbulence. It is of great significance
to improve the accuracy of weather forecast and numerical
weather model (He et al., 2020b).

In this study, Thorpe analysis was performed using data from a
near-space sounding balloon in northwest China, which can
reach an altitude of more than 35km. As the first turbulence
detection and analysis in the region, this study will help to
understand the turbulence distribution in the region and how
it relates to local meteorological elements. The second part
introduced the data source, the third part introduced the
method of data processing of near-space sounding balloon, the
fourth part analyzed and discussed the calculation results in
detail, and the fifth part summarized and prospected the
whole paper.

DATA

New Near-Space Sounding Balloon Data
The data used in this study were nine groups of sounding balloons
released in northwest China, with latitude and longitude of 100°E
and 41°N, ranging from January 10 to 15, 2018. The maximum
detection altitude is 45 km, the minimum detection altitude is
34 km, and the average detection altitude is about 40 km, all of
which can detect an altitude of more than 30 km. The nine groups
of balloons rose at an average speed of 6 meters per second.
Owing to the interference of instrument noise and external
factors, the detected data would have slight deviation. In this
study, cubic spline interpolation was adopted to fit the data profile
to eliminate some abnormal deviation values, and all kinds of data
were interpolated to the vertical section of 6-m for the
convenience of subsequent observation and calculation. The
following table lists the launch times and end altitudes of the
nine data.

The area released by the sonde is high altitude, and the initial
altitude of the detection data reaches 1.025 km.

ERA5 Reanalysis Data

The ERA5 Reanalysis Dataset is the fifth-generation reanalysis
calculated by European Centre for Medium-Range Weather
Forecasts (ECMWFE) for the global climate and weather over
the past 4070 years. The current dataset dates back to 1950. The
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role of reanalyzes is now widely used together with other datasets
(Hersbach et al., 2020). Reanalysis uses the laws of physics to
combine model data with observations from around the world to
form a globally complete and consistent data set. The horizontal
resolution of the data is 0.25° x 0.25°, and the altitude ranges from
1,000 to 1 hPa (Ko and Chun, 2022), with a total of 37 altitude
layers and the time resolution of 1 h. This study mainly uses three
data sets of total precipitation, air temperature of 2m on the
ground, and surface pressure from January 13 to 15, 2018 to
analyze the meteorological elements on the day of turbulence
occurrence.

METHODS

Turbulence Calculation

The potential temperature calculated from the elements of the
atmosphere detected by radiosonde should be monotonically
increasing in theory, but due to atmospheric activities such as
small-scale turbulence, the corresponding value at certain
altitudes has been reversed and changed. The Thorpe method
can easily calculate the scale of potential temperature flip. The
measured potential temperature profile is reordered as a
monotonous profile, and the potential temperature of some
heights before and after sorting has shifted. Suppose that a
sample of height z, moves to the position of height z,, after
sorting, and the displacement D = z,, — z,, before and after
sorting is the calculated Thorpe displacement. The Thorpe
scale Lt of the flipped region is calculated from the root mean
square of thorpe displacement in the region. Thorpe scale
indicates the rollover scale in the atmospheric turbulence
layer, under the premise of stable atmospheric stratification, it
is related to Ozmidov scale Ly = (¢/N®)"*which describes
turbulence characteristics in stable stratified fluids (Riley and
Lindborg, 2008), namely

Ly =cLy (1)

In the past study, the measurement of the Ly and Ly has been
confirmed by the approximate ratio, and near unity when
turbulence is fully developed, thus c can be seen as a constant
(Riley and Lindborg, 2008; Kantha and Hocking, 2011). NZ is the
buoyancy frequency, according to the measured water vapor
profile, the relative humidity threshold method is adopted to
judge the saturation degree of water vapor in the region. N? is
divided into N7 and N2, which are buoyancy frequency under
unsaturated water vapor and under saturated water vapor
respectively (Dale and Durran, 1982).

, oT
(G

» _&[(oT [ ﬂ]_ g (44,
N’"_T[<&)Z)+rm]l+rt trg\dz) ©

where I is the dry adiabatic lapse rate, I';, is the wet adiabatic
lapse rate, L, is the latent heat of evaporation, g; is the saturated
mixing ratio, g, = qr + s , 1. is the mixing ratio of liquid water
or ice. ¢ is the dissipation rate of turbulent kinetic energy.
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According to the Ozmidov scale equation, the relationship
between the turbulent kinetic energy dissipation rate ¢, the
turbulent diffusion coefficient K, and the Ozmidov scale can
be obtained as

e = G LN’ 4)
K = BLiN (5)

where Ci = ¢?, the value of Ci varies from 0.0625 to 4.0 after
measurement. In this study, the parameters used by Clayson and
Kantha (2008) were selected for the calculation, Ci = 0.3,
B= lf—fé, where Ry is the flux Richardson number, usually
0.25, so B is 1/3, usually 0.3 (Fukao et al., 1994).

Denoising

It is necessary to pay attention to the influence of noise when
using data such as atmospheric temperature and air pressure to
calculate the potential temperature, which has an important
influence on finding the flipping area of potential temperature.
Noise removal is an important step to find the potential
temperature flipping caused by turbulence. The temperature
and air pressure noise caused by the instrument and the
important factors for false potential
temperature reversal. A variety of methods have been used to
remove noise. Wilson et al. (2010) defined the trend-to-noise
ratio (TNR), which is defined as the difference between successive
sample values in the atmospheric profile divided by the noise
standard deviation o of the sample values. The equation for TNR
is as follows:

environment are

_ Tinn — Tig

¢ (6)

0;
where 7; is the sample value at i and o; is the noise standard
deviation at i. The sample data are divided into several segments,
and fitted on each segment. The residual is obtained by
calculating the first-order difference between the sample data
and the fitted data, and 1/2 of the variance of the residual is the
estimate of the noise variance (It should be noted that the
calculated noise includes not only pure noise but also some
small disturbances). The noise standard deviation of
temperature and pressure can be calculated directly from the
instrument-measured values, and the potential temperature noise
standard deviation will be calculated by the error transfer
equation 0y = (%)2/7@ (Wilson et al., 2011). The larger the
standard deviation of noise in a particular location, the smaller
the { value. According to the confidence level of false potential
temperature flipping, the threshold value of TNR (usually 1)
(Zhou, 2018) is set. The sample value corresponding to { lower
than this threshold is defined as the region with high noise. Bulk
TNR is introduced to explain the local trend-to-noise ratio of
stratified atmosphere. Bulk TNR has the advantage of considering
the vertical stratification of background atmosphere, which is
mostly suitable for potential temperature and potential density
(Kantha and Hocking, 2011). The size of Bulk TNR is inversely
proportional to the standard deviation of noise in the sample area,
and inversely proportional to the vertical resolution. Therefore,
for the region where the local trend-to-noise ratio is less than the

Frontiers in Environmental Science | www.frontiersin.org

January 2022 | Volume 10 | Article 839685


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Qin et al.

TABLE 1 | Basic information of nine deployed sondes, including release Time
(Date, Time), End height (End), Duration (Duration).

Number Date Time End (km) Duration(s)
1 1.10 19:00 42.239 7,002
2 1.11 20:00 41.678 6,796
3 1.12 16:00 40.778 7,412
4 1.12 19:00 41.910 6,360
5 1.13 14:00 45.207 7,054
6 1.13 19:00 35.219 6,285
7 1.14 19:00 40.454 6,389
8 1.15 13:00 43.765 6,410
9 1.15 20:00 34.590 5,104

set threshold, the data in the sample area can be smoothed and
undersampled by window m (m is set as 2 in this study (He et al,,
2020a)) to improve the value of Bulk TNR and reduce the noise
level in this area (Zhang et al.,, 2019).

Even if the under-sampling is performed to the potential
temperature data to calculate the Thorpe scale, there are still a
certain number of errors in the results obtained. On this basis,
statistical tests are performed on the results. Assuming that the
number of samples in the flipping area is n and the standard
deviation of noise is o, the potential temperature flipping
threshold is set to Ay 0. The threshold is obtained by Monte
Carlo simulation based on n and o, and the confidence interval is
set as 95%. The noise threshold A};60 simulated by the Monte
Carlo method is compared with the noise Af calculated by the
potential temperature flip. When A6<A336, the potential
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temperature flip caused by the sample area is considered to be
the flip caused by noise and removed (Wilson et al., 2010).

RESULTS

In this study, nine sets of radiosonde data released in Gansu,
China in January 2018 were studied to observe turbulence
characteristics. Quality control was carried out on the
measured data of atmospheric elements to remove the wrong
data. The potential temperature was calculated by using the data
after quality control. The detailed background information of the
radiosonde data is shown in Table 1.

Figure 1 shows the vertical profile of temperature, air pressure,
and potential temperature of nine groups of data. It can be seen
from Figure 1A that the stratification between the troposphere
and the stratosphere is relatively obvious. The inflection points of
the nine sets of temperature profiles are all about at 10 km (which
is the lowest point of temperature in the free atmosphere),
proving that determined cold points tropopause altitude is
about 10km, which has a relatively good consistency.
Figure 1C shows that the calculated potential temperature
does not increase monotonously with the altitude and there
are a series of disturbances. To pick out potential temperature
inversion caused by real turbulence disturbances rather than the
noise, the nine sets of potential temperature data are divided into
five segments respectively at equal intervals with height, and each
segment is used to calculate the Bulk TNR, which is shown in
Table 2
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FIGURE 1 | Temperature, pressure and potential temperature distribution of 9 sets of radiosonde data. (A-C) show temperature pressure and potential
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TABLE 2 | Bulk TNR distribution of nine sets of data.
T T2 T3* T4 T5* T6 T7 T8* T9

Seg1 205 207 1.01 1983 060 161 212 063 153
Seg2 377 315 116 318 132 243 324 131 3.04
Seg3 198 332 109 188 092 274 307 062 368
Seg4 056 236 1.18 129 121 259 157 045 1.9
Seg5 024 105 075 18 08 165 096 073 1.29

Table 2 shows the Bulk TNR distribution of nine sets of data.
The T1-T9 of the first line show the nine sets of sounding data,
and the Seg 1-Seg 5 of the first column show the five sets of Bulk
TNR stratification by height. The T marked with * is the data in
the daytime, the others were obtained at night. It can be seen from
Table 2 that the Bulk TNR of the low altitude (Segl-Seg3) is
relatively large, and the corresponding altitudes are the
troposphere and the lower stratosphere. In this region, there is
no large wind shear like the middle and upper stratosphere, the
detection height is low, and the noise caused by the instrument is
small. The disturbance of each parameter in this region is small
and the TNR is higher. In addition, during the day, solar radiation
is intense and thermal convection is more obvious, which leads to
enhanced air disturbance and enhanced sensitivity of the
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instrument to noise. Therefore, the Bulk TNR of the three
groups of detection data released during the day is smaller
than the general one. The segment with Bulk TNR less than 1
was smoothed and undersampled for initial noise removal. The
potential temperature profile after reprocessing was calculated by
the Thorpe method, and the images of Thorpe scale Ly and
Turbulence thickness of the nine sets of sounding data were
obtained, which were recorded in Figure 2.

Figure 2 shows the Thorpe scale and thickness of turbulent
layer obtained by the Thorpe method in nine sets of data. As
can be seen from Figure 2A, Thorpe scale is concentrated in
the middle and upper troposphere, and there are a small
number of distributions in the stratosphere, but the scale is
small. This is because the troposphere atmosphere
disturbance is severe, the atmosphere instability degree is
high, the atmosphere changes violently and produces
disturbance because of the thermal convection. Figure 2B
shows the vertical thickness of potential temperature
overturn generated by each turbulence layer, and the
turbulence thickness determines the vertical scale of the
turbulence layer. It can be seen from Figure 2B that the
turbulence thickness generated in the troposphere is
generally large, with the maximum value reaching 1,000 m,
while the turbulence thickness in the stratosphere is small.

FIGURE 2 | Vertical profiles of Thorpe scale and Turbulence thickness of 9 sets of radiosonde data calculated by Thorpe method. (A,B) show Thorpe scale and
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FIGURE 4 | The precipitation data on January 15, where (A) shows the hourly precipitation in the target area, and (B) shows the distribution of precipitation from 20:
00 to 24:00.

Therefore, turbulence intensity in the troposphere is higher
than that in the stratosphere, which is consistent with the
conclusion given by Wilson et al. (2011). However, it can be
seen from Figure 2 that the Thorpe scale and turbulence
thickness obtained by calculating the data of the sounding
balloon at 13:00 and 20:00 on January 15 showed large values
(blue solid line and orange solid line), which is located at
25 km in the lower stratosphere. And the maximum Thorpe

scale reaches more than 300 m and turbulence thickness
reaches over 500 m (The normal Thorpe scale of the
stratosphere is about 50-100m (Zhang et al., 2019; He
et al., 2020a)). Therefore, it is necessary to analyze the
atmospheric background and meteorological elements
separately to give a reasonable explanation for the
occurrence of Thorpe scale outliers in the middle and
lower stratosphere on January 15. It can be seen from the

Frontiers in Environmental Science | www.frontiersin.org

January 2022 | Volume 10 | Article 839685


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Qin et al.

Case Analysis of Turbulence

A Denoised L](m) B Denoised LT(m) C Denoised L](m)
0 50 100 150 200 250 300 350 400 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400
40 : : . : : 40 . : ‘ 40 : : : . .
7
35 i 35
Q\
=30 _— =30 =
o) — = @ @
g 25 = 825 !
s . e =]
<20 v < 20 -,
J/
C— ~
15 > 15
¢
N
10 - 10
0 0.01 0.02 0.03 0.04 10 15
%107
D
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
35 — 40 40
30 R 35 35
% -
£ B £330 £30
2B == ( = =
8 > 825 825
2 , S 2 2
=20 7 = £
< | < < 20 <20
\
\
15 { 15 15
‘\
10 10 10
0 0.01 0.02 0.03 0.04 2 3 3
Shears(s™1) %10
FIGURE 5 | The profile of Thorpe scale, Wind shear, Buoyancy frequency, Richardson number above the tropopause (A-C are calculated from sounding data at
13:00; D-F are calculated from sounding data at 20:00; solid red lines are Thorpe scales; solid blue lines from left to right are wind shear, buoyancy frequency and
Richardson number).

above introduction that the meteorological elements that
affect the occurrence of turbulence mainly include thermal
convection and latent heat release. It is known that the
uneven heating of the surface causes gas molecules to rise,
and the surrounding gas converges inward to form thermal
convection (Chen and Avissar, 1994). Changes in surface
temperature will stimulate additional thermal convection
(Collow et al., 2014). Surface air pressure is an important
factor that characterizes convergence and divergence.
Precipitation is the main source of latent heat release, so
this study selected surface pressure, the surface air
temperature, and precipitation as the weather factors to
explore the development of turbulence.

Considering that the sounding balloon does not rise vertically,
it will drift with the wind in the horizontal direction during the
ascent. This study selected ERA5 reanalysis data from 40°N to
42°N and 100°E to 103.25°E for analysis based on the horizontal
trajectory of three groups of sounding balloons, and obtained the
following image.

Figure 3 shows the distribution of surface air pressure, surface
air temperature, and total precipitation in the range of
100°-103.25° E and 40°-42°N from January 13 to 15. The
temperature data vary greatly from day to night. Considering
that the release time of sounding balloon on January 15 is 13:00
and 20:00, therefore, the temperature data are only calculated as
the average of 12 sets of data between 08:00 and 20:00 of the day.

In the figure, the release position of the sounding balloon is
represented by the red circle, and the black solid point is the
horizontal flight track of the sounding balloon on that day. It can
be seen from Figures 3A-C that the surface pressure did not
change significantly from January 13 to 15. The surface pressure
of the three figures showed a trend of low in southeast and high in
northwest, and the horizontal trajectory of the balloon flight was
roughly the same, drifting to the east and lifting slightly to the
north. There was no pressure disturbance on the drifting path.
The air temperature shown in Figures 3D-F was higher in the
southwest and lower in the northeast. In the observed area, the
temperature rose by about 2K on January 14. However, the
surface atmospheric temperature on January 13 and 15 was
roughly the same, so it was not considered as the cause of
increasing turbulence. It can be seen from Figures 3G-I that
there was a small amount of precipitation in the flight area of the
sounding balloon on January 15, and a small amount of
precipitation occurred in the northeast of the sounding area
on January 14, but the precipitation intensity was small and
did not cover the flight track of the balloon. There was no
precipitation on January 13. Therefore, it is considered that
there is a certain relationship between the two groups of large-
scale stratospheric turbulence measured on January 15 and the
precipitation in this region. Further analysis was made on the
precipitation  distribution, and the 4-h distribution of
precipitation on January 15 was observed, as shown in Figure 4
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Figure 4 shows the 4-h precipitation data on January 15. As
can be seen from Figure 4, precipitation mainly concentrated at
20:00-24:00, and large-scale turbulence in the stratosphere
existed before and during the precipitation. Analyzing the
generation mechanism of turbulence, there are three main
types of turbulence generated in the atmosphere. One is
convective turbulence, which is generated by static instability
of the atmosphere and its energy source is buoyancy work. The
second is mechanical turbulence, which is caused by wind edging.
The energy source is shear force work. The third is the turbulence
caused by the breaking of gravity wave. When the amplitude of
gravity wave increases to a certain extent, the breaking occurs and
turbulence is generated (He et al., 2020a). In previous research,
when precipitation occurs, it is conducive to the upload of gravity
wave energy to the stratosphere (Stephan et al., 2016), which has
an important impact on the generation of turbulence. Therefore,
analyze the vertical distribution of wind shear, buoyancy
frequency, and Richardson number at 13:00 and 20:00. The
buoyancy frequency N2 is used to characterize the stable state
of free atmospheric air particles. When N2 <0, the air particles
are in a static and unstable state, which is calculated by Eqs 2, 3.
As precipitation is involved, the calculation method of buoyancy
frequency of saturated wet air proposed by Wilson et al. in 2013 is
used. Vertical wind shear can be calculated by

ou)’ [ov)
Shears = <Bz) +(8z)

The larger the vertical wind shear, the greater the dynamic
instability of the environment. The calculation equation of
Richardson number is

@)

NZ

o\’ [ov)’
(&) ()

It reflects the ratio of the buoyancy work to the work by
shear force. When Richardson number is less than the critical
value 0.25, the atmosphere is unstable and turbulence is more
likely to occur. To observe the relationship more intuitively
between stratospheric large-scale turbulence and the factors
affecting the development of turbulence, wind shear,
buoyancy frequency, and Richardson number were
calculated. The three factors and Thorpe scale calculated
by the two sets of data on January 15 were put into
Figure 5, and only the altitude above the tropopause was
selected for easy observation.

Figure 5 shows the vertical distribution of Thorpe scale,
vertical wind shear, buoyancy frequency, and Richardson
number at 13:00 and 20:00 on January 15. Among them, the
Thorpe scale of large size appeared at 24.6 and 26.0 km at 13:00,
and 22.3 km at 16:00. In the calculation of gradient Richardson
number and wind shear, considering the influence of noise, the
wind speed is processed by smoothing and undersampling at
30 m. To facilitate observation, Figure 5 shows the data profile
after smoothing at 15 points. The smoothing data is only for
observation and not used for actual calculation.

It can be seen from Figures 5A, D that the stratospheric
wind shear is generally high, all greater than 0.01s™', but
there are certain oscillations, and local wind shear has a
maximum value. The altitude of large Thorpe scale at 13:
00 was between the maximum wind shear of 22.2 km and the
minimum wind shear of 28.6 km, but there was a small

®)
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FIGURE 7 | Histogram of frequency distribution of turbulence thickness per 5 km height for seven sets of sounding data from January 10 to 14.

increase of wind shear at the altitude of both Thorpe scales. At
20:00, it is obvious that the maximum value of wind shear
appears near 22.3 km, which proves that the increase of shear
force work caused by the increase of wind shear has a positive
effect on the generation and strengthening of turbulence.
Figures 5B, E shows the profile of buoyancy frequency at 13:
00 and 20:00 on January 15. The black solid line is the critical
value of the buoyancy frequency (taken as 0). It can be seen
that the buoyancy frequency in the stratosphere is generally
high and the atmospheric instability is reduced. However, in
the large-value region of Thorpe scale, such as near 25 km in
Figure 5B and near 23 km in Figure 5E, dense negative region
of buoyancy frequency appears. It is proved that the unstable
region of air particles appears in the Thorpe scale large-value
region, which is beneficial to the appearance of turbulence.
Figures 5C, F shows the vertical profiles of gradient
Richardson number. Same as above, the black solid line is
the critical value of Richardson number (taken as 0.25).
Richardson number less than 0.25 indicates an increase in
the Kelvin Helmholtz instability, which is conducive to the
generation of turbulence. It can be seen from the figure that
the gradient Richardson number is also small in the large
Thorpe scale area, and the Kelvin Helmholtz instability is
reduced, which is one of the favorable mechanisms for
turbulence. Combining Figures 5B, E and Figures 5C, F,
it is found that the small value area of buoyancy frequency
and gradient Richardson number is still found in the high-rise
area on January 15. The author believes that the detection
height is too high in the middle stratosphere. The noise
caused by the radiosonde itself increases, which is also

shown in the local TNR in Table 2. The flipping caused by
this noise has been processed in the calculation of the
Thorpe scale.

It can be seen from the above study that the turbulence
detected at 13:00 and 20:00 on January 15 has been enhanced
in the lower and middle stratosphere, which is shown that the
enhancement of turbulence in the middle and lower
stratosphere has a clear positive correlation with the
precipitation in the troposphere. The remaining seven
groups of detection data are analyzed to observe their data
characteristics and cumulative distribution of Thorpe scale,
as shown in Figure 6.

Figure 6 shows the Thorpe scale distribution calculated from
seven groups of radiosonde data from January 10 to 14. To
intuitively observe and analyze the local distribution
characteristics at different altitudes, the Thorpe scale was
divided into nine segments along the altitude, which is listed
in the nine frequency distribution histograms. It can be seen from
Figure 6 that the turbulence is mostly distributed in the
troposphere region (0-10 km), with 77 Thorpe scales in total,
accounting for 66.4% of the total Thorpe scales, and there are
greater Thorpe scales in the troposphere. Thorpe scales larger
than 50 m occupy 27.3% of the total troposphere. The same
proportion in the stratosphere is only 7.7%. In addition, Thorpe
scale in the middle and upper troposphere (5-10 km) is generally
stronger, which is caused by strong convective instability in the
middle and upper troposphere and stronger wind shear in the
upper troposphere. The amount of turbulence in the stratosphere
is small and concentrated in the lower stratosphere. The main
reason is that the stability of the free atmosphere increases rapidly
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which the solid blue line is the fitting distribution profile by cubic spline
interpolation, (A,B) show the turbulent kinetic energy dissipation rate
and turbulent diffusion coefficient respectively.

in the stratosphere, and most buoyancy frequencies are greater
than 0. Although the wind shear in the stratospheric is generally
strong, most of the turbulence generated by shear force work is
balanced out by stable atmospheric circulation in the stratosphere
(Obukhov, 1971; Ko et al., 2019). Therefore, only a few small
turbulence layers remain in the stratosphere.

Thorpe scale reflects the intensity of potential temperature
reversal caused by turbulence, while turbulence thickness
reflects the vertical scale of turbulence layer. Both of them
represent the intensity of turbulence. Therefore, the
distribution of turbulence thickness is analyzed in the
same way, as shown in Figure 7

Figure 7 shows the frequency distribution histogram of
turbulence thickness in each altitude segment obtained from
seven sets of sounding data. It can be seen that the
distribution of turbulence thickness is roughly the same as
that of the Thorpe scale. The turbulence thickness in the
troposphere is larger, with the maximum thickness reaching
1.092km and the average thickness being 177 m. The
proportion of turbulence thickness greater than 100 m reached
57%, while the stratospheric turbulence thickness greater than
100 m accounted for only 23%, which was similar to the
proportion of turbulence thickness measured by He et al.
(2020) in the Hami region of China. Moreover, the maximum
turbulence thickness in the stratosphere was 600 m, and the
average turbulence thickness was only 90 m. Its distribution is
roughly the same as the Thorpe scale. The turbulence thickness
and Thorpe scale are both factors that measure the strength of
turbulence. The buoyancy frequency of the troposphere is mostly
negative, and the gradient Richardson number is generally small.
The instability of the internal air particles is stronger, and it is
easier to cause a large-scale overturn of the potential temperature,

Case Analysis of Turbulence

resulting in larger-scale turbulence, which is reflected in the
enhancement of Thorpe scale and the turbulence thickness,
and the stratosphere stable atmospheric conditions make it
not easy to produce massive potential temperature overturn,
so only in special circumstances will produce the large-scale
turbulence, as was the case with the two sets of radiosonde
data discussed above on January 15.

Conventional measurements of turbulent kinetic energy
dissipation rate in the global free atmosphere using
radiosonde can better understand the spatio-temporal
variation of turbulent mixing in the global free atmosphere
(Kantha and Hocking, 2011). The turbulent diffusion
coefficient is an important parameter needed to simulate
the transport of various atmospheric components with
small contents in the middle atmosphere (Fukao et al,
1994), both of the two parameters play an important role
in the spatio-temporal changes of turbulence. Eq. 4 and Eq. 5
were used to calculate the turbulent kinetic energy dissipation
rate and turbulent diffusion coefficient of seven groups of
conventional detection data from January 10 to 14, and their
vertical distribution was listed in Figure 8.

Figure 8 shows the vertical distribution of the turbulent
energy dissipation rate and turbulent diffusion coefficient of
seven sets of detection data. To observe the distribution law
more intuitively, the seven sets of data are combined and
fitted with cubic spline interpolation to obtain the
distribution profile. The fitting profile shows that the
turbulent energy dissipation rate is generally small in the
troposphere. The main reason is that convection instability is
higher in the troposphere, buoyancy frequency is small and
mostly negative, but it is affected by a strong turbulence layer.
When the turbulence layer with large Thorpe scale appears,
there will be a local large-value region of €. It can be seen from
Figure 8A that the maximum value of the turbulent kinetic
energy dissipation rate appears near the tropopause, which is
caused by the jet stream near the tropopause in winter (Fukao
et al., 1994), and the release point of the sonde is located in
the mountainous plateau region of northwest China.
Mountain wave breaking in the tropopause region also
results in the enhancement of ¢ (Lilly and Kennedy, 1973;
Zhang et al., 2019). When the height reaches the stratosphere,
instability ~decreases, buoyancy frequency
increases, and & increases. Compared with the turbulent
kinetic energy dissipation rate, the diffusion coefficient
distribution is roughly same in the troposphere. However,
according to Eqs 4, 5, it can be seen that the influence of
buoyancy frequency on the diffusion coefficient is less than its
influence on the kinetic energy dissipation rate. Although the
buoyancy frequency of the troposphere is relatively small, the
large-scale turbulence layer makes the gas diffusion and
transmission stronger, and therefore exhibits a larger K
value than the lower stratosphere. And due to the
existence of the tropopause jet stream and the breaking of
the mountain waves, there is also a local maximum in the K
value around the tropopause. As the height increases, the
buoyancy frequency gradually increases and the diffusion
coefficient increases.

convective
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SUMMARY

The Thorpe method has been considered feasible in turbulence
detection (Sunilkumar et al., 2015; Martini et al., 2017). In this
study, a group of sounding balloons released in Northwest China
in January 2018 were analyzed from two aspects: 1) distribution
of Thorpe scale and turbulence thickness; 2) distribution and
general trend of turbulent kinetic energy dissipation rate and
turbulent diffusion coefficient. The results show that there is a
certain relationship between stratospheric turbulence and
tropospheric precipitation, and fill the gap of higher-altitude
turbulence detected by high-resolution sounding balloon in
this area.

The troposphere is more prone to turbulence than the
stratosphere. Among the turbulence layers that have been
detected, turbulence in the troposphere accounts for 66.4% of
the total turbulence. The main causes are instability of thermal
convection and breaking mountain wave. Owing to the gravity
wave breaking caused by wind shear, there will also be a small
number of turbulence layers in the stratosphere, but the number
is sparse and the intensity is small. The average Thorpe scale in
the stratosphere is 28.8 m, which is smaller than the troposphere’s
472 m. The intensity distribution of turbulence thickness is
roughly the same on the Thorpe scale, and the average
turbulence thickness in the troposphere reaches 177 m, which
is greater than the average thickness of 90 m in the stratosphere.
In terms of the specific altitude, turbulent layer with the highest
frequency location is located in the upper troposphere 5-10 km,
accounts for 44.0% of the total turbulent layer, the largest Thorpe
scale and turbulent layer thickness are also located at this altitude.
The main reason is that the release point is located in the
mountainous plateau area of northwestern China. The strong
topographical gravity waves cause the turbulence near the
tropopause to increase significantly. This is consistent with the
conclusion that the topography affects turbulence discovered by
Zhang et al. (2019). The occurrence of tropopause jet in January
in winter also aggravates this phenomenon. The same
distribution can be found in the turbulent kinetic energy
dissipation rate and diffusion coefficient. Owing to the
existence of tropopause jet stream and Kelvin Helmholtz shear
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