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ABSTRACT

H1 C1

Through  multi-order  structure  function  analysis  and  singularity  measurement,  the  Hurst  index  and  intermittent
parameter  are  obtained  to  quantitatively  describe  the  characteristics  of  atmospheric  disturbance  based  on  the  round-trip
intelligent  sounding  system  (RTISS)  in  the  lower-middle  stratosphere.  According  to  the  third-order  structure  function,
small-scale gravity waves are classified into three states: stable, unstable, and accompanied by turbulence. The evolution of
gravity waves is reflected by the variation of the third-order structure function over time, and the generation of turbulence is
also  observed.  The  atmospheric  disturbance  intensity  parameter  RT  is  defined  in  this  paper  and  contains  both  wave
disturbance ( ) and random intermittency ( ). RT is considered to reflect the characteristics of atmospheric disturbance
more reasonably than either of the above two alone. In addition, by obtaining the horizontal wavenumber spectrum from the
flat-floating stage and the vertical wavenumber spectrum from the ascending and descending stages at the height range of
18–24 km, we found that when the gravity wave activity is significantly enhanced in the horizontal direction, the amplitude
of  the  vertical  wavenumber  spectrum  below  is  significantly  larger,  which  shows  a  significant  impact  of  gravity  wave
activity on the atmospheric environment below.
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Article Highlights:

•  A  diagnostic  method  for  the  observation  of  stratospheric  gravity  waves  and  turbulence  is  provided  based  on  the  flat-
drifting balloon data.

•  The evolution state of GWs is classified from the perspective of structural function for the first time.
•  The results  of  this  study  fill  the  gap  in  the  observation  of  atmospheric  disturbance  characteristics  of  the  lower-middle

stratosphere in China.
 

 
 

 

1.    Introduction

A disturbance in the atmosphere can be regarded as the
superposition of fluctuations of various scales, ranging from
turbulent scale to planetary wave scale. As a vital causing of
atmospheric  disturbance,  gravity  wave  (GW)  activity  has
been  extensively  studied.  The  propagation  and  develop-
ment of GWs have an important impact on the atmospheric

circulation  at  higher  latitudes  (Lindzen,  1981; Fritts  et  al.,
2014)  and  play  an  important  role  in  the  material  transport
and energy transmission between the stratosphere and the tro-
posphere  (Zhao  et  al.,  2019; Chang  et  al.,  2020; Sheng  et
al.,  2020; He  et  al.,  2021),  leading  to  interactions  and
energy  cascade  processes  among  different  scales.  At
present,  the  detection  means  of  GWs are  relatively  abund-
ant.  Remote sensing measurements from satellite platforms
can  cover  a  worldwide  range  (Wu  et  al.,  2006; Preusse  et
al.,  2008; Alexander  et  al.,  2010; Wright  et  al.,  2016),  but
the  spatial  resolution  is  limited.  Observations  of  temperat-

 

  
* Corresponding author: Zheng SHENG

Email: 19994035@sina.com 

 

ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 39, JANUARY 2022, 131–144
 
• Original Paper •

 

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022
  

https://doi.org/10.1007/s00376-021-1110-2


ure and wind from radiosondes have extensive data accumula-
tion  and  high  resolution  and  can  be  used  to  analyze  GWs
(Wang  and  Geller,  2003; Murphy  et  al.,  2014; Yoo  et  al.,
2018) and turbulence (Luce et al., 2014; Zhang et al., 2019).
Although rocket detection can reach a higher altitude range
(up to 60 km), the release cost is much higher than for radio-
sondes,  and  it  is  not  suitable  for  long-term  observation
(Lübken  et  al.,  1993; Lübken,  1997).  Radar  and  lidar  can
achieve  continuous  observations  at  a  wide  range  of  alti-
tudes  (Dhaka  et  al.,  2003; Stober  et  al.,  2012; Sato  et  al.,
2014; Love  and  Murphy,  2016; Kantha  et  al.,  2017),
however, they are restricted to a few specific sites. Aircraft
detection can be used to study the characteristics of GWs in
the horizontal direction and is usually performed only for spe-
cially designed campaigns (Wroblewski et al., 2007; Zhang
et al., 2015).

In the upper troposphere and lower stratosphere, the influ-
ence of clear air turbulence on economic aircraft is crucial,
and this  fact  has directly prompted many related studies in
this height regime (Sharman et al., 2012). Wroblewski et al.
(2007) studied turbulence and Kelvin–Helmholtz billows in
stably stratified shear flow in the upper troposphere. Lu and
Koch (2008) analyzed horizontal velocity fields using spec-
trum  and  structure  function  analysis  and  found  clear  scale
interactions  between  turbulence  and  small-scale  GWs.  Of
course, the area within the upper troposphere and lower strato-
sphere  contains  dynamic  processes  of  multiple  scales  ran-
ging  from  several  thousand  kilometers  to  several  milli-
meters, covering from planetary waves to small-scale turbu-
lence. Therefore, there are abundant studies on the dynamic
structure within this height range (Nastrom and Gage, 1985;
Bacmeister  et  al.,  1996; Hooper  and  Thomas,  1998; Cho
and Lindborg, 2001; Zhang et al., 2015; Söder et al., 2021).

Ground-based  and  space-based  techniques  are  usually
unable to measure the wave intrinsic frequency (in the Lag-
rangian  frame  of  reference),  which  can  reflect  important
wave  characteristics.  The  use  of  superpressure  balloons
(SPB)  does  not  suffer  this  limitation  and  provides  a  new
research method (Hertzog et al., 2002; Boccara et al., 2008).
However, the “old” SPB had a frequency limit (Vincent et
al.,  2007),  and  only  recent  campaigns  have  recorded  at
higher  frequency  (Schoeberl  et  al.,  2017).  The  RTISS  dis-
cussed  in  this  article  uses  a  zero-pressure  balloon,  which
has a lower cost and higher sampling frequency, and for the
first time achieved three-stage detection of rising, flat-float-
ing, and falling. On the basis of previous research (He et al.,
2020),  the  evolution  of  GWs  and  turbulence  is  thoroughly
studied and discussed in this manuscript, and a new way for
diagnosing the atmospheric disturbance state is proposed. In
previous studies, the structure function has been used to con-
nect the scale directly with the actual measurement results,
since the structure function at a specific distance can reflect
the direct measurement of the corresponding wind velocity.
Considering that Kolmogorov's theory predicts that the law
of –5/3 slope will be followed in the turbulent inertia region
(Kolmogorov, 1991), it is reasonable to expect the wind vari-

ance of a GW to be between –1 and –3 (Cho and Lindborg,
2001).  Compared  with  spectral  analysis,  the  most  obvious
advantage of the third-order structure function is that it is pos-
sible  to  calculate  energy  flux  by  only  using  one-dimen-
sional  data  series  (Lindborg,  1999).  In  order  to  further
quantify  the  disturbance  characteristics  of  turbulence  and
small-scale  GWs,  the  Hurst  parameter  is  obtained  by  a
multi-order  structure  function,  and  the  intermittent  para-
meter  is  obtained  by  a  singular  measurement  (Marshak  et
al., 1997). 

2.    Observations and Methods
 

2.1.    Measurement principle and data

The  data  from  the  intelligent  round-trip  sounding  sys-
tem experimental project carried out in China is used to con-
duct  the  corresponding  research.  The  detection  process  is
shown in Fig. 1, including the three stages of rising, flat-float-
ing,  and falling,  and is  able  to  complete  the observation in
the vertical direction and the continuous high-frequency obser-
vation  at  a  stable  height  in  the  horizontal  direction.  In  the
ascending  stage,  the  outer  ball  is  used  to  provide  upward
buoyancy while carrying a radiosonde for real-time observa-
tion and collection of data; the outer ball explodes at a prede-
termined height, and then the inner ball provides buoyancy
in the flat-floating stage to balance gravity. The inner ball is
a  zero-pressure  balloon  and  reaches  a  balance  between  its
own  gravity  and  buoyancy  at  the  height  of  the  designed
ascent limit.  After reaching the predetermined position, the
system separates  the  radiosonde and the  inner  ball  through
the  fuse  device.  The  radiosonde  falls,  guided  by  a  para-
chute, and recording measurements on its way down. In the
floating phase, the balloon performs a quasi-Lagrangian meas-
urement  with  a  frequency  of  2  s−1.  The  radiosonde  is
equipped with a sensor module consisting of sensors for tem-
perature,  humidity,  and  air  pressure  measurements.  The
Beidou navigation satellite system is used for longitude, latit-
ude,  and  altitude  measurement,  and  the  horizontal  wind
speed and direction are calculated from this.

The  detection  system  has  different  working  principles
in the three stages of rising, flat-floating, and falling (Cao et
al.,  2019).  In  the  ascending phase,  the  balloon is  subjected
to buoyancy, gravity, and air resistance in the vertical direc-
tion. In the horizontal floating stage, the adaptive flat-float-
ing process is realized by controlling an appropriate net lift
force  from  the  ground.  Under  this  condition,  the  vertical
force  is  dynamically  balanced,  and  the  balloon  trajectory
can be regarded as an approximate horizontal motion. In the
descending  stage,  the  radiosonde  descends  under  the  para-
chute, from the low-density atmosphere into the high-dens-
ity atmosphere.

We  obtained  12  sets  of  data  retrieved  in  Wuhan,
Anqing,  Yichang,  Ganzhou,  and  Changsha  in  2018,  which
are: WH1, WH2, and WH3 (22, 23, and 30 October); AQ1
and  AQ2  (19  October  and  16  November);  YC1  and  YC2
(18 October and 22 October); GZ1, GZ2, and GZ3 (31 Octo-
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ber, 6 November and 9 November); CS1 and CS2 (19 Octo-
ber  19  and  16  November),  respectively.  The  data  in  the
ascending and descending stages are evenly interpolated to
a vertical step of 12 m. The balloon trajectory in the flat-float-
ing  phase  and  the  height  variation  with  time  are  shown  in
Fig. 2. The balloon trajectories in the flat-floating phase are
interpolated  to x, y coordinates  relative  to  the  start  of  the
flat-floating phase in a local geophysical coordinate system
(it  can  also  be  said  to  be  the  projection  of  the  meridional
and zonal). In the CS1 data, there is a significant drop in the
height after the start of the flat-floating phase, and this seg-

ment  is  deleted  in  the  subsequent  calculations.  Originally
sampled equidistant in time, the sampling distance of the inter-
polated data is adjusted to the average spatial sampling dur-
ing the respective flight. Specific information for the flat-float-
ing phase is shown in Table 1.
 

2.2.    Analysis method

The  perturbation  profile  of  atmospheric  elements  con-
tains  abundant  fluctuation  information.  The  energy  corres-
ponding  to  different  scales  can  be  obtained  intuitively  and
clearly using Fourier spectral transformation, and the spec-

 

 

Fig. 1. Schematic diagram of the RTISS. L is the distance from the station to
the radiosonde, Ω and θ are the azimuth and elevation, respectively, and the
black curve is the detection trajectory of WH on 30 October 2018.

 

 

Fig. 2. (a) The trajectory of the flat-floating phase and (b) the floating height
variation with time.
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tral amplitude and spectral slope can quantitatively describe
the spectral structure, reflecting the disturbance characterist-
ics  of  the  atmosphere.  Here  we use  the  potential  temperat-
ure  perturbation  profile  to  perform spectral  transformation.
For  non-stationary random processes  with  stationary incre-
ments,  the  statistical  characteristics  of  increments  can  be
defined as (Marshak et al., 1997):
 

dφ (r; x) = φ (x+ r)−φ (x) (0 ⩽ r ⩽ L;0 ⩽ x ⩽ L− r) . (1)

x x+ r
duL (x,r) duT (x,r) uL uT

Since the turbulence theory focuses on the increment of
velocity,  the  velocity  increment  between  and  is
defined as  and , where  and  repres-
ent  the  velocity  components  parallel  and  perpendicular  to
the  separation  distance r (consistent  with  decomposition
direction),  respectively.  The  second-order  velocity  struc-
ture function can be defined as:
  DLL (r) =

⟨
duL

2
⟩

DTT (r) =
⟨
duT

2
⟩ , (2)

⟨.⟩where  is the ensemble average. Considering that the Four-
ier power spectrum alone cannot distinguish different theor-
ies,  based  on  Kolmogorov  theory,  the  third-order  structure
function  is  used  here  to  quantify  and  compare  the  disturb-
ance  information  contained  in  the  atmospheric  wind  field
(Lindborg, 1999; Cho and Lindborg, 2001). The third-order
structure function not only can eliminate the arbitrariness of
the  universal  constant  in  the  power  law  expressed  by  the
second-order structure function in physical space, but it also
can  reflect  the  direction  of  the  energy  cascade  through  the
sign  of  the  value,  where  negative  values  represent  down-
scale energy cascades and positive values represent upscale
energy  cascades.  Considering  that  transition  in  the  strato-
sphere occurs within a thin layer (Benavides and Alexakis,
2017),  the  third-order  structure  function  can  be  written  as
(diagonal part):
 

S 3 (r) =
⟨
[δuL (r)]3

⟩
+
⟨
δuL (r) [δuT (r)]2

⟩
= − 4

3
εr , (3)

εwhere  is the energy dissipation rate. In order to systematic-
ally  describe  the  random  atmospheric  process,  referring  to
the  multi-order  structure  function  and  singularity  measure-
ment method (Davis et al., 1994; Marshak et al., 1997), the
q-order structure function can be written as: 

S q (r) = ⟨|uL (x+ r)−uL(x)|q⟩ = ⟨|duL (r)|q⟩ . (4)

Through multi-order structure function analysis and sin-
gularity measurement, the Hurst index and intermittent para-
meter  are  obtained.  The  specific  calculation  method  is
described in Lu and Koch (2008). 

3.    Results and discussion
 

3.1.    Third-order structure function analysis

S 3 (r)
r = l×2n n = 0,1...,N

l N

S 3 (r)
S 3 (r)

Using  the  method  introduced  in  section  2,  we  calcu-
lated  the  third-order  structure  function  for  all  12  sets  of
data. Firstly, the third-order structure function  is calcu-
lated  over  the  separation  distance , ,
where  is  the  average  step.  is  determined  by  the  max-
imum data length. The experimental results of Lu and Koch
(2008),  by  computing  and  analyzing  the  third-order  struc-
ture functions for the aircraft  observational  data,  verify the
consistency of Kolmogorov theory well in the application of
structure functions within the inertial subrange (Cho and Lind-
borg,  2001).  In  the  turbulent  inertial  region,  follows
the r slope. In the GW subrange,  follows the r2 slope
when  turbulence  occurs,  while  it  follows  the r3 slope
without  turbulence.  We  firstly  select  three  sets  of  data  for
third-order  structure  function  analysis.  The  results  are
shown in Fig.  3.  The data  sequences are  from WH2, YC2,
and CS2, respectively. The absolute value of the third-order
structure function is plotted in the figure, where red repres-
ents  negative  values  and  blue  represents  positive  values.
The black lines  represent  the expected r3, r2,  and r1 power
spectra,  respectively.  There  is  obvious  turbulent  activity  in
Fig.  3a.  In  the  large  scale,  it  is  an  upscale  energy cascade,
and  in  the  small  scale,  it  is  a  downscale  energy  cascade.
There is an obvious r slope in the spatial scales within 128
m. In the spatial scales larger than 128 m, the whole curve fol-
lows the r2 slope. In Fig. 3b, the curve in the main separa-
tion  distance  range  obviously  follows  the r3 slope  and  the
upscale energy cascade dominates in the entire scale range,
indicating that there is stable GW activity in the data series.
In Fig. 3c, the whole curve is inclined to the r2 slope, with
the first  half  (11–400 m) more inclined to the r3 slope and
the  second  half  (>400  m)  more  inclined  to  the r2 slope.
There  is  an  upscale  energy  cascade  on  small  scales  and  a
downscale energy cascade on large scales. According to Lu’s
results, the r2 slope should indicate the coexistence of turbu-
lence  and  GWs,  but  there  is  no r slope  on  a  small  scale.
Here, we think there may be two reasons. One is that the hori-
zontal  scale of  turbulence is  too small,  and it  is  not  reflec-

Table  1.   Data  information  after  decomposition  and  re-
interpolation in the flat-floating phase.

Number Direction Step (m) Distance (km)

1-WH1 zonal 13 24.5
2-WH2 zonal 16 67.7
3-WH3 meridional 13 90.3
4-CS1 zonal 13 76.0
5-AQ1 meridional 11 29.0
6-AQ2 zonal 16 53.6
7-YC1 meridional 12 105.5
8-YC2 meridional 8 61.9
9-GZ1 meridional 15 87.6
10-GZ2 meridional 9 37.7
11-GZ3 meridional 9 54.9
12-CS2 meridional 11 50.4
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S 3 (r)
S 3 (r)

S 3 (r)

ted in the resolution of the observation data. The second is
that  it  is  at  the  transitional  stage  from  GW  to  turbulence,
which has not caused the breaking of GWs and the genera-
tion of turbulence. In this paper, GW activity can be divided
into three different states: stable GWs, where the  fol-
lows  the r3 slope;  unstable  GWs,  where  the  follows
the r2 slope;  and  GWs that  coexist  with  turbulence,  where

 follows  the r slope  in  the  turbulent  subrange  and r2

slope in the GW subrange. 

3.2.    Multi-order  structure  function  analysis  and  Hurst
parameter

η R
η = 4l q

S q (r) r

For different GW activity characteristics,  does the dis-
played multi-order structure function satisfy the linear rela-
tionship? Are there multiple scale ranges corresponding to dif-
ferent  linear  relationships?  How  can  these  phenomena  be
explained? Taking WH2, YC2, and CS2 as examples, the res-
ults of the multi-order structure function obtained are shown
in Fig.  4.  When  calculating  the  Hurst  parameter,  choosing
the  appropriate  fitting  interval  is  a  critical  step.  In  other
words, linear regression should be performed between inner
scale  and  outer  scale  in  log-log  coordinates,  where

. We focus on the curve of  = 5 to select this fitting
interval, which emphasizes the most intense events. On differ-
ent data sets, we can observe different numbers of scale break-
ing points which show a significant change in the linear rela-
tionship for  and . For WH2, there are some obvious
small  fluctuations  in  the  fifth-order  structure  function  with
several scale breaking points (significant changes in the fit-
ting  slope),  which  is  thought  to  be  caused  by  different
energy cascade directions in multiple scales. For YC2, there
is  an  obviously  smoother  curve,  and  an  approximately  lin-
ear relationship can be seen within 3 km, which is consist-
ent with the single energy cascade direction. For CS2, it has
a  linear  relationship  weaker  than  YC2  and  stronger  than
WH2,  with  only  one  scale  breaking  point,  which  is  within

20–30 km. In order to make the parameters obtained from dif-
ferent data sets comparable, the outer scales are all selected
in the range of  several  kilometers  since there  may be mul-
tiple points that satisfy the linear relationship.

uL

r1 r2 r3 r4

r

r1 r2 r3 r4

r
uL

r2 r3

|δu (r)|
|δu (r)|

To  specifically  understand  this  phenomenon,  the  hori-
zontal  velocity  component  is  shown  in Fig.  5 for  the
three sets  of  data. , , ,  and  correspond to the inter-
vals  with  significant  inclinations  accompanied  by  a  relat-
ively  large  increase  or  decrease  in  the  speed  increment  on
these intervals,  which leads to  the ‘saturation point’ of  the
fifth-order structure function in Fig. 4. With the increase of
, the fifth-order structure function obviously increases first,

which is  due to  increments  in  the  obviously larger  inclina-
tion (corresponding to the width interval of , , , and ,
respectively). When increasing to a certain value, the fifth-
order structure functions of the three sets of data will tend to
saturate,  contributing a fixed number of  disturbance events
to the spatial average. For YC2, the fifth-order structure func-
tion will increase with the continuous increase of . The dis-
tance  between  the  maximum  and  minimum  of  corres-
ponds to  and , respectively. This is consistent with the sat-
uration points on the curve in Fig. 4b at the separation dis-
tances of 16 km and 32 km, respectively. As for CS2, while
the  in the second half increases with the increasing r,
the  in the first half will decrease more, which caused
a downward trend in the fifth-order structure function when
exceeding the saturation points at the separation distance of
22 km.

H1 = H(1) = ζ (1)

η R
ζ (q) H1

Here,  we  choose  as  the  Hurst  para-
meter.  A  linear  regression  is  performed  between  the  inner
scale  and  outer  scale  in  log-log  coordinates  to  obtain

 from the  first-order  structure  function.  can  repres-
ent  the  roughness  (nonstationarity)  of  random processes  in
the atmosphere.  The value is  between 0 and 1.  Larger  val-
ues  reflect  smoother  data  sequences.  The Hurst  parameters
of  WH2,  YC2,  and  CS2  are  0.50,  0.71,  and  0.76,  respect-

 

Fig.  3.  The  third-order  structure  function  of  the  flat-floating
stage from (a) WH2, (b) YC2, and (c) CS2. The drawn third-
order  structure  functions  are  absolute  values,  where  the  red
dots  represent  negative  values  and  the  blue  dots  represent
positive values.

 

uL

Fig.  4.  The  multi-order  structure  function  (q =  1,  2,  3,  4,  5)
with  the  separation  scale r calculated  from  the  horizontal
velocity component  from (a) WH2, (b) YC2, and (c) CS2 in
the flat-floating stage.
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δuL

duL

duL

S q (r)

To  give  the  results  more  credibility,  we  use  the  WH2
data  as  an  example  to  specify  that  averaging  across  differ-
ent  scales  is  statistically  sufficient  to  support  the  results
when calculating structural functions. At each fixed separa-
tion  distance r,  the  calculated  speed  increments  are
sequentially  moved  backward  from  the  starting  point,  so
even  at  the  maximum  separation  distance,  there  is  enough
data set of . Figures 6a–d correspond to all velocity incre-
ments  calculated  from  beginning  to  end  where  the  separa-
tion  distances  are  64  m,  512  m,  4096  m,  and  32  768  m,
respectively, shown as the 3rd, 6th, 9th, and 12th sequence
points  in Fig.  4a.  With  the  increase  of  separation  distance,
the number of corresponding velocity increments decreases
gradually.  However,  all  remain  at  a  number  sufficient  to
meet the statistical characteristics. It can be seen from the fig-
ure that as the separation distance r increases, the overall fluc-
tuation  of  increases,  which  is  caused  by  the  obvious
inclined segment in the speed curve, leading to the gradual
increase of . Therefore, only small-scale GWs are dis-
cussed here. The slope of the third-order structure function
on a larger scale (tens of kilometers or even larger) may be
affected by the fluctuation of flat-floating height, so we will
not discuss it here. 

3.3.    Evolutionary characteristics of GWs

Since the data is continuously measured, we think it is
feasible to divide the entire data sequence into several seg-
ments.  The  detection  range  in  the  horizontal  direction  is
within  tens  of  kilometers,  and  the  detection  time  is  gener-

ally  a  few  hours.  Within  this  temporal  and  spatial  resolu-
tion, the divided segments can represent different flat-float-
ing stages, which can also reflect the wave evolution charac-
teristics  over  time.  Since  the  generation  of  turbulence  has
been observed in the WH2 data, the distance of flat-floating
is too long. We hope to refine the phase of the observed turbu-
lence,  so  the  target  data  is  segmented  and  then  the  third-
order  structure  function  is  calculated  separately.  The  total
number of data points for WH2 is 4234. Figures 7a–i corres-
pond  to  the  segments  of  different  flat-floating  stages.  The
number of data points on each segment is the same, and the
horizontal  distance of  the  corresponding segment  increases
gradually with time.

Considering that the occurrence of turbulence is related
to the appearance of the r slope in a small-scale range, it is
found  through  observation  that  there  is  an r slope  in Figs.
7c–e,  and  the  downscaling  energy  cascade  gradually
expands with time, from large scale to small scale. The incon-
sistency  of  energy  transmission  directions  on  different
scales  also  causes  the  occurrence  of  instability  of  GWs.
However, turbulence can only occur if the inconsistency of
the energy cascade occurs within the corresponding inertial
scale (For the third-order structure function on different seg-
ments,  the  inconsistency  of  energy  cascade  occurs  ranging
from tens of meters to hundreds of meters when the turbu-
lence occurs, while that occurs on a larger scale when there
is  no  turbulence).  For  example, Fig.  7a shows  an  upscale
energy cascade on all scales. Then, from a large-scale wave
source, the downscale energy cascade gradually transfers to
a small scale (Figs. 7b and c), which eventually leads to the

 

 

uL

L r1 r2 r3 r4

Fig.  5.  The  variation  of  horizontal  velocity  component  along  the  meridional  (zonal)
distance  from (a)  WH2,  (b)  YC2,  and  (c)  CS2,  where , , ,  and  correspond  to  the
intervals with significantly large fluctuations.

136 STRATOSPHERIC DISTURBANCE OBSERVED BY BALLOONS VOLUME 39

 

  



increase of fluctuating instability and the generation of turbu-
lence.  After the turbulence is  weakened, the GW gradually
returns to be stable, and the energy cascade direction at all
scales returns to be the same as shown in Fig. 7i. Also, the res-
ult shows that the data form different segments do have differ-
ences  in  slope  and  energy  cascade,  but  the  results  calcu-
lated  using  the  entire  segment  of  data  (unsegmented)  can
reflect turbulence information (if it exists). Using the third-
order structure function of the entire data segment (Fig. 3a)
can reflect the characteristics of the overall flat-floating data
and will  not  miss  the  short-term turbulent  activity  on  indi-
vidual segments. 

3.4.    Singular measures and intermittency

⟨ε(r)q⟩
r K (q)⟨

ε(r)5
⟩

[
η,Rt
]

[Rt,Rw]

In addition to the Hurst parameter, intermittency (Mar-
shak et al., 1997) has also been calculated to reflect the statist-
ical characteristics of atmospheric random processes. The lar-
ger  the  intermittence parameter,  the  more singular  the  data
series.  Taking  WH2,  YC2,  and  CS2  as  examples,  the  res-
ults  are  shown  in Fig.  8. Figure  8a shows  the  relationship
between the multi-level singularity measurement  and
the spatial scale  in log-log coordinates. The slope  is
calculated and shown in Fig. 8b. Similarly, according to the
fifth-level singularity measurement , the turbulence fit-
ting  interval  and  the  GW  fitting  interval  are  distinguished
(i.e.,  and , the subscript t and w represent the
outer scale of turbulence and GWs, respectively), where the

K (q)
K (0) = K (1) = 0

C1

C1

C1

linear  relationship is  satisfied,  and the calculated  fol-
lows the relationship . The turbulence scale
reaches 512 m, and the scale range of the fitted GW is 512
m to 4 km, indicating that the intermittency calculated here
is limited to small-scale GWs. The corresponding intermitten-
cies  representing turbulence and GW events are 0.18 and
0.12,  respectively. Figures  8c and d  and Figs.  8e and f  are
the same as Figs. 8a and b but for YC2 and CS2. It can be
seen from the comparison that the stable GW has a slightly
smaller  (0.1)  than  the  unstable  GW  (0.16).  As  for  the
broken  GW,  the  intermittency  is  calculated  separately  on
each  scale,  and  is  very  small  for  the  GW  scale  but
increases significantly for the turbulence scale. 

4.    Integrated analysis of all data
 

4.1.    Classification of small-scale GWs

S 3 (r) =
⟨
δuL

[
(δuL)2+ (δuT )2

]⟩
δuL

δuL

Lu and Koch (2008) suggests that the presence of such
an  upscale  energy  cascade  indicates  the  presence  of
Kelvin–Helmholtz  instability.  They  provides  supporting
explanations that may also help to explain the results of this
study.  Since ,  negative  val-
ues represent <0, indicating that the velocity field is con-
verging  (or  decelerating),  while  positive  values  represent

>0, indicating that the velocity field is diverging (or accel-
erating) on the spatial scale of r. Therefore, we believe that

 

 

Fig.  6.  Velocity  increments  calculated from beginning to  end in the WH2 data  series  where the separation
distances are (a) 64 m, (b) 512 m, (c) 4096 m, and (d) 32 768 m, respectively.
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the  inconsistency  of  convergence  and  divergence  at  differ-
ent scales leads to the instability of the GW (i.e., the bidirec-
tional energy cascade). It should be noted that the curve of
the third-order structure function will show obvious fluctu-
ations at  large separation distances,  and the linear relation-
ship is  not  obvious.  Therefore,  the  description of  the  slope
here  is  limited  to  the  scale  range  of  tens  of  meters  to  sev-
eral  kilometers.  We analyzed the  other  nine  sets  of  data  in
the same way, and the results are shown in Fig. 9.

The relationship between the third-order structure func-
tion and the separation distance from log-log coordinates is
shown  in Fig.  9.  In  the  small-scale  range  (within  1  km),
they have a more obvious linear relationship. In the larger-
scale  range,  there  are  sawtooth  fluctuations  on  some  pro-
files  (such  as  CS1,  YC1,  YC2,  and  GZ3),  indicating  that
with  the  increase  of  separation  distance,  the  existence  of
some inclination angles will  cause dramatic  changes in the
local velocity difference, resulting in the apparent deviation
of the linear relationship. A similar relationship can be seen
in Fig  5,  and  a  similar  discussion  is  given  in  section  3.2.
The root cause of this phenomenon is that the actual height
of  the  balloon  during  the  flat-floating  stage  is  changing  in
real time, so it may cause the sounding system on a small seg-
ment of the flat-floating trajectory to swing slightly up and
down. We should always keep this in mind when using the

RTISS to analyze atmospheric disturbance characteristics.
For  the part  with jagged fluctuations,  linear  regression

is used to fit a straight line to determine the slope of the cor-
responding part. The slope value is marked beside the fitted
dashed line, and although the actual fitting slope may not com-
pletely coincide with the reference slope values of 1, 2, and
3,  the  different  states  of  GWs  can  also  be  distinguished
from the specific value. When performing slope matching to
classify the state of GWs, it is best to take the part with an
obvious  linear  relationship  as  the  main  reference  (small-
scale range). For example, profile YC2 in Fig. 3 follows the
r3 slope on a small scale (<2 km) and the r2 slope on a large
scale (>2 km). We consider this example to be a stable GW,
following the r3 slope. Although there is an energy cascade
in the opposite direction at r = 16.4 km when compared to
the surrounding points,  it  can only be speculated that  there
may be an unstable disturbance on a large-scale range, and
the energy of the wave source will be gradually transferred
to  the  small-scale  GW through the  wave–wave interaction.
However, this study focuses on small-scale GWs within sev-
eral kilometers, and the r2 slope on a larger scale is not con-
sidered in the classification criteria.

Combined with the criteria mentioned above, all 12 sets
of  data  can  be  divided  into  three  stages:  1)  stable  GWs:
WH1,  CS1,  AQ1,  AQ2,  YC1,  and YC2;  2)  unstable  GWs:

 

 

Fig. 7. Third-order structure function on different segments for WH2.
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GZ1, GZ2, GZ3, and CS2; 3) GWs that coexist with turbu-
lence: WH2 and WH3. Among them, GZ1 and GZ2 follow
the r2 slope  but  do  not  show  a  bidirectional  cascade.  We
believe  that  there  are  two possible  reasons  for  this:  1)  The
energy  cascade  has  spread  to  larger  or  smaller  scales.
Within  the  range  of  the  selected r scale,  the  velocity  field
has  tended  to  be  consistent,  while  there  may  be  a  bidirec-
tional energy cascade process outside the r scale range; 2) As
r increases,  the  distance  between  it  and  an  adjacent r
increases exponentially, and there may be a bidirectional cas-
cade on other scales that are not shown (since we found bid-
irectional  energy  transmission  in  the  segmented  part)  ,  but
this phenomenon was masked over the entire data sequence. 

4.2.    Quantitative description of atmospheric disturbance

(H1,C1)

H1

According  to  the  methods  used  in  the  analyses  of  the
example cases, the Hurst parameter and intermittency are cal-
culated for all the remaining datasets. The results are shown
in Fig.  10a.  Combining  the  potential  temperatures  (not
shown  here)  of  the  flat-floating  stage  from  the  12  sets  of
data, we carefully observed the potential temperature disturb-
ance  under  different  parameter  combinations .  It  is
found that within the same horizontal length range, the smal-
ler  the ,  the  more  wave  packets  (disturbance  events)

C1

H1

C1

H1

exist, and the larger the , the stronger the artifacts that are
superimposed  on  the  waves.  This  can  also  be  reflected  by
the ratio of the maximum value of the disturbance to the aver-
age value (Davis et  al.,  1994; Marshak et  al.,  1997).  It  can
be seen from Fig. 10a that  in unstable GWs and broken
GWs  is  generally  lower  than  in  stable  GWs.  As  for ,  it
can be either higher or lower for GWs at different stages. In
the range of small-scale GWs (within a few kilometers), smal-
ler  values correspond to more wave packets (considered
as a high-frequency wave), and vice versa.

In order to roughly understand whether the wave activ-
ity  in  the  horizontal  direction  has  an  impact  on  the  atmo-
spheric environment below, we use the data from the ascend-
ing and descending stages of the RTISS to compare with the
data from the flat-floating stage. In order to make the compar-
ison  reasonable,  for  all  sets  of  experimental  data,  the  hori-
zontal wavenumber spectrum is obtained in the flat-floating
stage,  and  all  data  series  from the  ascending  and  descend-
ing stages at the height range of 18–24 km are selected to cal-
culate  the  vertical  wavenumber  spectrum.  Calculated  spec-
tral  slope  and  spectral  amplitude  are  shown  in Fig.  10b,
where the spectral amplitude in the vertical direction is the
average of the rising and falling segments. A significant phe-

 

 

q
K (q) = 0

q

Fig. 8. (a) The variation of multi-order singularity measure with spatial scale for WH2 data. (b) The variation
of slope with order  for WH2 data. (c)–(d) The same as WH2 but for YC2. (e)–(f) The same as WH2 but for
CS2.  The  red  dotted  line  corresponds  to ,  and the  solid  black  line  (and dashed line)  represents  the
tangent slope of the turbulent (gravity wave) area at  = 1.
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Fig.  10.  (a)  Hurst  parameter  (blue curve)  and intermittency (red curve).  (b)  The spectral  amplitude
from  the  flat-floating  stage  (blue  curve)  and  the  vertical  range  of  18–24  km  (red  curve).  (c)  The
intensity of atmospheric disturbance RT (blue curve) and the average height in the flat-floating stage
(red curve) in 12 sets of data. The numbers in the figure correspond to the serial numbers in Table 1.

 

 

Fig. 9. The third-order structure function of the flat-floating stage from other data series. The purple dashed
line and the green dashed line represent the result of linear fitting, and the slope value is marked beside each
line. When there is an obvious change in slope, the dashed lines of different colors are used to distinguish it.
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nomenon  is  that  the  variation  trend  of  the  spectral  amp-
litude  in  the  flat-floating  stage  is  basically  consistent  with
the atmosphere below. Since for the rising and falling data,
the selected height range is the same, there should be a link
between  the  vertical  wavenumber  spectrum  of  this  height
interval and horizontal wavenumber spectrum from a higher
height. The result shows that the stronger the spectrum amp-
litude in the flat-floating stage, the stronger the spectrum amp-
litude  is  in  the  height  range of  18–24 km.  We believe  that
the  cause  of  this  phenomenon  may  be  the  consistency  of
energy transmission by GWs in the vertical direction within
this height range.

RT = H1/
√

C1

RT

RT

Considering  that  more  disturbance  events  with  greater
disturbance  intensity  on  the  horizontal  profile  will  lead  to
greater energy contained in the GW, it is reasonable to use
the ratio of the two parameters to represent the intensity of
the  wave.  Therefore,  the  parameter  that  quantitatively
describes the intensity of atmospheric disturbance is defined
as:  (the  root  value  of C1 is  taken  here  to
make the variation trend more obvious), which is shown in
Fig.  10c,  where  the  blue  curve  represents  the  ratio  and the
red curve represents the average height. The average height
has  a  variation  trend  that  is  opposite  to  the  spectral  amp-
litude,  indicating  that  in  the  lower-middle  stratosphere,  as
the height increases, the GW activity in the horizontal direc-
tion decreases.  follows the same trend (i.e.,  the smaller
the  value,  the  larger  the  spectral  amplitude,  containing  a
stronger  energy  of  atmospheric  disturbance).  However,  it
should  be  noted  that  the  relationship  between  the  spectral
amplitude and  in individual cases is not matching. Consid-
ering that  the spectral  amplitude is  obtained using the cen-
ter  wavenumber,  which  may  make  the  calculated  spectral
amplitude not reflect the energy of the wave correctly if the
dominant  wavelength  is  not  in  the  fitting  interval,  this  res-
ult is acceptable. For example, WH2 and CS1 are at similar
flat-floating  heights.  No  obvious  difference  can  be  seen
from  the  spectral  amplitudes,  but  turbulence  occurs  on
WH2, and atmospheric disturbance is  more intense.  There-
fore,  the  disturbance  intensity  of  WH2  is  significantly  lar-
ger than that of CS1. Similarly, AQ2 has a lower flat-float-
ing  height  and  a  larger  spectral  amplitude  than  AQ1.
However,  the  RT  value  of  AQ1  is  smaller  than  AQ2.
Though  in  terms  of  the  third-order  structure  function,  the
slope and smoothness of AQ1 and AQ2 are similar, there is
an inconsistency of energy transmission at the tail of AQ1,
and  this  may  be  the  reason  for  the  stronger  disturbance  in
AQ1. In conclusion, it seems more reasonable to use RT to
represent the atmospheric disturbances, since it has reliable
physical meaning. 

4.3.    Supplementary notes on data processing

Indeed, since the sounding system is still in the experi-
mental stage, there is no guarantee that each release process
will  go  well  or  that  it  can  obtain  good  results.  In  contrast,
the overpressure balloons used in other countries are part of
a  more  mature  system.  Therefore,  we  chose  to  conduct  a
few  case  studies  first,  before  collecting  extensive  data,  to

provide  preliminary  results  in  support  of  future  research.
Before  performing the  analysis,  data  screening was carried
out  to  exclude  individual  data  segments  with  significant
changes in height. and the fluctuation range of flat-floating
height is basically within a few hundred meters (individual
data  series  can  reach  more  than  1  km).  Since  the  structure
function is a statistical feature and we only focus on small-
scale GWs (within a few kilometers) and turbulence, the devi-
ation of the structure function which may be caused by the
obvious change of the floating height on a larger scale (the
influence of floating height on the statistical characteristics
of  velocity  increment  gradually  increases,  as  shown  in
Fig. 6) is not within the scope of our discussion. Therefore,
the results are reasonable and reliable.

Also, it  should be noted that in some subsequent stud-
ies,  the  data  from  overpressure  balloons  were  averaged,
because  their  trajectories  approximately  coincide  (in  a
stable  zonal  circulation  background  field).  But  our  detec-
tion system is a short-term regional stratospheric detection.
Stable zonal circulation, like that found in the polar regions,
is  rarely  seen  over  China;  the  trajectories  over  China  are
very  irregular  and  need  to  be  processed.  However,  the
twelve sets of case study data used in this study are released
at different locations, heights, and trajectories. Our point of
view  is  that  no  matter  what  kind  of  processing  method  is
used, error is unavoidable, and according to the characterist-
ics of the flat-float segment data, the decomposition of the lat-
itude and longitude can enable full use of the data.

We  have  mainly  considered  two  reasons  for  choosing
to use the potential temperature spectrum: first, considering
that the potential temperature is used to describe the Kelvin-
Helmholtz  billows  and  is  related  to  the  evolution  of  GWs
and  turbulence  (Wroblewski  et  al.,  2007; Balsley  et  al.,
2018; Fritts  et  al.,  2018),  compared  to  wind  speed  data,  it
may produce better results (and it does according to our res-
ults); second, we chose to use potential temperature instead
of wind to minimize the influence of balloon bobbing and to
avoid the derivatives from GPS locations. Due to the obvi-
ous rise and fall of height in individual flat-drifting sections,
the influence of the inherent trend item of wind speed chan-
ging  with  height  will  affect  the  de-trend  and  fitting  results
and may cause inaccuracy of the wind speed spectrum. 

5.    Summary

S 3 (r)
S 3 (r)

S 3 (r)

In  this  study,  the  data  collected from the  experimental
RTISS project were used to observe and analyze the character-
istics of atmospheric disturbance in the lower-middle strato-
sphere.  Using the analysis of energy cascade and the slope
of the third-order structure function, the disturbance results
obtained from the twelve sets of data are divided into three
stages  according  to  the  evolution  of  GWs:  stable  GWs,
where the  follows the r3 slope; unstable GWs, where
the  follows the r2 slope; and GWs that coexist with tur-
bulence, where  follows the r slope in the turbulent sub-
range and the r2 slope in the GW subrange. For spectral ana-
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H1

(H1,C1)

lysis, the disturbance characteristic reflected by the spectral
amplitude is  closer  to .  Considering that  the  disturbance
includes  not  only  the  roughness  of  the  data  sequence  but
also some small-scale disturbances that deviate from the aver-
age fluctuation, which can be reflected by intermittent para-
meters, it is more accurate and reasonable to use  to
represent  the  disturbance  characteristics  in  the  atmosphere.
The segmented third-order structure function applied to the
WH2 data can clearly reflect the evolution process of small-
scale GWs, which is accompanied by the generation of turbu-
lence.

H1 C1

H1 C1

H1

C1

RT
H1 C1 RT

Using multi-order structure functions and singular meas-
ures,  and  are calculated and used together to quantitat-
ively  describe  the  characteristics  of  atmospheric  disturb-
ance,  where  represents stability and smoothness and 
represents  intermittency  and  singularity.  This  is  the  first
time that a set of the Hurst parameter and the intermittency
describing atmospheric disturbance has been obtained in the
lower-middle stratosphere. Broken GWs and unstable GWs
generally  correspond  to  lower  value  than  stable  GWs,
while  the  value  of  is  not  closely  related  to  the  stage  of
the  GW.  In  addition,  the  atmospheric  disturbance  intensity
parameter  is  defined  in  this  paper  and  contains  both
wave disturbance ( ) and random intermittency ( ).  is
considered to reflect the characteristics of atmospheric disturb-
ance more reasonably. The smaller the value, the greater the
intensity of atmospheric disturbance. Combining the data of
the flat-floating stage with the data of the rising and falling
stages,  we  found  that  the  data  with  more  unstable  disturb-
ance information from the flat-floating stage corresponds to
significantly  enhanced  energy  in  the  atmospheric  environ-
ment below, which is presumed to reflect the consistency of
energy transmission by GWs in the vertical direction within
this  height  range.  Of  course,  more  work  focusing  on  this
can be carried out in the future.

An interesting phenomenon is that when performing sin-
gular measurements, the scales of calculated intermittent para-
meters are all within a few kilometers, which is the same as
small-scale GWs, indicating that the intermittency character-
istics obtained here are used to describe these waves. Our res-
ults  fill  the  gap  of  consistent  and  high-frequency  observa-
tions  of  atmospheric  disturbance  at  this  altitude.  Also,  we
attempt  to  classify  the  GW  states  from  the  perspective  of
structural  function  for  the  first  time  and  can  provide  valu-
able  observation  references  for  related  research.  In  the
future,  related  research  and  more  round-trip  sounding  sys-
tem data can be used to conduct a more comprehensive ana-
lysis  of  stratospheric  atmospheric  disturbance  characterist-
ics.
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