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Key Points:
●  Fine structures of the geographic distribution of gravity waves are revealed from dense COSMIC-2 samplings in the upper

troposphere and stratosphere.
●  Dissipation layers, which are above the tropopause jet, provide the body force to generate secondary gravity waves, especially above

topographic regions.
●  The Tibetan Plateau and Andes have high elevations, with strong peaks of gravity wave potential energy above them, whereas the

Rocky, Atlas, Caucasus, and Tianshan Mountains have weak peaks above them.
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Abstract:  We derive the potential energy of gravity waves (GWs) in the upper troposphere and stratosphere at 45°S–45°N from
December 2019 to November 2022 by using temperature profiles retrieved from the Constellation Observing System for Meteorology,
Ionosphere, and Climate-2 (COSMIC-2) satellite. Owing to the dense sampling of COSMIC-2, in addition to the strong peaks of gravity
wave potential energy (GWPE) above the Andes and Tibetan Plateau, we found weak peaks above the Rocky, Atlas, Caucasus, and
Tianshan Mountains. The land–sea contrast is responsible for the longitudinal variations of the GWPE in the lower and upper
stratosphere. At 40°N/S, the peaks were mainly above the topographic regions during the winter. At 20°N/S, the peaks were a slight
distance away from the topographic regions and might be the combined effect of nontopographic GWs and mountain waves. Near the
Equator, the peaks were mainly above the regions with the lowest sea level altitude and may have resulted from convection. Our results
indicate that even above the local regions with lower sea level altitudes compared with the Andes and Tibetan Plateau, the GWPE also
exhibits fine structures in geographic distributions. We found that dissipation layers above the tropopause jet provide the body force to
generate secondary waves in the upper stratosphere, especially during the winter months of each hemisphere and at latitudes of greater
than 20°N/S.
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1.  Introduction
Atmospheric gravity waves (GWs) radiate from the periodic oscil-

lations  of  air  parcels  caused  by  the  unbalanced  forces  of  gravity

and buoyancy. The sources of these oscillations may be flow over

topography, convection, strong wind jets and shear, body forcing

generated by localized wave dissipation, wave–wave interactions,

and  nonlinear  external  forces  (Fritts  and  Alexander,  2003).  As  a

result of  the  conservation  of  momentum  and  energy,  the  ampli-

tude of atmospheric GWs increases exponentially with increasing

height  before  dissipation,  instability,  and  breakdown  (Hines,

1960).  Unstable  or  breaking  GWs  deposit  their  momentum  and

energy  into  the  background  atmosphere,  thereby  changing  the

atmospheric  structure  and  circulation  as  well  as  the  chemical

processes  and  electrodynamics  in  the  neutral  atmosphere  and

ionosphere  (Holton,  1983; Shepherd,  2002; Fritts  and  Alexander,

2003; Hecht,  2004).  Recent  studies  have shown that  broken GWs

can transition into small-scale waves and turbulence (Fritts  et  al.,

1994; Isler  et  al.,  1994; Fritts  and Alexander,  2003).  Subsequently,

the  momentum  deposited  by  small-scale  waves  and  turbulence

provides  a  body  force  for  generating  large-scale  secondary  GWs

(Vadas  and  Fritts,  2002; Heale  et  al.,  2020).  These  large-scale

secondary GWs have longer wavelengths and faster phase speeds,

and thus can propagate into wider vertical and horizontal ranges

(Trinh  et  al.,  2018; Vadas  et  al.,  2018).  This  in  turn  influences  the

neutral atmosphere and the ionosphere over a wide spatial region
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(Trinh et  al.,  2018).  Therefore,  it  is  important  to  characterize  GWs
and secondary GWs in observations and models.

Ground-based  observations,  such  as  from  a  sounding  rocket
(Eckermann  et  al.,  1995),  radiosonde  (Wang  L  and  Geller,  2003),
radar  (Tsuda  et  al.,  1990; Sato,  1993),  lidar  (Hertzog  et  al.,  2001),
and  aircraft  (Fritts  and  Nastrom,  1992),  have  provided  valuable
wind  and  temperature  data  for  studying  atmospheric  GWs  at
different atmospheric layers and locations with (nearly) continuous
local-time coverage. However, because of the limited geographical
distribution of ground-based observations,  it  is  difficult to obtain
the  global  distribution  of  atmospheric  GWs.  On  the  other  hand,
satellite  observations  provide nearly  global  coverage and can be
used to study global atmospheric GWs. The wavelength spectra of
atmospheric  GWs  observed  by  satellites  are  dependent  on  the
viewing mode (as shown in Fig. 9 of Preusse et al., 2008). The nadir
viewing  mode  (e.g.,  the  Atmospheric  Infrared  Sounder  [AIRS]  on
the  National  Aeronautics  and  Space  Administration’s  [NASA’s]
Aqua satellite)  has  the  advantage of  a  high horizontal  resolution
and can resolve atmospheric GWs with long vertical wavelengths
(Hoffmann  et  al.,  2013; Ern  et  al.,  2017).  The  limb-viewing  mode
(e.g.,  the radio occultation [RO] profiles retrieved from the Global
Navigation  Satellite  System  [GNSS])  has  the  advantage  of  high
vertical  resolution  and  can  resolve  atmospheric  GWs  with  long
horizontal wavelengths (Kursinski et al., 1997; Rocken et al., 1997;
Alexander et al., 2008a, b).

Historically,  the  RO  technique  has  been  used  to  sound  planetary
atmospheres and ionospheres (Fjeldbo et al., 1971). Radio occulta-
tion profiles have the advantage of high vertical resolution in the
troposphere and stratosphere. For example, the Global Positioning
System/Meteorology (GPS/MET)  experiment  (Preusse  et  al.,  2000;
Tsuda  et  al.,  2000)  provides  100–150  RO  profiles  per  day.  These
profiles  have  a  vertical  resolution  of  1  km  and  200–500  m  in  the
stratosphere  and  troposphere,  respectively,  and  have  a  100-km
horizontal  resolution  with  an  average  temperature  error  of  0.5  ±
1.5  K  at  5–40  km  (Kursinski  et  al.,  1997; Rocken  et  al.,  1997).  The
Challenging Minisatellite Payload (CHAMP) mission (Ratnam et al.,
2004; Hei  et  al.,  2008)  provided  approximately  230  occultations
per day at 0–50 km (Wickert et al., 2001; Ratnam et al., 2004). The
vertical  resolution  of  the  temperature  profiles  ranges  from
0.5  km  in  the  lower  troposphere  to  ~1.5  km  in  the  stratosphere,
and the horizontal resolution along the RO path is approximately
a  few  hundred  kilometers.  The  retrieved  temperature  bias  is
<0.5  K  between  10  and  30  km  (Wickert  et  al.,  2001).  The  Gravity
Recovery and Climate Experiment (GRACE) mission (Wickert et al.,
2005) provided approximately 200–250 occultations per day. The
Constellation Observing System for Meteorology, Ionosphere, and
Climate  (COSMIC)  mission  provided  2000–2500  RO  events  every
day. The daily RO events have been reduced to more than 1000 at
5–40 km since 2011 (Anthes et al., 2008). The vertical resolution of
the temperature profiles is <1 km in the troposphere (0.5 km and
1.5  km  in  the  lower  and  upper  troposphere,  respectively; Hori-
nouchi and Tsuda, 2009). The observed temperature error is 0.15 K
and 0.4 K at 10–20 km and 35 km, respectively (Scherllin-Pirscher
et al., 2011).

Previous  studies  on  atmospheric  GWs  in  the  upper  troposphere
and  stratosphere  have  shown  high  correlations  between  the
topography and the strength of atmospheric GWs, as indicated by

the  gravity  wave  potential  energy  (GWPE)  during  preferred
seasons. For example, strong GW activity occurred over the Andes
during the austral winter (Ern et al.,  2004; Hei et al.,  2008; Yan XP
et al.,  2010; Faber et al.,  2013; Hindley et al.,  2015; Zeng XY et al.,
2017)  and  over  the  Tibetan  Plateau  (Alexander  et  al.,  2008a; Hei
et  al.,  2008; Yan  XP  et  al.,  2010; Zeng  XY  et  al.,  2017)  and  Rocky
Mountains during the boreal  winter  (Alexander et  al.,  2008a; Yan
XP et al., 2010). The seasonal dependencies of the high correlations
between the GWPE and topography indicate that the background
atmospheric  structure,  especially  the  height  variations  of  winds,
significantly  influences  the  vertical  propagation  of  topography-
generated  atmospheric  GWs.  Moreover,  atmospheric  GWs  were
stronger in tropical regions in all seasons. Specifically, the peaks of
atmospheric  GWs  shifted  from  ~10°N  during  the  boreal  summer
to  ~10°S  during  the  austral  summer  (Tsuda  et  al.,  2000; Ratnam
et al., 2004; Hoffmann et al., 2013; John and Kumar, 2013).
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The GWPE is the gravity wave potential energy per unit mass. The
height  variations  of  the  GWPE  should  be  proportional  to 
based  on  wave-energy  conservation  if  there  is  no  dissipation
(Bretherton,  1966; Marks  and  Eckermann,  1995).  Here,  and 
denote the height and the scale height of the background atmo-
sphere,  respectively.  Observational  studies  have  shown  that  the
GWPE increases with height but with a scale height ( )  higher
than  (Alexander et al., 2011; Liu X et al., 2014, 2022), indicating
the dissipation of atmospheric GWs in regions with a higher .
Above  the  dissipation  layer,  atmospheric  GWs  can  be  observed
again, but their characteristics are different from those below the
dissipation layer. Kogure et al. (2020) directly observed secondary
GWs generated by breaking mountain waves (MWs) from July 24
to 25, 2017. This event was observed by the AIRS in the stratosphere
and the Visible  Infrared Imaging Radiometer  (VIIRS)  in  the meso-
sphere.  From 18:32 to 18:42 universal  time (UT) on July 24,  2017,
the  AIRS  captured  an  MW  event  with  a  significant  brightness
temperature  amplitude  (3 K)  and  a  horizontal  wavelength
(~500 km) over the southern Andes. During this event, no pertur-
bations  were  captured  by  the  VIIRS.  However,  a  concentric  ring
GW with a  wavelength of  ~100 km was observed by the VIIRS in
the lee of the southern Andes at 04:30 UT on July 25, 2017. The ray-
tracing  results  indicated  that  the  concentric  ring  GW  may  have
been a secondary GW generated by the breaking of the MW in the
stratosphere. Liu  X  et  al.  (2019) showed  the  seasonal  and  height
dependencies  of  primary  MWs  and  higher  scale  secondary  GWs
over  the  Andes  by  using  temperature  profiles  measured  by  the
Sounding of the Atmosphere using Broadband Emission Radiom-
etry  (SABER)  instrument  onboard  the  Thermosphere  Ionosphere
Mesosphere Energetics and Dynamics (TIMED) satellite from 2002
to 2017. They showed that GWs had a strong peak over the Andes
and extended from 30 to ~55 km in the austral  winter.  This peak
weakened  in  the  height  range  of  55–65  km  and  then  became
stronger  and  tilted  westward  above  ~65  km  because  of  the
secondary GWs generated by the broken MWs.

Because of the limited availability of sampling profiles per day and
the global complex topography distribution, detailed correlations
between  topographies  and  strengths  of  atmospheric  GWs  have
not  been  resolved  until  now.  Previously  unknown  were  the
geographic variations and seasonal dependencies of atmospheric
GWs over  the Tibetan Plateau and Atlas,  Caucasus,  and Tianshan
Mountains,  which  cover  a  wide  range  of  latitude  and  longitude,
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and the atmospheric  GWs over  the Rocky Mountains.  The effects

of these complex topographies on GWs had not been adequately

studied. In  addition,  the  global  distribution  and  seasonal  depen-

dencies of the dissipation of GWs and secondary GWs in the lower

stratosphere  have  not  been  adequately  examined.  The  dense

sampling profiles of the Constellation Observing System for Mete-

orology,  Ionosphere  and  Climate-2  (COSMIC-2)  provide  a  good

opportunity  to  study  the  geographic  variations  and  seasonal

dependencies of MWs above the Tibetan Plateau and Rocky, Atlas,

Caucasus, and Tianshan Mountains. Height variations in the GWPE

can reveal  the  dissipation  and  secondary  generation  of  atmo-

spheric GWs in the stratosphere.

The  remainder  of  this  article  is  organized  as  follows.  Data  and

methods for extracting GWs are introduced in Section 2. Section 3

presents  maps  of  the  GWs  and  their  variations  in  longitude  and

height.  The discussion and conclusions are presented in Sections

4 and 5, respectively. 

2.  Data and Methods 

2.1  Data
The recent COSMIC-2 mission was composed of six satellites with
next-generation  GNSS  RO  payloads  launched  into  a  low  Earth
orbit  on  June  25,  2019.  The  COSMIC-2  mission  has  provided
approximately  4000  temperature  profiles  since  September  2019
(Anthes  and  Schreiner,  2019; Schreiner  et  al.,  2020),  and  this
number  has  increased  to  approximately  6000  since  May  2021
(Randel  et  al.,  2021).  These  profiles  have  a  vertical  resolution  of
0.05 km below or  0.1  km above a  10 km height  and error  of  less
than  0.05  K  (Schreiner  et  al.,  2020).  Compared  with  previous
missions, the COSMIC-2 mission provides many more temperature
profiles at 40°S–40°N per day.

Figure 1a shows a map of the sampling locations of the COSMIC-2
temperature  profiles  on  October  1,  2019.  The  RO  profiles  are
mostly  in  the  latitude  range  of  40°S–40°N  (~70%  of  the  profiles
can be judged from Figure 1b) and 20°S–20°N (see also Figure 2 of

 

40

−180

30

−150

20

−120

10

−90

0

−60

−10

−30

−20

0

−30

30

−40

60 90 120 150 180

La
tit

ud
e 

(°
)

Longitude (°)

0 0.330 0.660 0.990 1.2120 1.5150 1.8180 2.1210 2.4240 2.7270 3.0

40

30

20

10

0

−10

−20

−30

−40

La
tit

ud
e 

(°
)

Number Bandwidth (°)

(a)

(b) (c)

20191001 COSMIC-2 GPS RO

 
Figure 1.   Sampling locations of COSMIC-2 temperature profiles (a) and their latitudinal dependence (b, c) on October 1, 2019. (b) Profile

numbers in each latitudinal band with a fixed width of 2.5°. (c) Width of each latitudinal band with 60 profiles.
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Ho et  al.,  2020).  We analyzed the COSMIC-2  temperature  profiles

(the so-called wet temperatures) over altitudes of ~0–60 km. Data

were obtained from the COSMIC Data Analysis and Archive Center

(CDACC)  website  (https://cdaac-www.cosmic.ucar.edu/).  Before

further  analysis  was  performed,  each  temperature  profile  was

interpolated  within  a  height  range  of  ~8–60  km  at  intervals  of

0.1 km. The upper limit of 60 km was used only in the procedure

for  extracting  GW  profiles.  The  physical  analysis  was  limited  to

8–50  km  because  of  the  lower  signal-to-noise  ratio  of  the  RO

profiles above 50 km (Hindley et al.,  2015) and the edge effect of

the method.

To  explore  the  physics  of  GWs,  we  used  wind  data  from  the

Modern-Era  Retrospective  Analysis  for  Research  and  Application,

Version 2 (MERRA-2), a new version of the atmospheric reanalysis

dataset  developed  by  NASA’s  Global  Modeling  and  Assimilation

Office (Gelaro et al., 2017). The MERRA-2 exhibits good consistency

with the monthly mean zonal wind in Singapore (Coy et al., 2016)

and subtropical and polar jets obtained by using other reanalysis

data  (e.g.,  MERRA,  European  Centre  for  Medium-Range  Weather

Forecasts  Re-Analysis  Interim  [ERA-Interim],  Japanese  55-year

Reanalysis  [JRA-55],  and  National  Centers  for  Environmental

Prediction  Climate  Forecast  System  Reanalysis  [NCEP  CFSR]  data;

Manney  and  Hegglin,  2018).  The  MERRA-2  data  were  obtained

from https://goldsmr5.gesdisc.eosdis.nasa.gov/data/MERRA2/M-

2I3NVASM.5.12.4/. 

2.2  Extraction of GW
The GW extraction method used in this study was similar to those

proposed by Fetzer and Gille (1994), Preusse et al. (2009), Ern et al.

(2011), and Liu X et al. (2017, 2019, 2020). The detailed procedure

for  deriving  the  GW  from  COSMIC-2  temperature  profiles  is

described in the following four steps. The COSMIC-2 temperature

data from October 1, 2019, are used as an example to illustrate the

method:

(1)  Dividing  latitudinal  bands.  If  we  fix  the  bandwidth,  the

sampling  profiles  will  be  different  in  different  latitudinal  bands

because of the nonuniform latitudinal sampling of COSMIC-2. For

example, Figure 1b shows that at a bandwidth of 2.5° the number

of  profiles  is  ~240  near  the  Equator,  but  it  is  only  ~30  at  40°N/S.

This  induces a  smoother  fitting background and higher  residuals

near  the  Equator  than  at  higher  latitudes.  Consequently,  larger

residuals  will  induce  unrealistically  higher  GW  amplitudes.  To
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Figure 2.   Procedure for the extraction of profiles of GWs from COSMIC-2 temperature profiles in the latitudinal band of 37.57–39.43°N on

October 1, 2019. (a) Longitude–height distributions of the observed temperature ( ). (b) Fitted temperature ( ). (c) Temperature residual

( ). (d) Temperature residual profile ( , black line) and GW profile ( , red line) at (38.71°N, 97.84°W).
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obtain consistent fitting results for all latitudes, we used a flexible
bandwidth  containing  ~60  profiles.  The  flexible  bandwidth  is
~0.5° near the Equator and is ~2.0° at 40°N/S (Figure 1c). Each lati-
tudinal  band  contained  ~60  profiles  to  preserve  the  accuracy  of
the least squares harmonic fitting (Lomb, 1976) in the next step.

T̄
Tfit

Tres

(2) Decomposing the background temperature, large-scale fluctu-
ations (tidal and planetary waves), and small-scale fluctuations. At
each  latitudinal  band  and  height,  the  sampled  temperature
(Figure  2a)  was  fitted  using  harmonics  with  the  background
temperature  (zonal wave number 0) and large-scale fluctuations
(zonal  wave  numbers  1–6).  The  fitted  results  ( )  include  zonal
wave numbers of 0–6 (shown in Figure 2b),  and the temperature
residual profiles ( , Figure 2c and the black line in Figure 2d) are
regarded as small-scale fluctuations.

Tres

Tres

T′

(3)  Reconstructing  GW  profiles  from  within vertical  wave-
lengths of 2–10 km. Because the GW amplitude and wavelengths
are height dependent,  a  continuous wavelet transform (Torrence
and  Compo,  1998)  was  performed  on  each  profile.  The  GW
profile  ( ,  red  line  in Figure  2d)  was  then obtained by  using the
inverse  continuous  wavelet  transform and restricting the vertical
wavelengths in the range of 2–10 km.

Ep(4) Calculating the GWPE per unit mass ( ) of each GW profile by
using  the  following  formulae  (Tsuda  et  al.,  2000; Wang  L  and
Geller, 2003; Liu X et al., 2014, 2017):

Ep =
1
2
( g
N
)2( T̂

T̄
)2

, (1)

g = 9.80665 m/s2

N
where  is  the  gravitational  acceleration.  The

Brunt–Väisälä frequency  in Equation (1) is calculated by using

N = [g
T̄
(∂T̄
∂z

+
g
cp
)]1/2

. (2)

N s−1 cp = 1004.5 J/kg/K

z . T̂

T′

The unit of  is ,  is the specific heat of dry air

at a constant pressure, and  is the altitude  The GW amplitude ( )
can be obtained through the Hilbert transform on the GW profile

 (Schoon and Zülicke, 2018).

×
×

To illustrate the global distribution of GWPE and its latitudinal and
seasonal  dependencies,  the  global  GWPE  was  averaged  for  each
bin and month of a composite year. Each bin had a size of 5°  5°
(latitude  longitude) and an overlap of 2.5° for both latitude and
longitude.  We  focused  on  the  GWPE  from  45°S  to  45°N.  The
month of a composite year was defined as the number of months
from  2020  to  2022.  For  example,  the  GWPE  in  January  of  a
composite year is the GWPE averaged for January 2020, 2021, and
2022. 

3.  Global Distribution of GWPE
To illustrate the global distribution of GWPE and its latitudinal and
seasonal  dependencies,  the  four  seasons  are  the  boreal  spring
(March–May),  boreal  summer  (June–August),  boreal  autumn
(September–November), and boreal winter (December–February).
And the  five  latitudinal  bands  are  40°S  (30–45°S),  20°S  (10–30°S),
0°N/S  (Equator,  10°S–10°N),  20°N  (10–30°N),  and  40°N  (30–45°N),
respectively.  According  to  the  characteristics  of  the  GWPE,  we
classified  the  stratosphere  into  three  layers:  lower  stratosphere
(below  ~20  km),  middle  stratosphere  (~20–30  km),  and  upper

stratosphere (~30–50 km). 

3.1  Seasonal Dependencies of Global GWPE
Comparisons of the GWPE among three height ranges (10–20 km,
20–30  km,  30–40  km)  showed  that  the  magnitudes  of  GWPE  at
10–20 km (not shown in here) were generally larger than those at
20–30  km  and  at  30–40  km  (not  shown  in  here).  The  GWPE  at
10–20  km  was  strongest  at  latitudes  higher  than  25°N/S  and
stronger around the Equator in almost all months and longitudes.
In contrast, GWPEs at 20–30 km and at 30–40 km exhibited similar
monthly  and  longitudinal  dependencies.  Therefore,  the  GWPE  in
the 20–30 km stratosphere height range was more representative
of the distributions of GWs in the stratosphere. Thus, we show in
Figure 3 the maps of the monthly average GWPE in the 20–30 km
range in a composite year.

The magenta contour lines show the monthly mean zonal wind in
the same period and height range of the GWPE. The main features
of  the  GWPE  can  be  described  over  three  latitudinal  bands  (lati-
tudes higher than 25°N and 25°S, and 25°S–25°N).

First,  at  latitudes  higher  than  25°N,  the  GWPE  over  the  Tibetan
Plateau  (70°E–120°E)  was  larger  (~5–10  J/kg)  or  smaller  (<3  J/kg)
in the boreal winter or summer when the zonal winds were east-
ward,  with  peaks  of  higher  or  lower  than  10  m/s.  This  finding  is
consistent  with  the  results  of  previous  studies  (Alexander  et  al.,
2008a; Hei  et  al.,  2008; Faber  et  al.,  2013; Zeng  XY  et  al.,  2017).
Unlike previous studies,  over the Rocky Mountains (100°–120°W),
the GWPE had a weak peak (~3–5 J/kg) from November to March
when the zonal winds were ~10–20 m/s. Previous studies showed
that the GWPE above the Rocky Mountains had no higher peak in
the boreal winter at 17–23 km (with magnitudes of ~1.2–1.6 J/kg;
Alexander  et  al.,  2008a),  at  22–32  km  (with  magnitudes  of
~1.4–1.7 J/kg; Yan XP et al., 2010), or at 12–19 km (Hei et al., 2008).

Second,  at  latitudes  higher  than 25°S,  the GWPE in  the region of
the  Andes  (40°W–80°W)  was  strong  (~10–15  J/kg)  in  the  austral
winter  when  the  zonal  winds  were  eastward  and  faster  than
10  m/s.  In  contrast,  the  GWPE  over  the  Andes  was  weak  in  the
austral  summer when the zonal  winds were eastward but slower
than 10 m/s. This finding is consistent with the results of previous
studies  (Hei  et  al.,  2008; Yan  XP  et  al.,  2010; Faber  et  al.,  2013;
Hindley et al., 2015; Ern et al., 2018).

Finally,  over  the  tropical  regions  (25°S–25°N),  the  GWPE  was
stronger (~3–10 J/kg) throughout the composite year than at lati-
tudes  higher  than  25°N  and  25°S.  The  GWPE  was  relatively  small
(~3–5 J/kg) when the zonal winds were almost zero in the boreal
autumn.  Moreover,  the  longitudinal  variations  in  these  strong
GWPE depended on the season. In the boreal spring and autumn,
the GWPE peaks were strong near the Equator (10°S–10°N). In the
boreal  summer  or  winter,  the  peaks  of  GWPE  were  stronger  or
weaker  at  0°–20°N  than  at  0°–20°S.  These  results  are  consistent
with previous studies (Tsuda et al.,  2000; Ratnam et al.,  2004; Ern
et  al.,  2008, 2011, 2018; Alexander  and  Tsuda,  2009; Hoffmann
et al., 2013; John and Kumar, 2013).

This subsection can be summarized as follows:
(1) The GWPE appeared as strong peaks over the Tibetan Plateau
in the boreal winter and over the Andes in the austral winter. The
GWPE  over  the  tropical  regions  was  stronger  throughout  the
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composite year than at latitudes higher than 25°N and 25°S. These
results  are  consistent  with  previous  studies,  which  proves  the
credibility of our results on the fine structures of GWs.
(2)  Unlike  previous  studies,  the  GWPE  had  a  weak  peak  over  the
Rocky Mountains (~3–5 J/kg) from November to March. 

3.2  GWPEs at ~40° N/S and Their Seasonal Dependencies
Figures  4–8 show  the  longitude–height  distributions  of  the
monthly  mean  GWPE  in  a  composite  year  at  ~40°S/N,  ~20°S/N,

and the Equator, respectively. To explore the physics, we overplot-

ted the monthly mean zonal wind and average topographic eleva-

tion for each season and latitudinal band.

Figure  4 shows  the  longitude–height  distributions  of  monthly

mean  GWPE  in  a  composite  year  at  ~40°S.  This  latitudinal  band

includes  the  Andes  Mountains  (~70°W),  Africa  (~30°E),  and

Australia (~120°E). The GWPE had prominent peaks (~10–15 J/kg)

in the region of the Andes (40°–80°W) from April to October, with
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Figure 3.   Maps of the monthly mean GWPE (color-filled contour) and zonal wind (contour lines, with a contour interval of 10 m/s) over 20–30 km

in a composite year. The four rows (from top to bottom) are boreal spring, boreal summer, boreal autumn, and boreal winter, respectively. The

thin solid and dashed lines and the thick solid contour lines represent the eastward and westward winds at 0 m/s, respectively.
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a  maximum  of  ~10–15  J/kg  in  the  austral  winter.  This  result  also
coincides  with  a  prominent  peak  near  the  Andes  from  April  to
October,  as  shown  in Figure  3.  In  March,  the  peaks  extended  to
~20  km,  where  the  zonal  wind  speed  was  0  m/s.  From  April  to
October, the peaks extended to 35 km, where the monthly mean
zonal  wind  reached  its  minimum.  In  November,  the  peaks
extended to 25 km. In general, the GWPE peaks at 15–20 km were
more  sporadic  in  longitude  than  were  those  at  20–35  km  from

March to August. The GWPE peaks in the austral winter were very
sporadic  throughout  the  entire  altitude  range  of  15–35  km
(extending  eastward  to  40°W).  Compared  with  the  GWPE  at  15–
35 km, the GWPE was stronger at 35–50 km throughout the longi-
tudes  and  from  May  to  September,  when  the  zonal  winds  were
stronger,  with eastward speeds of higher than 30 m/s.  Moreover,
the  lower  boundaries  of  these  peaks  were  consistent  with  fast
zonal wind  patterns,  indicating  that  fast  zonal  winds  (or  strato-
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Figure 4.   Longitude–height distributions of monthly mean GWPE (color-filled contours) at ~40°S in a composite year. In addition, in each panel,

the monthly mean zonal wind calculated from MERRA-2 is plotted (the magenta contour lines in each panel with a contour interval of 20 m/s).

The thin solid and dashed lines, and the thick solid contour lines represent the eastward and westward winds, 0 m/s, respectively. The average

topographic elevations (multiplied by a factor of 5 for readability) at ~40°S are shown as black lines at the bottom of each panel.
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spheric  jets)  play  an important  role  in  generating GWs and favor

the westward-propagating GWs from a lower  height.  In  contrast,

the  peaks  were  weak  and  reached  lower  heights  (~30–45  km)

during  other  months,  when  the  zonal  winds  were  weak  or

reversed  from  eastward  to  westward  with  increasing  height.  We

observed no obvious relationship between the lower boundary of

these weak peaks and the zonal winds.

Further examination showed strips embedded in the peak region

of ~35–50 km. Some of these embedded strips (above the Andes,

Africa,  and  Australia)  might  be  related  to  topography,  but  they

extended  to  a  wider  horizontal  range.  Other  factors  might  be

related to the strips located at ~10 km. These strips appear to be a

consequence of the dense sampling of COSMIC-2, which had not

been  reported  previously.  Throughout  the  longitudes,  the  GWPE

decreased from ~10 to ~15 km, reached a minimum in the middle

stratosphere (~20–30 km), and then increased with the increasing

height in all  months and longitudes, indicating the dissipation of

GWs at ~15–30 km.

Figure  5 shows  the  longitude–height  distributions  of  monthly

mean GWPE at ~40°N in a composite year. The Caucasus Mountains
 

15.0

20.0

30.0

10.0

5.0

3.0

1.0

0.5

0.2

0.1

J kg−1
40

50

30

20

10

0

(a) Mar (b) Apr (c) May 

H
ei

gh
t (

km
)

(d) Jun (e) Jul (f ) Aug

40

50

30

20

10

0

H
ei

gh
t (

km
)

(g) Sep (h) Oct (i) Nov

40

50

30

20

10

0

H
ei

gh
t (

km
)

−120 −60 0 60 120
Longitude (°)

−120 −60 0 60 120
Longitude (°)

−120 −60 0 60 120
Longitude (°)

(k) Jan (l) Feb(j) Dec

40

50

30

20

10

0

H
ei

gh
t (

km
)

 
Figure 5.   Same caption as in Figure 4 but at ~40°N.
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(45°E),  the Tianshan Mountains (70°E),  the Tibetan Plateau (90°E),
the  Atlas  Mountains  (0°W/E),  and  the  Rocky  Mountains  (110°W)
are present in this latitudinal band. From November to March, the
GWPE  exhibited  prominent  peaks  (~5–10  J/kg)  near  the  Tibetan
Plateau. These peaks shifted from the east of the Tibetan Plateau
at ~20 km to its west at above 30 km. The westward shift of these
peaks  followed  the  eastward  winds.  Moreover,  the  decelerating
eastward zonal wind and wind reversals appeared to prohibit the
upward extension of the peaks to the east of the Tibetan Plateau.
In contrast,  the GWPE did not show a prominent peak from April
to  October.  This  result  also  coincides  with  the  prominent  peak
near the Tibetan Plateau in Figure 3. Compared with the obvious
peak  of  the  GWPE  over  the  Tibetan  Plateau  from  November  to
March,  the  peaks  of  the  GWPE  above  the  Caucasus,  Tianshan,
Atlas,  and  Rocky  Mountains  are  relatively  weak  (~3–8  J/kg).
Notably, height variations of the peaks above the Rocky Mountains
were  similar  to  those  above  the  Tibetan  Plateau  but  had  smaller
magnitudes.  The  weak  peak  of  the  GWPE  was  just  above  the
Rocky Mountains  at  ~15–20 km,  but  it  extended to  a  wider  hori-
zontal range above 35 km.

A  dissipation  layer  was  observed  in  the  middle  stratosphere,
which was similar to that at ~40°S. From November to March, the
GWPE peaks followed the strong eastward zonal winds above the
dissipation  layer.  The  strips  were  also  embedded  in  the  GWPE
peak regions  above the dissipation layers.  From April  to  October
and  above  the  dissipation  layer,  the  GWPE  peaks  were  weaker
than  those  in  other  months.  From  June  to  August  and  at  ~30–
45  km,  the  longitudinal  variations  in  the  GWPE  were  positively
correlated with topography, probably because MWs are prohibited
by  a  zero  wind  speed  at  ~20  km.  The  dissipation  of  these  GWs
produces a body force that generates large-scale secondary GWs
that spread around topographic regions.

This subsection can be summarized as follows:
(1) At ~40°N/S, we found that the dissipation layer was present in
all seasons and in the middle stratosphere.
(2)  In  the  upper  stratosphere,  the  GWPE  had  stronger  peaks
throughout  the  longitudes  from  May  to  September  at  40°S  and
from November to March at 40°N, which was related to the winter
stratospheric jet.
(3) The figures show that the embedded strips in the upper strato-
sphere might be related to both topographic and nontopographic
GW sources.  We discuss the physics  behind these phenomena in
Section 4. 

3.3  GWPEs at ~20°N/S and Their Seasonal Dependencies
Figure 6 shows the longitude–height distributions of the monthly
mean  GWPE  at  ~20°S  in  a  composite  year.  This  latitudinal  band
includes  the  northern  Andes  (70°W),  Africa  (20°E),  and  Australia
(150°E).  In  the  lower  stratosphere  and  from  May  to  October,  the
GWPE had a peak (~5–10 J/kg) above the northern Andes but had
no  peak  above  Africa  and  Australia.  In  the  middle  stratosphere,
the GWPE  was  weaker  than  that  in  the  lower  and  upper  strato-
sphere  throughout  the  longitudes  during  all  months.  However,
weak  peaks  of  the  GWPE  above  the  northern  Andes,  Africa,  and
Australia  in  the  middle  stratosphere  were  observed.  These  weak
peaks  extended  into  the  upper  stratosphere  and  spread  over  a

wider  longitudinal  range.  The  height  variations  of  the  GWPE  at

~20°S coincided with those at ~40°N/S. Specifically, the GWPE was

weaker  in  the  middle  stratosphere  than  in  the  lower  and  upper

stratosphere, indicating the presence of a dissipation layer in the

middle stratosphere as a  consequence of  the decelerating of  the

eastward zonal wind and wind reversal. Unlike at ~40°S, no strips

were  embedded  in  the  peaks  in  the  upper  stratosphere  or  at

~10 km, indicating that the longitudinal variations in GW sources

were more uniform at ~20°S than at ~40°S, except for topographic

sources.

Note that in the upper stratosphere and from May to November,

the GWPE had a stronger peak in the longitudinal range between

the  northern  Andes  and  Africa  than  to  the  east  of  the  northern

Andes  and  Australia.  Moreover,  the  stronger  peaks  had  shorter

horizontal distances to Africa than to the northern Andes, probably

because the GW of ~10 km could be ascribed to topographic and

nontopographic  sources.  Both  of  these  dissipated  in  the  middle

stratosphere  as  they  propagated  upward  because  of  the  zonal

wind reversing from eastward to westward with increasing height.

The dissipated GWs provide body forces that generate secondary

GWs that propagate eastward and westward because of the weak

zonal  wind  in  the  upper  stratosphere.  This,  in  turn,  formed  the

GWPE peaks in the upper stratosphere and throughout the longi-

tude.  The  stronger  peak  in  the  longitudinal  range  between  the

northern  Andes  and  Africa  might  be  a  combined  effect  of  the

westward- and  eastward-propagating  secondary  GWs  generated

from the body force above the northern Andes and Africa, respec-

tively.  Moreover,  westward-propagating  GWs  may  be  dominant

because the  eastward  zonal  wind  provides  a  favorable  environ-

ment for  them.  Therefore,  the stronger  peak in  the upper  strato-

sphere  had  a  shorter  distance  to  Africa  than  to  the  northern

Andes.

From  December  to  February,  the  GWPE  at  ~35  km  had  peaks  in

the  northern  Andes,  Africa,  and  Australia.  These  peaks  were

slightly  stronger  east  of  topographic  peaks  than  west  of  them

because the westward zonal  wind provided favorable  conditions

for the eastward-propagating secondary GWs.

Figure  7 shows  the  longitude–height  distributions  of  monthly

mean GWPE at ~20°N in a composite year. In this latitudinal band,

Mexico (~100°W), northern Africa (40°E), and southern Asia (100°E)

had  lower  topographic  elevations  than  did  the  other  latitudinal

bands. In the tropopause region (~10 km), the GWPE was stronger

above  the  sea  than  above  the  topography  during  all  months.

Moreover,  the  longitudinal  variations  in  the  GWPE  were  more

uniform from March to May and from December to February than

in  other  months.  Similar  to  that  in  other  latitudes,  a  dissipation

layer  of  GWs  was  also  observed  in  the  middle  stratosphere.  The

GWPE then reached a peak in the upper stratosphere.

The longitudinal variations of the GWPE in the upper stratosphere

depend on the month. In the boreal spring and winter, the longi-

tudinal  variations  in  the  GWPE  were  more  uniform,  and  the

stronger peaks of the GWPE were above both the topography and

sea. In the boreal summer, the three strongest peaks (~5–10 J/kg)

of  the  GWPE  coincidentally  occurred  above  the  topography

(Mexico,  northern  Africa,  and  southern  Asia)  when  the  westward
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zonal  wind  was  stronger  (>20  m/s).  In  the  boreal  autumn,  the

stronger GWPE peaks were mainly above the topography (northern

Africa  and  southern  Asia)  and  above  the  sea  between  the  two

topographies.

Therefore, the GWPE at ~20°N/S can be summarized as follows:

(1)  The  figures  showed  that  the  dissipation  layer  at  ~20°N/S  was

also  in  the  middle  stratosphere  and  coincided  with  that  at

~40°N/S.

(2) In the lower stratosphere, the GWPE had stronger peaks above

the sea than above continents at ~20°N/S.

(3)  In  the  upper  stratosphere,  the  GWPE  had  three  peaks,  which
were above the east of the topographies in the austral (at ~20°S)
and  boreal  (at  ~20°N)  summers,  when  the  zonal  wind  reversed
from eastward in the lower stratosphere to westward in the upper
stratosphere.
(4)  In  the  upper  stratosphere,  the  strongest  GWPE  peaks  were
above west Africa from May to November at ~20°S and above the
west  of  southern  Asia  from  September  to  March  at  ~20°N.  The
strongest  peak  might  be  a  combined  effect  of  nontopographic
GWs and MWs, whereas the MW-induced secondary GWs played a
dominant role. 
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Figure 6.   Same caption as in Figure 4 but at ~20°S.
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3.4  GWPEs at the Equator and Their Seasonal

Dependencies
Figure 8 shows the longitude–height distributions of the monthly
mean  GWPE  at  the  Equator  in  a  composite  year.  This  latitudinal
band includes the northern Andes (80°W), and Africa (40°E). In the
lower  stratosphere,  the  longitudinal  distribution  of  the  GWPE
peaks  was  not  related  to  the  topography  and  sea.  At  10–15  km,
the GWPE in the Eastern Hemisphere was slightly weaker than in
the  Western  Hemisphere  because  the  zonal  wind  changes  more
frequently  with  height  in  the  Eastern  Hemisphere  than  in  the
Western Hemisphere. Compared with other latitudinal bands, the

dissipation layer was weaker, and the height range of the dissipa-
tion layer varied significantly with longitude because of  frequent
changes  in  zonal  wind  with  increasing  height,  which  prohibited
the upward-propagating GWs with both eastward and westward
horizontal phase speeds. Only the GWs with high horizontal phase
speeds  could  propagate  upward.  In  the  upper  stratosphere,  the
GWPE peaks were mainly above the sea. The longitudinal variation
of  the  GWPE  was  the  strongest  above  the  sea  in  the  boreal
summer  because  the  horizontal  phase  speeds  of  GWs generated
by convection had a wide spectral range. Although wind reversals
filter  out  some  of  the  GWs  with  slow  horizontal  phase  speeds,
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Figure 7.   Same caption as in Figure 4 but at ~20°N.
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some of  the GWs with high horizontal  phase speeds propagated
into the upper stratosphere. In the boreal autumn and winter, the
GWPE in the Eastern Hemisphere was weaker than in the Western
Hemisphere. This  situation  is  similar  to  that  in  the  lower  strato-
sphere. 

4.  Discussion
The main features described in the previous section are the weak
GWPE  at  20–30  km  and  the  strip  structures  embedded  in  the
GWPE  peak  regions  at  ~40  km. Figure  9 shows  the  zonal  mean
GWPE, vertical wavelength, and zonal wind in a composite year in

the  five  latitudinal  bands.  The  weak  GWPE  at  ~20–30  km,  as
shown in Figures 4–7, can also be observed in Figure 9. The weak
GWPE  at  ~20–30  km  has  been  observed  in  previous  satellite
observations.  For  example, Tsuda  et  al.  (2000) showed  a  weak
GWPE in the middle stratosphere when using GPS/MET tempera-
ture data from April 1995 to February 1997. Using the temperature
profiles  measured  by  the  Solar  Occultation  for  Ice  Experiment
(SOFIE) instrument  onboard  the  Aeronomy  of  Ice  in  the  Meso-
sphere  (AIM)  satellite  from  2007  to  2013, Liu  X  et  al.  (2014)
showed  that  the  GWPE  in  all  seasons  of  the  polar  region
decreased in  the lower  stratosphere with increasing altitude and
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Figure 8.   Same caption as in Figure 4 but at the Equator.
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then  increased  in  the  upper  stratosphere  and  mesosphere  with

increasing  altitude,  reaching  its  minimum  at  an  altitude  of

~25 km. The weak GWPE in the middle stratosphere may be due

to the saturation of GWs or the loss of energy caused by nonlinear

mutual damping with other waves, resulting in the transfer of the

GWPE to the background flow or other waves (Liu X et al., 2008; Li

T et al., 2010). Possible mechanisms can be ascribed to the satura-

tion of GWs or the loss of energy caused by the nonlinear interac-

tions  with  other  waves,  resulting  in  the  transfer  of  the  GWPE  to

the background flow or other waves (Liu X et al.,  2008; Li T et al.,

2010).  According  to  these  mechanisms  and  height-dependent

wind  structures,  we  propose  that  the  decreasing  zonal  winds

above  the  tropopause  jet  play  an  important  role  in  dissipating

GWs at ~20–30 km.

û

T′ ≈ (g/N) û

The  GWs  generated  in  the  troposphere  were  hindered  by  the

tropopause  jet,  where  the  eastward  zonal  wind  speed  was  high

(contour lines in Figure 9). The eastward jet acts as a critical layer

for  eastward-propagating  GWs  with  a  horizontal  phase  velocity

slower than that of the jet. According to Equation (5.66) of Nappo

(2002),  the  amplitude  of  the  horizontal  velocity  perturbation  ( )

becomes  very  high  and  the  vertical  wavelength  becomes  very

small. The temperature perturbation is then very high because of

 (Gubenko et al., 2008; Liu X et al., 2020). Thus, near the

jet  region,  the  vertical  wavelengths  of  the  GWs  reached  their

minima and the GWPEs reached their maxima (Figure 9). It can be

speculated  that  the  remaining  GWs  above  the  jet  region  are

composed of three components as follows:

(1) Westward-propagating GWs.
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ch ∣kz∣
λz ∣kz∣ = N/ ∣ch∣

(2)  Eastward-propagating  GWs  with  a  faster  horizontal  phase
velocity ( ).  These GWs have smaller vertical wavenumbers ( )
and  longer  vertical  wavelengths  ( )  according  to 
(Equation (32) of Fritts and Alexander, 2003).
(3)  Large-scale  secondary-generated  GWs,  which  have  longer
vertical wavelengths than primary GWs near the jet region (Vadas
and Fritts, 2001).

The combination of these three components increases the vertical
wavelength above the jet region (right column of Figure 9). More-
over,  the  remaining  GWs  above  the  jet  region  should  have  less
energy than those near the jet region. This induces a weak GWPE
above the jet region.

× ×

×

×

Strip  structures  embedded  in  the  GWPE  peak  regions  of  ~40  km
had not previously been reported. The COSMIC satellite provided
approximately  2000  temperature  profiles  from  90°S  to  90°N,  and
each bin had a size of 10°  20° (latitude  longitude) of the average
GWPE  profiles  in  previous  studies  (Wang  L  and  Geller,  2003;
Alexander et al., 2008a; Alexander and Tsuda, 2009; Khaykin et al.,
2015).  However,  the  COSMIC-2  satellite  provided  approximately
6000  temperature  profiles  from  45°S  to  45°N.  From  the  dense
samplings of the COSMIC-2 satellite, we used a bin size of 5°  5°
(latitude  longitude) for the average GWPE profiles, to show that
besides  the  typical  topographic  regions  of  the  Tibetan  Plateau
and  Andes,  the  GWPE  had  peaks  in  the  boreal  winter  above  the
Rocky  Mountains.  Finer  longitudinal  variations  have  not  been
observed in previous studies.

In  addition,  strip  structures  were  observed  above  the  sea  during
the austral winter (especially above 40°S). These strip structures, in
addition to being related to topography, may also have originated
from  GWs  generated  by  convection.  The  amplitude  of  the  GWs
generated by  convection  reaches  its  maximum  near  the  tropo-
sphere.  Affected  by  the  tropopause  jet  (Liu  HL,  2017),  the  GWs
generated by  convection become unstable  and break,  forming a
dissipation layer at 20–30 km and generating secondary GWs that
continue to propagate upward, resulting in an obvious longitudinal
structure at ~40 km.

The occurrence of GWs in the stratosphere might also be related
to local time for the aspects of both wave sources and background
atmospheric  environment.  The  local  time-dependent  wave
sources  are  mainly  related  to  the  convection  and  flow  over  the
topography.  According  to  observations  by  the  AIRS  aboard
NASA’s Aqua satellite, Hoffmann et al.  (2013) classified them into
three  types  (convective,  topography,  and  otherwise).  Table  9  of
Hoffmann et al. (2013) showed that the fractions of the topographic
source were generally larger in the daytime than those at nighttime
except  in  September  and  October.  Especially  from  November  to
February, the fraction of the topographic source was 46.4% in the
daytime,  which  is  much  larger  than  the  27.1%  at  nighttime.  The
fraction  of  convective  source  was  generally  larger  at  nighttime
than  those  in  the  daytime  except  in  September  and  October.
Especially from November to February, the fraction of the convec-
tive  source  was  52.2%  in  the  daytime,  which  is  smaller  than  the
72.6% at nighttime.

The local time-dependent background atmospheric environment
may  be  related  to  tides.  This  is  because  both  the  tidal  wind  and

temperature can act as an environment in which GWs propagate.

Previously,  studies  have  shown  that  interactions  between  GWs

and  tides  may  favor  or  prohibit  upward  propagation  of  GWs

depending on the phase match between the GWs and tides (Liu X

et  al.,  2008). Senf  and  Achatz  (2011) used  a  global  ray-tracing

model,  highly  simplified  GW  ensemble,  and  time-dependent

background  to  obtain  simulation  results  showing  that  the  time-

dependent background plays an important role in modulating the

frequency  and  phase  velocities  of  GWs.  These  simulation  results

revealed that the local time-dependent background can influence

the characteristics of GWs and thus their distribution. To return to

the COSMIC-2 observations,  these observations  provide almost  a

full  24  hours  of  local-time  data  within  a  day.  These  dense

samplings  in  both  local  time  and  geography  provide  a  good

opportunity  to  study  tides  in  the  upper  troposphere  and  lower

stratosphere. Along with our present studies on GWs, the relation-

ships between GWs and tides in this region can be studied well on

a time scale of one day. This will be our future work. 

5.  Conclusions
Taking  advantage  of  the  dense  sampling  of  the  COSMIC-2 satel-

lite, we  derived  the  GWPE  in  the  upper  troposphere  and  strato-

sphere at 45°S–45°N from December 2019 to November 2022. We

also  studied  the  distribution  of  GWs  as  well  as  their  longitudinal

and  seasonal  dependencies.  The  mechanisms  were  explored  by

using the monthly mean zonal wind from MERRA-2 and topogra-

phy data. The main findings are as follows.

First, the seasonal distributions of GWs over special topographies

(the  Andes,  the  Tibetan  Plateau,  and  tropical  regions)  have

patterns  similar  to  those  observed  in  previous  studies,  thereby

verifying the correctness of our data processing method. In addi-

tion,  we found weak peaks of  GWPE above the Rocky Mountains

and the fine structure of the longitudinal variations of GWPE even

over the Tibetan Plateau and other mountains,  such as the Atlas,

Caucasus, and Tianshan Mountains.

Second, at ~40°N/S, the GWPE peaks occurred in the upper strato-
sphere above the topographic regions during the winter months
of  each  hemisphere,  and  notably,  the  strips  were  embedded  in
the peaks at  ~35–50 km. Some of  these embedded strips (above
the  Andes,  Africa,  and  Australia)  were  related  to  topography  but
extended  to  a  wider  horizontal  range.  Other  factors  may  be
related  to  the  strips  located  at  ~10  km.  At  ~20°N/S  and  in  the
upper  stratosphere,  the  strongest  GWPE  peaks  were  observed
above western Africa from May to November at ~20°S and above
and west of southern Asia from September to March at ~20°N. The
strongest  peak  might  be  a  combined  effect  of  nontopographic
GWs  and  MWs,  although  secondary-generated  MWs  played  a
dominant  role.  At  the  Equator,  the  longitudinal  variations  of  the
GWPE had prominent peaks above the sea or in regions with the
lowest sea level altitude, indicating that convection was the main
source.

Third,  our  results  indicated  that  dissipation  layers,  which  were

above  the  tropopause  jet,  provided  the  body  force  to  generate

secondary waves in the upper stratosphere, especially during the

winter months of each hemisphere and at ~40°N/S and ~20°N/S.
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The fine structures of the longitudinal variations and GWPE peaks
above  the  Rocky,  Atlas,  Caucasus,  and  Tianshan  Mountains
provided  new  insights  into  the  global  distribution  of  GWs.
Combining  the  dissipation  layers  observed  in  this  study  with
those  reported  previously,  the  middle  stratosphere  may  be
another layer that should be emphasized when studying the verti-
cal propagation of GWs from the lower atmosphere to the upper
atmosphere  or  ionosphere  because  the  vertically  propagating
GWs observed in the upper atmosphere might experience dissipa-
tion, break  at  several  layers,  or  both,  such  as  the  middle  strato-
sphere  shown  here  and  the  upper  mesosphere  shown  by Liu  X
et al. (2022) and Li QZ et al. (2022). 
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