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Abstract: COSMIC-2 (Constellation Observing System for Meteorology, Ionosphere and Climate-2)
dry temperature profile data from December 2019 to November 2021 are used to study stratospheric
gravity waves (GWs) in the Asian monsoon region. The stratosphere between 20 and 50 km is divided
into the lower, middle, and high layers based on the vertical distribution of the mean potential energy
(Ep) and the horizontal distribution of GW Ep in these three layers, and their seasonal changes
are analyzed. The source and propagating mechanism of GWs in middle latitudes in winter are
revealed. The results show that GWs in the stratosphere have distinct distribution features during
different seasons. The significant Ep in winter appears mainly in middle latitudes north of 30◦N,
whereas in summer, it appears in the low latitudes south of 30◦N. There are significant areas of GW
activity in both low and middle latitudes in spring and autumn, but their intensity is significantly
weaker than in winter and summer. Areas with significant GWs and the seasonal variation of their
intensity are accompanied by the Asian monsoon activity. In winter, there is a northward and
upward propagating column for GWs above the Sichuan Basin, and in summer, there is an eastward
and upward propagating column for GWs in the zonal band 15–25◦N. The occurrence of GWs in
northwestern China in winter is the result of the subtropical jet stream and topography. Once GWs
enter the stratosphere, they are regulated by the winter stratospheric environment, and the GWs
acquire a northerly component by the wind shear. The meridional wind shear in the background
field is an important factor affecting the development and propagation of GWs.

Keywords: stratospheric gravity waves; COSMIC-2 data; potential energy; Asian monsoon region

1. Introduction

Gravity waves (GWs) transport energy, momentum, and chemical and atmospheric
constituents horizontally and vertically, and they play a major role in atmospheric dynamics
and global atmospheric circulation [1]. General circulation models cannot resolve the effects
of small-scale GWs; thus, a GW parameterization scheme must be introduced into models
to obtain a reasonable circulation pattern and thermal structure. The absence of long-term
and stable global GW observations means that GW parameterization schemes still lack
physical verification [2]. Therefore, continuous and stable observations of GWs over larger
geographical areas are essential for deepening the understanding of the characteristics of
GWs, as well as for improving GW parameterization schemes in numerical models [3].

At present, a variety of observational data have been used in the study of atmospheric
GWs. Among them, the more mature technologies are ground-based observations, such as
radiosonde [4], radar [5], superpressure balloon [6,7], and sounding rockets [8]. However,
ground-based observations are severely limited by the geographical distribution of obser-
vation stations, and it is difficult to obtain high-resolution observational data for larger
geographical areas. With the development of satellite atmospheric sounding technology,
it has become possible to obtain the global distribution of GWs, and Global Positioning
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System (GPS) radio occultation (RO) has received increasing attention. In a neutral atmo-
sphere, the atmospheric reflectivity obtained by GPS RO can provide further data such
as temperature, pressure, and water vapor content [9]. At present, GPS RO atmospheric
sounding systems include GPS/Meteorology [10], Challenge Minisatellite Payload [11], and
COSMIC (Constellation Observing System for Meteorology, Ionosphere and Climate) [12].
Of these systems, the COSMIC satellite data have higher temporal and spatial density. The
COSMIC satellite system consists of six low-orbit satellites launched in California in April
2006, with an orbital inclination of 72◦ and an operating height of 800 km, providing more
than 2000 detection profiles every day around the world. For more information about
COSMIC satellites, please refer to Anthes et al. [9].

GPS RO data have been widely used in the study of atmospheric GWs in recent
years. Tsuda et al. [13] calculated the global distribution of stratospheric GW potential
energy (Ep) using GPS/Meteorology (GPS/MET) data. However, the GPS/MET satellite
provides only 100–150 temperature profiles per day worldwide, and detailed distribution
features of GW Ep cannot be acquired. Xu et al. [14] obtained the global distribution and
seasonal variation of GW Ep in the 20–30 km height layer using COSMIC RO data with
2000 temperature profiles every day from 2006 to 2013. They found that high values of Ep
occur at the equator and decrease toward the poles, which is similar to the result of Tsuda
et al. [13] using GPS/MET satellite data. Xu et al. [14] also found that the Ep of the whole
winter hemisphere is higher than that of the summer hemisphere, and the GW intensity in
the Southern Hemisphere winter is greater than that in the Northern Hemisphere winter.
Because the COSMIC satellites were in a cluster formation from 2006 to 2007, Wang and
Alexander [15] further obtained the global distribution of wave parameters such as the
amplitude, vertical wavelength, horizontal wavelength, momentum flux, and intrinsic
frequency of stratospheric GWs using the least-squares method by taking advantage of the
high resolution at this stage of the mission. Using COSMIC data as well, Faber et al. [16]
obtained more accurate wave parameter distribution characteristics by improving the
phase difference method and reported that GWs have larger wave amplitudes and longer
horizontal wavelengths in the equatorial region as well as longer vertical wavelengths at
middle and high latitudes compared with the equatorial region. They also found that the
distribution of momentum flux is similar to that of Ep.

The COSMIC satellite data can be used not only for the observation of GWs on a global
scale but also to study GWs in specific regions. Hindley et al. [17] found that orographic
GWs generated in the Southern Andes spread to the center of the jet stream of the middle
and upper stratosphere. Šácha et al. [18] found strong GW activity over the Sea of Japan
in October and November. However, the resolution in previous studies could only reach
5◦ × 5◦ based on the current density of COSMIC RO data, and it was difficult to obtain
a more detailed regional GW distribution. Therefore, most previous studies were on the
global scale, and there are relatively few studies of the Asian monsoon region.

Following the launch of the COSMIC satellite system, the COSMIC-2 (Constella-
tion Observing System for Meteorology, Ionosphere and Climate-2) satellite system was
launched at the Kennedy Space Center in July 2019. It also consists of six low-orbit satellites,
with an orbital inclination of 24◦ and an operating height of 550 km. Each satellite tracks
occulting GPS satellites as they rise above or set below the Earth’s horizon. As the GPS
signal traverses the atmospheric limb, phase delay measurements attributable to changing
vertical gradients of refractivity in the atmosphere are measured [17]. Taking an integral
along the line of sight, vertical profiles of dry temperature and pressure can be computed
at the tangent point of the occultation via an Abel inversion [19]. The dry temperature
is the temperature profile that water vapor is not considered in the retrieval of original
satellite data and its conversion breaks down in the presence of water vapor but works well
in the stratosphere, where water vapor is negligible. Ho et al. [20] estimated a temperature
retrieval accuracy of 0.2 K between 8 and 35 km for COSMIC-2. Scheiner et al. [21] found
that the bending angle and reflectivity of COSMIC-2 have small errors compared with
radiosondes, short-term operational forecasts, and the MERRA-2 from about 2–40 km. In
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the 45◦S–45◦N region, COSMIC-2 can provide more than 5000 profiles per day. COSMIC-2
provides a higher horizontal resolution of observations in tropical and mid-latitude areas
than COSMIC; thus, COSMIC-2 data are better for GW observation and the study of the
characteristics of GW variability. More information about the COSMIC-2 satellite may be
found in the work of Schreiner et al. [21].

The combined effects of the Tibetan Plateau, the Pacific Ocean, the Indian Ocean,
and the Eurasian continent make the Asian monsoon region one of the most significant
monsoon regions in the world, where the circulation and precipitation change significantly
with the season. The movement of the subtropical high and the transport of water vapor
during the summer monsoon result in significant rainy seasons over the Indian Peninsula,
the Indo-China Peninsula, the South China Sea, and the eastern part of China during the
summer monsoon. The complex topography of the Asian monsoon region, the significant
seasonally movement of the subtropical jet stream, and the precipitation are all important
triggering factors for stratospheric GWs; thus, the Asian monsoon region is a region worthy
of attention in the study of regional GW characteristics. Some studies have focused on the
spatial distribution and seasonal changes of stratospheric GWs in China [22–24], and others
have focused on the basic characteristics of GWs during particular weather systems [25,26].
However, most of them are based on radiosonde data and numerical simulation results.
The simulation results of the numerical model are not exactly consistent with the real
atmosphere; that is, the simulation results are different from the observations. These
differences are considered a model error. This error is inevitable. The low horizontal
resolution of radiosonde data and the inevitable errors of numerical models mean that the
universality of the regional stratospheric GWs features revealed by these two methods
remains unclear. COSMIC-2 can provide large-area and high-resolution observations of the
Asian monsoon region, and these observations with high temporal and spatial coverage
have laid the foundation for the study of GWs in this region. Thus far, there have been
a few studies [27] on the distribution of stratospheric GWs in the Asian monsoon region
based on COSMIC-2 data.

Using the COSMIC-2 vertical temperature profile data for the past two years, this
paper studies the activity of stratospheric GWs in the Asian monsoon region and analyzes
the characteristics and causes of the spatial and temporal distribution of GWs in the region.
This paper is organized as follows: Section 2 introduces the data and method for extracting
GWs, Section 3.1 reveals the horizontal and vertical distribution of stratospheric GWs,
Section 3.2 analyzes the source and the propagation mechanism of GWs, and Section 4
gives a summary.

2. Data and Method
2.1. Data

The data used in this study are the COSMIC-2 level 2 dry temperature profiles pro-
duced by the COSMIC Data Analysis and Archive Center (CDAAC), and the period
is 24 months from December 2019 to November 2021. The data download website is
https://cdaac-www.cosmic.ucar.edu/ (accessed on 1 March 2022). The study area is the
Asian monsoon region, and the specific domain studied in this paper is 70–150◦E, 15–45◦N.
Figure 1 presents the monthly mean sampling density distribution of vertical dry tempera-
ture profiles of COSMIC-2 in the study area with a grid resolution of 2.5◦ × 2.5◦. In the
latitude range 15–30◦N, the monthly mean sampling density is more than 25 in general;
in the area north of 30◦N, it is about 15. Hindley et al. [17] mentioned that near 30◦E and
with a grid resolution of 5◦ × 5◦, there are about 20 COSMIC vertical profiles per month,
and its sampling density is much smaller than that of COSMIC-2 in this paper. Therefore,
the COSMIC-2 data with this resolution can be used to study the seasonal variation of
stratospheric GWs in the Asian monsoon region. Following Hindley et al. [17], the upper
limit of the data height of COSMIC-2 is limited to 50 km. Although temperature profiles
from COSMIC typically exhibit increased noise above around 40 km, the increased number
of measurements in the month-long time window potentially allows us to resolve large
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persistent features at higher altitudes [17]. In addition, the wind data used in this study
is ERA5 [28] from the monthly averaged data of the European Centre for Medium-Range
Weather Forecasts (ECMWF) at a resolution of 0.25◦ × 0.25◦ and can be downloaded from
https://cds.climate.copernicus.eu/ (accessed on 1 March 2022).
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2.2. Method

The properties of GWs can be represented in terms of potential energy (Ep) density
per unit mass [13,29]:
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where TB is the background temperature, T′ is the temperature perturbation, g is the
gravitational acceleration, N is the Brunt–Väisälä frequency, CP is the heat capacity at
constant pressure, and Ep is the potential energy of a profile.

For the purpose of calculating Ep, the original observational data need to be processed
as follows:

(1) The observed temperature data are linearly interpolated onto equidistant points with
a vertical interval of 100 m over heights 9–55 km.

(2) Following Wang and Alexander [15,30], the daily COSMIC-2 temperature profiles are
gridded to 10◦ × 15◦ latitude–longitude resolution; the mean temperature T is the
average of all temperature profiles within a grid box.

(3) The background temperature for the gridded data is calculated using T based on the
following formula, where the coefficients are obtained by the least-squares method
according to John and Kumar [31]:

TB = A0 + ∑6
i=1 Ai sin(iλ) + ∑6

i=1 Bi cos(iλ) (3)

where TB is the background temperature at a specific height and latitude, λ is the
longitude of the grid point. It can be seen from Equation (3) that the background
temperature includes the temperature of planetary waves with zonal wavenumbers
of 0 to 6, and

√
Ai

2 + Bi
2 is the temperature amplitude of the planetary wave. The
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temperature perturbation is the difference between the observed temperature and the
background temperature, T̂ = T − TB.

(4) The temperature perturbation is filtered and smoothed in the vertical direction to
obtain the GW temperature [13]. The temperature perturbation is first filtered with a
bandwidth of 2–10 km according to Tsuda et al. [13] in the vertical direction, and each
filtered temperature profile T̂2−10 is then smoothed with a vertical height window of
2 km, as follows:

(T′)2 =
1

z1 − z2

∫ z2

z1

T̂2−10(z)
2dz (4)

where z1 and z2 are the upper and lower heights of the smoothing window, respec-
tively.

(5) Finally, the results of Equations (2) and (4) are inserted into Equation (1) to obtain the
vertical profile of Ep. The Ep of the horizontal distribution is obtained by the IDW
(inverse distance weight) [32].

3. Results and Discussion
3.1. Spatial Distribution and Seasonal Variation of Stratospheric GWs

Figure 2 shows the variation of regionally and seasonally averaged GW Ep. It is shown
that the vertical distribution of Ep varies with height. In Figure 2, the variability of Ep with
height is basically the same in the four seasons, and the error bar (Figure 2b) represents the
standard deviation, reflecting the degree of dispersion of the data set relative to the mean.
From the variability of standard deviation, the dispersion degree of Ep distribution in each
season decreases with height, and the dispersion degree of Ep distribution in summer is the
largest, especially in the lower stratosphere. At heights of 20–22 km, Ep decreases linearly
with height, but it shows oscillatory behavior within the range of 22–30 km. Between 30
and 42 km, Ep again decreases linearly with height and reaches a minimum value around
42 km; from 42 to 50 km, Ep generally increases with height, reaching a maximum value
at 50 km. Note that there are obvious maximum and minimum points near 30 and 42 km,
respectively. Therefore, given the vertical variation in the distribution of Ep above, the
stratosphere between 20 and 50 km is divided into lower (20–30 km), middle (30–42 km),
and upper (42–50 km) layers in this study.
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October–November). (b) The standard deviation relative to the mean at each height (the absolute
value of the length of the error bar is twice the standard deviation).
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3.1.1. Horizontal Distribution and Seasonal Variation of Ep

Figures 3–5 present the seasonal mean distribution of Ep in the lower, middle, and
upper stratosphere, respectively, as defined above. Here, we give a detailed analysis of the
distribution and seasonal variation of the characteristics of GWs in the three layers of the
stratosphere. To better quantify the analysis, the mean and standard deviation of the Ep
were calculated. Referring to Wang et al. [33], we define Ep as greater than the sum of the
mean and the standard deviations as “significant Ep”; meanwhile, we define 15–30◦N as
the low-latitude region and 30–45◦N as the mid-latitude region in the following discussion.
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Figure 3 shows the distribution of Ep in the lower stratosphere in four seasons. The
regional average Ep values in winter, spring, summer and autumn are 3.29, 2.86, 3.22 and
2.78 Jkg−1, respectively. The standard deviation of Ep for the four seasons is 0.44, 0.391, 3.22
and 0.28 Jkg−1, respectively. The part surrounded by dotted lines in Figure 3 represents
“significant Ep” in the lower stratosphere with a value of 3.66 Jkg−1. The magnitude
of Ep is relatively stronger in winter and summer, and 30◦N is a key latitude, with Ep
having different distribution features in different seasons on either side of 30◦N. In winter,
significant Ep appears in the mid-latitude region north of 30◦N and reaches a maximum
value of 4.5 Jkg−1 near 40◦N (Figure 3a), while the Ep in the low latitudes south of 30◦N
is relatively weak. This indicates that stratospheric GWs are more active in mid-latitude
regions in winter, and significant Ep appears over Ningxia, southern Gansu, Shaanxi, and
Inner Mongolia in northern China. Moreover, there is a large value center of Ep over the
Sea of Japan, which corresponds to strong GW activity. In addition, there are centers of
large Ep values greater than 3.2 Jkg−1 in the Indo-China Peninsula and the Western Pacific,
but their influence region is small, and the value of the Indo-China Peninsula is smaller
than the significant Ep limit. Using radiosonde data, Chen et al. [24] also found that GWs
in northern China are most active in winter. However, as there are only vertical profile data
from 20 observation stations, the detailed spatial distribution of Ep was not obtained in
their study.

In summer, significant Ep appears south of 30◦N, and the center of high value greater
than 5.5 Jkg−1 is located over the Indian Peninsula and the Bay of Bengal, and there is
significant Ep over southeast China, the South China Sea, and the Indo-China Peninsula. Ep
is relatively small in the mid-latitudes. This indicates that GWs are more active in the low
latitudes in summer. In a study of the global GW distribution, Faber et al. [16] also found
regions with high Ep values over the Indian Peninsula and the Indo-China Peninsula in
summer. However, their study focused mainly on the global distribution and did not reveal
the Ep features of the Asian monsoon regions in detail. Outside the significant Ep area in
eastern China, Ep gradually decreases toward northern China and is distributed in stripes
(Figure 3c). The distribution of Ep in the low latitudes and eastern China may be related to
convection, which is the main source of GWs over the tropics and low latitudes [11].

In spring and autumn (Figure 3b,d), Ep is smaller than in winter and summer. The
significant Ep area in spring (Figure 3b) is located over the Indo-China Peninsula south
of 30◦N. Due to the small Ep in spring, the significant Ep area only appears in the Indo-
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China Peninsula. Outside the significant Ep area, the Ep extends from south to north in
southeastern China. There is a sub-maximum zone with the Ep value greater than 3.0 Jkg−1

in the middle latitudes around 40◦N, which indicates GW activity existence over northwest
and northeast China. In autumn (Figure 3d), the Ep distribution is similar to that in spring,
with belts of relatively high Ep (larger range in the fall, but less than 3.50 Jkg−1) in the
middle and low latitudes. Although there is no significant Ep area in autumn, there are also
centers of relatively high Ep over the Indo-China Peninsula and the western Pacific, but
they are weaker than in spring, while the Ep intensity in the middle latitudes is generally
stronger than in spring.

The seasonal variation of GWs is accompanied by the evolution of Asian monsoon
circulation. In mid-May, the East Asian summer monsoon first breaks out over the South
China Sea and the Indo-China Peninsula, and the southwesterly flows first appear in these
regions. Meanwhile, the western Pacific Ocean is controlled by the subtropical high, with
easterly flows on its south side. Such a circulation pattern enhances convective activity
and precipitation in these areas, and the accompanying stratospheric GW activity over the
Indo-China Peninsula and the South China Sea is strengthened (Figure 3b). The South
Asian summer monsoon begins in June, and the rainy season begins in the Indian Peninsula.
Accordingly, a belt of high Ep appears over the Indian Peninsula, the Bay of Bengal, the
Indo-China Peninsula, and the South China Sea, and the center of maximum Ep in the tropics
moves westward from the Indo-China Peninsula to the Indian peninsula (Figure 3c). As the
subtropical high moves northward in summer, the rain belt develops in eastern China and
extends from south to north, corresponding to the high Ep belt extending from the Indo-China
Peninsula to the Korean Peninsula in summer. With the start of autumn, the winter monsoon
(summer monsoon) strengthens (weakens), and the subtropical jet stream moves southward
relative to summer. Meanwhile, the activity of GWs in low-latitude regions weakens, while
the maximum values of Ep along the 40◦N belt-like distribution increase significantly, with
the maximum value centers over eastern and western Xinjiang and the Sea of Japan. In winter,
the subtropical jet stream is at its strongest, as are the mid-latitude GWs around the Sea of
Japan and Inner Mongolia. The significant seasonal variation of the Ep distribution indicates
that the GW activity in the tropics may be related to strong convection caused by the Asian
monsoon, while the GW activity in the mid-latitudes may be related to the movement and
changes in the intensity of the subtropical jet stream.

In the middle stratosphere (Figure 4), Ep is in general weaker than in the lower
stratosphere, and the average Ep values in winter, spring, summer and autumn are 1.75,
1.68, 2.00 and 1.58 Jkg−1 in the middle stratosphere, respectively. The standard deviation of
Ep for the four seasons is 0.27, 0.19, 0.29 and 0.16 Jkg−1, respectively. Their distribution
has both similarities and differences with respect to that in the lower stratosphere in the
four seasons. The part surrounded by dotted lines in Figure 4 represents “significant Ep”
with a value of 2.03 Jkg−1. In winter, the significant Ep area over Ningxia clearly moves
westward compared with that in the lower stratosphere, which may be related to the strong
westerly wind in winter. Owing to the filtering effect of the background wind, GWs tend to
propagate westward under the background westerly wind. The center of high Ep value
over Japan moves southwest compared with that in the lower stratosphere. In spring, there
is a belt of high Ep with a value greater than 1.8 Jkg−1 extending from southeastern China
to the Korean Peninsula, and another significant Ep region is located over northwestern
China, and the intensities of the mid-latitude and low-latitude GWs are roughly equal,
unlike the distribution of Ep in the lower stratosphere. Similar to spring, the intensity of
GWs in middle latitudes in summer is generally equal to that in low latitudes, and the
belt of significant Ep values from the Indo-China Peninsula to the Korean Peninsula is
more obvious. The distribution of Ep in autumn shows both winter and summer features,
although there is basically no “significant Ep” area that we define in this layer. There are Ep
value centers both north and south of 30◦N with a value more than 1.8 Jkg−1, and the two
high-value centers south of 30◦N are the same as in winter, located over the Indo-China
Peninsula and the western Pacific. The Ep center in mid-latitudes is located over western
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China and the Sea of Japan, and there is an Ep belt from the Indo-China Peninsula to the
Sea of Japan in autumn, although it is weaker than in summer.

In the upper stratosphere (Figure 5), the distribution of Ep is quite different from the
corresponding results in the lower and middle stratosphere, with the main feature of the
distribution of Ep in this layer being the smaller seasonal variation. The average Ep values
in winter, spring, summer and autumn are 1.41, 1.46, 1.55 and 1.34 Jkg−1, respectively. The
standard deviation of Ep for the four seasons is 0.35, 0.33, 0.41 and 0.32 Jkg−1, respectively.
The part surrounded by dotted lines in Figure 5 represents “significant Ep” with a value
of 1.80 Jkg-1. The belt of significant Ep is present in all seasons in the middle-latitude
region, and the values of Ep are obviously larger than in the low-latitude region. The Ep
center is located over the Sea of Japan in all four seasons, and its intensity is greatest in
summer. In the lower stratosphere, the activity of GWs over the Sea of Japan is the weakest
in summer, which has completely different characteristics from the lower stratosphere. This
is an interesting phenomenon, and we will study it in the future. The large value area of Ep
in northwestern China does not continue to move westward in the upper stratosphere in
winter, which may be due to the effect of the Doppler shift caused by the increase in zonal
wind speed with height. In the lower layer in spring (Figure 3b), summer (Figure 3c), and
autumn (Figure 3d), the intensity of GWs in the low-latitude regions is significantly greater
than in the mid-latitude regions, while this distribution is reversed in the upper layer,
indicating that low-latitude GWs are more difficult to propagate to the upper stratosphere
than mid-latitude GWs in the 2–10 km filtering range.

3.1.2. Vertical Distribution and Seasonal Variation of Ep

To reveal the latitude–height distribution of GWs in the Asian monsoon region in four
seasons, the latitude–height cross section at 100◦–115◦E is selected for analysis, as there
are frequent large Ep values (Figures 3–5), and it is located on the Sichuan Basin. In this
meridional belt, the Ep value at each height between 15 and 50 km is averaged in the zonal
direction; thus, the variation of Ep with latitude and height is obtained. To clearly show
the vertical structure of Ep, following the method of Hindley et al. [17], the Ep values of
different latitudes are normalized at each height, so that at the same height, the minimum
and maximum Ep values are 0 and 1, respectively.

Figure 6 gives the latitude–height distribution of normalized Ep over this meridional
belt for four seasons. In winter (Figure 6a), there is a column of large Ep from 20 to
50 km, but the column is not vertically aligned; namely, the latitude of the large Ep value
varies with height. From 20 to 25 km in the lower stratosphere, the maximum value of
Ep shifts from 30◦ to 40◦N, which reflects that GWs have both upward-propagating and
northward-propagating components in this layer. The lower section of the column moves
nearly 900 km northward over the height region between 20 and 25 km. Above 25 km,
the column is vertically aligned at fixed latitude, which indicates that the mid-latitude
GWs in the 40◦N area propagate vertically upward. In a study of the orographic GWs
over the Andes Mountains in the Southern Hemisphere in winter using COSMIC data,
Hindley et al. [17] found a GW column that slopes upward from 30◦ to 60◦ S along the
latitude–height cross-section at 65◦ W (Figure 3 in Hindley et al. [17]). From 22 to 35 km,
these Andes GWs propagate southward for 1500 km as they propagate upward, and the
GWs begin to propagate vertically upward near the wind velocity core of the westerly
jet stream at a height of 35 km. Our result is similar to their study, but the propagation
direction is different. The phenomenon of different propagation directions of GWs at
different heights may be related to the different spectral parameters of the GWs and the
background circulation of the stratosphere. The propagation column in Figure 6a shows
that the GW source at 40◦N originates from 30◦N or even farther south, and the northward
propagation in the lower layer may be related to the high wind speed region [17]. Moreover,
another mechanism for the formation of a such column of Ep must also be considered. At
22–33◦N, the zonal wind decreases with the height above the subtropical jet; thus, there is
zero wind speed at 35 km. The GW generated by the subtropical jet stream will be filtered
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out between 20 and 35 km due to encountering a critical level and inducing GWs drag.
In this region (30–35◦N, 100–115◦E, 20–22 km), the upward group velocity becomes slow,
and the gravity wave energy is accumulated. The upward propagation GWs generated
by subtropical jets will be filtered by the critical level in this region. Therefore, the Ep
maximum value moves from 30–35◦N to 35–45◦N. This may be the reason for the reduction
of the GW intensity above 20 km at 30–35◦N and the shift of maximum Ep.
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In spring, summer, and autumn (Figure 6b–d), the vertical distribution of Ep is differ-
ent from that in winter, but the vertical structures of Ep in these three seasons are similar;
namely, there are two relatively separated areas of high upward-propagating Ep. One is in
the low latitudes south of 30◦N, within which the maximum value of Ep appears below
about 35 km; the other is in the middle latitudes near 40◦N, where the maximum value
of Ep appears above about 35 km. The two regions with large Ep are discontinuous in
height and latitude, and the significant regions of GWs in the middle and low latitudes
appear at different heights in these three seasons, which may be related to the different
degrees of dissipation of GWs with height in different regions. As mentioned in Section 3.1,
low-latitude GWs are stronger in the middle and lower stratosphere, and weaker in the
upper stratosphere, whereas mid-latitude GWs tend to propagate to the middle and upper
stratosphere.

To reveal the vertical distribution of Ep in the zonal direction, two latitude belts with
large Ep values at the middle (30–45◦N) and low (15–25◦N) latitudes are selected and
averaged in the meridional direction and then normalized zonally at each height. As high
Ep appears in different regions in different seasons and the Ep in winter and summer is
significantly larger than in spring and autumn, Figure 7 only shows the distribution of Ep
for mid-latitude winter and low-latitude summer.
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In the winter mid-latitude region (Figure 7a), large Ep mainly appears in two longitude
areas, 90–115◦E and 130–145◦E, which correspond to the significant areas of GWs over
northwestern China and the Sea of Japan, respectively. The GWs propagate vertically
upward through the entire height range in two columns. The GWs of the eastern column
are stronger at heights of 20–25 and 40–50 km than those of the western column, and the
GWs of the western column are stronger between 25 and 40 km. This indicates that the
relative intensity of GWs over northwestern China and the Sea of Japan varies with height.

In summer (Figure 7b), the distribution of Ep at low latitudes is characterized by an
upward–eastward column of large values from 20 to 40 km height, which extends nearly
4000 km eastward over this height range. Below 25 km, the column of large values appears
in the area at 70–90◦E, which corresponds to the GWs over the Indian peninsula. The
column expands eastward with an increasing height reaching around 110◦E above the
height of 40 km and extending considerably farther vertically upward; this corresponds to
the GWs over the Indo-China Peninsula. The zonal wind field distribution (dotted lines in
Figure 7b) shows that the low-latitude stratosphere in summer is dominated by easterly
winds, and in the easterly wind background field, the eastward-propagating GWs are
significant, which is similar to the conclusion of Wang et al. [33] in a study of stratospheric
GWs excited by Typhoon Likima. They found that during the upward propagation of GWs,
the fluctuations propagating southward are filtered out, while the fluctuations propagating
northward are retained owing to the presence of northerly winds in the background field.

3.2. The Generation and Propagation Mechanisms of Middle-Latitude GWs in Winter

Many studies have found that topography, strong convection, and the subtropical
jet stream are all potential wave sources of stratospheric GWs [1,34]. In Section 3.1, areas
with large Ep were found in northwestern China in winter, with a noteworthy vertical
distribution: inclined from 30◦ to 40◦N in the lower stratosphere below 25 km. To explore
the formation mechanism of this phenomenon, we analyze the distribution of Ep at heights
of 20 and 25 km (Figure 8). There are two significant centers of large Ep at these two
heights. However, the latitudinal positions of the two high-value centers are different.
At 20 km height (Figure 8a), one large value center is located above the Sichuan Basin in
China near 30◦N (referred to as box A), and the other is located near 40◦N over the Sea
of Japan (referred to as box B). The meridional position of the former center moves with
increasing height. The large value center in box A moves northward to 40◦N (Figure 8b),
while the large-value center in box B moves a little. In the following, we mainly analyze
the mechanism of GW generation in box A. The distribution of the wind field at 200 hPa
(Figure 8a) shows an obvious subtropical jet stream at this altitude in winter. The center
of the maximum value of Ep is located upstream of the jet stream center, which indicates
that the stratospheric GWs in Box A may be related to the subtropical jet stream at 200
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hPa. Therefore, the Box A region is selected to analyze the relationship between winter
stratospheric GWs and the jet stream.
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Figure 9a shows the normalized time series of Ep at 20 km and the normalized time
series of the 200 hPa wind speed in box A, which represents the intensity of GWs and
the subtropical jet stream, respectively. Both are the 5-day averaged time series, and their
correlation coefficient (the black and red solid line in Figure 9a) is 0.66. In order to eliminate
the shorter time scale variation and to be able to clearly explain the relation of seasonal
variation of Ep and the subtropical jet, we performed the Fourier transformation for the
solid line in Figure 9a. The dashed line in Figure 9a represents the seasonal variation.
The wind speed and Ep have similar characteristics of seasonal variation, both reaching
maximum values in winter and minimum values in summer, and the correlation coefficient
between the two dashed lines reaches 0.96. Figure 9b is the result of subtracting the
dashed line from the solid line in Figure 9a, representing a shorter time scale variation
without seasonal variation. The correlation coefficient between the two decreased to 0.22
but passed the 95% confidence test. From Figure 9b, the response of Ep to the wind field
is better in winter and spring, and worse in autumn and summer, indicating that the
subtropical jet stream in winter and spring has a greater impact on the stratospheric GWs
than in summer and autumn. As the significant Ep in Box A has a good match with the
center of the subtropical jet stream, Khan and Jin [35] pointed out that the jet stream is
the main source of the stratosphere GW in winter. Chen et al. [24] also found that the
correlation coefficient between subtropical jet stream and GWs intensity is lower in August
and September. This area is located on the east side of the Tibetan Plateau. Zeng et al. [36]
studied the orographic GWs activity over the Tibetan Plateau based on COSMIC data
and found that the stratospheric GWs activity has a good correlation with elevation in
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the lower stratosphere. The region with high Ep values in winter and spring is located at
90–120◦E (Figure 3 in Zeng et al. [36]), including the Box A region (Figure 9a). Therefore,
the topography may be also the source of GWs in this area. The above analysis suggests
that the lower stratosphere GWs appearing above the Sichuan Basin in winter is partially
generated by the subtropical jet stream and topography, and more research about the wave
sources is needed in the future.
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Note that the center of the maximum Ep on the Sichuan Basin only appears below
22 km in the lower stratosphere. The position of significant Ep moves northward with
height, and above 25 km, the center of the maximum value is stable around 40◦N above 25
km (Figures 6a and 8). In order to explore the reasons for the northward shift of GWs, we
analyze the distribution of the wind field in the stratosphere. The contour lines in Figure 6a
represent the zonal winds. In the stratosphere above 20 km, the zonal wind at low latitudes
(mid-latitudes) is easterly (westerly). In the 20–25 km height layer, the zonal westerly wind
from 30◦ to 45◦N gradually strengthens with latitude, and significant Ep propagates toward
the large wind speed region, similar to that seen by Hindley et al. [17]. The zonal wind
continues to increase in strength north of 45◦N (not shown in the paper); however, the large
values of Ep do not propagate farther northward, but instead propagate vertically at 40◦N.
This may be limited by COSMIC-2 data.

In previous studies, it was proposed that ∂u/∂y is the main reason for the northward
propagation of GWs. Forbes et al. [37] studied the distribution of GWs in the tropical south-
ern hemisphere and found that the GWs would move southward by 15◦ focusing toward
the easterly jet core. They also found the ∂u/∂y plays a crucial role in the propagation of
the GWs and explained the formation mechanism of this phenomenon using the theory
of Dunkerton [38]. Dunkerton [38] gave the horizontal refraction as dl/dt= −k∂u/∂y and
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when dl/dt > 0, GWs are refracted northward. Dunkerton’s [38] view is that the stationary
waves were rotated by the transverse horizontal shear and then propagated into the polar
night jet. According to this method, we calculate the distribution of ∂u/∂y (Figure 10).
It can be seen that ∂u/∂y from 30◦ to 42◦N is significantly greater than the 0.9 × 10−5/s,
that is ∂u/∂y > 0. U ≥ 0 allows westward propagation of vertically propagating waves,
indicating that k ≤ 0. Thus, the horizontal refraction dl/dt= −k∂u/∂y is greater than zero.
This effect is to focus the GWs toward the north. During the upward propagation of the
GWs excited by subtropical jet stream above the Sichuan Basin, they encounter a region of
∂u/∂y > 0, and the column shifts to the north. Under this propagation mechanism, GWs
should continue to move northward to the center of the jet stream. However, due to the
limitations on the availability of the COSMIC-2 data, the propagation column north of
45◦N cannot be seen. This shows that the activity of stratospheric GWs is not only related
to the excitation source in the troposphere, but also to the background circulation in the
stratosphere. GWs are sensitive to the stratosphere wind field, and the horizontal gradient
value of the zonal wind can act as a refraction factor for stratospheric GWs.
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4. Conclusions

COSMIC-2 dry temperature profile data for the past two years were used to study
stratospheric GWs in the Asian monsoon region. The GW information was first extracted,
and then, the Ep was calculated. The stratosphere at heights between 20 and 50 km was
divided into the lower, middle, and high layers according to the vertical distribution of the
area mean Ep. The horizontal distribution on these three layers, the vertical distribution,
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and its seasonal variation of Ep were analyzed. Then, the generation mechanism of mid-
latitude GWs in winter was explored. The main conclusions are as follows:

The distribution of GW Ep in the stratosphere has obvious seasonal variation, which is
more evident in the lower and middle layers than in the upper stratosphere. Significant Ep
appears in the mid-latitude region around 40◦N in winter, and the center of the maximum
values lies over northwestern China and the Sea of Japan. In contrast, the most significant
Ep appears in the tropical region south of 30◦N in summer, and the large-value center of
Ep is located over the Indian Peninsula. The Ep values in spring and autumn are smaller
than those in winter and summer, and the distributions of Ep are similar in the lower
stratosphere for these two seasons, with areas of large Ep in both middle and low latitudes.
In addition to the areas with large Ep in the middle and low latitudes, there are also
meridional belts of large Ep extending from south to north in the middle stratosphere in
spring and summer. The area with large Ep in the upper layer is mainly in the middle
latitudes, which indicates that the GWs in the tropics weaken rapidly during upward
propagation, whereas the GWs in the middle latitudes tend to propagate into the upper
layer.

The seasonal variation of GWs is accompanied by the evolution of the Asian monsoon.
When the winter monsoon and the subtropical jet stream are at their strongest, the mid-
latitude GWs are most significant. In summer, owing to the successive outbreaks of the East
and South Asian monsoons, significant Ep first appears over the Indo-China Peninsula and
the Indian Peninsula, and a belt of large Ep extends from the eastern mainland of China
to the Korean Peninsula, which may be related to the northward movement of the rain
belt in eastern China caused by the summer monsoon. In spring and autumn, when the
winter monsoon and summer monsoon are in transition, the Ep values in the middle and
low latitudes are weaker than those in summer and winter.

In winter, a GW column propagates northward and upward in the meridional range
of the 100◦E–110◦E; thus, part of the wave source of GWs in the middle latitudes in winter
can be traced back to the Sichuan Basin and even farther south. Our analysis finds that the
GWs on the Sichuan Basin are the result of the subtropical jet stream and topography. After
GWs enter the stratosphere, an area of positive ∂u/∂y appearing at 30–35◦N in the lower
layer of the stratosphere acts as a refraction factor that regulates the vertical propagation
column of GWs. The GWs shift northward due to the refraction of ∂u/∂y. However, due
to the range limitation of COSMIC-2, it is not known whether the GW continues to move
north. Therefore, it is necessary to combine other satellite data to study the propagation of
GWs in future research.
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