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Abstract: The mechanical oscillator mechanism (MOM) for stratospheric gravity waves generated by
convection is investigated with a dynamics model using the two-dimensional, nonhydrostatic and
linear governing equations based on the Boussinesq approximation. The model is solved analytically
with a fixed buoyancy oscillation (BO) at the tropopause as the boundary conditions. Results show
that this BO is the source of stratospheric gravity waves and the MOM is the generation mechanism.
The characteristics of the stratospheric gravity waves not only depend on the BO, but also rely on the
stratospheric state, such as the background wind and the buoyancy frequency. When the vertical
wavenumbers of the stratospheric gravity waves are close to those of the intrinsic characteristic
waves (ICWs), which are the model solution without BO forcing at the tropopause, resonance
occurs. Under the resonance conditions, the amplitudes of the stratospheric gravity waves increase
significantly, even for low BO intensity. The background wind in the stratosphere has a large effect
on wave resonance. Finally, numerical simulation results of a low-vortex system also verify that the
MOM is the generation mechanism of stratospheric gravity waves generated by convection.
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1. Introduction

As an important dynamic process in the stratosphere, the gravity waves play an important role in
the transfer of energy and momentum in the stratosphere, and significantly affect general atmospheric
circulation [1–5]. The generation mechanism of stratospheric gravity waves has; thus, long been
the subject of research in atmospheric dynamics. Generally, gravity waves can be initiated by
topographic forcing [6] and ageostrophic motion, such as fronts, tropical vortexes, and jet shears in
the troposphere [7–10], and can be generated by updrafts resulted from convergent and divergent
circulation in these systems. In a moist atmosphere, these systems can produce rainstorms and
thunderstorms, which can enhance deep convection by releasing latent heat. Among the many
sources of gravity waves, convection in the troposphere is a notable generator of non-stationary
gravity waves [11–15].

Currently, there are mainly three mechanisms for stratospheric gravity waves generated by
convection: the pure thermal forcing mechanism [16–19], the obstacle-effect or instantaneous “terrain”
effect mechanism [7,20,21], and the mechanical oscillator mechanism (MOM) [22–24]. The MOM
was first proposed by Pierce and Coroniti [22], and then developed and verified by Fovell et al. [23],
Alexander et al. [24], and Lane et al. [25,26]. This mechanism asserts that the updraft within a
convective system decelerates rapidly when it reaches the neutral buoyancy layer near the tropopause,
where oscillations begin to occur [15,27,28]. Subsequently, vertically propagating gravity waves are
forced in the stratosphere, similar to that in stratified fluid, such that the convective cells can be
regarded as transient mechanical oscillators [23,29].
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Fovell et al. [23] researched the excitation and vertical propagation of stratospheric gravity waves
through a two-dimensional model describing the mesoscale convective storms, and found that the
waves whose periods match the primary periods of the forcing are generated by mechanical forcing
from oscillatory updrafts. Because of the background wind, the spectral characteristics of waves are
distributed anisotropically. Wang et al. [15] investigated the generation, structure, and characteristics
of mesoscale gravity waves in the Mei-Yu front systems in Asia by performing numerical simulations
using the Weather Research and Forecasting (WRF) model, and found that gravity waves are generated
during the development of moist convection, and, importantly, that these waves do not directly
propagate into the stratosphere from the troposphere but are initiated by the MOM near the tropopause.

Although the MOM is a well-known description of the generation of stratospheric gravity
waves from convection, there is still insufficient theoretical analysis of this mechanism. In this work,
the dynamics model which are two-dimensional, nonhydrostatic, and linear, are formulated and solved
analytically with boundary conditions of a buoyancy oscillation (BO) forcing around the tropopause.
Resonance between waves caused by the forcing at the lower boundary and intrinsic waves is also
investigated. Finally, the existence of gravity waves is revealed by numerical simulation results of a
low-vortex system accompanied by a rainstorm during the Mei-Yu period in southwest China.

2. Dynamics

2.1. Governing Equations and Boundary Conditions

The two-dimensional, non-hydrostatic, linear equations based on Boussinesq approximation are
used in the lower stratosphere. Waves are assumed to propagate along the x direction. The background
wind u is assumed to be in the same direction as the waves propagate (i.e., u = u(z), v = 0).
Thus, the governing equations in a stable stratosphere are as follows [30]:

(
∂
∂t + u ∂

∂x

)
v + f ∂ψ∂z = 0(

∂
∂t + u ∂

∂x

)
θ− f du

dz v−N2
0
∂ψ
∂x = Q(

∂
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∂x

)
∇

2ψ− f ∂v
∂z +
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∂x −

d2u
dz2

∂ψ
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, (1)

where ∇2 = ∂2/∂x2 + ∂2/∂z2, and (u, v, w,θ) ≡ (ρu′,ρv′,ρw′,ρgθ′/θ0). Here, u′, v′, w′ and θ′ are the
perturbations of velocity and potential temperature, respectively, and ρ(z) is the vertical distribution
of the static density. The potential temperature in the stratosphere θ0, the acceleration by gravity
g, and the Coriolis parameter f are all constant; ψ is the disturbance momentum flow function,
and satisfies the condition that u = ∂ ψ/∂ z,w = −∂ ψ/∂ x; N2

0(z) = (g/θ0)∂θ/∂z is the squared
Brunt–Väisälä frequency.

The bottom boundary of the stratosphere (at level z = 0) is supposed to be the tropopause,
where BO forced by strong convection can arise. The BO is assumed to propagate along the x direction
in the form of simple harmonic waves, such that the bottom boundary conditions can be expressed as

z = 0, w = ρ0W′0 cos(kx− σt), (2)

where σ is the frequency, k is the horizontal wavenumber, ρ0 is the static density at the tropopause,
W′0 is the amplitude of w′, and W0 = ρ0W′0 is the amplitude of the BO.

The upper boundary can be regarded as a rigid wall described as

z = H, w = 0, (3)

where H is the depth of the low stratosphere. Because we mainly focus on the waves caused by the
BO in this paper, so we do not take account of the role of diabatic heating and set Q = 0. Besides,
the Brunt–Väisälä frequency in the stratosphere can be approximately set as a constant.
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Assuming that the solution of Equation (1) has the same frequency and wavenumber as those of
the forced oscillation of Equation (2), it can be written as

v
θ
ψ

 =


V(z) cos(kx− σt)
Θ(z) sin(kx− σt)
Ψ(z) sin(kx− σt)

, (4)

where V(z), Θ(z) and Ψ(z) are the amplitudes of v, θ, and ψ, respectively, and they are all real
functions of altitude z. Inserting Equation (4) into Equations (1)–(3), we can get the amplitude
equations and boundary conditions:

(uk− σ)V − f dΨ
dz = 0

(uk− σ)Θ − f du
dz V − kN2

0Ψ = 0

(uk− σ)( d2Ψ
dz2 − k2Ψ) − f dV

dz + kΘ − k d2u
dz2 Ψ = 0

z = 0, Ψ = −W0/k = Ψ0; z = H, Ψ = 0

. (5)

We can eliminate V and Θ in Equation (5), and yield the Taylor–Goldstein equation for Ψ,

d2Ψ
dz2 + k2

N2
0 −ω

2

ω2 − f 2 Ψ = 0, (6)

where ω = σ − uk is the intrinsic frequency of the forced gravity wave (FGW).
When (N2

0 −ω
2)/(ω2

− f 2) < 0, we can get the solution of external gravity waves. In this paper,
we mainly discuss the solution of internal gravity waves. That is (N2

0 −ω
2)/(ω2

− f 2) > 0, and ω2

satisfy N2
0 > ω

2 > f 2 or N2
0 < ω2 < f 2. As N2

0 > f 2 is always the case, ω2 must satisfy f 2 < ω2 < N2
0,

which are necessary and sufficient conditions for the existence of internal gravity waves. Combining
Equation (6) and the boundary conditions, we can get the amplitude solution of the disturbance
momentum flow function

Ψ =
Ψ0

sin(ηH)
sin[η(H − z)]. (7)

Then, the solution of FGW can be calculated as follows:

ψ =
Ψ0

sin(ηH)
sin[η(H − z)] sin(kx− σt) (8a)

v = −
f
ω

dΨ
dz

=
fηΨ0

ω sin(ηH)
cos[η(H − z)] cos(kx− σt) (8b)
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kN2

0

ω
Ψ = −

kN2
0Ψ0

ω sin(ηH)
sin[η(H − z)] sin(kx− σt) (8c)

u =
∂ ψ

∂ z
= −

ηΨ0

sin(ηH)
cos[η(H − z)] sin(kx− σt) (8d)

w = −
∂ ψ

∂ x
= −

kΨ0

sin(ηH)
sin[η(H − z)] cos(kx− σt), (8e)

where η = k
√(

N2
0 −ω

2
)
/(ω2 − f 2) > 0 is the vertical wavenumber of the FGW, and the vertical

wavelength is Lz = 2π/η. Equation (8) indicates that the FGW generated by the BO can propagate
horizontally and vertically, differently from the BO only propagating horizontally. In addition,
the MOM is the generation mechanism of stratospheric gravity waves.
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2.2. Wave Resonance

When the BO forcing at the tropopause is considered as zero, the bottom boundary conditions of
Equation (1) are

z = 0, Ψ = 0. (9)

If the eigenvalue problem of Equation (6) with the boundary condition (9) has nonzero solutions,
the frequency of the intrinsic characteristic wave (ICW) can be derived as

σ̃ = k̃u±

√√√√√√ k̃2N2
0 +

(
lπ
H

)2
f 2

k̃2 +
(

lπ
H

)2 = k̃u±

√√
k̃2N2

0H2 + l2π2 f 2

k̃2H2 + l2π2
; l = 1, 2, 3, · · · , (10)

where k̃ and l are the horizontal wavenumber and the vertical mode number of the ICW, respectively.
When the vertical mode number l = 1, the vertical structure of the characteristic wave has a half-wave
form, while l = 2, it has one wave form, and so on. The vertical structure of the wave can be written as

Ψ(z) = C sin(
lπ
H

z) = C sin(η̃z), (11)

where C is the ICW amplitude, and the vertical wavenumber is

η̃ = lπ/H = k̃
√(

N2
0 − ω̃

2
)
/(ω̃2 − f 2). (12)

The ICW frequency after Doppler shifting by the background wind u is

ω̃ = σ̃− ũk. (13)

When the stratospheric environmental parameters N0, u, H, and f are known, the frequency

ω̃ can be calculated for the given mode number l and the horizontal wavenumber k̃ using
Equations (10) and (13).

When the frequency and horizontal wavenumber of the FGW generated by the BO in the
stratosphere are close to those of the ICW, i.e., σ ≈ σ̃ and k ≈ k̃, the frequency after Doppler shifting
by the background wind and vertical wavenumber of the FGW will be the same as those of the ICW;
i.e., ω ≈ ω̃ and η ≈ η̃. Subsequently, we can get sin(ηH) ≈ sin(η̃H) = sin(lπ) = 0. Consequently,
the denominator sin(ηH) in Equation (8) will then be close to 0, which means that the amplitude of the
FGW in the stratosphere will be infinite (i.e., the FGW resonates with the ICW). Thus, we can conclude
that the necessary and sufficient condition for resonance of the FGW and the ICW is

η = η̃ = lπ/H. (14)

When resonance occurs, the amplitude of the gravity wave will be extremely large, even though
the intensity of the forcing oscillation Ψ0 is very small.

2.3. Analytical Results

In this section, the analytical solution for the FGW described above is calculated. The parameters
are supposed to be H = 9 km, f = 10−4 s−1 and N2

0 = 4.39× 10−4 s−2. We use 40 vertical layers with
225 m vertical grid spacing in the calculations. The BO amplitude at the tropopause is set to be
W0 = 0.01 kg ·m−2s−1. Suppose that the BO horizontal wavelength is L = 100 km (the wavenumber is
k = 2π/L) and the period is T = 6 h (the frequency is σ = 2π/T). The background flow u has values
of 0, −10, and −10.44 m s−1 as three cases (Table 1).
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Table 1. Parameters of the forced gravity waves for three different background flows.

Background
Flow (m s−1)

Horizontal Wave
Speed (m s−1)

Vertical
Wavelength (km)

Largest Amplitude
(kg·m−2s−1)

Case 1 u = 0 4.63 1.3 0.017
Case 2 u = −10 4.63 4.37 0.03
Case 3 u = −10.44 4.63 4.5 2.4

Figure 1 shows the results of the amplitudes of the vertical velocity of the FGW for three different
background flows by Equation (8e). The vertical structure of the FGW varies with the background
flow. The FGW wavelength is determined not only by the wave parameters of the BO, but also
by the stratospheric environment (e.g., the background wind and the Brunt–Väisälä frequency).
The horizontal wave speed, the vertical wavelength, and the largest amplitude of the FGW for three
different background flow cases are listed in Table 1. The positive (negative) background wind implies
the westerly (easterly) wind. The FGW propagates eastward, in contrast to the background flow,
and the background flow does not change the horizontal propagation speed of the FGW. The vertical
wavelength increases as the east wind increases.
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Figure 1. Vertical profiles of W(kg ·m−2s−1 ) for three different background flows: u = 0, −10,
and −10.44 m s−1. The horizontal coordinate is the amplitude of W and the vertical coordinate
represents the vertical height in the lower stratosphere. The level z = 0 indicates the bottom of the
lower stratosphere. Note that the amplitudes for u = 0 m s−1 and u = −10 m s−1 have been increased
by a factor of 40.

As shown in Figure 1 and Table 1, when the background flows are 0 and −10 m s−1, the maximum
amplitudes of the FGW vertical velocity are 0.017 and 0.03 kg ·m−2s−1, respectively, which are
comparable to the amplitudes of the BO. However, when the background flow is −10.44 m s−1,
the amplitude of the FGW increases to 2.4 kg ·m−2s−1, which is two orders of magnitude greater
than the BO amplitude. Under these conditions, the vertical wavenumber is η = 1.397 × 10−3 m−1,
and sin(ηH) = 0.04, which is close to 0. If the vertical mode is l = 4 (i.e., lπ/H = 4 × π/9000 =

1.296× 10−3 m−1), then η ≈ lπ/H, which approximately satisfies the sufficient and necessary conditions
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for resonance of the FGW and ICW. When the resonance occurs, although the intensity of the BO is
small, the amplitude of the FGW in the stratosphere may be very large. The background wind in
the stratosphere has a large effect on wave resonance. The background wind speed in case 3 is only
0.44 m s−1 higher than that in case 2, but there is no resonance in case 2.

When the analytical solutions are recalculated with different values of the height H (the results
are not shown), it is found that the height H really has an effect on the structure of gravity waves,
as well as the occurrence of the resonance. However, the value of height H has no influence on
the form of the analytical solutions. Moreover, for easy theoretical solution, the upper boundary
condition is ideally regarded as a rigid wall. In the realistic atmosphere, the H can be set very large
because the stratosphere is a consistent stable stratification. Through the analysis of the theoretical and
computational results from different H, it is found that the H does not change the basic properties of
gravity waves. Thus, the results can provide theoretical reference to investigate the characteristics of
gravity waves.

Combining ω = σ − uk and η = k
√(

N2
0 −ω

2
)
/(ω2 − f 2), we investigate the relationship of the

horizontal wavelength and the frequency with the vertical wavelength, respectively. In the calculation,
the parameters are set to be f = 10−4 s−1, u = 0 m s−1, T = 2 h and N2

0 = 4 × 10−4 s−2. The results
show that the vertical wavelength is proportional to the horizontal wavelength and the former is two
orders of magnitude smaller than the latter. The vertical wavelength has a value between 8.6 and
13 km when the horizontal wavelength is between 200 and 300 km (Figure 2a). In the idealized Mei-Yu
front system from Wang et al. [15], the mean horizontal wavelengths of medium-scale waves upstream
and downstream in the lower stratosphere could be estimated as 286 and 276 km and the vertical
wavelengths as 17.2 and 11.6 km, respectively, while the mean background wind in their study is about
7 m s−1. The results in this study are close to those of Wang et al. [15]. When the parameters are set
to be f = 10−4 s−1,u = 0 m s−1, L = 100 km and N2

0 = 4× 10−4 s−2, the results show that the vertical
wavelength has nonlinear positive correlation with the frequency. However, the vertical wavelength
of the gravity wave in the lower stratosphere rarely exceeds 25 km. Thus, Figure 2b only shows the
situation where the vertical wavelength is below 25 km.
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3. Numerical Simulations

3.1. Model

Here, the results of our theoretical analysis are compared with the gravity waves from simulations
of the real atmosphere. To obtain high spatial and temporal resolution data, a simulation of a heavy
rainfall event that occurred in the Yangtze River Basin of China on 18 June 2011 was performed
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using the Weather Research and Forecasting (WRF) Model version 3.6. An analysis of this weather
event indicates that the mesoscale system which triggered the precipitation was a low vortex moving
eastward, which in China is known as a Southwest Vortex. This low vortex generated to the west
of Chongqing developed gradually, and finally moved eastward into the East China Sea after ~48 h.
The stratospheric gravity waves generated by convection were simulated and investigated. The NCEP
(National Centers for Environmental Prediction) reanalysis dataset with a resolution of 1◦ × 1◦ was
used for the initial and boundary conditions in the simulation, and hourly precipitation data from
automated station measurements in China and CMORPH (CPC MORPHing technique) (http://data.
cma.cn/data/cdcdetail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10.html) were
used to evaluate the model results.

3.2. Results

Figure 3a,b shows the 12 h accumulated precipitation from 1200 UTC 17 June to 0000 UTC 18 June
based on observations and simulations. It can be found that the precipitation can be divided into two
parts in the red boxes A and B, respectively (Figure 3b). The precipitation in the red box A, which is
located in the middle and lower reaches of the Yangtze River, distributes as East-West belt-shaped.
The precipitation in red box B is a semicircular pattern in the southwest of the box A. The simulated
precipitation (Figure 3a) is slightly higher than the observed one (Figure 3b). However, the simulation
nonetheless adequately reflects the patterns and locations of the rainfall. Therefore, the simulation
results can be suitable for the analysis of the characteristics of gravity waves.

Figure 3c,d show the vertical distribution of the Brunt–Väisälä frequency and the zonal wind
averaged over the whole domain shown in Figure 3a. In Figure 3c, the Brunt–Väisälä frequency
decreases with altitude from 2 to 13 km, reaches a minimum at 13 km, increases significantly from 13 to
19 km, and is relatively constant but slowly decreases above 19 km. Figure 3d shows that the direction
of wind changes near 17 km, with westerly wind below and easterly wind above. The easterly wind
speed above 19 km is relatively constant at 12 m s−1. Based on the vertical distribution of wind and
the Brunt–Väisälä frequency, we conclude that the tropopause of the low vortex system is near 17 km,
which is consistent with analyses of the Mei-Yu front [15,31]. In the lower stratosphere, the background
wind is easterly wind with a wind speed of ~12 m s−1, the Brunt–Väisälä frequency N0 is ~0.023 s−1,
the corresponding stratification parameter is N2

0 = 5 × 10−4 s−2, and the background wind near the
tropopause is very small.

The distributions of vertical velocity and horizontal wind are shown in Figure 4a,b. In Figure 4a,
the center of the low vortex is located at (30◦N, 112.5◦E) (the junction of Hubei and Hunan Provinces,
in China). There are rain belts on the east and south sides of the low vortex center, and the 12 h
accumulated precipitation in the center of the rain belt reaches 110 mm (Figure 3a). The deep convection
accompanying the heavy rainfall and latent heating from convection are conducive to the generation
of gravity waves [32]. Near both the tropopause (z = 18 km) and in the lower stratosphere (z = 26 km),
the wave patterns of vertical velocity with positive and negative phases appear south of the low vortex
center. Nevertheless, the wave structure at z = 26 km in the lower stratosphere is more noticeable,
and the magnitude of vertical velocity is larger than that at z = 18 km. As shown in Figure 4b, the wave
phase lines at z = 26 km are generally distributed from north to south, and are nearly perpendicular to
the background wind (easterly wind).

To better detect the waves, the vertical velocity in Figure 4c,d is filtered by the 50–200 km bandpass
filter [10,15]. Figure 4c shows a time–longitude distribution of the 50–200 km bandpass-filtered vertical
velocity at z = 18 km along the red line in Figure 4a, to illustrate the detailed propagation and evolution
of the waves. It clearly shows that the waves at z = 18 km propagate eastward. However, the zonal wind
at z = 18 km is easterly wind (Figure 3d), and the gravity waves propagate against the background wind
direction as the same wave characteristics in Kim et al. [33]. In addition, the horizontal wavelength of
the gravity wave is ~100 km.

http://data.cma.cn/data/cdcdetail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10.html
http://data.cma.cn/data/cdcdetail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10.html
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Figure 4d shows the vertical cross-section of vertical velocity along the red line in Figure 4a.
We have made many cross-sections of the vertical velocity along different latitudes near the rainfall
area. Through the analyses of the cross-sections of the vertical velocity, we find similar features in
different cross-sections that shows that the distribution of the vertical velocity varies greatly in the
troposphere and stratosphere. Besides, the waves, which are able to propagate to the stratosphere,
are mainly located in the heavy rainfall area. Therefore, in order to display the differences of
waves in the troposphere and stratosphere, we only select the cross-section along the red line in
Figure 4a to investigate the characteristics of the waves. The vertical motion in the troposphere is
stronger than that in the stratosphere, and positive and negative regions of vertical velocity related
to the strong convection are vertically distributed and propagate along the horizontal direction.
The same wave structures propagating horizontally in the troposphere can also be found in a series of
studies [15,32]. Those positive–negative alternate structures propagating along the horizontal direction
in the upper troposphere are more likely to be wave activities generated by convection. However, in the
stratosphere above the tropopause, the phase lines are tilted, which indicates that the gravity wave
in the stratosphere propagates not only in the horizontal direction, but also in the vertical direction.
At this time, the tropopause is the transition layer between the two distinct regions of vertical motion.
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Figure 4. Horizontal distributions of vertical velocity (shading; cm s−1) and horizontal wind (arrows;
m s−1) at 0000 UTC 18 June for (a) z = 18 km and geopotential heights at 700 hPa (blue lines; dagpm),
and (b) z = 26 km and geopotential heights at 22 hPa (blue lines; dagpm). The red lines in (a) and (b)
indicate the same truncated lines of cross-section. (c) Time–longitude distribution of the 50–200 km
bandpass-filtered vertical velocity (units: cm s−1) at z = 18 km along the red line in (a) from 1800 UTC
17 June to 0600 UTC 18 June, and (d) the vertical cross-section of vertical velocity (shading; cm s−1)
along the red line in (a).

In Figure 4d, it can be found that the positive–negative alternate structures of vertical velocity in
the upper troposphere strike the tropopause. Especially, this phenomenon near 113◦ E is extremely
prominent. Thus, the fluctuation at 15–17 km is a key factor connecting tropospheric convection and
stratospheric wave. This fluctuation propagating horizontally can be regarded as a BO which produces
vertically propagating waves in the stratosphere, and the BO is related to convection in the troposphere.
In the study of Fovell et al. [23], they used different forcing sources in the upper troposphere and the
phase lines of these forcing generated gravity waves tilted from the vertical direction in the stratosphere.
In addition, the structure of the waves in Figure 4 is similar to that in the study of Fovell et al. [23].
Therefore, the BO is caused by the strong convection at the tropopause, and the stratospheric gravity
wave is the response to this forcing, which indicates that the mechanical oscillator mechanism is indeed
an important mechanism for stratospheric gravity waves generated by strong convection.

It can also be found that not all the buoyancy oscillation in the troposphere can generate prominent
stratospheric gravity waves, while the amplitude of the stratospheric gravity waves near 113◦ E is the
largest. As the results of the analysis in Section 3.2, the background wind in the lower stratosphere is
an important factor to affect resonance, and the resonance can select the specific wave and make the
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wave amplitude increase significantly. Thus, the resonance may occur near 113◦ E and the vertical
wavenumbers of gravity waves in the lower stratosphere may be close to that of the ICWs. We can also
regard this situation as the resonance selectivity of the stratospheric environment.

4. Conclusions

The mesoscale convection is a ubiquitous phenomenon in the troposphere, and convection is an
important source of stratospheric gravity waves. To explore the mechanism of stratospheric gravity
waves generated by convection is an important scientific problem.

In this paper, taking the tropopause as the bottom boundary and using the non-hydrostatic,
two-dimensional, and linear equations, we investigate the generation of gravity waves in the lower
stratosphere. The analytical solution of gravity waves in the stratosphere is derived under conditions
of forced bottom boundary. This FGW solution can be used as a theoretical description of the MOM for
stratospheric gravity waves generated by convection. This gravity wave generation mechanism is
based on a response to BO forcing at the tropopause.

The theoretical solution indicates that the properties of the FGW, such as wavelength, frequency,
and amplitude, are related to those of the BO at the tropopause, and are also affected by the stratospheric
environment, particularly the background wind. When the vertical wavenumber of the FGW is close
to that of the ICW, resonance occurs. From the analytical results, we can find that the amplitude of the
gravity wave in the stratosphere is much larger than that of the BO when the vertical wavenumber is
close to that of the ICW. This resonance suggests that the stratospheric environment can select the FGWs
with the same vertical wavenumber, and make the waves be dominated in the stratosphere. Through
the relationship between wavenumber and frequency, we can also get that the vertical wavelength has
positive correlation with the horizontal wavenumber and the frequency.

The numerical simulation results of a low vortex system accompanying a rainstorm validate the
mechanical oscillator mechanism for stratospheric gravity waves generated by convection. The forcing
oscillation caused by strong convection exists near the tropopause, and FGWs in the stratosphere are
the response to BOs, which indicates that the mechanical oscillator mechanism is indeed an important
mechanism by which convection generates stratospheric gravity waves.
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