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ABSTRACT: The generation of multiple wave couplets with deep tropospheric downdrafts/updrafts by convection is ex-
plored through idealized 2Dmoist numerical simulations as well as dry experiments with prescribed artificial latent heating.
These wave couplets are capable of horizontally propagating over a long distance at a fast speed with vertical motions span-
ning the entire troposphere. The timing of wave generation is determined by the variation in the local heating rate, which
arose from the imbalances among latent heating, nonlinear advection, and adiabatic heating/cooling. The amplitudes of
wave couplets also correspond well with the strength of the local heating rate. The heat budget analysis highlights the cru-
cial roles of both latent heating and nonlinear advection in the generation of the tropospheric wave couplets. Strong latent
heating induces the thermodynamic imbalance and thus triggers waves. Meanwhile, latent heating also increases vertical
motion in the source region and thus enhances nonlinear advection through transferring heat upward. Nonlinear advection,
which has a comparable magnitude to latent heating in the upper troposphere, partially offsets the balancing effect of adia-
batic heating/cooling, and results in a more persistent imbalance at high levels, allowing for the emission of consecutive
waves even when latent heating becomes weak. In the simulation with weak nonlinear advection, fewer wave couplets are
found, as the effect of latent heating is more easily offset by adiabatic cooling before it weakens.

SIGNIFICANCE STATEMENT: The generation of gravity waves in the troposphere by convection is of significant
importance in the fields of atmospheric science and meteorology. The waves play a crucial role in the initiation and or-
ganization of convection, and the parameterization of wave momentum flux in global numerical models. This study
aimed to investigate the generation of wave couplets in the troposphere through idealized numerical simulations with
varying prescribed latent heating. The results showed that gravity wave couplets were generated in succession as a re-
sult of the imbalances among latent heating, nonlinear advection, and adiabatic heating/cooling. This study highlighted
an important but yet complex issue of gravity waves being generated within convection by nonlinear sources other than
latent heating, which had been neglected in many recent studies on the topic. These findings deepened our understand-
ing of convectively generated gravity waves and paved the way for coupled wave–convection relationship studies.
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1. Introduction

As ubiquitous entities observed in the global atmosphere,
gravity waves can be generated by a variety of sources (Fritts
and Alexander 2003). Convection, orography, flow imbalance
associated with fronts and jets, shear instability, and diurnal
land–sea contrast have been documented to generate waves
with different characteristics and mechanisms (Durran 1990;
Lane and Clark 2002; Plougonven and Zhang 2014; Lane
2015; Wang et al. 2018; Du and Rotunno 2015, 2018; Fang and
Du 2022). A great proportion of gravity waves in both the tro-
posphere and middle atmosphere have been shown to be gen-
erated by convection through theoretical studies (Nicholls
et al. 1991, hereafter NPC91; Beres 2004), observations
(Stephan et al. 2016), and numerical simulations (Bretherton
and Smolarkiewicz 1989; Lane et al. 2001), and these waves are re-
ferred to as “convectively generated gravity waves.” Convectively
generated gravity waves exert important impacts on the atmo-
sphere. For example, they favor convection initiation (e.g., Su and

Zhai 2017; Wilson et al. 2018), organization (e.g., Shige and
Satomura 2001; Lane and Zhang 2011), and maintenance (e.g.,
Stechmann and Majda 2009; Du and Zhang 2019) by changing
the cloud environment and providing lifting. A comprehensive un-
derstanding of the way in which convection gives rise to gravity
waves is fundamental to both finer weather prediction (Du et al.
2021) and realistic parameterizations in current general circulation
models (Song et al. 2003; Halliday et al. 2018).

During convection, multiple gravity wave couplets, consist-
ing of alternating downdrafts and updrafts that cover the
whole troposphere, are often reported in both observations
and simulations (Alexander et al. 2006; Adams-Selin and
Johnson 2013; Su and Zhai 2017). These wave couplets en-
compass a broad spectrum of frequencies with dispersion re-
lation determined by

v2 5
N2k2

k2 1 m2 , (1)

where N is the Brunt–Väisälä frequency. Their angle of
energy propagation from the vertical a can be calculated
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cota 5
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N 2 2 v2
√ : (2)

Hence, low-frequency wave couplets can propagate for a long
horizontal distance with little vertical energy escape (Pandya
et al. 2000), while high-frequency waves can only travel a lim-
ited distance without a trapping/ducting mechanism (e.g.,
Lindzen and Tung 1976; Ralph et al. 1993; Fovell et al. 2006).
As a result, higher-frequency waves triggered in the evolution
of convection have been paid less attention in previous studies
due to their large vertical component of group velocities.

For wave generation, the deep heating mechanism (e.g., Fovell
2002; Beres 2004), which emphasizes the role of diabatic heating
in deep convection, has been broadly applied to explain the gen-
eration of wave couplets propagating outward from a convective
system. Since these deep tropospheric wave couplets mostly fea-
ture a maximum amplitude at the midlevel, they are linked to
the first vertical mode (n 5 1, the first baroclinic mode) of the
diabatic heating profile (NPC91; Mapes 1993) due to latent heat
release. The second baroclinic wave mode (n 5 2) features op-
posite vertical movements over the lower and upper halves of
the troposphere, and n 5 3 wave is associated with ascent
(descent) in the middle third of the troposphere. The dispersion
relation for these waves is calculated assuming hydrostatic bal-
ance that

v2 5
N2k2

m2 , (3)

and the horizontal wave speed in an atmosphere at rest, c, can
be estimated as

c 5
ND
np

, (4)

where D denotes the vertical distance between the top of the
heating layer and the bottom of the cooling layer, and n repre-
sents the wave nodes in the diabatic heating profile. Note that
the depth of the heating layerD is roughly equal to the height
of tropopause H in deep convection. However, energy leakage
to the stratosphere has been found to influence the wave ampli-
tude (Pandya et al. 1993; Halliday et al. 2018). In addition, non-
hydrostatic effects (Pandya et al. 1993; Seo et al. 2018) should
also be considered when the mechanism is applied to explain
waves generated by a shallower convection (D, H).

Nonlinear motions within clouds have also been proposed to
play a role in generating gravity waves (e.g., Lane 2015). Non-
linear advection associated with buoyancy-driven circulation
can perturb the level of neutral buoyancy (LNB) and produce
waves at and above the tropopause (e.g., stratosphere) through
the mechanical oscillator mechanism (Lane et al. 2001). How-
ever, the contribution of nonlinear advection to wave genera-
tion in the troposphere is not well understood. In Lane and
Reeder (2001), it was found that the time scale of nonlinear ad-
vection is approximately half of the latent heating time scale,
and the two can act to balance or counteract each other. Ac-
cording to (2), the shorter time scales correspond to more verti-
cal propagation of wave energy. Song et al. (2003) found that
the effective diabatic forcing and nonlinear forcing are

comparable but out of phase with each other. In addition, Wang
et al. (2018) showed that gravity waves with smaller amplitudes
can still appear in their mei-yu front simulation even when latent
heating was set to zero in microphysical processes. All of these
results suggest the importance of both forcings (latent heating
and nonlinear advection) to wave generation, leading to a com-
plex and intriguing question of how these two forcings cooperate
in feeding wave generation during convection.

Recent studies by Adams-Selin (2020, hereafter AS20) and
Groff et al. (2021) argued that n 5 1 wave couplets are gener-
ated repeatedly due to variations in the latent heating profile
during the periodic development of mesoscale convective sys-
tem (MCS) updrafts. However, the correlation between n 5 1
waves and latent heating is not always straightforward, as not
all peaks in latent heating correspond to n 5 1 waves (Fig. 1a;
adapted from Fig. 5 in Groff et al. 2021), and the wave ampli-
tude is not necessarily proportional to the intensity of latent
heating. Does the generation of n 5 1 gravity waves exactly and
directly correspond to the temporal variation in latent heating?
Our hypothesis is that other forcings, such as nonlinear advection,
may also play a role in the generation of n 5 1 gravity waves.
Through a simple warm bubble dry experiment (a warm bubble
vertically occupying the whole troposphere, and only placed in
the initial condition), we interestingly found that multiple n 5 1
gravity wave couplets were still generated, although the ampli-
tude of subsequent waves decreased compared to the first couplet
(Fig. 1b). This raises questions about what causes the initial heat-
ing (warm bubble) to excite multiple wave couplets and what the
main convective processes responsible for wave generation are.

FIG. 1. (a) Multiple n 5 1 waves’ response (downward motion;
black lines) to the changes of potential temperature field due to la-
tent heating (shading; K s21). Adapted from Fig. 5 in Groff et al.
(2021). (b) Hovmöller diagram of vertical motion (m s21) at 6 km
AGL in the warm bubble experiment. Black solid and dashed lines
indicate the downward and upward motions of n 5 1 waves,
respectively.
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These issues are worth exploring and will be addressed in the pre-
sent study.

This paper is structured as follows. In section 2, descriptions
of the model configuration and the artificial latent heating
used in dry experiments are presented. Section 3 describes the
convective evolution and associated generating process of
gravity wave couplets in the moist simulation. In section 4,
artificial latent heating emulating convective generation is
used to excite wave couplets in a dry experiment. A detailed
heat budget analysis of wave generation is further assessed
to explore the mechanisms in this section. Section 5 dis-
cusses wave responses to different types of latent heating
and system nonlinearity. Conclusions and discussion are
presented in section 6.

2. Methodology

a. CM1 configuration for moist experiment

Version 20.3 of the “idealized” Cloud Model 1 (CM1; Bryan
and Fritsch 2002) was used to simulate moist deep convection
and associated gravity waves. Coriolis force, surface fluxes, and
radiative processes were not included in our simulations. The
details of the moist simulation (MOIST) design are shown in
Table 1. The lateral boundary conditions were open-radiative,
while the top and bottom boundary conditions were free-slip.
Domain size was 600 km in the x direction, 20 km in the z direc-
tion, and 3 km in the y direction (three grids), and the simulation
can thus be recognized as a two-dimensional simulation. The
time step for model integration was 3 s, with implicit Klemp–
Wilhelmson time splitting technique applied vertically to solve
pressure. A Rayleigh damping region was incorporated with an

inverse e-folding time of 1/300 s21 above 14 km to avoid wave re-
flection from the model top boundary.

The initial condition of the simulation was obtained by modify-
ing the sounding from Weisman and Klemp (1982). Surface mix-
ing ratio (qy) at the initial time was set to 14.3 g kg21, resulting
in a maximum unstable convective available potential energy
(MUCAPE) value of approximately 2500 J kg21. No background
wind or shear was present to simplify our research due to its ef-
fect on wave absorption and dissipation (e.g., Lane and Clark
2002), as well as the asymmetric development of convection (e.g.,
Rotunno et al. 1988). The environmental stratification profiles
are plotted on a skew T–logp diagram in Fig. 2a. Following
AS20, Brunt–Väisälä frequency (N) field was calculated and
interpolated if anywhere was discontinuous below the tropo-
pause to eliminate possible trapping levels (Fig. 2b). A new po-
tential temperature field was obtained according to the new
virtual potential temperature profile retrieved from interpolated
N profile with no change to qy field. To initialize the convection,
a warm bubble approach was employed. The Morrison micro-
physical double-moment parameterization (Morrison et al. 2009)
was used with the hail option.

b. Artificial latent heating

To control experiments on how gravity wave couplets
were generated through convection without actual phase
transition of water, we employed the “toy model” approach
(Markowski and Richardson 2014) using a specified heat
source to emulate latent heating. Following Beres (2004),
the artificial latent heating LH has a Gaussian distribution
in the horizontal and a half-sine structure (n 5 1) in the ver-
tical as

TABLE 1. General CM1 settings and parameter settings for moist and dry experiments.

General settings

CM1 settings Value CM1 settings Value

Horizontal grid spacing 1000 m Damping region .14 km
Vertical grid spacing 250 m Lateral boundary Open radiation
Domain extent 600 km 3 3 km 3 20 km Top and bottom

boundary conditions
Free-slip, zero flux

MOIST
Microphysics scheme Morrison double moment with hail option on

Convection initialization Warm bubble

Dry experiment
No microphysics scheme with prescribed latent heating

Heating rate amplitude
R (K s21)

Temporal variation
Qt(t) (min)

Time of peak
heating tm (min)

Time scale
2st (min)

CTRL 0.08
exp 2

t2 tm
st

( )2[ ]
15 10

Slow_heat 0.08 15 30
Q_linear 0.0008 15 10
Reinforce_heat 0.08

exp 2
t2 tm1

st

( )2[ ]
1

1
2
exp 2

t2 tm2

st

( )2[ ]
15, 30 10

Steady_heat
(0 , t , 50 min)

0.08 2
p
3 arctan(tm 2 |t2 tm |)

25 –
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LH 5
R exp 2

x 2 x0
sx

( )2[ ]
sin

pz
D

( )
Qt(t), 0 # z # D,

0, z . D,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ (5)

where R is the heating rate amplitude. The temporal variation
in latent heating Qt(t) in each experiment is set differently
(Table 1), which will be further introduced in section 2c.

The artificial latent heating LH can therefore replace the
actual latent variation in the potential temperature tendency
equation when moisture is not included:

­u′

­t
52u

­u′

­x
1

­u0
­x

( )
2 y

­u′

­y
1

­u0
­y

( )
2 w

­u′

­z
1

­u0
­z

( )
1 LH 1 res, (6)

where u, y , w, and u are zonal velocity, meridional velocity, ver-
tical velocity, and potential temperature, respectively, with a su-
perscript prime denoting the perturbation from the base-state
value marked by a subscript 0. LH also represents heating and
cooling tendencies from microphysical scheme in the moist envi-
ronment, and the “res” term includes tendencies from moist di-
vergence, turbulence, dissipation, and other optional schemes.

c. Parameter settings for dry experiments

In the control run (CTRL), the moist process was turned
off. To reproduce convectively generated gravity waves as in
the MOIST in a dry environment, parameters were chosen

(Table 1) according to the values simulated in the MOIST ex-
periment. Artificial latent heating was applied with a horizontal
scale (2sx) of approximately 10 km in the zonal direction and
occupying the entire extent of the troposphere (D 5 12 km).
The temporal evolution of the latent heating follows a Gaussian
distribution with the maximum of heating rate reaching at
15 min, with a heating rate (R) of 0.08 K s21 and a time scale
(2st) of 10 min (red solid line in Fig. 3). Basic parameter values
in the MOIST run for CM1 configuration (Table 1) are the
same as those in the CTRL run.

Sensitivity experiments were further conducted to explore how
wave couplets are generated by convection. As seen in Table 1,
most settings for each experiment are the same as those in the
CTRL with only one or two settings changed. This method ena-
bles us to better understand how wave mechanisms work and
make joint contributions to the wave generation. To explore how
the temporal variation in latent heating Qt(t) may influence wave
generation, three forms including Gaussian (blue line in Fig. 3),
arctangent (green dashed line in Fig. 3), and bimodal (red dotted
line in Fig. 3) are used separately in the Slow_heat, Steady_heat,
and Reinforce_heat experiments (Table 1). The magnitude of la-
tent heating is reduced in the Q_linear (red dashed line in Fig. 3)
to understand the role of nonlinear advection in wave generation.
Detailed analysis is presented in sections 4 and 5.

d. Heat budget analysis

Since gravity waves are generated with the aid of buoyancy,
analysis of buoyancy variation can be of great importance.

FIG. 2. Environmental thermodynamic profiles used to initialize all model integrations. (a) Skew T–logp diagram of
the sounding. The red and green lines represent temperature and dewpoint temperature, respectively. The black line
denotes the parcel path and red shaded region indicates CAPE (J kg21). The level of neutral buoyancy (LNB) is
marked with purple line and text. (b) Vertical profile of squared Brunt–Väisälä (N2) frequency (s22).
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Equation (6) is the basis for exploring how convective pro-
cesses influence the variation in potential temperature and
buoyancy. As Lane and Reeder (2001) did in their work, we
define terms in (6) as follows:

­u′/­t︸︷︷︸
local heating rate

5 2u­u′/­x︸���︷︷���︸
horizontal advection

2w­u′/­z︸���︷︷���︸
vertical advection

2w­u0/­z︸���︷︷���︸
adiabatic heating

1 LH︸︷︷︸
latent heating

1 res,

where 2u­u0/­x and 2y(­u0/­y 1 ­u′/­y) are neglected in our
research due to the horizontal homogeneity of the base state
and application of the two-dimensional simulation. The equa-
tion represents the temporal changes of potential temperature
perturbation (local heating rate) resulting from horizontal ad-
vection, vertical advection, adiabatic heating/cooling, and la-
tent heating due to the phase transition of water in the moist
experiment or artificial heat forcing in the dry experiments.

3. Generation of gravity wave couplets by
moist convection

a. Evolution of the convection

Established by a warm bubble, a shallow cloud (Fig. 4a) rap-
idly grows into deep convection at around 22 min (Fig. 4b), with
the overshooting top reaching a height of approximately 14 km.
Note that the updraft has already reached the LNB (approxi-
mately 12 km, Fig. 2a). The intensity of convection is strong,
with a maximum updraft exceeding 35 m s21 despite its short-
lived longevity and the lack of extra low-level lifting. After
25 min of model integration, the convection starts to decay,
characterized by vertical shrinkage of the cloud water and the
appearance of a downdraft in Fig. 4c, followed by a weak rede-
velopment at around 35 min. Interestingly, as shown in Figs. 4c
and 4d, clouds at high levels (denoted by the ice water mixing
ratio) continue to develop into a broad anvil while the forma-
tion of small clouds occurs at middle and low levels. This phe-
nomenon will be explained later in this section.

b. Characteristics of gravity waves

The vertical motions outside the cloud extend the entire
depth of the troposphere with a maximum at middle levels and
propagate outward from the cloud (Fig. 4). Hovmöller diagram
of vertical motion (Fig. 5) further displays similar propagations
at different levels (low, middle, and high levels). According to
their vertical structure and evolution, such vertical motions be-
long to n 5 1 mode of gravity waves (NPC91; AS20). At least
three n 5 1 gravity wave couplets are clearly identified in Fig. 5
(marked by black lines). One wave couplet consists of one
branch of downward motion (solid black lines) and the other of
upward motion (dashed black lines). Other n5 1 wave couplets
are not as clear as the first three due to the overlaying of higher
wave modes generated concurrently (e.g., n 5 2 waves with up-
ward motion in the lower troposphere and downward motion
in the upper troposphere are generated at the same time with
n5 1 upward branches, as indicated by green lines in Fig. 5), es-
pecially in the vicinity of convection.

The present study focuses on one side of the symmetrical
convection development and conducts a detailed analysis of
the n 5 1 wave couplets. Figure 6a provides a close-up view
of Fig. 5b to highlight these waves, which exhibit the largest
amplitudes at the midlevel. These waves are seen to propa-
gate quickly away from the convective region, with a slightly
slower speed near the convective area (X , 40 km in Fig. 6a).
To analyze their spectral characteristics, a two-dimensional
(frequency–horizontal wavenumber) spectrum of the tropo-
spheric vertical motion field is constructed. The black curves
in Fig. 7 correspond to the first three tropospheric modes cal-
culated using the dispersion relation (1). The waves close
to the convection have two strong power peaks that best fit
n 5 1 curve (Figs. 7a,b), which confirms the dominance of n5 1
waves in tropospheric vertical motion field. In a farther region
(X . 40 km in Fig. 6a), the waves with higher frequency
lose energy more significantly due to more vertical propaga-
tion (Figs. 7c,d). Generally, the waves that dominate the
power spectrum are approximately hydrostatic (Fig. 7), with
speeds of 37.45 m s21 (assuming D 5 12 km, N 5 0.0098 s21,
c 5 ND/np). The time–height diagram of potential tempera-
ture perturbation (u′) and horizontal velocity perturbation
(u′) at X 5 50 km (Fig. 6b) further shows the vertical struc-
ture of these waves based on the polarization relationship,
as the maximum downward (upward) motions are quarter
downstream of the maximum (minimum) potential tempera-
ture (horizontal velocity) perturbation.

The effects of gravity waves on the cloud environment are
also shown in Fig. 6c by taking MUCAPE as an example. It is
evident that warming and drying (cooling and moistening) asso-
ciated with the downward (upward) motion are responsible for
the significant decrease (increase) in MUCAPE. For instance,
compared with the initial state, the first downward branch of
n 5 1 wave results in a MUCAPE reduction of more than
1000 J kg21 in the vicinity of convection. Nevertheless, the sub-
sequent upward branch with a larger amplitude is able to offset
the above reduction in MUCAPE and even destabilize the envi-
ronment (a MUCAPE increase of ;250 J kg21). These results
are consistent with previous studies (Lane and Reeder 2001;

FIG. 3. Schematic of the temporal variationQ(t) of prescribed la-
tent heating rate in five dry simulations. Labels with different col-
ors represent the time when the heating rate reaches a maximum
in each simulation.
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Su and Zhai 2017; AS20), and thus can be used to explain the
broadening of cloud anvils and cloud formation mentioned in
this section before. New cloud formation is a response to the
strong upward motion due to the combination of n 5 1 and
n 5 2 waves, which is obvious in Figs. 5a and 5b (yellow

contours). For the anvil, similarly, its edges also expand outward
with waves (Figs. 4c,d and 5b) since ice nucleation might be en-
hanced by gravity waves (Jensen et al. 2016; Prasad et al. 2019).
Therefore, gravity waves can modify the cloud environment and
also be beneficial to convection initialization and organization.

FIG. 4. Temporal evolution of vertical motion (shaded; m s21), total cloud water (contoured in yellow; 0.01 g kg21),
and ice water mixing ratio (contoured in white; 0.01 g kg21) at (a) 12, (b) 22, (c) 32, and (d) 42 min for MOIST experi-
ment. Gray and white hollow arrows show downward and upward motions, respectively.

FIG. 5. Hovmöller diagram of vertical motion (m s21) at (a) 3, (b) 6, and (c) 9 km AGL from the MOIST experiment. Yellow and white
contours indicate the cloud water (0.01 g kg21) and ice crystal (0.01 g kg21) mixing ratio at each level. Black solid and dashed lines indicate
the downward and upward motions of n 5 1 wave couplets, and green solid lines indicate possible n 5 2 waves accompanied by upward
motions of n5 1 waves.
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c. The generation of wave couplets

Gravity wave couplets studied in the present study are related
to the main updraft (i.e., these waves are convectively gener-
ated), as seen in both Figs. 4 and 5. To explore the wave genera-
tion processes, it is necessary to exclude unrealistic gravity
waves in simulations. In Fig. 6a, a faster propagating downward
motion (white line, c ; 75 m s21) accompanied by the first
n 5 1 downward branch is noted. One possibility is the “fast-
mode” mass adjustment discussed in Haertel et al. (2001). How-
ever, sensitivity tests increasing the vertical depth of the model
show that the wave signal is remarkably weakened, character-
ized by decreased amplitude and increased speed (figure not
shown), which suggests another possibility is that the response
of n 5 1 wave to the entire vertical simulation domain may not
be representative of what would occur in an actual atmosphere
without a top boundary.

Our main purpose is to examine the detailed processes of
wave generation, in particular for n 5 1 wave couplets due
to their high visibility in short-lived convection without ver-
tical shear. The generation mechanisms of higher-order

waves in long-lived convection with vertical shear will be
explored in future studies. A crucial question is when these
n 5 1 waves are generated. Since the signals of different
wave modes overlap, we use vertical Fourier decomposition
to extract the n 5 1 component from the tropospheric verti-
cal motion W(z) following the formula (Stephan et al. 2016;
AS20)

W(z) 5 ∑
10

n51
Pn sin

pnz
D

,

where Pn is the coefficient of each component and z is the
height. Then just the n 5 1 component is reconstructed when
P1 is significant at a 95% confidence level. We select two
points close to the wave source (X 5 15 and 30 km) to esti-
mate the wave propagation speed and track it backward line-
arly to determine the wave generation time at the source, as
higher-frequency waves are more evident near the source. Ac-
cording to Fig. 8, the n 5 1 waves propagate at speeds of 35.7,
31.2, 27.8, 27.8, 25, and 25 m s21. Their generation time is
then calculated by assuming a constant wave speed and

FIG. 6. Hovmöller diagram of (a) vertical motion (m s21) at 6 km AGL. White dashed line in
(a) represents a fake numerical wave. Black solid and dashed lines indicate the downward and
upward motions of n5 1 wave couplets, respectively. (b) Time–height diagram of potential tem-
perature perturbation (shading; K) and horizontal velocity perturbation (contours in blue, with
an interval of 1 m s21 and negative values dashed) atX5 50 km. (c) As in (a), but for the change
in MUCAPE (J kg21) from the initial background state.
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interpolating wave motion back to X 5 0 km (gray lines in
Figs. 9 and 10).

Figure 9 depicts the vertically accumulated heat budget av-
eraged in the convective region (i.e., over the central 10 km of
the domain) at different layers. In Fig. 9a, the timing of n 5 1
wave generation is found to best correlate with the local heat-
ing rate (­u′/­t), the variation in which is influenced by various
convective processes. The vertical modes in each term of the
heat budget are further analyzed using Fourier decomposi-
tion, which shows that the variation in the local heating rate
corresponds well with that of its n 5 1 component (Fig. 10a).
When the n 5 1 component of the local heating rate reaches
its maximum (minimum) value, a downward (upward) branch
of n 5 1 wave is generated correspondingly. In previous stud-
ies (McAnelly et al. 1997; Stephan et al. 2016; AS20; Groff
et al. 2021), such a generation of n 5 1 waves is directly con-
nected to the periodic development of latent heating. In the
present study, a weak redevelopment of cloud (i.e., another
peak of latent heating at 35 min, red line in Fig. 9a) is noticed
and a downward branch of n 5 1 wave should be expected

accordingly. Instead, an upward branch (the second gray
dashed line in Fig. 9) appears after 35 min, which is mainly
forced by adiabatic cooling (blue lines in Fig. 9), while latent
heating acts to decrease wave amplitude. In addition, vertical
and horizontal advection terms contribute to wave generation
and wave amplitude, especially at high levels (Fig. 9d). Note
also that the amplitude of the first upward branch is larger
than that of the first downward branch (Figs. 6a and 8a), but
this is not the case in the next two couplets, which can be ex-
plained through their corresponding amplitude of the local
heating rate (black line in Fig. 9a). While NPC91 explained
the difference in wave amplitude by the upward energy escap-
ing, our results provide another possibility.

In Fig. 10, the vertical distribution of each term in Fig. 9
(nonlinear advection is calculated as the sum of vertical and
horizontal advection terms) is further exhibited. As the cloud
develops, latent heat starts to release from low level and
quickly extends to the whole troposphere and then lasts for
about 10 min (Fig. 10b). The vertical distribution of latent
heating features a maximum at the middle level of the

FIG. 7. Normalized two-dimensional (v–k) power spectrum of vertical motions at (a),(c) Z 5 3 km and
(b),(d) Z 5 10 km of two regions: (a),(b) X 5 10–60 km (close to the source region) and (c),(d) X 5 60–160 km
(far from the source region) for MOIST experiment. Overlaid are curves of vertical wavelength of 24, 12, and
8 km (i.e., n 5 1, 2, 3) calculated using nonhydrostatic dispersion relation, respectively.
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troposphere (;6 km). This feature is also confirmed by Fou-
rier decomposition (black line in Fig. 10b), suggesting that la-
tent heating is the primary contributor to the local heating
rate responsible for initial n 5 1 wave generation. Adiabatic
cooling evolves quickly as a response to latent heating (Fig.
10d). Meanwhile, increased vertical motion inside convection
(Fig. 4) enhances nonlinear advection (mainly vertical advec-
tion, shown in Figs. 9 and 10c), of which the amplitude is com-
parable to that of latent heating (Fig. 9a). The amplitude of
nonlinear advection is roughly twice as intense as latent heat-
ing at high levels (Fig. 9d). The opposite contribution of verti-
cal advection occurs in the upper and lower troposphere, and
the contribution of horizontal advection is negligible at low
levels (Fig. 9). Furthermore, the presence of both n 5 1 and
n 5 2 components in the vertical profile of nonlinear advec-
tion, as depicted in Fig. 10c, suggests that nonlinear advection
may play a role in generating both n5 1 and n5 2 waves.

Because of the dominant role of latent heating, the timing
of the downward branch in the first wave generation (19 min)
is near the time when latent heating reaches a maximum
(Figs. 9a and 10b). However, the effects of nonlinear advec-
tion and adiabatic heating/cooling cannot be neglected. After
20 min, latent heating and nonlinear advection start to weaken,
and the adiabatic cooling becomes strongest (Fig. 9a). Conse-
quently, the generation of the first n 5 1 upward branch is
attributed to the combination of latent heating, nonlinear ad-
vection, and adiabatic cooling. While latent heating remains
small between 25 and 30 min, the second downward branch
starts to emanate from the source region, and the local heat-
ing rate is mainly controlled by adiabatic heating at that
time (Fig. 10d). This means the second downward branch is
not a direct result of reinvigorated latent heating forcing but
instead a compensating subsidence to the decrease in mass
flux in the source region.

At approximately 30 min, latent heating strengthens again
but with a reduction in both magnitude and vertical range
(Figs. 9 and 10b). Nevertheless, latent heating cannot over-
come the effect of adiabatic cooling at this time since the

updraft is still strong. Hence, the second upward branch is
generated at 35 min. For the third wave couplets, since evapo-
ration-induced latent cooling and associated adiabatic heating
are almost in balance with each other (­u′/­t ; 0; Fig. 9),
waves are generated at 41 and 47 min with small amplitudes.
As emphasized by Wang et al. (2018), one more interesting
point is that the evolution of nonlinear advection roughly
follows latent heat release. Once latent heat is released, non-
linear advection strengthens (Figs. 10b,c). The time scale of
nonlinear advection is about half that of latent heating
(Fig. 10c), which suggests that waves forced by nonlinear advec-
tion may have a relatively higher frequency. This is in line with
the expectation, as the spectrum displays two prominent power
centers, one corresponding to waves with a higher frequency of
6 3 1023 s21 and another with a frequency of 4 3 1023 s21

(Fig. 7).
The imbalance between latent heating and adiabatic heating/

cooling indicates the important role of the deep heating mecha-
nism in explaining wave generation, but strong nonlinear advec-
tion should also be taken into account. This is because the
imbalance initially induced by latent heating is found to be
further enhanced by nonlinear advection. The analysis above
shows that these two forcings should work jointly to enable
wave generation, but their relative roles are uncertain due to
the complexity of moist convection (e.g., Wei and Zhang 2014)
and coupled wave–convection relationship (e.g., Du and Zhang
2019; Ruppert et al. 2022). As seen in Fig. 3c, the formation of
new clouds might also trigger gravity waves and exert a strong
influence on the amplitude of preexisting waves, which compli-
cates the processes. Thus, it is necessary to employ dry experi-
ments with controllable artificial latent heating to obtain a
better understanding of wave generation.

4. Generation of gravity wave couplets by artificial
latent heating

In this section, we further demonstrate the wave generating
processes by conducting an idealized dry experiment with

FIG. 8. Time–height diagram of reconstructed vertical motion (m s21) of n 5 1 mode at (a) X 5 15 km and
(b) X 5 30 km from the MOIST experiment. Only the coefficient that is significant at a 95% confidence level are
shaded. Gray solid and dashed lines indicate the downward and upward motions of n5 1 wave couplets, respectively.
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prescribed artificial latent heating. As described in sections 2b
and 2c, the simulation was forced by a diabatic heat source de-
signed to imitate latent heating in the MOIST experiment
(see Table 1). Different from previous theoretical (NPC91;
McAnelly et al. 1997) and modeling (e.g., Lane and Zhang
2011) studies using pulse or periodic heating sources, the tem-
poral form is set to conform the Gaussian distribution (red
solid line in Fig. 3) to accurately match the actual variation in
latent heating (Figs. 9a and 10b).

Figure 11 shows a Hovmöller diagram of the vertical veloc-
ity at two different levels of the troposphere in the CTRL ex-
periment. Similar to the results in the MOIST experiment
(Fig. 5), the first two n 5 1 wave couplets are observed (de-
noted by black lines in Fig. 11) while subsequent n 5 1 waves
are generated with smaller amplitudes. Additionally, when la-
tent heating is turned off (after 25 min), n 5 2 waves are also
produced and propagate outward with a slower wave speed
(;18 m s21, green lines in Fig. 11b). As shown in Fig. 11b,
later generated n 5 1 waves will superimpose on earlier gen-
erated higher-order waves because n 5 1 waves have a faster
speed.

The dispersion and polarization relations of waves propagat-
ing in the troposphere are first examined in Fig. 12. It is evident
that both waves near and far from the source are primarily hy-
drostatic and of n 5 1 mode (Figs. 12a–d). However, although
the dispersion relation of higher-frequency waves (the power
peak at 8.2 3 1023 s21) does not match the n 5 1 curve neatly,
they still share almost the same horizontal phase speed with
lower-frequency waves (the power peak at 4 3 1023 s21), indi-
cating the possible role of wave ducting (Figs. 12a–d). A possi-
ble mechanism is the inversion of the temperature gradient at
the tropopause, which might contribute to the formation of
deep tropospheric wave couplets (Lindzen and Tung 1976;
NPC91). Figure 12e also shows that the largest downward verti-
cal velocities are located a quarter wavelength downstream
from where the eastward horizontal velocities are largest at low
levels. Additionally, these nearly horizontally propagating waves
carry little net vertical momentum flux (Fig. 12f). Nonetheless,
the presence of higher-frequency waves with a vertical compo-
nent contributes to a substantial concentration of net momen-
tum flux features a large value near the tropopause (;12 km).
The wave propagation in the lower stratosphere results in up-
ward momentum flux transmission (centered at ;15 km),

FIG. 9. Vertically accumulated heat budget for (a) the whole troposphere, (b) low level, (c) middle level, and
(d) high level of troposphere over the horizontal X 5 25 to 5 km region. Gray solid and dashed lines represent the
generation time of downward and upward motions of n5 1 gravity waves, respectively.
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although it is largely depressed by Rayleigh damping near the
top of the model domain (Fig. 12f). Since waves propagate at a
constant speed if the background condition does not vary, the
accurate n 5 1 wave speeds and the timing of their generation
can be estimated from two selected points far away from the
source (X 5 50 and 100 km) that exhibit evident n 5 1 like
structures (Fig. 13). According to Fig. 13, the horizontal phase
speeds of these n5 1 waves are 36–44 m s21.

Figure 14 depicts the generation and outward propagation
of gravity waves. As latent heating reaches a maximum at
15 min (Fig. 3), the first downward branch reaches its maxi-
mum amplitude and starts to propagate at a speed of approxi-
mately 40 m s21 (Figs. 14a,b). The strongest downward
vertical motion occurs in the middle level (;6 km), corre-
sponding well with the vertical distribution of the heating
source. Its counterpart (the first upward branch) is soon gen-
erated with a larger amplitude (Fig. 14b). Later, owing to the
shutdown of latent heat supply, the second n 5 1 wave cou-
plet is triggered with a smaller wave amplitude (Fig. 14c). Evi-
dence of higher-order wave signals (e.g., a n 5 2 wave in
the purple box in Fig. 14b) can be seen close to the source
(Fig. 14b). The vertical structures of n 5 1 waves become
more apparent as they quickly propagate away from the
source (Figs. 14c,d).

The heat budget analysis can show in detail that convective
processes favor more generation of n 5 1 waves. Figure 15
shows the vertical distribution evolution of each term in the
heat budget of the CTRL experiment. The results before
30 min are similar to those in the MOIST experiment
(Fig. 10), which makes our subsequent analysis more reliable.

The timing of wave couplet generation was obtained by
tracing backward linearly to the source region according to
their phase speed (Fig. 13). The downward branches for two
n 5 1 wave couplets both correspond to positive local heating
rates (Fig. 15a), which is consistent with what we obtained in
section 3c (Fig. 9). What we observed in the vertical motion
field should be a combination of wave modes. The generated
n 5 1 and n 5 2 waves are a natural response to the n 5 1
and n 5 2 components of the local heating rate (Fig. 15a).
Since n 5 1 wave couplets propagate much faster than higher-
order waves and a relatively small proportion of higher-order
wave components is contained in local heating rate profile,
wave couplets in the far field are mainly n 5 1 mode. There-
fore, the question raised here is why the local heating rate
profile could still contain a large n 5 1 component when la-
tent heating is weak.

Deeper insight is provided on how the temporal variation
and vertical distribution of the local heating rate is determined.

FIG. 10. Temporal evolution of the horizontally averaged (X525 to 5 km) (a) local heating rate (K s21), (b) latent
heating (K s21), (c) nonlinear advection (K s21), and (d) adiabatic heating (K s21). Gray solid and dashed lines repre-
sent the generation time of downward and upward motions of n5 1 gravity waves, respectively. Black and green lines
overlaid in (a)–(c) are the n 5 1 and n 5 2 coefficients derived from vertical Fourier decomposition of each term, re-
spectively, and only shown in solid if the coefficient is statistically significant, with the right axis in (a)–(c) correspond-
ing to their values.
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As shown in Figs. 15a and 15c, adiabatic heating/cooling is
found to be the main contributor to the local heating rate
after around 25 min. Therefore, a question arises why the
adiabatic heating/cooling still produces such strong oscilla-
tions even after the latent heating is turned off. Strong non-
linear advection is suggested as a possible cause. The wave
frequency spectrum (Figs. 12a–d) shows two peaks, one at
4 3 1023 s21, corresponding to a period of ;26 min close to
that of latent heating (;25 min, Fig. 15d), and the other
at approximately twice that (8.23 1023 s21, period of;13 min).
This implies that nonlinear advection also plays a significant role
in the oscillation of the local heating rate, with its shorter period
of;15 min (Fig. 15b).

As analyzed in the last section, nonlinear advection is non-
negligible in the MOIST run. In the CTRL run, the effect of
the nonlinear advection on wave amplitude is more evident
because the artificial latent heat release does not start from
low levels as in MOIST. As shown in Fig. 15b, the magnitude
of nonlinear advection is larger in the upper troposphere than
in the lower troposphere and reaches a peak at the top of the
heating (or tropopause, Fig. 15b). This is because of upward
heat transfer, i.e., upward motion associated with latent heat-
ing results in a larger potential temperature perturbation to
the upper level through vertical advection (Figs. 15e,f). There-
fore, the magnitude of nonlinear advection is strongest after
latent heating reaches its maximum and cannot be neglected
in the generation of n 5 1 wave couplets. We conclude that
understanding wave generation requires considering both the
deep heating mechanism and nonlinear advection. The bal-
ance effect of adiabatic heating/cooling is partially offset by
nonlinear advection (evident before 25 min in Figs. 15b,c), re-
sulting in a more persistent imbalance in the upper tropo-
sphere (e.g., ­u′/­t Þ 0, purple boxes in Fig. 15) and a larger
n 5 1 component in the local heating rate profile (Fig. 15a),
which enables more n 5 1 wave couplets to be emitted. De-
spite the prescribed latent heating being purely n 5 1 mode,
nonlinear advection also contributes greatly to the generation

of higher-order waves (e.g., n 5 2 waves in Fig. 11), as seen
from its vertical profile (Fig. 15b).

5. Sensitivity experiments

Based on the analysis of the two sections above, we found
that the temporal variation in the local heating rate deter-
mines the timing of wave generation in the troposphere, and
we examined the different roles of latent heating and non-
linear advection in initiating gravity waves. To further validate
these findings and explicitly clarify their roles, we conducted
the following sensitivity experiments by modulating artificial
latent heating parameters.

a. Latent heating with different temporal variations

Latent heating in realistic moist convection consists of an
extensive range of frequencies, but in many linear wave theo-
ries, heat forcing is considered to be relatively constant (e.g.,
NPC91; Han and Baik 2012) or transient (e.g., Han and Baik
2009). Convectively generated gravity waves are mostly ob-
served with periods between 10 and 100 min (Alexander et al.
1995; Beres et al. 2004). How various temporal variations in
latent heating impose effects on wave generation is an unclear
question. Here we examine three temporal forms of artificial
latent heating. The time of hydrostatic wave generation is de-
termined using the same method as in CTRL by linearly
tracking backward at X 5 50 and X 5 100 km in time–height
diagrams.

In the Steady_heat experiment (Fig. 16b), the latent heat
release is specified to reach a maximum rapidly (about 5 min),
then be maintained for about 40 min, and finally weakens rap-
idly (about 5 min). As shown in Fig. 16b, the wave response is
quite different from the result in the CTRL run (Fig. 16a).
Approximately two n 5 1 wave couplets are excited when la-
tent heating is nearly unchanged (between 15 and 40 min),
which further proves that n 5 1 wave signals cannot simply
correspond to the variation in latent heating. Instead, the
timing of wave generation is associated with the variation

FIG. 11. Hovmöller diagram of vertical motion (m s21) at (a) 6 and (b) 9 km AGL from the CTRL experiment.
Yellow contours indicate the latent heating (0.01 K s21) at each level. Black solid and dashed lines indicate the down-
ward and upward motions of n 5 1 wave couplets, with green solid and dashed lines in (b) indicating possible n 5 2
waves with downward motion and upward motion at high levels.
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in the local heating rate in the source region, as shown in
Fig. 17a. Persistent latent heating helps maintain the strength
of the main updraft in the source region. But due to the op-
posing force of adiabatic cooling, the main updraft under-
goes enhancement and weakening (Fig. 17j), which is clearly
linked to the variation in nonlinear advection and adiabatic
heating (Figs. 17g,j), thus leading to the extreme imbalance
state (|­u′/­t| is large, 0–40 min, Fig. 17a) and periodic wave
generation. When latent heating, adiabatic cooling, and

nonlinear advection reach a balanced state (40–50 min in
Figs. 16b and 17a), almost no wave is generated (or too weak to
be seen). Additionally, due to the similar contribution of non-
linear advection with adiabatic cooling in the lower troposphere,
it is found that the lower troposphere can recover much faster
before the shutdown of heating (Fig. 17a).

In the Reinforce_heat run, multiple wave couplets are
triggered with the redevelopment of artificial latent heating
(Fig. 16c), which is similar to the MOIST experiment. In this

FIG. 12. (a)–(d) As in Fig. 7, but for CTRL experiment. (e) Horizontal velocity perturbation (contoured; m s21)
and vertical motion (shaded; m s21) at 50 min for CTRL experiment, with blue and red shading delineating downward
and upward motions, respectively. Contour intervals are 0.5 m s21 for absolute values less than 3 m s21 and contour
intervals are 3 m s21 for absolute values larger than 3 m s21. (f) Distribution for net momentum flux (m2 s22) after in-
tegration of 2 h. Contour interval is 0.5 m2 s22 with negative values dashed.
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case, the timing of the second wave generation (29 min in
Fig. 17b) is slightly earlier than the timing when latent heating
reaches a maximum at 30 min. This is because the non-
linear advection induced by the first latent heat release is
not fully balanced when the latent heating is enhanced
again (Fig. 17h). And the more gradual onset of the sec-
ond latent heating, as well as the slower strengthening of

nonlinear advection, may also contribute to the local heat-
ing rate to peak earlier. Compared with Fig. 16a, the first
wave couplets in the two experiments are almost the same
but the second wave couplets show some differences be-
tween the two experiments. The signal of the second n 5 1
wave couplet is noticed only after wave propagating for a
period in CTRL while in the Reinforce_heat run, the

FIG. 13. Time–height diagram of vertical motions (m s21) at (a)X5 50 km and (b)X5 100 km from the CTRL ex-
periment. Gray solid and dashed lines indicate the downward and upward motions of n 5 1 wave couplets,
respectively.

FIG. 14. Vertical cross sections of vertical motion (shaded; m s21) for the CTRL experiment at (a) 15, (b) 30, (c) 45,
and (d) 60 min. White and black arrows denote the downdraft and updraft of the first two wave couplets, respectively.
Purple box in (b) shows the early signal of the second downward branch of n5 1 associated with an n5 2 wave.
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signal is still significant in the vicinity of the source. This
can be explained by the extra deep latent heating
(Fig. 17e), although its strength is smaller. Consequently,
the wave amplitude of the second wave couplet is also
smaller than that of the first n 5 1 wave couplet. Note that
the smaller amplitude is determined by the corresponding
weaker adiabatic cooling and smaller local heating rate
(Figs. 17b,k). In general, both the results in Steady_heat and
Reinforce_heat show that wave generation is the response

to the variation in local heating rate and highlight the im-
portance of nonlinear advection.

In the Slow_heat run, the timing of the first downward mo-
tion branch’s generation (at 27 min, Figs. 16d and 17c) is much
earlier than the peak time of latent heating (at 35 min, Fig. 3).
The reason is that the enhancement of latent heating in the
Slow_heat run is much slower, but the strength of vertical mo-
tion is comparable to that in the Reinforce_run, so adiabatic
cooling can offset latent heating in an earlier time (Fig. 17l).

FIG. 15. Temporal evolution of the horizontally averaged (X 5 25 to 5 km) (a) local heating rate (K s21), (b) non-
linear advection (K s21), (c) adiabatic heating (K s21), (d) latent heating (K s21), (e) vertical motion (w; m s21), and
(f) negative vertical gradient of potential temperature perturbation (2­u′/­z; K m21) in the CTRL experiment. For
comparisons, values in each subplot are scaled by their magnitude (listed in the right-upper corner of each panel). Pur-
ple boxes represent areas of the upper atmosphere. Black solid and dashed lines represent the time when the ampli-
tudes of downward and upward motions of n 5 1 gravity waves reach maximum, respectively. Black and green lines
overlaid in (a)–(c) are the n 5 1 and n 5 2 coefficients derived from vertical Fourier decomposition of each term, re-
spectively, and only shown in solid if the coefficient is statistically significant, with the right axis in (a)–(c) correspond-
ing to their values.
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Also, the nonlinear advection is weaker, compared with the
other two experiments (green boxes in Figs. 17g–i), which could
result in a faster recovery of the atmosphere and relatively
weaker wave couplet signals (Fig. 16d). This phenomenon will
be further explored in the next sensitivity experiment.

b. Degree of system nonlinearity

Previous studies have noted how nonlinear effects may in-
fluence wave dynamics (Lane et al. 2001; Song et al. 2003;
Chun et al. 2008; Han and Baik 2012) and convection struc-
ture (Pandya and Durran 1996). By changing the nonlinearity
factor in a nondimensional model, Han and Baik (2012) found
that nonlinear effects could influence wave generation. As we
analyzed in sections 3 and 4, strong latent heating is accompa-
nied by strong nonlinear advection, which suggests a large de-
gree of system nonlinearity. Different from Han and Baik
(2012), herein we measure the degree of system nonlinearity
by comparing the magnitude of latent heating and nonlinear ad-
vection. The Q_linear run forced by one percent of the strength
of artificial latent heating in CTRL is performed to examine the
role of nonlinear advection in wave generation (Pandya and
Alexander 1999; Song et al. 2003). As shown in Fig. 18g, the
Q_linear run is characterized by weak nonlinear advection, and
thus can be considered as a quasi-linear experiment.

Figure 19 shows the comparison of wave responses between
the CTRL and Q_linear experiments. To make a reasonable

comparison, results in the Q_linear run are multiplied by a coef-
ficient of 100. Although waves in these two experiments seem to
be generated roughly at the same time (Figs. 18a,e), as system
nonlinearity decreases, multiple wave couplets’ signals are less
evident in the Q_linear run compared with the CTRL run (e.g.,
the second n5 1 wave couplet in Fig. 19). In contrast to CTRL,
spectrum analysis also shows that higher-frequency n5 1 waves
have little energy and be less important in the Q_linear experi-
ment (figure not shown). By comparing Figs. 18c and 18g, it is
found that nonlinear advection is almost zero in Q_linear,
while its magnitude is considerable in CTRL. Hence, adiabatic
cooling can offset latent heating effect to a greater extent
when latent heating is weak (Figs. 18d,h), and fewer n 5 1
components are found in the vertical profile of the local heat-
ing rate after heating is turned off because of the faster recov-
ery (black boxes in Figs. 18a,e). This further implies that
nonlinear advection can contribute significantly to wave gener-
ation in actual convection.

However, it is important to note that in the Q_linear ex-
periment (Fig. 18b), besides the evident n 5 1 wave cou-
plet, additional n 5 2 and n 5 3 waves (only one branch of
them) are generated, which is unexpected considering the
perfect n 5 1 shape of the heating profile (Fig. 18f). By
performing vertical Fourier decomposition of the source
region, it is revealed that these higher-order waves origi-
nate from the adiabatic heating term (Fig. 20). This

FIG. 16. Hovmöller diagram of vertical motions (m s21) at 6 km AGL from the (a) CTRL, (b) Steady_heat, (c) Re-
inforce_heat, and (d) Slow_heat experiments. The corresponding temporal form of artificial latent heating in each ex-
periment is embedded in each subplot with x axis denoting time (min) and y axis denoting heating rate R (K s21).
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discrepancy might be attributed to the vertically heteroge-
neous distribution of buoyancy frequency (larger in the
upper troposphere, Fig. 2), which has been assumed cons-
tant in our experiments and many previous theoretical

studies (e.g., NPC91; Beres 2004). Given the sensitivity of
vertical motion response to buoyancy frequency, especially
when the strength of latent heating is relatively weak,
higher-order waves might be excited as a result. However,

FIG. 17. Temporal evolution of the horizontally averaged (X5 25 to 5 km) (a)–(c) local heating rate (K s21), (d)–(f) latent heating (K s21),
(g)–(i) nonlinear advection (K s21), and (j)–(l) adiabatic heating (K s21) for the (a),(d),(g),(j) Steady_heat, (b),(e),(h),(k) Reinforce_heat, and
(c),(f),(i),(l) Slow_heat experiment. Black solid and dashed lines represent the time when the amplitudes of downward and upward motions of
n5 1 waves reach maximum, respectively. Green boxes in (g)–(i) delineate the maximum of nonlinear advection in three experiments.
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further detailed analysis is necessary in further studies to
fully understand this phenomenon.

6. Conclusions and discussion

The present study employs Cloud Model 1 to investigate the
mechanisms behind the generation of gravity waves by convec-
tion, which consist of multiple deep tropospheric downdraft–

updraft couplets. The potential temperature equation in the
model was modified to reflect variations in latent heating when
moist processes were turned off in dry simulations. The key
findings are as follows:

1) Multiple significant n 5 1 wave couplets with wave fronts
that cover the entire depth of the troposphere are gener-
ated during the evolution of a convective cloud, as well as
in dry experiments with prescribed latent heating.

FIG. 18. Temporal evolution of the horizontally averaged (X 5 25 to 5 km) (a),(e) local heating rate, (b),(f) latent heating, (c),(g) non-
linear advection, and (d),(h) adiabatic heating for (a)–(d) CTRL and (e)–(h) Q_linear experiments. (a)–(d) for CTRL are from Fig. 15.
Purple boxes in (c) and (g) represent nonlinear advection in the troposphere, and black boxes in (a) and (e) show the variation in the local
heating rate in the troposphere when latent heating is turned off.

FIG. 19. Hovmöller diagram of vertical motion (m s21) at 6 km AGL from (a) CTRL and (b) Q_linear experiments.
Vertical motion in (b) is multiplied by a coefficient of 100 derived from the heating rate ratio between Q_linear and
CTRL. Black solid and dashed lines are downward and upward branches of n5 1 waves in CTRL, respectively.
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2) These waves exhibit a substantial horizontal component
of group velocity and consist primarily of hydrostatic
waves. They propagate away from the convective cloud at
a high speed (;37 m s21), greatly impacting the cloud en-
vironment by changing the MUCAPE field.

3) The timing of wave generation is closely tied to variation
in the local heating rate, which is primarily controlled by
the imbalances among latent heating, nonlinear advection,
and adiabatic heating/cooling. The magnitude of the local
heating rate also closely corresponds to the amplitude of
n 5 1 wave couplets.

4) Heat budget analysis reveals that the generation of the first
wave couplet is mainly driven by strong latent heating, with
adiabatic heating/cooling immediately balancing it. The
upward heat transfer from the strong updraft in the source
region, however, greatly enhances nonlinear advection. As
a result, persistent buoyancy oscillation over the entire tro-
posphere could persist for a longer time due to the oppo-
site contribution of nonlinear advection and adiabatic
heating/cooling at high levels, leading to the generation of
successive n 5 1 wave couplets and higher-order waves
(e.g., n 5 2 waves).

This study differs from previous studies that mainly linked
wave generation to variations in latent heating (Mapes 1993;
McAnelly et al. 1997; AS20; Groff et al. 2021), as it highlights
the importance of nonlinear advection in wave generation as
well. Nonlinear advection, which has been shown to be closely
related to latent heating (Lane and Reeder 2001; Song et al.
2003; Wang et al. 2018), is found to interact with latent heating
and create a more persistent state of imbalance. The local heat-
ing rate serves as a good indicator of the degree of imbalance,
and also explains the discrepancies in wave amplitude observed
in previous studies (NPC91; AS20; Groff et al. 2021).

The simulations in this study have a limitation in that they
were performed in a 2D framework with a relatively coarse hori-
zontal grid spacing. Sensitivity simulations (2D with 250 m in the
horizontal; 3D with the same resolution) were conducted to ex-
amine this limitation. The dry experiment showed almost no

change with a finer resolution, but moist convection was sensitive
to the grid spacing as noted in previous studies (e.g., Bryan et al.
2003; Varble et al. 2020). Although latent heating and horizontal
advection became larger due to a finer description of convection,
so did adiabatic heating/cooling, the correlation between wave
generation and local heating rate remained strong. The main con-
clusion of the study still holds in 3D simulations, although the am-
plitude of n 5 1 waves was relatively smaller, which is expected
as more wave energy is attenuated in a three-dimensional space.
Additionally, long-lived convections often develop and propagate
perpendicular to the background wind (e.g., Rotunno et al. 1988),
suggesting that waves will have the most power in that direction
(Beres 2004; Stephan et al. 2016). While a 2D analysis might be
sufficient, it would be interesting to further explore our conclu-
sions in a more realistic atmosphere.

Moreover, future studies should focus on the evolution of local
heating rate in complex convective processes other than short-
lived convection in this study. Will the role of the two forcings be
the same in long-lived mesoscale convective systems? How will
wave–convection interaction affects the generation of wave cou-
plets? To what extent can the modification of the cloud environ-
ment by these waves impose influence on the evolution of
convection, especially for higher-frequency waves if there exists a
trapping mechanism? These are important issues that need to be
addressed in future studies so that a better understanding of the
coupled wave–convection relationship can be promoted.
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