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ABSTRACT: An EF4-rated supercell tornado occurred on 3 July 2019 in Kaiyuan, China, causing heavy casualties. A
three-level nested-grid high-resolution numerical simulation is used to investigate the initiation of the tornadic supercell.
Automatic weather station (AWS) data, FY-4A visible satellite data, and Doppler radar data are used to verify the model
simulation. The most important aspects of the simulated presupercell mesoscale convective system (MCS) and the initia-
tion of the supercell agree with observations. Detailed investigation of the model results reveals that the initial cells form
first above a convective boundary layer (CBL) on the dry side of a surface dryline. Above the CBL is a moist layer in terms
of relative humidity, and the layer is stable. Convectively generated gravity waves (GWs) emanating from the MCS and
propagating southward along the stable layer above the CBL provide localized forcing for the actual triggering of initial
cells at specific locations. The associated perturbation potential temperature and vertical velocity patterns confirm that the
GWs trigger a series of cloud bands. The additional lifting by the updraft of a horizontal convective roll in the CBL under-
neath the GW updraft works together to promote faster growth of the initial cell that later becomes the supercell. Exami-
nation of the Scorer parameter profiles shows favorable conditions for vertical trapping of GWs along the waveguide in the
stable layer, preventing the radiation of wave energy to the upper levels.

SIGNIFICANCE STATEMENT: This study reveals an atypical initiation mechanism of a tornadic supercell that
occurred on 3 July 2019 in northern China. By analyzing high-resolution numerical simulation results and observations,
the supercell is found to be initially triggered by convectively generated gravity waves (GWs) propagating along a moist
and stable layer above the convective boundary layer. The GWs were excited by vigorous convection along the
leading-edge gust front of a mesoscale convective system to the north. The vertical atmospheric structure acts to trap
the gravity wave energy to the stable layer and supports the horizontal propagation of the GWs away from their sour-
ces. Our study indicates the elevated initiation mechanism of convection by convectively generated GWs, providing a
better understanding of this type of convective initiation that is typically difficult to predict.
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1. Introduction

Deep moist convection (DMC), such as supercells, is re-
sponsible for a large portion of severe weather, including
heavy precipitation, hail, and tornadoes, in China (Luo et al.
2020; Meng et al. 2016; Sun et al. 2019; Wei et al. 2022; Zheng
et al. 2020) and in other parts of the world. Considering its
tremendous impact, the initiation of DMC is of great interest
to forecasters. However, the initiation of convection is often
poorly predicted in numerical weather prediction (NWP)
models, leading to forecast failures (Browning et al. 2007;
Wilson and Roberts 2006).

To improve forecasting skills of convective initiation (CI), a
better understanding of the initiation mechanisms is of great
importance. In recent years, CI has received more attention
(Bai et al. 2019; e.g., Markowski et al. 2006; Weckwerth and
Parsons 2006; Xue and Martin 2006a,b) and was a subject of
research in a number of field campaigns, including Convection

Initiation and Downburst Experiment (CINDE) (Wilson et al.
1988), convective available potential energy (CAPE) (Wilson
and Megenhardt 1997), International H2O Project (IHOP_
2002) (Weckwerth et al. 2004; Wilson and Roberts 2006), Un-
derstanding Severe Thunderstorms and Alberta Boundary
Layers Experiment (UNSTABLE) (Taylor et al. 2011), and
Plains Elevated Convection at Night (PECAN) (Geerts et al.
2017). Studies have found that airmass boundaries}including
drylines, gust fronts, sea-breeze fronts, mountain–valley
winds, and synoptic fronts}and their interactions often pro-
vide conducive mesoscale lifting forcings for CI (Droegemeier
and Wilhelmson 1985; Wang and Xue 2012, 2018; Wang et al.
2016; Weiss and Bluestein 2002; Xue and Martin 2006b;
Zhang et al. 2021).

Apart from those surface-based boundaries, convection
can also be initiated by orographic forcing (Lean et al. 2009;
Rasmussen and Houze 2016), bores (Haghi et al. 2019; Parsons
et al. 2019; Wilson and Roberts 2006), and gravity waves (GWs;
Schmidt and Cotton 1990; Stobie et al. 1983; Uccellini and
Koch 1987; Zhang et al. 2001). Convectively generated GWs
can significantly impact the development of new convection andCorresponding author: Ming Xue, mxue@ou.edu
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associated storm environments, as evidenced by numerous stud-
ies (Bretherton and Smolarkiewicz 1989; Du and Zhang 2019;
Lac et al. 2002; Mapes 1993; Su and Zhai 2017; Wilson et al.
2018). For example, the pioneering work by Mapes (1993)
found that a heat source with a vertical profile of observed trop-
ical mesoscale convective systems could cause upward displace-
ment at low levels in its surrounding environment.

Convectively generated GWs can be divided into low- and
high-frequency waves, depending on their wave frequencies.
Low-frequency GWs are mainly generated by deep, transient
diabatic heating and cooling within a convective storm (Lane
and Reeder 2001) and are often characterized by different
modes of diabatic heating profiles (Nicholls et al. 1991), while
high-frequency GWs are mainly generated by cyclical redevel-
opment of convective cells (McAnelly et al. 1997) or non-
linear advection of buoyancy (Lane and Reeder 2001). Due
to their distinct characteristics, these two types of waves can
have different effects on CI. The low-frequency waves prepare
the surrounding environment for CI through general ascent at
the lower troposphere associated with different wave modes
(Adams-Selin 2020; Fovell 2002; Fovell et al. 2006; Lane and
Reeder 2001), while high-frequency GWs can provide localized
forcings to trigger new convection (Adams-Selin and Johnson
2013; Fovell et al. 2006). For the former, using a two-dimensional
cloud-resolving model, Lane and Reeder (2001) found that the
first three GW modes generated by modeled convection signifi-
cantly modify the cloud environment and make it more favorable
for the development of new convection. For the latter, Fovell
et al. (2006) used idealized simulations to investigate the mecha-
nisms of discrete cell propagation within a midlatitude squall line
and found that the ducted high-frequency gravity waves emanat-
ing from the convective region in the main storm helped cumulus
clouds form ahead of the original line.

Low-frequency hydrostatic GWs can propagate horizon-
tally without any additional trapping mechanism other than
tropopause reflection if the vertical heating profile is a har-
monic of the depth of the troposphere. On the other hand,
high-frequency nonhydrostatic GWs will lose most of their
energy to vertical propagation if no trapping mechanism ex-
ists (Alexander and Holton 2004; Fovell et al. 1992; Nicholls
et al. 1991). The wave trapping mechanism has been widely
used to explain long-lived GW events in both observational
and numerical simulation studies (Bosart et al. 1998; Koch
et al. 1988; Liu et al. 2018; Powers and Reed 1993; Zhang et al.
2001).

Although the above studies have improved our understand-
ing of GW CI, real-case studies involving GW CI are still rela-
tively few, and the potential impacts of interactions between
GWs with other convergent boundaries, such as drylines and
gust fronts, on CI are even less understood. The observational
study of Marsham et al. (2011) is one of few in this area. Dur-
ing the IHOP_2002 (Weckwerth et al. 2004), one CI episode
was found to occur at the intersection of an elevated conver-
gence line (at the terminus of a nocturnal low-level-jet) with a
propagating GW based on radar observations. The initiated
elevated convection eventually evolved into a ground-based
squall line. The Scorer parameter (Crook 1988; Scorer 1949)

based on sounding data was found to be consistent with the
trapping of GWs.

The present study focuses on the CI of a tornadic supercell
that occurred in Kaiyuan City, Liaoning Province, northeast-
ern China, on 3 July 2019. On that day, a series of convective
cells developed ahead of the gust front of a major mesoscale
convective system (MCS), and one of the cells evolved into a
supercell that spawned an EF4 tornado (Zhang et al. 2020).
Previous studies on this case suggested that the interaction be-
tween a surface dryline and the gust front of a preceding MCS
played a key role in the initiation of the tornadic supercell
(Yuan et al. 2021; Zheng et al. 2020). However, these studies
mainly focused on meso-b-scale features based on relatively
coarse observations, while the actual triggering process of
DMC at the specific locations was not investigated in any
depth. The exact triggering mechanism, including the possible
role of the dryline, if any, is still uncertain. To understand the
CI process of this case, we resort to a high-resolution numeri-
cal simulation with the aid of available observations in this
study. A three-level nested-grid numerical simulation, with a
450-m grid spacing on the inner-most grid, is performed.
High-frequency outputs of the simulation give us the ability
to track the supercell from its beginning and analyze its initia-
tion mechanism. High-frequency GWs triggered by the MCS
convection and their propagation ahead of the gust front
within an elevated stable moist layer are found to play key
roles in the initiation of the modeled supercell.

The rest of this paper is organized as follows. An overview
of the case to be studied is introduced in section 2. The setup
of the numerical experiment is described in section 3. In
section 4, simulation results are verified against radar and au-
tomatic weather station (AWS) observations. The evolution
of a dryline and the MCS gust front, as well as their possible
effects on supercell CI, are then discussed. The development
and characteristics of convectively generated GWs, their forc-
ing on CI, and the vertical trapping mechanism for GWs are
also discussed in this section. A summary will be provided in
section 5.

2. Case overview

A violent tornado, rated EF4 on the enhanced Fujita scale,
occurred in Kaiyuan, Liaoning Province, on the afternoon of
3 July 2019, causing seven fatalities and 190 injuries in total
(Zhang et al. 2020). It was one of seven EF4-intensity torna-
does that have been recorded in China and the first EF4-rated
case in Liaoning Province (see Fig. 4 for locations) in north-
east China (Zheng et al. 2020). The parent tornadic storm first
appeared at the southwestern end of an MCS at 1638 LST
(hereafter all times are LST, which is 8 h ahead of UTC) and
grew rapidly into a supercell in the next 30 min while moving
southeastward to Kaiyuan (Zheng et al. 2020). At around
1715 LST, the tornado occurred north of Kaiyuan City and
moved southward along with the storm. In the end, it dissi-
pated at 1747 LST (Zhang et al. 2020).

The synoptic patterns are illustrated in Fig. 1. At 1400 LST,
3 July 2019, a quasistationary northeast China cold vortex
(NCCV) (Fan et al. 2023; Sun et al. 1994; Xie and Bueh 2015)
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as a cutoff low is prominent at 500 hPa over northeast China
(Fig. 1a). The cold vortex extends southwestward along a
trough line on the 500 hPa, while another deep trough further
east extends southward over the Bohai Bay and then south-
westward to the south of the Shandong Peninsula. At 850 hPa,
a closed circulation is found underneath the 500-hPa cold vor-
tex, with a trough line extending southwestward ahead of the
500-hPa trough and right behind Kaiyuan (red star in Fig. 1).
At Kaiyuan, strong northwesterly flow at the bottom of the
cold vortex is found at 500 hPa, while at 850 hPa, the flow is
southwesterly ahead of the trough. At the lower levels, such
southwesterly flow passes over Bohai Bay and is rich in mois-
ture. The strong northwesterly upper-level flow overlaying the
moisture-rich southwesterly low-level flow creates strong verti-
cal wind shear and provides favorable conditions for intense
deep convection (Fig. 1a).

Meanwhile, a surface low is located near the southeastern
corner of Inner Mongolia, reaching into western Jilin and
northern Liaoning provinces (Fig. 2; locations of the provin-
ces are shown in Fig. 4). A dryline with strong moisture con-
trast extends from ahead of the surface low southwestward
along the Bohai Bay coastal line of Hebei Province (Fig. 2a).
The water vapor mixing ratio qy on the moist (east) side of

the dryline is about 8 g kg21 higher than the dry (west) side.
The winds are from the northwest behind the dryline, while
those east of the dryline are southwesterly, corresponding to
strong directional shift and convergence of winds (Fig. 2a).
Such a dryline is often observed in warm seasons in northeastern
China between the dry air masses from the Greater Khingan
Range and the moist air masses from the Bohai Bay (Fang et al.
2020). East of the dryline, CAPE values range between
;600 and ;1500 J kg21 and approach 2000 J kg21 further
northeast in central Jilin Province (Fig. 2b) where we hy-
pothesize that an MCS generated gravity waves that later
triggered the tornadic supercell storm.

The development and evolution of the MCS and the super-
cell can be seen in Fengyun-4A (FY-4A) geostationary sate-
llite visible images of 0.5-km resolution, taken at 1338, 1430,
1615, and 1730 LST 3 July 2019. At 1338 LST, a quasilinear
MCS system with a bow shape at the leading edge (pointed to
by the red arrow in Fig. 3a) has already developed over cen-
tral Jilin Province. There was another MCS to its northeast in
Heilongjiang Province (Fig. 3a). This quasilinear MCS grew
in length and intensity (Fig. 3b) and will be shown later in ra-
dar reflectivity to consist of a line of convective cells that are
almost connected (compare Fig. 5c). During this period, a
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FIG. 1. (a),(b) Geopotential height (thick blue contours; 30-m interval), (c),(d) temperature (dashed red contours;
8C), and wind barbs (a full barb represents 5 m s21, and a half barb represents 2.5 m s21) plotted from NCEP GFS
FNL analysis at 1400 LST 3 Jul 2019, at the 500-hPa level in (a) and (c) and at the 850-hPa level in (b) and (d). The
shaded areas in (b) and (d) represent the 850-hPa RH field. Bold pink lines are trough lines, and the red star marks
Kaiyuan City. Bold labels L and C denote the low pressure center and cold center, respectively.
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series of cloud bands formed to the southwest of the MCS, in the
red boxes in Figs. 3a and 3b. These cloud bands should be lo-
cated on the dry side of the surface dryline indicated in Fig. 2a,
and therefore, they are not the typical clouds/convection

developing over the dryline convergence zone (e.g., Xue and
Martin 2006a,b), as will be discussed in more details later.

By 1615 LST, the cloud anvils of the MCS have expanded
in coverage and moved southeastward. Its southwestern end

(a)(a)

L

(b)(b)

L

L L

FIG. 2. The surface fields plotted from FNL analysis at 1400 LST 3 Jul 2019: (a) Geopotential height (thick blue
contours; 1 m), water vapor mixing ratio qy (shaded; g kg21), and the wind fields (full barb represents 5 m s21, and
half barb represents 2.5 m s21); (b) wind fields, geopotential height (thick blue contours; 1 m), CAPE (shaded;
J kg21), and CIN (dashed red contours; J kg21). Dryline is marked by standard symbols in pink. Bold letter L denotes
the surface low center, and the red star marks Kaiyuan City.

FIG. 3. Visible satellite images from the geostationary FY-4A satellite of China, taken at (a) 1338, (b) 1430,
(c) 1615, and (d) 1730 LST 3 Jul 2019. The red boxes indicate the locations of convectively generated clouds.
The white star in (a) indicates the location of the Tongliao sounding shown in Fig. 11a. The red arrows point to the
presupercell MCS. The white arrows indicate the supercell and its initial cell.
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has reached northern Liaoning Province (Fig. 3c). The earlier
cloud bands southwest of the MCS grew into a few closely
located convective cells (pointed to by the white arrow in
Fig. 3c), and by 1730 LST, the convection has developed a
pronounced overshooting top surrounded by an anvil that is
connected with the anvil of MCS on its northeast side (see the
white arrow in Fig. 3d). This overshooting top has often been
recognized as a feature that can precede severe convective
hazards (Fujita 1989). Clearly, the convection developed very
quickly and organized into a single dominant cell over the
75-min period from 1615 to 1730 LST (Figs. 3c,d). In fact, this
dominant cell is the supercell that spawned the EF4 tornado
in Kaiyuan during this period.

3. Model configuration

The WRF-ARW model version 4.0.3 (Skamarock et al. 2019)
is used to perform a real-data simulation of this case. The model
is set up with three two-way nested domains, with horizontal grid
spacings of 4050, 1350, and 450 m, respectively. These domains
are called D1, D2, and D3, respectively (Fig. 4). The outer do-
main D1 spans the entire continental China, while the inner do-
mains D2 and D3 cover the northeastern China and the entire
MCS, respectively. There are 51 vertical levels from the surface
to the 50-hPa model top. The vertical grid is stretched with a
minimum spacing of 26 m near the ground, and there are
10 model levels within the lowest 1 km.

The model used the two-moment Morrison microphysical
scheme (Morrison and Grabowski 2008), the Pleim–Xiu land
surface and surface layer models (Pleim 2006), the Asymmetric
Convective Model, version 2 (ACM2), PBL scheme (Pleim
2007), and the Community Atmosphere Model, version 3.0
(CAM3.0), radiation scheme for longwave and shortwave radia-
tion (Collins et al. 2004) on all three domains. None of these
grids used cumulus parameterizations. The same set of physics
was used for real-time forecasts during the summer seasons
over a number of years in China, and the forecasts exhibited a
high level of skill in forecasting warm-season precipitation (Zhu
et al. 2018). In Zhu and Xue (2016), this physical configuration
was found to perform the best among a number of physical
combinations for an extreme rainfall case in northern China.

All three domains are initialized from the 0000 UTC (0800 LST)
3 July 2019 NCEP Global Forecast System (GFS) final (FNL)
analysis and integrated for 12 h. The boundary conditions are
provided by the GFS forecasts every 3 h. For D3, the model his-
tory files at 2-min intervals are saved to capture the fast evolution
around CI. For D1 and D2, 10-min interval outputs are saved.

4. Results

a. Simulation verification

In this section, data from Doppler weather radars and AWSs
are first used to verify the simulation (Fig. 5). At 0900 LST,

FIG. 4. Model domains D1, D2, and D3 with 4050-, 1350-, and 450-m grid spacings, respec-
tively, together with shaded terrain elevation. The inset is over northeastern China showing the
locations of major mountains and seas and the names of provinces. The red star marks the loca-
tion of Kaiyuan City.
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FIG. 5. Temperature (red texts; 8C), dewpoint (green texts; 8C), wind barbs (full and half
barbs represent 10 and 5 m s21, respectively) at the AWSs and observed radar composite reflec-
tivity (shaded) at (a) 0900, (b) 1200, (c) 1400, and (d) 1700 LST 3 Jul 2019. (e)–(h) D3-simulated
composite reflectivity at the corresponding times, together with horizontal wind vectors at the
first model level above ground. The red star in (a) and (b) denotes the location of Kaiyuan.
Labels A, B, and C denote the observed and simulated convective systems.
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scattered convective cells, labeled A, B, and C, were ob-
served on the border of Jilin and Heilongjiang provinces
(Fig. 5a) in composite radar reflectivity. Over the next 3 h,
cells B and C merged and developed into a much stronger
quasilinear convective system (QLCS) labeled C. Mean-
while, cell A developed separately and moved to the south-
west of the QLCS (Fig. 5b). By 1400 LST, the original
QLCS had entered its weakening stage, whereas cell A ex-
panded and formed a line of cells with a bow shape (labeled
line A) and the line became almost connected with the
weakening QLCS to its north (Fig. 5c). In the following
hours, line A expanded further in length and maintained
intensity at its southern end while moving southeastward
(Fig. 5d). Line A also became further connected with the
weakening convection to its northeast. Such evolution was
also seen earlier based on satellite images in Fig. 3.

The overall evolution of convection is reasonably well cap-
tured by the model on the 450-m grid although discrepancies
in details do exist (right panels of Fig. 5). At 0900 LST, the
model reproduces convective cells A, B, and C at about the right
locations with similar characteristics as observed (Figs. 5a,e). By
1200 LST, the northern portion of the QLCS weakens and
moves east faster than observed, while cell B appears to have
moved further south and merged with cell A (Fig. 5f) instead of
with cell C as was observed (Fig. 5b). At 1400 LST, the general
organization of convection is close to observed, with a bow-
shaped line in the south and weakened QLCS with a moderate
bow in the north (Figs. 5c,g). Over the next 3 h by 1700 LST, the
model-simulated convection in the south moves southeastward
as observed, but the location is not as far south and east as ob-
served (Figs. 5d,h). The gust front/outflow boundary associated
with the convection can be clearly identified by the curved con-
vergence line between northerly outflows and southerly and
southwesterly flows to their south in the simulation and less
clearly by the surface station wind observations. Most important
to this study is an accurate model representation of the intense
supercell storm at the southernmost end of MCS convection.
While there are timing and location errors and discrepancies be-
tween the convection organizations, the evolution of the physical
processes is in a reasonable agreement between model simula-
tion and observation, considering that convective-scale details
are difficult to predict accurately. For this study, we are most con-
cerned with the initiation mechanism of the supercell given the
preexisting MCS.

In Fig. 6, we examine the fields in zoomed-in domains near
the locations and times of supercell CI in the observations
and simulation. Because of the location displacement error,
the observation and simulation domains shown are not identi-
cal. At 1636 LST, three individual cells initially formed at a
distance to the southwestern end of the MCS (pointed to by
the black arrow in Fig. 6a). A detailed check on the tempera-
ture and wind fields surrounding these cells indicates that
they were initiated ahead of the gust front associated with the
cold pool of the MCS (Fig. 6a), suggesting a mechanism of
“action at a distance.” After that, the southwestmost cell
merged with the other two and developed rapidly into a
supercell at around 1700 LST (see the black arrow in Fig. 6b).
The model reproduces similar behaviors, with three initial

cells forming to the southwest of the leading convective line
of MCS and ahead of the associated gust front (Fig. 6d), al-
though the lineup of the three cells is different from observa-
tion. The cells in the model also merged and intensified in the
subsequent hours and bear some similarity in appearance to
the observation (Fig. 6e). By 1654 LST, the merged cell has
evolved into a DMC and showed some supercellular charac-
teristics in terms of an updraft core with maximum vertical ve-
locity exceeding 30 m s21 and a midlevel mesocyclone with
strong cyclonically rotating winds (Fig. 6f).

There are discrepancies between the simulation and obser-
vations, including the northward displacement of the locations
of the CI and later supercell and the difference in the timing
of CI. We attribute the timing difference in the CI between
observation and simulation to the stronger MCS intensity at
its southwestern end in simulation (Figs. 5c,g). The more in-
tense convective activity in simulation causes the earlier trig-
gering of convectively generated GWs, and the GWs will be
shown to be responsible for the initiation of convection that
evolves into the supercell later. The location error is mainly
due to the position error of the gust front and cold pool of the
MCS that have evolved for several hours in the model simula-
tion. The morphology, including the orientation of the reflec-
tivity anvil, is also quite different in the simulated supercell
compared to the observed. In the observation, the reflectivity
anvil is mostly east and southeast of the hook echo, while in
the simulation, it is mostly to the north of the hook (Figs. 6c,f).
We attribute this discrepancy to the mid-to-upper-level storm-
relative flows in the simulation that are southerly instead of
northerly (not shown). This is apparently due to the fact that
the simulated cold pool, being reinforced by the cold pool of
the simulated MCS, is too strong, leading to too fast south-
ward propagation of the supercell and, as a result, the north-
ward or rearward upper-level storm-relative flows. Our
ongoing experiments assimilating local radar and surface ob-
servations produce better evolution of the modeled supercell
and correct orientation of the reflectivity anvil, partly through
improving the MCS cold pool. Given that the focus of this
study is on the initiation of the cells that evolved into super-
cells, we are less concerned about the inaccuracy in the later
evolution of the supercell. We are most concerned with the lo-
cations of the CI and where they are relative to the MCS, es-
pecially relative to its outflow boundary or gust front, and the
physical processes primarily responsible for the initiation of
these cells. In subsequent sections, we will focus on these pro-
cesses by analyzing model simulation data.

b. The evolution of dryline, CBL, and initiation of clouds
above CBL

Figure 7 shows simulated qy and wind vectors in domain
D3 at the lowest model level above ground. At 1030 LST, a
noticeable dryline exists along the border between Inner
Mongolia and Liaoning Province (Fig. 7a). At this stage, cells
A and B discussed earlier (compare Fig. 5) have just formed
and produced weak cold pools on the ground (Fig. 7a). Com-
pared to the observed dryline discussed earlier in section 2,
the simulated dryline here is the northern portion of the
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FIG. 6. Temperature (red texts; 8C), dewpoint (green texts; 8C), wind barbs (full and half barbs for 10 and 5 m s21)
at the AWSs and observed radar composite reflectivity (shaded) at (a) 1636 and (b) 1700 LST 3 Jul 2019. D3-domain-
simulated composite reflectivity (shaded) and wind vectors at the lowest model level (;26 m AGL) at (d) 1446 and
(e) 1700 LST. (c) Observed radar composite reflectivity of the supercell storm at 1736 LST and (f) D3-simulated re-
flectivity (shaded), vertical velocity (blue contours at intervals of 5 m s21), and horizontal wind vectors at the 4 km
AGL at 1654 LST. The 20-dBZ reflectivity indicated by the thick black contour in (f) is also plotted to outline the
hook echo of the storm. The subjectively analyzed gust fronts are indicated by the blue front symbols. The black
arrows indicate the observed and simulated supercells and their initial cells. The black star in (d) denotes the location
of the extracted sounding profile shown in Fig. 11b.
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observed one (Fig. 2a). In the vertical cross section along the
black line in Fig. 7a, relatively moist air occupies most of the
mixed CBL of about 1 km deep and the along-line moisture
gradient is weak at this location (Fig. 8a). The gradient is
much larger south of this cross section (Fig. 7a).

By 1330 LST, the convective cells seen in Fig. 7a have devel-
oped into an MCS with a strong cold pool and an arching gust
front pushing southward. The dryline has moved eastward and
extended northward to intersect the gust front (Fig. 7b). In the
subsequent hours, the MCS cold pool continued to expand and
the gust front moved further south, eroding the north part of the
dryline (Figs. 7c,d). In the vertical cross sections along the black
line in Fig. 7, the mixed CBL is seen to deepen with time, with
the CBL top on the dry (west) side of the dryline reaching
2.5 km at 1230 LST (Fig. 8b) and about 3 km at 1330 and
1500 LST (Figs. 8c,d). The CBL is shallower on the east side of
the dryline, increasing from ;1.2 km at 1230 LST to ;2 km at
1500 LST. The stronger CBLmixing on the dry side brings dryer

air from above to the surface, enhancing the moisture gradient
at the dryline. It also transports higher westerly momentum to
the surface, pushing the dryline eastward while enhancing wind
convergence there. Similar processes are commonly observed
with drylines occurring in the western Great Plains of the United
States (Crawford and Bluestein 1997). The most common CI
locations are along the dryline where low-level convergence is
enhanced (e.g., Xue and Martin 2006b), but in this case, the
initial CIs occur on the west side of the dryline, as will be dis-
cussed next.

In the cross sections along the green line in Fig. 7 that is
more or less parallel to the dryline, we can see where early
cells are initiated (Figs. 8e–h). At 1030 LST, the cross section
is still located on the east side of the dryline (Figs. 7a and 8e),
and the boundary layer is moist, shallow, and capped by an in-
version. At 1330 LST, the cross section is located within the
cold pool at its northern end, close to the dryline in the mid-
dle section, and west of the dryline at its southern one-third

FIG. 7. D3-simulated water vapor mixing ratio qy (shaded; g kg21) and horizontal wind vectors at the first model
level above ground at (a) 1030, (b) 1330, (c) 1500, and (d) 1700 LST. The simulated composite reflectivity (black con-
tours; dBZ) greater than 20 dBZ is also shown. The green and black lines indicate vertical cross sections shown in
Figs. 8 and 9.
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(Fig. 7b). Deep convective clouds are found above the cold
pool north of the gust front (at ;200 km; Fig. 8g) as the front
pushes southward. By 1500 LST, the southern half of the cross
section is located west of the dryline (Fig. 7c), while new shal-
low clouds have formed in the 3–4-km layer above deepened
mixed CBL in this portion (Fig. 8h). As is seen in Fig. 9, this
3–4-km layer corresponds to relative humidity (RH) above

90% (Figs. 9g,h), while the RH in the CBL below is less than
40%. The RH in the 3–4-km layer has increased steadily over
the proceeding hours (Fig. 9), most likely due to moisture ad-
vection by southerly flows at these levels. The nearly satu-
rated layer in terms of high RH provides favorable conditions
for cloud formation and suggests that the clouds ahead of the
gust front form at elevated levels above a relatively dry CBL.

(a)(a) (e)(e)

(b)(b)

(c)(c)

(d)(d)

(f)(f)

(g)(g)

(h)(h)

FIG. 8. Water vapor mixing ratio qy (gray shading; g kg21), potential temperature (blue contours; K), the
0.01 g kg21 total water–ice condensate contours outlining the cloud (red contours), and wind vectors (m s21), in the
cross sections denoted by the black lines in Fig. 7 at (a) 1030, (b) 1230, (c) 1330, and (d) 1500 LST. (e)–(h) As in
(a)–(d), but for the green lines in Fig. 7. The left and right cross sections in the same row are perpendicular to each
other at the same time, with the intersection denoted by the green and black arrows, respectively.
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c. The role of convectively generated GWs

While the moist layer above the CBL can provide favorable
conditions for CI, clouds first form at specific locations within the
layer (Figs. 8h and 9d), suggesting the presence of localized forc-
ing there. The model-simulated vertical velocity fields at 4 km
MSL together with the 2.75 kmMSL contours of 0.01 g kg21 total
water–ice condensate outlining the cloud are shown in Fig. 10 to
investigate such localized forcing. The choice of these heights
is based on the fact that the GW amplitudes are largest at
;4-km height and the clouds first form at;2.75 km (see later).

At 1400 LST, the convection becomes mostly concen-
trated behind the spreading gust front. Ahead of the gust
front, there are trains of high-frequency short-wavelength
GWs, in the form of updraft–downdraft couplets extending
to the southwest (see the red box in Fig. 10). Such short-
wavelength, high-frequency nonhydrostatic GWs have been
shown to be generated by frequent temporal changes in the
heating profile associated with multicellular development
within a convective line and require a wave duct to main-
tain their strength at the lower troposphere (Fovell et al.
2006).

As the high-frequency GWs emanate from the MCS con-
vection behind the gust front, a series of short cloud bands
are generated in phase with the wave peaks and along the
wave propagation path ahead of the gust front (in the red
box in Fig. 10). This wavelike banded pattern is consistent
with what is observed by FY-4A satellite (in red boxes in
Fig. 3), and similar patterns have been documented in previ-
ous studies (Du and Zhang 2019; Lane and Zhang 2011;
Raymond 1987). It should be noted that the simulated wave
bands are oriented east-northeast–west-southwest, which is
somewhat different from the observed northwest–southeast
orientation (Fig. 3). This may be attributed to the differences

in the detailed convective structures between the simulated
and observed MCSs.

To lend support to the simulated environment in which the
GWs and initial cloud bands form, we looked for observed
soundings in the region. The only sounding station that is

(a)(a) (b)(b)

(c)(c) (d)(d)

FIG. 9. As in Figs. 8e–h, but the gray shading is for RH.

FIG. 10. Model-simulated 4 km MSL vertical velocity (color
shading; m s21) and the 2.75 kmMSL 0.01 g kg21 total water–ice con-
densate contours outlining the clouds (black contours) at 1400 LST.
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close enough to the cloud bands is that of Tongliao, located at
the white star location in Fig. 3a. However, the sounding is
available at either 0800 LST or 2000 LST. The 0800 LST early
morning sounding is not representative of the afternoon con-
dition when the cloud bands form. The 2000 LST sounding,
although much later than the time of cloud band formation,
may still show some characteristics of the afternoon boundary
layer and structure above. A model sounding is extracted
from the simulation near the CI location at 1300 LST (see the
black star in Fig. 6d). This location is ahead of the MCS gust
front and west of the surface dryline within the westerly flow
(Fig. 6d), while the Tongliao sounding should also be located
west of the dryline. The 2000 LST Tongliao sounding and the
model-extracted 1300 LST sounding are plotted in Fig. 11.

Overall, the observed and simulated vertical profiles have
similar low-level structures. They both have a stable layer
with higher relative humidity above the well-mixed CBL, with
the stable layer in the observed sounding being somewhat
higher in elevation, likely due to additional late afternoon
CBL mixing. The stable layer would support horizontally
propagating GWs, and the high relative humidity makes it
easier for saturation to occur, leading to cloud formation and
CI. We want to point out that, being located west of the dry-
line with surface winds being mostly westerly, these soundings
do not represent the conditions of inflow that feed the later
intensification of convective cell into the tornadic supercell.
The intensification does not happen until the cell growing out
of the initial cloud bands moves to the east of the dryline
where the boundary layer air is much more moist and the
low-level flow is from the southwest (compare Fig. 6d). The
observed sounding has little CAPE (likely because the sounding
location was further west relative to the dryline by 2000 LST),
while the extracted model sounding has moderate CAPE that
can support the initial development of convection.

To examine the detailed evolution of the high-frequency
GWs and their associated cloud bands to the southwest, an
enlarged view of the region in the red box in Fig. 10 is shown
in Fig. 12. For simplicity, the peak updraft (positive w) regions
of GWs are marked by dashed lines labeled U1 to U9, while

their associated cloud bands are labeled C1 to C9. The
straight black lines labeled A1–A2 in Fig. 12 indicate the loca-
tions of vertical cross sections in Figs. 13 and 16 and are cho-
sen to go through the main high-frequency GW bands. The
cross sections are shifted eastward to follow the GWs and to
examine the evolution of waves and the formation of the
cloud bands.

The banded structures are clearly identifiable at 1350 LST
(Fig. 12a). The updraft bands are well defined, and the associ-
ated clouds exhibit more scattered features as they have just
formed at the time. Afterward, the corresponding cloud bands
grow more or less in phase with the peak updraft regions. As
a result, the clouds become much wider and well organized
(Figs. 12b,c). Overall, new updraft and cloud bands continue
to form on the south side of the wave train between 1408 and
1424 LST (Figs. 12d–f). This results in effective south-south-
eastward propagation of the GW train. The patterns of the
GWs and cloud bands in the vertical cross sections are consis-
tent with those observed in the horizontal planes (Fig. 13). In
addition, the updraft–downdraft couplets of the GWs are
mostly located between 2- and 6-km height above the CBL,
with the peak intensities located at;4 km.

One noteworthy feature seen from the pattern is that the
clouds tend to form and develop on the downwind side of the
updrafts where ascent reaches maximum (see C4 in Fig. 12a
and C9 in Fig. 12e), which is more evident in the vertical cross
sections (see C3 and C4 in Fig. 13a). Furthermore, a quarter
of a phase difference can be observed between the potential
temperature perturbation and vertical velocity fields (Fig. 13).
Such a pattern has also been noted by Fovell et al. (2006),
who explain that in forward-propagating GWs, the wave-
relative flow is directed toward the storm, and parcels experi-
ence the longest period of upward forcing by updrafts right
before they enter the downdraft regions. As a result, CI tends
to occur on the downwind side of the wave crest/updraft (see
Fig. 11 in their paper). Despite the ground-relative wave
speed being slower in our case, the intrinsic phase speed
remains significant when we count the strong storm-relative
winds above the CBL (Fig. 13).

(a)(a) (b)(b)

FIG. 11. Skew T–logp diagrams of sounding (a) observed at Tongliao station at 2000 LST 3 Jul 2019 (see white star in
Fig. 3a) and (b) extracted from model simulation at the black star location in Fig. 6d at 1300 LST 3 Jul 2019.
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It should also be noted that only a few cells develop into
DMC in the end, although a number of cloud bands are pro-
duced by the GWs. The merger of initial cells into the MCS
before they could fully develop is a major reason responsible
for the failure of those cells to develop into mature, isolated
DMC. For instance, C2 develops quite well during the initial
stages (Figs. 12a–c and 13a,b), but it is advected toward and
merges with the MCS before it can fully develop (Figs. 12e,f).
This behavior also occurs in C3 and C4 (see the two cells

pointed to by green arrows in Fig. 12d, and they are ingested
into the MCS and disappear in Fig. 12e). The same reason
was found to be responsible for the reinvigoration of the
squall lines by Fovell et al. (2006). In their study, the newly
formed clouds generated by GWs ahead of the squall line are
then advected to the main system by the storm-relative wind.

To carefully examine the initiation of the supercell, vertical
cross sections (B1–B2 lines in Figs. 12 and 15) following cell
C5 that subsequently evolves into the tornadic supercell are
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(a)(a) (b)(b) (c)(c)

(d)(d) (e)(e) (f)(f)

FIG. 12. Model-simulated 4 km MSL vertical velocity (color shading; m s21) and the 2.75 km MSL 0.005 g kg21 total water–ice conden-
sate contours outlining the clouds (black contours) in the zoomed-in region indicated by the red box in Fig. 10 at (a) 1350, (b) 1354,
(c) 1402, (d) 1408, (e) 1418, and (f) 1424 LST. The black straight lines A1–A2 indicate the locations of vertical cross sections shown in
Figs. 13 and 16. Red straight lines B1–B2 indicate the locations of vertical cross sections shown in Fig. 14. The upward branches of GWs
are marked by straight dashed lines and labeled U1 through U9. Labels C1 through C9 refer to cloud bands shown by black contours asso-
ciated with U1 through U9. Two cells that evolved from C3 and C4 are highlighted by green arrows.
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shown in Fig. 14. The B1–B2 lines move from west to east
with a speed of 8.3 m s21. The initial cloud associated with cell
C5 first forms in the elevated moist layer above the CBL at about
1350 LST near the wave crest (Fig. 14a). During its initial stages,
the development of C5 appears to be additionally supported by
an updraft that is located within the CBL and underneath the U5
(Figs. 14a,b). Taking a close look at the horizontal convergence
fields near the ground, we find that this CBL updraft is actually
the upward branch of the circulations of a horizontal convective
roll (HCR; pointed by the blue arrows in Fig. 15). This HCR up-
draft is collocated with the western end of U5 during the initial
stage of C5 (Figs. 15a–f) so that the upward motion extends from
surface to midtroposphere (Figs. 14a,b). It should be noted that
this initial stage takes about 20 min (Figs. 14a,b).

Previous studies have shown the interaction of HCRs
with a dryline can provide favorable localized forcings for CI
(Edwards et al. 2000; Wang and Xue 2012, 2018; Xue and
Martin 2006a,b). Different from these studies, the additional
lifting by the HCR updraft underneath the higher-level GW
updraft appears to promote faster growth of C5 in our case.
However, not all clouds are supported by the boundary layer
HCRs. For instance, C4 is formed on the downwind side of
U4, and there is no HCR updraft under it (Fig. 15c); it grows
more slowly (Figs. 15d–f). This is also the case for the eastern
part of U5 where the clouds form more slowly compared to
those on its western end (Figs. 15d–f). In general, the banded
clouds form first along with the peak updrafts of above-CBL
GWs rather than CBL HCRs, but their growth can be assisted
by the presence of HCR updrafts directly underneath.

After the initial stage, the updraft core of C5 is established
and is advected southward by the stronger storm-relative
wind aloft, detached from the CBL updraft below, and actu-
ally into the downdraft region of GW (Figs. 14c–f). However,
it continues to grow in depth and intensity and apparently be-
comes self-sustained by its condensational heating which is
enough to overcome the downward motion of GW (Figs. 14f,g).
The cloud top reaches 5-km height, and C5 becomes clearly the
dominant convective cell (Figs. 14e–h). At 1424 LST (Fig. 14g),
the updraft of C5 has extended below the moist layer into the
CBL, which appears to have been aided by the CBL upward mo-
tion underneath. By 1428 LST (Fig. 14h), the updraft of C5 had
extended to below 1 km above ground level (AGL), apparently

drawing CBL air into the deep convection that has been estab-
lished, even though the CBL air has lower RH (but higher qy).
The nearly neutral stratification of the CBL (compare Fig. 8)
makes the air easy to draw into the deep clouds above (Fig. 14h).
Eventually, C5 develops into a DMC and gains supercell charac-
teristics in subsequent hours (Fig. 6f).

d. Trapping mechanism of the GWs

In the last section, we showed that high-frequency GWs prop-
agating along the stable layer above the CBL trigger the convec-
tive cell that eventually develops into the tornadic supercell. In
this section, we examine the conditions favorable for GW propa-
gation in the layer. As mentioned earlier in the introduction,
high-frequency GWs excited at the lower levels of the atmo-
sphere tend to propagate vertically, losing their energy to the
higher levels unless a trapping mechanism is present (Alexander
and Holton 2004; Fovell et al. 1992; Nicholls et al. 1991). In
Fovell et al. (2006), trapping was produced by the curvature of
the vertical wind profile due to a forward anvil outflow that cre-
ated a trapping level at about 7-km height. Not being able to ra-
diate energy upward, the GWs would then mainly propagate
horizontally and be able to reach a large distance sometimes.

The parameter that best describes the conditions for vertical
GW propagation is the Scorer parameter l2 which is a function
of the static stability and vertical variation of the wind profile.
According to GW analytical solutions, GWs whose wavenumbers
are larger than the Scorer parameter cannot propagate verti-
cally (Crook 1988; Scorer 1949). When the Scorer parameter l2

decreases with height, GWs of certain wavelengths will cease
to propagate upward when the Scorer parameter value falls
below their wavenumbers, causing the trapping of the waves.
Such waves tend to propagate horizontally if a suitable stable
condition exists, and such a stable layer acts as a “waveguide.”

The Scorer parameter l2 can be calculated according to

l2 5
N2

m

(U 2 c)2 2
2U/z2

(U 2 c) , (1)

where U(z) is the environmental horizontal wind profile, z is
the height, and c is the horizontal GW phase speed. The term
N2

m is the subsaturated or saturated Brunt–Väisälä frequency as
defined in Bryan and Rotunno (2009). The Scorer parameter l2

U4U4 U3U3 U2U2 U1U1U5U5
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U5U5
U4U4 U3U3 U2U2 U1U1

C4C4 C3C3 C2C2C5C5C7C7

U7U7

U6U6

(a)(a) (b)(b)A2A2A1A1 A1A1 A2A2

FIG. 13. Vertical velocity (color shading; m s21), potential temperature (dark blue contours; K), the 0.01 g kg21 to-
tal water–ice condensate contours (thick black contours), and storm-relative wind vectors (m s21), in the cross sec-
tions denoted by the black lines A1–A2 in Fig. 12 at (a) 1350 and (b) 1408 LST.
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will decrease when static stability N2
m decreases, U increases, or

2U/z2 is large and negative at lower altitudes but small at
higher altitudes.

For saturated air,

N2
m 5

g
T

T
z

1 Gm

( )
1 1

T
Rd/Ry 1 qs

qs
T

( )
2

g
1 1 qt

qt
z

, (2)

where g is the gravitational acceleration, T is the absolute
temperature, Gm is the moist-adiabatic lapse rate, Rd is the gas
constant for dry air, Ry is the gas constant for water vapor, qs

is the mixing ratio at saturated equilibrium, and qt is the total
water mixing ratio. The term c is usually calculated as the av-
erage ground-relative GW phase speed. We estimate the
phase speed by dividing the distance traveled by GWs with
their traveled time, giving us an estimated ground-relative
wave speed of 9.7 m s21.

According to (1), we calculate l2 as well as its separate
terms:

l2N 5
N2

m

(U 2 c)2 , (3)
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FIG. 14. Vertical velocity (color shading; m s21), potential temperature (dark blue contours; K), the 0.01 g kg21

total water–ice condensate contours (thick black contours), LCL (green contours), LFC (purple contours), and
storm-relative wind vectors (m s21), in the cross sections denoted by red lines B1–B2 in Fig. 12 at (a) 1350, (b) 1408,
(c) 1410, (d) 1412, (e) 1414, (f) 1418, (g) 1424, and (h) 1428 LST. The black arrows point to the initial cell that evolves
into the tornadic supercell.
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and

l2s 52
2U/z2

(U 2 c) , (4)

which are related to environment stability and the curvature
of the wind profile, respectively.

Figure 16 shows Scorer parameter l2 and their separated
terms in a vertical cross section alone A1–A2 at 1408 LST in

Fig. 12d. Their values are multiplied by 106 for plotting. Also
shown are the 0.01 g kg21 total liquid–ice condensate con-
tours outlining the clouds. For the Scorer parameter l2 in
Fig. 16a, the most evident feature is a layer between 6 and
7 km where l2 is negative. For a wave with horizontal wave-
length Lx and wavenumber k 5 (2p/Lx), the vertical wave en-
ergy propagation can only occur when l2 . k2; otherwise, the
wave will be vertically decaying so that the energy is trapped
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FIG. 15. Horizontal convergence fields at the first model level (color shading; 1 3 1025 s21), the vertical velocity at 4 km MSL (green
contours;60.2 m s21), and the 2.75 kmMSL 0.005 g kg21 total water–ice condensate contours outlining the clouds (black contours) in the
zoomed-in region indicated by the red box in Fig. 10 at (a) 1336, (b) 1346, (c) 1348, (d) 1350, (e) 1358, and (f) 1406 LST. The upward
branches of GWs are marked by straight dashed lines and labeled U1 through U9. Labels C1 through C9 refer to cloud bands shown by
black contours associated with U1 through U9. The HCR updraft, which keeps supporting the initiation of C5, is pointed to by the blue ar-
rows. Blue straight lines B1–B2 indicate the locations of vertical cross sections shown in Fig. 14.
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and can only propagate horizontally (Crook 1988). From ver-
tical cross sections we discussed earlier, we can obtain an esti-
mated wavelength of GWs of 6 km (Fig. 13), which gives us a
wavenumber k of 1023 and k2 of 1026. Based on the wave

propagation theory, when l2 is less than 1026 in a layer, no
GW can propagate vertically through this layer, and all GW
energy will be trapped below this layer, helping maintain the
amplitudes of GWs below. Indeed, none of the GW updrafts

(a)(a)

(b)(b)

(c)(c)

FIG. 16. (a) Scorer parameter (color shading; 1 3 1026 m22) and the 0.01 g kg21 total liquid–
ice condensate contours (thick black contours) in the cross sections denoted by the black lines
A1–A2 in Fig. 12 at 1408 LST. (b),(c) As in (a), but for the terms associated with environment
stability and the curvature of the wind profile, respectively.
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reaches above the 7-km height where l2 is negative (Fig. 13).
The term l2 is the largest between ;2 and ;4 km and de-
creases above and below this layer. The smaller l2 overlying
large values also cause the trapping of shorter wavelength
GWs when they try to propagate upward and encounter re-
duced l2. The 2–4-km layer is one that is most favorable for
supporting GWs, and it acts as a waveguide along which
larger-amplitude GWs propagate horizontally, reaching dis-
tances ahead of the source regions behind the gust front. This
is supported by the fact that the GW amplitudes start to de-
crease at 4-km height (Fig. 13).

An examination of the total l2 and contribution terms re-
veals that the layer of large positive l2 is mainly attributed to
the stability term, while the negative l2 is mainly from the
wind profile curvature (Fig. 16). Although there is another
evident negative l2 layer for the term associated with wind
profile curvature between ;2- and ;4-km levels, it is over-
whelmed by the large positive stability term.

In summary, a stable layer with large positive Scorer pa-
rameter values above the CBL provides favorable conditions
for the GWs excited by nearby intense convection along the
MCS gust front to propagate horizontally along the wave-
guide, while decreasing the Scorer parameter above and be-
low this layer, and a layer of negative values in the upper
troposphere helps trap the GW energy to this layer and main-
tain significant amplitudes. With high relative humidity in this
stable layer, air parcels within the large amplitude GW up-
drafts are easy to reach saturation and their level of free con-
vection and trigger deep convection. When a GW updraft
with a developing cloud cell within is over the upward branch
of a boundary layer convective circulation, the cell strength-
ens faster than others. When the updraft core becomes self-
sustained and starts to draw nearly neutrally stratified CBL
air into its core, deep convection is established, which eventu-
ally evolves into the tornadic supercell in our case.

5. Summary and conceptual model

This study investigates the CI mechanism of a tornadic
supercell that occurred in Kaiyuan City, Liaoning Province,
China, on 3 July 2019. This event and certain features are first
documented using high-resolution observations including
FY-4A visible satellite data, Doppler radar data, and data
from automatic weather stations. The presence of wavelike
cloud bands ahead of the gust front of an MCS and the develop-
ment of the tornadic supercell from one of the fastest-growing
cloud cells along the bands suggest a potentially important role
of convection-excited gravity waves in triggering the supercell
convection. A nested-grid, high-resolution numerical simulation
is performed to investigate the CI processes. The simulation
results show a reasonable agreement with the observations de-
spite timing and spatial errors and discrepancies in smaller-scale
details. The general evolution of the predicted MCS is consis-
tent with the observation, and the initial cell of the tornadic
supercell in the model also initiates ahead of the gust front as in
observations. A detailed investigation of the simulation results
reveals that the initial cells are triggered on the dry side of a sur-
face dryline and within a moist stable layer above a well-mixed

CBL that is relatively dry, especially in terms of RH. The
moist stable layer is almost saturated and provides favorable
conditions for gravity wave propagation in the layer. The near-
saturation condition makes it easy for air parcels to be lifted
above their LFC.

Clouds first form at specific locations within the moist layer,
and analyses show that high-frequency GWs provide the pri-
mary localized lifting for the cloud formation and triggering
of deep convection within our simulation. These GWs are
generated by the cyclical redevelopment of convection within
the MCS and propagate southward along the stable layer
which acts as a waveguide above CBL. A quarter of the phase
difference exists between the vertical velocity and potential
temperature perturbations confirming the GW nature, and
the clouds tend to form on the downwind side of the GW up-
drafts where the vertical ascent is maximized. While a train of
cloud bands forms near the peak updrafts of the GWs, only a
few cells develop into deep convection. Some of the cells are
advected toward and end up merging with the MCS.

Examination of vertical cross sections reveals additional in-
teractions with updrafts of convective cells within the CBL
below. The CBL convective cells organize into HCRs and
produce localized bands of updraft. The cloud cell that even-
tually developed into the supercell first formed in the moist
stable layer and appears to be helped by the updraft of an
HCR directly underneath, making this cloud cell grow faster
than surrounding cells and become the dominant one. As this
cell grows deeper and more intense, condensational heating
makes its updraft self-sustained. It then moves away from the
initial GW wave crest (updraft region) into a wave trough
(downdraft region), as well as away from the HCR updraft
originally underneath, but is still able to maintain its growth.
When the cell moves into the next GW wave crest region that
also has a CBL updraft nearby, it rapidly intensifies and forms
deep convection. After that, the storm cell starts to draw air
from the boundary layer below, which has higher qy and is
nearly neutrally stratified. Eventually, the storm cell moves
eastward to the moist side of the dryline where it eventually
evolves into an isolated supercell.

The trapping conditions for GWs are analyzed by examin-
ing the vertical structure of the Scorer parameter. The Scorer
parameter is positive and the largest in the stable layer above
the CBL and decreases both above and below this layer, pre-
venting certain shorter-wavelength GWs from propagating
vertically away from the stable layer, especially in the upward
direction in which the GW energy tends to radiate. Further,
there exists a layer of negative Scorer parameter in the upper
troposphere due to wind shear, so that no lower-level GW
can penetrate it to reach the upper levels. Such vertical struc-
tures create trapping conditions for GWs and an effective
waveguide along which GWs can propagate horizontally to
relatively large distances from their sources.

Based on the above findings, we propose a conceptual
model of the initiation mechanism of the tornadic supercell in
this case which includes a schematic illustrating the trapping
mechanism of the high-frequency GWs and their roles in initi-
ating cloud cells and the development of some cells into deep
convection (Fig. 17). Specifically, at the development stage of
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a presupercell MCS (Fig. 17a), the MCS forms on a surface
low with a North China cold vortex at the mid- and upper lev-
els. A dryline with strong moisture contrast extends from
ahead of the surface low southwestward along the Bohai Bay
coastal line. The moist southwesterly flow from Bohai Bay to
the east of the dryline brings moist air to the MCS, while the
dry westerly flow west of the dryline originates from the
Greater Khingan Range and Mongolian Plateau. At the con-
vective initiation stage of the supercell (Fig. 17b), initial cloud
cells are triggered by the convectively generated GWs that
propagate southward and away from the MCS along a moist,
in terms of high relative humidity, stable layer above the CBL
ahead of the MCS gust front that acts as a waveguide for the
GWs. In the schematic (Fig. 17c), a layer of negative Scorer
parameter exists at around the 7-km level, through which no
low-level GWs can penetrate. The moist and stable layer above
the CBL has the largest positive Scorer parameter and its value
decreases with height, which will trap shorter-wavelength GWs
to the large Scorer parameter layer. The wave-relative flow is
indicated by the long wavy arrow with the initial clouds forming

on the wave crests. The faster growth of the initial cloud cell
that eventually becomes the dominant deep convection is
helped by the updraft within the boundary layer located be-
low, associated with boundary layer convective cells that are
mostly organized into HCRs.

While earlier studies, mostly based on idealized numerical
simulations, have documented the initiation of new convec-
tive cells by low-level horizontally propagating GWs triggered
by intense organized convection, studies documenting similar
processes for real cases are few. Improved understanding of
elevated convective initiation involving convectively gener-
ated GWs should be valuable to operational forecasting, as
there is often no clear forcing at the surface. The analyses we
performed on the convective initiation and evolution, includ-
ing the role of convectively generated GWs in triggering the
initial convective cell that evolves into the supercell thunder-
storm, are mainly based on model-simulated results. While di-
rect observations on perturbations associated with the GWs
are not available, the cloud bands in visible satellite images
suggest the presence of GWs in the region. The overall

FIG. 17. A conceptual model of the initiation of the tornadic supercell in the 3 Jul 2019 Kaiyuan, Liaoning, tornado
case. (a) The development stage of a presupercell MCS, including the surface low with the North China cold vortex
(dark blue contours and transparent sky-blue shading), the dryline (red dashed line), the moist southwesterly flow
(curved yellow arrow), the dry westerly flow (red arrow), and the CBL top (green line). (b) The CI stage of the super-
cell, including the convectively generated GWs (gray wavy shading), the moist stable layer (blue shading) above the
CBL (green shading), and the MCS gust front (blue front symbol). (c) Schematic illustrating the trapping mechanism
of the high-frequency GWs and their roles in producing cloud cells, including the layer of negative Scorer parameter
(shaded dark blue), the moist and stable layer with the largest positive Scorer parameter (shaded pink), the wave-rela-
tive flow (the long wavy arrow), the updrafts of HCRs (red elliptic shading in the CBL), the GW updrafts and down-
drafts (red and blue elliptic shading), and wind profile.
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similarity in system structure and timing between observa-
tions and models also suggests that the proposed GW mecha-
nism might have played a crucial role in the genesis of the
actual Kaiyuan tornadic supercell. Future studies involving
more fine-scale observations should be carried out for similar
cases that hopefully can provide direct observational evidence
of such an initiation mechanism. Studies should also be car-
ried out to determine how often such processes occur in dif-
ferent seasons and environmental regimes.
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