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Abstract: This study examines an atmospheric bore formed from the collision between a colder gust 
front (GF) and a warmer sea breeze (SB) over the Bohai sea coast of China during the night of June 
12-13, 2018. Utilizing radar data, ground-based observations, and high-resolution numerical 
simulations, the findings indicate that the approaching SB establishes a stabilizing boundary layer 
(SBL) into which the GF from the convective downdraft intrudes, transitioning from a density 
current to a non-undular bore and eventually to an undular one. The undular bore then propagates 
within favorable trapping layers associated with the SB, facilitating convection initiation (CI). 
Dynamics governing this bore formation process are also investigated and validated using 
laboratory model theories. Results also reveal that the structure of the mesoscale convective system 
(MCS) is significantly influenced by the presence of the bore. Substantial convective available 
potential energy (CAPE) -rich air parcels within the SBL are lifted by the bore, fueling the MCS and 
lead to CI, thereby sustaining the MCS's intensity and longevity. Given the prevalence of GFs and 
SBs over the eastern coastal regions of China, their collisions will create a high likelihood of bore 
formation, regardless of the environmental boundary layer conditions. This significantly enhances 
the potential for bores to play a crucial role in CI, particularly during the daytime. 

Keywords: atmospheric bore; density currents collision; mesoscale convective systems; convection 
initiation; radar data applications; numerical simulations 

 

1. Introduction 

An atmospheric bore is a gravity wave response, often accompanied by a rise in surface pressure, 
a sudden shift in wind direction, and an increase in wind speed, while the temperature remains stable 
or experiences a slight rise [1–3]. The formation of atmospheric bores is closely linked to density 
currents, which are hydrodynamic flows driven by density differences within a fluid and serve as a 
crucial mechanism for mass transport [4]. Common examples of density currents include cold pool 
outflows, often referred to as gust fronts (GFs), and sea breezes (SBs). At night, the lower atmosphere 
frequently develops a stable boundary layer (SBL) due to radiative cooling. When cold pools outflows 
undercut the strong SBL, wave disturbances are triggered at the upper boundary of the SBL, leading 
to the formation of bores [5–7]. Additionally, the collision of density currents can generate bores. 
Notable examples include the collision of two sea breeze fronts (SBFs) [8–12], the collision of a gust 
front (GF) with a SBF [13,14], the meeting of two GFs [15], and the convergence of a GF with a cold 
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front [16]. Based on laboratory experiments, Simpson (1997) pioneered a conceptual model for bore 
formation resulting from density current collisions [4]. He found that under ideal conditions, when 
two density currents of equal density collide, a symmetrical "hump" emerges at the point of impact. 
However, in real-world scenarios, it is more common for density currents of different densities to 
collide. In such cases, the denser fluid tends to undercut the less dense one, causing it to bulge and 
lift, which in turn forms two opposing bores. 

Numerous studies [17–24] have shown that bores favor convection initiation (CI) by lifting 
unstable air parcels or by reducing convective inhibition (CIN) and the level of free convection (LFC). 
This phenomenon was a key focus of the Plains Elevated Convection at Night (PECAN) field study 
in 2015, which aimed to explore the impact of frequent bores on CI and their role in sustaining 
mesoscale convective systems (MCSs) over the Southern Great Plains (SGP) of the United States [25]. 
During PECAN, bores were associated with approximately 25% of the elevated CI events [26]. It is 
evident that a longer lifespan of a bore is correlated with a more sustained MCS. The key to sustaining 
bores as gravity disturbances lie in preventing the vertical propagation of fluctuating energy, thus 
enabling the fluctuations to propagate horizontally. Scorer (1949) noted that energy trapping within 
fluctuations can occur through reflections (i.e., waveguide), and introduced the Scorer parameter (𝑙𝑙2) 
to analyze the maintenance of gravity waves [27]. Vertical fluctuations can be trapped when 𝑙𝑙2 
transitions from positive to negative with height [6]. Recent studies [23,24,28] have further indicated 
that long-lived bores are often associated with a strong nocturnal low-level jet (LLJ), as wave energy 
is effectively captured when LLJs move in the opposite direction to the bores. 

Bores have been documented in various regions worldwide, including China [3,29–33]. Zhang, 
Parsons, and Xu et al. (2020) conducted the first dynamic study on the formation and evolution of 
atmospheric bores observed over the Yangtze-Huaihe Plain, demonstrating that atmospheric bores 
can form nocturnally in China and the characteristics of them are more distinctive compared to those 
in other regions, such as SGP [23]. Bores are classified by strength into three types: Type A, exhibiting 
smooth, undular waveforms; Type B, resembling an undular bore but partially merging with features 
of a density current; and Type C, lacking waveforms and fully resembling a density current [34]. 
Zhang, Parsons, and Xu et al. (2020) observed a bore initially formed as Type C, characterized by a 
density current appearance, but later evolved into a strong Type B one with a wavelike structure [23]. 
This progression from Type C to Type B contrasts with previous studies where bores typically formed 
directly as Type A or Type B [7]. Building on this research, Zhang, Parsons, and Xu et al. (2022) 
conducted the first multi-year statistical study on bores over the Southern North China Plain (SNCP) 
during the warm seasons from 2015 to 2019 China [33]. They found that while the SNCP experiences 
fewer bores than the SGP, the occurrences are more spatially widespread. The lower bore frequency 
over the SNCP highlights the environmental diversity of this region, and it is hypothesized that bore 
formations in China may be more complex, potentially due to the higher moisture levels across the 
plains, which are less conducive for the formation of strong cold pool. In their recent study, Zhang, 
Parsons, and Xu et al. (2024) identified that bores over the SNCP are likely driven by interactions 
between strong mesoscale convective downdrafts and a strong SBL [24]. This suggests a potentially 
unique dynamical mechanism for bore formation in China. The research conducted in these studies 
[23,24,33] has laid a foundation for understanding bores across the China.  

Moreover, they found that the East China Plain, with its extensive coastline, presents additional 
opportunities to explore bore dynamics, where convective cold pools may frequently collide with 
SBFs, enhancing the region's potential for diverse bores formation [24]. Density current collisions can 
occur at any time, allowing for bore formation even when the boundary layer is active. When stronger 
bores develop during collisions, they can propagate over hundreds of kilometers with minimal 
kinetic energy loss under ideal conditions, such as the establishing SBL from the SB, and potentially 
initiating additional thunderstorms [14,35]. The frequent occurrence of MCSs during warm season 
along China's eastern coast, along with the near-daily presence of SBFs, suggests that bores could 
significantly influence CI under specific conditions, such as an active boundary layer. This will 
represent a novel mechanism for triggering intense convection off the coast of China. Understanding 
how density current collisions lead to bore formation and their impact on CI in unstable boundary 
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layer conditions is crucial. Such insights are vital for enhancing the accuracy of severe weather 
forecasting and issuing timely warnings.  

This study represents the first exploration into the mechanism of bore formation via density 
current collisions along the Chinese coast. By examining an MCS’s convective outflow along the 
Bohai Sea coast, we documented an undular bore generated from the collisions between this outflow 
and a coastal SBF. This phenomenon, observed at night during the warm season, was initiated by the 
persistent collision between a GF and a SBF. Throughout the bore's propagation, we identified the 
initiations of several intense convective cells upstream, some of which merged with the MCS to 
maintain it, while others consistently followed the bore as it advanced eastward. Unlike previous 
studies, our findings revealed a well-mixed boundary layer preceding bore formation, despite the 
nocturnal timing of the collision. Our research aims to build upon the work of Zhang, Parsons, and 
Xu et al. by introducing a potential new avenue for investigating bore phenomena in the Chinese 
region. The remainder of this article is organized as follows: Section 2 provides an observational 
analysis of the bore's formation and evolution. Section 3 details a numerical simulation using the 
Advanced Research Weather Research and Forecasting model (ARW-WRF v4.2) [36], with 
comparisons between simulation results and observational data validating the model's applicability. 
Section 4 explores the dynamic and thermodynamic processes underlying the collision that gives rise 
to the bore, as well as the role of the bore in CI. Section 5 analyses the dynamics of bore formation. 
Section 6 summarizes the findings of the study. All times mentioned in this paper are in Local 
Standard Time (LST, LST = UTC + 8 hours). 

2. Observation Analysis 

2.1. Data 

The observational data used in this study consist of two components: 
(1) Radar reflectivity data obtained from two S-band radars located at Cangzhou (CZ) and 

Qingdao (QD). These radars have a maximum scanning range of 460 km and operate with a scanning 
interval of 6 minutes. The radar systems are similar in hardware and software to the Weather 
Surveillance Radar-1988 Doppler radars (WSR-88Ds) deployed in the United States [37]. 

(2) Ground-based observation data obtained from the operational ground-based monitoring 
network, which has a spatial resolution of approximately 25 km and a temporal resolution of 6 
minutes. The dataset includes measurements of temperature, barometric pressure, wind direction, 
and wind speed. The precision of the temperature and pressure measurements is 0.1°C and 0.1 hPa, 
respectively. 

2.2. Structure of the MCS and Identification of Bore 

The formation, structure, and evolution of the MCS were comprehensively observed by the CZ 
radar (Figures 1a-c) and QD radar (Figures 1d-f) during the night of 12 June and the early hours of 
13 June 2018. 

Around 2200 LST, the MCS located over the western Bohai Sea, featuring a high reflectivity core 
exceeding 45 dBZ, oriented along a southwest-northeast axis, accompanied by extensive weaker 
convection under 35 dBZ trailing the system. At this time, a distinct radar reflectivity line (RFL) was 
observed at the leading edge of the outflow (Figure 1a), alongside a narrow SBF paralleling the Bohai 
Sea coastline. Notably, a mountain range with an elevation of approximately 1 km lies to the 
southeast of the MCS (depicted with light orange shading in Figure 1). From 2200 LST to 2300 LST 
(Figures 1a and b), the MCS exhibited progressive north-south development and the RFL approached 
the SBF, ultimately leading to their collision at their northern part. This collision resulted in rapid 
intensification of the system, which extended north-south from 150 km to 250 km (Figures 1b, c). 

On the following day, around 0031 LST (Figure 1d), the QD radar captured final stage of the 
collision. By 0128 LST (Figure 1e), multiple RFLs formed taking the appearance of undular bores 
with several convective cells initiated upstream. Subsequently (Figure 1f), some of these convective 
cells merged with the parent MCS, allowing the system to maintain, while others propagated 
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eastward following the RFLs. During this period, the system transitioned from a linear north-south 
MCS to a bow-shaped echo and finally merged with downstream linear convection to form a T-
shaped convective system. 

 

Figure 1. Radar reflectivity (shaded, units: dBZ) from the CZ and QD radar station at an elevation 
angle of 0.5° and observed surface wind fields (grey vectors, units: m s-1) from operational ground-
based observation networks. The CZ radar was observed from 2200 LST on 12 June to 0000 LST on 13 
June 2018, while and the QD radar was observed from 0031 LST on 13 June to 0231 LST on 13 June 
2018. The red × in panel (a) indicates the sounding location in Figure 3, the black lozenges in panels 
(a) and (d) indicate the ground-based stations, the red dashed cycles in panels (c) and (d) indicate the 
CI of convective cell in RFL upstream, and the blue arrows in panels (e) and (f) indicate an undular 
bore. The light orange shading indicates terrain greater than 200 m above ground level (AGL). By 
integrating data from the ground-based network with radar imagery, the positions of the leading edge 
of MCS convective outflow (i.e., GF) and the SBF were indicated by black solid and purple solid 
curves, respectively. The solid black curve changes to a dashed black curve, indicating that the 
collision is in progress. 

RFLs are well-established indicators of mesoscale boundary convergence lines, such as SBFs, 
GFs, and bores [38]. The transformation of a single RFL into multiple RFLs often signifies the 
formation of undular bore [33]. Given these observational facts, eight stations from the ground-based 
observation network were selected along the RFLs' trajectory (Figure 2) to qualitatively verify the 
bore generation resulting from the gravity currents collision.  

At 2220 LST, as the RFL was about to pass station 54725 (Figure 2a), a surface pressure surge of 
approximately 3.5 hPa, a sharp temperature drop of about 3°C, an abrupt shift in wind direction, and 
a significant increase in wind speed were observed. Additionally, a reduction in temperature-
dewpoint difference indicated an increase in relative humidity, suggesting that the RFL observed in 
Figure 1a corresponded to a GF. By 2300 LST, stations 54729 (Figure 2b) and 54734 (Figure 2c) 
recorded a change in the character of the RFL, which now exhibited a more modest pressure increase 
of around 2 hPa, and a temperature that either rose slightly or remained steady. This indicated the 
transition of the RFL of GF into a non-undular bore, which was also later observed by stations 54738 
(Figure 2d) and 54831 (Figure 2e). As the collision between the GF and the SBF neared its final stage 
by 0030 LST, station 54832 (Figure 2f) recorded two distinct air pressure jumps within ten minutes of 
the RFL's passage at 0040 LST. This suggested multiple fluctuations, coinciding with the evolution of 
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a single RFL into multiple RFLs—a transformation from a non-undular bore to a undular bore. This 
evolution was also observed at nearby station 54837 (Figure 2g) and downstream at station 54844 
(Figure 2h). 

Throughout this process, the RFL initially acted as a GF and gradually transformed into a non-
undular bore, eventually developing into an undular bore during its ongoing collision with the SBF. 
The collision likely began around 2240 LST (as indicated by translucent black dashed lines in Figures 
2a and 2b) and ended near 0030 LST (as shown by translucent black solid lines in Figures 2e and 2f). 
This period documented a slight increase in humidity, likely due to the mixing of water vapor 
resulting from the GF and SBF interaction. Furthermore, the continuous collision of the GF with the 
SBF, along with the passage of the southern edge of the MCS over a mountain range, suggests that 
downslope winds associated with the mountains may have also contributed to the bore's formation 
by enhancing the GF and facilitating its eventual transition into an undular bore. 

 
Figure 2. The temperature (read line, units: °C), pressure (blue line, units: hPa), temperature-
dewpoint difference (green line, units: °C) series, and observed surface wind field at selected stations 
(wind barbs, units: knots, half and full barbs for 2 m s⁻¹ and 4 m s⁻¹, respectively). The blue dashed 
lines indicate the passage of the observed RFL(s) at different directions, and the locations of the 
ground-based stations are shown in Figures 1a, d. The translucent black dashed lines in panels (a) 
and (b) indicate the temporal point at which the GF collided with the SBF, whereas the translucent 
black solid lines in panels (e) and (f) indicate the temporal point at which the collision concluded. 

2.3. Large Scale Environment 

An analysis of the large-scale synoptic conditions preceding the collision was conducted using 
ERA5 data, which has a temporal resolution of 1 hour and a spatial resolution of 0.25° × 0.25° [39].  

At 500 hPa (Figure 3a), a low-pressure center is positioned to the northwest of the MCS, 
channeling west-northwesterly dry and cold air to the system. Meanwhile, total column water vapor 
analysis reveals favorable ambient moisture conditions to the east of the MCS. Notably, the presence 
of water vapor maxima to the north of MCS suggest potential development in that region, which is 
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consistent with observation (Figures 1d-f). At the 850 hPa level (Figure 3b), the MCS located at the 
northern terminus of the southwest LLJ. The 2 m temperature indicates warmer conditions on the 
MCS's southwest side, which, coupled with the LLJ, facilitates optimal water vapor transport in the 
vicinity of the MCS. Consequently, the MCS was situated in an unstable, stratified atmosphere, 
characterized by a warm, humid low-level environment juxtaposed with a dry, cold mid-level. 
Additionally, significant vertical wind shear between 850 hPa and 500 hPa creates a favorable 
environment for sustaining the MCS and promoting CI. 

 
Figure 3. Geopotential height (black contours, units: dagpm) and horizontal wind fields (half and full 
barbs for 2 m s⁻¹ and 4 m s⁻¹, respectively) at (a) 500 hPa with total column water vapor (shaded, units: 
kg m-2) and (b) 850 hPa with 2 m temperature (shaded, units: °C) at 2200 LST on 12 June 2018 derived 
from ERA5 data. The black rectangle indicates the MCS development area, and 'L' indicates a low-
pressure center. The brown color curve in panel (a) indicates the trough and the red '×' as Figure 1a. 
Skew-T diagram (c-f) at the red '×' in panel (a), showing profiles of ambient temperature (red line), air 
parcel temperature (black line), and dewpoint temperature (green line). The convective inhibition 
(CIN) area is shaded light blue and the convective available potential energy (CAPE) area is shaded 
light red. Panels (c), (d), (e), and (f) correspond to the red '×' from west to east, respectively. The ERA5 
reanalysis is hourly with a spatial resolution of 0.25° × 0.25°. 
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The vertical profiles (Figures 3c-f) provide insights into the atmospheric stratification before and 
after the passage of the SBF. Notably, significant convective available potential energy (CAPE), 
exceeding 1000 J kg⁻¹, is evident in all positions, highlighting the potential for conducive convective 
activity. Unexpectedly, the atmospheric boundary layer before SBF approaching is well-mixed 
(Figure 3c), indicating suboptimal conditions for bore formation prior to the GF-SBF collision. 
However, the approaching SBF from the coastline gradually stabilized boundary layer, leading to the 
formation of a pronounced inversion layer accompanied by increasing CIN. Consequently, in the 
SBF-governed environment, the initiation of deep convection is likely to occur if air parcels are lifted 
to the LFC. Furthermore, a gradual decrease in the lifting condensation level (LCL) from west to east 
indicates an increase in low-level water vapor content while the vertical wind profiles highlight the 
sea-land breeze circulation, consistent with observations. 

3. Numerical Simulation 

3.1. Experiment Design 

Utilizing the WRF-ARW model [36], a high-resolution numerical simulation focusing on the 
collision between the MCS-generated GF and the coastal SBF, was conducted to explore the dynamics 
of bore. Numerical, in contrast to observational data, provide enhanced spatial and temporal, thereby 
offering a more detailed insight into the MCS evolution and the processes driving bore formation. 
The simulation started at 1000 LST on June 12, 2018, and lasted for 30 hours, employing a dual-layer, 
bidirectionally nested grid with of 3 km and 1 km (Figure 4). To analyze bore formation and its impact 
on the MCS, outputs were generated at 60-minute intervals for the outer layer and at one-minute 
intervals for the inner layer. Initial and boundary were derived from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) data (Catalogue — Climate Data Store (copernicus.eu)). 
Table 1 outlines the specific details of the model. 

 
Figure 4. Domain configurations utilized in the WRF Preprocessing System and simulations include 
an outer domain with a 3 km horizontal grid spacing, while the inner domain, labeled as d02, is 
represented by a box with a 1 km resolution. 
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Table 1. Summary of the ARW configuration for this study. 

 Domain #1 Domain #2 References 

Grid Spacing 3 km 1 km  

Horizontal dimensions 2247 km × 2247 km 1050 km × 1050 km  

Vertical sigma levels 45 45  

Model top pressure 200 hPa 200 hPa  

ICs and LBCs EAR5 reanalysis EAR5 reanalysis  

Microphysics Thompson Thompson Thompson et al. 2008 [40] 

Longwave radiation RRTM RRTM Mlawer et al. 1997 [41] 

Shortwave radiation Dudhia Dudhia Dudhia 1989 [42] 

Surface layer 
Monin–Obukhov–

Janjic 

Monin–Obukhov–

Janjic 
Janjic 1996 [43] 

Land surface model Noah Noah Chen and Dudhia 2001 [44] 

Boundary layer physics MYJ MYJ Mellor and Yamada 1982 [45] 

Cumulus 

parameterization 
Grell and Dévényi Grell and Dévényi Grell and Dévényi 2002 [46] 

3.2. Evaluation of the Model Simulation 

Figure 5 illustrates the simulated composite reflectivity of the MCS and vertical velocity at 500 
m above ground level (AGL). A comparative analysis between Figures 5d-i and Figure 1 
demonstrates that the simulation successfully captures the structural evolution of the MCS. 
Specifically, the simulation effectively depicts the transformation of the MCS reflectivity core (≥45 
dBZ) from a north-south linear to a bowed structure, eventually resembling a T-shaped convective 
system. As shown in Figures 5, the simulation accurately recreates the GF at the leading edge of the 
MCS, the SBF along the parallel coast, the ongoing collision between the GF and the SBF that formed 
undular bores and the development of nascent convection upstream the bore. However, the 
simulated MCS deviated about 100 km eastward, with an extensive region of weaker echoes on the 
system's western side. Such discrepancies are common in numerical simulations. [47–49]. 

Turn our attention to the evolution of the bore. At 1930 LST (Figure 5a), a narrow band of 
upward velocities, indicative of the GF, is observed along the southwestern leading edge of the MCS. 
As the GF collides with the SBF (Figures 5a and 5b), this single band of uplift evolves into multiple 
bands. These bands of rising velocities gradually migrate from the MCS's leading edge, propagating 
southeastward and marking the formation of an undular bore (Figure 5c). This phenomenon favors 
the development of multiple convective cells upstream during its propagation (Figures 5c, d). 
Overall, the bore gradually intensified following its formation (Figures 5b-f), as indicated by a steady 
increase in its horizontal extension (Figures 5b-f) until 0310 LST, when the bore began to weaken 
(Figures 5g, h) and eventual dissipated (Figure 5i). The bore lasted approximately 6 hours, with its 
evolution closely linked to the intensification and extension of the MCS. Notably, the simulated 
collision between the GF and SBF occurred about 3 hours earlier than observed, resulting the bore's 
formation being similarly advanced in the simulation. 
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Figure 5. Composite reflectivity (shaded, units: dBZ) and 10 m horizontal wind (grey vectors, units: 
m s-1) simulated by the WRF model at the 1-km resolution from 1930 LST on 12 June to 0440 LST on 
13 June 2018. The red rectangle in panel (a) marks the sounding location shown in Figure 6. Thin black 
dashed contours in panels (a)-(c) indicate vertical velocities of 0.5 m s-1 at 500 m AGL, while thick 
black dashed contours in panels (d)-(i) indicate 1 m s-1 for clarity. 

The simulation also recreates the critical process of destabilizing boundary layer caused by the 
approaching SBF, which plays a key role in bore formation (Figure 6). Under the influence of the SBF, 
the boundary layer gradually transitions from a mixed layer inland to a more stable layer closer to 
the coastline, marked by a decrease in CAPE and an increase in CIN (Figures 6c, d). 

The following section will explore the dynamical mechanisms of the bore formed from the 
collision and bore’s role in CIs upstream. 
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Figure 6. Similar to Figures 3c-f, but showing simulated vertical profiles at 1930 LST from the areas 
marked by red rectangles in Figure 5a. Panels (a), (b), (c), and (d) correspond to the rectangles from 
west to east, respectively. 

4. Dynamic and Thermodynamic Structures of Bore formation and Its Role on CI 

4.1. Horizontal Pattern 

Figure 7 presents the simulated divergence field of 10 m horizontal wind, providing insight into 
the formation and evolution of the bore. Initially, a distinct and narrow convergence line marks the 
leading edge of the GF, while the SBF exhibited a primary structure aligned parallel to the coastline. 
They together formed an inverted V-shape (Figure 7a). At 1930 LST, the main bodies of GF and SBF 
had not yet to collided until 2000 LST (Figure 7b), the GF began colliding with the SBF from north to 
south, leading to a significant enhancement of convergence near the collision point. During the 
collision (Figures 7c, d), the strong convergence band associated with the GF becomes disturbed, with 
second and third convergence bands forming sequentially upstream, indicative of the formation of 
bore. By 2210 LST (Figure 7e), alternating bands of convergence and divergence appeared, signifying 
the development of the undular bore. The undular bore continues to propagate at a slightly higher 
speed than the MCS and initiates convective cells upstream (Figure 7f). 
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Figure 7. Divergence (shaded, units: s-1) of 10 m horizontal wind, composite reflectivity of 35 dBZ 
(green contours), and horizontal wind (vectors, units: m s-1) at 1 km AGL simulated by the WRF model 
in the 1-km-resolution domain at (a) 1930, (b) 2000, (c) 2040, (d) 2120, (e) 2210, and (f) 2300 LST. The 
rectangles indicate collision regions between GF and SBF. The arrow labeled in panel (e) indicates the 
undular bore, while the red dashed cycle indicates the initiation of convective cells upstream of the 
undular bore. The blue dashed lines indicate the vertical cross-section location for Figures 8-10. 

4.2. Dynamic and Thermodynamic Processes of Bore Formation 

The vertical profiles of potential temperature (Figure 8) and vertical velocity (Figure 9) along the 
bore path offer a comprehensive perspective on the dynamics and thermodynamics involved in bore 
formation during the collision. At 1930 LST (Figure 8a1), before the collision begins, the GF was 
marked by an evident upward velocity band and the cold air trailing the GF was maintained by 
strong convective downdrafts originating from the mid-levels of the MCS and potentially enhanced 
by the nearby mountain range (Figures 8a1, 9a1). By 2000 LST, the GF collided with the SBF (Figure 
8a2) at its forefront, where convergence from the collision generated a strong updraft extending up 
to 5 km in depth (Figure 9a2). At 2040 LST, the continuous collision resulted in the formation of a 
"hump" downstream of the GF at 115.8°E, indicating the generation of a non-undular bore ahead of 
the GF or the beginning of the GF’s transformation into a gravity wave (Figures 8a3, 9a3). 

At the following times (Figures 8b, 9b), due to being farther from the parent MCS and mountain 
range, the feed flow of the GF generally weakened and dissipated, meanwhile, the single “hump” 
downstream developed into multiple humps, indicating the transition from a non-undular bore to an 
undular bore. This transition is also evident in vertical velocity profiles, which shows a shift from a 
single to multiple bands of ascent (Figure 9b2). The undular bore propagated forward, with strongest 
uplifting reaching up to 5 km, comparable in strength to the upward motion at the front of the 
convective downdraft (Figures 9b2, 3). 
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Figure 8. Vertical cross sections of potential temperature (shaded, units: K) and ground-relative wind 
(vectors, units: m s-1) at (a1) 1930, (a2) 2000, (a3) 2040, (b1) 2120, (b2) 2210, and (b3) 2300 LST, along 
the blue dashed lines in Figure 7. The blue dashed and purple dashed lines in panel (a1) indicate the 
longitude of the leading edges of the GF and SBF, respectively. Green solid and dashed contours 
indicate the reflectivity of 35 dBZ and 15 dBZ, respectively. Vertical velocity is exaggerated 10 times 
for clarity. The translucent black curved arrows indicate the location of strong downdraft. 

 

Figure 9. Similar to Figures 8, but showing the vertical velocity (shaded, units: m s-1). The blue 
contours indicate potential temperature of 307 K. 

4.3. Role of the Undular Bore on the CI 

Convective cells are observed to initiate upstream of the undular bore as it propagates (Figures 
5c, d). Figure 10 illustrates how the bore, along with its surrounding atmospheric conditions, 
facilitates CI along its trajectory. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2024 doi:10.20944/preprints202412.1083.v1

https://doi.org/10.20944/preprints202412.1083.v1


 13 

 

In the southeastern region of the MCS, there is a substantial concentration of CAPE, especially 
behind the SBF, where CAPE is maximized and carried along by the SB. The collision between the 
GF and SBF induces significant uplift, transporting CAPE into the MCS and supporting its 
intensification (Figure 10a). When the undular bore forms, it propagates within favorable trapping 
layers associated with the SB, further promoting CI (Figure 10b). In particular, substantial CAPE-rich 
air parcels within the (SBL) are lifted, fueling the MCS and fostering the initiation of elevated 
convection. This process persists despite the reduction of CAPE due to radiative cooling, thereby 
sustaining the MCS's intensity and longevity. Additionally, the bore's progression diminishes CIN 
within the SBL, allowing the release of air parcels and facilitating CI (not given). 

 

Figure 10. Similar to Figures 9, but showing the CAPE (shaded, units: J kg-1). The translucent red 
curved arrows indicate the locations of the bore lifting. 

5. Dynamics Governing of Bore Formation 

5.1. Classic Hydraulic Theory: Physical Mechanism of Bore Formation 

The above analyses emphasize the dynamic and thermodynamic characteristics of the bore 
formation process, as well as the structure of the MCS, which are significantly influenced by the 
presence of the bore. To gain insight into the dynamics of bore formation, the classic hydraulic theory 
outlined by Rottman and Simpson (1989) [34] is applied, which has been widely adopted to explore 
the interactions between convective outflows and the SBL [2,7,22,24]. This theoretical framework 
considers a two-layer system of inviscid fluids interacting with an obstacle. In this framework, the 
Froude number (𝐹𝐹𝑟𝑟 ) and dimensionless depth (𝐷𝐷0 ) serve as pivotal parameters delineating four 
distinct flow regimes: supercritical, partially obstructed, fully obstructed, and subcritical (Figure 11). 
Notably, the partially obstructed regime is particularly conducive to the generation of undular bores. 
The classification of these flow regimes is determined by the following equations: 

𝐷𝐷0 = 1 −
3
2
𝐹𝐹𝑟𝑟
3
2 +

1
2
𝐹𝐹𝑟𝑟2, (1𝑎𝑎) 
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4
−

3
2
𝐹𝐹𝑟𝑟
2
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1 + (1 + 8𝐹𝐹𝑟𝑟2)
3
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where, 𝐷𝐷0, also referred to as bore strength, as mentioned in the introduction, is used to categorize 
the bores into three types: Type A (1 < 𝐷𝐷0 < 2), Type B (2 < 𝐷𝐷0 < 4), and Type C (𝐷𝐷0 > 4). 𝐷𝐷0 is 
given by: 

𝐷𝐷0 = ℎ/ℎ0, (2) 

where ℎ represents the depth of the cold pool and ℎ0 is the depth of the SBL, defined as the height 
at which the vertical gradient of potential temperature (𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧⁄ ) is reduced to 0.005 K m-1, above which 
ambient conditions are typically mixed. The relevant equations to Froude number (𝐹𝐹𝑟𝑟) are provided 
below: 

𝐹𝐹𝑟𝑟 =
𝑈𝑈𝑐𝑐𝑐𝑐 − 𝑈𝑈𝑎𝑎
𝑐𝑐𝑔𝑔𝑔𝑔

, (3) 

𝑐𝑐𝑔𝑔𝑔𝑔 = �𝑔𝑔(
∆𝜃𝜃𝑣𝑣𝑣𝑣
𝜃𝜃𝑣𝑣𝑣𝑣

)ℎ0 (4) 

In Equations (3) and (4), 𝑈𝑈𝑐𝑐𝑐𝑐 is velocity of the cold pool propagation, and 𝑈𝑈𝑎𝑎 is the average 
environmental velocity within the SBL. 𝑔𝑔 is gravitational acceleration, 𝜃𝜃𝑣𝑣𝑣𝑣 represents the virtual 
potential temperature near the surface within the SBL, and ∆𝜃𝜃𝑣𝑣𝑣𝑣 denotes the difference between the 
virtual potential temperature at the top of the SBL and near the surface. 𝑐𝑐𝑔𝑔𝑔𝑔 characterizes gravity 
wave velocity, which increases with the strength of the SBL. 

By applying equations (2–4), the formation of disturbances is calculated during the specified 
timeframe (2000 LST-2210 LST; Figure 11). The results reveal that the disturbances arising from both 
the just-collision and post-collision ambient conditions are situated within region #2, a zone 
consistently conducive to the generation of undular bores. Table 2 provides a detailed summary of 
our calculations. Specifically, at the initial collision of the GF with the SBF, the ℎ0  is 400 m, 
subsequently increasing to approximately 550 m. As the bore evolves and the MCS intensifies, the ℎ 
gradually increases from 900 m to 1200 m. Given the variation of ℎ relative to ℎ0, the 𝐷𝐷0 ≈ 2, which 
aligns with the typical characteristics of Type A and B bores. The 𝐹𝐹𝑟𝑟 at 2000 LST, just-collision, is 
initially high at 1.97 due to a relatively low 𝑐𝑐𝑔𝑔𝑔𝑔. However, as radiative cooling and the cooling effect 
of the SB, 𝐹𝐹𝑟𝑟  gradually decreases to approximately 1.3. Notably, while the ℎ0 remains relatively 
constant, the ∆𝜃𝜃𝑣𝑣𝑣𝑣 increases, leading to a corresponding rise in 𝑐𝑐𝑔𝑔𝑔𝑔. By 2210 LST, the undular bore 
is well developed, and the mixing of cold pools from the GF and SBF results in substantial forward 
expansion. This expansion leads to a sudden increase in 𝐹𝐹𝑟𝑟 to 1.76 due to the significant enhancement 
of the 𝑈𝑈𝑐𝑐𝑐𝑐. 

 
Figure 11. The non-dimensional parameters 𝑫𝑫𝟎𝟎 and 𝑭𝑭𝒓𝒓 during the evolution of the bore. The two 
parameter spaces represent the predicted (#1) supercritical, (#2) partially blocked, (#3) completely 
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blocked and (#4) subcritical flow regimes. Environmental estimates from the simulations are marked 
within this phase space: a black star for 2000 LST, a navy diamond for 2040 LST, a blue circle for 2120 
LST, and a red circle for 2210 LST. 

Table 2. Estimated variables, and values of 𝐷𝐷0 and 𝐹𝐹𝑟𝑟. 

 2000 LST 2040 LST 2120 LST 2210 LST 

ℎ0 (𝑚𝑚) 400 540 550 550 

ℎ (𝑚𝑚) 900 1000 1200 1200 
𝑈𝑈𝑐𝑐𝑐𝑐 (𝑚𝑚/𝑠𝑠) 7.46 6.83 6.87 16.43 

𝑈𝑈𝑎𝑎 (𝑚𝑚/𝑠𝑠) -8.64 -8.51 -9.88 -7.99 
𝑐𝑐𝑔𝑔𝑔𝑔 (𝑚𝑚/𝑠𝑠) 8.19 11.87 12.38 13.89 

𝐹𝐹𝑟𝑟 1.97 1.29 1.35 1.76 

𝐷𝐷0 2.25 1.85 2.18 2.18 

5.2. Role of the Strong Convective Downdraft in Bore Formation 

The results show that GF from the convective downdraft collided with the SBF, transitioning 
from a density current to a non-undular bore, and eventually to an undular one. In this process, the 
convective downdraft acts as the cold pool, a phenomenon documented in previous studies over 
China [22,24]. Studies have also highlighted that atmospheric density currents, often referred to as 
gravity currents in dynamic studies, are more sensitive to stratification, vertical wind shear, latent 
heat release, and evaporative cooling than their laboratory counterparts [50]. Therefore, analysis in 
this section will follow previous studies to better understand the mechanisms of the bore formation. 

Haase and Smith (1989) [51] introduced the parameter 𝜇𝜇 to elucidate the influence of ambient 
stability, wind, and cold pools on the characteristics and evolution of gravity flows. The parameter 
𝜇𝜇, which is defined as the ratio of the SBL's strength to the incoming flow's strength is expressed as: 

𝜇𝜇 =
𝑐𝑐0
𝑐𝑐𝑔𝑔𝑔𝑔

, (5) 

In Equation (5), 𝑐𝑐0 represents the phase velocity of infinitesimal amplitude long waves in the 
SBL, characterizing the strength of the SBL. Meanwhile, 𝑐𝑐𝑔𝑔𝑔𝑔  denotes the propagation velocity of 
gravity waves in the absence of a SBL, characterizing the strength of the incoming flow. The related 
equations are as follows: 

𝑐𝑐0 =
2𝑁𝑁ℎ0
𝜋𝜋

, (6) 

𝑐𝑐𝑔𝑔𝑟𝑟 = 𝑐𝑐𝑔𝑔𝑔𝑔(0.88𝐹𝐹𝑟𝑟 + 0.45) (7) 

𝑁𝑁 = �−𝑔𝑔
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

, (8) 

where 𝑁𝑁 is the Brunt-Väisälä frequency and 𝜌𝜌 is the total ambient density. They demonstrated that 
when 𝜇𝜇 < 0.7, the leading head or "hump" of the gravity flow becomes separate from the cold-air 
supply as the phase speed 𝑐𝑐0 increases. However, it continues to move with the gravity flow as a 
perturbation resembling a large-amplitude solitary wave. At large Froude number (𝐹𝐹𝑟𝑟 = 1.13), the 
leading head may develop into multiple fluctuations, forming a wave-like disturbance. Similarly, Liu 
and Moncrieff (2000) [52] demonstrated that stratification significantly influence the structure of 
gravity flows. As the 𝑁𝑁 increases from a weak stratification of 0.004 s-1 to a strong one of 0.016 s-1, the 
gravity current transitions from a shallow body with an uplifted head to a structure featuring 
multiple heads. In this scenario, the leading head periodically dissipates while new heads form, 
indicating the formation of a wave-like disturbance. 
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In light of these studies, the environmental conditions are analyzed at 2000 LST. The results, 
with 𝑁𝑁 = 0.036 s-1, 𝑐𝑐0 = 9.17 m s-1, 𝑐𝑐𝑔𝑔𝑔𝑔 = 17.88 m s-1, and 𝜇𝜇 = 0.51, suggest that the strong convective 
downdraft, upon colliding with the SBF, will promote the formation of an unsteady gravity current 
accompanied by wave-like disturbances. The results of the theoretical analysis further support the 
model-based observations of the separation and the periodic dissipation of the leading head of the 
gravity flow (mesoscale downdraft), as shown in Figure 8. 

5.3. Waveguide Effect of LLJ 

The CI within the MCS is facilitated by the prolonged persistence of the bore. Thus, this section 
will examine whether the ambient conditions support the long-lived bores. 

As mentioned in the introduction, the key to sustaining bores as gravity disturbances lie in 
preventing the vertical propagation of fluctuating energy, thereby allowing the fluctuations to 
propagate horizontally. Crook (1988) [6] found that if the atmospheric boundary layer's stability and 
vertical wind profiles meet certain criteria, the Scorer parameter (𝑙𝑙2) will exhibit a steep gradient due 
to increased low-level wind speeds. Vertical fluctuations can be trapped when 𝑙𝑙2 transitions from 
positive to negative with height. The 𝑙𝑙2 is expressed as: 

𝑙𝑙2(𝑧𝑧) =
𝑁𝑁2

(𝑈𝑈 − 𝐶𝐶𝑏𝑏)2 −
𝜕𝜕2𝑈𝑈
𝜕𝜕2𝑧𝑧

𝑈𝑈 − 𝐶𝐶𝑏𝑏
, (9) 

where the first term denotes the static stability associated and the second term denotes the horizontal 
wind curvature, 𝑈𝑈 is the ambient wind speed in the direction of bore motion, and 𝐶𝐶𝑏𝑏 is the mean 
velocity of the bore. 

Using the theoretical framework, 𝑙𝑙2  is calculated for 2210 LST to assess whether the post-
formation environmental conditions favored the maintenance of the undular bore. The vertical 
distribution of 𝑙𝑙2, depicted in Figure 12, shows a steep decrease from large positive to negative values 
within the 300-600 m AGL range, before reverting to positive values above 600 m. This pattern 
suggests the presence of waveguide effects in the lower atmospheric layers. Martin and Johnson 
(2008) indicated that significant decreases in 𝑙𝑙2 might be associated with subtle variations in wind 
profile curvature [31]. It is also evident in this case that the horizontal wind curvature term associated 
with the LLJ is the primary factor driving the transition from positive to negative 𝑙𝑙2. The results 
shown by Figure 12 are consistent with the evolution of the LLJ shown in Figure 7, where a wind 
component of the LLJ consistently opposes the direction of the bore. 

 
Figure 12. Height profiles of the Scorer parameter (thick black lines, unit: 10-5 m-2), along with its 
components: static stability (blue lines) and curvature term (red lines), at 2210 LST in the southeastern 
portions of the cross-section shown in Figure 10b2. 
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6. Summary and Discussion 

During the night of June 12 and the early hours of June 13, 2018, an MCS was observed by CZ 
and QD radar as it evolved and propagated southeastward into the western Bohai Sea. Ground-based 
observations, including the radars, confirmed the presence of a GF along the MCS’s convective 
outflow boundary, and a SBF located parallel to the coastline. As the MCS propagated southeastward, 
the GF collided with the SBF for approximately 1.5 hours. This continuous collision led to a rapid 
development of the MCS, characterized by a transformation in its reflectivity core, which initially 
displayed a linear north-south pattern, and then evolved into a distinct bow structure. 
Simultaneously, the collision caused the GF to transform into a non-undular bore, and later an 
undular one. Interestingly, before the collision, the SBL was well-mixed, which is typically considered 
unfavorable for bore formation. The undular bore then propagates with several convective cells 
initiated upstream.  

The WRF-ARW model was employed to explore the collision dynamics between the GF and SBF, 
shedding light on the physical mechanisms driving bore generation and their impacts on convective 
processes. Results indicate that the atmospheric bore formed as a result of the collision between GF 
and SBF. In this case, the approaching SB establishes a SBL into which the GF from the convective 
downdraft intrudes, transitioning from a density current to a non-undular bore, and eventually to an 
undular one. Topography-induced downslope effects may also enhance the convective outflows, 
facilitating their collision. After the collision, the feeder flow of the GF weakened and dissipated, 
while the undular bore propagated forward along the top of SB, which acted as a wave duct. The 
dynamics governing this bore formation process are also investigated and validated using laboratory 
model theories.  

Our findings also underscore that the MCS structure is significantly influenced by the undular 
bore. To the southeast of the MCS, the environment is characterized by a substantial amount of CAPE, 
particularly within the SBL. The bore propagated on the top of the SBL, lifting CAPE-rich air parcels 
that were continuously fed into the MCS, initiating multiple convective cells upstream of the bore. 
This process played a critical role in sustaining the intensity and longevity of the MCS. 

In the eastern coast regions of China, MCSs associated GFs and SBs are prevalent during the 
warm season. Their collisions create a high likelihood of bore formation, regardless of the 
environmental boundary layer conditions. Understanding how density current collisions lead to 
bores formation and their impact on CI in unstable boundary layer conditions is crucial, especially 
for MCS that cause severe weathers during the daytime [53]. Our study investigates the mechanism 
of bore generation by density current collisions for the first time in China, highlighting that this may 
represent a novel mechanism for initiating intense convection along the China coast. The conceptual 
diagram in Figure 13 illustrates the formation and evolution of atmospheric bores and their roles in 
the initiation and maintenance of MCS. 
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Figure 13. Schematic of the collision between the convective outflow (shaded, emerald green) and the 
SBF (shaded, sky blue) in this case study, where depicts the pre-collision state (a), the collision itself 
(b), and the post-collision state (c). Translucent red arrows indicate the lifting resulting from collisions 
in panel (b), as well as the lifting from the bore in panel (c). The orange dots indicate unstable air 
parcels. 
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