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Abstract This study used radar observations and a high-resolution numerical simulation to explore the
interactions between an mesoscale convective system (MCS), cold pool outflows, and atmospheric bores in a
non-uniform baroclinic environment. The bores were generated by a nocturnal MCS that occurred on 2-3 June
2017 over the southern North China Plain. The goal of this investigation is to determine how the structure of
bores varied within this non-uniform environment and whether and how the bores would maintain the MCS
and alter its structure. To the southwest of the MCS, where there was large CAPE and a well-mixed boundary
layer, discrete convection initiation occurred behind a single radar fine line (RFL) maintaining the propagation
of the MCS. To the southeast of the MCS, multiple RFLs were found suggesting the generation of an undular
bore in an environment containing an intense nocturnal stable boundary layer with dry upper layers and little
CAPE. Hydraulic and nonlinear theory were applied to the simulation of the MCS revealing that the differences
in the bore evolution depended on both the characteristics of the cold pool and the variations in the ambient
environment. Thus, the characteristics of the ambient environment and the associated differences in bore
structure impacted the maintenance and organization of the MCS. This study implies the importance of an
accurate representation of the low-level ambient environment and the microphysics and kinematics within the
MCS to accurately simulate and forecast cold pools, the generation and evolution of bores, and their impact on
nocturnal MCSs.

Plain Language Summary Convective storms that occur during the day are often maintained by

the lifting of low-level air by storm outflows. At night when a low-level stable layer forms, these outflows can
generate an atmospheric bore, which is a type of gravity wave response. Investigations at numerous locations
worldwide have demonstrated that bores contribute to the initiation and maintenance of nocturnal convective
systems. However, relatively few studies have concentrated on how a non-uniform nocturnal environment can
change the structure of bores and their impact on convection. This study examines how bores and convection
interact over the southern North China Plain (SNCP) where the nocturnal environment during warm season is
often non-uniform. These environmental variations impacted the generation and evolution of the bores altering
the storm structure. The bores over the SNCP also had a unique generation mechanism forming when a strong
downdraft penetrated into a moist layer. This study shows that an accurate representation of both the ambient
environment and the storm microphysics and kinematics are likely necessary to improve the forecast accuracy of
the nocturnal convective systems, particularly over regions with a non-uniform environment, such as the SNCP.

1. Introduction

Nocturnal Mesoscale Convective Systems (MCSs) are the key factor causing the nighttime maximum in warm
season precipitation over land masses in numerous regions (e.g., Carbone et al., 2002; Laing & Fritsch, 1993 and
references therein). Nocturnal MCSs have long been recognized to cause flash flooding (e.g., Maddox et al., 1980)
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with more recent studies (e.g., Houze, 2018 and references therein) demonstrating a clear linkage between noctur-
nal convection and high-impact weather. Unfortunately, an accurate representation of nocturnal MCSs remains a
critical challenge in weather and climate modeling (Bechtold et al., 2014; Becker et al., 2021; Clark, 2017; Fritsch
& Carbone, 2004; Geerts et al., 2017; Peters et al., 2017; Tang et al., 2021). These challenges arise as a result
of the simulation's sensitivity to the initial conditions, model physics, resolution (Duda et al., 2014; Morrison
et al., 2009; Stensrud et al., 2000), the ambient environment (Corfidi et al., 2008; Reif & Bluestein, 2017) and the
self-organizing nature of MCSs especially as MCSs evolve during the night (Parker, 2021).

As part of the self-organizing nature of MCSs, convectively generated cold pools can help maintain convection
through lifting of the boundary layer air in the ambient environment. At night, the cold pool ascent can poten-
tially fail to directly maintain deep convection due to the presence of a nocturnal stable boundary layer (NSL).
However, cold pools in this nocturnal environment can also generate bores which often result in little change in
the surface temperature but cause lifting of the lower tropospheric air by up to ~1 km (e.g., Loveless et al., 2019;
Parsons et al., 2019). This ascent associated with bores establishes a favorable environment for the initiation
and/or maintenance of nocturnal convection. An atmospheric bore is a gravity wave response that occurs when
a convectively generated density current intrudes on a low-level stable layer (Rottman & Simpson, 1989). Bores
often form as non-undular or undular disturbances (e.g., Haghi et al., 2017). Bores can often be visualized on
radar as having the appearance of a ripple or ripples created when a frog swims near the surface of a shallow
pond.

Bores have been observed and examined over Australia (Birch & Reeder, 2013; Davies et al., 2017; Watson
& Lane, 2016), the UK (Osborne & Lapworth, 2017), Mexico (Martin & Johnson, 2008), South America
(Lombardo & Kumjian, 2022), and China (Zhang et al., 2022). Numerous studies have investigated bores gener-
ated by nocturnal MCSs over the Southern Great Plains (SGP) of the United States (e.g., Blake et al., 2017;
Chasteen et al., 2019; Haghi et al., 2017; Knupp, 2006; Koch, Feltz, et al., 2008; Koch, Flamant, et al., 2008
and references therein). These nocturnal MCSs often originate over the Rocky Mountains and/or on the higher
elevation of the Great Plains to the west due to afternoon heating (Cotton et al., 1983; Wetzel et al., 1983). Subse-
quently, organized MCS form and move eastward across the Great Plains (e.g., Carbone & Tuttle, 2008; Keenan
& Carbone, 2008; Parker & Ahijevych, 2007). This eastward-moving envelope of deep convection passes over the
SGP throughout the night. Bores tend to form when convectively generated density currents encounter the NSL.
Bores can persist for hours and are usually maintained by a wave ducting mechanism provided by the nocturnal,
southerly low-level jet over the SGP (e.g., Haghi & Durran, 2021; Haghi et al., 2019).

The deep lifting of the lower tropospheric environmental flow by bores can help maintain an MCS through
reducing the convective inhibition (CIN) of the environment and/or initiating new convective cells (e.g., French
& Parker, 2010; Loveless et al., 2019; Parsons et al., 2019). However, the interaction between bores and the
nocturnal environment is more complicated than the well-known conceptual paradigm of cold pool ascent that
leads to a squall line with a trailing stratiform MCSs. For example, the ascent produced by the bore can create a
favorable environment for nocturnal convection by lifting the ambient environment sufficiently so that the trailing
cold pool triggers new convection (Koch & Clark, 1999). Bores can also lead to discrete propagation of an MCS
by triggering new convective cells well ahead of the MCS's cold pool (Blake et al., 2017; Zhang, Parsons, &
Wang, 2020). In addition to playing a role in initiating new convective cells within an MCS, the lifting by bores
leaves an air mass more conducive to deep convection that can cover an area of up to 10,000 km? and last for
many hours (Parsons et al., 2019).

A well-known nocturnal maximum in rainfall occurs over the Central and North Plains of China region (Guan
et al., 2020; Yu et al., 2007) associated with a secondary peak in the frequency of MCSs during the early morning
hours (Yang et al., 2015). While bores have been shown to often be associated with nocturnal convection, bores
in China have received little attention until the recent Zhang, Parsons, Xu, et al. (2020) study of an atmospheric
bore generated by a nocturnal MCS over the southern North China Plain (SNCP). Given the eastward-moving
envelopes of nocturnal convection over the SNCP that initially formed over the sloped, elevated terrain to the
west, favorable conditions for bore generation exist over the SNCP and even the entire North China Plain (NCP).
However, the diverse flow regimes that exist over the SNCP during the warm season leads to a complicated situ-
ation for the generation, evolution, and maintenance of bores and their impacts on the MCSs (Zhang et al., 2022).
This complicated situation includes, for example, convection generating weak cold pools (Liu & Moncrieff, 2017)
in an environment of relatively low vertical wind shear (Meng & Zhang, 2012).
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The evolution of the bore-cold pool interaction is also more complicated over the SNCP as Zhang, Parsons, Xu,
et al. (2020) found that the leading edge of a weak cold pool can separate from the main cold pool (i.e., feeder
flow), propagating away from the MCS, and subsequently take on the structure of an undular bore. This evolution,
while expected from theory (e.g., Rottman & Simpson, 1989), has not been observed and well documented to
occur over other regions. In addition, during the spring the region over central and east China is characterized by
the presence of the Mei-yu front, a warm-season quasi-stationary, east—-west-oriented frontal zone. The Mei-yu
front is characterized by a weak temperature gradient but with a strong contrast in moisture across the frontal
boundary with spatial variations in the nocturnal low-level jet (NLLJ) (Guan et al., 2020). These variations
will impact the structure and evolution of bores. For example, bores associated with MCSs occurring along the
Mei-yu front often propagate from southwest (SW) to northeast (NE) in contrast to the general southward propa-
gation of bores over the SGP (Zhang et al., 2022).

Understanding the evolution of the cold pool-bore interactions in this complex spatially varying environment
requires going beyond previous studies where bores were generally treated as two-dimensional structures exam-
ined in a plane normal to the bore. The implementation of a three-dimensional approach to examine the role of
bores in generating ascent maintaining or initiating deep convection would be similar to the well-known RKW
theory (Rotunno et al., 1988). This theory is utilized to examine how the variations in updraft strength at the lead-
ing edge of squall depend on the cold pool strength and the variations in vertical wind shear in the line-normal
direction along an arching cold pool. Changes in bore structure and ascent are expected along an arching cold
pool over the SNCP given the previously mentioned changes in the strength of the NLLJ and since the magni-
tude of the vertical shear normal to the bore depends on the orientation of the cold pool. However, to date, only
a few studies (e.g., Blake et al., 2017; Chasteen et al., 2019) have focused on understanding how the interplay
between cold pools, bores, and the changes in the stability and winds of the ambient environment varies in
three-dimensions along an arching cold pool. Thus, an important but underappreciated aspect in investigations of
nocturnal convection with forecast implications is in how bores and their impacts on MCSs vary in heterogeneous
nocturnal environments.

In this study, we investigate the structure and dynamics of a nocturnal MCS that occurred over SNCP in a heter-
ogeneous environment. Our goal is to reveal how the generation, evolution, and structure of bores vary in this
complex environment and how these variations impact the structure and evolution of the MCS. This research
is intended to deepen our understanding of bore dynamics and investigate the potential contribution of bores to
the maintenance of nocturnal precipitation over China. Given the unique characteristics in the bore structure,
movement, and frequency in previous studies over this region (e.g., Zhang, Parsons, Xu, et al., 2020; Zhang
et al., 2022), this research will also provide insight into the wide range of interactions possible between bores and
MCSs at other locations.

This paper begins in Section 2 with an introduction of the observational data set and an examination of the obser-
vations of the MCS and radar fine lines (RFLs) from two radars to provide insight into their spatial and temporal
variations. Section 3 provides an overview of the Weather Research and Forecasting (WRF) model simulation of
this event with Section 4 describing the dynamics of the simulated atmospheric bores and its roles in MCS main-
tenance. The genesis of the simulated bore is presented in Section 5 with the findings and broader implications
summarized in Section 6.

2. Observation Analysis
2.1. Data

The data utilized for this study included reflectivity measurements taken at 6-min intervals from the operational
S-band radars. The radar hardware and software employed in this study are similar to Weather Surveillance
Radar-1988 Doppler radars (WSR-88Ds) in the United States (Min et al., 2019). The observations also included
surface temperature and pressure measurements with a precision of ~0.1°C and ~0.1 hPa, respectively, at 5-min
intervals. The wind speed and wind direction were also obtained from the operational surface observing network.
The spatial resolution of the network is ~25-km. These data were processed with quality-controlled procedures
that include the climatological limit value test, internal consistency test, and space and time continuity tests.

The radiosonde measurements utilized in this study were taken at the Xuzhou and Sheyang stations for soundings
launched at 2000 Local Standard Time (LST). Finally, we note that the ERAS reanalysis (Hersbach et al., 2018)
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Figure 1. Geopotential height (solid blue contour, x10 gpm), and wind barbs (one full barb = 10 knots) at (a) 500 hPa with total column water vapor [shaded, kg m~2]
and (b) 850 hPa with 2 m temperature [shaded, °C] at 2200 LST on 2 June 2017 derived from ERAS data. The black rectangle indicates the location of the MCS.

was employed for defining the synoptic conditions over the region. The ERAS reanalysis is hourly with a spatial
resolution of 0.25° x 0.25°.

2.2. Large Scale Environment

We first analyzed the synoptic situation (Figure 1), which had a considerable impact on the evolution of the
parent MCS and thus on the associated cold pool whose intrusion into the NSL can generate bores. At 500 hPa
(Figure 1a), an upper-level jet was evident with a northwest (NW)-SE orientation with the MCS located south of
the jet stream. At 850 hPa, the MCS was located in a region containing confluence with a strong northeasterly
wind north and west of the MCS and a weaker flow to the south (Figure 1b). Thus, the location of the MCS
was characterized by confluence in the flow at 850 hPa and strong vertical shear between the winds at 850 and
500 hPa. The total column water vapor (Figure 1a) and 2 m temperature (Figure 1b) reveal maxima located to the
SW of the MCS, implying a warm and moist environment, which is likely to be conducive for convection initia-
tion (CI). In contrast, the environment to the SE is relative drier and cooler. Hence, the MCS was in a synoptically
disturbed and non-uniform environment.

2.3. Radar Observations: Structure of the MCS and Radar Fine Lines

The observations from the Xuzhou (XZ) radar taken during the evening of 2 June 2017 (Figure 2a) show that
the MCS originated to the NW over elevated terrain (the Taihang Mountain covering an area of ~35°-40°N,
110°-116°E) and then moved to the SE during the night (Figure 2b). This evolution is the most common type of
MCSs that generates bores over this region (Zhang et al., 2022). At 2230 LST (Figure 2b), the MCS had a rela-
tively complex structure, with an east-west arched RFL stretching for about 200 km on the southern side of the
MCS. Intense convective cells were present north of the RFL and on the western edge of the MCS, showing an
inverted C-shaped arch. At this time, a broad region with stratiform precipitation (echoes with reflectivity factors
from 20 to 40 dBZ as defined in Parker & Johnson, 2000) was located NE of the RFL.

Subsequently, the MCS and associated RFLs were observed by another radar (Huaian [HA] radar) located to
the SE of XZ radar revealing different evolution and structure (Figures 2g—2j). The radar observations at XZ
station (Figures 2c—2f) indicated that the RFL propagated at a speed of ~14.2 m s~!, while the propagation direc-
tion evolved toward the SW with weak clear-air radar echoes located behind the RFL. During this period, the
arched RFL evolved to become less clearly evident as a larger area of convection cells formed within the MCS
(Figure 2e) with CI (Figure 2f) taking place behind the leading RFL. The evolution of the MCS with cells forming
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Figure 2. The 0.47° reflectivity plots at XZ radar station at (a) 1900, (b) 2230 LST, depicting the early stage of the MCS; (c) 0000, (d) 0030, (e) 0100, (f) 0200

LST, depicting the evolution of the RFL in the southwest. The 0.47° reflectivity plots at HA radar station at (g) 0000, (h) 0030, (i) 0100, (j) 0200 LST, depicting the
evolution of the RFL in the southeast. In (a), the solid circles indicate the locations of the two radars; In (b), the hollow rectangles and circles indicate the locations of
the ground-based stations used in Figure 3, the purple and red stars indicate the locations of the radiosonde stations of Xuzhou and Sheyang used in Figure 5. The black
and red arrows indicate the locations of the leading edges of RFL(s) to the southwest and southeast, respectively.

behind the RFL implied a discrete propagation of the MCS (Bodine & Rasmussen, 2017; Fovell et al., 2006;
Zhang, Parsons, & Wang, 2020) as convection surged ahead of the main body of the MCS in the warm and moist
environment to the SW.

As shown in Figures 2g—2j, the radar observations at HA station suggest that multiple RFLs became apparent
starting at about 0000 LST with the appearance of an undular bore propagating into a pristine dry and cooler envi-
ronment. During this time, the parent MCS moved relatively slowly to the SE, while the undular bore indicated
by the RFLs propagated more rapidly in that direction. The questions raised by the radar observations in Figure 2
are as follows: (a) Why do the RFL(s) exhibit different evolution to the SW and SE? (b) How do variations in the
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Figure 3. The fitted curves of the temperature (blue dashed line; °C) and pressure series (red solid line; hPa) at selected stations, (a—d) in the southwest and (e-h)
southeast. The colored dots indicate the individual data records, the black dashed lines indicate the passage of the observed RFL(s) at different directions, and the
locations of the ground-based stations are shown in (i).

environment affect the structure and movement of the cold pool and bores? (c) Do the RFL(s) generated in front
of the MCS play an important part in the maintenance of the MCS?

2.4. Surface Observations: Identification of Bores

It is well established that convective outflows associated with cold pools typically cause wind shifts, pressure
jumps and pronounced cooling at the surface. However, the impacts of a bore on surface conditions are often less
dramatic with only a semi-permanent (~30 min) pressure increase and no temperature change or slight warming
at the surface due to the downward mixing of the NSL before the arrival of the residual gravity current or subse-
quent diabatic cooling (Haghi et al., 2017). Thus, the variations in temperature and pressure along the path of the
RFLs can be used to determine the nature of the RFL(s). The surface observations during the time the RFL(s)
passed over eight ground-based stations are shown in Figure 3. These stations are located approximately equidis-
tantly along the path of RFL(s) to the SW and SE of the MCS, respectively (locations are shown in Figure 3i). The
general evolution of surface observation data is shown by fitted curves (the 12th-degree least squares polynomial
fitting) to eliminate missing observations and delineate the impacts of the bores more clearly, such as the apparent
increase in temperature.

As the RFL propagated forward, the pressure at each station to the SW (Figures 3a—3d) rose sharply by about
2-3 hPa. The temperature at the stations (58020, 58027) close to the MCS remained relatively stable, while
farther to the SW of the MCS the temperature increase was large at station 58016 and slight at the station 58113.
As noted earlier, a pressure increases and stable or increasing temperature at the surface is consistent with the
passage of a bore. The variations of temperature and pressure captured by the four stations provides insight into
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Figure 4. Two-dimensional linear interpolated surface temperature observations (shaded areas; °C), and observed surface
wind fields (wind barbs in knots) from (a—i) 1900 LST on June 2 to 0300 LST on 3 June 2017 at 1-hour time interval. Sold
white lines indicate the leading edge of the cold pool with a maximum temperature gradient. Dashed black (red) lines indicate
the locations of the leading edge of the RFLs captured by XZ and HA radar in the southwest and southeast, respectively.

The black circles in (e) indicates the location of the stations with northwesterly wind shift. The thick black lines denote the
coastline.

the evolution and structure of the bore with the formation of the bore detected by stations 58020 and 58027, the
evolution subsequently observed by station 58016, and finally the dissipation revealed by station 58113. All four
stations of these stations experienced a sustained pressure rise with a sharp temperature decrease after the warm-
ing associated with bores, indicative of the passages of a bore with a following cold pool. At the stations to the
SE (Figures 3e-3h), the variations of pressure and temperature were similar but with smaller increases indicating
a weaker signal from the undular bore with temperature increments of 0—1°C and 0-0.5°C at the stations to the
SW and SE, respectively. At the stations to the SE, the sharp increase in pressure and decrease in the temperature
after the passage of the bore were missing, implying the absence of a cold pool. Another difference in the bore
structure to the SE is that the pressure increase occurs far earlier than the temperature increases implying that
the downward mixing of warm air often associated with a bore did not occur at the leading edge of the bore.

2.5. Bores Generated in the Non-Uniform Environment

The surface analysis (Figure 4) shows the evolution of surface temperature and wind helping to illustrate the
underlying mechanism for the generation of the bores, especially to the SW. A non-uniform ambient environ-
ment is clearly evident with a cooler air mass along the coast. These variations are a common phenomenon at
night during the warm season in this region due to the presence of the predominantly SE wind from the Pacific
subtropical high, and at times, a local sea breeze (Huang et al., 2016). A warmer air mass is located inland with
a dominant southerly wind, which is nearly perpendicular to the extension of the MCS to the SW providing a
potentially favorable environment for convection initiation.
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Figure 5. Sounding data at 2000 LST from the radiosonde station (a) Xuzhou to the southwest of the MCS and (b) Sheyang to the southeast. The ambient temperature
and dewpoint are represented by the solid red and green lines, respectively. The parcel that ascends undiluted from the surface is shown by the dashed black curve. Half
and full barbs denote 2 and 4 m s~', respectively. The convective inhibition (CIN) area is shaded light blue and the convective available potential energy (CAPE) area is

shaded light orange.

Examining the evolution of the MCS in this environment, a cold pool extended to the south and SW from the
MCS and was accompanied a northeasterly wind and a maximum temperature gradient at its leading edge indi-
cated by solid white lines in Figure 4. These observations also corresponded well to the evolution of the MCS
and RFLs revealed in Figure 2 that showed the MCS extending to the SW. As the MCS evolved toward midnight
(Figures 4b—4f), the boundaries (dashed black lines) consistent with the RFLs propagated away from the MCS,
but with a gradually weaker temperature gradient implying the formation of the bore from a gust front at earlier
time (Figure 4c). This weakening of the cold pool and the formation of a bore is consistent with the ambient
environment cooling and stabilizing due to nocturnal radiative processes. Consistent with the surface and radar
observations along with numerous studies referenced earlier, one can conclude that the formation of the bores to
the SW that was captured by Xuzhou radar was likely due to the intrusion of a cold pool into the NSL.

However, to the SE of the MCS, the leading edge of the boundaries (indicated by dashed red line) took on the
appearance of an undular bore in the radar data that subsequently propagated into the cooler air mass along the
coast (Figures 4f—4h). Given the relatively small temperature difference between cold pool and ambient environ-
ment and the weak low-level NW winds, the intruding cold pool located behind the bore to the SE was rather
weak and moved quite slowly in this direction, as shown in the east portion of the white lines in Figure 4. The
evolution of the flow was more complex to the SE of the MCS than the to the SW as the two stations at the SE
boundary of the cold pool experienced a wind shift from NE to NW ~ 1 hr before the undular bore generated
(Figure 4e). This evolution implies a more complex generation of the undular bore than the cold pool generated
bore to the SW and the cold pool generated noted in past studies. The mechanism for the bore generation will
subsequently be investigated using our numerical simulations.

The sounding data taken at 2000 LST further reveals considerable variations in the thermodynamical environ-
ment ahead of the MCS (Figure 5). The soundings were taken prior to the generation of the bores and the reader
should note that nocturnal boundary layer is likely to further stabilize. The sounding taken from Xuzhou radar to
the SW of the MCS suggests nearly constant values of potential temperature and water vapor extending from the
surface to ~850 hPa, implying a well-mixed layer (Figure 5a). In the Xuzhou sounding, the middle levels were
dry with weak wind shear between 400 and 850 hPa and strong NW winds aloft. Weak Convective Available
Potential Energy (CAPE) also existed (~123 J kg~!) with a level of free convection (LFC) at ~650 hPa. Thus,
the environment to the SW of the MCS was conducive for deep convection if the lifting was enabled parcels to
reach their LFC. In contrast, the flows to the SE revealed by the Sheyang radiosonde station (Figure 5b) were
characterized by a cooler and more intense NSL with dry upper layers and near-zero CAPE. A nearly well-mixed
layer was also evident above the NSL extending from ~750 to ~550 hPa. The wind profiles also showed a greater
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Figure 6. Domains of the WRF model used in this study. The horizontal grid
spacing of the outer domain is 9 km, and the two inner domains represented by
d02 and d03 have resolutions of 3 and 1 km.

surface inflow toward the MCS from SE. The differences in the sounding
data were consistent with the surface situation described earlier (Figure 4)
and provide a possible explanation why CI occurred in the SW rather than
to the SE.

3. Numerical Simulation

A numerical simulation of the MCS was conducted to investigate how
the structure of convective outflows and bores varied and evolved in this
non-uniform baroclinic environment. The use of a simulation has signif-
icant advantages to understand the evolution of the MCS and the gener-
ation of the bores relative to the observations given the frequency of the
sounding measurements. This knowledge of the detailed evolution of the
convective outflows and bores was also utilized to determine the roles of
bores and convective outflows in the maintenance, structure, and evolution
of the MCS.

3.1. Experiment Design

The MCS was simulated using the WRF-Advanced Research WRF
(WRF-ARW version 4.0) model (Skamarock et al., 2008). The simulation
was carried out for 24 hr starting at 1800 LST on 1 June 2017 using three
two-way nested domains with horizontal resolutions of 9 km, 3 and 1 km
(Figure 6). In the vertical, 49 levels were employed with the grid spacing
varying from ~60 m near the surface to ~300 m toward the model top near
17 km. Table 1 provides the configurations of the model physics. The initial
and boundary conditions, with a resolution of 0.25° x 0.25°, were derived
from the 6-hourly NCEP GDAS/FNL Global Tropospheric analyses.

3.2. Evaluation of the Model Simulation

Comparisons with the radar observations (Figure 2) show that the WRF model generally captured the nature of
the MCS (Figure 7). Specifically, the model reproduced the general structure of the MCS with a bow-shaped

Table 1

Summary of the ARW Configuration for This Study

Attribute Domain #1 Domain #2 Domain #3 References

Grid spacing 9 km 3 km 1 km

Horizontal dimensions 4590 km X 4,428 km 1,677 km x 1,731 km 640 km x 760 km

Vertical sigma levels 49 49 49

Model top pressure 50 hPa 50 hPa 50 hPa

ICs and LBCs FNL-0.25° FNL-0.25° FNL-0.25°

Microphysics Morrison 2-moment Morrison 2-moment Morrison 2-moment Morrison et al. (2005)

Longwave radiation
Shortwave radiation
Surface layer

Land surface model

Boundary layer physics

Cumulus parameterization

CAM
CAM
Pleim-Xiu
Pleim-Xiu

Asymmetrical Convective
Model version 2

Kain-Fritsch

CAM CAM Collins et al. (2004)
CAM CAM Collins et al. (2004)
Pleim-Xiu Pleim-Xiu Pleim (2006)
Pleim-Xiu Pleim-Xiu Pleim (2006)
Asymmetrical Convective Asymmetrical Convective Pleim (2007)
Model version 2 Model version 2
None None Kain (2004)
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Figure 7. Composite reflectivity (dBZ) simulated by the WRF model at the 1-km resolution at (a) 2000 LST, (b) 2030 LST, (c) 2100 LST, (d) 2130 LST, (e) 2200
LST, (f) 2300 LST, and (g) 0000 LST. The black line labeled by A, A’, B, and B’ indicate the paths of the vertical cross-section in Figures 10 and 11, respectively, at the

corresponding time.

echo. The model also captured the overall evolution of the MCS with an expansion of the MCS to the SW due
to CI ahead of the MCS and a more stagnant MCS to the SE (Figure 7g). However, the position of the simu-
lated MCS was found to deviate somewhat to the NE of the observed system and this difference is common in
simulations of observed convective systems (Davis & Galarneau, 2009; Meng et al., 2013; Zhang, Parsons, Xu,
et al., 2020). The area with reflectivity greater than 40 dBZ was broader in the simulation than the observa-
tions with far stronger and more extensive convection extending westward (see the several branches of strong in
Figure 7g). This difference is consistent with known problems on diagnosing precipitation properties in micro-
physical parameterizations (Morrison & Milbrandt, 2015).

The vertical velocity at 1 km above ground level (AGL) in the model simulations indicates that in the early stage
of the MCS evolution at 2100 LST (Figure 8a) there was a single band of ascent in front of the system. The bands
of vertical motion and the associated reflectivity pattern changed from a well-defined bow echo (Figure 8a) to
two separate segments each with an undular pattern of ascent (Figure 8b). The evolution to an undular pattern
(Figures 8b and 8c) is similar to the observed system (Figure 2). This undular pattern in the simulations prop-
agated ahead of the MCS at a speed of ~13.8 m s™! which is also comparable to the observations. The general
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Figure 8. Vertical velocity (shaded areas; m s~!) at 1 km AGL and composite reflectivity of 35 dBZ (black contours)
simulated by the WRF model in the 1-km-resolution domain at (a) 2100, (b) 2200, (c) 2300, and (d) 0000 LST. The hollow
rectangles indicate the regions where to derive the vertical profiles in Figure 10. The land is colored dark khaki. The arrows
labeled SW and SE indicate the separative directions of the evolution of the MCS and bores.

evolution of the vertical velocities from a single to multiple bands of ascent is consistent with the formation of
undular bores with differences between the SW and SE directions as was found in the observations (Figure 2).
To the SW, the western portion of the MCS developed and extended to the SW with CI occurring behind the
leading edge of the undular disturbances (Figure 8d). This CI caused discrete propagation of the MCS similar to
past studies (Fovell et al., 2006; Zhang, Parsons, & Wang, 2020; Zhang, Parsons, Xu, et al., 2020). To the SE, the
eastern portion of the MCS stagnated (Figure 8c) with an appearance consistent with an undular bore ahead of
the MCS. As expect from the more stable environment, the undular bores failed to initiate convection to the SE
at 0000 LST (Figure 8d).

The most unstable CAPE (MUCAPE) in the layers from surface to the LFC, the temperature, and wind fields
are shown in Figure 9. To the west and SW of the MCS, a broad region with large MUCAPE which favors CI
was evident (Figure 9a), but varied in space with a maximum to the west. Although the simulated MUCAPE was
larger than in the observational soundings (Figure 5), the overall characteristics of ambient environment were
relatively well represented as can be seen from comparing Figures 5 and 10. The evolution of the simulated
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Figure 9. (a) The simulated most unstable CAPE (MUCAPE; shaded areas; J kg~!), 1.5 km total wind field (wind barbs
in knots) above mean sea level (MSL) at 2200 LST. The simulated surface temperature at 2 m MSL (shaded areas; °C)
and surface total wind field at 10 m MSL (wind barbs in knots) at (b) 2200, (c) 2300, and (d) 0000 LST. The black dashed
lines indicate the locations of the leading edge of the upward disturbances in Figure 8, and the thick black lines denote the
coastline.

surface temperature and wind (Figures 9b—9d) are also consistent with the observations (Figure 4). Specifically,
there is an inland warm air mass with cooling owing to radiative process with south and southeasterly winds
at the surface and a cooler air mass along the coast with southeasterly winds. There was also a 180° wind shift
(oscillations) between the portions of undular bores (indicated by dashed black line) and the low-level inflow.
However, the wind shift does not coincide with a drop in temperature consistent with the observed cold pool and
bore structures.

The simulated vertical profiles (Figure 10) are derived from the region's mean of 10 X 10 km squares situated to
the SW and SE of the MCS. These calculations are performed at 2200 LST, the time when the bores are about
to develop. The results once again demonstrate strong agreement with the observations (Figure 5), except for the
formation of a shallow stable boundary to the SW (Figure 10a), which is likely attributed, in part, to the contin-
ued radiation cooling during late night. The inhomogeneity between the two environments is also evident in the
soundings (Figures 10a and 10b), as for example, in the different attributes of the surface inversions and the
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Figure 10. Same as Figure 5, but for simulated vertical profiles at 2200 LST derived from the area located (a) southwest and (b) southeast to the MCS.
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Figure 11. The height-distance cross sections of the buoyancy, B, (shaded areas; m s~!) and potential temperature, 8, (dashed
line; K) in the 1-km-resolution domain perpendicular to the leading front of the undular disturbance (a—d) in the southwest
(lines A and A’ in Figure 7) and (e—j) in the southeast (lines B and B’ in Figure 7). The contours represent reflectivity of 15
dBZ (thin black lines) and 35 dBZ (thick black lines). The black bars indicate the leading edge of the cold pool whenever

is identifiable (corresponding to the sharp decreases in surface temperature). Note that the leading front of the MCS is
positioned near the middle of these cross sections, labeled by “0.”
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thermodynamic conditions at mid-levels. Overall, the simulation appeared to well capture the structure, evolution
of the MCS and the variations in the ambient environment.

4. Dynamics of the Simulated Atmospheric Bore and Its Role in MCS Maintenance

In this section, we explore the spatial variation in the dynamics and thermodynamics of the undular bores within
the simulation.

4.1. Thermodynamic Structures of the Atmospheric Bore

The buoyancy field (B) within vertical planes perpendicular to the SW and SE portions of the bore in Figure 11,
was calculated by using Equation 1 as described in past studies (e.g., Adams-Selin & Johnson, 2013; Zhang,
Parsons, Xu, et al., 2020),

0’ -

B=g §+0.61((Iu_qu)_‘k—qr_4i, (1
where g denotes the gravitational acceleration, § and g, represent the potential temperature and water vapor
mixing ratio of the ambient air ahead of the gravity current, respectively. Within the MCS, 0’ represents the devi-
ation in @ from @ , g, indicates the cloud water mixing ratio, g, the rainwater mixing ratio, and g, the mixing ratio
of frozen condensation. The terms in the buoyancy equation are calculated as a function of height in relation to a
reference ambient air mass within the 1-km-resolution model domain at a location ~20 km ahead of the leading
edge of the updraft disturbances shown in Figure 8. The air mass characteristics in the ambient environment were
calculated as a function of the height and time using a 5 km X 5 km horizontal box.

Figure 11 shows the vertical cross-sections of the perturbation in buoyancy and potential temperature to depict
the evolution and structure of the bores, cold pools, and the ambient environment. Ahead of the portion of the
MCS to the SW (Figures 11a—11d), the stability of the NSL in front of the MCS was weak with an estimated
depth of about 500 m, the top of which was defined as the level at which d@/dz first drops below 0.005 K m~!.
The ambient environment above that level were generally mixed, with the layers between 0.5 and 1.5 km
having a constant potential temperature. A layer between ~1 km and 5 km in height on the x-axis ranging
from 10 to 70 km showed weak positive buoyancy (Figure 11a), consistent with the warm and moist envi-
ronment reflected by the sounding data (Figure 10a). This weakly unstable layer subsequently became stable,
possibly due to the lifting of the low-level inversion by the bore (referring to the leading edge of the negative
buoyancy of bores around ~5 km on x-axis), differential advection, or radiative process in front of the MCS
(Figures 11b—11d). The buoyancy distribution was similar to that in the MCS study over the SNCP (Zhang,
Parsons, Xu, et al., 2020). However, the environment differs substantially from studies over the Great Plains of
North America (e.g., Parsons et al., 2019; Zhang, Parsons, & Wang, 2020) which often contains pronounced
positive buoyancy aloft near the top of the NSL associated with the transport of warm and moist air from the
south by the NLLJ. This transport can occur over the Plains of North America is typically due to synoptic
forcing or more commonly well-known formation of a NLLJ due in part to the thermal variations associated
with sloped terrain.

At 2100 LST in the SW portion of the MCS (Figure 11a), a shallow layer of surface negative buoyancy was
located within and ahead of the leading edge of the MCS, with the cold pool confined to within the MCS and
bores located ahead of the MCS. The negative buoyancy associated with the cold pool became substantially
stronger as the MCS developed (Figure 11b) with the depth of the cold air outflow ranging from about 1.2 km to
nearly 3 km. At this time, there was also a more pronounced separation of the cold pool and bore implying the
generation of the bore in front of the cold pool. Subsequently, at 2300 and 0000 LST (Figures 11c and 11d), the
negative buoyancy associated with the bore moved further ahead of the MCS as the scattered CI occurred after its
passage (Figures 8d, 9d, and 11d). During this time, the cold pool became even shallower and difficult to distin-
guish from the bore. This evolution of the negative buoyancy field is consistent with the formation of a bore due
to the intrusion of a cold pool, and similar to the findings in Zhang, Parsons, Xu, et al. (2020), implying weaker
cold pools are likely occur in the moist environment over SNCP, compared to their counterparts over the Great
Plains of the United States. At higher levels within the MCS (47 km), positive buoyancy was evident, indicating
elevated convection within the MCS as has been found in case studies of events over both the SNCP and the Great
Plains (e.g., Blake et al., 2017; Zhang, Parsons, & Wang, 2020; Zhang, Parsons, Xu, et al., 2020).
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Figure 12. Same as Figure 11, but for the CAPE (shaded areas; J kg™!), and the storm-relative flow (streamlines with vertical
velocity multiplied by 5). The red and blue arrows indicate the locations of the cold pool and bore lifting, respectively. The
green arrow indicates the location of strong downdraft.

In contrast, in the region SE of the MCS (Figures 11e-11j) an area of negative buoyancy was found within the
MCS with a completely different pattern from its counterpart to the SW. At 2000 LST (Figure 11e), the negative
buoyancy was initially concentrated in the front of the MCS covering a depth of more than 3 km slanting backward
and merging with the low-level rear-to-front flow (Figure 12e). Referring to Figures 11e and 12e, it is apparent that
a downdraft associated with convection at the leading edge of the MCS has formed and reached to the surface, but a
bore has not been generated at this time. This pattern of strong negative buoyancy linked to the rear-to-front flow is
typically associated with water loading, melting and evaporation leading to a mesoscale downdraft within the MCS
(e.g., Young et al., 1995). At 2030 LST (Figure 11f), the slanting area of negative buoyancy has transitioned into two
smaller areas with large negative buoyancy at the leading edge of the system. The negative buoyancy at the leading
edge of the MCS is associated with localized convection as shown by an area of positively buoyant air above negative
buoyancy. At 2100 LST (Figure 11g), the negative buoyancy associated with the leading edge of the bore portion has
propagated forward with a dramatic weakening of the cold pool with the negative buoyancy taking on the appearance
of an undular bore at 2130-2200 LST as shown in Figures 11h and 11i. The existence of a bore forming as a result of
a mesoscale downdraft at the leading edge of an MCS has not been observed in previous studies. Subsequently, the
undular bore propagated forward at a faster speed than the MCS and gradually became weak (Figure 11j).

The variations in the MCS and bore structure between the SW and SE direction is consistent with the difference
between the environment as to the SE, the NSL was more robust with larger increases in the potential temperature
with height (Figure 11). The depth of the stable layer increased from about 800 m at 2100 LST to about 1 km at
2200 LST. This increase in the depth and magnitude of the NSL to the SE and the negative buoyancy associated
with the strong downdraft likely played an essential role in the formation of the undular bore.
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CAPE, respectively.

4.2. Impact of the Undular Bore on the Maintenance and Structure of the MCS

In this section, we investigate how the bore and its surrounding environment affect the maintenance and structure
of the MCS. In the region to the SW of the MCS (Figures 12a—12d), there was a region of large CAPE within and
above the NSL with the low-level flow moving into the MCS. This large CAPE decreases as the MCS evolved later
in the night consistent with radiational cooling. The bore ahead of the MCS and the subsequent cold pool substan-
tially lifted the flow associated with this large CAPE to a height of about 3 km with the large CAPE air then entering
into the MCS (Figures 12a and 12b). This lifting of the flow with large CAPE contributed to the maintenance of the
MCS. This finding is also confirmed by the convective cell initiated in lower levels ahead of the MCS in Figure 12a.
As the bore propagated forward ahead of the MCS (Figure 12c¢), the low-level airflow with large CAPE was lifted
by the bore to about 1.5 km. Subsequently, the airflow moved into the MCS and was lifted again by the cold pool.
This phenomenon of lifting by a bore and then by the cold pool of the MCS was also found by Blake et al. (2017).

At 0000 LST (Figure 12d), as the bore continued to move forward with several weak undular oscillations trailing
behind (again, consistent with the observations in Figures 2d—2f), the cold pool started to dissipate and weaken,
individual convective cells appeared behind the bore and with some long-lived cells merging into the MCS even
as the ambient CAPE values also decreased. This evolution leads to discrete propagation of the MCS (Fovell
et al., 2006) as shown earlier in the observations. The lifting by the bore will also decrease of Convective Inhi-
bition (CIN) which is also significant factor in CI (Koch, Feltz, et al., 2008; Koch, Flamant, et al., 2008). To the
SW, the stable boundary layer consistent with CIN is confined within the lowest layers in NBL (Figures 11a—11d)
and the lifting by the bore above this height, suggests a conducive environment for the elevated CI.

In contrast, along the SE portion of the MCS, the strong slope of the downdraft around 4 km in height lifted and
transported air with large CAPE into the MCS (Figure 12e). Hence, the strong subsequent lifting of the large
CAPE flow by the formation of the bore contributed to CI (Figure 12f). The undular nature of the bore and its
lifting continued to strengthen with time, especially at its leading edge, with steeply sloped updrafts lifting air
up to 5 km (Figure 12j). This deep lifting by bores is unique and different from its Great Plains counterparts,
possibly due to the favorable environmental with deep vertical shear (Figure 13). However, CI subsequently failed

ZHANG ET AL.

16 of 23

A ‘1 *¥T0T “9668691T

:sdpy woiy papeoy:

2SU291] SUOWWO)) dANEaI) d[qeatjdde ayy £q pauIsA0S a1 sA[ONIE V() (AN JO S[NI 10J AIRIqIT SUI[UQ) AS[IA\ UO (SUOHIPUOD-PUE-SULIA}/ W0 AS[IM ATRIQI[AUI[UO//:sdNY) SUONIPUO)) PUB SULIDT, 3y 938 “[$20T/60/20] U0 Areiq aurjuQ Ao[ip “ewoyepO JO ANSIoAtun Aq 61€6£0ArET0T/6T01 0 1/10p/WO 1M,



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039319

to occur (Figure 12¢g) as expected, due to the weaker ambient CAPE and larger elevated stable layer shown in
Figures 11e—11j consistent with large CIN (not shown).

The RKW theory proposed by Rotunno et al. (1988) reveals that the ideal circumstances for vertical updrafts
along outflow boundaries occur when the negative horizontal vorticity (¢) associated with the MCS is balanced
by the positive horizontal vorticity of the ambient vertical wind shear (Au). This horizontal vorticity balance
can also be applied to bores where the negative horizontal vorticity is produced baroclinically by the cold pool
(or the bore in this study) and can be expressed as ¢ = \/—Bmin - H, where B,;, and H indicate the minimum
buoyancy and height of the bore, respectively (Bryan & Rotunno, 2014). Based on this, ¢ and Au were calcu-
lated in both the SW and SE (Figure 13). The results demonstrated that in the SW, ¢ is considerably greater than
Au, indicating that cold pool/bore circulations prevailed over the ambient shear, and the updraft tilted upshear,
as shown in Figures 12a—12d. To the SE, ¢ and Au are comparable, suggesting an optimal state of the vertical
updrafts and corresponding well to the updrafts shown in Figure 12i. This balance of ¢ and Au is indeed favora-
ble for convection since it leads to deeper and stronger warm air lifting at the leading edge of the cold pool/bore
(Parsons, 1992). However, due to the small/greater magnitude of the CAPE/CIN and the mismatch between the
lifting and the layer of high CAPE, CI failed to form to the SE at 2300 LST (Figure 13g).

These results indicate that complex interactions, which produce varying impacts that act on different temporal
and spatial scales, can influence the intensity and duration of convective systems. These factors include spatial
and temporal variations in the magnitudes of the CAPE, convective inhibition, mid-level humidity, distribution of
diabatic sources within convective systems, and deep vertical shear (Coniglio et al., 2012; Stensurd et al., 2005). The
impact of ¢ and Au on the MCS structure are also evident in both the SW and SE directions. For example, to the SW
where ¢ is considerably greater than Au, a cold pool or bore circulation occurred with trailing stratiform precipita-
tion (presented in Figure 12a, and outside the image range in panel ¢), while to the SE where ¢ is comparable to Au, a
shear dominated circulation occurred with the convection and stratiform precipitation tilting upstream (Figure 12j).
The low-level jet is also evident in the SE, providing a favorable situation for bore propagating at a longer distance.

5. Genesis of the Atmospheric Bore
5.1. Classic Hydraulic Theory

In the classic hydraulic theory, shallow-water equations are frequently employed in bore dynamic analysis,
approximating the environment as a two-layer, inviscid flow over an obstruction (e.g., Baines, 1984; Baines
& Davies, 1980; Houghton & Kasahara, 1968; Long, 1954; Rottman & Simpson, 1989). In this classic theory,
the Froude number (F,) and a non-dimensional depth (D) define four flow regimes, including completely and
partially blocked flow regimes that allow bores to form and move upstream of the obstacle (cold pool) (see Figure
9 of Rottman & Simpson, 1989). Additionally, Rottman and Simpson (1989) proposed three types of bores (type
A, B and C) of different structures depending on the bore strength defined as h,(h,)~"; the ratio of the stable layer
depth after the bore passage to that prior to the arrival of the bore. Among these bore types, an undular bore of
type B was found in a regime where bore strength is greater than 2 but less than 4, with some mixing just down-
stream of the leading undulation (see Figure 3 in Rottman & Simpson, 1989). In this application,

Dy = h/ho, 2)

(Uo-U) _ (Un-Ul)

Caw ’ 3
g g(%)ho

where D, denotes the non-dimensional height determined by the ratio of / to h,, where £ is set equal to the height
above the gravity current, where 6, is greater than the surface 8, of the ambient air, that is, the depth of gravity
current. The term £, indicates the depth of the inversion layer, which is the level at which % first drops below
0.005 Km~!, U,, — U, represents the relative velocity between a cold pool and ambient air, c,,, the velocity of
gravity wave, 6, the virtual potential temperature near surface, and A6, the difference in 6, from the top to the

bottom (surface) of the stable boundary layer.

To the SW, the disturbance formation at 2100-2200 LST was analyzed (Figure 14). The results indicate that &
ranges from 1,200 m to 1,500 m, & ranges from 500 to 600 m, D is from 2.4 to 2.5, and F, is from 1.56 to 1.6,
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placing the disturbance in the region of a partial blocking regime of bore with
a strength around 3 where type B undular bores usually form. The formation
of type B undular bores in this regime are also consistent with the experi-
ments using the related atmospheric measurements in Figure 9 of Rottman
and Simpson (1989). Furthermore, the results are consistent with the devel-
opment of the bore in Figures 11a—11d., that is, the bore is generated by the
intrusion of cold pool (Figure 11a) and mixing enhanced as the cold pool
becomes stronger (Figure 11b).

In the portion of the MCS to the SE, the undular bores were generated at the
leading edge of the MCS as cold downdrafts reach the NSL (Figures 11e—11j).

® 2100 LST SW m 2200 LST SW @ 2100 LST SE

Figure 14. The non-dimensional parameters D, and F, during the evolution

The analysis results at 2000 LST (Figure 11e) suggest that when the cooling
downdrafts were evident, k is about 2,600 m, &, about 800 m, D, about 3.25,
and F, about 1.92. These values place the flow in the regime near the inter-
face of partially blocked and complete blocking which allows an undular bore
to be generated by the intrusion of cold air, that is, a current that moves along

of the bore. The two parameter spaces represent the predicted (a) supercritical, the top layer of the NSL (see Figure 11 in Rottman & Simpson, 1989).
(b) partially blocked, (c) completely blocked and (d) subcritical flow regimes.

The estimates of where the environment in the simulations appear in this phase 52 Evolution of the Strong Mesoscale Downdraft Into the

space are also shown.

Atmospheric Environment

Previous studies also suggested that, as distinguished from their laboratory

counterparts, atmospheric density currents (often called gravity currents in
dynamical studies) are easily influenced by stratification, vertical shear, latent heating, and evaporative cooling
(e.g., Haertel et al., 2001). Analysis in this section will follow previous studies to better understand the mecha-
nisms of the bore generation in the SE portion of the MCS.

For example, according to Liu and Moncrieff (2000), stratification has a significant impact on the structure of
the gravity current. As the Brunt—Viisild frequency N increases from 0.004 s~ to 0.016 s~!, the structure of the
gravity current changes from a shallow body with a raised head to a body with multiple heads with leading heads
dissipating periodically and new heads forming, suggesting the formation of bore-like disturbances. To the SE
of the simulated MCS, the averaged N is estimated to be 0.027 s~! producing an unsteady gravity current with
bore generation according to Liu and Moncrieff (2000) with the strongest updrafts associated with bores at the
leading edge.

Another relevant study by Haase and Smith (1989) also noted that the quantity g can be used to illustrate how the
stability and wind in the surrounding environment, as well as the characteristics of the cold pool influence the
nature and evolution of an invasive gravity current. The term g indicates a measure of the strength of the stable
layer compared relative to the inflow strength and can be expressed as u = ¢/c,,, where ¢, (¢, = 2NH/x) denotes
the phase speed of long waves of infinitesimal amplitude propagating in the stable layer, and H the vertical depth
of the stable layer, and ¢, = ¢, (0.88F, + 0.45), which is the propagation speed of the gravity current in the
absence of the stable layer.

According to Haase and Smith (1989), when g < 0.7, the gravity-current head separates from the feeder
flow of cold air supplying it as ¢, increases, but it moves with the gravity current as a large-amplitude
solitary-wave-like disturbance. At a large Froude number (F, of ~1.13), two or more such waves may form,
and the gravity current displays an undular bore. Following this notation, we calculated p for the SE portion at
2000 LST, where ¢ is about 13.75 m s™!, ¢, about 31.44 m s~', u about 0.42 and F, about 1.92. These values
of u and F, also mean that the undular bore would evolve from the downdraft. Also, this phenomenon can be
seen in the separating head of the gravity-current in Figure 11e and weaker feeder flow with undular waves
in Figure 11i.

5.3. Maintenance of the Atmospheric Bore

The maintenance of the atmospheric bore is crucial for its ability to initiate or maintain nocturnal MCSs, in
which the key point is that the vertical propagation of wave energy is prevented so that the waves can propagate
horizontally. Crook (1988) suggested that scorer parameter I? can be used to explore the trapping mechanism of
wave energy. The results indicated that energy was trapped through the internal reflection (Scorer, 1949) when
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Figure 15. Variations of the Scorer parameter (thick black lines), static stability (blue lines) and curvature term (red lines)
with height at 2200 LST in (a) the southwestern and (b) southeastern portions for the cross-section in Figures 11b and 11i.

Scorer parameter decreased from a positive to a negative value with height, due to the presence of critical layer
or through the “curvature term.” Details can be referred in Crook (1988).

In this approach, I? is given by (Equation 4).

p_ N 2U/Z

Sw-Gy U-G’ @

where the first term represents the static stability, U the wind speed in the direction of the bore motion, and C,
the wave speed. The second term includes the effects of the so-called “curvature” of the vertical profile of the
horizontal wind. Note that, a higher static stability near the surface and a low-level jet in the opposite direction of
the bore motion (which is more important), would both tend to result in larger values of /% near the surface, and
thereby contribute to trapping wave energy (Haghi & Durran, 2021).

Recent studies (e.g., Haghi & Durran, 2021; Haghi et al., 2017) also suggest the trapping of wave energy often
appears more through the curvature term in the Scorer parameter associated with the NLLJ. The importance of a
strong low-level jet for maintaining the bore is further emphasized (Haghi & Durran, 2021). The first systematic
study of bores in China also confirmed an obvious connection between the duration of the bores and the strong
vertical wind shear that opposes the propagation of the bores associated with the NLLJ (Zhang et al., 2022).

The Scorer parameter was calculated at 2200 LST when the bore was initially generated in the SW and SE to
determine if and how an appropriate wave duct is available. Both the SW and SE orientations showed a layer
of positive Scorer parameter in the lowest one km with the Scorer parameter dropping sharply below 0.5 km
(Figure 15). The phenomenon is related to relatively small fluctuations in the wind-profile curvature (Martin &
Johnson, 2008). Layers of negative Scorer parameter were centered at 4 and 0.8 km (Figure 15), respectively,
revealing a more favorable condition for bore propagation to the SE, though MCS failed to sustain convection
due to the weaker CAPE and stronger CIN in this direction. The variation of the curvature term (red line) with
height suggests that the layer of negative Scorer parameter in the SE (Figure 15b) may be due to a low-level jet
with strong vertical shear opposing the propagation of the bore.

6. Summary and Implications

This investigation uses radar and surface observations and high-resolution numerical simulation using the WRF
model to study the dynamics of atmospheric bores and their impact on the parent MCS in the non-uniform
baroclinic environment over SNCP which is dominated by an early morning peak of precipitation during Mei-yu
season (Xue et al., 2018). Previous investigations by Blake et al. (2017) and Chasteen et al. (2019) have shown
that mesoscale variations over the Great Plains environment ahead of the MCS including spatial variations in the
NLLJ impact the structure of bores and thus modify the structure of the MCS. The nocturnal environment during
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warm season over the SNCP is usually highly non-uniform with a dominant Mei-yu front with a meridional
gradient of equivalent potential temperature (@,) at the 850-hPa layer greater than 0.04 K km~'. The structure
and nature of the environment with the Mei-yu can vary in different periods and regions (Wang et al., 2022) due
to a predominantly SE wind associated with the Pacific subtropical high and sometimes the presence of a sea
breeze circulation near the coast (Huang et al., 2016). This pattern of E-SE winds leaves an area of cooler air in
the lower layers along the coast, while inland the lower levels are become warmer due to the remnants of daytime
solar radiation.

The onshore circulation and the NLLJ associated with the Mei-yu front create a different low level flow pattern.
Thus, MCSs commonly experience a “nonlinear evolution” (e.g., sudden intensification or weakness; sudden
structure change) over coastal region. The typical non-linear evolution is explored in this study with a focus on
MCSs with accompanying bores. The presence of the nocturnal flow being influenced by the remnants of the
sea breeze circulation makes these results relevant for other coastal regions. The ability to predict convection
and high impact weather along coastal regions is a critical problem for society given the growing tendency for
populations to concentrate along coast areas (e.g., Brunet et al., 2023).

Our study found that the structure of the MCS is greatly influenced by bores, the structure of which is modified by
this mesoscale varying environment. To the SW, where the cold pool intrudes into the NSL resulting in the MCS
transitioning from a southward propagating bow echo to a SW moving organized MCS associated with discrete
propagation. In this environment with large/little CAPE/CIN to the SW, the bore lifts the air in front of the MCS
to initiate convection or provide a more favorable environment for deep convection to subsequently be generated
due to lifting by the cold pool. These processes maintain the MCS resulting in discrete propagation.

To the SE of the MCS in the coastal region, an undular bore was clearly generated by the MCS. However, the bore
in this region failed to initiate new convection due to unfavorable, low/large CAPE/CIN environmental conditions
resulting from the sea breeze. The bore in this region, however, provides an example of how an intrusion of a
mesoscale downdraft extending into the NSL generate bores. A similar phenomenon appeared in our earlier case
study of a bore over China (Zhang, Parsons, Xu, et al., 2020), which illustrates the evolution of the head of a cold
pool separating from the cold pool and transiting to an undular bore. This phenomenon also can be found in the
idealized simulation of a back-building MCS (Hitchcock & Schumacher, 2020), but at lower levels. It should be
noted that this generation mechanism of a mesoscale downdraft interacting with the NSL is different than the
commonly observed process of bores forming from the ambient flow interacting with the MCS's cold pool.

As noted in Grasmick et al. (2018), the outflow boundaries of an MCS may have different attributes, patterns, and
feedback from the parent MCS due to the different upstream environments. This work provides a direct compar-
ison of the variable responses of outflows under different ambient conditions. Moreover, distinct mechanisms of
bore genesis over the SNCP are proposed. As indicated by the results of a systematic study in the SNCP (Zhang
et al., 2022), the MCSs associated with bores typically have a well-organized leading front, perhaps implying that
most of the bores over SNCP are generated from strong downdrafts. It is not surprising that in the moist environ-
ment during the monsoon season, the convective cold pool is weak and does not have enough negative buoyancy
to intrude into the NSL. Thus, the strong downdrafts reaching the surface, perhaps driven by water loading in
this moist environment may play a more critical role in generating bores in this region. Figuratively speaking,
undular bores over the Southern Great Plains (Haghi et al., 2017) can be compared to the ripples on the surface of
a shallow pool when a frog swims below, while these bores over the SNCP can be compared to the ripples when
a frog jumps into a pool. This finding requires confirmation from a study of a larger number of MCSs with bores,
especially, observed and confirmed by vertical profiling instruments.

This study also reveals how the cold pool-bore interaction depends on variations in the nocturnal environment
so that the stability and vertical shear associated with low-level jets in the nocturnal environment are essential
factors in determining whether and how a bore is generated and evolves. The findings of an elevated bore in
the Zhang, Parsons, and Wang (2020) study over the Great Plains also suggests these essential factors extend to
heights well above the NSL. The strength of the cold pool also matters so that both an accurate representation
of microphysics and kinematics of the MCS (e.g., Bodine & Rasmussen, 2017) and the character of the ambient
environment are likely to improve the forecast accuracy of the bores and MCS over the SNCP. This study also
illustrates the challenges of accurately representing nocturnal convection in weather and climate models with
parameterized convection as the interaction between cold pools, bores and the NSL, and mesoscale variations in
the environment can determine the evolution, movement, and structure of nocturnal MCS.
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