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Abstract—Using data from automatic weather stations, Doppler radar, and ERA5 reanalysis, this 7 

study examined the differences in triggering and maintenance mechanisms, as well as the origins of 8 

extreme gales, between two squall lines that impacted the region spanning southern North China to the 9 

Huanghuai area on June 13, 2022. This event unfolded against the backdrop of a Northeast China Cold 10 

Vortex. Presence of strongly unstable stratification, marked by cold and dry mid-level air juxtaposed with 11 

warm and moist low-level air, created conducive conditions for convective outbreaks. The triggering 12 

mechanisms of the two squall lines diverged. Squall Line I was clearly triggered by a combination of 13 

factors: a synoptic-scale shear line, a mesoscale surface vortex, and its associated convergence line. 14 

Subsequently, it was organized through convective merger processes. In contrast, Squall Line II emerged 15 

without significant synoptic-scale forcing. Its initial convection was triggered by the thermal effects of 16 

the Taihang Mountains’ topography and was later organized by the convergence line formed through the 17 

interaction between low-level easterly winds and the terrain, coupled with frontogenetic dynamic forcing. 18 

Significant differences were also observed in their maintenance mechanisms. Squall Line I exhibited a 19 

long lifespan and wide impact range, maintained by a sustained equilibrium between the propagation 20 

speed of the cold pool and low-level vertical wind shear. In contrast, Squall Line II had a short lifespan 21 

and small scale, primarily due to a rapid disruption of the balance between these two factors. Furthermore, 22 

the physical mechanisms underlying the extreme gales varied. For Squall Line I, the gales were 23 

predominantly driven by outflow generated by the strong pressure gradient associated with a large-scale, 24 

high-intensity cold pool. For Squall Line II, localized extreme gusts were more closely linked to the 25 

small- to medium-scale bow echo structure, the strong rear-inflow jet that developed within it, and the 26 

dynamic processes associated with the mesoscale vortex. 27 
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A squall line, a mesoscale weather system, frequently brings about disastrous weather phenomena, 31 

including high winds, tornadoes, hail, and short-duration heavy rainfall, thus posing substantial 32 

destructive threats. Understanding the mechanisms underlying its initiation, organization, and 33 

propagation remains a formidable challenge in operational forecasting. The initiation and organization 34 

of squall lines are intricately linked to mesoscale disturbances, such as surface wind convergence lines, 35 

fronts, mid-level jets, and topographic effects (Meng et al., 2013; French & Parker, 2014; Zhou et al., 36 

2020). Boundary-layer convergence lines are pivotal in triggering and intensifying severe storms like 37 

squall lines (Trier, 2003; Weckwerth & Romatschke, 2019; Schumacher & Rasmussen, 2020; Luo et al., 38 

2014, 2017; Liu et al., 2023). During squall line evolution, the interaction between environmental vertical 39 

wind shear and the cold pool is a critical mechanism governing the maintenance, development, 40 

intensification, and propagation of squall lines and other convective systems (Abramian et al., 2022; 41 

Song et al., 2005; Gebauer et al., 2018; Du & Chen, 2019). Beyond vertical wind shear and the cold pool, 42 

factors such as static stability, boundary-layer convergence lines, low-level moisture content, and energy 43 

conditions also significantly influence the development and maintenance of squall lines (Carbone et al., 44 

1990; Reif & Bluestein, 2017; Hong et al., 1999; Wan et al., 2024). 45 

High winds represent one of the most hazardous weather phenomena associated with squall line 46 

systems. The thunderstorm high pressure resulting from pressure surges as a squall line passes, the 47 

associated strong pressure gradient, the rapid movement of the squall line, and the rear-inflow jet all 48 

contribute to surface gales. The surface cold pool plays a crucial role in generating damaging winds in 49 

squall lines and is a key factor in the development of extreme thunderstorm gales (Wan et al., 2021). 50 

Studies have demonstrated that strong thunderstorm high pressure, the intense pressure gradient ahead 51 

of the high pressure system, and the rapid movement of strong squall lines are direct causes of high wind 52 

generation (Hitchcock & Schumacher, 2020; Parker, 2021; Peters & Schumacher, 2014; Zhang et al., 53 

2023). 54 

From morning to night on June 13, 2022, influenced by a Northeast China Cold Vortex, the region 55 

from southern North China to the Huanghuai area experienced a rare double-squall-line weather event, 56 

accompanied by widespread thunderstorm gales, short-duration heavy rainfall, and localized hail. A 57 

notable feature of this event was the successive development of two organized squall line systems within 58 

two hours at the base of the cold vortex, significantly complicating forecasting and warning efforts. While 59 

previous studies (Huang et al., 2025) have explored convective initiation and organization in this event, 60 

a quantitative description of squall line maintenance mechanisms remains absent. In this study, 61 

‘damaging gales’ is defined as surface winds with Beaufort force ≧ 8 (≧17.2 m/s), the threshold for 62 

wind damage in China's operational wind warning standard, while ‘extreme gales’ refers to Beaufort 63 

force ≧ 10 (≧ 24.5 m/s). 64 

This study aims to delve into the following scientific questions: First, under the same Northeast 65 

China Cold Vortex background, how did environmental conditions support the successive triggering of 66 

the two squall lines? Second, what are the essential differences in the initiation and maintenance 67 

mechanisms between the two squall lines, and which key environmental factors and dynamic processes 68 

led to their significant differences in intensity, duration, and impact range? Finally, what are the 69 

differences in the physical mechanisms responsible for the extreme gale events associated with the two 70 



squall lines? Addressing these questions holds substantial scientific significance and practical value for 71 

enhancing forecasting and warning capabilities for similar events. To this end, this study presents an 72 

observational and diagnostic analysis of the two squall lines, quantifying the key physical parameters 73 

that distinguish their behaviors and providing a diagnostic framework that can serve as a reference for 74 

future observational and modeling studies in this region. 75 

2. Data and Methods 76 

2.1. Data 77 

To elucidate the multi-scale characteristics of the double-squall-line event, this studyemployed 78 

multi-source observational and reanalysis data. The datasets employed are detailed as follows: 79 

Surface observational data: Hourly data from national meteorological observation stations and 80 

regional automatic weather stations are utilized. These data serve multiple purposes: analyzing the 81 

evolution of mesoscale surface systems (e.g., convergence lines, cold pools), calculating meteorological 82 

variables (e.g., divergence, frontogenesis function), and validating reanalysis fields. 83 

Radar data: Base data from multiple S-band Doppler weather radars in North China are employed. 84 

Products such as composite reflectivity factor and radial velocity are analyzed to track the three-85 

dimensional structure of convective systems and identify features, including squall lines, bow echoes, 86 

and mesocyclones. 87 

Reanalysis data: Hourly ERA5 reanalysis data from the European Centre for Medium-Range 88 

Weather Forecasts (ECMWF), with a horizontal resolution of 0.25° × 0.25°, are primarily used to analyze 89 

the synoptic-scale circulation background, compute thermodynamic and dynamic parameters, and 90 

provide the environmental background field. This resolution is adequate for representing the large-scale 91 

thermodynamic environment (CAPE, vertical wind shear) and the synoptic-scale circulation, but is 92 

insufficient to resolve finescale mesoscale features such as gust fronts and narrow convergence lines. To 93 

resolve these, we rely primarily on Doppler radar observations and surface automatic weather station 94 

data. All mesoscale features discussed in this study—including convergence lines, gust fronts, cold pool 95 

boundaries, and bow echo structures— are identified from radar reflectivity and surface wind 96 

observations, not directly from ERA5 grids. ERA5 is used only to provide the thermodynamic context 97 

for these radar-observed features. The application of ERA5 reanalysis data in diagnosing extreme 98 

weather events has been widely validated in recent regional studies (Yan et al., 2022; Zhao et al., 2025), 99 

further supporting the reliability of the dataset used in this study. 100 

Radiosonde data: Observational data from conventional radiosonde stations are employed to 101 

analyze the thermal and dynamic stratification characteristics prior to convection initiation. 102 

2.2. Methods 103 

This study integrates diagnostic analysis and theoretical models to focus on the initiation and 104 

maintenance mechanisms of the two squall lines, as well as the causes of the associated high winds. 105 

Mesoscale frontogenesis diagnosis: To quantitatively describe the mesoscale dynamic forcing 106 

process, the frontogenesis function at 925 hPa is calculated using ERA5 reanalysis data, as defined by 107 

Petterssen (1956), and is calculated as shown in Eq. (1). 108 

F=1
2

|▽θ|[Dcos(2β)-δ]                      (1) 109 



In Eq. (1), D represents horizontal wind shear (deformation term), δ is divergence, β is the angle 110 

between the axis of dilation and the isentropes, and θ  is potential temperature. F>0 indicates 111 

frontogenesis, while F<0 indicates frontolysis. The evolution of the frontal zone is further analyzed in 112 

conjunction with the frontal zone of equivalent potential temperature and temperature advection. 113 

Rotunno-Klemp-Weisman (RKW) theory analysis: To quantitatively evaluate the maintenance 114 

mechanism of the squall lines, key parameters characterizing cold pool intensity are calculated based on 115 

the RKW theory. The propagation speed of the cold pool boundary (C) can be approximated as the 116 

propagation speed of a two-dimensional density current (Benjamin, 1968). Assuming a cold pool depth 117 

H and a perturbation potential temperature Δθ, the propagation speed of the cold pool boundary can be 118 

estimated using the surface pressure perturbation Δp induced by the cold pool, and is calculated as shown 119 

in Eq. (2). 120 

C2=2g -∆θ
θ̅

H=2g ∆ρ
ρ̅

H=2 ∆p
ρ̅

                        (2) 121 

In Eq. (2), Δp is the pressure difference between the inside and outside of the cold pool, representing 122 

the surface pressure perturbation caused by the cold pool, and ρ̅  is the mean density of surface air. 123 

Simultaneously, the environmental vertical wind shear between 0 and 3 km (denoted as ∆U0-3 km) is 124 

calculated. By computing the ratio of cold pool intensity to environmental vertical wind shear 125 

(C ∆U0-3 km⁄  ), the interaction between the cold pool and vertical wind shear can be quantitatively 126 

diagnosed. A ratio close to 1 indicates a balance between the two, which is conducive to squall line 127 

maintenance; a ratio deviating from 1 suggests the disruption of this balance (Weisman & Rotunno, 2004). 128 

3. Case Overview 129 

On June 13, 2022, a severe convective weather event, triggered by two squall lines, swept across 130 

North China and the Huanghuai region under the influence of a Northeast China Cold Vortex. This event 131 

impacted a wide area, bringing hail, thunderstorm gales, and short-duration heavy rainfall to provinces 132 

along its path, including Hebei, Henan, Shandong, and Jiangsu (Fig. 1a). 133 

At around 12:00 Beijing Time (BT) on June 13, multiple convective cells were sequentially initiated 134 

in northern Henan and the eastern part of northwestern Shandong. As these cells moved eastward, they 135 

gradually organized into the first squall line (hereinafter referred to as Squall Line I). This squall line 136 

reached a maximum length of approximately 750 km and persisted for about seven hours, from 137 

approximately 14:00 to 20:00 BT, traversing most of central and eastern Shandong. The second squall 138 

line (hereinafter referred to as Squall Line II) formed in southern Hebei at 16:30 BT and moved eastward, 139 

affecting only southern Hebei and northwestern Shandong. Its echoes weakened and dissipated around 140 

20:00 BT, lasting 3.5 hours with a maximum length of approximately 200 km. 141 

During the event, a total of 32 station reports documented thunderstorm gales of force 10 or higher. 142 

The highest wind speed recorded at regional stations was 29.4 m/s (force 11, observed at Jiaolong, Linshu, 143 

at 19:07 BT). In the eastern Shandong Peninsula, encompassing Qingdao, Yantai, and Weihai, 104 144 

stations experienced heavy rainfall, with a maximum accumulated precipitation of 156.4 mm. The 145 

maximum hourly rainfall intensity reached 103.4 mm (observed at Sanshandao, Laizhou, between 15:00 146 

and 16:00 BT). Additionally, hail occurred in northwestern Shandong and central Shandong cities such 147 



as Dongying, Binzhou, Dezhou, Jinan, and Weifang, causing substantial damage. The key stations 148 

involved in this study are indicated in Fig. 1b. 149 

 150 

Figure 1  151 

The position of the Squall Line at 19:00 BT 13 June 2022 (a, color shaded: the composite reflectivity above 30 dBZ, wind barb: 152 

gusts greater than force 10, green dots: 1-hour precipitation above 30 mm/h) and the locations of the major stations referenced in 153 

this study (b) 154 

4. Circulation Background for the Squall Lines 155 

At 08:00 BT on June 13, the 500 hPa center of the Northeast China Cold Vortex was situated in the 156 

central-eastern part of Inner Mongolia (near 46°N), with a cold core of -16 °C. A secondary cold center 157 

was present at the junction of Hebei, Henan, and Shanxi, and much of southern North China lay within 158 

a dry zone (Fig. 2a). At 850 hPa, a well-defined warm tongue extended from northwestern Henan to 159 

northwestern Shandong, vertically superimposing with the 500 hPa cold vortex trough. This created an 160 

“upper-cold, lower-warm” thermally unstable stratification. Western Shandong was ahead of the 850 hPa 161 

trough and under the influence of a low-level southwest jet, experiencing significant warm and moist 162 

advection (Fig. 2b). The mid-to-upper-level dry and cold advection overlapped with the lower-level 163 

warm and moist advection, resulting in a large vertical temperature lapse rate. The temperature difference 164 

between 850 hPa and 500 hPa over southern North China reached 30-35 °C. At 925 hPa, a warm ridge 165 

extended into northwestern Shandong, with specific humidity exceeding 10 g/kg. 166 

During the daytime on June 13, due to the combined effects of solar radiation heating and warm and 167 

moist advection, the surface temperature at the junction of Shandong and Hebei rose rapidly. The 168 

maximum afternoon temperature generally exceeded 30 °C, promoting the continuous accumulation of 169 

unstable energy in the boundary layer. From 08:00 BT to 20:00 BT, as the 500 hPa transverse trough 170 

moved southward, strong positive vorticity advection ahead of the trough caused a decrease in low-level 171 

pressure, and a surface cyclonic circulation developed. Observations at 11:00 BT revealed that a closed 172 

surface low-pressure center (with a central pressure of about 1002 hPa) had formed in southwestern 173 

Shandong. By 14:00 BT, a “λ-shaped” wind shear structure appeared in central Shandong, and 174 

northwestern Shandong was located in the convergence zone at the top of the surface inverted trough. 175 

Meanwhile, as the upper-level cold vortex continued to rotate, a second short-wave trough split and 176 

moved southward into the central-southern part of Hebei by 15:00 BT (Fig. 2c), further enhancing the 177 

dynamic lifting conditions in the region. This synergy between the upper- and lower-level systems, along 178 

with the previously accumulated thermal instability energy, provided highly favorable environmental 179 

conditions for severe convective weather. 180 



  181 

 182 

Figure 2  183 

Synoptic situation at (a) 500 hPa at 08:00 BT, (b) 850 hPa at 08:00 BT, and (c) 500 hPa at 15:00 BT on 13 June 2022 (Blue 184 

solid lines: geopotential height, unit: dagpm; Red dashed lines: temperature, unit: °C; Brown solid lines: trough lines or shear 185 

lines; Shading at 500 hPa: temperature difference between 850 hPa and 500 hPa, unit: °C; Shading at 850 hPa: specific humidity 186 

at 850 hPa, unit: g/kg), and (d) Zhangqiu sounding at 08:00 BT 187 

To quantitatively describe the favorable environmental conditions, key physical parameters from 188 

the Zhangqiu sounding at 08:00 BT on June 13 (Fig. 2d) are summarized in Table 1. The analysis shows 189 

strong thermal instability in the atmosphere, characterized by high CAPE values and weak convective 190 

inhibition, with all instability indices indicating significant convective potential. As Fig. 2d depicts, the 191 

vertical humidity distribution exhibits moist conditions in the mid-to-low levels and a dry layer in the 192 

mid-levels, which is conducive to severe convection development and downdraft enhancement. The 193 

vertical wind shear is strong, promoting convective organization. The stratification curve displays a 194 

typical “trumpet-shaped” pattern, with lapse rates approaching the dry adiabatic lapse rate between 750-195 

600 hPa and 950-800 hPa. This configuration facilitates the entrainment of mid-level dry air into the 196 

convective system, leading to downdraft formation through intense evaporative cooling. This, in turn, 197 

generates a rapidly moving strong cold pool and significantly increases the potential risk of surface gales. 198 

Table 1  199 

Key physical parameters from the Zhangqiu sounding at 08:00 BT on 13 June 2022 200 

(a) 

(c) 

(b) 

(d) 



Parameter Value Significance 

CAPE 
942.6 J/kg 

(approximately 2300 J/kg after correction) 

Abundant energy, strong convective 

potential 

CIN 0 J/kg 
No convective inhibition, favorable for 

initiation 

K index 28 °C 

Strong thermal instability SI index -2.66 °C 

LI index -4.3 °C 

0°C layer height Approximately 3.6 km 
Favorable for hail growth 

-20°C layer height Approximately 6.3 km 

0-6 km vertical wind shear Approximately 15 m/s Favorable for convective organization 

and maintenance 0-3 km vertical wind shear Approximately 14.8 m/s 

5. Initiation Organization of Two Squall Lines 201 

5.1. Development and Evolution of Squall Line I 202 

On June 13, between 08:00 and 12:00 BT, a pronounced shear line was observed on the 850 hPa 203 

isobaric surfaces (brown line in Fig. 2b). This shear line triggered severe convective echoes that initially 204 

developed on the western side of Bohai Bay, and subsequently moved eastward and organized into a 205 

band along the shear line. Surface observations indicated a persistent mesoscale vortex from southern 206 

Hebei to Shandong, moving slowly eastward and southward, with convergence lines on its northeastern 207 

and southwestern sides. 208 

At 10:50 BT, the severe convective cluster over Bohai Bay began to affect the northwestern coastal 209 

area of Shandong (Figs. 3a, b). A significant surface cold pool and gust front system developed on the 210 

storm’s southwestern side, with the cold pool center temperature below 20 °C and a maximum 211 

temperature gradient of 10 °C over 10 km. Subsequently, this gust front encountered near-surface 212 

southerly winds, creating a region with wind speed differences, wind direction convergence, and 213 

backward propagation, leading to enhanced convergence and the formation of a mesoscale convergence 214 

center (labeled D in Figs. 3a, b). Calculations from surface automatic weather station data showed that 215 

the convergence center intensity reached -20 × 10-5 s-1 at 11:30 BT (Fig. 4a) and further intensified to -216 

40 × 10-5 s-1 by 12:00 BT ahead of the cold pool (Fig. 4b). 217 

Under the combined effects of surface warming (surface temperatures around 30 °C in unaffected 218 

areas, Fig. 3b), the gust front formed by strong storm outflow (Figs. 3c, 3d), and the mesoscale 219 

convergence center, multiple convective cells were triggered around Binzhou and Dongying in 220 

northwestern Shandong around 12:00 BT (with a recorded instantaneous maximum wind speed of 32.2 221 

m/s at Zhanhua, Dongying). By 13:00 BT, these cells merged to form a southwest-northeast-oriented 222 

severe thunderstorm band with a maximum reflectivity of 68 dBZ. As the surface convergence line 223 

moved eastward, the thunderstorm’s cold pool continuously expanded, with its temperature gradient and 224 

convergence zone extending further southward, continuously triggering new convection (Fig. 3b, Figs. 225 

4a-4d). 226 

Additionally, the dynamic lifting effects of the southward-moving low-level shear line and the 227 

convergence line on the southwestern side of the mesoscale vortex triggered multiple convective storms 228 

over land from Puyang (Henan) to Liaocheng (Shandong) to Jinan (Shandong). These storms gradually 229 



organized along the southwestern convergence line and began merging around 13:30 BT, eventually 230 

evolving into a linearly arranged convective system. By approximately 14:00 BT, the convective system 231 

from Bohai Bay merged north-south with the inland linear convective system extending from Puyang 232 

(Henan) to Liaocheng (Shandong) to Jinan (Shandong), forming Squall Line I, which consisted of 233 

multiple individual storm cells. 234 

By 15:00 BT, Squall Line I moved eastward to the Weifang area, evolving into a trailing stratiform 235 

squall line, maintaining a speed of approximately 40 km/h. It continued eastward and southward, exiting 236 

Shandong and entering Jiangsu by 20:00 BT. This squall line had a long lifespan and wide impact range, 237 

reaching a maximum length of approximately 750 km and lasting for 7 hours, with severe convective 238 

weather, including hail and thunderstorm gales, occurring along its path. 239 

 240 

 241 

Figure 3  242 

Automatic weather station data (wind barbs), temperature (dots) overlaid with radar composite reflectivity (D denotes mesoscale vortex; red 243 

lines denote mesoscale convergence lines) at (a) 12:00 BT, (b) 12:30 BT, 0.5° elevation reflectivity factor from Cangzhou radar (c) 12:00 BT, 244 

(d) 12:06 BT on 13 June 2022 245 

Gust Front Gust Front 

Gust Front 

(a) (b) 

(c) (d) 

D D 



 246 

 247 

 248 

Figure 4  249 

Automatic weather station gust (wind barbs), divergence (blue contours), and radar composite reflectivity (shaded) at (a) 11:30, 250 

(b) 12:00, (c) 12:30, (d) 13:00, (e) 15:00, (f) 16:00 on 13 June 2022 251 

 252 

It can be seen that the formation of Squall Line I resulted from the merging of two convective 253 

systems: the coastal segment originated from a convective system that developed over Bohai Bay on the 254 

morning of June 13 (figure omitted) and subsequently propagated in a southwestward (inland) retrograde 255 

manner; the inland segment consisted of newly formed convective cells spanning from Puyang in Henan 256 

to Liaocheng and Jinan in Shandong, which organized and intensified along the convergence line. The 257 

triggering mechanisms of these two segments displayed distinct dynamic characteristics. The southward 258 

shift of the low-level shear line, influenced by the cold vortex, created favorable lifting and triggering 259 

conditions, while the mesoscale surface vortex and its associated flanking convergence lines played a 260 

pivotal role in determining the sites of convective initiation and organization. Additionally, the interaction 261 

between the gust front and the southerly wind within the warm sector persistently enhanced convergence. 262 

(c) 

(a) (b) 

(d) 

(f) (e) 



Ultimately, under the organizing influence of the convergence line, the two segments merged, giving rise 263 

to the quasi-linear Squall Line I. This evolutionary process comprehensively illustrates the significant 264 

contributions of multi-scale systems, including synoptic-scale shear lines, mesoscale vortices, and storm-265 

scale cold pools, to the initiation and organization of Squall Line I. 266 

5.2. Development and Evolution of Squall Line II 267 

Squall Line I had a clear synoptic-scale triggering system, whereas Squall Line II formed under 268 

markedly different conditions, dominated by upper-level northwesterly flow (Fig. 2c) and lacking 269 

organized systematic lifting mechanisms such as low-level shear lines. This explains the tendency for 270 

such systems to be missed in operational forecasting. The triggering mechanisms of Squall Line II were 271 

as follows: initial convection occurred around noon, with significant radiation-induced warming over the 272 

Shanxi Plateau (surface maximum temperatures reaching 28 °C, exceeding the convective temperature 273 

of 27.8 °C). Consequently, under the influence of the terrain, scattered thermal convection was triggered 274 

in the mountainous area during the afternoon, moving eastward into the Hebei Plain under the steering 275 

of the northwesterly flow. 276 

After the passage of Squall Line I, the convective available potential energy (CAPE) over the Hebei 277 

Plain briefly depleted but rapidly rebuilt between 14:00 and 15:00 BT under the mountainous area’s 278 

thermal effect, with hourly ERA5 data indicating an increase of over 700 J/kg per hour, providing 279 

favorable conditions for the subsequent development and organization of Squall Line II. Additionally, 280 

the evolution of the specific humidity field was closely related to the development process of the squall 281 

lines, with a distinct moisture gradient zone ahead of Squall Line II (Fig. 5a, b) being formed by the 282 

convergence and concentration of low-level moisture transport. The initiation of Squall Line II under 283 

weak synoptic-scale forcing conditions exhibited three key characteristics: terrain-induced thermal 284 

forcing over the plateau triggered initial convection; rapid accumulation of unstable energy occurred over 285 

the plain area; and the formation of a moisture frontal zone was associated with the concentration of low-286 

level moisture transport. Therefore, for systems lacking distinct dynamic triggering mechanisms, 287 

particular attention should be paid to local moisture boundaries, thermal conditions, and energy 288 

characteristics. 289 

   290 

Figure 5  291 

Distributions of wind, temperature (shaded), and dew point temperature (green dashed contours, °C) at (a) 14:00 BT, (b) 292 

15:00 BT on 13 June 2022 293 

(a) (b) 

▲ ▲ 

 



 294 

At 15:00 BT, southern North China was controlled by upper-level northwesterly flow with a lower-295 

level warm ridge, re-establishing unstable stratification characterized by cold and dry air aloft and warm 296 

and moist air near the surface. The surface wind field, with easterly wind at the top of the low-pressure 297 

system, northerly wind ahead of the surface cold front, and terrain-induced convergence, constituted a 298 

dynamic field favorable for the rapid organization of Squall Line II (Fig. 6). To be specific, after initial 299 

thunderstorms moved down from the eastern Taihang Mountains, their northerly outflow formed a 300 

distinct convergence line with the easterly wind on the western coast of the Bohai Bay (figure omitted). 301 

As the easterly flow from the Bohai Sea advanced westward, the easterly component in the lower levels 302 

significantly intensified, deflecting under topographic forcing when approaching a direction nearly 303 

perpendicular to the Taihang Mountains, forming a stable convergence line at the mountain front, which 304 

was clearly identified from Cangzhou Doppler radar reflectivity (Fig. 10) and surface automatic weather 305 

station winds (Fig. 6). The radar data showed a continuous band of enhanced reflectivity along the eastern 306 

slope of the Taihang Mountains, collocated with a surface wind shift from easterly to northerly. This 307 

convergence feature was well captured by both the radar and surface observations. After moving down 308 

from the mountains, the thunderstorm belt rapidly developed near this convergence line, with its 309 

morphology generally consistent with the orientation of the convergence line. 310 

In addition, the surface cold front influenced the development of Squall Line II. During its initial 311 

stage (16:30–18:00 BT), a region of large frontogenesis function values existed near the newly generated 312 

convection. Subsequently, the convective belt developed parallel to the frontogenesis zone (Fig. 6). The 313 

strong frontogenesis zone in the northern part continuously triggered new convection, facilitating the 314 

formation and development of a bow echo structure in southern Hebei, while convection remained 315 

scattered in the southern part where frontogenesis was weaker. Squall Line II formed around 16:30 BT 316 

in the Baoding–Shijiazhuang area of southern Hebei. After entering the mature stage (18:00–19:00 BT), 317 

it moved eastward into northwestern Shandong. Although the reflectivity intensity remained at 60 dBZ 318 

and the movement speed accelerated to 70 km/h, thermal conditions significantly deteriorated, 319 

manifested by a notable decrease in CAPE and a decline in the temperature gradient. During the decay 320 

and dissipation stage (19:00–20:00 BT), as the inflow ahead of the system turned to northerly, the vertical 321 

wind shear weakened, and the cold pool intensity decreased. After entering the area previously affected 322 

by Squall Line I (with surface temperatures of 16-19 °C), the atmospheric energy conditions failed to 323 

recover in time, resulting in insufficient thermal conditions for the development of Squall Line II, and 324 

the system rapidly dissipated, with its entire lifespan lasting only about 3.5 hours. 325 

This process reveals the development characteristics of a short-lived squall line under weak 326 

synoptic-scale forcing: its initial triggering relied on significant terrain-induced thermal forcing over the 327 

plateau and low-level dynamic convergence; during the development stage, the system’s organization 328 

process was primarily dominated by low-level frontogenetic dynamic forcing; and the system’s 329 

maintenance was constrained by insufficient local unstable energy supply. These characteristics contrast 330 

sharply with the prolonged maintenance of the long-lived Squall Line I, which resulted from the 331 

synergistic effects of multi-scale systems. 332 



 333 

Figure 6  334 

Analysis of the 925 hPa wind field superimposed with frontogenesis (shaded, 10−9 K/(m·s)) and equivalent potential 335 

temperature (contoured, K) and wind at (a) 13:00 BT, (b) 14:00 BT on 13 June 2022 336 

5.3. Maintenance Mechanism of Long-Lived Squall Line I 337 

According to the RKW theory, when the propagation speed of the cold pool boundary approaches 338 

the low-level environmental vertical wind shear (i.e., their ratio approaches 1), the negative vorticity 339 

generated by the cold pool and the positive vorticity generated by the low-level vertical wind shear reach 340 

an approximate equilibrium. This equilibrium results in the strongest updraft at the leading edge of the 341 

cold pool, promoting the stable maintenance and sustained development of the squall line system. Cold 342 

pools are highly sensitive to cloud microphysical processes (Pu et al., 2019), which can modulate their 343 

intensity and longevity through evaporative cooling and precipitation loading. Furthermore, the relative 344 

strength ratio between the cold pool and the vertical wind shear also affects the organizational structure 345 

and lifespan of convective systems (Weisman & Rotunno, 2004). Analysis of the surface pressure and 346 

temperature fields at 18:00 BT on June 13 revealed a significant thunderstorm high pressure system and 347 

a strong cold pool behind the squall line, indicating substantial cold pool intensity. Meanwhile, the 0-3 348 

km vertical wind shear was oriented from northwest to southeast, nearly perpendicular to the southwest–349 

northeast orientation of the squall line, a configuration that satisfies the fundamental conditions of the 350 

RKW theory. 351 

As demonstrated in Table 2, during the initial development stage of Squall Line I (12:00–13:00 BT), 352 

the ratios of cold pool propagation speed to low-level vertical wind shear were 0.91 and 0.88, respectively. 353 

This near-equilibrium state provided favorable conditions for the rapid development of the severe 354 

convective system, gradually transforming it into a typical bow echo structure. As the system entered the 355 

mature stage (14:00-17:00 BT), the cold pool intensity continued to strengthen. Its boundary propagation 356 

speeds (20.73 m/s at 14:00 BT, 21.89 m/s at 15:00 BT, 17.25 m/s at 16:00 BT, and 18.63 m/s at 17:00 357 

BT) all exceeded the vertical wind shear values at the corresponding stations (Weifang Station and 358 

Jiaozhou Station). This cold-pool-dominated dynamic structure caused the stratiform clouds within the 359 

convective system to tilt significantly upstream, forming a typical bow echo feature bulging 360 

southeastward. When the system entered the decay stage (after 17:00 BT), the ratio of cold pool 361 

propagation speed to wind shear at Weifang Station increased to above 1.55. This gradually imbalanced 362 

state made it difficult to maintain the horizontal vorticity, and radar echoes indicated that the system 363 

began to weaken, with the maintenance mechanism further disrupted. Around 19:00 BT, after the main 364 

body of the squall line moved offshore from the Huangdao area of Qingdao, although the cold pool 365 

D 
D 
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remained relatively strong, the system rapidly dissipated within half an hour due to a sharp decrease in 366 

environmental vertical wind shear. 367 

In summary, the prolonged maintenance of Squall Line I (approximately 7 hours) was closely related 368 

to the ratios of cold pool propagation speed to environmental vertical wind shear ranging from 0.88 to 369 

1.63. In contrast, the ratios for Squall Line II remained within this range for a shorter period, lasting only 370 

about 3 hours, resulting in a significantly shorter lifespan for the system. It can be concluded that the 371 

relative strength relationship between the cold pool and low-level vertical wind shear is a key factor 372 

determining the lifespan and organizational degree of squall lines. When the ratio deviates from the ideal 373 

equilibrium state, the development of the system is significantly suppressed. 374 

 375 

Table 2  376 

Ratio of cold pool boundary propagation velocity to low-level vertical wind shear 377 

Time(BT) ∆p(hPa) ρ̅( kg m3⁄ ) C(m/s) ∆U0~3km(m/s) C ∆U0~3km⁄  

12:00 1.6 1.20 16.32 18 (Dongying) 0.91 

13:00 1.2 1.20 14.14 16 (Dongying) 0.88 

14:00 2.6 1.21 20.73 16 (Weifang) 1.30 

15:00 2.9 1.21 21.89 16 (Weifang) 1.37 

16:00 1.8 1.21 17.25 14 (Weifang) 1.23 

17:00 2.1 1.21 18.63 12 (Jiaozhou) 1.55 

18:00 2.3 1.20 19.58 12 (Jiaozhou) 1.63 

6. Analysis of Extreme Gale Causes 378 

The mechanisms behind the extreme gales produced by squall lines are intricate, primarily including 379 

cold pool outflows resulting from strong downdrafts reaching the surface, rear-inflow jets associated 380 

with storm-scale structures like bow echoes or mesocyclones, and the downward transport of upper-level 381 

horizontal momentum. These mechanisms interact differently under various environmental backgrounds 382 

and can combine nonlinearly, ultimately leading to extreme surface gales. On June 13, 2022, two squall 383 

lines impacted Shandong. Squall Line I triggered extreme gales of force 8–10, with local force 11, across 384 

most of Shandong (excluding the peninsula region), mainly from 14:00 to 20:00 BT. Squall Line II 385 

affected Shandong from 19:00 to 21:00 BT, generating localized extreme gusts of force 11. Despite both 386 

causing extreme gales, their dominant mechanisms differed significantly due to variations in 387 

environmental conditions and system structures. 388 

Between 15:00 and 16:00 BT, Squall Line I primarily affected the Zibo and Linyi areas of Shandong, 389 

causing widespread thunderstorm gales, localized hail, and short-duration heavy rainfall. A key 390 

prerequisite for the formation of a strong cold pool was the environmental stratification conducive to 391 

strong evaporative cooling, characterized by mid-level dry air intrusion and intense evaporative cooling 392 

effects. The Zhangqiu sounding at 08:00 BT on June 13 revealed a deep dry layer between 600 and 750 393 

hPa with a lapse rate close to the dry adiabatic rate, while specific humidity in the lower levels (850 hPa 394 

and below) generally exceeded 8-10 g/kg. This “dry aloft, moist below” unstable stratification was ideal 395 

for generating a strong cold pool. When the updraft of Squall Line I entrained mid-level dry air into the 396 

cloud, intense evaporative cooling was induced, which significantly enhanced the negative buoyancy of 397 



the downdraft. The cold air from evaporative cooling accumulated near the surface, forming a strong 398 

thunderstorm high pressure and a horizontal pressure gradient, which drove powerful outflow gales. 399 

From the perspective of system structure, Squall Line I evolved into a trailing stratiform squall line 400 

during its mature stage (Fig. 1). This structure facilitated continuous evaporation and accelerated descent 401 

of downdrafts within the extensive stratiform region, resulting in a deep and intense cold pool. As listed 402 

in Table 2, the cold pool boundary propagation speed remained mostly above 16 m/s throughout its 403 

lifespan, even exceeding 20 m/s during the mature stage, indicating its extreme intensity. The evolution 404 

of cold pool intensity in this region was also evident in the vertical structure. From 12:00 BT onward, 405 

cooling occurred in the convective region below 900 hPa (Fig. 7a). By 13:00 BT (Fig. 7b), the cold pool 406 

(red box) with a core temperature as low as 18 °C descended to the surface, with its intensity and extent 407 

increasing simultaneously, causing surface temperatures to drop to 18 °C. This intense cold pool 408 

downdraft extended up to 850 hPa and encountered the southerly warm and moist airflow on the eastern 409 

side of the system, forming strong low-level convergence and lifting. This not only provided dynamic 410 

support for the maintenance of Squall Line I but also further promoted the intensification and propagation 411 

of the cold pool. Thus, the core driving force of the extreme gales generated by Squall Line I was the 412 

large-scale, high-intensity cold pool and its outflow. 413 

 414 

 415 

Figure 7  416 

Vertical profile distribution along 37.75 °N: vertical velocity (red contours, Pa/s), wind field (arrows, m/s), superimposed temperature 417 

(shaded, ℃) at (a) 12:00 BT, (b) 13:00 BT on 13 June 2022 418 

Subsequently, Squall Line I continued to intensify and move eastward, with the cold pool range, 419 

intensity, and the extent of thunderstorm gales further expanding. Hourly automatic weather station data 420 

at 15:00 BT (Fig. 8a) showed that the thunderstorm gales were predominantly northerly. At 15:00 BT, 421 

the central pressure of the thunderstorm high pressure was below 1003 hPa, and the strong cold pool, 422 

with a central temperature of 17 °C caused by convective precipitation, had an area with a 1-hour 423 

temperature decrease below -12 °C located near the thunderstorm high pressure center, where the 424 

temperature decrease center was below -15 °C. From the surface wind field, it can be seen that a surface 425 

low-pressure center existed ahead of the thunderstorm movement direction, with a central pressure of 426 

1000 hPa, and the strong outflow ahead of the storm was located between the thunderstorm high pressure 427 

and the low-pressure. The thunderstorm high pressure caused by the small-scale cold pool and the 428 

(a) (b) 



localized small low pressure formed a strong pressure gradient, enhancing the intensity of surface gales. 429 

In addition, a temperature frontal zone formed between the cold pool center and the warm region (30 °C) 430 

in central Shandong that was unaffected by convection, with temperatures within the cold pool being 431 

more than 10 °C lower than those ahead of it. Widespread convective gales mainly occurred within the 432 

cold pool ahead of and behind the thunderstorm high pressure. Dew point temperatures also differed 433 

between the areas ahead of and behind the strong cold pool (the black numbers in Fig. 8a represent the 434 

temperature-dew point spread). For example, Linzi and Guangrao Port, two representative stations within 435 

the cold pool region, both recorded a 1-hour temperature decrease exceeding 12 °C and sustained gales 436 

of force 8 or above (Fig. 8a). By 16:00 BT (Fig. 8b), the cold pool intensity weakened, and the pressure 437 

gradient between the high and low pressures decreased. Although thunderstorm gales still occurred, both 438 

the number of stations reporting thunderstorm gales and the wind intensity were significantly reduced 439 

compared to the previous hour. Moreover, wind profiler data demonstrated no significant characteristics 440 

of downward momentum transport. 441 

Therefore, the extreme gales generated by Squall Line I were primarily outflow gales driven by the 442 

strong pressure gradient associated with a large-scale, high-intensity cold pool. These gales were strong 443 

and relatively uniformly distributed, highly consistent with the orientation of the gust front at the leading 444 

edge of the cold pool. 445 

 446 

Figure 8  447 

High-density automatic weather station data (blue solid contours: sea level pressure, dagpm, wind barbs: gusts with wind speed ≥ 448 

17 m/s within 1 hour, arrow: automatic station wind field, colored dots: temperature, ℃, shadow: 1 hour temperature change, ℃, 449 

number: temperature dew point difference, ℃,   Linzi,   Guangrao Port (a) 15:00 BT, (b) 16:00 BT on 13 June 2022 450 

Squall Line II was triggered in the afternoon and had a shorter lifespan and a smaller cold pool 451 

extent. Although its environmental energy (CAPE) rebuilt rapidly, both the thickness and intensity of the 452 

dry layer were lower than those during the initial stage of Squall Line I. The Cangzhou sounding at 16:00 453 

BT, calculated using ERA5 data (Fig. 9), revealed that although this region still possessed high instability 454 

energy (1507 J/kg) and a dry layer in the mid-levels, the mid-level atmospheric humidity was relatively 455 

higher compared to the Zhangqiu sounding at 08:00 BT. This implies that the potential for driving the 456 

cold pool solely through evaporative cooling in Squall Line II was weaker than that in Squall Line I. 457 

Under these circumstances, system structure and dynamic processes became key factors in the generation 458 

of high winds. 459 

(a) (b) 



Radar echoes (Fig. 10) indicated that Squall Line II rapidly developed a bow echo structure in 460 

southern Hebei, with more pronounced bow-shaped characteristics. The bow echo is one of the most 461 

favorable structures for producing extreme gales, with its core mechanism being a strong rear-inflow jet. 462 

During the development of Squall Line II, influenced by the configuration of the upper-level 463 

northwesterly flow and the low-level wind field, the environmental 0-3 km vertical wind shear reached 464 

12-14 m/s, which favored the establishment and maintenance of the rear-inflow jet. This rear-inflow jet 465 

transported high-momentum air from the upper levels into the storm interior and accelerated the 466 

downdraft through processes such as precipitation drag and dynamic pressurization. In contrast to Squall 467 

Line I, where evaporative cooling dominated, the contribution of dynamic forcing to the downdraft in 468 

Squall Line II was more prominent. After reaching the surface, this strong downdraft combined with the 469 

strong environmental wind behind the storm, generating localized surface gales. Furthermore, a 470 

mesoscale vortex existed ahead of Squall Line II, which favored dynamic pressure reduction, further 471 

enhancing the local wind intensity and resulting in a more concentrated distribution of high winds. 472 

 473 

Figure 9  474 

Reanalyzed sounding at Cangzhou at 16:00 BT on 13 June 2022  475 



476 

 477 

Figure 10  478 

Cangzhou Radar's 17:36 BT composite reflectivity (a), 17:12 BT radial velocity (b), 17:36 BT radial velocity (c), and 17:36 479 

radial velocity profile (d) on 13 June 2022 480 

The temporal evolution of surface meteorological elements at Zhoucun Station in Zibo, which was 481 

affected by Squall Line II (Fig. 11), was analyzed. When the extreme gale occurred at this station, it was 482 

located ahead of the thunderstorm high pressure. The temperature dropped by approximately 13 °C 483 

between 17:45 and 18:15 BT, indicating the presence of cold advection aloft, corresponding to the cold 484 

pool generated by the convective storm and the downdraft process behind the storm. Corresponding to 485 

the temperature drop, the pressure exhibited a fluctuating increase. Near the surface, northerly gales 486 

prevailed. After the wind speed at this station reached its peak, the surface pressure indicated a slight 487 

decrease, which may have been related to the mesoscale cyclone ahead of the squall line extending 488 

downward to the lower levels. During this period, the maximum surface wind speed remained above 18 489 

m/s. Subsequently, as the convective cold pool advanced further, the pressure continued to rise to 1001.6 490 

hPa, indicating that the influence of the main cold pool occurred later. Notably, the precipitation during 491 

this period was not intense, and the gravitational drag effect of the precipitation mass was not significant. 492 

In conclusion, the extreme gales caused by Squall Line II resulted from the combined and 493 

superimposed effects of the mesoscale vortex within the bow echo and the rear-inflow jet, with the 494 

dominant mechanism focusing more on the dynamic processes and mesoscale structures within the storm 495 

interior. 496 
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 498 

Figure 11  499 

Evolution of meteorological elements at Zhoucun automatic station in Zibo, Shandong, on 13 June 2022 (blue solid Line: sea 500 

level pressure; red solid line: temperature; green solid line: dew point temperature, wind barb: maximum gusts, bar chart: 1-hour 501 

precipitation) 502 

7. Conclusion 503 

Through an observational and diagnostic analysis of multi-source data, including ERA5 reanalysis 504 

and radar observations, this study investigated a double-squall-line event that occurred in southern North 505 

China and the Huanghuai region on June 13, 2022. The focus was on the circulation background, 506 

initiation and organization mechanisms, maintenance mechanisms, and mechanisms underlying extreme 507 

gales. The main findings are as follows: 508 

This severe convective weather event in southern North China and the Huanghuai region occurred 509 

under the background of a cold vortex. Strong thermal instability was created by the overlap of dry and 510 

cold advection in the mid-to-upper levels with warm and moist advection in the lower levels, providing 511 

favorable thermodynamic conditions for convective initiation. Additionally, abundant low-level moisture, 512 

significant vertical wind shear, and strong afternoon surface heating collectively established an optimal 513 

environmental field for the initiation and organized development of the squall lines. 514 

The initiation and organization mechanisms of the two squall lines differed significantly. Squall 515 

Line I appears to have been governed by the synergistic effects of multi-scale systems: the southward 516 

movement of a synoptic-scale low-level shear line provided initial lifting conditions; a mesoscale surface 517 

vortex and its flanking convergence lines determined the locations of convective initiation and 518 

organization; and the interaction between the storm-scale gust front and warm and moist air continuously 519 

reinforced convergence. Ultimately, Squall Line I formed through the merger of two convective systems 520 

from coastal and inland sources. In contrast, Squall Line II exhibited localized initiation characteristics 521 

under weak synoptic-scale forcing, triggered by thermal forcing over the Taihang Mountains in the 522 

afternoon. Subsequently, as the convection moved downhill, the convergence line formed by the 523 

interaction between low-level easterly winds and the terrain, along with low-level frontogenetic dynamic 524 

forcing, jointly dominated the organization of convection and the eventual formation of the squall line. 525 



The interaction between the cold pool and vertical wind shear was crucial for the differences in 526 

lifespan and intensity between the two squall lines. Squall Line I maintained for up to 7 hours, benefiting 527 

from a sustained near-equilibrium state between the cold pool boundary propagation speed (C) and the 528 

0-3 km vertical wind shear (∆U0-3 km), with ratios ranging from 0.88 to 1.63, consistent with the ideal 529 

conditions for squall line maintenance described by the RKW theory. In contrast, Squall Line II 530 

maintained balance for a shorter period and moved into an area previously affected by Squall Line I, 531 

where energy had not fully recovered, leading to a rapid imbalance in the C/∆U0-3 km ratio and resulting 532 

in its short lifespan and limited development. 533 

The physical mechanisms responsible for the extreme gales generated by the two squall lines 534 

differed. The gales produced by Squall Line I were closely associated with a large-scale, high-intensity 535 

cold pool. The intrusion of mid-level dry and cold air formed a deep and strong cold pool through intense 536 

evaporative cooling, and the outflow gales driven by the strong pressure gradient were the dominant 537 

cause of widespread gales of force 8 to 11, which were strong and relatively uniformly distributed, highly 538 

consistent with the orientation of the gust front at the leading edge of the cold pool. In contrast, the gales 539 

caused by Squall Line II were more closely related to the internal dynamic processes and mesoscale 540 

structures of the storm. The bow echo structure that developed during its evolution, combined with strong 541 

environmental vertical wind shear, organized a powerful rear-inflow jet. The strong downdraft under 542 

dynamic forcing transported upper-level momentum downward, serving as the core mechanism for the 543 

localized extreme gusts, with the distribution of thunderstorm gales being relatively concentrated. 544 

This study reveals the complex physical mechanisms underlying the successive initiation of two 545 

squall lines under the influence of a cold vortex and clarifies the differences in the dominant mechanisms 546 

responsible for extreme gales between different squall line systems. These findings are significant for 547 

enhancing the understanding of the diversity of mesoscale convective systems and for improving their 548 

forecasting and early warning capabilities. The quantitative diagnostic framework established here—549 

particularly the C/∆U ratio and frontogenesis-based indicators—provides a basis for future observational 550 

and modeling studies of squall lines under similar cold vortex conditions. 551 
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