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Abstract. Extreme wind gusts pose substantial threats to human safety and infrastructure, yet inadequate
pre-onset observational constraints result in large uncertainties and inaccuracies in nowcasting and fore-
cast. To address this gap, we conduct an in-depth investigation of a record-breaking surface gust event (wind
speed > 35 ms−1) that occurred in Beijing during the early afternoon of 30 May 2024. We analyze the event’s
dynamical characteristics utilizing a high-resolution meteorological mesonet, which includes seven radar wind
profilers (RWPs), a meteorological tower, automated weather stations, radar and satellite data. Multi-source ob-
servational analyses reveal that multicellular storm developed ahead of a convergence line, where northeasterly
cold outflows collided with environmental southerly winds during their downhill propagation. Evaporative cool-
ing drove the generation of extreme winds, reinforced by downward momentum transport and pressure gradient
forcing. After reaching the plain, two convective segments subsequently merged into a well-organized squall
system embedded with a midlevel mesovortex with intense rear-inflow jet. Low-level frontogenesis and shearing
deformation provided favorable conditions for sustaining mesoscale convection, which in turn fueled small-scale
turbulent energy processes. Turbulent inverse energy cascades – energy transfer from small to large eddies – in-
tensified markedly as wind speeds increased. This study offers valuable insights into the multiscale dynamical
processes governing convective evolution – captured by the RWP mesonet – that would otherwise remain in-
accessible via other ways. Importantly, these findings support the validation of numerical simulation outputs,
refinement of boundary-layer parameterization schemes in numerical weather prediction (NWP) models, and
ultimately the enhancement of forecast skill for convection-associated extreme gust events.
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1 Introduction

Extreme intense winds rank among the most destructive me-
teorological hazards globally, causing cascading disasters
such as infrastructure collapse, wildfire escalation, and avi-
ation accidents (Goyette et al., 2003; Pryor and Barthelmie,
2010, 2011; Peterson et al., 2014). However, large uncertain-
ties in the wind speed estimations still exist in weather fore-
cast models and reanalysis products (Azorin-Molina et al.,
2016; Torralba et al., 2017; Kahl, 2020; Hirt and Craig,
2021; Pryor et al., 2012; Pryor and Barthelmie, 2021; Wu
et al., 2024), especially for those associated with convection-
induced extreme wind gusts, due partly to limitations in spa-
tial resolution and parameterization schemes (Fovell, 2002;
Fiori et al., 2011; Adams-Selin et al., 2013; Burghardt et al.,
2014; Wandishin et al., 2010).

Wind gusts – short-lived extreme events – arise when air
with high momentum is transported to the surface (Harris and
Kahl, 2017). They occur alongside both convective and non-
convective processes and are affected by a range of physi-
cal factors, including wind speed, turbulence in the planetary
boundary layer (PBL), topographic flows, and surface rough-
ness (Letson et al., 2018). In previous convection-induced
wind gust research, the role of a complex interplay of fac-
tors has been well recognized. Specifically, mesoscale dy-
namics and thermodynamics interaction drives the genera-
tion of downdrafts to form the initial “engine” of the gust
(Johns and Hirt 1987; Vose et al., 2014; Abulikemu et al.,
2019; Taszarek et al., 2019). Microphysics processes gov-
erns latent cooling rates, which directly control the buoy-
ancy and strength of downdraft (Mahoney and Lackmann
2011; Adams-Selin et al. 2013; Zhou et al. 2020). Then,
the turbulence-convection interaction modulates these down-
drafts and outflows by turbulent mixing near the surface
and determines how efficiently momentum is transferred to
the surface, thereby sharpening or dissipating the gust front
(Tucker et al., 2009; Tang et al., 2015; Shao et al., 2023a, b).

Among others, quasi-linear convective systems (QLCSs)
such as squall lines can produce a straight-line swath of ex-
treme winds (Fujita 1978; Johns and Hirt 1987; Coniglio
et al., 2011; Meng et al. 2012; Xu et al., 2024). Given their
damaging potential, many efforts have been made in the past
few decades to explore the mechanisms of extreme wind
gusts generated by QLCSs in observational and numerical
studies (e.g., Lafore and Moncrieff 1989; Bentley and Mote,
1998; Atkins et al., 2005; Meng et al. 2012). It was con-
sistently found that the intensity of cold outflows is one of
the main contributors of extreme wind gusts (Houze, 2014;
Haerter et al., 2019; Chen et al., 2024). The formation of
mesoscale vortices (Wheatley and Trapp 2008; Atkins and
Laurent, 2009; Evans et al., 2014; Xu et al., 2015b; Zhang
et al., 2021) and the merger of convective cells (French and
Parker; 2012; 2014; Liu et al., 2023; Yang and Du, 2026)
have a close connection with the evolution of QLCSs and the
initiation of extreme wind gusts. The midlevel rear-inflow jet

(RIJ) in the stratiform region of QLCSs plays an important
role in strengthening the extreme winds at the surface via the
downward transport of momentum (Zhang and Gao 1989;
Weisman, 1992; Grim et al., 2009; Browning et al., 2010; Xu
et al., 2015a).

Although the above-mentioned studies have made signif-
icant progress in quantifying the characteristics of QLCSs,
reliable QLCS-induced gust forecasting remains challenging
to achieve. This is mainly because the energy-carrying turbu-
lent eddies that harbor gusts are typically far too small to be
resolved by observational networks and mesoscale numerical
models (Fovell and Cao, 2014). To the best of our knowledge,
most of previous studies, nevertheless, relied on the model
simulation or reanalyses. This leads to large knowledge gaps
in the vertical structure of lower troposphere and its evolu-
tion in the presence of QLCS, especially for highly localized
and transient storms (Luchetti et al., 2020; Romanic et al.,
2020).

To confront this challenge, high-resolution vertical wind
observations from wind towers have been widely applied
to elucidate the atmospheric dynamic structure and evolv-
ing convective morphology leading to damaging winds (e.g.,
Bélair et al., 2025). Nevertheless, the wind tower cannot cap-
ture the winds near clouds, resulting in large vertical wind
observations gaps especially, which can be overcome by the
radar wind profiler (RWP, Liu et al., 2024). A high-density
RWP network has been setup in China (Guo et al., 2021a)
since 2008a, especially in Beijing and the Yangtze River
Delta (YRD). The continuous vertical measurements from
RWP, along with meteorological towers, afford us a valuable
perspective to shed light on these complex phenomena. For
instance, Chen et al. (2024) examined a record-breaking sur-
face gust wind that occurred in eastern China on 30 April
2021 by using the measurements from the RWP mesonet in
the YRD region.

Here we examine an extreme wind gust event associated
with a QLCS that occurred in Beijing on 30 May 2024, where
the climate and terrain are quite different from YRD. The
instantaneous surface wind speeds at 250 sites in this event
exceeded 17.2 ms−1 with the maximum wind speed reach-
ing 37.2 ms−1. This high-wind-producing convective system
caused widespread fallen trees and power lines, damaging
many vehicles and buildings. This intense wind gust event is
comprehensively analyzed by using a high-resolution mete-
orological mesonet consisting of seven RWPs and one me-
teorological tower in an attempt to gain insight into the ver-
tical structural evolution within the PBL and elucidate the
complex multi-scale dynamical processes during the event.
The next section describes the data and methodology used
in this work. Section 3 presents an overview of the QLCS
and associated extreme wind gust event. In Sect. 4, the utility
of the RWPs and meteorological tower mesonet in captur-
ing the evolving vertical structure of the high-wind event is
examined. Key findings are concluded in the final section.
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Figure 1. Spatial distribution of the terrain height over Beijing
and surrounding areas with the black and blue line denoting the
plain line at 200 m terrain elevation and the provincial bound-
ary, respectively. Seven RWPs (red dots) deployed at Xiayun-
ling (XYL; 39.73° N, 115.74° E), Shangdianzi (SDZ; 40.66° N,
117.11° E), Huairou (HR; 40.36° N, 116.63° E), Yanqing (YQ;
40.45° N, 115.97° E), Haidian (HD; 39.98° N, 116.28° E), Pinggu
(PG; 40.17° N, 117.12° E), and the Beijing Weather Observatory
(BWO; 39.79° N, 116.47° E). Four red triangles with number de-
note the regions used to calculate the dynamic parameters with the
triangle method. Blue five-pointed stars denote the L-band sounding
at BWO and Zhangjiakou (ZJK; 40.77° N, 114.92° E) station. A S-
band Doppler weather radar (blue square) is also deployed at BWO.
Green small triangle represents the location of meteorological tower
(39.97° N, 116.37° E).

2 Data and methodology

2.1 Vertical profile measurements

Figure 1a presents the spatial distribution of RWP mesonet
deployed in Beijing, which is composed of seven stations.
These RWPs are Ce Feng Leida-6 (CFL-6) Tropospheric
Wind Profilers, which are produced by the 23rd Institute
of China Aerospace Science and Industry Corporation (Liu
et al., 2020). They provide measurements of horizontal and
vertical winds, and refractive index structure parameter at
6 min intervals. The vertical resolution is 120 m from 0.15
to 4.11 km above the ground level (a.g.l.) in low-operating
mode, and 240 m from 4.11 to 10.11 kma.g.l. in high-
operating mode. After testing the data quality of the RWPs
in our previous study (Guo et al., 2023), horizontal wind
speed, direction and vertical velocity derived from RWPs in
the heights of 0.51–4.95 kma.g.l. were found to be reliable.
Linear interpolation in time is adopted to fill missing values
for the continuity of data.

Upper-air sounding balloons launched at the Zhangjiakou
(ZJK) and Beijing Weather Observatory (BWO) sites at
08:00 and 20:00 LST (local standard time) on 30 May 2024
are used to provide the vertical profiles of thermodynamic
features, including temperature, pressure, relative humidity,

and horizontal winds with a vertical resolution of 5–8 m (Guo
et al., 2021b).

The meteorological tower with 325 m high is located on
49 m above mean sea level (a.m.s.l.). Seven sets of three-
dimensional ultrasonic anemometers are installed at seven
different heights of the tower: 8, 15, 47, 80, 140, 200 and
280 m, which are used to measure horizontal wind speed, di-
rection, and vertical velocity with a sampling frequency of
10 Hz. These measurements have undergone strict data qual-
ity check, and please refer to Shi and Hu (2020) and Shi et al.
(2020) for more details.

2.2 Radar reflectivity and surface meteorological
observations

Identification and tracking of the mesoscale convective sys-
tem (MCS) are conducted using composite radar reflectivity
data derived from the China Meteorological Administration
(CMA) Doppler radar network. This dataset features a spatial
resolution of ∼ 0.01°× 0.01° (latitude× longitude) and in-
tegrates the maximum reflectivity measurements across dif-
ferent vertical levels for each horizontal grid pixel, ensuring
comprehensive capture of the MCS’s vertical echo structure.

For context, the operational CMA Doppler radars em-
ployed here have a complete volume scan interval of approx-
imately 6 min, which suffices to track the dynamic evolution
of the MCS and its associated gust front. To better charac-
terize gust front propagation, radial velocity data from the
S-band Doppler radar in BWO are also used.

Ground-based meteorological variables are also used in
the analysis over the study area, including 2 m air temper-
ature (T2 m), relative humidity, and pressure measured at
5 min intervals, as well as instantaneous 10 m wind speed
(WS10 m), wind direction, and precipitation measured at
1 min intervals from automated weather stations (AWSs).

2.3 Reanalysis and satellite datasets

ERA5 is the fifth-generation atmospheric reanalysis of
ECMWF (European Centre for Medium-Range Weather
Forecasts), which benefits from advancements in data assim-
ilation, model physics and dynamics (Hersbach et al., 2023).
The ERA5 dataset can provide meteorological parameters on
37 pressure level with a spatial resolution of 0.25°× 0.25° at
hourly intervals. The geopotential height, temperature, rela-
tive humidity, and horizontal wind fields at 500 and 850 hPa
are used to analyze the large-scale conditions prior to the se-
vere wind gust event in Beijing.

Himawari-8/9 is one of the next-generation geostation-
ary satellites operated by the Japan Meteorological Agency,
which was launched on 7 October 2014 and located at 0° N,
140.7° E (Da, 2015). It has provided real-time observations to
the public since 7 July 2015 (ftp://ftp.ptree.jaxa.jp/jma, last
access: 7 June 2024) with diverse central wavelength (from
0.47 to 13.3 µm). Brightness temperature from the 10.8 µm-
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channel high-resolution geostationary satellite Himawari-8/9
L1 gridded data with a spatial resolution of 0.25°× 0.25°
(Bessho et al., 2016; Chen et al., 2019) is used in this study
to identify and track the MCS at 10 min intervals.

2.4 Calculation of divergence, vorticity, stretching and
shearing deformation

Divergence, vorticity, stretching and shearing are four funda-
mental air motion diagnostics (Yanai and Nitta, 1967; Bran-
des and Ziegler, 1993, Shapiro et al., 2009). The horizon-
tal divergence Dand vertical vorticity ζ , respectively reflect
the area change and rotation of the air parcel (Lenschow
et al., 2007; Beck and Weiss, 2013; Bony and Stevens, 2019).
Stretching and shearing deformations, denoted S1 and S2
here, result in elongation parallel to the axis of dilatation and
contraction orthogonal to it. Stretching deformation can flat-
ten and lengthen the air parcel, while shearing deformation
can twist the air parcel in two perpendicular directions.

Generally, these four different motions above can be rep-
resented by pairs of partial derivatives of velocity ∂u

∂x
+
∂v
∂y

,
∂v
∂x
−
∂u
∂y

, ∂u
∂x
−
∂v
∂y

and ∂v
∂x
+
∂u
∂y

. The triangle method, as pro-
posed by Bellamy (1949), computes the divergence based on
the rate of change in a fluid triangle initially coincident with
the network composed by any three points A, B, and C. The
triangle-area averaged horizontal divergence D and vertical
vorticity ζ can be computed by the triangle method as fol-
lows

D =

(uB − uA)(yC − yA)− (uc− uA)(yB − yA)
+(xB − xA)(vC − vA)− (xc− xA)(vB − vA)
(xB − xA)(yC − yA)− (xc− xA)(yB − yA)

, (1)

ζ =

(vB − vA)(yC − yA)− (vc− vA)(yB − yA)
−(xB − xA)(uC − uA)+ (xc− xA)(uB − uA) c

(xB − xA)(yC − yA)− (xc− xA)(yB − yA)
, (2)

Here, (xi,yi) (i = A,B,C) are the location of three vortex
points, V i = (ui,vi) are the zonal and meridional component
of horizontal wind, respectively.

Analogously, the stretching and shearing deformation can
be derived using the following equations:

S1 =

(uB − uA)(yC − yA)− (uc− uA)(yB − yA)
−(xB − xA)(vC − vA)+ (xc− xA)(vB − vA) c

(xB − xA)(yC − yA)− (xc− xA)(yB − yA)
, (3)

S2 =

(vB − vA)(yC − yA)− (vc− vA)(yB − yA)
+(xB − xA)(uC − uA)− (xc− xA)(uB − uA) c

(xB − xA)(yC − yA)− (xc− xA)(yB − yA)
, (4)

The uncertainties associated with the errors of horizontal
wind retrievals, the spatial scales and the shape of triangles
in the calculation of RWP-derived parameters have been dis-
cussed by Guo et al. (2023). To ensure the stability of re-
sults, obtuse angles of more than 140° and areas of less than
500 km2 should be avoided for constructing a reasonable tri-
angle. Here, four triangles from west to east are constructed

based on the positions of six RWPs deployed at YQ, XYL,
HR, BWO, PG and SDZ to meet the consistency in shape and
area. It is noteworthy that the value of four dynamic parame-
ters is still inversely proportional to the area of triangle as the
denominator. This coincides with the fact that the gradient of
velocity between two points will increase when the distance
is shortened. Considering the six RWPs located at different
terrain elevations, the horizontal and vertical velocities mea-
sured by each RWP are interpolated to the same altitude that
starts upwards from 0.51 to 4.95 kma.m.s.l with a vertical
resolution of 120 m.

2.5 Calculation of frontogenesis function

As mentioned above, four air motion types may cause some
parts of the air parcel to move away from each other and
some parts of the air parcel to move towards each other, re-
sulting in frontolysis and frontogenesis, respectively (Miller,
1948). Previous studies have used the frontogenesis func-
tion F to infer the evolution of horizontal temperature gra-
dient (Bluestein, 1986), which contains the following four
terms:

F =
d
dt
|∇hθe| = F1+F2+F3+F4, (5)

F1 =−
1
2
D |∇hθe| , (6)

F2 =−
1
2

[
S1

(
∂θe

∂x

)2

+ 2S2

(
∂θe

∂x

)(
∂θe

∂y

)

−S1

(
∂θe

∂y

)2
]
/ |∇hθe| , (7)

F3 =

(
∂θe

∂x

∂Q

∂x
+
∂θe

∂y

∂Q

∂y

)
/ |∇hθe| , (8)

F4 =−

(
∂θe

∂x

∂w

∂x
+
∂θe

∂y

∂w

∂y

)
∂θe

∂z
/ |∇hθe| , (9)

where ∇h is the horizontal Hamilton operator, θe is equiva-
lent potential temperature,Q is diabatic heating,w is vertical
velocity. The four terms characterize the effects of horizon-
tal divergence, horizontal deformation, diabatic heating and
vertical motion on frontogenesis. Frontogenesis occurs if F
is larger than zero. Since the variability of vertical velocity
along the horizontal direction is quite small, F4 is not in-
cluded in the calculation (Han et al., 2021). D, S1 and S2 in
the preceding subsection from the RWP mesonet are then ap-
plied to these equations in order to calculate the vertical pro-
file of F .

Limited by the lack of vertical profiles of thermal parame-
ters in real-time, the gradients of θe are obtained from surface
observations from AWSs in Beijing. Indeed, the core drivers
of frontogenesis are dynamic processes, while the gradient
of θe mainly acts as a scaling coefficient that modulates the
efficiency of these dynamic contributions. This simplifica-
tion of assuming this “efficiency coefficient” remains rela-
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tively homogeneous in the lower layer is available to capture
regions of dynamically dominated frontogenesis. However,
it must be acknowledged that surface observations may not
adequately represent baroclinic structures aloft, especially
in the presence of temperature inversion or strong vertical
shear. Consequently, the diagnostic results are most applica-
ble to near-surface environments and shallow frontogenesis.
Future improvements would benefit from incorporating ver-
tically resolved thermal variables obtained from operational
high-frequency detection (e.g., microwave radiometers) for a
more comprehensive assessment.

2.6 Identification of inverse energy cascade

The direction of the turbulent energy cascade is determined
by the sign of the energy flux ε, which is calculated based
on the third moment of the velocity difference (Shao et al.,
2022):

ε =−
2
3

〈
[ur (x+ r)− ur (x)]3

〉
r

, (10)

where r is the distance along any direction, ur is the velocity
parallel to r , and the angular bracket denotes the ensemble
mean. Based on Taylor’s hypothesis (Taylor, 1938; Powell
and Elderkin, 1974), the pattern of turbulence can be consid-
ered to be “frozen” as it advects past a sensor. This allows
the conversion of spatial measurements into temporal obser-
vations at a fixed point. When applying Eq. (10) in the zonal
direction, it can be rewritten as:

ε =−
2
3

〈
[u(t +1t)− u(t)]3

〉
u(t)1t

, (11)

where u(t) is the zonal component of horizontal wind speed
derived from the three-dimensional ultrasonic anemometer at
any time t ,1t denotes the time interval between two consec-
utive observations. Positive and negative ε indicate direct and
inverse energy cascade (IEC), respectively. IEC is generally
identified when ε <−0.002 m2 s−3 to minimize the impact
of observational errors on the results (Zhou et al., 2025).

3 Case overview

In the afternoon of 30 May 2024, an extreme wind event oc-
curred as a MCS propagated eastward and entered the plain.
Figure 2 shows the Himawari-8 10.8 µm brightness temper-
ature, superimposed with mosaic composite radar reflectiv-
ity during the different stage. During the evolution of the
MCS, a number of high winds (instantaneous 10 m wind
speed≥ 17.2 ms−1) were observed by automatic weather sta-
tions in Beijing after 13:30 LST (Fig. 3a). What we focus
on is that high winds became more widespread in the west-
ern mountainous areas of Beijing from 14:00 to 14:29 LST
(Fig. 3b) during the downhill progress of the developing
MCS (Fig. 2b–d), with the maximum instantaneous 10 m

Figure 2. Brightness temperature from 10.8 µm channel of
Himawari-8 geostationary satellite (gray shadings; K), superim-
posed with composite radar reflectivity (color-shaded; dBZ) at
(a) 13:30, (b) 14:00, (c) 14:12, (d) 14:24, (e) 14:36, (f) 14:48,
(g) 15:00, and (h) 15:12 LST on 30 May 2024. The four blue trian-
gles and brown line denote the RWP mesonet and the 200 m terrain
elevation line, respectively.

wind speed of 37.2 ms−1 detected at the Qianling Mountain
site. After 14:30 LST, both rainfall and the number of stations
recording high winds increased remarkably (Fig. 3c) associ-
ated with the merger of two convective segments and forma-
tion of the squall line at around 14:36–14:48 LST (Fig. 2e
and f). The squall line further consolidated and reached its
mature stage after 15:00 LST, defined by the fully coherent,
organized linear structure (Fig. 2g and h). The wind gust co-
incided with the intensification of deep convection with the
peak rainfall exceeding 9 mm during 15:00–15:29 LST along
the leading line (Fig. 3d), after which the squall line moved
eastward away from the major urban area of Beijing.

3.1 Synoptic background

Figure 4a and b shows the large-scale conditions at
13:00 BJT prior to the extreme wind gust event. Significant
cold advection with the northwesterly jet exceeding 20 ms−1

was found over Beijing that was associated with a deep north-
east cold vortex at 500 hPa. Meanwhile, Beijing was situ-
ated in the warm sector with temperature exceeding 15 °C
at 850 hPa (Fig. 4b). The steep midlevel lapse rate of tem-
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Figure 3. Terrain height (gray shadings; m) over Beijing and surrounding areas superimposed with the maximum 10 m wind speed (shading
of dots, ms−1) observed during (a) 13:30–13:59 LST, (b) 14:00–14:29 LST, (c) 14:30–14:59 LST, and (d) 15:00–15:29 LST. The size of
dots denoted the accumulated rainfall in 30 min. Black small triangle in (b) represents the location of the Qianling Mountain site (39.87° N,
116.07° E).

perature provides a favorable environment for deepening or-
ganization of convection and releasing unstable energy. A
short-wave trough at 850 hPa, located to the west of Beijing
(Fig. 4b), likely contributed to synoptic-scale lifting ahead of
the trough axis. The associated ambient wind shear offered a
key dynamic ingredient for the subsequent deepening orga-
nization of convection.

Unfortunately, no sounding was available to elucidate the
temporal evolution of thermal stratification during the gusty
wind event. We can only indicate the pre-storm environment
by the soundings at 08:00 LST from the radiosonde at the
ZJK and BWO sites shown in Fig. 4c and d, respectively.
Consistent with the ERA5 reanalysis data, the sounding at the
ZJK revealed upstream conditions in which thunderstorms
were likely to develop (Fig. 4c). These conditions consist
of a strong northwesterly wind oriented perpendicular to the
Mt. Taihang range at middle level, accelerating the down-
hill process of storm (Wilson et al., 2010; Chen et al., 2012;
2014; Li et al., 2017; Xiao et al., 2017; 2019; Guo et al.,
2024). The potential for terrain-triggered gravity waves in
the leeside that can modulate localized uplift and cloud orga-
nization (Neiman et al., 1988; Lombardo and Kumjian, 2022;
Rocque and Rasmussen, 2022).

The veering of the northerly wind to a westerly wind from
850 hPa to above 400 hPa also indicated the presence of cold
advection at the BWO. The Skew T − logP diagram at the

BWO shows moderate convective available potential energy
(CAPE) of 460.5 Jkg−1 and convective inhibition (CIN) of
114.4 kg−1. A deep dry layer was seen from the surface to
about 350 hPa with low-level humidity less than 60 %. This
dry column provided a favorable environment for the evapo-
ration of precipitation particles from the moving storm. The
evaporative cooling might have enhanced cold downdraft air,
potentially contributing to the generation of the wind gust
event. After the passage of the MCS, a surface-based tem-
perature inversion layer below 880 hPa with larger CIN was
captured by the sounding at 20:00 LST (not shown) as a re-
sult of the rapid decrease in surface temperature.

3.2 Evolution of the QLCS

At the same time, the evolution of 30 min perturbations
of T2 m (1T2 m), superimposed with 30 min perturbations of
pressure (1P ), is displayed in Fig. 5. It is evident from
Fig. 2a that relatively dry conditions and few clouds cov-
ered much of the plain in the early afternoon of 30 May.
Furthermore, the plain was dominated by a surface south-to-
southwesterly flow (Fig. 5a). A circular-shaped cloud cluster
with more intense convective activity, denoted as C1, propa-
gated eastward and then the front of convection approached
the western section of the RWP mesonet until 14:00 LST
(Fig. 2b). One can see rising pressure at the rate of more
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Figure 4. Horizontal distribution of temperature (color-shaded; °C), geopotential height (solid blue lines; 10 gpm) and wind barbs (a full
barb is 4 ms−1 with a flag denoting 20 ms−1) at (a) 500 hPa and (b) 850 hPa from the ERA5 hourly reanalysis data at 14:00 LST on 30 May
2024. Note that black lines represent provincial administrative boundaries of China. The administrative boundary of Beijing is highlighted
as red curve. The letter L denotes the center of a low-pressure system, and the skew T − logP diagrams derived from the upper-air sounding
at the ZJK (c) and BWO (d) site at 08:00 LST on 30 May 2024.

than 4 hPa in 30 min with a strengthening cold pool at the
center with a cooling rate of more than 10 °C per 30 min−1

associated with the main area of the MCS (Fig. 5b). The dry
subcloud air (Fig. 4c and d) was one of the factors that fa-
cilitated cold pool consolidation and rapid organization of
convection.

It’s clearly shown in Figs. 2c and 5c that stronger thunder-
storms persisted at 14:12 LST with convectively generated
cold air. Of particular relevance to this study is the emergence
of a convective line near 39.7° N, 115.6° E at the leading edge
of the cold outflows (Fig. 5c). This convective line formed
from the low-level convergence as the north-to-northeasterly
cold outflows met westerly winds to the south, which ap-
peared to help initiate convection cells to the west of the plain
line. Shortly after, explosive convection emerged (Fig. 2d)
along the convective line (Fig. 5d) as the outflow bound-
ary entered the plain at 14:24 LST, indicating the potential
for heavy precipitation aloft. However, it is noteworthy that
only light precipitation appeared to reach the ground prior
to 14:30 LST with rainfall rate less than 3 mm per 30 min−1

(Fig. 3b). The weak measured rainfall was consistent with
low reflectivity at the elevation angle of 0.5° from the S-
band Doppler weather radar at BWO (not shown). This fur-
ther confirmed that a pronounced dry layer in the low level
caused significant sublimation, melting, and evaporation of
precipitation particles. The evaporative cooling effect of pre-
cipitation particles likely fostered the development of evap-
oratively cooled air that expanded rapidly over the western
mountain region, as mentioned before.

Furthermore, the distinct local wind maximum was at-
tributed partly to the venturi effect by canyon in acceler-
ating the instantaneous wind speed. Many long and nar-
row valleys exist at the junction of the southern foothill of
Mt. Yan and the eastern foothill of Mt. Taihang, which can
be seen in Fig. 1. Northwest cold air rapidly accelerated and
swept across downstream areas after being funneled through
canyons and mountain passes (Smith, 1979; Grubišić et al.,
2008). It is well known that Santa Ana winds with gusts ex-
ceeding 100 kmh−1 is closely connected with the channels
over the Sierra Nevada and Transverse Ranges (Guzman-
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Figure 5. Evolution of T2 m change (color-shaded; °C) and pres-
sure change (solid red lines at 2 hPa intervals) in 30 min, superim-
posed with 10 m streamlines derived from AWSs from (a) 13:00 to
(h) 15:12 LST on 30 May 2024.

Morales et al., 2016; Prein et al., 2022), destroy crops and
greatly create the spread of wildfires for centuries (Kelley
et al., 2025). In addition, lower surface roughness in the
mountainous areas also results in higher 10 m wind speeds
(Barthelmie, 2001; Luu et al., 2023), especially when the dry
environment is unfavorable for vegetation growth, while ur-
ban buildings increase frictional drag and surface roughness
length z0 values over a city (Oke, 1987).

At 13:30 LST, a leading stratiform region consisting of
several dispersed convective cells, denoted as C2, was lo-
cated to the north of the mesonet (cf. Fig. 2a). The convection
cell near HR maintained and developed rapidly in coverage
and intensity from 14:00 to 14:24 LST (Fig. 2b and d) due to
the persistent convergence of low-level southerly flows at the
foot of Mt. Yan (cf., Fig. 5b–d). This coincided with a surface
cold pool with T2 m drops as large as 6 °C in 30 min. After
14:36 LST, it gradually merged with the southern convective
segment as mentioned above and strengthened to an intense
and well-organized squall line that had a nearly contiguous
reflectivity region of 35 dBZ at least 150 km in length (Fig. 2e
and f). The southern convective line significantly extended
after intersecting with the preexisting convergence zone at
the foothills of Mt. Yan (Fig. 5e and f). Apparently, the ap-

pearance of secondary maximum 10 m wind speed area in
Fig. 3c coincided with the intensification of the gust front, as
evidenced by its increased width and echo intensity. The con-
tinuous increasing of rainfall (cf. Fig. 3c) in triangle 1 and 2
resulted in a distinct cold center at the cooling rate of more
than 12 °C.

The squall line subsequently developed a larger-scale bow
echo (Fujita 1978) and accelerated to the east-southeast as
the system became oriented more perpendicular to the mean
northwest wind in the middle troposphere (Fig. 2g and h).
The QLCS subsequently moved eastward with the leading
convective line and a trailing stratiform region during the ma-
ture stage (Fig. 2g and h), which are similar to the asymmet-
ric archetype of a squall line found by Johnson and Hamilton
(1988) and Zhang and Ghao (1989). The midlevel rear-inflow
jet (RIJ) that feeds into the stratiform region of QLCSs plays
an important role in producing the high winds at the surface
(Weisman and Davis, 1998; Xu et al.,2024), which has also
occurred in the present case, as shown in the next subsection.

4 Vertical structures of the gusty winds

4.1 Horizontal divergence and vertical vorticity analyses

In the preceding section, the synoptic-scale weather system
was shown to be favorable for stronger convection with evi-
dently identifiable boundaries of the 30 May 2024. Here, the
localized environmental conditions are analyzed for forcing
mechanisms supporting the advancing regeneration of con-
vection along the leading line and associated winds. To gain
insight into the fine-scale structures of this extreme wind
gust event, we calculated the height-time cross sections of
horizontal winds and vertical motion from the RWPs during
13:00–15:30 LST on 30 May 2024. Figure 6 presents the ver-
tical distribution of vertical vorticity (ζ ) and horizontal diver-
gence (D) within triangular regions calculated from Eqs. (1)
and (2), together with the evolution of the 95th percentile of
the 10 m wind speed. The 95th percentile was selected rather
than the maximum value to provide a more robust represen-
tation of the overall distribution.

Before the MCS reached Beijing, sustained low-level
south-to-southwesterly wind was observed in the lowest
1.5 km layer in the early afternoon of 30 May 2024 from
seven RWP stations (not shown), accompanied by weak
near-surface convergence in the main plain area (Fig. 6b–
d). Especially, more noticeable convergence in the lower to
mid-troposphere was detected locally over triangle 3 after
13:00 LST (Fig. 6c) by the uplifting along the foothills of
Mt. Yan. Divergence below 4 kma.m.s.l. in triangle 1 could
to a certain extent be influenced by the valley flows at the foot
of the Taihang mountains (Fig. 6a). As the main convective
element C1 propagated eastward, an evident increase was ob-
served in horizontal convergence in the lowest 2 kma.m.s.l.
layer along the leading line of the strengthening cold pool
after 13:42 LST (Fig. 6a and b). The convergence and asso-
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Figure 6. The vertical profiles of horizontal divergence (D, color
shaded; s−1) and vertical vorticity (ζ , dashed/solid contours for
negative/positive values; s−1) in (a) triangle 1, (b) triangle 2, (c) tri-
angle 3, (d) triangle 4 derived from the RWP mesonet (see their
locations as the red patches on the small maps in the upper left cor-
ners) from 13:00 to 15:30 LST on 30 May 2024. Green dotted lines
show the 95th percentile of 10 m wind speed for all stations in the
triangle area at 1 min intervals.

ciated updraft increased in amplitude and deepened rapidly,
which resulted in the generation of clouds and convective
cells along the downshear side of the cold pool that ex-
panded south and east after 14:00 LST (cf. Fig. 2b–d). The
presence of divergence aloft above near-surface convergence
layer confirmed the development of this deep, organized con-
vection that played an important role of generating the po-
tential precipitation. It created favorable conditions for the
evaporative cooling to accelerate the enhancement of the cool
pool. The intense cold pool, in turn, was the primary driver
for high winds through the downward momentum transport
and pressure gradient forcing (Houze, 2014; Haerter et al.,
2019; Hadavi and Romanic, 2024), which will be further ex-
amined in Sect. 4.2.

Of importance to note is the rapid growth of surface-based
positive vorticity over triangle 2 coupled with intense con-

vergence across the gust-frontal zone during the passage of
the main convective element. A deep layer of cyclonic vor-
ticity was detected in the lower half of the troposphere over
triangle 2 with the maximum value of −2.8× 10−4 s−1 cen-
tering near 3 kma.m.s.l. at 14:36 LST. The strongest sur-
face wind speed at the 95th percentile appeared nearly in
phase after the peak of cyclonic vorticity, as also shown in
Fig. 6b. These structures are similar to those shown by Zhang
(1992), suggesting that the moderate positive ζ was gener-
ated through upward vortex stretching ahead of convection,
whereas the large negative ζ , likely located behind, resulted
from the downward stretching of moderate negative (abso-
lute) ζ . Weisman and Trapp (2003) found that mesoscale
vortices may be responsible for the production of damaging
straight-line winds by notably modifying the local outflow
and determining the location of the wind speed maximum.

The northeastern dispersed convective cores with radar re-
flectivity more than 35 dBZ were completely separated from
the major convective segment to the south and remained
closely related to the convergence of southwesterly flows
over triangle 3 (Fig. 5c), like the counterpart of surface
streamline shown in Fig. 2 The surface-based convergence
strengthened over triangle 3 and 4 after 14:00 LST, with di-
vergence above (Fig. 6c and d) in the absence of signifi-
cant local evaporative cooling. After merging with the main
area convection which moved across the plain line in the ur-
ban region after 14:36 LST, a deep layer of convergence and
intense upward motion above 5 kma.m.s.l. over triangle 3
and 4 tended to enhance the squall line (Fig. 6c and d), lead-
ing to heavy rainfall (Fig. 3c). We may speculate that the
low-level cyclonic vorticity of 1.8× 10−4 s−1 (i.e., centered
at 1 km altitude) after 14:36 LST coincided with the devel-
opment of the area-averaged convergence during the periods,
similar to that captured by triangles 2. Moreover, the inter-
section of two segments formed a pivot point in triangle 3
(Fig. 2f) for the change in line orientation and marked the
area of mesovortices under study. Both the area and intensity
of the observed high winds increased remarkably during this
hour (Fig. 6c), with the most severe winds over 30 ms−1 and
significant property damage occurring in the merger region
(Fig. 3c). The development of a large, intense MCS resulted
from a complex series of processes and mergers of several
convective lines and clusters over a relatively short time pe-
riod, which is also common for warm season MCSs (French
and Parker, 2012).

Note a deep layer of strengthening cyclonic vorticity above
4 kma.m.s.l. dominated triangle 3 and 4 after the merger
(Fig. 6c and d) and gradually extended downward to the alti-
tude of 3 km with the center value exceeding 2.8× 10−4 s−1.
It suggested that the midlevel rotation of the frontal vortex
played an important role in enhancing the elevated RIJ, simi-
lar to the enhancement of near-surface high winds by the low-
level rotation. The strongest winds tended to occur on the
southwestern side of the mesoscale vortices where the ambi-
ent translational northwesterly flow and the mesoscale vor-
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Figure 7. (a) Vertical profiles of horizontal wind barbs between 0
and 5 km height, superimposed with horizontal wind speed (shad-
ings; ms−1) at HD (see its location as red dots on the small maps
in the upper-left corners) during the period of 13:00–15:30 LST on
30 May 2024. The black solid line shows 6 min accumulated pre-
cipitation (mm6min−1). (b) Time series of 2 m temperature (°C) in
black, instantaneous 10 m wind speed (ms−1) in green, and pres-
sure (hPa) in blue at HD; (c) Vertical advection of u component of
horizontal wind,−w∂u/∂z (shading, m2 s−1 min−1) superimposed
with vertical velocity (contours, ms−1) at HD. The green solid line
shows u component of instantaneous 10 m wind (ms−1).

tices’ rotational flow were in the same direction (e.g., Waki-
moto et al., 2006; Xu et al., 2015b). The intensification of
the RIJ were possibly attributed to the locally enhanced cold
pool with the increased rainfall in the merger area (cf. Fig. 3).

Simultaneously, the lower-tropospheric convergence in tri-
angle 1 and 2 started showing a decreasing trend, followed
by large negative ζ in descending rear inflows. In addition,
the surface wind speed diminished dramatically with signifi-
cant divergence in the lowest 2 km layer shortly (i.e., between
15:00 and 15:30 LST) after the passage of the gust front.
The changeover to divergence was likely driven by evapo-
rative cooling of raindrops, as evidenced by the emergence
of outflows behind the leading convective line, which could
also to a certain extent be influenced by downslope flows
over the western mountains. One may note the presence of
elevated, much weaker convergence centered at 3 km. This
could be attributed to the approach of trailing stratiform pre-
cipitation, as indicated by Houze et al. (1989) and Zhang and
Gao (1989) in their respective observational and modeling
studies of squall lines.

4.2 Vertical momentum transport

Apparently, the passage of the wind gust resulted in sig-
nificant alterations to the vertical profiles and intensity of
the above fields. Specifically, weaker southwest-to-westerly
flows with wind speed less than 8 ms−1 up to 1.5 kma.m.s.l.
were detected by the RWP at HD prior to the arrival of the
gust front (Fig. 7a) from the height-time cross section of hor-
izontal winds. Meanwhile, the northwesterly jet exceeding
15 ms−1 controlled the higher altitude above 3 kma.m.s.l..
Evidently, such an intense gust front was related to the crit-
ical influence that substantial vertical wind shear exerts on
convection. Then, sharp wind directional shifts to northwest-
erly happened with increasing 10 m wind speeds from less
than 5 ms−1 to more than 10 ms−1 in the lowest 1 km layer
at 14:36 LST. The intense northwest-to-northerly winds with
strong descending motion coincided with the occurrences
of light rainfall with the total accumulation of about 5 mm
(Fig. 7a), pronounced surface temperature drops and pres-
sure rising (Fig. 7b). The effect of light precipitation on
the radar measurement was neglected because the fluctuat-
ing component of the horizontal velocity was much larger
in magnitude. The precipitation was just concentrated near
14:42 LST and decreased rapidly to less than 1 mm per 6 min
shortly thereafter. Given that the weak precipitation ended
by 15:00 LST, the vertical velocity associated with the squall
line (i.e., −8 ms−1 shown in Fig. 7c) represented the in-
tensity of evaporatively induced downdrafts rather than the
falling speed of the raindrops.

Previous studies have used the horizontal momentum bud-
get equation to diagnose the contribution of each term in mo-
mentum transport within MCSs, mostly in modeling stud-
ies (Mahoney et al., 2009; Mahoney and Lackmann, 2011).
To investigate the roles of internal circulations of the MCS
in producing the present wind gust event, the vertical mo-
mentum transport of zonal wind, −w∂u/∂z was estimated.
Figure 8c shows enhanced near-surface positive tendencies
of the vertical advection at HD below 1 kma.m.s.l. ahead
the gust front. In response to the forcing of the QLCS,
the elevated RIJ occurring in the western portion of the
mesovortex after 14:36 LST corresponded well to the ver-
tical structure observed by the RWP mesonet in Sect. 4.1.
The RIJ was also amplified by developing downdrafts be-
hind the gust front with the maximum value more than
−8 ms−1 near 15:00 LST. The accelerated downward trans-
port of high momentum associated with the RIJ produced
intensified high winds of over 25 ms−1 below 1 kma.g.l.
(Fig. 7a) at 15:12 LST. Thus, we may state that the above
evidence is further indicative of the important roles of down-
ward momentum transport with the descending rear inflows
in generating the damaging wind event under study.

Atmos. Chem. Phys., 26, 2391–2409, 2026 https://doi.org/10.5194/acp-26-2391-2026



X. Guo et al.: Observed multiscale dynamical processes responsible for an extreme gust event in Beijing 2401

Figure 8. Same as Figure 6, except for frontogenesis function (F ,
color shaded; Km−1 s−1) and shearing deformation (S; contours,
s−1). Green dotted lines show the area-averaged equivalent poten-
tial temperature θe (K) for all stations in the triangle area at 5 min in-
tervals.

4.3 Deformation and frontogenesis analysis

To the forecaster, the most significant aspects of a frontal
zone are the cloudiness and convection that are usually as-
sociated with it. Horizontal convergence and deformation
fields are two key mechanisms that drive frontogenesis by
concentrating temperature gradients and enhancing frontal
sharpness. Figure 8a shows the evolution of the frontogenesis
function and shearing deformation as described in Sect. 2.4
and appeared to depict this frontogenesis event in the low-
level layer. Both stretching and shearing deformation cause
some parts of the air parcel moving towards each other and
result in weather fronts. Shearing deformation was positive
associated with the air parcel stretching in the southwest-
/northeast direction and contracting in the southeast/north-
west direction. Convection developed along this feature as
it moved north and east. Likely aiding the convective devel-
opment was the strong horizontal convergence and low-level
deformation frontogenesis. This conclusion is supported by

the fact that the squall line aligned with the long axis of the
frontogenesis (Fig. 2e–h).

Triangle 1 and 2 experienced weak frontogeneses in the
lowest 1.5 km layer before the arrival of the southeast seg-
ment (cf. Fig. 8a and b). As the horizontal convergence
increased, frontogenesis was strengthened after 13:30 LST
up to the middle altitude of 3 km with a peak value of
4.8× 10−8 Km−1 s−1 near 1.5 kma.m.s.l. at 14:24 LST over
triangle 1. The convergence contributed to the compression
of the temperature gradient and promoted the strong concen-
trated sloping updraft occurring on the warm side of the re-
gion of maximum geostrophic compression of the isotherms.
This mesoscale circulation closely resembles the flow in a
mesoscale precipitation band analyzed by Emanuel (1985),
Bosart and Sanders (1981). Cold outflows associated with
evaporatively driven moist downdrafts were evident, with the
continuous cooling rate of about 15 Kh−1 by 15:00 LST in
triangle 1 and 2 (Fig. 8a and b). By contrast, a sharp drop of
area-averaged θe in triangle 3 was generated by significant
rainfall which took place in the merger stage (Fig. 8c). The
warming pattern was observed in triangle 2 with rising θe,
which was possibly attributed to the dry subsidence warming
associated with the descending RIJ at the back edge of the
precipitation region.

4.4 Turbulent kinetic energy transfer

As the well-sustained mesoscale convection created a favor-
able dynamic environment for the evolution of small-scale
turbulent processes, the interaction between the organized
squall system (and its embedded mesovortex and rear-inflow
jet) and the ambient flow laid the foundation for the subse-
quent intensification of turbulent energy transfer, which is es-
sential for the evolution of severe convective gust and related
convective activities (Adler and Kalthoff, 2014; Dai et al.,
2014; Dodson and Griswold, 2021; Su et al., 2023). Under-
standing mechanisms of the turbulent kinetic energy (TKE)
transferring in the PBL between the surface and atmosphere
is crucial for turbulence parameterization in numerical mod-
els, especially for extreme wind events (Powell et al., 2003;
Monahan et al., 2015; Lyu et al., 2023).

In contrast to the Monin-Obukhov similarity theory that
TKE transfers from larger to smaller eddies until it is dissi-
pated at the smallest scales (Kolmogorov, 1941; Monin and
Obukhov, 1954), many studies discovered the phenomenon
of inverse energy cascades (IEC) in a totally different way
(Kraichnan, 1967; Byrne and Zhang, 2013; Tang et al.,
2015). Despite these advances in theoretical and numerical
studies, observational support for IEC in the atmosphere re-
mains insufficient (Shao et al., 2023a, b). This study further
examined the direction of the energy cascade associated with
wind gusts using three-dimensional ultrasonic anemometers
at seven heights, denoted as z1 to z7, on the meteorological
tower in Beijing. According to Eq. (11), we can detect the oc-
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Figure 9. (a) Vertical profiles of horizontal wind speed (shadings; ms−1) at the height of 8, 15, 47, 80, 140, 200 and 280 m during the
period of 13:00–15:30 LST on 30 May 2024, which is directly measured from the meteorological tower (see its location in Figure 1) built
and operated by the Institute of Atmospheric Physics, Chinese Academy Sciences. The black solid line shows the possibility of inverse
energy cascades (IEC) at all heights. Energy spectra at the height of 280 m for components in different directions (u, v, w) during (b) 14:06–
14:36 LST and (c) 14:36–15:06 LST, respectively. Dashed magenta line represents the theoretical Kolmogorov’s inertial range slope−5/3 in
frequency domain.

currence of IEC at each height in every moment with a time
resolution of 0.1 s.

The frequency of IEC during a period was evaluated as
the ratio of the number of time-height grids identified as IEC
to the total number of samples. In this way, we got height-
resolved occurrence frequency of IEC for the study period
in Fig. 9a. It is shown that IEC is a more prevalent phe-
nomenon within the near-surface wind field. Notably, the fre-
quency and intensity of IEC at all heights increased signif-
icantly when near-surface wind speeds exceeded 10 ms−1.
The frequency of IEC reaches up to 45 % after 14:36 LST,
indicating that strong winds are contributed to IEC. The re-
sult in Fig. 9b and c revealed that the power spectral den-
sity (PSD) was higher after 14:36 LST in the lower-frequency
area, especially for the u and v directions, which confirmed
the activity of turbulent kinetic energy from smaller to larger
eddies.

The observed surge in the frequency of IEC during the
passage of convective outbreak suggests a temporary reor-
ganization of turbulent energy transferring. These features
are similar to those proposed by the observational analy-
ses in two-dimensional turbulence (Shao et al., 2022; Zhou

et al., 2025), which revealed that the formation of rapid ro-
tation is a crucial driver of IEC (Marino et al., 2015). Strong
horizontal shear generated by the gust front likely imposes
a quasi-two-dimensional constraint on the flow, suppressing
the three-dimensional vortex-stretching mechanism that nor-
mally drives a forward cascade. In this regime, enstrophy
(the square of vorticity) may become partially conserved.
Just as vigorously stirring the water in a very shallow pond
causes small swirls to merge into a single, large vortex, a
massive storm can be seen as the end product of an in-
verse cascade, where energy from small-scale convection or-
ganizes into a giant, coherent vortex. Another possible ex-
planation is that the rapid increase in wind speed abruptly
shifts the Reynolds number, possibly triggering transient in-
stabilities that further promoted the generation of quasi-two-
dimensional vortex (Browand and Winant, 1973). The am-
plification of large-scale eddies transfer momentum down-
stream more efficiently and enhance wind gusts as a form of
positive feedback. In addition, the reduction of surface drag
coefficient under robust weather systems impedes the dis-
sipation of energy throughout the boundary layer, prolong-
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ing the duration of high winds (Raupach, 1994; Mahrt et al.,
2003; Powell et al., 2003).

This event illustrates how synoptic-scale disturbances can
locally override the classical theory of energy dissipation,
leading to a measurable, height-dependent signature of IEC
in the PBL. In turn, this shear-driven IEC likely played a
catalytic role in consolidating the storm’s low-level circula-
tion, demonstrating how microscale turbulent processes can
feedback on the mesoscale storm organization. These find-
ings provided favorable evidence for the unique features
of 2D turbulence in high wind conditions. These findings
have implications for turbulence parameterizations in numer-
ical weather prediction and climate models. Future research
should further investigate the mechanisms driving the for-
mation of IEC in more detail and explore the potential link
between IEC and different meteorological phenomena.

5 Concluding remarks and summary

The complex evolution of convective systems crossing
mountainous terrain, and associated damaging surface winds,
represent a substantial forecasting challenge. In this study, a
convectively generated gust wind event by a QLCS that oc-
curred in Beijing during the early afternoon of 30 May 2024
is examined. Beijing’s intricate topography introduces inher-
ent complexity to convective organization during the down-
hill thunderstorm propagation, facilitating the development
of extreme wind gusts. To document the complexity of the
convective event’s development and evolution, the dynam-
ical characteristics of multiscale processes are explored by
utilizing a high-resolution mesonet comprising seven RWPs,
a meteorological tower, automated surface stations, radar and
satellite data. A conceptual model illustrating the observed
dynamical structures and multi-scale processes responsible
for this Beijing extreme gust event is presented in Fig. 10.

Before the merger of the QLCS (Fig. 10a), the northern
convection portion maintained and developed rapidly due to
the convergence of southerly winds along the southern slopes
of Mt. Yan. Meanwhile, a convergence line formed at the
boundary of convectively generated cold outflows, mostly as-
sociated with the southern portion. During the downhill pro-
cess, the environmental southerly winds in the near-surface
layer facilitated efficient storm-relative inflow of highly un-
stable air, supporting the continued regeneration of strong
convection along the advancing cold pool, where a very large
area of nearly contiguous radar reflectivity echoes greater
than 45 dBZ was concentrated over the foot of western moun-
tains. The presence of pronounced convergence from the
PBL in updrafts led to the rapid intensification of surface-
based cyclonic vorticity through vertical stretching during
the early stages. Evaporative cooling enhanced the genera-
tion of the extreme winds via downward momentum trans-
port and pressure gradient forcing.

Figure 10. Conceptual model for the generation and evolution of
near-surface high winds (a) before and (b) after merger of the quasi-
linear convective system (QLCS) for the extreme wind event in Bei-
jing occurring 30 May 2024.

As shown in Fig. 10b, the two convective segments merged
into a well-organized squall system, moving perpendicular
to the mean deep-layer wind/shear and developing a larger-
scale bow-echo structure after reaching the plain. In the
merger stage, a midlevel layer of intense cyclonic vorticity
favored the development of RIJ behind the precipitation area,
driven by the superposition of ambient flow and the rota-
tional flow on the west side of the mesovortex. The calcu-
lation of the zonal momentum budget further confirmed the
importance of horizontal momentum downward transport in
accelerating lower-level flows within the descending RIJ.

Large-scale analyses show that the deep, well-mixed PBL
with very steep lower-tropospheric lapse rates and condi-
tional instability provided a favorable background for con-
solidating the dispersed multicell thunderstorm. The emer-
gence of pronounced low-level frontogenesis, coupled with
significant shearing deformation, created a highly favorable
synoptic-scale environment for sustained convection. These
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processes supplied persistent forcing for ascent and low-level
convergence, continuously transporting moisture and insta-
bility to promote the organization and maintenance of the
circulation. By further examining the property of turbulent
kinetic energy transfer derived from three-dimensional ultra-
sonic anemometers on the meteorological tower, we found
that the frequency and intensity of inverse energy cascades
increased significantly during this near-surface high wind
event. These findings bridge the gap between meso- and
small-scale physical processes in the lower troposphere and
large-scale weather system, which potentially consolidate
our understanding of the dynamics and their roles in the evo-
lution of convection.

Based on the above results, this case shares commonal-
ity with other QLCS cases in previous studies while exhibit-
ing terrain-modulated uniqueness. Similar to QLCS events
documented over plains (e.g., the US Central Plains), the
storm exhibited a well-defined cold pool, a descending RIJ,
and strong low-level convergence leading to bow-echo de-
velopment (Bentley and Mote, 1998; Bentley and Sparks,
2003; Wakimoto et al., 2006; Evans et al., 2014). However,
its evolution was markedly influenced by complex topogra-
phy (Houze, 2012). The initial convection was anchored and
intensified by orographic lifting along the southern slopes of
Mt. Yan, and the downhill propagation of the system resulted
in an unusually concentrated zone of high reflectivity near
the foot of Mt. Taihang. These findings underscore that while
the overall dynamical framework of QLCS remains consis-
tent, local topography can fundamentally alter the initiation,
sustenance, and peak intensity of severe winds by modifying
convergence patterns, cold-pool propagation, and vortex dy-
namics. Future nowcasting and high-resolution modeling for
complex terrain regions should therefore explicitly incorpo-
rate such terrain–convection interactions.

The novelty of this study lies in the utilization of high-
resolution vertical observation derived from a rarely fine
mesonet. These high-density multi-source observations en-
ables us to explore the multiscale processes governing the
generation of extreme gusty wind events. The mechanisms of
convective evolution and its interactions with complex terrain
in different stages have been elaborated, facilitating the char-
acterization of such extreme wind events. More importantly,
these findings underscore the value of RWP mesonet obser-
vations for advancing our understanding of extreme wind
events and improving future nowcasting and prediction ef-
forts. However, it should be mentioned that the RWPs have
limited capability in detecting near-surface wind fields and
thermal parameters. Applying wind lidars and microwave ra-
diometers would help fill these observational gaps and ex-
plore thermodynamic drivers of extreme winds.
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