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Abstract

Extreme wind gusts pose substantial threats to human safety and infrastructure, yet

inadequate pre-onset observational constraints yesult in large uncertainties and

inaccuracies in nowcasting and forecast. To address this gap, we conduct an in-depth -

investigation of a record-breaking surface gust event (wind speed >35 m s™') 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 !
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includes seven radar wind profilers (RWPs), a meteorological tower, automated
weather stations, radar and satellite data. Multi-source observational 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 cooling drove the generation of gxtreme 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
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— .

intensified markedly as wind speeds increased, [This study offers valuable insights into
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the multiscale dynamical processes governing convective evolution—captured by the * * ™

RWP mesonet—that would otherwise remain inaccessible via other ways, Importantly, , }
i

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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Short Summary

Wind gusts threaten safety and infrastructure but are hard to predict. To address this

gap, we studied an extreme wind gust event in Beijing on May 30, 2024. We used seven

radar wind profilers to track how this gust developed. It formed when cold northeasterly

air clashed with warm southerly winds as the storm moved downhill. Evaporation of

rain cooled the air, boosting downward air movement and wind strength. The

turbulence transferring energy from small to large eddies intensify winds.
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1. Introduction

Extreme intense winds rank among the most destructive meteorological hazards
globally, causing cascading disasters such as infrastructure collapse, wildfire escalation,

and aviation accidents (Goyette, 2003; Pryor and Barthelmie, 2010; 2011 Peterson et

al., 2014). However, large uncertainties in the wind speed estimations still exist in .-

weather forecast models and reanalysis products (Azorin-Molina et al., 2016; Torralba

etal.. 2017; Kahl, 2020; Hirt and Craig, 2021; Pryor and Barthelmie, 2012; 2021; Wu

et al., 2024), especially for those associated with convection-induced extreme wind
gusts, due partly to limitations in spatial resolution and parameterization schemes

(Fovell, 2002; Fiori et al., 2011; Adams-Selin et al., 2013; Burghardt et al., 2014).

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 physical factors,
including wind speed, turbulence in the planetary boundary layer (PBL), topographic
flows, and surface roughness (Letson et al., 2018). In previous convection-induced

wind gust research, the role of a complex interplay of factors has been well recognized.

Specifically, jmesoscale dynamics and thermodynamics interaction drives the .-

N

generation 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 o

N

processes governs latent cooling rates, which directly control the buoyancy and strength

of downdraft (Mahoney and Lackmann 2011; Adams-Selin et al. 2013; Zhou et al.

2020). Then, the turbulence-convection interaction modulates these downdrafts and |

outflows by turbulent mixing near the surface and determines how efficiently
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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; 2023b).,

Among others, quasi-linear convective systems (QLCSs) such as squall lines can

produce a straight-line swath of extreme winds (Fujita 1978; Johns and Hirt 1987;
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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 etal.

2012). It was consistently 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).
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Although the above-mentioned studies have made gignificant progress in

quantifying the characteristics of QLCSs, reliable QLCS-induced gust forecasting
remains challenging to achieve. This is mainly because the energy-carrying turbulent
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 evolution in the presence of QLCS, especially for highly localized

and transient storms (Luchetti et al., 2020; Romanic et al., 2020). ,

JTo confront this challenge, high-resolution yertical wind observations from wind

towers have been widely applied to elucidate the atmospheric dynamic structure and

evolving convective morphology leading to damaging winds (e.g., Bélair et al., 2025).

Nevertheless, the wind tower cannot capture the winds near clouds, resulting in large

vertical wind observations gaps especially, which can be overcome by the radar wind
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towers, afford us a valuable perspective to shed light on these complex phenomena. For

instance, Chen et al. (2024) examined a record - breaking surface gust wind that

occurred in eastern China on 30 April 2021 by using the measurements from the RWP,
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which is composed of seven stations, These RWPs are Ce Feng Leida-6 (CFL-6) - ‘
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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 (AGL) in low-operating mode, and 240 m from 4.11 to 10.11 km AGL 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 km AGL 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 0800 and 2000 local standard time (LST) 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 ..

(AMSL). 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, direction, and vertical velocity with a sampling
frequency of 10 Hz. These measurements have undergone strict data quality 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 system (MCS) are,

conducted using gcomposite radar reflectivity data derived from the China

Meteorological Administration (CMA) Doppler radar network. This dataset features a

spatial resolution of ~0.01° x 0.01° (latitude x longitude) and jntegrates the maximum

reflectivity measurements across different vertical levels for each horizontal grid pixel

ensuring comprehensive capture of the MCS’s vertical echo structure,

For context, the operational CMA Doppler radars employed here have a complete

volume scan interval of approximately 6 minutes, which suffices to track the dynamic
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evolution of the MCS and its associated gust front. To better characterize gust front

propagation, yadial velocity data from the S-band Doppler radar in BWO arg,also used.

Ground-based meteorological variables are also used in the analysis over the study

area, including 2 m air temperature (T2m), relative humidity, and pressure measured at
5 min intervals, as well as instantaneous 10 m wind speed (W Siom), wind direction, and
precipitation measured at 1 min intervals from automated weather stations (AWSs).
2.3 Reanalysis and satellite datasets

ERAS is the fifth-generation atmospheric reanalysis of ECMWF (European Centre
for Medium-Range Weather Forecasts), which benefits from advancements in data
assimilation, model physics and dynamics (Hersbach et al., 2023). The ERAS dataset
can provide meteorological parameters on 37 pressure level with a spatial resolution of
0.25°x0.25° at hourly intervals. The geopotential height, temperature, relative humidity,
and horizontal wind fields at 500 hPa and 850 hPa are used to analyze the large-scale
conditions prior to the severe wind gust event in Beijing.

Himawari-8/9 is one of the next-generation geostationary satellites operated by the

Japan Meteorological Agency, which was launched on 7 October 2014 and located at
140.7°E, 0°N (Da, 2015). It has provided real-time observations to the public since 7
July 2015 (ftp://ftp.ptree.jaxa.jp/jma) with diverse central wavelength (from 0.47 to
13.3 um). Brightness temperature from the 10.8 pm-channel high-resolution

geostationary satellite Himawari-8/9 L1 gridded data with a spatial resolution of 0.25°

x0.25°(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 fundamental air motion

diagnostics (Yanai and Nitta, 1967; Brandes and Ziegler, 1993, Shapiro et al., 2009).

The horizontal divergence D and vertical vorticity { 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 Si and S here, result in
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elongation parallel to the axis of dilatation and contraction orthogonal to it. Stretching
deformation can flatten 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 represented by pairs of partial

o ~Ou Ov Ov Ou Ou Ov ov Ou )
derivatives of velocity —+——, ———, <~ and —+5. The triangle method,

_+_
Ox Oy dx dy’dx dy  x

as proposed 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 4,
B, and C. The triangle-area averaged horizontal divergence D and vertical vorticity
can be computed by the triangle method as follows

_ (”B _”A)(yc _yA)_(”u _uA)(yB _yA)+(xB _xA)(vC _VA)_(xc _xA)(VB _VA)
b (a0 )~ 5) (0 7.) -

A

_ (VB _VA)(yC _yA)_(Vc _VA)(yB _yA)_(xB _xA)(uC _u/l)+(xc _xA)(uB _”A)
g_ (xB_xA)(yC_yA)_(xc_xA)(yB_yA) ’ (2)

Here, (x,,,)(i = 4,B,C)are the location of three vortex points, ¥, =(u,,v,)are -

the zonal and meridional component of horizontal wind, respectively.
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Analogously, the stretching and shearing deformation can be derived using the

following equations:

s, = (”B _”A)(YC _yA)_(u(. _uA)(yB _yA)_(xB _XA)(VC _VA)+(xc _xA)(VB _VA)’ 3)
(5 =x) (e =)= (e =x) (5 = 34)

S = (VB _VA)(yC _yA)_(V«: _VA)(yB _yA)+(xB _XA)(”C _uA)_(xc _xA)(uB _MA)
: (xBixA)(yciyA)i(xc 7xA)(yB 7}’,4) , (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 discussed by Guo et al. (2023), To ensure the stability of results, obtuse .-
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parameters 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 measured by each RWP are
interpolated to the same altitude that starts upwards from 0.51 km to 4.95 km above

mean sea level (AMSL) 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, resulting in frontolysis and frontogenesis respectively (Miller, 1948). Previous
studies have used the frontogenesis function F to infer the evolution of horizontal

temperature gradient (Bluestein, 1986), which contains the following four terms:

F:di\vhae =F+F,+F,+F, )
t

1

I :—EDM@ , (6)

2 2
Fz:_l 51(696] +2Sz(agfj 9. -5, 0 /|V,6.
2 ox ox )\ Oy oy

, (D)
F-(222.28.20) v,
ox Ox Oy Oy , ®)
F—- 8@@_‘_692@ ae"/V,ﬁe
Ox Ox 0Oy Oy ) Oz )

where I, is the horizontal Hamilton operator, &, is equivalent potential temperature, O

is diabatic heating, w is vertical velocity. The four terms characterize the effects of
horizontal 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, Fy is not included in the
calculation (Han et al., 2021). D, S; and S: in the preceding subsection from the RWP
mesonet are then applied to these equations in order to calculate the vertical profile of
F.
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Limited by the lack of vertical profiles of thermal parameters in real-time, the«

gradients of @ are obtained from surface observations from AWSs in Beijing, Indeed, .-

the core drivers of frontogenesis are dynamic processes, while the gradient of f, mainly

acts as a scaling coefficient that modulates the efficiency of these dynamic

contributions. This simplification of assuming this "efficiency coefficient" remains

relatively 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 applicable to near-surface environments and shallow frontogenesis. Future

improvements would benefit from incorporating vertically resolved thermal variables

obtained from operational high-frequency detection (e.g., microwave radiometers) for

a more comprehensive assessment.,,
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2.6 Identification of inverse energy cascade
The direction of the turbulent energy cascade is determined by the sign of the
energy flux e, which is calculated based on the third moment of the velocity difference

(Shao et al., 2022):

(G -u@r)

3 r -

(10)

&

where r is the distance along any direction, u, is the velocity parallel to », 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 considered to be “frozen”

it can be rewritten, as;
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424 two consecutive observations, Positive and negative ¢ indicate direct and inverse energy .- '[Deleted: the upper height and z

425  cascade (IEC), respectively. IEC is generally identified when & < —0.002 m?s™ to

426 ~ minimize the impact of observational errors on the results (Zhou et al., 2025).

427 3. Case overview | '[Deleted:
428 In the afternoon of 30 May 2024, an extreme wind event occurred as g MCS, .- [Deleted: a
429  propagated eastward and entered the plain. Figure 2 shows the Himawari-8 10.8 pm [Deleted: downhill thunderstorm

430  brightness temperature, superimposed with mosaic composite radar reflectivity during

431  the different stage. During the evolution of the MCS, a number of high winds . '[Deleted, the MCS

432  (instantaneous 10 m wind speed=17.2 m s™!) were observed by automatic weather

433 stations in Beijing after 1330 LST (Fig. 3a). What we focus on is that high winds .

N
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434  became more widespread, in the western mountainous areas of Beijing from 1400 to Deleted: High

Deleted: mainly occurred

435 1429 LST (Fig. 3b) during the downhill progress of the developing MCS_(Fig. 2b-d), -

Deleted: (Fig. 2b)

NN

436  with the maximum instantaneous 10 m wind speed of 37.2 m s™! detected at the Qianling

437  Mountain site, After 1430 LST, both rainfall and the number of stations recording high .- '[Deleted: (39.87°N, 116.07°E)
438  winds increased remarkably (Fig. 3c) associated with the merger of two convective .- '[Deleted: 2%
439  segments and formation of the squall line at around 1436-1448 LST (Fig. 2e, f). The "(Formatted: Font: Times New Roman
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440  squall line further consolidated and reached its mature stage after 1500 LST, defined

441 by the fully, coherent, organized linear structure (Fig.

’ '[Deleted: At the mature stage of squall line (Fig. 2d), t

442 with the intensification of deep convection with the peak rainfall exceeding 9 mm (Formatted: Font: Times New Roman

‘ [Deleted: maximum
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443 during 1500-1529 LST along the leading line (Fig. 3d), after which the squall line

444  moved eastward away from the major urban area of Beijing.

445 3.1 Synoptic background

‘446 Figure 4a-b shows the large-scale conditions at 1300 BJT prior to the extreme wind .- '[Deleted: 3a

447  gust event. Significant cold advection with the northwesterly jet exceeding 20 m s™! was
448  found over Beijing that was associated with a deep northeast cold vortex at 500 hPa.

449  Meanwhile, Beijing was situated in the warm sector with temperature exceeding 15°C

‘450 at 850 hPa (Fig. 4b). The steep midlevel lapse rate of temperature provides a favorable .- '[Deleted: 3b

451  environment for deepening organization of convection and releasing unstable energy.
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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 organization

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 0800 LST from the radiosonde at the ZJK and BWO

sites shown in Figs. 4c and 4d, respectively. Consistent with the ERAS 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

downbhill process of storm (Wilson et al., 2010; Chen et al., 2012; 2014; Lietal., 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 organization (Neiman

et al., 1988:; Lombardo and Kumjian, 2022; Rocque and Rasmussen, 2022),

| Deleted: A short-wave trough with horizontal wind shear

appeared to the west of Beijing at 850 hPa (Fig. 3b),
indicating the important dynamic contribution to the

subsequent deepening organization of convection.
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Jhe 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 J kg™ and convective inhibition (CIN) of 114.4 kg''. 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 evaporation of precipitation particles

from the moving storm. Thg gvaporative cooling might have enhanced, cold downdrafi

air, potentially contributing to the generation of the wind gust event. After the passage -

VRV

of the MCS, a surface-based temperature inversion layer below 880 hPa with larger

CIN was captured by the sounding at 2000 LST (not shown) as a result of the rapid

decrease in surface temperature. ,

3.2 Evolution of the QLCS

At the same time, the evolution of 30-minute perturbations of Tom (ATom),

superimposed with 30-minute perturbations of pressure (AP), is displayed in Fig. 5. It
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is evident from Fig. 2a that relatively dry conditions and few clouds covered 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, propagated eastward and then the front

of convection approached the western section of the RWP mesonet until 1400 LST (Fig.

2b). One can see rising pressure at the rate of more than 4 hPa in 30 minutes with a

strengthening cold pool at the center with a cooling rate of more than 10 °C 30min-!

associated with the main area of the MCS (Fig. 5b). The dry subcloud air, (Fig. 4¢c, d)

was one of the factors that facilitated cold pool consolidation and rapid organization of

convection.

It’s clearly shown in Figs. 2¢ and 5c that stronger thunderstorms persisted at 1412 .-

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. 5¢), This convective line formed from the low-level convergence as the .-

'[Deleted: 4a

’ [Deleted: 4b
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north-to-northeasterly cold outflows met westerly winds to the south, which appeared

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

boundary entered the plain at 1424 LST, indicating the potential for heavy precipitation

aloft. However, it is noteworthy that only light precipitation appeared to reach the

ground prior to 1430 LST with rainfall rate less than 3mm 30min-! (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 further confirmed

that a pronounced dry layer in the low level caused significant sublimation, melting,

and evaporation of precipitation particles. The evaporative cooling effect of

precipitation particles likely fostered the development of evaporatively cooled air that

expanded rapidly over the western mountain region, as mentioned before,

Furthermore, the distinct local wind maximum was attributed partly to the venturi
effect by canyon in accelerating the instantaneous wind speed. Many long and narrow

valleys exist at the junction of the southern foothill of Mt. Yan and the eastern foothill
14
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563  of Mt. Taihang, which can be seen in Fig. 1. Northwest cold air rapidly accelerated and

564  swept across downstream areas after being funneled through canyons and mountain

565  passes (Smith, 1979; Grubisi¢ gt al., 2008). It is well known that Santa Ana winds with e '[Deleted; Grubisic

566  gusts exceeding 100 kmh! is closely connected with the channels over the Sierra ) [Deleted:;Smith, 1979

‘ (Formatted: Superscript
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567 Nevada and Transverse Ranges (Guzman-Morales et al., 2016; Prein et al., 2022),
568  destroy crops and greatly create the spread of wildfires for centuries (Kelley et al.,
569  2025). In addition, lower surface roughness in the mountainous areas also results in
570  higher 10-m wind speeds (Barthelmie, 2001; Luu et al., 2023), especially when the dry
571  environment is unfavorable for vegetation growth, while urban buildings increase

572  frictional drag and surface roughness length zy values over a city (Oke, 1987).

573 At 1330 LST, a leading stratiform region consisting of several dispersed ,f'[Deleted, this time

574  convective cells, denoted as C2, was located to the north of the mesonet (c.f. Fig. 2a). .- '[Deleted: 4a

575  The convection cell near HR maintained and developed rapidly in coverage and

576  intensity from 1400 to 1424 LST (Fig. 2b-d) due to the persistent convergence of low- .- '[Deleted: 4b

577  level southerly flows at the foot of Mt. Yan (c.f., Fig. 5b-d). This coincided with a
578  surface cold pool with Tom drops as large as 6°C in 30 minutes. After 1436 LST, it
579  gradually merged with the southern convective segment as mentioned above and

580  strengthened to an intense and well-organized squall line that had a nearly contiguous

‘581 reflectivity region of 35 dBZ at least 150 km in length (Fig. 2¢ and f). The southern . '[Deleted: de

582  convective line significantly extended after intersecting with the preexisting

583  convergence zone at the foothills of Mt. Yan (Fig. Se and f). Apparently, the appearance

‘584 of secondary maximum 10 m wind speed area in Fig. 3c coincided with the f"[Deletedzzc

585 intensification of the gust front, as evidenced by its increased width and echo intensity.

‘586 The continuous increasing of rainfall (c.f. Fig. 3c) in triangle 1 and 2 resulted ina .- '[Deleted: 2

587  distinct cold center at the cooling rate of more than 12 °C.
588 The squall line subsequently developed a larger-scale bow echo (Fujita 1978) and

589  accelerated to the east-southeast as the system became oriented more perpendicular to

‘590 the mean northwest wind in the middle troposphere (Fig. 2g, h). The QLCS “[Deleted: 4g

591  subsequently moved eastward with the leading convective line and a trailing stratiform

15



601

602

603

604

605

606

607

608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

628

region during the mature stage (Fig. 2g, h), which are similar to the asymmetric

archetype of a squall line found by Johnson and Hamilton (1988) and Zhang et al.
(1989). The midlevel rear-inflow jet (RI1J) 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 evidently identifiable boundaries of the 30 May
2024. Here, the localized environmental conditions are analyzed for forcing
mechanisms supporting the advancing regeneration of convection 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 1300-1530 LST on 30 May 2024. Figure 6 presents the
vertical distribution of vertical vorticity ({) and horizontal divergence (D) within
triangular regions calculated from Equations 1 and 2, together with the evolution of the
95™ percentile of the 10-m wind speed. The 95" percentile was selected rather than the
maximum value to provide a more robust representation 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 1300 LST (Fig. 6¢) by the
uplifting along the foothills of Mt. Yan. Divergence below 4 km AMSL 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 observed in horizontal convergence in the lowest 2 km AMSL
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layer along the leading line of the strengthening cold pool after 1342 LST (Fig. 6a, b).
The convergence and associated 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 expanded south and east after 1400 LST (c,f. Fig. 2b-d). The

presence of divergence aloft above near-surface convergence layer confirmed the
development of this deep, organized convection that played an important role of
generating the potential 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

[Deleted: 4b

(Formatted: Font: Times New Roman

Romanic, 2024), which will be further examined in Section 4.2.

Of importance to note is the rapid growth of surface-based positive vorticity over
triangle 2 coupled with intense convergence across the gust-frontal zone during the

passage of the main convective element. A deep layer of cyclonic vorticity was detected
in the lower half of the troposphere over triangle 2 with the maximum value of -2.8x

107*s! centering near 3 km AMSL at 1436 LST. The strongest surface wind speed at
the 95" 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 { was generated through upward vortex stretching
ahead of convection, whereas the large negative (, likely located behind, resulted from
the downward stretching of moderate negative (absolute) {. 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 reflectivity 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.

2¢), like the counterpart of surface streamline shown in Fig. 2 The surface-based .-

[Deleted: 4.

convergence strengthened over triangle 3 and 4 after 1400 LST, with divergence above
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(Fig. 6¢, d) in the absence of significant local evaporative cooling. After merging with
the main area convection which moved across the plain line in the urban region after
1436 LST, a deep layer of convergence and intense upward motion above 5 km AMSL
over triangle 3 and 4 tended to enhance the squall line (Fig. 6¢ and d), leading to heavy

rainfall (Fig. 3¢). We may speculate that the low-level cyclonic vorticity of 1.8x10™ s-

!'(i.e., centered at 1-km altitude) after 1436 LST coincided with the development of the
area-averaged convergence during the periods, similar to that captured by triangles 2.
Moreover, the intersection 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. 6¢), with the most severe winds over 30 m s™' and significant property

damage occurring in the merger region (Fig. 3¢). 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 period, which is also common for warm
season MCSs (French and Parker; 2012).

Note a deep layer of strengthening cyclonic vorticity above 4 km AMSL
dominated triangle 3 and 4 after the merger (Fig. 6¢, d) and gradually extended
downward to the altitude of 3 km with the center value exceeding 2.8x10* s, It
suggested that the midlevel rotation of the frontal vortex played an important role in
enhancing the elevated R1J, similar 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 ambient translational northwesterly flow and the
mesoscale vortices’ rotational flow were in the same direction (e.g., Wakimoto 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 (c.f. Fig. 3).
Simultaneously, the lower-tropospheric convergence in triangle 1 and 2 started

showing a decreasing trend, followed by large negative { in descending rear inflows. In

addition, the surface wind speed diminished dramatically with significant divergence

in the lowest 2-km layer shortly (i.e., between 1500 and 1530 LST) after the passage of

18

at

: [Deleted: 2¢

’ [Deleted: 2c

Deleted: Atkins and St. Laurent 2009;

Deleted: 2




696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723

724

the gust front. The changeover to divergence was likely driven by evaporative 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

precipitation, 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

'[Deleted: (c.f. Figs. 11b and 12¢, f)
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Apparently, the passage of the wind gust resulted in significant alterations to the

vertical profiles and intensity of the above fields. Specifically, weaker southwest-to-

westerly flows with wind speed less than 8 m s up to 1.5 km AMSL were detected by

the RWP at HD prior to the arrival of the gust front (Fig. 7a) from the height-time cross .-

” "'[Deleted: 3

NN

section of horizontal winds. Meanwhile, the northwesterly jet exceeding 15 m s!
controlled the higher altitude above 3 km AMSL. Evidently, such an intense gust front

was related to the critical influence that substantial vertical wind shear exerts on

convection. Then, sharp wind directional shifts to northwesterly happened with

increasing 10 m wind speeds from less than 5 m s™!' to more than 10 m s™! in the lowest

descending motion coincided with the occurrences of light rainfall with the total
accumulation of about 5 mm (Fig. 7a), pronounced surface temperature dro

s and

pressure rising (Fig,7b). The effect of light precipitation on the radar measurement was .-

neglected because the fluctuating component of the horizontal velocity was much larger
in magnitude. The precipitation was just concentrated near 1442 LST and decreased
rapidly to less than 1 mm per 6 minutes shortly thereafter. Given that the weak

precipitation ended by 1500 LST, the vertical velocity associated with the squall line

(i.e., -8 m s shown in Fig. 7c) represented the intensity of evaporatively induced .-

downdrafts rather than the falling speed of the raindrops.
Previous studies have used the horizontal momentum budget equation to diagnose

the contribution of each term in momentum transport within MCSs, mostly in modeling
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studies (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 momentum transport of zonal wind, -wou/0z was estimated. Figure 8c shows

enhanced near-surface positive tendencies of the vertical advection at HD below 1 km
AMSL ahead the gust front. In response to the forcing of the QLCS, the elevated RI1J

occurring in the western portion of the mesovortex after 1436 LST corresponded well

to the vertical structure observed by the RWP mesonet in subsection 4.1. The RI1J was

also amplified by developing downdrafts behind the gust front with the maximum value

more than -8 m s' near 1500 LST. The accelerated downward transport of high

momentum associated with the RIJ produced intensified high winds of over 25 m s™!

below 1 km AGL (Fig..7a) at 1512 LST. Thus, we may state that the above evidence is .-

'[Deleted: &

further indicative of the important roles of downward momentum transport with the

descending rear inflows in generating the damaging wind event under study. ,

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 associated with it. Horizontal convergence and

deformation fields are two key mechanisms that drive frontogenesis by concentrating

temperature gradients and enhancing frontal sharpness. Figures 8a shows the evolution .-

of the frontogenesis function and shearing deformation as described in subsection 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/northwest direction. Convection developed along this feature as it moved
north and east. Likely aiding the convective development 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 segment (c.f. Fig. 8a, b). As the horizontal convergence . .-
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increased, frontogenesis was strengthened after 1330 LST up to the middle altitude of
3 km with a peak value of 4.8x10®* K m! s”! near 1.5 km AMSL at 1424 LST over
triangle 1. The convergence contributed to the compression of the temperature gradient
and promoted the strong concentrated sloping updraft occurring on the warm side of
the region 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 K h'! by 1500 LST in triangle 1 and 2 (Fig. 8a, b). By contrast, a sharp drop

of area-averaged f. 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

0., 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 favorable 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 subsequent intensification of turbulent
energy transfer, which is essential 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). Understanding mechanisms of the turbulent kinetic
energy (TKE) transferring in the PBL between the surface and atmosphere is crucial for
turbulence parameterization in numerical models, 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 dissipated 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;

Jang et al., 2015). Despite these advances in_theoretical and numerical studies,
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Apparently, the passage of the wind gust resulted in
significant alterations to the vertical profiles and intensity of
the above fields. Specifically, weaker southwest-to-westerly
flows with wind speed less than 8 m s up to 1.5 km AMSL
were detected by the RWP at HD prior to the arrival of the
gust front (Fig. 8a) from the height-time cross section of
horizontal winds. Meanwhile, the northwesterly jet exceeding
15 m s”' controlled the higher altitude above 3 km AMSL.
Evidently, such an intense gust front was related to the critical
influence that substantial vertical wind shear exerts on
convection. Then, sharp wind directional shifts to
northwesterly happened with increasing 10 m wind speeds
from less than 5 m s to more than 10 m s™! in the lowest 1-
km layer at 1436 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. 8a), pronounced surface temperature drops
and pressure rising (Fig 8b). The effect of light precipitation
on the radar measurement was neglected because the
fluctuating component of the horizontal velocity was much
larger in magnitude. The precipitation was just concentrated
near 1442 LST and decreased rapidly to less than 1 mm per 6
minutes shortly thereafter. Given that the weak precipitation
ended by 1500 LST, the vertical velocity associated with the
squall line (i.e., -8 m s shown in Fig. 8c) represented the
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The amplification of large-scale eddies transfer momentum downstream 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
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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

radiometers would help fill, thesq observational gaps and explore, thermodynamic

drivers of extreme winds.
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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 poundary, respectively. Seven RWPs (red dots) deployed at Xiayunling |

(XYL; 39.73°N. 115.74°E), Shangdianzi (SDZ; 40.66°N, 117.11°E), Huairou (HR;

40.36°N, 116.63°E), Yanging (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 denote 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),,
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499  satellite (gray shadings; K), superimposed with composite radar reflectivity (color-

2500  shaded; dBZ) at (a) 1330, (b) 1400, (c) 1412, (d) 1424, (e) 1436 1448 1500, and

501 h) 1512 LST on 30 May 2024. The four blue triangles and brown line denote the RWP

502  mesonet and the 200 m terrain elevation line, respectively.
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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 m s with a flag
denoting 20 m s7!) at (a) 500 hPa and (b) 850 hPa from the ERAS5 hourly reanalysis
data at 1400 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-log P diagrams derived from the upper-air sounding at the ZJK (c) and
BWO (d) site at 0800 LST on 30 May 2024.
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Moved up [2]:

Himawari-8 geostationary satellite (gray shadings; K),
superimposed with composite radar reflectivity (color-
shaded; dBZ) at (a) 1330, (b) 1400, (c) 1412, (d) 1424, (e)
1436, (f) 1448, (g) 1500, and (h) 1512 LST on 30 May 2024.
The four blue triangles and brown line denote the RWP
mesonet and the 200 m terrain elevation line, respectively.|
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Figure 6. The vertical profiles of horizontal divergence (D, color shaded; s!) and
vertical vorticity ({, dashed/solid contours for negative/positive values; s') in (a)
triangle 1, (b) triangle 2, (c) triangle 3, (d) triangle 4 derived from the RWP mesonet
(see their locations as the red patches on the small maps in the upper left corners) from
1300 to 1530 LST on 30 May 2024. Green dotted lines show the 95" percentile of 10

m wind speed for all stations in the triangle area at 1-min intervals.
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re 7. (a) Vertical profiles of horizontal wind barbs between 0 and 5 km height,

superimposed with horizontal wind speed (shadings; m s-1) at HD (see its location as

red dots on the small maps in the upper-left corners) during the period of 1300-1530

LST on 30 May 2024. The black solid line shows 6-min accumulated precipitation (mm

6min’!). (b) Time series of 2m temperature (°C) in black, instantaneous 10 m wind

speed (m s') in green, and pressure (hPa) in blue at HD; (c) Vertical advection of u

component of horizontal wind, -wou/6z (shading, m?> s! min") superimposed with

vertical velocity (contours, m s™') at HD. The green solid line shows u component of

instantaneous 10 m wind (m s™).
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Figure 8. Same as Figure 6, except for frontogenesis function (F, color shaded; K m’!

s1) and shearing deformation (S; contours, s'). Green dotted lines show the area-

averaged equivalent potential temperature 0. (K) for all stations in the triangle area at

5-min intervals.
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Figure 9. (a) Vertical profiles of horizontal wind speed (shadings; m s™!) at the height
of 8, 15, 47, 80, 140, 200 and 280 m during the period of 1300-1530 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) 1406-1436 LST and (c) 1436-1506 LST, respectively.
Dashed magenta line represents the theoretical Kolmogorov’ s inertial range slope -5/3

in frequency domain.
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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 Beijing occurring May 30, 2024.
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