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Abstract—Low-level jets (LLJs) play a crucial role in modu-
lating regional weather, air quality, and wind energy resources.
In a topographically diverse country like China, the character-
istics and driving mechanisms of LLJs are expected to vary
significantly. However, a comprehensive understanding of these
regional differences has been limited by the lack of coordinated,
high-resolution observations. This study bridges this gap using
a year-long observational experiment with Doppler wind lidars
(DWLs) at three representative sites: Minfeng (MF) (temperate
continental climate), Beijing (BJ) (temperate monsoon climate),
and Hefei (HF) (subtropical monsoon climate). Our analysis
reveals clear contrasts in LLJ regimes: boundary-layer jets
(BLJs) dominate in MF and HF, while synoptic-system-related
LLJs (SLLJs) prevail in BJ. LLJ-1 category is dominant at all
three sites. A double-nose structure of BLJs is observed at 0.5
km in BJ and SLLJ peaks at 1.4 km in HF. Key properties
such as jet core height, diurnal phase, and seasonal prevalence
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exhibit clear regional dependencies. The most frequent jet core
heights are 0.7 km in MF, 0.4 km in HF, and 1.5 km in BJ,
with peak seasonal activity occurring in May, July, and October,
respectively. Jet core height increases with more stringent jet
speed criteria at all sites. The time of the lowest LLJ occurrence
frequency shows a longitudinal time lag, occurring at 14:00 local
time in HF and BJ, and at 16:00 local time in MF, which
aligns with the time of peak mixing layer height (MLH) at the
corresponding site. The occurrence of nocturnal LLJs (NLLJs)
is positively correlated with a deeper MLH, with occurrence
frequencies exceeding daytime values during most of the night.
The roles of inertial oscillations (IOQs) and synoptic forcing in
shaping LLJ characteristics are investigated. The most intense
IO0s occur near the jet core heights and are synchronized with
frontal passage events at each site. Case studies of MF and HF
suggest that frontal passages can amplify the IO signal, and
the diurnal cycle of inertial motions associated with NLLJs is
consistent with Blackadar’s evening-transition hypothesis. Under
strong synoptic forcing, such as in BJ, the IO signal becomes
less pronounced. Analysis of synoptic forcing reveals distinct
regional influences: in MF, NLLJs are favored by cold fronts, the
Tarim easterly jets, and terrain-induced baroclinicity. In HF, they
are influenced by the East Asian monsoon and frontal systems;
and in BJ, the Northeast China Cold Vortex (NCCYV) is the
primary synoptic driver with significant influence from complex
terrain. This study provides valuable observational insights into
the regional variability of LLJs and their associated boundary-
layer processes.

Index Terms—Atmospheric boundary-layer dynamics, climate
regions, inertial oscillations (I0s), low-level jets (LLJs), synoptic
forcing.

I. INTRODUCTION

HE low-level jet (LLJ) refers to a mesoscale phenomenon

characterized by a narrow band of enhanced wind speed
and strong vertical wind shear occurring in the lower tro-
posphere, typically below 2 km above ground level (AGL)
[1], [2]. Although LLJs are vertically confined to a shallow
layer, often only a few hundred meters, their horizontal
extent can span several hundred kilometers [3]. These atmo-
spheric features have been extensively investigated through
observational campaigns [4], [5], [6] and numerical modeling
efforts [7], [8], [9], [10]. These jets play a crucial role in
modulating boundary-layer turbulence, facilitating vertical and
horizontal transport of moisture and atmospheric pollutants,
and contributing to regional momentum and energy exchange
[11], [12], [13]. Given their significant impact on weather
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and climate systems, a comprehensive understanding of LLJ
characteristics and mechanisms across different geographic
and climate regions is essential.

The occurrence and variation of LLJs are influenced by
a complex interplay of mechanisms on various temporal
and spatial scales [12], [14]. Among these mechanisms, the
inertial oscillation (IO) theory is widely accepted, suggest-
ing that I0s of ageostrophic components drive the diurnal
cycle of LLJs [15], [16]. van de Wiel et al. [17] extended
Blackadar’s theory by incorporating frictional effects within
the nocturnal boundary layer, but there are still some uncer-
tainties remaining [18]. Other classical mechanisms to explain
LLJ formation include terrain effects [19], [20], the upper-
tropospheric jet [21], [22], and land-sea thermal contrasts
[23], [24], [25]. Despite substantial progress, LLJ research in
China is still insufficient compared to studies in the United
States.

In recent years, studies on LLJs in China have multiplied,
with a primary focus still placed on the relationship between
LLJs and heavy rainfall events [26], [27], [28], [29], [30], [31].
Additionally, coastal LLJs have become another key research
focus, particularly in relation to their role in marine-land
interactions and mesoscale convection [32], [33], [34]. Several
climatological studies have attempted to characterize LLJs in
China. For example, Du et al. [35] first investigated the spatial
and diurnal characteristics of LLJs in China using model
data with a 9 km horizontal resolution from 2006 to 2011.
Yan et al. [36] constructed a LLJ climatology over China
and identified six high-frequency regions using radiosonde
observations from 2011 to 2017. Ge et al. [37] examined
nocturnal LLJs (NLLJs) and coincident dust events over the
Taklimakan Desert based on ERA-Interim reanalysis and satel-
lite observations from 2000 to 2013. Li et al. [38] investigated
a LLJ climatology and its variability over the Bohai Sea and
the Yellow Sea based on a 35-year hindcast dataset from 1979
to 2013. Miao et al. [39] conducted one-year wind profiler
measurements in Beijing (BJ) (2015-2016) and Guangzhou
(2013-2014), focusing on dominant synoptic types and their
impacts on LLJ formation. Although these studies have con-
tributed valuable regional insights, comparative analyses of
LLJs across multiple geographic and climate regions within
China are still lacking.

To address this gap, we selected three representative
observation sites in different climate regions with different
underlying surface conditions: BJ municipality in BJ-Tianjin-
Hebei (BTH) region, Hefei (HF) in the Yangtze River Delta
(YRD) region, and Minfeng (MF) County on the southern edge
of the Taklimakan Desert. BJ has a typical warm temperate
semihumid continental monsoon climate. Its complex terrain
features such as the Taihang and Yanshan Mountains can
influence the formation of LLJs by modulating the height
and strength of the stable boundary layer through their effects
on the inversion structure within the boundary layer [40].
HF is located in the transition zone between the subtropics
and the warm temperate zone, characterized by a subtropical
moist monsoon climate. In the region, LLJ development is
primarily influenced by large-scale circulation patterns, syn-
optic processes, and the Asian monsoon system, which has
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practical implications for low-altitude economic activities [41].
MF county belongs to the warm temperate dry climate zone,
the weather of which is influenced by the Tibet Plateau and the
desert. This unique terrain configuration favors the formation
of LLJ driven by cold downslope flow from the TP and
strong surface thermal forcing from the desert, which together
weaken the inversion layer and enhance jet development [42].
These three sites offer a comparative observational framework
to investigate site-dependent differences in LLJ characteristics
and driving mechanisms under distinct surface and environ-
mental conditions in China.

Doppler wind lidar (DWL) enables continuous monitoring
of vertical wind profiles with high temporal and spatial reso-
lution [43], [44]. Building upon previous studies using Wind
Profiler Radar in China [13], [45], DWL provides finer and
more precise wind measurements, making it particularly well
suited for the in-depth investigation of atmospheric bound-
ary layer structure and dynamics. Most existing DWL-based
LLJ studies have been conducted in U.S. Great Plains [46],
[47]. In contrast, long-term lidar observations of LLJs across
different surface types and climate regions in China remain
scarce, particularly in arid and desert-edge regions. To fill
this gap, this study performs a comparative analysis of LLJ
characteristics over MF, HF, and BJ based on one-year Doppler
lidar observations. To our knowledge, this is the first study
to use year-round lidar measurements to compare the driving
mechanisms of LLJs across different climate regions in China.
The objectives of this study are threefold: 1) to characterize
and contrast the LLJ properties across the three observational
sites, focusing on jet core height distributions, directional
patterns, diurnal, and seasonal variations; 2) to investigate
the role of I0s in NLLJ formation, particularly the influence
of frontal passages on enhancing 10 amplitudes (AMPs) and
the diurnal cycle of inertial motions; and 3) to explore the
mechanisms of synoptic forcing and the relationship between
mixing layer (ML) and NLLJs at the three sites.

II. DATA AND METHODOLOGY
A. Lidar Field Experiment and Data Collection

According to previous studies [36], LLJs occur most fre-
quently in the Tarim Basin with a maximum occurrence rate
of 31.0%. The YRD and BTH regions also exhibit high annual
mean occurrence frequencies, both exceeding 18% during
the period from 2011 to 2017. Therefore, we select three
geographically and climatically distinct regions as the focus
of this study: MF in the Tarim Basin, HF in the YRD region,
and BJ in the BTH region.

We conduct one-year DWL observations at three sites:
BJ (39.90°N, 116.34°E) from June 2022 to July 2023;
HF (31.83°N, 117.25°E) from May 2021 to May 2022;
and MF (37.06°N, 82.69°E) from January 2022 to
December 2022. The geographical location of the three
observational sites is shown in Fig. 1(a). Although the obser-
vational periods for the three sites do not fully overlap
and could introduce seasonal or interannual variability, the
overall LLJ patterns are expected to remain consistent due
to the dominance of large-scale meteorological processes and
boundary-layer dynamics that control LLJ formation.

Authorized licensed use limited to: Nanjing University of Information Science and Technology. Downloaded on April 20,2026 at 11:11:58 UTC from IEEE Xplore. Restrictions apply.



WANG et al..: COMPARATIVE STUDY OF LOW-LEVEL JETS IN DIFFERENT CLIMATE REGIONS IN CHINA

80°0'0"E

a) 70°00°E

90°OI'0"E 100°?'0"E 110°?'0“E 120°9'0"E 130”9‘0"}3

4105014

140°|0'0"E

(b)

EIVRVEVINY
1

EVRVIVN
I

PYRVIVEN
1

- 0 250 500 1,000

1,500
- 277 .

O3 il
116°0'0"E

(c)Bl”(J'O"h 82°0'0"E

= 115°0'0"E 117°0'0"E

83°0'0"E 84°0'0"E

37°0'0"'N
-

“MF( é;'rﬂen) .,

82°0'0"E 83°0'0"E
117°0'0"E 118°0'0"

(=7
~

20°0'0"N-=

: 7 i ; - 3z
+t ~ "HF(urban) = i
[ e o

T T T
90°0'0"E 100°0'0"E 110°0'0"E

Fig. 1.

E i
120°00"E 117°00"E

(a) Locations of DWL observation sites (black dots) on the digital elevation model (DEM) of China. (b)-(d) MODIS land use and land cover type for

the three sites. (b) BJ (39.98°N, 116.34°E), (c) HF (31.83°N, 117.25°E), and (d) MF (37.06°N, 82.69°E), respectively. In (b)—(d), red shading represents urban
and built-up type and orange shading represents barren or sparsely vegetated type. The map is plotted using the Lambert Conformal Conic (LCC) projection
with the WGS-84 datum. Abbreviations: SCS—South China Sea, EAWM—East Asia Winter Monsoon, EASM—East Asia Summer Monsoon, WJ—westerly

jet, BJ—Beijing, MF—Minfeng, HF—Hefei.

Fig. 1(b)—(d) represents the land use and land cover types
of the three sites, which are obtained from the Terra and Aqua
combined Moderate Resolution Imaging Spectroradiometer
(MODIS) Land Cover Dynamics (MCD12Q2) Version 6.1 data
product with IGBP classification at 500 m spatial resolution
in 2020 [48]. The underlying surface in MF is characterized
by sandy land and sparse vegetation, and it is frequently
affected by sand and dust storm events [49]. The HF site
is located in metropolitan environment with dense building
clusters dominating the surrounding area. BJ site is located
within a densely urbanized area in Haidian, characterized
by impervious surfaces, built-up infrastructure, and limited
vegetation. MF is classified as barren land, while BJ and HF
sites are characterized by impervious surfaces.

A compact coherent DWL system is deployed at all three
sites to continuously monitor vertical profiles of aerosols,
clouds, wind fields, and turbulence. The system operates at
eye-safe wavelength of 1.5 um and a repetition rate of 10 kHz
to achieve a maximum detection range of up to 15 km. During
the experiment period, the lidar operates in velocity azimuth
display (VAD) scanning mode to enable high spatial-temporal
resolution wind profile retrieval. For lidar measurements at
each site, the availability of data is statistically estimated
based on the number of valid days per month (Fig. S1).
All wind profiles are processed using identical retrieval algo-
rithms and consistent quality-control criteria at the three sites.
Potential influences of site-dependent differences in aerosol
loading and boundary-layer stability on data availability and
measurement quality are acknowledged and discussed as an
inherent limitation of multi-site Doppler lidar observations.
The key operational parameters, system validation, and appli-
cation performance can be seen in our previous work [50],
[51], [52], [53]. We note that DWL provide direct turbulence

measurements and reliable boundary-layer height estimates
under daytime convective conditions. While their performance
may deteriorate in the nocturnal stable boundary layer and is
influenced by aerosol concentration, these factors are not the
focus of this study, as it concentrates on atmospheric wind
field detection.

ERAS is the fifth-generation ECMWF reanalysis, providing
global climate and weather data from January 1940 to present
[Copernicus Climate Change Service (C3S), 2017]. It has been
widely used to investigate the climatology of global LLIJs [54],
[55], [56]. In this study, ERAS hourly data on pressure levels
are obtained to compare and validate the LLJs characteristics
retrieved from the lidar system. The Wyoming university
radiosonde data are combined with lidar observations in the
corresponding sites. These two datasets are openly accessible
from the official websites.

B. Doppler Lidar Parameter Retrieval

The original radial velocity measurements obtained by the
DWL have a temporal resolution of 1 s and a range gate
resolution of 30 m. In the VAD algorithm, the horizontal
wind speed, horizontal wind direction, and vertical wind
speed are derived from the radial velocities across multiple
azimuth angles using a filtered sinusoidal fitting technique,
under the assumption of a horizontally homogeneous wind
field [57]. Given the time required for a full VAD scan, the
effective temporal resolution of the retrieved wind profiles is
approximately 2 min. In this study, the wind direction of 0°
corresponds to a flow originating from the north, increasing
clockwise (CW). The vertical wind speed is defined as neg-
ative for the upward motion and positive for the downward
motion.
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TABLE I

CLASSIFICATION CRITERIA FOR THE FOUR TYPES OF LLJs
BASED ON DOPPLER LIDAR MEASUREMENTS

LLJs category Vmax(ms™!) AV (ms™1)
LLJ-1 =8 =4
LLJ-2 =12 =6
LLJ-3 =16 =8
LLJ-4 =20 =10

The turbulent kinetic energy dissipation rate (TKEDR) is
commonly derived from vertical velocity variance, spectrum
width, and structure function scaling [58]. In this study,
TKEDR is estimated based on a turbulence statistical model
that relates the structure function of the measured radial
velocity to its theoretical form [59]. The ML height (MLH),
which characterizes the vertical extent of turbulence-driven
exchange within the planetary boundary layer [60], is sub-
sequently identified. Specifically, the MLH is estimated as
the altitude at which TKEDR decreases to the threshold of
10™*m? - s from the surface [58], [61]. We note that the
threshold is methodological rather than a universal definition.
The accuracy of the retrieved MLH can be influenced by
factors such as boundary-layer clouds, low carrier-to-noise
ratios, and variations in atmospheric stability. Nevertheless,
this threshold has been successfully applied in previous studies
to determine the MLH over various surface types [53], [62].

C. Definition of LLJs Classification

LLJs are typically identified through the analysis of vertical
wind profiles [1], [63]. According to previous climatological
studies of LLJs in China [36], [39], the occurrence and
intensity of LLJ at the three sites are determined based on the
wind speed difference (AV) between the jet core wind speed
(Vmax) and the minimum wind speed (V) located above the
jet core, within the lowest 3.5 km AGL. When multiple LLJ
cores are present within a single wind profile, the lower LLJ
is selected for analysis. Such multicore occurrences are rare
during the observation period, observed on only 3 days at MF,
none at HF, and 6 days at BJ. Each individual wind profile
is evaluated to determine the occurrence of an LLJ event. To
ensure statistical robustness, a 1-h moving window is applied
to calculate the frequency of LLJ occurrence, filtering out
spurious detections. Only time windows in which valid LLJ
detections account for at least 60% of the total are retained
for further analysis.

In this study, the classification criteria for LLJs are sum-
marized in Table I. LLJ categories indicate the strength of
the jet experienced, from the weakest jets in LLJ-1 to the
strongest in LLJ-4. It is noted that the criteria for LLJ-1 differs
from those of previous LLJ climatology studies based on wind
profiler [25], [39] and radiosonde observations [36]. We adopt
relatively smaller threshold values for both Vy,,x and AV in
order to capture weaker but dynamically significant boundary-
layer LLJ events, which are frequently observed in Doppler
lidar measurements. This adjustment accounts for the higher
sensitivity and finer vertical resolution of the DWL, enabling
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the detection of subtle jet structures that may be overlooked
by conventional observation platforms.

We compare the wind profiles retrieved from the DWL with
those derived from ERAS reanalysis and radiosonde observa-
tions during typical LLJ events. Considering that the ERAS
gridded data with a resolution of 0.25° may not accurately
capture local wind characteristics at MF site due to the terrain
influence from the Tibetan Plateau and the Taklimakan Desert,
the ERAS5-based comparison is limited to the HF and BJ sites.
The height-time distributions of the horizontal wind speed,
wind direction, and vertical wind speed are presented in Figs.
S2 and S3. Overall, the spatial structures and magnitudes
show good agreement between the two datasets. Compar-
isons between lidar and radiosonde observations are presented
in Fig. S4 for the three sites. The results show generally
good agreement, which confirms the reliability and consis-
tency of the lidar-derived wind profiles in capturing key LLJ
features.

D. Time—Frequency Analysis and Rotary Spectral Analysis

In contrast to linear, time-stationary analysis using classical
Fourier transform (FT), the Hilbert—-Huang transform (HHT) is
a data-driven approach that is widely to process nonstationary
and nonlinear signals [64], [65]. Whereas later Fourier-
based approaches such as the short-time FT (STFT) and
the wavelet transform use predetermined kernels (sinusoids
or wavelets) and are limited by time—frequency uncertainty
(STFT) or potential wavelet mismatch, the HHT derives its
basis functions directly from the data. As a time—frequency
analysis method, HHT consists of two major steps: empirical
mode decomposition (EMD) and the Hilbert spectrum (HS).
EMD adaptively decomposes a signal into a set of intrinsic
oscillatory components, referred to as intrinsic mode func-
tions (IMFs). An IMF must satisfy two essential conditions:
1) throughout the entire datasets, the number of extreme and
zero crossings is either equal or nearly equal and 2) at any
given time, the mean value of the envelopes defined by local
maxima and minima is zero. In this study, the HHT method
is employed to examine intermittent and nonstationary events,
and to investigate 1Os.

IOs arise from the Coriolis effect, which deflects moving
air parcels to the right in the Northern Hemisphere, producing
circularly polarized motions that rotate CW. In the Southern
Hemisphere, these motions rotate counterclockwise (CCW).
The characteristic timescale of this rotation, known as the iner-
tial period, depends on latitude, given by T = 27/(2Qsin¢),
where Q is the angular velocity of Earth and ¢ is the latitude.
The evolving rotary spectral (ERS) analysis is capable of
resolving the power of wind velocity at all frequency bands
into CW and CCW components. The CW component is
associated with a negative angular frequency, while the CCW
component corresponds to a positive angular frequency. This
approach has been proven effective in studies of directional or
vector time-dependent observations, including ocean currents
and wind data [66], [67], [68]. Therefore, both HHT and RES
methods are used to investigate IOs in time-dependent wind
data.
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Comparison of annual mean wind profiles on days without LLJ (labeled as “No LLJ”) and with LLJ at MF (blue dashed line), HF (red solid line),

and BJ (green dot dashed line). LLJ-1 to LLJ-4 represent the four LLJ categories.

III. CHARACTERISTICS OF LLJ AT DIFFERENT SITES

A. Overview of Wind Fields

During the one-year observation period, a total of 251
LLJ days are identified at MF, 185 days at HF, and
235 days at BJ. To better characterize the wind field associated
with different LLJ categories, Fig. 2 presents the vertical
distribution of annual mean frequency (%) for LLJ categories
and the probability distributions (%) of jet speed by direction.
Fig. 3 compares the vertical profiles of annual mean wind
speed between LLJ and non-LLJ conditions. The frequency
distributions in this section are used to characterize physically
interpretable patterns in LLJ occurrence and structure across
the three sites.

In this study, the frequency of LLJ occurrence (%) is
determined at a given height defined as the ratio of LLJ
profiles at that height to the total number of profiles. The
annual LLJ occurrence frequency below 3 km is 32.7%

at BJ, 29.5% at HF, and 27.9% at MFE. As shown in
Fig. 2(a)-(c), LLJ-1 is the most prevalent category, fol-
lowed by LLJ-2, LLJ-3, and LLJ-4. Following the clas-
sification scheme with Du et al. [35], LLJs are divided
into boundary-layer jets (BLJ)s, occurring below 1 km)
and synoptic-system-related LLJs (SLLJs, occurring within
1-4 km). Consistent with this scheme, LLJs at MF and HF
are primarily BLJs, whereas BJ shows a higher prevalence of
synoptic-system-related LLJs (SLLJs, 21.5%). Furthermore, a
double-nose structure in the frequency of BLJs occurrence is
also identified at 0.5 km in BJ. Although less frequent than
in BJ, SLLJs still represent a notable feature in HF, with a
frequency peak at 1.4 km. The distinction of jet core heights
at the three sites is corroborated by wind speed profiles in
Fig. 3. The maximum wind speeds are observed below 1 km
in MF and HF, but between 1 and 2 km in BJ. It is noteworthy
to observe that the elevated jet core heights are associated with
higher jet speed criteria at all sites.

Authorized licensed use limited to: Nanjing University of Information Science and Technology. Downloaded on April 20,2026 at 11:11:58 UTC from IEEE Xplore. Restrictions apply.



4105014

For the vertical distribution [Fig. 2(a)—(c)], LLJs at MF
and HF sites are largely confined below 1 km. MF displays
a pronounced peak at 0.7 km (3.3%), while the occurrence
frequency at 0.5 km (3.2%) is similarly notable. The most
frequent layer of LLJs at HF is observed at 0.4 km (2.6%).
These findings are consistent with the global climatological
analysis of previous study [36]. While BLJs dominate in HF,
SLLJs also frequently occur at 1.4 and 1.6 km (>1%). This
feature is further supported by the wind profiles in Fig. 3,
where LLJ wind speeds either remain steady or increase
slightly with height. LLJ-2 to LLJ-4 categories are prominent
above 1 km at HF, in contrast to the pattern at MF. In BJ, the
total occurrence peaks at 1.5 km (2%), while LLJ-1 peaks at
1.2 km (1.2%). The frequency of SLLJs between 1 and 1.5
km (10.4%) is higher than that in other height ranges. This
vertical pattern is consistent with previous study in the same
region [39]. Moreover, LLJ-2 to LLJ-4 categories are more
frequently observed above 1.7 km at BJ.

For the directional distribution, the predominant jet direc-
tion below 3.5 km varies between the sites in Fig. 2(d)—(f).
The statistical results of mean, sigma, median, and the 3rd
quartile (Q3) of jet speeds at the three sites are presented
in Table SI. In MF, the probability distributions are strongly
concentrated within two ranges (0°—45° and 180°-225°), with
the median (11.4 m - s™) and Q3 (13.3 m - s™') values
being the lowest to those at the other sites. Fig. S5(a) further
shows that LLJs occur most frequently in the 202.5°(~29%,
SSW) and the 22.5° sectors (~22%, NNE). In contrast, HF
exhibits a more evenly distributed jet direction pattern. The
median and Q3 values are 12.3 and 14.7 m - s™'. A primarily
peak appears in the 90°~135° sector (>10 m - s7'). At the
category level in Fig. S5(b), relatively high frequencies are
observed in the 112.5° (~15%, ESE) and the 202.5° sectors
(~14%, SSW). In BJ, LLJs are most frequent within the
210°-240° sector, with the highest median (12.7 m - s~!) and
Q3 (15.6 m - s7!) values. A secondary peak appears around
the 45° sector, where most of jet speeds lie between 10
and 15 m - s~'. Fig. S5(c) also highlights two preferred
directions, which are 225° sector (~22%, SW) and the 45°
sector (~15%, NE). Wind rose diagrams clearly illustrate
the predominant northerly and north-northeasterly jets at MF,
south-southwesterly jets at HF, and northeasterly jets at BJ
below 3.5 km.

In Fig. 3, the wind profile in MF shows the weakest wind
speeds during days without LLJ. By contrast, LLJ cases in
MF show the strongest winds within the atmospheric boundary
layer, suggesting the most frequent and intense BLJs. Yan et
al. [36] reported that the main wind directions of the LLJ
noses are NE and SW in MF, SW and NW in BJ, and SW
and NE in the Huaihe River Basin region from 2011 to 2017.
These findings are generally in agreement with the results of
the present study.

B. Diurnal Variation of LLJ Occurrence

As a typical boundary-layer phenomenon, LLJs exhibit
significant diurnal variability in their development and evo-
lution. To explore this characteristic, the annual mean hourly
occurrence frequency (%) of each LLJ category and the
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corresponding wind speed (m - s~!) for LLJ days are presented
in Figs. 4(a)-(c) and S5(d)—(f). The figures reveal a clear
diurnal cycle in LLJ activity, accompanied by a contrasting
trend of MLH [Fig. 4(d)]. The strongest diurnal signature
is observed at MF, followed by HF. The most intense jet
winds (>8 m s™) occur between 0.4 and 0.8 km
during 22:00-24:00 local standard time (LST) in MF
[Fig. S5(d)], while it is observed between 0.3 and 0.8 km
from 20:00 to 04:00 LST at HF [Fig. S5(e)]. In contrast,
LLJ-related wind speeds at BJ [Fig. S5(f)] are more intense at
higher altitudes (>1 km), reflecting a different vertical structure
and potentially distinct forcing mechanisms.

In general, LLJs intensify rapidly after sunset, peak around
midnight, and weaken significantly after noon. Most events
occur during nighttime and early morning, with LLJ-1 remains
the dominant category throughout the day. The total frequency
of occurrence exceeds 30% from 21:00 to 06:00 LST, forming
a distinct “U”-shaped diurnal pattern across all sites. NLLJ
generally account for more than 35% of the events, though
the peak timing varies among locations. The maximum occurs
at 22:00 LST (44.1%) in BJ and HF (22:00 LST, 40.1%),
earlier than in MF (23:00 LST, 49.3%). In addition, LLJ-1
occurrence peaks at 19:00 LST (25.9%) in BJ, 22:00 LST
(21.8%) in HF, and 23:00 LST (29.2%) in MF. A second
small rise in LLJ frequency is observed from sunrise (06:00
LST), peaking at 08:00 LST in MF (38.5%) and BJ (36.5%).
This morning rise is likely attributed to surface heating and
changes in atmospheric stability, which enhances wind shear
and intensify LLIJs.

Afternoon LLJ activity is most prominent at BJ,
where frequencies exceed 17% and stronger wind speeds
(>10 m - s7!) are observed above 2.2 km. LLJ-1 to LLJ-
4 categories are consistently observed throughout the day
at BJ, unlike at the other sites. The frequency of LLJ-
1 occurrence peaks at 19:00 LST (25.9%) and 20:00 LST
(25.6%), showing a reverse pattern compared to LLJ-2 through
LLJ-4. The lowest jet speed category (LLJ-1) may be more
sensitive to boundary layer changes, such as surface cooling
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and atmospheric stabilization. Moreover, the terrain-induced
gravity waves can modify the temperature structure in the
atmosphere, affecting the temperature inversion layer above
the jet zone and further influencing LLJ formation in BJ [40].
MF shows the lowest frequency at only 3.9%, with annual
mean jet speeds below 3 m - s~!. The time of the lowest LLJ
occurrence frequency shows a longitudinal time lag, occurring
at 14:00 LST in HF and BJ, and at 16:00 LST in MF. This
pattern closely matches the corresponding diurnal variation in
the peak height of MLH. It is due to the similar influence of
solar heating and boundary layer dynamics, which causes both
the LLJ occurrence and MLH peak height to follow the same
diurnal cycle, with timing shifts influenced by local geographic
and climatic conditions.

C. Seasonal Variation of LLJ Occurrence

Fig. 5 shows that LLJ-1 remains the dominant category
throughout most of the months at all three sites, consistent
with the vertical and diurnal occurrence patterns discussed
earlier. However, noticeable monthly variations in frequencies
of the LLJ category are evident at each site. LLJ days are more
frequent in spring and summer while decreasing in fall and
winter. The month of the most activity for all LLJ categories is
May (38.0%) at MF, July (39.3%) at HF, and October (44.9%)
at BJ.

LLJ-1 activity in MF increases from January to April and
again from July to September, showing a bimodal pattern [Fig.
5(a)]. It is most frequent between March and October, with the
overall occurrence frequency greater than 18% and peaking in
August (24.4%). LLJ-2 follows a similar pattern, peaking in
August (14.4%) and increasing from February to May and
from July to August. LLJ-3 becomes more noticeable in May
and June, though its maximum frequency remains relatively
low (5.5%).

In Fig. 5(b), LLJ activity is more frequent in spring and
summer in HF, and relatively rare in winter. LLJ-1 peaks in
June (22.5%), followed by March (20.7%) and September
(19.1%). In July, LLJ-2 (16.0%) surpasses LLJ-1 (13.8%),
coinciding with a peak in LLJ-3 (7.9%). LLJ-3 shows high
frequencies in May (5.9%) and September (5.8%). In BJ, LLJ-
1 reaches a peak frequency in August (28.0%), followed by
May (27.6), and maintains a frequency above 11% year-round
[Fig. 5(c)]. Interestingly, LLJ-1 and LLJ-2 exhibit opposite

trends from June to September. LLJ-2 peaks in March (17.3%)
and exceeds LLJ-1 in October (15.6%), when LLJ-3 (9.3%)
and LLJ-4 (5.2%) also reach their maxima.

To validate the analysis of LLIJs, Fig. S6 shows the vertical,
diurnal, and monthly variations in the frequency of occurrence
for LLJ categories at the three sites based on the ERAS
reanalysis data. The general patterns are consistent with the
results described above.

IV. MECHANISMS DRIVING LLJ FORMATION

In this section, we first examine the role of IOs in the evo-
Iution of NLLJ. The period and spatiotemporal characteristics
of I0s AMPs are analyzed and compared among the three
sites. Second, the influence of the stable boundary layer on the
development of NLLJ is investigated. Finally, we identify the
dominant synoptic atmospheric circulation patterns associated
with NLLJ events.

A. Influence of Frontal Passages on 10s

Under weak or in the absence of synoptic forcing and over
terrain sufficiently open to allow the Coriolis force to influence
the boundary layer dynamics, I0s emerge as the predominant
driving mechanism of LLJ formation. As the stable nocturnal
boundary layer (SBL) develops, surface friction no longer
affects the horizontal flow in the residual layer. When the flow
evolution is governed solely by the Coriolis force, undamped
IOs around the geostrophic wind vector can drive the LLJ
formation with the nose located in the residual layer [15].
Although IOs are ubiquitous in the atmospheric boundary
layer, they are only with very small AMPs. As the SBL
is subject to nonstationary phenomena, the HHT and ERS
methods are utilized to identify both regular and intermittent
events based on a one-year time series of Doppler lidar data.

Previous studies have noted that intermittent events (e.g.,
evening transition or frontal passage) can amplify the AMPs
of I0s [69], [70]. To characterize these features, the ERS
method is employed to examine the CW component of the
rotary spectra and CW/CCW spectra ratio at varying heights
using lidar observations at the three sites. A sliding window
of 7-10 days with a 1-h overlap is adopted to balance spectral
resolution and statistical robustness, while still capturing the
intermittency of the IOs. In this study, the strongest 1O
windows are defined as those exhibiting the maximum CW
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spectra together with a CW/CCW spectra ratio greater than 2.
Using a 7-day sliding window, the strongest IO windows
(Fig. S7) are centered on July 23, 2021, at 0.4 km over HF, and
August 20, 2020, at 1.1 km over BJ. Due to data availability,
a 10-day sliding window is utilized for MF wind speed time
series. The center days are March 25 and 26, 2022, at 0.7 km.

Furthermore, these windows are associated with frontal pas-
sage periods, and their heights correspond well with the most
frequent jet core heights of LLJ occurrences [Fig. 2(a)—(c)].
Based on synoptic situation analysis, the BJ and MF cases
are associated with cold fronts [Fig. S8(a) and (c)], while
the HF case is influenced by a typical warm front linked to
Typhoon In-fa [Fig. S8(b)]. To elucidate the evolution of the
respective synoptic-scale conditions for each case, the vertical
distributions of wind fields and air temperature from the ERAS
reanalysis datasets are analyzed (Fig. S9). The results show
a clear temperature drop accompanied by strong northwest
winds in the upper layers in BJ and MF. In contrast, the HF
case is characterized by significant changes in wind field.

In Fig. 6, hodographs of wind velocity (18:00-06:00
LST) demonstrate clear CW-rotating motions for each NLLJ
case at HF, BJ, and MF. In general, the strongest wind
speed is observed at 22:00 LST in HF, 02:00 LST in
BJ, and 00:00 LST in MF, respectively. The correspond-
ing jet core height is 0.6 km in HF, 1.0 km in BJ, and
0.6 km in MF [Fig. 2(a)—(c)]. Consequently, the strongest
IOs occur below the jet core height in HF but above the
jet core height in MF and BJ. The CW motion in each case
is further supported by the ageostrophic wind derived from
ERAS reanalysis data (Fig. S10).

Fig. 7 illustrates the power spectral density (PSD) due to
I0s of the wind vector, which shows up as Coriolis-induced
rotation of the wind vector and follows a CW pattern in
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the North Hemisphere. Differences between the PSD of the
CW and CCW components are observed in each case, along
with a comparison between the actual and theoretical inertial
frequencies (Coriolis frequency, as described in Section II-D).
The actual inertial frequency exhibits a small shift from the
Coriolis frequency. Observed values are 1.03 cpd (23.3 h) in
HF and 1.31 cpd (18.3 h) in BJ, compared to theoretical values
of 1.06 cpd (22.6 h) and 1.29 cpd (18.6 h), respectively. In
contrast, the observed inertial frequency of 1.21 cpd (19.8 h)
in MF is identical to its Coriolis frequency. It is noted that the
inertial frequency can be converted to hours using the equation
T = 24/f.pa, where T is the period in hours and f,q is the
frequency in cpd.

Building on ERS analysis, we further employ the HHT
technique to gain a comprehensive understanding of the instan-
taneous amplitude of IOs, following previous studies [25],
[69], [71]. The lidar dataset is processed at its native vertical
resolution of 26 m and the EMD technique is applied to
the time series at each height level. The IMF sifting and
identification process yields between four and six IMFs at each
vertical level. At most levels below 2 km, an IMF with a period
of approximately equal to the Coriolis frequency in hours is
identified at the three sites. The U and V wind components at
0.4 km [Fig. 8(a) and (b)] are used as a representative example
for the HF case. At this level, IMF6, which denotes the
sixth mode sifted out by the spectral decomposition algorithm,
exhibits a period of ~23 h on 23 July [Fig. 8(c) and (d)],
which corresponds well to the IO period in HF identified by
the ERS analysis. Furthermore, the HHT analysis of the com-
posite wind speed [Fig. S11(a)] shows a consistent 10 period
[Fig. S11(b)], confirming the I0s mechanism of the NLLJ in
the atmospheric boundary layer over HF.

After identifying the IMFs, the Hilbert transform is applied
to each component to derive their instantaneous frequencies
and AMPs. Fig. 8(d) and (e) presents the instantaneous
amplitude of IM6 along with its mean value (A) and one
standard deviation (A £ o). The instantaneous amplitude of
the U wind component increases on 22 July and peaks on
23 July [Figs. 8(e) and (f) and S11(c)]. The period from 18
to 23 July has been identified as having IOs during NLLJ
events based on ERS analysis and wind velocity hodographs.
The periphery of Typhoon In-fa begins to influence HF on
23 July, bringing with it strengthened easterly winds in the
upper atmospheric boundary layer [Fig. S9(b)]. Consequently,
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the higher instantaneous amplitude (> A 4 o) on 23 July
relative to 22 July confirms that the warm frontal system can
enhance the amplitude of IOs [Fig. S11(c)]. The marginal
spectrum is computed by integrating the HS along the time
axis. It represents the variation of signal energy distribution
with frequency. Figs. 8(g) and (h) and S11(d) show the
distribution of the marginal HS amplitude of IMF6 as a
function of period (h). The amplitude is expected to peak
around the IO period (23.3 + 1 h).

Compared with the results of the HHT analysis in HF,
the 10O signal at MF is less pronounced. Using the U wind
component at 0.7 km, the EMD technique yields an IMF6
component with a period of ~20 h on 25 and 26 March
[Fig. 8(k)]. The same analysis for the composite wind
[Fig. S11(e)] further supports a ~20 h period [Fig. S11(f)],
corresponding to the IO component. However, the period
exceeding 24 h in the EMD analysis of the V component
indicates a synoptic-scale signal rather than an IO [Fig. 8(1)].
During the cold frontal passage, the instantaneous amplitude of
IMF6 is above the mean A and even exceeds A+ o during the
case period [Fig. 8(m) and (n) and S11(g)]. In Figs. 8(o) and
S11(h), the marginal HS exhibits an amplitude peak around the
10 period (19.8 4 1 h), whereas the corresponding analysis
for V component [Fig. 8(p)] is less significant.

In this study, the BJ case on August 20, 2022, represents
a typical SLLJ event. Applying the HHT technique to the
wind speed time series, IMF5 reveals ~18 h period associated
with I0s. However, the instantaneous amplitude of IMF5 is
higher on 19 August than on 20 August [Fig. S12(b)], likely
due to the influence of cold air intrusion at the upper levels
on 19 August. Moreover, the same HHT analysis of the
wind component is the least distinct in the BJ case. This
suggests that HHT analysis is less suitable for investigat-
ing IOs during NLLJ events under strong synoptic forcing
[Fig. S9(c)]. Only under weak or negligible synoptic forcing,

the I0s become the primary driving mechanism of the LLIJ,
as the Coriolis effect dominates the boundary layer dynamics.
This finding is also supported by a recent study [72].

B. Diurnal Cycle of Inertial Motions Associated With NLLJs

The CW hodographs of wind velocity are constructed at
0.1-km height intervals for all NLLJ events at the three sites.
The highest frequency and most distinct CW hodographs are
observed in July 2021 at HF (12 days), March 2022 at MF (14
days), and August 2022 at BJ (7 days). The evening transition
in the atmospheric surface layer signifies the shift from a
daytime convective boundary layer to a nocturnal stable layer
around local sunset [73]. According to the evening transition
hypothesis proposed by Blackadar [15], IOs are typically
initiated during the evening transition period when surface
friction decreases rapidly after sunset. If their AMPs decay due
to intermittent turbulent mixing or variations in the pressure
gradients, the maximum amplitude generally occurs close to
the time of generation, typically around 00:00 UTC. Therefore,
the diurnal cycle of inertial motions associated with NLLIJs is
examined at the three observational sites to further elucidate
the impact of I0s on NLLJs development.

We selected data corresponding to frequencies within
4+0.5 h of the actual IO period from the instantaneous
amplitude and frequency dataset using the HHT technique.
Fig. 9 present the contours of the diurnal cycle of inertial
motion AMPs derived from U and V wind speed compo-
nents below 1 km in July 2021 at HF and March 2022 at
MF. Red shading denotes stronger AMPs, with maximum
AMPs (>7 m - s7!) observed in the U [Fig. 9(a)] and V
[Fig. 9(b)] components during the evening transition period
(~19:00 LST) at HE. More generally, the inertial motions
in the V component exhibit a distinct diurnal cycle within
0.3-0.7 km layer, which corresponds closely to the highest
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occurrence height of LLJs [Fig. 4(b)]. The AMPs of inertial
motions remain relatively small during the day, whereas the
AMPs begin to increase after sunset (18:00 LST) and retain a
large value until 07:00 LST the next morning.

Similar to HF, the diurnal cycle of inertial motion
AMPs is also evident in MF. The amplitude peak
(~2 m - s7 in the U component occurs ~03:00 LST within
0.8-0.9 km layer [Fig. 9(c)], while the corresponding peak
(~4 m - s7") in the V component appears around 01:00 LST
at the same height. Within the heights of most frequent LLIJs
[Fig. 4(a)], large AMPs are observed in both components U
>17m - s and V (>29 m - s7!) between 00:00 and
06:00 LST. In particular, the AMPs of the V component begin
to increase shortly after sunset and reach a local maximum
(~3 m - s7!) below 0.4 km. These patterns suggest that the
amplitude peak bands observed at HF and MF are primarily
due to the inertial motions within the atmospheric boundary
layer, rather than to the diurnal cycle.

However, no amplitude peaks are observed in the U
or V components during the evening transition period in
August 2022 at BJ (Fig. S13). In contrast, the largest AMPs
(~4 m - s~!) appear around 03:00 LST below 0.5 km. Although
larger AMPs (>3 m - s7!) are present during the night,
they do not exhibit a clear diurnal cycle within the lowest
1.5 km. The HHT analysis conducted at BJ aligns with the
findings of Lundquist from the CASES-99 field experiment
[69]. Accordingly, we reach a similar conclusion that the
onset times and diurnal variability of inertial motions observed
during NLLJ events challenge the Blackadar’s evening tran-
sition hypothesis, which posits that the evening transition is
the dominant mechanism for generating significant inertial
motions AMPs.

1

C. Synoptic Forcing for NLLJ Formation

Although topographic influences and IOs are a near-daily
phenomenon, LLJ events do not occur every day. The attain-
ment of wind speeds that satisfy various LLJ criteria is
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fundamentally tied to forcing mechanisms associated with
mid-latitude weather systems. To understand the synoptic
patterns related to frequent NLLJs in three distinct loca-
tions, the geopotential height (GH) fields at 23:00 LST
derived from ERAS hourly datasets are classified by the
obliquely rotated principal component analysis in the T-mode
(PCA-T) method. This method applies an oblique rotation to
the principal components derived from a T-mode PCA. While
the standard PCA finds orthogonal (uncorrelated) components,
this technique allows spatial fields of atmospheric variables
over time to be correlated with each other, which can bet-
ter represent the underlying structure of the data. Previous
studies have demonstrated a reliable and robust performance
of the PCA-T in investigating the most prominent interaction
between background airflows and regional forcings such as
local orography in China [74], [75].

The objective classification of the low-level GH fields
and mean sea surface level (MSL) pressure associated with
the NLLJs are conducted for the three sites (Figs. 10 and
S14-16). In BJ, a pronounced southwest-northeast oriented
pressure gradient (GSW pattern) is observed at 850 hPa,
where the temperature gradient aligns with the GH gradient
(Fig. 10(a); 54.7%). Another dominant synoptic pattern is
featured by a southeast-northwest oriented pressure gradient
(GSE pattern) at 850 hPa over BJ [Fig. 10(b); 38.8%]. The
identified GSW and GSE patterns are consistent with [39],
suggesting that LLJs are primarily influenced by synoptic
systems associated with the Northeast China Cold Vortex
(NCCV) and the Mongolian cyclone. At the surface, the
dominant synoptic pattern is characterized by a south-north
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Fig. 11.  Schematics illustrating the formation mechanisms of LLJs at
(a) MF, (b) HF, and (c) BJ.

oriented pressure gradient and a surface anticyclone centered
over the Yellow Sea with a CW circulation [Fig. S14(b)].
This configuration reinforces the thermal wind balance and
enhances the vertical shear necessary for LLJs formation. The
surface southwesterly winds (10-m) correspond closely with
the most frequent LLJs wind direction shown in Fig. 2(f),
suggesting strong surface and upper-level coupling.

In HF, the dominant synoptic pattern in MSL is charac-
terized by a GSE pattern [Fig. S15(e); 32.1%). This pattern
supports the prevailing southeasterly surface winds over HF,
which aligns with the predominant LLJ wind direction in
Fig. 2(e). At 850 hPa, the GH field exhibits a similar GSE
pattern [Fig. 10(c); 51.0%], suggesting a coherent baroclinic
structure. In contrast, the 850 hPa temperature field shows
a southwest-northeast oriented gradient pattern. This mis-
alignment between thermal and pressure gradients indicates
enhanced thermal advection and vertical wind shear, which
is favorable for the development and maintenance of LLJ.
In MF, the GH field at 500 hPa shows a well-defined zonal
flow pattern (Fig. 10(d); 63.5%), accompanied by large-scale
easterly LLJ in the upper level. The dominant synoptic pattern
at MSL [Fig. S16(c)] suggests that the NLLJs in MF are
primarily influenced by thermal forcing induced by local
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topography. This is reflected in the surface pressure transi-
tion zone between Tibetan High (1024 hPa) and Tarim Low
(1003 hPa) with associated southerly winds.

D. Relationship Between ML and NLLJ

In this study, we provide a brief exploration of the rela-
tionship between the evolution of the ML evolution and
NLLJ (Fig. S18). On NLLJ days in MF and HF, the ML
develops more rapidly from 12:00 LST and ML heights
are significantly higher during the afternoon and nighttime
compared to non-NLLJ days. Furthermore, ML heights of the
following day also remain elevated when NLLIJ occurs on
the previous day. Our findings are consistent with those of
[42], which suggests that the occurrence of NLLJ promotes
the development of a deep ML during the day. Given the
complexity of this interaction, we aim to conduct a more
in-depth investigation in future research.

V. CONCLUSION

This study investigates the spatiotemporal characteristics of
LLJs and their driving mechanisms based on one-year Doppler
lidar observations at three sites in China, including MF, HF,
and BJ, representing contrasting surface and environmental
conditions. Clear regional differences in LLJ regimes are
identified. LLJs in MF and HF are predominantly BLJs, with
occurrence frequencies of 19.6% and 14.8%, respectively. In
contrast, synoptic-system-related LLJs (SLLJs) are prevalent
in BJ with a frequency of 21.2%. A double-nose structure of
boundary layer jets is also notable at 0.5 km. In contrast, the
frequency of SLLIJs shows a peak at 1.4 km in HF. Among
the four LLJ categories, LLJ-1 is the most frequent at all sites.
The most frequent jet core heights are concentrated at 0.4 km
in HF, and at 0.5 and 0.7 km in MF. In BJ, the frequency of
occurrence peaks at 1.5 km and is the highest between 1 and
1.5 km layer. A consistent feature across all sites is that jet
core heights increase when more stringent wind-speed criteria
are applied.

The diurnal variability of LLIJs exhibits pronounced noctur-
nal enhancement, with frequencies generally exceeding 30%
from 21:00 to 06:00 LST. The maximum nocturnal frequency
occurs at 22:00 LST in BJ and HF, and at 23:00 LST
in MF. BJ also experiences the most prominent afternoon
LLJ activity (frequency>17%) and the highest occurrence of
LLJ-4. The time of lowest LLJ frequency displays a longitudi-
nal time lag, aligning with the diurnal variation in peak height
of ML. Seasonally, LLJ-1 occurrence peaks in August (24.4%)
at MF, June (22.5%) at HF, May and August (28.0%) at BJ.
Furthermore, LLJ-1 in BJ consistently maintains the highest
frequency (>11%) year-round.

To investigate the role of IOs in NLLJ development, the
ERS and HHT methods are applied to frontal case studies,
including cold fronts in BJ and MF and a warm front in HF.
ERS results show that the strongest I0s occur near jet core
heights of 0.6 km in HF, 1.0 km in BJ, and 0.6 km in MF.
The observed inertial frequency (f,) slightly deviates from the
Coriolis frequency (f.) in HF (fy/f. = 1.03/1.06 cpd) and BJ
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(fa/fe = 1.31/1.29 cpd), while good agreement is found in
MF (1.21 cpd). HHT analysis further demonstrates that the
10 AMPs intensify in HF and MF while the signal is the least
distinct in BJ. Moreover, the temporal variation in the AMP
coincides with the influence of frontal passages in HF and MF.
The marginal HS reveals an amplitude peak near an inertial
period of 23.3 4+ 1 hin HF and 19.8 + 1 h in MF. A clear
diurnal cycle of inertial motions is observed in HF and BJ,
characterized by weak daytime AMPs, rapid growth during
the evening transition, and sustained enhancement overnight.
Under strong synoptic forcing, as in BJ SLLJ cases, the HHT
method is less effective in isolating inertial motions.

Synoptic patterns associated with NLLJs are identified using
the objective classification of GH and MSL pressure fields.
A dominant zonal flow pattern at 500 hPa characterizes
MF, while HF is mainly influenced by southeast-northwest
oriented pressure gradient (GSE) pattern at both the surface
and 850 hpa. In BJ, southwest-northeast oriented pressure
gradient (GSW) and GSE patterns at 850 hPa are most promi-
nent. In MF [Fig. 11(a)], the dominant south-southwest and
north-northeast jets are linked to cold fronts, easterly jets in
the Tarim Basin, and terrain-induced baroclinicity associated
with the Tibetan Plateau [42]. Located in the subtropical
moist monsoon climate zone, both cold and warm frontal
systems frequently influence HF and promote NLLJ formation
[Fig. 11(b)]. Moreover, seasonal variation in HF LLIJs is highly
associated with the East Asian monsoon system and the West-
ern Pacific Subtropical High [41]. In BJ, the NCCV emerges
as the dominant synoptic driver, with the complex terrain (e.g.,
the Taihang and the Yanshan Mountains) further modulating
LLJ occurrence and intensity, particularly for boundary-layer-
sensitive LLJ-1 events [Fig. 11(c)].

This study provides observational evidence that NLLJs can
contribute to the development of a deeper ML. While the phys-
ical processes governing LLJ formation are complex and may
vary across different locations, the influence of topography
on LLJ formation at the three sites is not fully resolved in
this study, which represents a limitation. Future studies will
benefit from longer-term observations, an expanded network
of observation sites, and the integration of numerical modeling
to further investigate terrain effects and regional variability of
LLJs.
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