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Abstract

Low-level wind shear (LLWS) poses a critical threat to aviation safety, especially at high-
altitude airports located in valley environments. However, the formation mechanisms of
LLWS with low-level jets (LLJs) remain poorly understood under high-altitude valley
conditions. In this study, high-resolution Doppler lidar observations collected during
March-April 2024 were used to investigate the characteristics of low-level wind fields,
LLJs, and LLWS, as well as their relationship in an airport environment. The results reveal
pronounced diurnal variations in the low-level circulation, with easterly winds
dominating from early morning to late morning, westerly winds prevailing in the
afternoon, and southerly winds occurring at night. LL] events exhibit a strong diurnal
cycle, with the highest frequency occurring during 02:00-10:00 LT, and jet cores are mainly
distributed between 200 and 300 m. The observed LL]Js are predominantly easterly, with
typical maximum wind speeds of 8-10 m s. The development of LLJs is related to
enhanced LLWS, although the temporal correspondence between LL] intensity and LLWS
evolution varies among individual events. The vertical shear structure is closely related
to LLJ characteristics, including jet core height and wind speed distribution. Case analyses
further demonstrate that the spatial evolution of LLWS follows the directional migration
of LL]Js, with the high wind-speed region shifting from easterly sectors in the morning to
westerly sectors in the afternoon and southerly sectors at night. These findings provide
new observational insights into LLJ-related LLWS processes under high-altitude valley
environments and contribute to improved understanding of low-level wind hazards in
complex airport environments.

Keywords: low-level wind shear; low-level jets; lidar; valley; remote sensing detection

1. Introduction

Low-level wind shear (LLWS) refers to rapid changes in wind speed and/or direction
over short vertical or horizontal distances within the lower atmosphere [1,2]. It is one of
the most critical meteorological hazards affecting aviation safety. Strong LLWS near
airports can lead to sudden changes in aircraft airspeed and flight trajectory, particularly
during takeoff and landing phases when aircraft are highly sensitive to wind variations
[1,3]. Therefore, accurate detection and understanding of LLWS characteristics are

Appl. Sci. 2026, 16, 10783

https://doi.org/10.3390/app162110783



Appl. Sci. 2026, 16, 10783

2 of 21

essential for improving aviation safety and developing effective wind shear warning
systems [4,5].

LLWS can be generated by various atmospheric processes, including frontal passages
[2], convection [6], boundary-layer transitions [7], low-level jets (LL]Js) [8], and terrain-
induced flows [9,10]. Among these mechanisms, LLJs are considered one of the major
contributors to strong low-level wind gradients due to their characteristic vertical wind
speed maxima and sharp transitions between the jet core and surrounding airflows [11].
LLJs frequently occur within the nocturnal boundary layer under stable stratification
conditions, when reduced turbulent mixing allows horizontal momentum to accumulate
above the surface layer [7]. The formation and evolution of LL]Js can produce significant
vertical and directional wind shear, thereby increasing the likelihood of hazardous low-
level wind conditions for aviation operations [12].

In recent years, increasing attention has been devoted to understanding the
characteristics and mechanisms of LLWS and LL]Js through field observations, numerical
simulations, and remote sensing techniques [13,14]. Advances in Doppler lidar and radar
wind profiler observations have provided high-resolution measurements of low-level
wind structures, revealing substantial temporal variability associated with boundary-
layer evolution and low-level flow acceleration [15,16]. Meanwhile, LL] studies have
primarily focused on jet formation mechanisms, vertical structures, diurnal variability,
and their impacts on turbulence and wind shear [17,18]. However, the relationship
between LL] evolution and LLWS generation remains highly dependent on local
atmospheric conditions, including terrain complexity, boundary-layer stability, and
background circulation [19]. In particular, observations of LL] structures and their direct
linkage with LLWS under complex terrain environments remain relatively limited.

The Tibetan Plateau (TP), characterized by its high elevation, complex topography,
and strong thermal forcing [20,21], provides a unique environment for investigating low-
level atmospheric circulation and boundary-layer processes. The valley terrain across the
TP can significantly modify local wind fields through terrain channeling effects and
thermally driven valley circulations. Airports located in high-altitude regions of the TP
are particularly vulnerable to hazardous wind conditions due to terrain-induced flows,
pronounced diurnal thermal variations, and complex boundary-layer structures [22-24].
Lhasa Gonggar Airport (ZULS), situated in the middle reaches of the Yarlung Zangbo
River valley at an elevation of approximately 3600 m, is surrounded by mountains with
large elevation differences, with high mountains located on both sides of the valley. The
narrow valley terrain and the surrounding steep mountains strongly constrain low-level
airflow, resulting in highly complex wind structures near the airport [25]. Previous studies
in the Tibetan Plateau region have mainly focused on wind climatology [26,27], turbulence
characteristics [28], mountain-valley circulation [29], and aviation-related meteorological
hazards [30]. However, detailed observational investigations of LL] structures and their
relationship with LLWS under terrain conditions at Lhasa Airport remain scarce.

Despite previous advances, several uncertainties remain regarding LL]J-related
LLWS processes in high-altitude valley airport environments. First, most existing studies
have focused on the statistical characteristics of either LLWS or LL]Js separately, while the
coupling relationship between LL] evolution and LLWS development has not been fully
quantified [30,31]. Second, traditional radiosonde observations have limited temporal and
spatial coverage, making them difficult to resolve rapid changes in low-level wind
structures [32]. Third, the influence of LL] directional transitions on the spatial
distribution of LLWS has received relatively little attention, especially in high-altitude
valley regions where terrain-induced flow variations can significantly affect low-level
wind structures and wind shear characteristics. Unlike our previous study [33], which
focused on optimizing an LLWS detection algorithm, the present study focuses on the
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physical relationship between LL] evolution and LLWS development. This study utilizes
high-resolution Doppler wind lidar observations at Lhasa Gonggar Airport to investigate
the characteristics of low-level wind fields, LLWS occurrence, and LL]J structures, and
further explores the relationship between LL] evolution and LLWS development in a
valley-based high-altitude airport environment. The results provide new observational
evidence for understanding low-level wind hazards in valley regions of the Tibetan
Plateau and contribute to improved aviation meteorological monitoring and forecasting.
The remainder of this study is organized as follows: Section 2 describes the study area,
field experiment, and retrieval methods. Section 3 presents the results. Section 4 provides
the discussion and conclusions, respectively.

2. Data and Methods
2.1. Site and Data

The study area is located around Lhasa Gonggar Airport (ZULS), Tibet Autonomous
Region, China. The region is situated in the southern Tibetan Plateau (Figure 1a), within
the middle reaches of the Yarlung Zangbo River valley, approximately between 28.5—
30.5°N and 89.5-92.5°E. Characterized by high elevation and a deep valley terrain, the
area exhibits unique atmospheric and topographic conditions. The airport is located in the
narrow Yarlung Zangbo River valley and is surrounded by high mountains, with
surrounding peaks reaching elevations of up to 7000 m. The valley terrain and large
elevation differences strongly constrain low-level airflow and contribute to complex wind
structures near the airport. Therefore, under such valley terrain conditions, low-level
wind shear and low-level jets are frequently observed, posing significant challenges to
aviation safety and flight operations.

29.5°N |

90°E  90.°E  9I°E 9L5°E  92°F

Figure 1. (a) Geographical location and topography of the study area (The red star indicates the
location of Lhasa Gonggar Airport); (b) outdoor view of the Doppler wind lidar (DWL).

A Doppler wind lidar (DWL) was deployed to retrieve wind speed and wind
direction by emitting coherent laser pulses and analyzing the Doppler shift of aerosol- and
molecule-backscattered signals [34,35]. Strictly, the DWL directly measures the line-of-
sight radial velocity, while horizontal wind information is obtained through subsequent
retrieval algorithms. Two standard scanning strategies were implemented: plan-position-
indicator (PPI) and Doppler-beam-swinging (DBS) modes.

In PPI mode, a fixed elevation angle of 3° was applied to resolve horizontal wind
structures associated with aircraft arrival and departure corridors. Azimuthal scanning
covered 360° with a 4° step size, yielding a complete scan cycle of approximately 8 min.
The radial range resolution was set to 100 m, providing detailed horizontal sampling of
the wind field over extended distances. The horizontal wind fields from PPI scans were
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retrieved using the Velocity-Azimuth Display (VAD) method proposed by Browning and
Wexler [36]. In the VAD approach, the Doppler lidar performs conical scanning at a fixed
elevation angle, and the radial velocity varies periodically with azimuth angle due to the
projection of the horizontal wind vector onto the laser beam. Under the assumption of
horizontal homogeneity within the scanning volume, the radial velocity distribution
along a complete azimuthal scan can be described by a harmonic function. The horizontal
wind speed and wind direction are obtained from the amplitude and phase of the first-
order harmonic component of the radial velocity variation with azimuth angle.

In DBS mode, line-of-sight velocities were acquired at multiple elevation angles to
reconstruct vertical wind profiles. The DBS method retrieves wind information from
multiple tilted laser beams based on the geometric relationship between the measured
radial velocities and the three-dimensional wind vector. Assuming horizontal
homogeneity within the sampling volume, radial velocity measurements from different
beam directions are combined to derive horizontal wind speed, horizontal wind direction,
and vertical velocity. The resulting vertical resolution was 28 m, enabling high-resolution
characterization of vertical wind shear and boundary-layer structure. The main
observational configurations and scanning parameters of the PPI and DBS modes are
summarized in Table 1.

It should be noted that the measurement capability of Doppler wind lidar can be
influenced by atmospheric conditions, particularly fog, low clouds, and precipitation.
These conditions may reduce aerosol backscatter signals and consequently affect the
availability of wind-profile retrievals. During the observation period, concurrent
observations of visibility, cloud-base height, and precipitation were not available at the
observation site. Therefore, the quantitative impacts of these meteorological conditions on
lidar measurement capability could not be evaluated in this study. The Doppler lidar
dataset collected during March—-April 2024 contained 277,875 DBS wind profiles,
providing the observational basis for LL] identification and subsequent analysis.

Table 1. Parameters and technical specifications of the Doppler Wind Lidar.

Parameter Technical Specifications
Wavelength 1.55 um
Elevation angle 3°
Azimuth range 0-360° (Agp =4°)
Horizontal range resolution 100.25 m
Vertical range resolution 28 m
Horizontal detection range 200.25 m-5024.25 m
Vertical detection range 42 m—4627 m
Temporal resolution 3 s (DBS); 8 min (PPI)

2.2. Combination Shear Calculation Method

== (1)
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where Vo denotes the horizontal wind speed at the selected reference location along the
radial direction, and Vi represents the corresponding wind speed measured at the ith
range gate. ui and wuo denote the eastward wind components at the corresponding
locations, while vi and vo represent the northward wind components. ro and r: are the radial
distances from the radar to the reference point and the ith sampling gate, respectively. AR
is the radial spacing interval, and n denotes the number of valid observations included
within a 200 m radial window. In the azimuthal dimension, 6o and 6: represent the
azimuth angles of the reference point and the ith gate, respectively. A0 indicates the
azimuthal interval, while m refers to the number of data points considered within a 20°
azimuthal sector.

The horizontal shear value C; is then obtained by vectorially combining Crs and Cas:

Cs = V CRA'Z + CAA'Z (4)

This integrated shear parameter provides a quantitative description of the horizontal
wind variability derived from lidar PPI observations, thereby offering a more complete
assessment of local wind shear characteristics.

2.3. Optimization Method
2.3.1. Optimization Objective

This approach aims to derive a divergence-constrained refined wind-shear field
Cs*(x,y) by incorporating the dynamical influence of horizontal divergence D(x,y) into the
original shear field Cs(x,y) [33].

The optimized wind-shear field is expressed as a divergence-modulated correction
to the original shear field:

C.(x,y)=C,(x,y)+AD(x,) 6)

where A represents the relative contribution coefficient of horizontal divergence to the
shear field, which is statistically determined through logistic regression analysis.

2.3.2. Mathematical Procedure
(1) The wind field divergence D is calculated as

u=—w,sin(w,) (6)

v=—w, cos(w,) 7)

where u and v represent the eastward and northward wind components, respectively; ws
denotes the horizontal wind speed; and w. represents the meteorological wind direction,
defined as the direction from which the wind originates and measured clockwise from
true north.

The radial and azimuthal components of the horizontal wind vector were further
calculated as:
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V. =using+vcos¢g )]
V,=ucosg—vsing 9)

where V: and Vi denote the radial and azimuthal wind components, respectively, and ¢
represents the azimuth angle of the PPI scan.
The horizontal divergence was then calculated in polar coordinates:

136¥) 195,

D =
(x,») F o 7o (10)

where D represents the magnitude of horizontal divergence and r denotes the radial
distance from the lidar.

(2) Divergence-based mask

Based on this threshold criterion, a binary mask function M(x,y) is subsequently
established:

[ 1.D(x.y)>03
My )_{O,D(x,wsw an

In this study, Q3 was calculated from the 75th percentile of the divergence values.
The original wind-shear values Cs are retained within the identified mask regions,
whereas values outside these regions are removed by assigning zero values, resulting in
the divergence-filtered wind-shear field:

Co i =C(x,y)M(x,y) (12)

where Cs(x,y) is the original wind-shear field.
(8) Severe-shear labeling
A binary classification label is defined based on the severe wind-shear threshold
(20.139 s7):
1,C,(x,)>0.138

13
0,C.(x,y)<0.138 13)

y(x,y)= {
(4) Logistic regression
A logistic regression model was applied using Cssir and D as predictors to quantify
the relative contribution of divergence and derive the coefficient A.
1

==
py=1 1+ eXP(_(IBo + ﬁle,ﬁlt + ﬂzD)) .

where po is the intercept, while 1 and B2 represent the regression coefficients associated
with the original wind shear (Cssir) and wind-field divergence (D), respectively.
The decision boundary of the model is expressed as

ﬁo + ﬁlcs,ﬁlt + :BzD =0 (15)

The contribution of horizontal divergence is quantified through the introduction of
the coefficient A:
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B
B,

(5) Construction of the divergence-constrained refined shear field

(16)

Accordingly, the optimized wind-shear field is derived following Equation (5). To
maintain physical consistency, negative values are constrained to zero:

C.(x,y) =max{C;(x,),0] (17)

where Cs*(x,y) represents the refined wind-shear field after constraining negative values
to zero. A positive value of A indicates a positive statistical contribution of divergence to
the refined shear field, whereas a negative value represents an opposite contribution.
Since the logistic regression coefficients are derived independently for each PPI scan, fo,
B, B2, and A vary with different wind-field conditions. The definitions of these parameters
are summarized in Table 2.

Table 2. Definitions of parameters used in the optimization method.

Parameter Definition
Qs 75th percentile threshold of absolute divergence
Bo Logistic regression intercept
B Regression coefficient of filtered wind shear
B2 Regression coefficient of horizontal divergence
A Relative contribution coefficient of divergence

2.4. Vertical Wind Shear Calculation

Vertical wind shear is defined as the gradient of the wind vector with respect to
altitude. It is calculated as follows:

\/(uZ_ul )2+(V2—V1)2 (18)

zZ

VWSI =

2 T4

where 1 and v denote the horizontal wind components at the two corresponding heights,
z1 and z2, respectively.

Furthermore, Gutierrez [37] and Shu [11] reported that LL]Js are typically associated
with positive wind shear below the jet core and negative wind shear above it. To further
investigate the relationship between LL]Js and LLWS, this study adopts the wind shear
coefficient proposed by Rehman and Al-Abbadi [38]. The calculation is expressed as
follows:

o= ln(vz) - ln(Vl)

" In(z,) - In(z,) 49

When calculating the positive wind shear coefficient below the jet core, v2 and z2
represent the jet speed maximum and the jet-core height, respectively. While v1 and z:
correspond to the wind speed and height at the surface observation level. For the
calculation of the negative wind shear coefficient, v1 is defined as either the next wind
speed minimum above the jet core or the wind speed at 694 m, whichever is lower. z1
represents the corresponding height of the selected upper-level minimum wind speed.

Based on the wind shear intensity definition recommended by the World
Meteorological Organization (WMO), LLWS intensity is classified into four levels, as
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listed in Table 3. In this study, LLWS with an intensity reaching the moderate level or
above (20.068 s) is identified as a low-level wind shear (LLWS) event.

Table 3. Low-level wind shear strength standard of World Meteorological Organization.

Level Wind Shear Strength (s)
mild <0.067
moderate 0.068~0.138
severe 0.139~0.206
extreme >(0.206

2.5. Definition of Speed Criteria for LL] Identification

Based on previous climatological studies of Low-Level Jets over China [39-41], the
identification criterion for LL]Js in this study is established considering the characteristics
of the complex-terrain environment over the Tibetan Plateau. Although classical strong
LL]Js, such as those observed over the Great Plains of the United States, are often identified
using wind speed thresholds of 12-15 m s, absolute wind speed thresholds may vary
among different regions due to differences in background circulation and underlying
surface conditions. Therefore, in this study, LLJs refer to weak low-level jets characterized
by distinct low-level wind speed maxima and vertically confined jet structures. The wind
speed below 600 m reaches a local maximum Umax. Above this level, the wind speed
decreases to a local minimum Unmin at the next higher level. The decrease must be at least
3 m s If this condition is satisfied, the flow is classified as a Low-Level Jet. The jet core
height is determined by the height at which Umax occurs.

During March—April 2024, DBS observations were collected over 61 valid days at
Lhasa Gonggar Airport. Based on the observed wind-profile characteristics and the LL]
identification criteria, 16 LL] events were identified for further analysis. Considering the
different analysis objectives, different temporal resolutions were applied. The 5-min
averaged DBS profiles were used to illustrate the detailed temporal evolution of
individual LL]J cases, while the 10-min averaged DBS profiles were used for statistical
analysis. For the selected 16 LL] events, 2304 quality-controlled 10-min DBS profiles were
retained, among which 638 profiles satisfied the LL] criteria.

2.6. Turbulent Kinetic Energy (TKE)

Turbulent kinetic energy (TKE) was calculated from DBS-mode lidar observations
using the variance method:

1
TKE = 5 (0. +0.+0)) (20)

where 0.2, 0,2, and o«? denote the variances of the zonal, meridional, and vertical wind
components, respectively. The three wind components were derived from the retrieved
wind speed, wind direction, and vertical velocity. A 10-min averaging interval was used
to calculate the velocity variances. The DBS wind profile data were quality-controlled
products, and invalid measurements were removed before further analysis.

3. Results and Discussion

The results mainly focus on the wind field structure, the characteristics of LLWS and
LLJs, as well as their interrelationships. First, the overall temporal variability of the low-
level horizontal wind field and the frequency of LLWS events are investigated. Second,
the characteristics of overall LLJs are analyzed, including the temporal, vertical, and
directional distributions of their occurrence frequency. Next, the relationship between
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low-level wind shear and low-level jets is examined. Finally, two representative LL] cases
are selected for detailed discussion.

3.1. Background Characteristics of Wind Field

Figure 2 presents the wind rose distributions derived from the PPI-mode
observations during March-April 2024 at three selected radial distances (1004, 2612, and
4823 m). The corresponding measurement heights (approximately 70, 182, and 336 m)
were determined based on the scanning geometry using the relationship between radial
distance and elevation angle (height = range x sin(ELE)). The radial axis represents the
frequency of wind directions, and different colors indicate different wind speed
categories. The figure illustrates the temporal and vertical variations in wind direction
and wind speed characteristics during the observation period.

336 m Ly
b= 182m M
& : 70 m = Take off
T ; 3
Distance 4823 m 2612 m 1004 m Lidar runway
336 -
g
= 182+
=0
D
=
70 A
Wind speed (m/s)
N (0.0:4.0)
B [4.0:8.0)
B (8.0:12.0)
3 [12.0: 16.0)
= >16.0

05:00 16:00 22:00
Local Time (HH:MM)

Figure 2. Wind rose distributions at different heights and local times under PPI mode from 1 March
to 30 April 2024. The radial axis represents wind direction frequency (%), and different colors
indicate wind speed categories. The upper panel illustrates the lidar observation geometry and

flight trajectory.

The results show clear diurnal variations in the wind field. At 05:00, easterly winds
dominate at different heights, with the maximum occurrence frequency reaching
approximately 18-19%. At 16:00, the prevailing wind direction shifts toward the western—
southwestern sectors, accompanied by an increased contribution of higher wind speed
components, especially at 336 m where the dominant wind frequency reaches about 19%.
At 22:00, southerly and southwesterly winds become dominant, with peak frequencies of
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approximately 16-19%. Overall, the prevailing wind direction changes significantly
throughout the day, indicating evident diurnal evolution of the local wind circulation.
Vertically, the wind field also exhibits clear stratification. Higher altitudes show a larger
proportion of strong wind components (>12 m-s?) and a broader wind direction
distribution, while the 70 m layer is characterized by relatively weaker and more
concentrated winds due to surface friction effects. These results demonstrate that both
time-dependent circulation changes and vertical atmospheric structures strongly
influence the observed wind characteristics.

Figure 3 presents the azimuthal distributions of the occurrence frequency of LLWS
(with intensity > 0.068 s), derived from PPI-mode lidar observations at three selected
radial distances (1004 m, 2612 m, and 4823 m) during March—-April 2024. The radial axis
represents the frequency of wind shear occurrence, while the azimuth angle indicates the
spatial distribution within the lidar scanning domain. The figure illustrates the temporal
and spatial variations in wind shear occurrence along the aircraft approach/departure
corridor.

Height

Distance 4823 m 2612 m runway

336 1

o
=]
N

Height (m)

70 1

05:00 16:00 22:00
Local Time (HH:MM)

Figure 3. Wind shear frequency distributions at different heights and local times under PPI mode
from 1 March to 30 April 2024. The upper panel illustrates the lidar observation geometry and flight

trajectory.

The results show clear diurnal and spatial variations in wind shear occurrence
frequency. At 05:00, wind shear frequencies are generally low across most azimuth
sectors, with relatively limited directional differences. At 16:00, the occurrence frequency
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increases, with several sectors reaching 30-50%, particularly at the 1004 m and 2612 m
ranges. At 22:00, wind shear occurrence becomes more concentrated in specific azimuth
sectors, with the highest frequency observed at 4823 m, approaching 100%. Spatially, wind
shear occurrence shows a distinct azimuthal dependence, with higher frequencies
primarily observed in the southeast-to-south sectors. Among the three selected radial
distances, the 2612 m radial distance exhibits relatively higher wind shear occurrence
frequencies, while the distributions at 1004 m and 4823 m show comparatively lower
frequencies with different azimuthal patterns. The frequency distribution varies with both
radial distance and observation time, indicating heterogeneous wind shear occurrence
within the PPI scanning domain.

To investigate the influence of large-scale atmospheric circulation on LL]J occurrence,
ERAD reanalysis data were used to characterize the synoptic background associated with
the observed LL] events. For each event, the 500 hPa geopotential height, temperature,
and horizontal wind fields were extracted during a #2 h period centered on the LL] peak
time (local time). Based on the spatial distribution of the 500 hPa trough/ridge systems
and the prevailing flow pattern around Lhasa Gonggar Airport, the 16 LL] events were
manually classified into two synoptic categories: a trough-influenced pattern and a flat
westerly flow pattern. The synoptic circulation patterns corresponding to the two LLJ
categories are illustrated in Figure 4.

40°N
35°N

30°N

-28 24 20 -16 -12 -8 -4 0 4
Temperature (°C)

Figure 4. Composite 500 hPa circulation patterns associated with LL] events over Lhasa Gonggar
Airport. (a) Trough-influenced pattern (Type 1, N = 6); (b) flat westerly flow pattern (Type 2, N =
10). Shaded areas represent air temperature, black contours denote geopotential height (gpm), and

vectors indicate horizontal wind fields. The red star marks the location of Lhasa Gonggar Airport.

Six events were identified as the trough-influenced pattern (Type 1), occurring on 25
March, 29 March, 3 April, 6 April, 15 April, and 21 April 2024. The remaining ten events
were categorized as the flat westerly flow pattern (Type 2), including events on 2 March,
6 March, 9 March, 12 March, 13 March, 15 March, 30 March, 13 April, 22 April, and 25
April 2024. The classification indicates that LL] events occurred under different synoptic
backgrounds. Type 1 was characterized by the influence of mid-latitude trough systems,
with the observation site located near the trough-related circulation region. In contrast,
Type 2 occurred under a relatively straight westerly flow background, suggesting that LL]
development can also occur without pronounced trough activity.

3.2. Basic Structure and Statistical Characteristics of LL]

Based on the LL] identification criteria applied in this study, wind profiles exhibiting
distinct low-level jet characteristics were identified. Figure 5 presents 16 representative
LL]J cases selected in this work. These cases cover different dates and local times under
various observational conditions. For each case, the most representative time is selected,
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and wind speed profiles are shown at 5-min intervals. Overall, the vertical wind profiles
exhibit a typical low-level jet structure. Wind speed increases rapidly with height, reaches
a local maximum at a certain level, and then decreases or remains nearly constant above
it. This structure reflects the strong vertical heterogeneity of momentum within the
boundary layer. It is generally associated with the formation of a nocturnal stable
boundary layer and the weakening of turbulent mixing near the surface. Intercomparison
among cases shows clear variations in jet intensity. The peak wind speed ranges from
approximately 5 to 10 m s The jet core height is mainly concentrated between 200 and
300 m. This height range corresponds to the typical top of the stable boundary layer,
where vertical wind shear is significantly enhanced.

600 2024-03-02 05 LT 2024-03-06 08 LT 2024-03-09 07 LT 2024-03-12 07 LT
y 74 &
E 400
= \
20
D
= 200
W/ Y/
600 2024-03-15 08 LT 2024-03-25 08 LT 2024-03-29 02 LT
E 400 Minutes
E" 5
= 200 — 10
— 15
— 20
25
600 2024-03-30 04 LT 2024-04-03 06 LT 2024-04-06 02 LT 30
\ 35
40
E 400 45
= — 50
=
20 — 55
= 200 \ — 60
Il 2 7
600 2024-04-15 02 LT 2024-04-21 04 LT 2024-04-22 04 LT 2024-04-25 02 LT
E 400 A h \
: N\
=
200 /

2.5 7.5 12.5 2.5 7.5 12.5 2.5 7.5 12.5 2.5 7.5 12.5

Wind speed (m/s) Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
Figure 5. Sample of 5-min wind profiles displaying Low-Level Jets (LL]Js). Each panel shows data
from a specific night over a one-hour period in local time (LT). The line colors represent the average

wind profile values for each 5-min interval within the hour.

Figure 6 presents the temporal, vertical, and directional distributions of LLJ
occurrence frequency. The statistics were calculated based on 16 selected LL]J cases,
corresponding to 16 observation days with identified LL] events. These cases contain
multiple DBS wind profiles rather than individual instantaneous observations. For the
diurnal distribution (Figure 6a), the LL] occurrence frequency at each local hour was
calculated as the ratio of LL] profiles to all valid DBS profiles at the corresponding hour
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during the 16 selected cases. The occurrence frequency is mainly concentrated from early
morning to late morning (02:00-10:00 LT). The highest frequency occurs at 04:00 and 05:00
LT, with values exceeding 65%. In contrast, LL] activity is relatively weak during the
afternoon and early evening (13:00-18:00 LT), with frequencies below 10%. This diurnal
pattern is closely related to nocturnal boundary-layer stabilization and the weakening of
turbulent mixing, which favor momentum accumulation and the formation of LL]J
structures. For the vertical distribution (Figure 6b), the occurrence frequency was
calculated based on the distribution of LL] core heights among the identified LL] profiles.
The LLJ cores are mainly located between 200 and 300 m. The highest occurrence
frequency appears at approximately 250 m, exceeding 14%. This height range is generally
near the top of the stable boundary layer, where vertical momentum exchange and wind
shear are enhanced. Figure 6c¢ illustrates the directional distribution of LLJs. The observed
LLJs are mainly concentrated in the easterly and east-northeasterly directions. The
easterly direction dominates, with an occurrence frequency close to 60%. In terms of wind
speed intensity, LLJs with speeds of 8-10 m s™ occur most frequently, followed by those
with speeds of 6-8 m s™. These results indicate that LLJs in the study region exhibit a
pronounced directional preference and are mainly characterized by moderate-intensity
easterly flows.
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Figure 6. Characteristics of overall LLJs. (a) Diurnal variation in LL] occurrence frequency; (b)
variation in the occurrence frequency of jet core heights; (c) distribution of jet speed maximum and
jet direction.

The composite wind profile derived from 16 LL] events reveals a clear single-peak
vertical structure in the study region (Figure 7a). The wind speed increases with height
and reaches its maximum at approximately 270 m. Above the jet core, the wind speed
gradually decreases with increasing height. In the lower layer (0-100 m), the wind speed
remains relatively weak. It increases rapidly above this layer and forms a distinct low-
level wind speed maximum. Although individual LL] events exhibit variations in jet
intensity and core height, the composite profile maintains a consistent vertical pattern
after averaging. This indicates that the selected LL] cases share a common statistical
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vertical structure. A Gaussian function was applied to parameterize the composite wind
profile:

(z—-269.9)° )
2(177.1)*
where Uy, Uj, zj, and o represent the background wind speed, jet enhancement magnitude,
jet core height, and vertical scale of the jet structure, respectively. The fitted parameters
are Uo=4.75ms, Uj=2.72ms™, zj=269.9 m, and ¢ = 177.1 m. The parameterized profile

provides a simple representation of the mean vertical wind structure of LLJs in the study
region.

U(z)=4. 75+2. 72exp( - (21)
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Figure 7. (a) Composite wind profile of low-level jets (LLJs). The blue dots represent the binned
mean wind speeds, the shaded area denotes the standard deviation (+10), and the red curve
indicates the fitted wind speed profile. (b) The distribution of low-level wind shear above and below

the LL]J core at different core heights; (c) the binned mean shear variations with LL] core height.

The relationship between LL]J core height and vertical shear above and below the jet
core was further examined (Figure 7b,c). The upper-level and lower-level shear show
opposite signs. The shear above the jet core is mainly negative, indicating a decrease in
wind speed with height above the core. In contrast, the shear below the jet core is
predominantly positive, indicating an increase in wind speed toward the jet core. The
mean upper-level shear varies within a relatively narrow range across different core
heights. It reaches relatively stronger values around 200-300 m and gradually weakens at
higher core heights. The lower-level shear shows a similar dependence, with relatively
larger values occurring for LLJs with core heights of approximately 200-300 m. It then
slightly decreases as the core height increases.

These results suggest that LL] core height is associated with the distribution of
vertical shear, but the relationship is not simply linear. LLJs with intermediate core
heights exhibit stronger wind gradients above and below the jet core. The combined
characteristics of the composite wind profile and shear distribution indicate that the jet
core height influences not only the location of maximum wind speed but also the vertical
distribution of wind gradients around the LL]J core.

https://doi.org/10.3390/app162110783



Appl. Sci. 2026, 16, 10783

15 of 21

The relationships between LL]J shear coefficients and characteristic wind parameters
are further examined in Figure 8. A significant negative relationship exists between
positive and negative shear coefficients (Figure 8a), indicating a coupled variation
between the shear structures below and above the LL] core. Stronger positive shear below
the LL] core is generally accompanied by stronger negative shear above the core,
indicating that the vertical shear distribution is controlled by the overall LL] wind profile
rather than by independent layer processes.

The LLJ core wind speed shows an asymmetric influence on the vertical shear
distribution (Figure 8b). Increasing core wind speed is associated with enhanced negative
shear above the jet core, whereas positive shear below the core exhibits a weak decreasing
tendency. This suggests that stronger LLJs are mainly characterized by intensified wind
speed reduction above the jet core.
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Figure 8. (a) Correlation between positive and negative shear coefficients. (b) Correlation of positive
and negative shear coefficients with LL] core wind speed. (c) Correlation between positive shear
coefficient and 42 m surface wind speed. (d) Correlation between negative shear coefficient and
upper-level minimum wind speed above the LL] core. The solid curves represent logarithmic fitting

results.

The near-surface wind speed also affects the lower-level shear structure (Figure 8c).
The positive shear coefficient decreases logarithmically with increasing 42 m wind speed,
indicating reduced wind speed contrast between the surface layer and the LL] core. In
contrast, the negative shear coefficient decreases with increasing upper-level minimum
wind speed (Figure 8d), suggesting that stronger winds above the LL] core weaken the
upper-level wind gradient.

The temporal relationship between LL] intensity and LLWS was further examined
by aligning individual LL] events according to their maximum core wind speed (Figure
9). The composite evolution shows that LLWS generally increases during the
strengthening stage of LL] and reaches enhanced values around the LL] maximum,
suggesting a similar temporal evolution between LL] development and low-level wind
shear enhancement.
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However, the peak occurrence time of LLWS exhibits considerable variability among
individual events. The mean LLWS peak offset relative to the LL] maximum is -23.5 min,
while the median offset is 0 min. This indicates that LLWS and LL] peaks are generally
concurrent, although some cases exhibit earlier or later LLWS maxima. The large spread
of peak offsets (standard deviation of 91 min) indicates substantial variability among
individual events.

The lag-correlation analysis was further applied to examine the temporal consistency
between LLJ intensity and LLWS evolution. The correlation coefficients remained
relatively low across different lag times, indicating that LLWS does not exhibit a consistent
response time to changes in LL] intensity. This result suggests that the development of
LLWS s associated with LL]J evolution but is also modulated by the detailed vertical wind
structure and boundary-layer processes. Therefore, LL] intensity alone cannot fully
determine LLWS evolution, and the vertical distribution of wind speed gradients may
play a more important role in controlling LLWS intensity.
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Figure 9. Lead-lag relationship between LL] core intensity and LLWS evolution. (a) The composite
temporal evolution of LL] core speed and LLWS, shaded areas represent the 95% confidence
intervals calculated from the 16 independent LL] events; (b) the distribution of peak time differences
between LL] and LLWS; (c) the lagged correlation between LL] intensity and LLWS.

3.3. Typical Case

Figure 10 presents a representative case of low-level wind shear (LLWS) associated
with the development of a low-level jet (LL]) on 13 March 2024. Panels (a)—(c) illustrate
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the temporal evolution of the wind field, vertical wind shear, and turbulent kinetic energy
(TKE), respectively.
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Figure 10. Evolution of low-level wind field characteristics observed by DBS on 13 March 2024. (a)
Wind profile, with black arrows indicating wind vectors; (b) wind shear distribution; (c) turbulent
kinetic energy distribution.

As illustrated in Figure 10a, the background wind field exhibited distinct diurnal
variations before LLJ formation. At 0000 LT, westerly winds prevailed in the upper
boundary layer. Meanwhile, southwesterly flow dominated near the surface. This
resulted in pronounced vertical directional wind shear. During 0000-0130 LT, the low-
level wind direction showed substantial fluctuations. This period represented a
transitional stage before LL] development. At approximately 0300 LT, a well-defined LL]
developed within the nocturnal boundary layer. Easterly flow became dominant in the
lower boundary layer. In contrast, westerly winds persisted above the boundary layer.
This produced a pronounced vertical decoupling of wind directions. The boundary layer
remained relatively shallow during this stage, with a depth of approximately 500 m. The
LL]J core was initially embedded within this shallow layer. The maximum wind speeds
reached 6-8 m s™'. As the event evolved, the LL] gradually intensified. The jet core also
migrated upward. This evolution represents a typical nocturnal LL] development process,
characterized by progressive strengthening and vertical expansion of the jet structure.
After approximately 1000 LT, the LLJ gradually decayed. This weakening was
accompanied by a decrease in boundary layer height. By 1200 LT, the wind direction
throughout the boundary layer shifted back to westerly. Wind speed increased rapidly
during this period. The strongest winds of the day occurred during the afternoon, when
maximum wind speeds exceeded 20 m s7. During the evening (approximately 2000 LT),
the low-level flow shifted to southerly. Meanwhile, relatively strong winds (>11 m s)
persisted throughout the lower troposphere.

The evolution of low-level wind shear during this LL] event is further illustrated in
Figure 10b. During the LL] formation and mature stages (approximately 0300-1000 LT),
enhanced wind shear was mainly confined below 600 m. The wind shear intensity
increased rapidly following LL] development. It reached maximum values exceeding 0.08
s, After 1000 LT, the LL] gradually weakened, and the low-level wind shear decreased

https://doi.org/10.3390/app162110783



Appl. Sci. 2026, 16, 10783

18 of 21

accordingly. The temporal consistency between LL]J intensity and wind shear variation
indicates that the enhanced vertical wind speed and directional gradients associated with
the LL] played a key role in generating strong low-level wind shear.

Figure 10c presents the temporal and vertical evolution of turbulent kinetic energy
(TKE) during the LLJ event. In contrast to the strong enhancement of wind shear, the
increase in TKE within the LL] layer remained relatively limited during the LL] formation
and mature stages. Although the development of the LL] generated pronounced vertical
wind gradients, the corresponding increase in turbulent activity was weak, particularly
below the core region of the jet. The enhanced wind shear did not always correspond to a
proportional increase in turbulence intensity, indicating that the development of
turbulence was not solely determined by shear intensity. Although LLJ-induced wind
shear provides a mechanical source for turbulence generation, the observed TKE
distribution suggests that turbulence evolution may also be influenced by other factors,
such as atmospheric stability and local terrain effects [42].

Figure 11 presents a typical case of LL] evolution and its associated low-level wind
shear characteristics based on PPI-mode observations. During 02:10-10:50 LT (Figure 11a),
the high wind-speed region was mainly distributed in the eastern sector, indicating a
dominant easterly LL]. Wind speeds in the eastern region reached approximately 15 m s,
whereas the southern sector remained relatively weak, with wind speeds generally
ranging from 0 to 5 m s™'. The corresponding wind shear distribution (Figure 11d) showed
a similar spatial pattern, with stronger values concentrated in the eastern sector and
reaching up to 0.18 s, indicating enhanced horizontal wind gradients associated with the
easterly LL]. During 10:50-21:00 LT (Figure 11b), the high wind-speed area shifted from
the eastern sector toward the western sector, suggesting a pronounced transition in the
spatial distribution of high-speed flows within the valley environment. Meanwhile, the
overall wind speed increased, with maximum values exceeding 18 m s in the western
sector, while the southern region remained characterized by relatively weak winds.
During 00:00-02:10 LT and 21:00-23:59 LT (Figure 11c), the wind field further rotated,
with the strongest winds shifting toward the southern sector. Wind speeds in this region
exceeded 18 m s7. The associated wind shear (Figure 11f) was also enhanced over the
southern sector, with maximum values exceeding 0.18 s and a broader spatial extent
compared with the previous periods. These results demonstrate the diurnal variation in
valley wind circulation and the redistribution of high-speed flow regions and its close
correspondence with the spatial distribution of low-level wind shear in the valley
environment.

Overall, this case shows a clear diurnal evolution of the valley wind field, with the
wind-speed maximum migrating from the eastern sector in the early morning, to the
western sector in the afternoon, and finally to the southern sector at night. The easterly
LL]J in the early morning is associated with enhanced wind shear, while the subsequent
western and southern high-speed flows reflect changes in valley circulation.

https://doi.org/10.3390/app162110783



Appl. Sci. 2026, 16, 10783

19 of 21

=]

(a) 02:1

-10:50 (b) 10:500—21:00 (c) 0:00-02:10 & 21:00-23:59

—_
@

Mean wind speed (m s 1y

0.18 °
[

S
—
0

0.12
0.09
0.06
0.03
0.00

Mean wind shear (s

Figure 11. The mean wind speed (a-c) and mean wind shear (d-f) distributions during different
periods in the PPI mode: (a,d) 02:10-10:50 LT, (b,e) 10:50-21:00 LT, and (c,f) 00:00-02:10 LT and
21:00-23:59 LT. White areas indicate missing data.

4. Conclusions

In this study, high-resolution Doppler lidar observations were used to investigate the
characteristics of low-level wind fields, low-level jets (LL]Js), and low-level wind shear
(LLWS) in the valley environment of Lhasa Gonggar Airport during March—April 2024.
The main conclusions are summarized as follows:

The low-level wind field exhibited pronounced diurnal variations in both wind direction
and speed. Easterly flows dominated from early morning to late morning, while westerly
flows prevailed in the afternoon and southerly flows occurred mainly at night. These
directional transitions indicate pronounced diurnal evolution of the local low-level circulation.
A total of 16 LLJ events were identified from the high-resolution wind observations. Most LLJ
events occurred during 02:00-10:00 LT, with the highest occurrence frequency around 04:00—
05:00 LT. The LL]J cores were mainly concentrated at 200-300 m, with a maximum occurrence
near 250 m. The observed LL]s were primarily easterly, and moderate-intensity jets with wind
speeds of 8-10 m s occurred most frequently. LL] evolution was closely associated with
LLWS development. Enhanced LLWS generally occurred during the strengthening and
mature stages of LLJs, when intensified wind speed and directional gradients produced
stronger vertical wind shear. The vertical distribution of wind shear was influenced by LL]J
characteristics, including jet core height, jet intensity, and the surrounding wind structure.
Typical cases further demonstrated that the spatial distribution of LLWS followed the
evolution of LLJ-induced wind field changes, with the high wind-speed region migrating
from the eastern sector in the morning to the western sector in the afternoon and finally to the
southern sector at night. Overall, this study highlights the important role of valley-induced
LLJ processes in modulating low-level wind shear characteristics and provides observational
evidence for understanding and monitoring wind shear hazards at high-altitude airports
using Doppler lidar.
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