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Abstract: The atmospheric boundary layer is a crucial transitional region connecting the surface with
the free atmosphere, playing a bridging role in land-sea-air interactions and the interactions between
different atmospheric layers. This study utilizes rotary-wing UAVs, high-resolution lidar, and WRF
simulation data to analyze the vertical distribution characteristics of temperature, humidity, wind
speed, and wind direction boundary layer over the Mount Si’e region in 4–6 April 2024. The results
indicate that the boundary layer temperature decreases with increasing altitude, reaching up to 18◦C,
while humidity decreases with height, dropping to as low as 35%. Daytime wind speeds range from
4 to 8 m/s, decreasing to 2 to 4 m/s at night. The boundary layer height can reach up to 900 m
during the day and drops to 100–200 m at night, showing distinct diurnal variation characteristics.
UAV observations are in good agreement with lidar and WRF simulation results, highlighting the
application value of UAVs in high temporal and spatial resolution boundary layer studies. The study
also reveals the significant impact of complex terrain on boundary layer characteristics, providing
scientific insights into the dynamic and thermal processes of the boundary layer and offering reference
value for improving regional weather forecasting and numerical simulations.

Keywords: atmospheric boundary layer; LiDAR; UAV; wind profile; ABLH

1. Introduction

The atmospheric boundary layer (ABL), also known as the planetary boundary layer, is
the transitional zone between the surface-disturbed airflow and the free atmosphere where
friction is negligible [1]. It is directly influenced by surface conditions and responds to these
effects within an hour or less, with its height reaching up to several kilometers. It serves
as a vital channel for the transport of momentum, heat, and various substances within
the Earth’s atmosphere, playing a significant role in the exchange of energy and matter
between the Earth’s surface and the free atmosphere [2–4]. A deeper understanding of the
structure and characteristics of the boundary layer will help improve our understanding
of energy and matter transfer and cycling within the Earth system [4–7]. The average
elevation of the plateau exceeds 4 km, and it features a unique atmospheric boundary layer
formed by intense solar radiation, resulting in significant temperature differences between
the surface and the complex terrain [7,8]. The interaction between the intricate topography
of the eastern plateau and diverse circulation systems creates the region’s unique weather
and climate characteristics. Therefore, studying the atmospheric boundary layer structure
in this area is crucial for understanding the causes of weather and climate and their impacts
on China’s weather [9,10].

The atmospheric boundary layer (ABL) on the Tibetan Plateau has been a focal point of
research due to its significant scientific value. Over the past decades, numerous studies have
explored the ABL height (ABLH) and the vertical distribution of meteorological elements
within the boundary layer across the plateau. The ABLH generally ranges from 2000 to
5000 m, with substantial regional and seasonal variations. For example, Duzheng Ye [11]
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reported an ABLH between 2000 and 3000 m, while other studies observed variations
across different regions, such as around 2250 m in Dangxiong County [12], up to 3880 m in
the Everest region [13], and as high as 5000 m in Gaize [14]. In northern areas of the plateau,
such as Anduo and Naqu, the convective boundary layer can extend to around 3200 m,
whereas the stable boundary layer typically remains much lower, around 1000 m [15].

The ABLH also exhibits significant diurnal and seasonal variations throughout the
plateau. It generally increases rapidly from sunrise to noon, stabilizes in the afternoon, and
decreases significantly at night [16,17]. During summer, the convective boundary layer can
reach up to 4000 m, while the stable boundary layer dominates in the morning hours [18].
Seasonal variations show that the ABLH tends to be higher in spring and summer, especially
in the eastern and western regions of the plateau, while it drops significantly during winter
and rainy seasons in central and northern areas [19,20].

In summary, the ABLH generally peaks in the eastern plateau during spring, in the
western plateau during summer, and in the central plateau during spring and autumn,
with lower values observed during winter across most regions. Studies using COSMIC
data have shown that, on average, the ABLH in winter exceeds 2000 m, decreases slightly
in spring, rises again in summer, and drops in autumn [21]. Over the past 30 years, the
ABLH on the plateau has shown a general increasing trend in winter, particularly since the
early 21st century [22]. These variations in ABLH reflect the complex interplay between
topography, weather systems, and surface conditions on the Tibetan Plateau, underscoring
the need for high-resolution studies to better capture these dynamics.

Mount Si’e is located on the southeastern edge of the Tibetan Plateau, at the transition
zone between the main body of the Tibetan Plateau and the Sichuan Basin. Although many
studies have analyzed the variations of near-surface meteorological elements on the Tibetan
Plateau, research on the eastern edge of the plateau remains limited, despite its significant
impact on regional weather and climate patterns [23]. Moreover, existing studies on the
atmospheric boundary layer (ABL) of the Tibetan Plateau are often constrained by low
spatial and temporal resolution, which can result in certain limitations, such as an inability
to capture fine-scale boundary layer processes and potential inaccuracies in representing
local meteorological phenomena.

This study compares and analyzes UAV observations and WRF simulation data from
4–6 April 2024, at the Mount Si’e station on the southeastern edge of the plateau. Combined
with lidar data from the Mount Si’e station, the study investigates the boundary layer
characteristics in the eastern part of the plateau. The use of high-resolution UAV and lidar
data allows for a detailed examination of the fine-scale boundary layer processes that were
previously difficult to capture with conventional methods. By addressing the limitations of
low spatial and temporal resolution found in earlier studies, this research aims to provide
a more accurate and comprehensive understanding of the boundary layer structure and
dynamics in this region. These advanced observational techniques help correct poten-
tial inaccuracies in previous findings and offer valuable insights for studying weather
development and climate change in complex terrains like the southeastern Tibetan Plateau.

2. Materials and Methods
2.1. Data

The study area is located on Mount Si’e, where the atmospheric observations are
conducted. Figure 1 illustrates the topography and vegetation fraction of the study area,
providing context for the following sections.
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UAV is used as a carrier to carry the Spirit Sniff Mini2 monitoring module, manufactured 
by Shenzhen Kefei Technology Co., Ltd., China, to complete the observation of tempera-
ture, pressure, humidity, wind and other meteorological elements contours in a mobile 
observation mode. The UAV performs vertical ascents and descents during high-altitude 
detection experiments, with an ascent speed of 2 m/s. It offers a time resolution of 1 s and 
a vertical resolution of 1 m. The sensor is based on the ultrasonic measurement method 
without moving parts, with UAV translational motion compensation algorithm, UAV at-
titude compensation algorithm, and UAV rotational motion compensation algorithm, 
which can realize the measurement of real wind speed and direction information while 
moving, with fast response rate, small systematic error and high accuracy (Figure 2b). Due 
to the obvious time lag in the downlink data of the UAV, only 2 m/s uplink data is used in 
this study. 

Table 1 lists the basic performance param of the rotary-wing UAV used in this study 
in detail. 

Figure 1. (a,b) The topography of Mount Si’e; (c) The vegetation fraction of Mount Si’e.

2.1.1. UAV Observation Data

The Unmanned Aerial Vehicle (UAV) observation data used in this study are derived
from the Rotary Wing UAV Boundary Layer Meteorological Integrated Detection System
(RWBMIS) by DJI Innovations M300 RTK Model, China. In this system, a rotary-wing UAV
is used as a carrier to carry the Spirit Sniff Mini2 monitoring module, manufactured by
Shenzhen Kefei Technology Co., Ltd., Shenzhen, China, to complete the observation of
temperature, pressure, humidity, wind and other meteorological elements contours in a
mobile observation mode. The UAV performs vertical ascents and descents during high-
altitude detection experiments, with an ascent speed of 2 m/s. It offers a time resolution
of 1 s and a vertical resolution of 1 m. The sensor is based on the ultrasonic measurement
method without moving parts, with UAV translational motion compensation algorithm,
UAV attitude compensation algorithm, and UAV rotational motion compensation algorithm,
which can realize the measurement of real wind speed and direction information while
moving, with fast response rate, small systematic error and high accuracy (Figure 2b). Due
to the obvious time lag in the downlink data of the UAV, only 2 m/s uplink data is used in
this study.
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abling fine-scale detection of three-dimensional wind fields in the lower and middle trop-
osphere, including the atmospheric boundary layer. The Wind3D 6000 is equipped with a 
high-precision optical scanning mirror, supporting various three-dimensional scanning 
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Figure 2. (a) Wind Tower at Mount Si’e; (b) UVA; (c) Lidar Wind3D 6000.

Table 1 lists the basic performance param of the rotary-wing UAV used in this study
in detail.

Table 1. Measurement Param of UAV Meteorological Observation Systems.

Measuring Element Measuring Range Resolution Accuracy

Temperature −40~+80 ◦C 0.1 ◦C ±0.1 ◦C (+15~+25 ◦C); ±0.15 ◦C (0~+15 ◦C, +25~+40 ◦C);
±0.4 ◦C (−40~0 ◦C, +40~+80 ◦C)

Pressure 300~1100 hPa 0.1 hPa ±0.1 ◦C (+15~+25 ◦C); ±0.15 ◦C (0~+15 ◦C, +25~+40 ◦C);
±0.4 ◦C (−40~0 ◦C, +40~+80 ◦C)

Humidity 0~100% RH 0.1% RH
0~+40 ◦C: ±1.5% RH (0~90% RH); ±2.5% RH (90~100% RH)
−40~0 ◦C, +40~+80 ◦C: ±3.0% RH (0~90% RH); ±4.0% RH

(90~100% RH)
Wind Speed 0~50 m/s 0.1 m/s ±0.1 m/s (0–10 m/s); ±1% (11–30 m/s); ±2% (31–50 m/s)

Wind
Direction 0~365◦ ±0.1◦ 1◦

2.1.2. LiDAR Data

The wind speed and wind direction data used in this study were obtained from the
Wind3D 6000, a three-dimensional scanning wind lidar manufactured by Qingdao Leice
Transient Technology Co., Ltd., Qingdao, China (Figure 2c). Lidar (Light Detection and
Ranging) operates on the principle of optical pulse coherent Doppler frequency shift detec-
tion, enabling fine-scale detection of three-dimensional wind fields in the lower and middle
troposphere, including the atmospheric boundary layer. The Wind3D 6000 is equipped with
a high-precision optical scanning mirror, supporting various three-dimensional scanning
modes, such as Doppler Beam Swinging (DBS), Velocity Azimuth Display (VAD), Plan
Position Indicator (PPI), Range Height Indicator (RHI), and Constant Altitude Plan Position
Indicator (CAPPI). The maximum detection radius can reach up to 6 km, covering all the
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requirements of the study area. In this study, only data below 1500 m were used to facilitate
comparative analysis with observational data. Table 2 details the basic performance param
of the Wind3D 6000 lidar system used in this research.

Table 2. Technical Specifications of the Wind3D 6000 Lidar.

Indicator Parameter

Operating Wavelength 1.5 µm
Detection Range 45–6000 m

Spatial Distance Resolution 45–6000 m
Temporal Resolution 4.5–150 m

Horizontal Wind Speed Measurement Error Wind Speed Line ≤ 1 m/s
Horizontal Wind Direction Measurement Error ≤3◦

Scanning Angle Accuracy ≤0.1◦

Scanning Modes
Plan Position Indicator (PPI), Range Height Indicator (RHI), Doppler
Beam Swinging (DBS), Sector Scanning, Volume Scanning, Custom

Scanning Modes

2.1.3. Wind Tower Data

The wind speed and wind direction data used in this study, recorded at 1-min intervals
over two days from 4–6 April 2024, were obtained from the Emei Mountain Atmospheric
and Environmental Comprehensive Observation and Experiment Station of Chengdu
University of Information Technology. This station (Figure 1a) is located on Mountain
Si’e (29.26◦N, 103.59◦E) at an altitude of 970 m and will hereafter be referred to as the
Mount Si’e Station. The Mount Si’e Station is situated in Mount Si’e Village, Hulu Ba Town,
Shawan District, Leshan, Sichuan Province, southeast of the main peak of Mount Emei, Jin
Ding, and 37.4 km away from it. Apart from higher elevation mountains to the northwest,
the station is surrounded by the Dadu River on all other sides. The underlying surface is a
complex mountainous forest with an average forest canopy height of 14 m. Mount Si’e falls
within the subtropical montane evergreen broad-leaved forest climate zone, characterized
by warm winters, hot summers, and abundant rainfall.

The meteorological gradient observation tower at the station is 60 m high and is
equipped with an eddy covariance observation system, including a Campbell CSAT3A
3D ultrasonic anemometer, EC150 infrared CO2 and H2O gas analyzers, and a CNR-1
four-component radiometer (Figure 2a). There are five observation levels for wind speed,
wind direction, air temperature, and relative humidity: two levels within the canopy at
2 m and 10 m, and three levels above the canopy at 20 m, 25 m, and 58 m. Rain gauges are
installed at 38 m and 2 m to measure precipitation and canopy-intercepted rainfall. The flux
observation system’s ultrasonic probes are installed at 38 m. Data collection is performed
using the Campbell CR6 Series data logger, with the eddy covariance system operating at a
sampling frequency of 10 Hz.

2.2. WRF Simulation Design

The WRF is a next-generation mesoscale forecast model with a data-assimilation
system that advances both the understanding and prediction of mesoscale weather and
accelerates the transfer of research advances into operations. It was developed collabo-
ratively by NCAR and the National Centers for Environmental Prediction (NCEP; http:
//www.mmm.ucar.edu/wrf/users/, accessed on 12 April 2024). The WRF version 3.7.1
modeling system, released in August 2015, is used in this study. The domain configuration
features a 25-km resolution single grid system with the center located at 103.59◦E, 29.26◦N.
The simulated area ranges from 70.47◦E to 135.53◦E longitude and 18.28◦N to 53.57◦N
latitude, with a temporal resolution of 3 h.

Initial and boundary conditions for the large-scale atmospheric fields, as well as
initial soil param (soil water, moisture, and temperature), are given by the 1◦ × 1◦ NCEP
Global Final Analysis (FNL). The use of the FNL provides an upper bound on the skill

http://www.mmm.ucar.edu/wrf/users/
http://www.mmm.ucar.edu/wrf/users/
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that is achievable with regional climate prediction models. Boundary conditions at the
specified zone are determined entirely by temporal interpolation from the 6-hourly FNL
data [24]. Since the domain boundaries are located at the edge of the Tibet Plateau, there
are high mountain areas with big topographic relief. In order to avoid vertical interpolation
problems caused by the differences in topography between the forcing data in WRF model,
35 unevenly spaced full Eta levels were defined in the vertical dimension (eta level = 1.000,
0.995, 0.983, 0.970, 0.954, 0.934, 0.909, 0.880, 0.845, 0.807, 0.520, 0.468, 0.420, 0.376, 0.335,
0.298, 0.263, 0.231, 0.202, 0.175, 0.150, 0.127, 0.106, 0.088, 0.070, 0.055, 0.040, 0.026, 0.013,
0.000). The vertical coordinate η is defined as:

η =
ph − pht
phs − pht

(1)

where ph is the hydrostatic component of the pressure, phs is surface pressure, and pht is a
constant pressure at the model top (50 hPa) from the surface are used [24].

The details of the physical parameterizations are summarized in Table 3.

Table 3. Summary of the WRF configuration.

Physical Parameterizations Configuration

Microphysics Lin scheme

Cumulus parameterization Tiedtke scheme
Longwave radiation RRTM scheme
Shortwave radiation Dudhia scheme

Cumulus clouds Kain-Fritsch convection scheme
Planetary boundary layer YSU PBL scheme

Surface layer Noah land surface model

2.3. Calculation Method of ABLH

To facilitate analysis and comparison, this study divides the boundary layer into the
convective boundary layer (CBL) and the stable boundary layer (SBL) for analysis. This
classification is based on the potential temperature profile and the Richardson number
(Ri). The boundary layer height is estimated using the parcel method and the Ri method,
respectively. The calculation formula for Ri is as follows [25]:

Ri(z) =
g(z − z0)

θv(z)
θv(z)− θv(z0)

u(z)2 + v(z)2 (2)

u(z) = V(z) sin α(z) (3)

v(z) = V(z)cosα(z) (4)

where g is the acceleration due to gravity (9.81 m/s2), z0 is the ground elevation, θv
is the imaginary temperature, u and v are the zonal and meridional wind components,
respectively, V is the wind speed, and α is the wind direction.

The calculation of the imaginary temperature (θv) is as follows:

rs =
εes

P
(5)

{
t ≥ 0, es = 6.112e(

17.67t
t+243.5 )

t < 0, es = 6.1078 × 10(
7.5t

t+237.3 )
(6)

Uw =
rs

r
(7)

θν = θ(1 + 0.608r) (8)
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where rs is the saturation mixing ratio, with ε ≈ 0.622, r is the mixing ratio, es is the
saturation vapor pressure, t is the temperature in degrees Celsius, Uw is the relative
humidity, P is the atmospheric pressure, θ is the potential temperature.

The diagnostic methods for boundary layer height are as follows [26]:{
θ200 − θ0 < 0, Ri(0 ∼ 100) < 0 CBL
else SBL

(9)

here, θ200 and θ0 represent the potential temperature at 200 m and at the surface.
The parcel method defines the boundary layer height as the altitude where a parcel

of air, with an initial virtual potential temperature (θv0) equal to the maximum at the
surface, reaches the same virtual potential temperature again upon vertical ascent. This
method is used when the atmospheric boundary layer (ABL) is a convective boundary
layer (CBL). When the ABL is a stable boundary layer (SBL), the Ri method is typically
used to estimate the boundary layer height. The height of the SBL is defined as the level
where the Richardson number equals or exceeds a specified critical value. In this study, the
critical Richardson number (Ric) is set to Ric = 0.25.

3. Results
3.1. Vertical Variation Characteristics of Meteorological Elements in ABL
3.1.1. Vertical Profiles of Temperature, Pressure, and Humidity

Figure 3 illustrates the vertical distribution characteristics of temperature, pressure,
and humidity at different times as observed by UAV soundings over the Mount Si’e Station.
From the figure, it can be observed that temperature, pressure, and humidity exhibit regular
variations, generally showing a decreasing trend with increasing altitude. Figure 1 also
reveals distinct diurnal variation patterns: during the day, temperatures rise, humidity
decreases, and pressure remains stable; at night, temperatures fall, humidity increases and
pressure changes are minimal.

During the daytime (4 April at 16:00 and 17:00; CST, the same below), surface tem-
peratures are relatively high, with a rapid decrease in temperature near the surface. The
temperature is around 18◦C near the ground and gradually decreases to about 8 ◦C with
increasing altitude. This indicates that solar radiation during the day significantly increases
the surface temperature, creating a pronounced temperature gradient. At night (4 April at
23:00 and 5 April at 09:00), temperatures are generally lower, especially near the surface,
where the temperature gradient is smaller, indicating a relatively uniform temperature
profile. This may be due to nighttime radiative cooling at the surface, significantly lowering
the near-surface temperature and increasing the stability of the ABL, thereby suppressing
vertical heat mixing. In the morning (5 April at 10:00 and 6 April at 09:00), solar radiation
gradually intensifies, leading to a rise in temperature (Figure 3).

Pressure variations with height are minimal, and the pressure curves at different
times nearly overlap, indicating that the vertical distribution of pressure is relatively stable
during these observation periods. This stability in pressure suggests that no significant
weather systems were interfering during the observations, and the pressure field remained
relatively consistent over these periods.

The lowest humidity during the daytime is observed at 14:00 on 5 April, with minimum
humidity reaching about 35%. This indicates that enhanced solar radiation during the
day intensifies the evaporation at the surface and in the lower atmosphere, making the
air drier [1]. At night, humidity is higher, particularly near the surface, exceeding 50%.
This phenomenon can be explained by the drop in temperature at night, causing water
vapor in the air to condense more easily, thereby increasing near-surface humidity [27,28].
Additionally, humidity is higher in the lower layers (from the surface to around 200 m) and
decreases rapidly with height, which may be related to variations in atmospheric mixing
processes and turbulence activity [29].
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3.1.2. Vertical Variation Characteristics of Wind Speed and Wind Direction

Figure 1b,c show the topography and vegetation fraction of the Mount Si’e region. The
complex mountainous terrain and dense forest cover significantly impact the local wind
field, creating a unique pattern of wind speed and direction distribution. Figure 4 shows
that the main wind directions during April at the Mount Si’e area are concentrated in the
south-southwest (SSW), south (S), and southwest (SW) directions. These directions not
only exhibit a higher frequency of occurrence but also have relatively strong wind speeds.
Particularly in the southwest and south-southwest directions, wind speeds often range
between 4–8 m/s and sometimes even exceed 8 m/s. The figure also indicates a noticeable
presence of northerly (N) winds. Although less frequent than the south-southwest and
southwest winds, the northerly winds still have some influence. The wind speeds of
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the northerly winds are mostly in the low to moderate range (0–4 m/s), indicating that
while northerly winds occur during April, their intensity is relatively weak. Overall, the
April wind field characteristics at Mount Si’e are distinct, with a clear dominance of south-
southwest and southwest winds, which are accompanied by higher wind speeds, whereas
the occurrence of northerly winds is relatively infrequent and less intense.
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These wind direction and wind speed distribution characteristics are closely related to
the complex mountainous forest’s terrain of the Mount Si’e region. Complex mountainous
terrain and forest cover typically significantly alter the local wind speed and direction
distribution. The variations in elevation and vegetation density create wind corridors
that channel the winds in specific directions, particularly from the southwest and south-
southwest, enhancing wind speeds in these directions. The higher wind speeds in the
south-southwest and southwest directions may be associated with the wind corridor effect
created by the terrain undulations and variations in forest density in these directions, where
the guidance of the terrain enhances the wind speed. The presence of forest vegetation
can increase surface roughness, thereby reducing low-level wind speeds. However, in a
complex mountainous environment, the interaction between terrain and vegetation can
create zones of enhanced wind speed. In regions with dense forest cover, wind speeds
tend to be lower near the ground due to increased surface roughness, while in open areas
or along wind corridors, wind speeds can increase significantly. Changes in wind speed
are also related to the microclimatic effects of the forest. Forest cover can alter thermal
conditions at the surface, influencing vertical air movement and wind speed distribution.
Forests can release moisture through transpiration, creating localized moist air regions near
the ground. These areas tend to have relatively lower wind speeds, while higher wind
speeds may occur in more open areas.

The influence of the mountainous terrain is also evident in the vertical distribution
of wind characteristics, as shown in Figure 5. Figure 5, showing wind rose diagrams at
different altitude levels, further reveals the vertical distribution characteristics of wind
speed and direction. In the lower layer (0–200 m), wind speeds are primarily concentrated
between 0–2 m/s and 2–4 m/s, with more dispersed wind directions. This aligns with the
complex mountainous forest environment at the surface, where the forest canopy increases
surface friction and local terrain induces changes in wind direction. As altitude increases,
the influence of surface features diminishes, and wind directions become more aligned
with larger-scale atmospheric flows. At the 200–600 m altitude layer, wind speeds increase,
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mainly ranging between 2–4 m/s and 4–6 m/s, and wind directions become more focused,
showing enhancement from the southwest and southeast directions. This suggests that as
altitude increases, the influence of terrain on the wind field gradually diminishes, and the
impact of larger-scale weather systems becomes more apparent. At even higher altitudes, in
the 600–1000 m and 1000–1500 m layers, wind speeds increase significantly, concentrating
between 4–6 m/s and 8–10 m/s, with wind directions mainly from the south. This indicates
more pronounced characteristics of large-scale atmospheric circulation, with the direct
influence of the mountainous forest underlying surface substantially reduced.
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data over the study period).

These changes in wind speed and direction are closely related to the presence of
large-scale weather systems, such as troughs of low pressure or ridges of high pressure, and
the diurnal variation processes induced by surface heating and cooling. The development
of the atmospheric boundary layer increases in thickness due to surface heating during
the day, enhancing turbulence and enabling the upward transfer of momentum, resulting
in a significant increase in wind speed at higher levels. At night or in the early morning,
surface cooling causes the boundary layer to thin, leading to a reduction in wind speed.
Moreover, convective diffusion processes also transfer momentum vertically from lower to
higher levels, which is particularly evident during the day.
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In summary, the complex mountainous forest underlying surface conditions result
in lower wind speeds and more dispersed wind directions at lower levels. In contrast, at
higher levels, large-scale atmospheric circulation begins to dominate, leading to increased
wind speeds and more concentrated wind directions. This vertical variation pattern is a
result of the interaction between atmospheric dynamic and thermal processes, particularly
under the influence of atmospheric boundary layer development and convective diffusion.

Figure 4 presents the vertical profiles of boundary layer wind speed at different times
over the Mount Si’e region from 4–5 April 2024. The wind speed distribution varies
at different times. Overall, at lower altitudes (typically below 400 m), the wind speed
fluctuates more significantly, while with increasing altitude, the wind speed tends to
stabilize, and the profiles become smoother above 600 m. The wind speed profiles also
show distinct diurnal variation characteristics. During the day (Figure 6f,g), wind speeds
are relatively high between the surface and 400 m, ranging from 4–6 m/s, and at higher
altitudes (Figure 6f), they can reach close to 8 m/s. This phenomenon is related to the
enhancement of thermal turbulence caused by solar radiation heating the surface during the
day, leading to increased wind speeds in the lower layers. At night (Figure 6c,e), the lower
layer wind speeds are lower, usually around 2–4 m/s, and calm regions with near-zero
wind speed appear at some altitudes. This could be due to the presence of an inversion
layer or the formation of a stable boundary layer structure, which weakens turbulence and
reduces wind speed.
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The diurnal variation in wind speed may be influenced by changes in the local pressure
gradient, terrain effects, and temperature differences between day and night [30]. During
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the day, solar radiation heats the surface, enhancing turbulence mixing in the boundary
layer and leading to increased wind speeds [31]. At night, surface cooling due to heat
loss stabilizes the boundary layer, suppressing turbulence and reducing wind speeds. The
variations in the strength of turbulent diffusion also contribute to the day-night differences
in wind speed distribution. During the day, strong turbulence results in more uniform wind
speed distribution, while at night, reduced turbulence increases the wind speed gradient,
creating noticeable vertical differences in wind speed distribution.

The trends observed from UAV and lidar data are generally similar, showing strong
consistency in wind speed variations at larger scales. However, UAV observations pro-
vide higher-resolution wind speed data, revealing more detailed fluctuations, which is a
significant advantage over lidar data.

Figure 7 shows the vertical profiles of wind direction at different times in the Mount
Si’e region. The figure indicates significant changes in wind direction at different times
and altitude levels. At 16:00 on 4 April, the wind direction gradually shifts from southerly
near the surface to southwesterly at higher altitudes, possibly related to thermal differences
induced by daytime solar radiation, which promote changes in the local wind field. At
17:00, there are significant fluctuations in wind direction across different altitude levels,
with southerly winds in the lower layers and easterly winds in the higher layers, suggesting
the possible presence of an inversion layer or turbulence activities within the boundary
layer causing vertical differences in wind direction. At 23:00, the wind direction is easterly
in the lower layers and southerly in the higher layers, indicating characteristics associated
with the formation of a stable stratification at night.

 

Figure 7. Comparison of April Boundary Layer Wind Direction Vertical Profiles at Mount Si’e.
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In the morning of 5 April (09:00 and 10:00), the lower layer wind direction is northerly
and northwesterly, gradually shifting to southerly and southwesterly in the mid-upper
layers. This transition in wind direction may be related to the dissipation of the nocturnal
radiative inversion layer and the redevelopment of the boundary layer in the morning. At
14:00, there is a significant change in wind direction, with easterly winds in the lower layers
and southerly winds in the higher layers, possibly due to local thermal and momentum
exchange processes. At 17:00, the wind direction in the lower layers is southerly, gradually
shifting to easterly at higher altitudes, indicating that during the afternoon development of
the boundary layer, wind direction is significantly influenced by turbulence mixing. At
09:00 on 5 April, the wind direction again transitions from northerly near the surface to
southwesterly in the mid-upper layers, consistent with the characteristics of the developing
boundary layer in the morning.

The trends observed from UAV and lidar data remain largely consistent, showing
strong agreement. However, UAV observations can capture more detailed fluctuations in
wind direction, demonstrating an advantage over lidar observations.

Figure 8 shows the temporal variation of wind speed and wind direction in the low
levels of the boundary layer over the Mount Si’e region. The figure reveals distinct diurnal
variation characteristics in both wind speed and wind direction. During the daytime,
especially at higher levels (38 m and 58 m), wind speed significantly increases, reaching
its maximum. This could be attributed to enhanced atmospheric turbulence caused by
increased solar radiation during the day, which raises wind speeds. In contrast, wind speeds
decrease significantly at night, particularly at lower levels (2 m and 10 m), a phenomenon
that may be associated with stable stratification due to nighttime surface cooling.
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During the day, the wind direction tends to be more consistent across different altitude
levels due to enhanced turbulence mixing, which leads to a unification of wind directions
throughout the boundary layer. In contrast, at night, especially in the lower layers, wind
direction varies frequently, showing multi-directionality. This reflects the instability of wind
direction within the boundary layer, which is strongly influenced by local terrain, radiative
cooling, and the formation of inversion layers. At lower levels (2 m and 10 m), wind
speeds are lower, and wind directions fluctuate significantly due to the influence of surface
roughness and complex terrain. This suggests that wind at these levels is more susceptible
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to local topographic and thermal effects. As the altitude increases to the middle levels
(16 m and 30 m), wind speed begins to increase, and wind direction becomes more stable
compared to lower levels but still shows some variability. This indicates a transitional zone
where both local influences and larger-scale dynamics are at play. At the higher levels (38 m
and 58 m), wind speeds reach their maximum and wind direction becomes more consistent.
This suggests that at these levels, the influence of local terrain diminishes, and the wind
is primarily controlled by larger-scale atmospheric processes. This pattern highlights that
lower-level winds are more affected by surface conditions, resulting in greater variability in
both wind speed and direction, while airflow at higher levels is more stable, with stronger
wind speeds and more uniform wind directions.

Overall, the variation in wind speed and direction within the boundary layer reflects
the combined impact of surface heating and cooling, local topography, and atmospheric
boundary layer processes. Since lower-level air is closer to the surface, it is more vulnerable
to temperature changes and topographic influences, resulting in lower wind speeds and
more variable wind directions. In contrast, higher-level air is less affected by these surface
influences, leading to higher wind speeds and more stable wind directions.

3.2. The ABLH Characteristics
3.2.1. Temporal Distribution Characteristics of ABLH

Figure 9 shows the diurnal variation of boundary layer height as observed by UAVs
and simulated by the WRF model. It can be seen that the trends are generally consistent
between the two, reflecting significant changes in boundary layer height over time. The
boundary layer height begins to increase in the early morning, typically rising gradually
after 08:00, reaching its peak around noon, with a maximum height of up to 900 m. This
phenomenon is primarily due to solar radiation heating the surface during the day, which
raises ground temperatures, enhances thermal convection, and leads to the thickening
of the boundary layer, forming a substantial mixed layer. As solar radiation decreases,
the boundary layer height starts to decline. At night, radiative cooling causes the air
stratification to stabilize, significantly reducing turbulence activity and resulting in a
notable decrease in boundary layer height, typically only reaching 100–200 m, forming
a thin stable layer. This diurnal variation pattern indicates that the development of the
boundary layer during the day is dominated by solar radiation, while at night, surface
cooling and stable stratification cause the boundary layer to contract.
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3.2.2. Spatial Distribution Characteristics of ABLH

Figure 10 shows the spatial distribution of ABLH at four different times of the day. At
02:00, the boundary layer height is generally low, with most areas below 300 m, indicating
a stable stratification characteristic of nighttime conditions. By 08:00, the boundary layer
height has slightly increased, yet remains relatively low, with most areas below 600 m. This
suggests limited surface heating and weak turbulence in the early morning. At 14:00, the
boundary layer height rises significantly, reaching between 600 and 1200 m, with some
localized areas even higher. This increase is attributed to strong daytime heating and
enhanced convective activity, which thickens the boundary layer. By 20:00, the boundary
layer height decreases again, dropping back to around 300 m, reflecting the cooling effect
as solar radiation diminishes.
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These results are consistent with the previous analysis, showing that the boundary
layer height increases significantly during the day, particularly in the afternoon, mainly due
to the development of turbulence and the mixed layer triggered by surface solar heating,
making the boundary layer thicker. At night, as solar radiation weakens and surface cooling
occurs, the boundary layer becomes more stable, and its height decreases significantly. This
stable boundary layer limits vertical turbulence mixing and reduces the exchange of heat
and momentum in the near-surface atmospheric layer.

It is evident that changes in boundary layer height are directly influenced by surface
heating and cooling processes, playing a crucial role in controlling the exchange of matter
and energy in the atmosphere.
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4. Discussions

This study provides crucial insights into the characteristics of the atmospheric bound-
ary layer (ABL) at Mount Si’e, located on the southeastern edge of the Tibetan Plateau.
During the observation period, the boundary layer height (ABLH) can reach up to 900 m
during the day and drop to between 100 and 200 m at night. This diurnal variation empha-
sizes the strong influence of solar radiation and surface temperature changes on boundary
layer dynamics, reinforcing previous findings [1,2]. This observation is consistent with the
findings of Wen Xiaohang et al., who reported that ABLH is generally lower in forested
areas [22].

The significant increase in ABLH during the day is primarily attributed to enhanced
thermal convection resulting from solar heating of the surface. This aligns with studies
conducted in other mountainous regions, where daytime surface heating plays a critical
role in boundary layer formation. At night, surface radiative cooling leads to a decrease
in ABLH, creating a stable nocturnal layer. Additionally, the unique microclimatic effects
introduced by the complex topography and forest coverage in the Mount Si’e area notably
influence wind speed and direction. Higher wind speeds from the southwest may arise from
topographical wind corridor effects, while forest coverage increases surface roughness,
thereby reducing near-surface wind speeds. The diurnal changes in wind speed and
direction further highlight the profound impact of surface heating and cooling. During the
day, enhanced solar radiation boosts turbulent mixing, resulting in increased wind speeds,
particularly in the lower layers. Conversely, nighttime cooling stabilizes the boundary
layer and reduces wind speeds. This pattern is consistent with observations in other
mountainous regions, where complex terrain significantly affects the vertical distribution
of wind speed and direction compared to flat areas [32].

Discrepancies between our findings and previous research warrant further exploration.
While previous studies have documented various ABL heights across the Tibetan Plateau,
the specific mechanisms leading to the pronounced nighttime reduction in ABLH observed
in this study remain unclear. Factors such as radiative cooling and atmospheric stability at
night may contribute to this phenomenon, as highlighted in studies of land-atmosphere
interactions [8]. Clarifying these mechanisms is essential for a deeper understanding of
ABL processes in this region.

Moreover, unexpected results, such as the pronounced differences in diurnal wind
speeds, illustrate the inherent complexity of boundary layer dynamics. Our findings
indicate that daytime wind speeds range from 4 to 8 m/s, decreasing to 2 to 4 m per
second at night. This diurnal pattern may reflect the typical thermal stratification effects
in mountainous regions, where daytime heating enhances turbulence and mixing, while
nighttime cooling stabilizes the atmosphere.

However, limitations in this study primarily stem from the temporal and spatial extent
of the observations. Although UAV technology allows for high-resolution data collection,
the need for manual operation restricts the number and duration of observation points,
potentially missing the full variability present across the Tibetan Plateau. Previous research
has noted significant variations in boundary layer characteristics over short distances due
to topographical changes [7,29]. Future research should consider extending observation
durations and expanding the network to encompass a broader range of elevations and
geographical features, enhancing the representativeness of the findings. Exploring the
potential impacts of climate change on boundary layer characteristics should also be
prioritized. Given the region’s sensitivity to climatic variations, understanding how ABL
dynamics may shift in response to global warming could have significant implications for
regional hydrology, ecosystem stability, and climate feedback mechanisms.

5. Conclusions

The boundary layer plays a critical role in the atmosphere for the transport of mo-
mentum, heat, and matter. The variations of meteorological elements within it contain
important information about the occurrence and development of convection. This study
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provides a detailed analysis of the April boundary layer characteristics in the Mount Si’e
region of Sichuan, based on data from rotary-wing UAVs, lidar, and WRF simulations.
Compared to traditional observation methods, UAVs offer high temporal resolution bound-
ary layer profile data, facilitating a more in-depth analysis of the dynamic and thermal
conditions of the boundary layer. The main findings of this study are as follows:

1. During April in the Mount Si’e region, the boundary layer height shows a notable
diurnal variation. Daytime heating drives intense thermal convection, raising the
boundary layer to a peak of around 900 m, generally ranging between 600 to 1200 m,
with localized areas occasionally exceeding this. At night, radiative cooling causes the
boundary layer to drop to 100–200 m, forming a stable layer, typically staying below
300 m.

2. Daytime temperatures reach up to 18◦C, while humidity drops to around 35%, re-
flecting active vertical mixing. At night, temperatures drop significantly, reducing the
near-surface temperature gradient, while humidity rises above 50%.

3. Prevailing winds in the Mount Si’e region mainly come from the south-southwest,
south, and southwest. Daytime wind speeds range from 4 to 8 m/s, occasionally
exceeding 8 m/s due to enhanced turbulence. At night, wind speeds decrease to
2–4 m/s, influenced by local topography, vegetation, and stable atmospheric conditions.

In conclusion, this study, through the combined use of rotary-wing UAVs, high-
resolution soundings, and the WRF model, reveals the typical April boundary layer char-
acteristics in the Mount Si’e region of Sichuan, providing valuable scientific data for
understanding boundary layer processes in the eastern part of the plateau. The findings
not only offer important insights for improving boundary layer parameterization schemes
and numerical weather prediction models but also lay the foundation for further research
into the complex dynamic and thermal processes within the boundary layer. This study
demonstrates the potential of UAV observations in enhancing boundary layer parameter-
ization schemes. High-resolution UAV data on boundary layer height, wind speed, and
thermal conditions can be used to calibrate and validate existing parameterization schemes,
particularly in complex terrain and local thermal environments, improving the accuracy of
turbulent mixing and thermal exchange modeling. Furthermore, integrating UAV data into
numerical weather prediction models via data assimilation can significantly improve the
representation of boundary layer structure in models, thus enhancing forecasting accuracy
for local convective weather and wind field variations. Future work will continue to explore
the potential application of UAV data in numerical model data assimilation to improve the
forecasting capabilities for local convective weather.
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