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Abstract: The atmospheric boundary layer is a key region for human activities and the interaction of
various layers and is an important channel for the transportation of momentum, heat, and various
substances between the free atmosphere and the surface, which has a significant impact on the
development of weather and climate change. During the Second Tibetan Plateau Scientific Expedition
and Research Program (STEP) in June 2022, utilizing the comprehensive stereoscopic observation
experiment of the “Plateau Low Vortex Network”, this study analyzed the variation characteristics
and influencing factors of the atmospheric boundary layer height (ABLH) at three stations with
different underlying surface types on the Qinghai–Tibet Plateau (QTP): Qumalai Station (grassland),
Southeast Tibet Observation and Research Station for the Alpine Environment (SETORS, forest), and
Sieshan Station (cropland). The analysis utilized sounding observation data, microwave radiometer
data, and ERA5 reanalysis data. The results revealed that the temperature differences between the
sounding observation data and microwave radiometer data were minor at the three stations, with
a notable temperature inversion phenomenon observed at Sieshan Station. Regarding water vapor
density, the differences between the sounding observation data and microwave radiometer data were
relatively small at Sieshan Station. The relative humidity increased with height at Sieshan Station,
whereas it increased and then decreased with height at SETORS and Qumalai Station. The ABLH
at all sites reached its maximum value around noon, approximately 1500 m, and exhibited mostly
convective boundary layer (CBL) characteristics. During the night, the ABLH mostly showed a
stable boundary layer (SBL) pattern, with heights around 250 m. In summer, latent heat flux (LE)
and sensible heat flux (H) in the eastern plateau were generally lower than those in the western
plateau except at 20:00, where they were higher. Vertical velocity (w) in the eastern plateau was
greater than in the western plateau. Among Sieshan Station and SETORS, LE, and H had the most
significant impact on ABLH, while at Qumalai Station, ABLH was more influenced by surface long-
wave radiation (Rlu). These four influencing factors showed a positive correlation with ABLH. The
impact of different underlying surface types on ABLH primarily manifests in surface temperature
variations, solar radiation intensity, vegetation cover, and terrain. Grasslands typically exhibit
a larger range of ABLH variations, while the ABLH in forests and mountainous cropland areas
is relatively stable.

Keywords: Tibetan Plateau; atmospheric boundary layer; different underlying surfaces; ERA5;
impact factors

1. Introduction

The atmospheric boundary layer (ABL), or planetary boundary layer (PBL), is the
part of the troposphere that is directly influenced by the ground, and it responds to the
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action of the ground on a time scale of 1 h or less, up to a height of several kilometers. It
is an important channel for the transport of momentum, heat, and various materials in
the Earth’s atmosphere and has an important role in the exchange of energy and materials
between the Earth’s surface and the free atmosphere [1–4]. A deeper understanding of the
structure and characteristics of the ABL will help to better understand the transfer and
circulation of energy and matter in the Earth system [5–9]. The average altitude of the
TP is above 4 km, and the plateau has a unique ABL formed by strong solar radiation, a
significant temperature difference between the ground and the complex topography [8,10,11].
The interplay between the eastern plateau’s intricate topography and diverse circulation
systems contributes to unique weather and climate features in the region. Therefore, it is
important to study the ABL structure in this region to understand the genesis of weather
and climate and its influence on the weather in China [11,12].

Based on the important research value of the ABL on the TP, many scholars have
conducted a lot of research on the Atmospheric Boundary Layer height (ABLH) and the
vertical distribution of meteorological elements in the boundary layer on the TP in recent
decades. Li et al. [13–15] found that the height of the convective mixed layer in the northern
TP is higher in the dry season than in the rainy season, and the specific humidity in the dry
season is smaller than that in the wet season. The convective ABL is formed later on rainy
days than on cloudy and sunny days. And glacial winds affect the ABLH in the Everest
region with a maximum height of 3888 m. Su et al. [1] found that the main influencing
factors of ABLH in the western region are 0–10 cm soil water content and 10 m wind speed,
while the main influencing factor of ABLH in the eastern region is cloudiness. It has been
shown that the ABLH in the plateau under the south branch of the westerly wind field
is higher than that under the summer wind field in the plateau [8]. Ma et al. [16] used
radio sounding data to find that the temperature decreases at a rate of 0.74 K/100 m in
the summer in the northern TP, and the relative humidity increases and then decreases
with height. Gu et al. [17] found that inversion humidity occurred in the summer in
both the Amdo and Nagqu regions, with strong inversion humidity mainly occurring at
midnight or midday. Wang and Ma [18] studied the ABL structure in the Everest region
and found that the wind speed in summer varies greatly from day to day, especially in
the afternoon, and the wind speed increases with height at about 1800–2300 m and then
decreases upward. height. Chen et al. [19] found that the winter ABL in the western
TP can reach up to 9.2 km above sea level, which is close to the height of the top of the
troposphere in the plateau region. Xu et al. [9] found that the mean ABLH in the eastern and
downstream areas of the plateau is high during the day and low at night, while the mean
ABLH in the central part of the plateau is lower around sunrise and then gradually increases
with time.

The above studies have investigated the ABL of the TP from various aspects, including
the ABLH, the vertical trends of meteorological elements within the boundary layer, and the
factors affecting the development of ABLH, which are important for further understanding
the structure and characteristics of ABL on the plateau. However, these studies mostly
focus on a single underlying surface, and the comparative analysis of ABL characteristics
in different underlying surfaces is less. This study compares and analyzes the sounding
observations and ERA5 reanalysis data from the Qumalai and SETORS stations located in
the eastern part of the plateau and the Sieshan station located at the southeastern edge of
the plateau in June 2022 and combines them with the microwave radiometer data from
the Sieshan station, to study the characteristics of ABL in the different underlying surfaces
in the eastern part of the plateau and the factors influencing ABLH, which can help to
understand the process and structure of the atmospheric boundary layer in the area and
to provide some references for the study on the development of the weather and the
climate change.
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2. Data and Methods
2.1. Data
2.1.1. Observation Data

The three stations in this paper are as follows: Sieshan station is located on the
southeastern edge of the TP (Figure 1). Its underlying surface is dominated by farmland
and its altitude is 807 m (Table 1). SETORS is located in the southeast of the TP (Figure 1),
and its underlying surface is dominated by evergreen needleleaf forests, with an altitude
of 3327 m (Table 1). Qumalai station is located in the eastern TP. Its underlying surface is
mainly grassland, and its altitude is 4199 m (Table 1).

Table 1. Description of geographic features of three sites.

Station Latitude Longitude Elevation (m) Land Cover

Qumalai 34.13◦N 95.81◦E 4199 grassland
SETORS 29.75◦N 94.75◦E 3327 evergreen needleleaf forests
Sieshan 29.27◦N 103.60◦N 807 farmland

In this study, sounding data from three stations (Qumalai station, SETORS, and
Sieshan station) of the Second Tibetan Plateau Scientific Expedition and Research on the TP
were used from June 10 to 18 and 26 to 30. The Qumalai station uses the RS92 sounding
instrument of Vaisala company, which collects and sends a set of data of pressure, tem-
perature, humidity, wind speed and wind direction per second, among which the range
of atmospheric pressure measurement is 1080 to 3 hPa, the resolution is 0.4 hPa when it
is larger than 100 hPa, and 0.3 hPa when it is smaller than 100 hPa, and the combined
uncertainty is 1.0 hPa when it is larger than 100 hPa in the sounding. The measurement
range of the temperature sensor is −90–60 ◦C, the resolution is 0.2 ◦C, and the combined
uncertainty is 0.5 ◦C in the sounding. The measurement range of the humidity sensor is
0–100%RH with a resolution of 2%RH, and the combined uncertainty is 5%RH in the
sounding. The wind speed is measured with a resolution of 1 m/s, and the combined
uncertainty is 0.15 m/s in the sounding (Table 2) [20]. And the Sieshan station and SETORS
use an RS41-SG type sounding instrument; it is the latest generation of Vaisala company
full digital sounding instrument that collects and sends a set of pressure, temperature,
humidity, wind speed, and wind direction every second, including atmospheric pressure
measurement range for the surface pressure to 3 hPa, the resolution is 0.01 hPa, the com-
bined uncertainty in the sounding is 1.0 hPa when it is greater than 100 hPa, 0.3 hPa when it
is between 100 and 10 hPa, and 0.04 hPa when it is less than 10 hPa. The temperature sensor
measurement range is −95–60 ◦C, the resolution is 0.01 ◦C, the combined uncertainty is
0.3 ◦C when the height is less than 16 km and 0.4 ◦C when the height is more than 16 km in
the sounding. The measurement range of the humidity sensor is 0–100%RH, the resolution
is 0.1%RH, and the combined uncertainty is 4%RH in the sounding. Wind speed resolution
is 0.1 m/s, and the combined uncertainty is 0.15 m/s. The wind direction measurement
range is 0–360◦, the resolution is 0.1◦, and the combined uncertainty is 2◦ (Table 3).

Table 2. RS92 sounding instrument main performance.

Projects Atmospheric Pressure (hPa) Temperature (◦C) Humidity (%RH) Wind Speed (m/s)

Measurement Range 1080 to 3 −90–60 0–100 /

Resolution 0.4 (>100)
0.3 (<100) 0.2 2 1

combined uncertainty
1.0 (>100)
0.6 (<100)
0.6 (<10)

0.5 5 0.15
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Table 3. RS41-SG sounding instrument main performance.

Projects Atmospheric
Pressure (hPa)

Temperature
(◦C)

Humidity
(%RH)

Wind Speed
(m/s)

Wind
Direction (◦)

Measurement Range surface pressure-3 −95–60 0–100 / 0–360
Resolution 0.01 0.01 0.1 0.1 0.1

combined uncertainty
1.0 (>100)
0.3 (<100)
0.04 (<10)

0.3 (<16 km)
0.4 (>16 km) 4 0.15 2
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Figure 1. Spatial pattern of land use and station distribution [21].

2.1.2. Microwave Radiometer Data

In this study, the microwave radiometer model MWP967KV is used to automatically
invert atmospheric temperature, humidity, cloud water distribution, water vapor, liquid
water content, and other atmospheric parameters in the headspace in real time, and can
continuously detect the temperature (◦C), water vapor density (g/m3), relative humidity (%)
and liquid water content (g/m3) from the ground to an altitude of 10,000 m. MWP967KV
observation: one layer every 25 m below 500 m, one layer every 100 m from 500 m to
2000 m, and one layer every 250 m from 2000 m to 10,000 m, for a total of 83 layers.
Each layer includes temperature, water vapor density, relative humidity, and liquid water
content and returns a set of data every 2 min. Since the ABL is mainly studied in this
paper, only data below 5000 m are used, and interpolation is carried out on the data to
make the vertical resolution below 5000 m become 10 m to compare and analyze with the
observation data.

2.1.3. ERA5 Reanalysis Data

The ERA5 [22] reanalysis data are the fifth generation of atmospheric reanalysis
data for global climate from the ECMWF (European Centre for Medium-Range Weather
Forecasts). The reanalysis data combine model data with observations from around the
world to form a globally complete and consistent dataset. ERA5 is generated from 4D-Var
data assimilation and model forecasts in CY41R2 of the ECMWF Integrated Forecast System
(IFS) and also provides “surface or single level” data containing 2D parameters such as
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precipitation, top-of-atmosphere radiation, and vertical integrals over the entire depth
of the atmosphere, while parameters such as 2 m temperature and soil temperatures are
generated by coupling the atmospheric model in IFS with a land-surface model (HTESSEL).
The time coverage ranges from 1950 to now. The time resolution is 1 h, and the spatial
resolution is 0.25◦ × 0.25◦. In this study, the data used are the hourly vertical velocity and
hourly LE, H, Rlu, and ABLH data of ERA5 reanalysis data in June 2022.

2.2. Analysis Method
2.2.1. Calculation Method of ABLH

In this paper, for the convenience of analysis and comparison, the sounding data
of the three sites are uniformly processed into a vertical resolution of 10 m. The ABL is
divided into a convective boundary layer and a stable boundary layer for analysis, and this
division is based on the potential temperature profile and Richardson number (Ri) profile
to discriminate [23]. The ABLH was estimated by the gas block method and Ri method,
respectively. The Ri can be calculated using the following formula [24]:

Ri(z) =
g(z − z0)

θv(z)
θv(z)− θv(z0)

u(z)2 + v(z)2 (1)

u(z) = V(z)sinα(z) (2)

v(z) = V(z)cosα(z) (3)

where g is the acceleration of gravity, taken as 9.81 m/s2, z0 is the ground elevation,
θv is the imaginary temperature, while u and v are the latitudinal and longitudinal wind
components, respectively, V is the wind speed, and α is the wind direction.

The formula for calculating the virtual potential temperature (θv) is as follows:

rs =
εes

P
(4)

t ≥ 0, es = 6.112e(
17.67t

t+243.5 ); t < 0, es = 6.1078 ∗ 10(
7.5t

t+237.3 ) (5)

Uw =
rs

r
(6)

θv = θ(1 + 0.608r) (7)

In the above equation rs is the saturation mixing ratio, ε ≈ 0.622, es is the saturation
vapor pressure, t is the Celsius temperature, Uw is the relative humidity, r is the mixing
ratio, P is the atmospheric pressure, and θ is the potential temperature [25].

The boundary layer height is discriminated as follows:

θ200 − θ0 < 0, Ri(0 ∼ 100) < 0 i.e.θv (100)− θv (0) < 0 CBL; else SBL (8)

where θ200 and θ0 represent the potential temperature at 200 m and at ground level, respec-
tively, and θv(100) and θv(0) represent the virtual potential temperature at 100 m and at
ground level, respectively [25].

The relative maximum value θv0 of the virtual potential temperature θv on the ground,
rises vertically until the height of θv0 is detected again, and we define this height as the
ABLH and this method is referred to as the air-block method [26], as shown in Figure 2.
When the ABL is a convective boundary layer (CBL) structure, the gas block method is
used to determine the ABLH [9,23–25,27].
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When the ABL is a stable boundary layer (SBL) structure, the Ri method is usually
used to estimate the ABLH. The SBL height is defined as the height where the Ri is equal to
or greater than a pre-given critical value [28]. In this study, the critical Richardson number
(Ric) is used as a common value Ric = 0.25 [29].

2.2.2. Water Vapor Density (ρv) Calculation

q =
εe
P

(9)

ρv =
εe

RdT
(10)

where e is the actual water vapor pressure, q is the specific humidity, ρv is the water
vapor density, Rd is the specific gas constant of air, which is 287 J·K−1·Kg−1, and T is the
Kelvin temperature.

2.2.3. Correlation Coefficient (R) Calculation

R is a statistical indicator that reflects the closeness of the correlation between the
variables. The value of R is between −1 and 1. If the coefficient is positive then the two
variables are positively correlated. If the coefficient is negative then the correlation is
negative. The greater the absolute value, the stronger the correlation.

R =
∑n

i=1 (xi − x)(yi − y)√
∑n

i=1 (xi − x)2∑n
i=1(yi − y)2

(11)

where yi is the ERA5 reanalysis data for each variable, xi is the ABLH, and n is the number
of samples.

3. Results and Analysis
3.1. Analysis of ABL Characteristics
3.1.1. Vertical Variation Characteristics of Meteorological Elements in the ABL

Figure 3 shows the comparison of average temperature and vertical distribution
characteristics of water vapor density between the microwave radiometer and observation
data at Sieshan station. It can be seen from the figure that the temperature changes regularly
at four times, and the difference between the two data is not obvious. However, it can be
seen from Figure 3a that the temperature at 02:00 at the lower level is significantly higher
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than that at the other three times. However, there is no significant difference between the
four times in Figure 3b, and compared with the microwave radiometer data (Figure 3a),
there is an obvious temperature inversion in the lower layer. As for the water vapor density,
there is a large difference between the four times of the microwave radiometer data. It can
be seen from Figure 3c that the water vapor density is the highest at 02:00 below 2800 m
and the lowest at 08:00 within 1000–3600 m. Different from Figure 3c, there is no significant
difference in the variation of water vapor density at the four times in Figure 3d, but the
water vapor density at 14:00 within 1000 m to 3600 m is slightly lower than the other
three times.
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Figure 3. The vertical distribution characteristics of mean temperature and water vapor density of
microwave radiometer data (a,c) and observation data (b,d) at Sieshan station (The 4 subfigures of
a–d share a common legend).

The vertical structure of the thermal and dynamic properties of the ABL has a signifi-
cant effect on the transport and distribution of material within it [30], and the distribution
of water vapor in the vertical direction is then influenced by the turbulent action within the
ABL. Figure 4 shows the characteristics of the vertical distribution of relative humidity and
specific humidity at the three stations, from which it can be seen that the vertical variation of
relative humidity at Sieshan station below 5000 m increases gradually with height, while the
relative humidity at SETORS decreases and then increases and then decreases with height,
and the relative humidity at Qumalai station increases and then decreases with height
(Figure 4a–c). The relative humidity at 1400–3000 m is smaller than at other times, while the
relative humidity at 08:00 is larger than at other times at every level of height, indicating
that the ABL is richer in water vapor at 08:00 in Sieshan station (Figure 4a). The vertical
variation of relative humidity at 14:00 in SETORS is different from the other moments, with
the surface relative humidity smaller than the other moments then gradually increasing
and then decreasing. The relative humidity first decreases slightly from the surface and
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then increases at the other three moments. The relative humidity at SETORS reaches a
maximum of around 2000 m, close to 100%, and then gradually decreases (Figure 4b). The
relative humidity at Qumalai station also reached a maximum around 2000 m, close to 90%.
The relative humidity at the Qumalai station did not change significantly below 2000 m
at 08:00, and the surface relative humidity at 14:00 and 20:00 was the smallest among the
three stations (Figure 4c).
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Figure 4. Vertical distribution characteristics of mean relative humidity and specific humidity at
Sieshan stations (a,d), SETORS (b,e), and Qumalai station (c,f) (The 6 subfigures of a–f share a
common legend).

Specific humidity is also an important parameter to characterize the distribution of
water vapor in the vertical direction. As can be seen from the figure, the specific humidity
of the near-surface layer is the smallest at Qumalai station, followed by SETORS, and the
largest at Sieshan station (Figure 4d–f), which may be related to the geographical location,
altitude, and ground heating field. The inverse humidity appears near the ground at 08:00
at Qumalai station (Figure 4f). The inverse temperature in the SBL and near the top of the
CBL, low-level jet on water vapor transport, etc. These may form the inverse humidity
within the near-ground layer [8].

Wind is one of the main meteorological elements of the energy and material transport
exchange process in the ABL. Figure 5 shows the vertical distribution characteristics of
wind direction and wind speed at the three stations. In addition to the 14:00 ground wind
direction at Sieshan station, which is mainly easterly, the other wind directions are mainly
southwesterly, and the wind direction at 1000–2000 m altitude is mainly southeasterly, and
the wind direction above 2000 m gradually turns to southerly or southwesterly (Figure 5a).
The wind direction below 1000 m varies greatly from day to day at SETORS, with easterly
winds dominating at 14:00, southeasterly winds at 08:00 and 20:00, and southerly winds at
02:00. The wind direction above 1200 m changed less noticeably daily at SETORS, and the
wind direction gradually changed to southerly or southwesterly (Figure 5b). Below 1800 m
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at Qumalai station, southeasterly winds predominate, while above 1800 m, they gradually
change to southwesterly or westerly winds (Figure 5c).
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Among the three stations, the wind speed at Qumalai station varied greatly with
height, with a maximum wind speed of 20 m/s (Figure 5f). The wind speed varied less
with height at Sieshan station, and the maximum wind speed could reach 9 m/s (Figure 5d).
There was a sharp decrease in wind speed at 100 m at 02:00, and then, the wind speed
started to increase sharply at 500 m and started to decrease at 1200 m (Figure 5d). At
SETORS, except for 02:00, there was a sharp decrease in wind speed at 100 m, and then
the wind speed increased sharply at 400 m, and the wind speed increased slowly with
height above 1600 m at 14:00 (Figure 5e). At 20:00, the ground wind speed at Qumalai
station reached a maximum of 4 m/s, and the wind speed began to increase sharply above
3000 m. At 02:00, 08:00, and 14:00, the wind speed increased sharply to around 2000 m,
and the maximum wind speed was 20 m/s, which is the largest among the three stations
(Figure 5f).

3.1.2. The ABLH Characteristics

Figure 6 shows the change process of the average ABLH at the three stations for four
time periods, and it can be seen from the figure that the ABLH of each station reaches
the maximum at 14:00. Combined with Figure 7a, the ABL type at night is mostly SBL at
Sieshan station, and the ABLH is around 250 m (Figure 6). At 08:00, the ABLH type is SBL;
it is mostly CBL at 14:00, and the ABLH can reach 1400 m during the day. The diurnal
variation of the ABLH at SETORS and Sieshan station is similar. At 14:00, the ABLH at
SETORS is slightly lower than that at Sieshan station, while the ABLH at SETORS is higher
than that at Sieshan station at night (Figure 6). The ABL type at SETORS is mainly CBL at
night (Figure 7b), and the frequency of both types of boundary layers is the same at 02:00,



Remote Sens. 2024, 16, 1645 10 of 18

while the ABL is mainly CBL at 20:00 and also mainly CBL during the day (Figure 7b),
which indicates that convection is developing vigorously and there is relatively strong
convective activity even at night at SETORS, which may be related to the underlying surface
and surface heating field. The ABLH is the highest among the three stations at 14:00 in
Qumalai station, reaching about 1500 m. By 20:00, the ABLH is still high; compared with
14:00, it only decreases about 100 m (Figure 6), and combined with Figure 7c, we can see
that the ABL type is dominated by CBL at 14:00 and 20:00, indicating that the convective
activity in the afternoon continues into the evening for a longer time at Qumalai station.
The ABLH is lower at 02:00 and 08:00, and the ABLH at 08:00 is significantly lower than that
at 02:00 (Figure 6). Combined with Figure 7c, there are SBL at 02:00 and 08:00, indicating
that the ABL is more stable during this period, and no convective activity is generated, or
only weak convection is present during this period. The ABLH is the highest at Qumalai
station among the three stations during the day, around 750 m and 800 m, respectively
(Figure 6).
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Figure 8 shows the box plot of ABLH at each station for four time periods. It can be
seen from the figure that the ABLH of the three stations varies greatly at different times. At
02:00 (Figure 8a), the ABLH is the highest compared with the other two stations at SETORS,
mainly around 150–400 m. The ABLH is below 200 m at Sieshan station, while that is
mainly below 100 m at Qumalai station. At 08:00 (Figure 8b), the ABLH at each station is
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similar to that at 02:00, with the ABLH at Qumalai station becoming significantly lower
compared to that at 02:00, while the ABLH at SETORS is mostly slightly higher than that at
02:00. At 14:00 (Figure 8c), the ABLH is mainly below 2000 m at Sieshan station, and the
ABLH is mainly around 1000–1500 m at SETORS, while ABLH is mainly below 2500 m at
Qumalai station, and the ABLH varied within 500–2300 m, with a large range of variation.
Except the ABLH slightly decreases at Qumalai station, the ABLH decreases significantly
at the other two stations, and the ABLH mostly decreases to below 1000 m at these two
stations. Compared with the ABLH at 20:00 and 02:00, the ABLH decreases sharply at
Qumalai station, which indicates that the convective activity is strong during the day and
weak at night at Qumalai station. The daily variation of ABLH is the smallest at SETORS.
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In general, the factors influencing the height of the atmospheric boundary layer
include Topography: The height and complexity of the terrain affect the development
and ABLH. For example, rugged mountainous areas often result in lower atmospheric
boundary layer heights, while flat areas may have higher atmospheric boundary layer
heights. Surface Temperature: Variations in surface temperature directly impact the height
of the atmospheric boundary layer. Warmer surface temperatures during the day increase
the atmospheric boundary layer height, while cooler surface temperatures at night decrease
it. Solar Radiation: The intensity and distribution of solar radiation also influence changes
in the height of the atmospheric boundary layer. Regions with intense radiation typically
have higher atmospheric boundary layer heights. Vertical velocity and Horizontal Wind:
Vertical velocity and horizontal wind in the atmosphere significantly affect the height of the
atmospheric boundary layer. Upward velocity increases the boundary layer height, while
downward velocity decreases it. Surface Features: Surface features, including vegetation
cover and water distribution, also affect the height of the atmospheric boundary layer.
Dense vegetation areas typically have lower ABLH.

The three representative sites selected in this study represent alpine grassland, forests,
and mountainous cropland areas. Qumalai Station, located in the hinterland of the QTP,
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has flat terrain. Influenced by intense daytime surface heating, vigorous vertical convection
develops, increasing the surface sensible heat flux and the temperature gradient in the
atmospheric boundary layer. This gradient promotes the development of convection, result-
ing in the highest boundary layer height among the three stations, which can be sustained
until evening. The cooling effect from nighttime surface radiation is evident, leading to the
lowest boundary layer height. SETORS Station has a forested underlying surface, resulting
in the lowest atmospheric boundary layer height among the three stations during the day.
This is due to the dense vegetation reducing direct solar energy reaching the surface, which
lowers the surface temperature and limits the upward extent of the atmospheric bound-
ary layer. Additionally, the dense vegetation increases surface roughness, reducing wind
speeds within the canopy layer and slowing vertical diffusion, contributing to the lower
boundary layer height. Sieshan Station is situated in a lower-altitude mountainous crop-
land area with less intense solar radiation and less dense vegetation compared to SETORS
station. This results in a moderate increase in surface temperature and an atmospheric
boundary layer height between that of forests and grasslands.

3.2. Analysis of Factors Influencing the ABLH
3.2.1. Comparison of ABLH between Observed Data and ERA5 Reanalysis Data

Figure 9 shows the hourly variation of mean ABLH between the ERA5 reanalysis
data and the observed data in June, from which it can be seen that the hourly variation
of ABLH at the three stations is basically the same. The ABLH is lower in the morning
and evening and reaches the highest at 15:00, among which the ABLH is the highest
at Qumalai station, followed by the SETORS and finally the Sieshan station. At 02:00,
the ABLH of ERA5 reanalysis data is smaller than that of observed data at SETORS and
Sieshan station, while the opposite is true at Qumalai station. At 08:00, the ABLH of ERA5
reanalysis data is still smaller than that of the observed data at SETORS, while the ABLH
of ERA5 reanalysis data is larger than that of the observed data at Qumalai station. At
14:00, the ERA5 reanalysis data of both SETORS and the Sieshan station show significant
overestimation of the observed data, while at 20:00, the Sieshan and Qumalai stations show
significant underestimation. In summary, the ABLH of ERA5 reanalysis data is smaller
than that of the observed data in the morning and evening at Sieshan station and SETORS,
and the opposite is true at noon. The ABLH of ERA5 reanalysis data is larger than that
of the observed data in the morning and evening, and the difference between them is not
obvious at noon in Qumalai station.
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3.2.2. Spatial Distribution Characteristics of the Surface Heating Field (Latent Heat Flux
(LE) and Sensible Heat Flux (H)), Surface Long-Wave Radiation (Rlu), and Vertical Velocity
(w) in Four Time Periods

The H is the heat transport between the surface and atmosphere caused by turbulent
motion near the ground, and LE is the heat transport between the surface and atmosphere
caused by the phase change in water in the atmosphere. Therefore, H and LE are the
key physical quantities that influence the formation and development of the atmospheric
thermal boundary layer [10].

Figure 10 shows the spatial distribution characteristics of the surface heating field (LE
and H), Rlu, and w in four time periods on the TP. In summer, the surface heating field of
the plateau is dominated by LE. From 02:00 to 14:00, the heating of the surface by solar
radiation gradually increases, and the LE and H increase. The LE and H are always larger
in the eastern plateau than in the western plateau due to different underlying surfaces and
altitudes (Figure 10a–c,e–g). At 20:00, the intensity of the surface heating field gradually
decreases, and the LE and H in the western plateau are larger than those in the eastern
plateau (Figure 10d,h), which indicates that during the period of gradual heating of the
surface by solar radiation, the eastern plateau absorbs energy faster and exchanges energy
faster, and the intensity of surface heating field rapidly decreases when there is no solar
radiation heating. At 02:00 and 08:00, the Rlu value in the western plateau is smaller than
that in the eastern plateau (Figure 10i,j), and the Rlu value reaches its maximum at 14:00,
and there are large value areas of Rlu in the eastern and southwestern plateau, and Rlu
value can reach more than 400 W/m2 in the eastern part. At 20:00, the Rlu decreases and is
mainly above 350 W/m2 in the eastern plateau.
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Figure 11 shows the latitudinal profile of w, from which we can obtain that the w in
the eastern plateau is larger than that in the western plateau. At 02:00 (Figure 11a), the w in
the eastern plateau is larger than that in the western plateau, and it is mainly ascending
motion, with the maximum value of w up to 0.12 Pa/s or more, and the area of large value
of w is mainly between 600 and 300 hPa. At 08:00 (Figure 11b), the w in the western plateau
becomes smaller, and a sinking motion occurs. The w in the eastern plateau continues to
increase, but the vertical range becomes smaller, mainly concentrated between 600 and
400 hPa. At 14:00 (Figure 11c), the w reaches the maximum in the eastern plateau, which
is about 0.18 Pa/s, and both the lateral and vertical ranges of w become larger. At 20:00
(Figure 11d), the w in the eastern plateau decreases compared to that in the afternoon, while
the w in the central plateau increases, and the w is smaller and shows a sinking motion in
the western plateau.
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3.2.3. Relationship between Surface Heating Field (LE and H), Rlu, w, and ABLH

Table 4 shows the R of the surface heating field, Rlu, and ABLH at the three stations.
It can be seen that the R of LE and H at Sieshan station passed the significance test,
indicating that the significant change of ABLH is mainly due to the influence of LE and H
at Sieshan station, among which the correlation between LE and ABLH was higher. The
most significant effect of H on the ABLH is found at SETORS. The correlation between Rlu
and ABLH is higher at Qumalai station. The correlation between w and ABLH is not high
in three stations, among which the correlation between w and ABLH is highest in Sieshan
station, and the other two stations do not pass the significance test.

Table 4. R of surface heating field, Rlu, w, and ABLH (* indicates passing the significance test of 0.05).

ABLH
Variables

LE H Rlu w

Sieshan 0.69 * 0.66 * 0.67 * 0.52 *
SETORS 0.83 * 0.86 * 0.82 * 0.07
Qumalai 0.63 * 0.53 * 0.75 * 0.16

Table 4 also shows that surface latent heat, sensible heat, and net radiation have
the highest correlation with the ABLH at the SETORS station. This is because the dense
vegetation releases a significant amount of latent heat during evapotranspiration, which
raises the surrounding air temperature, aiding in convection development. This convection
transports warm air upward, increasing the ABLH. At Sieshan Station in the cropland area,
vertical velocity has the most significant impact on boundary layer height, possibly due
to local circulations formed by complex terrain elevating the boundary layer height, with
latent and sensible heat contributions being less dominant factors.

Figure 12 shows the daily variation of LE, H, and ABLH. It can be seen from the figure
that LE and H increase at sunrise and decrease at sunset and reach the maximum value
at 14:00, when the ABLH is also the highest. The LE is larger than H throughout the day
and the peak difference is the largest at Sieshan station, and the peak LE is the largest
among the three sites, reaching 300 W/m2 (Figure 12a). The LE at night is comparable to
H or even slightly greater than the LE at SETORS, and the peak LE is the smallest among
the three stations, which is about 200 W/m2 (Figure 12b). The peak H at Qumalai station
is the largest among the three stations, reaching about 140 W/m2. Under the effect of
both LE and H, the heat exchange between the surface and the atmosphere is frequent,
which promotes the development of ABLH (Figure 12c). The daily variation process of
Rlu is basically consistent with LE and H, increasing at sunrise and decreasing at sunset,
reaching the maximum at 14:00. Among the three stations, the daily variation of Rlu
is obvious at Qumalai station; fluctuations are large (Figure 12c), followed by SETORS
(Figure 12b), and there is least variation at Sieshan station (Figure 12a), it can be seen that
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Rlu by solar radiation changes have a greater impact at Qumalai station. The Rlu heats up
the atmosphere and contributes to the development of ABLH.
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w is the component of velocity in the lead direction; in this paper, a positive w indicates
upward motion, and a negative one indicates downward motion. Figure 12 shows the
average daily variation of w and ABLH, and the w in this paper is taken as the value of the
layer closest to the surface at the three stations. It can be seen from the figure that the w is
negative in the morning and evening, when the air makes a downward motion and reaches
the maximum value at each station around 14:00 when the air makes an upward motion,
which is favorable to the development of ABLH. The daily variation of w at Sieshan station
is basically consistent with the daily variation of ABLH (Figure 12a), which indicates that w
has an effect on ABLH, while it has less effect at SETORS (Figure 12b) and almost no effect
at Qumalai station (Figure 12c).

4. Conclusions

Based on sounding observations and ERA5 reanalysis data from the Qumalai station
and SETORS in the eastern part of the TP and the Sieshan station located at the southeastern
edge of the TP in June 2022 of the Second Tibetan Plateau Scientific Expedition and Research
on the TP, this paper studied the characteristics of ABLH on different underlying surfaces in
the eastern TP and the influencing factors of ABLH, and reached the following conclusions:

(1) Compared with the microwave radiometer data, the temperature difference is not
obvious, and there are obvious temperature inversion phenomena in the lower layer
of the observed data at Sieshan station. For the water vapor density, the difference
between the four times microwave radiometer data is large, but the difference between
the observed data is small at Sieshan station. The relative humidity of Sieshan station
increases with height, while that increases with height and then decreases at SETORS
and Qumalai station, reaching a maximum of 2200 m. The specific humidity near the
ground at Qumalai station is the smallest, and the distribution of water vapor in the
ABL is less. The wind direction above 2000 m is southerly or southwesterly, and the
wind speed is mainly 4–8 m/s at Sieshan station. The wind direction above 1200 m is
mainly southerly or southwesterly, and the wind speed changes slowly at this time at
SETORS. The wind direction below 1800 m at Qumalai station is mainly southeast



Remote Sens. 2024, 16, 1645 16 of 18

wind, and the wind direction above 1800 m gradually changes to southwest wind or
westerly wind, with the maximum wind speed up to 20 m/s.

(2) The ABL type is mainly CBL except for 14:00 at Sieshan station, and SBL at other
times. The mean ABLH is 499.59 m at Sieshan station. The ABL type is mainly CBL,
and the average ABLH is 560.11 m at SETORS. The ABL type is mainly CBL at 14:00
and 20:00, and SBL at other times at Qumalai station. The average height of boundary
layer is 762.89 m at Qumalai station.

(3) The mean ABLH of the ERA5 reanalysis data in the morning and evening is smaller
than observed data at Sieshan station and SETORS, whereas the opposite trend is
observed at noon. At Qumalai station, the mean ABLH of the ERA5 reanalysis data
in the morning and evening is larger than the observed data, with no significant
differences at noon.

(4) In summer, the LE and H in the eastern plateau are less than those in the western
plateau at 20:00, and the LE and H in the eastern plateau are greater than those in the
western plateau at other three times. Rlu is greater in the eastern plateau than those
in the western plateau at 02:00 and 08:00, and the opposite is true at 14:00 and 20:00.
The w in the eastern plateau is greater than that in the western plateau. The diurnal
variation of w in the eastern plateau is obvious, increasing first and then decreasing,
mainly for upward motion.

(5) The influence of the surface heating field on the ABLH is most significant at Sieshan
station and SETORS, while the ABLH is also influenced by the w at Sieshan station,
and the ABLH is influenced by the Rlu at Qumalai station. All four influencing factors
show a positive correlation with ABLH. The LE, H, and Rlu increase at sunrise and
decrease at sunset and reach the maximum at around 14:00, when the w is positive
and the air makes upward movement, prompting the development of ABLH.

The characteristics of the ABLH on different underlying surface types in the QTP can
be summarized as follows:

Grassland: Grassland underlying surfaces are typically located in plateau areas with
relatively flat terrain. During the day, warm surface temperatures increase the ABLH,
while cold surface temperatures at night decrease it. Due to significant surface temperature
variations, the boundary layer height experiences a large range of fluctuations, and it is
relatively stable as it is less influenced by solar radiation and terrain.

Forest: The ABLH in forested areas is generally lower. This is because dense vegetation
reduces direct solar radiation reaching the surface, resulting in lower surface temperatures.
This, in turn, reduces the temperature gradient in the lower part of the atmospheric bound-
ary layer, limiting its upward extent. Dense vegetation also increases surface roughness,
slowing down vertical diffusion and contributing to a lower boundary layer height.

Cropland Areas: Underlying surfaces in mountainous cropland areas are relatively
flat, with weaker solar radiation and lower vegetation cover. As a result, the boundary layer
height falls between that of forests and grasslands. The increase in surface temperature is
not as intense, leading to a relatively stable atmospheric boundary layer height.

The influence of different underlying surface types on the ABLH is primarily reflected
in surface temperature variations, solar radiation intensity, vegetation cover, and terrain.
Grasslands typically exhibit a larger range of boundary layer height variations, while
forests and mountainous agricultural areas are relatively stable.
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