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Abstract

Clouds are essential for regulating the hydrological cycle and Earth’s radiation budget, and
their fluctuations over the Tibetan Plateau (TP) have a significant effect on both regional
climate dynamics and global atmospheric circulation. Using ground-based Vaisala CL51
ceilometer data and Fengyun-4A (FY-4A) satellite observations from October 2020 to June
2022, this study examines cloud occurrence frequency (COF), cloud vertical structure
(including cloud base height (CBH), cloud top height (CTH), and cloud layer stratification),
and related macroscopic properties over the Large High Altitude Air Shower Observatory
(LHAASO). CL51 and FY-4A had cloud occurrence rates of 43.7% and 37.7%, respectively,
over the observation period, with a strong correlation coefficient of 0.82. Given the impact
of clouds on Cherenkov light observations by the LHAASO Wide Field of view Cherenkov
Telescope Array (WFCTA), we specifically evaluated the cloud occurrence during the
operational periods of the LHAASO-WFCTA, finding rates of 34.2% (CL51) and 28.0%
(FY-4A), with the lowest rates occurring in the early morning. Due to monsoonal moisture
inflow and dry northeasterly winds, seasonal COF changes showed clear peaks in summer
(78.8%) and minima in winter (24.8%). Seasonal differences existed in the diurnal COF
patterns, with nocturnal prominence in summer/autumn and daytime dominance in
spring/winter. The CBH showed daily oscillations, peaking at 18:00 (local solar time) and
troughing at 08:00 (local solar time), with seasonal CBH minima in summer/autumn and
maxima in spring/winter. Low- and mid-level clouds predominated, with clear diurnal
cycles: low- and mid-level clouds rose from morning until midday, while high-level clouds
appeared after dusk. Vertical cloud structures were predominantly single-layered (81%),
with multi-layered complexity peaking in the summer due to convective activity. The
CTH distributions showed unimodal patterns in the fall and winter (1.5–3 km), while
in the summer, they showed multimodal extents (up to 12 km). These results improve
LHAASO-WFCTA observational scheduling, enhance climate model parameterizations,
and deepen our understanding of the dynamics of the TP cloud.
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1. Introduction
Clouds play a crucial role in weather systems and climate change. Macroscopic cloud

characteristics, such as cloud occurrence frequency (COF), cloud vertical structures (CVSs),
including cloud base height (CBH), cloud top height (CTH), and cloud layer structure,
influence Earth’s radiation budget and regulate energy flow and atmospheric circulation
through radiative interactions [1,2]. However, representing clouds in climate models re-
mains challenging due to the subgrid-scale nature of cloud processes relative to model
resolutions. Previous generations of climate models have been shown to underestimate the
occurrence of tropical low-level clouds and overestimate their radiative effects, while dif-
ferent cloud heights and vertical overlap states significantly impact radiative outcomes [3].
Therefore, understanding cloud macroscopic properties, such as COF and CVSs, not only
helps us better understand the role of clouds but also provides more data for model devel-
opment. The climatic complexity of the Tibetan Plateau (TP) is profoundly shaped by cloud
dynamics, which play a pivotal role in regulating regional energy budgets and modulating
global atmospheric circulation patterns [4–6]. Studying the macroscopic characteristics of
clouds in this region has significant scientific and practical value. Many experts and schol-
ars have conducted research on cloud macroscopic properties over the TP. For example,
Wei et al. [7] examined the relationship between cloud occurrence and radiative forcing
across the whole TP using CloudSat data, and they found a definite positive association
between COF and cloud radiative forcing. The unique cloud and precipitation processes
over the TP in summer are primarily triggered by afternoon heating, with clouds and pre-
cipitation exhibiting distinct diurnal variations. After midnight, convective precipitation
often transitions to stratiform cloud precipitation [8]. Xu et al. [9] used geostationary satel-
lites to study the diurnal variation of COF over the TP, showing that cloud frequency has a
clear diurnal cycle, with the highest frequency at 12:00 and the lowest at 04:00. The cloud
frequency trends are similar across different regions of the TP. The plateau’s topography
compresses cloud layer thickness and CTH, and the CVS associated with precipitation
intensity shows strong seasonal variations, such as narrower CTH ranges in spring (around
12 km) and broader ranges in summer (12–18 km) [10]. Different terrains also exhibit
varying COF and CVS characteristics [11], making it important to study cloud macroscopic
properties in different regions of the TP. Wu et al. [12] analyzed the characteristics of COF
under the influence of three important weather systems (westerly troughs, shear lines, and
vortex systems) in the Naqu region of the central TP in 2019. The results showed that the
COF associated with westerly troughs and shear lines exhibit significant diurnal variations
with similar trends, generally following a single-peak and single-valley pattern. The lowest
COF was observed before sunrise, while the highest frequency occurred before sunset.
In contrast, the diurnal variation of cloud occurrence under vortex systems displayed a
multi-peak and multi-valley pattern. Zhou et al. [13] used ground-based Ka-band cloud
radar to study COF in the Motuo region of the southeastern TP. They found that the COF
reached its lowest value at 12:00 Beijing time and increased rapidly in the afternoon, peak-
ing at 19:00 Beijing time. This result differs from the diurnal variation of cloud occurrence
in the southern TP reported by Xu et al. [9], primarily due to differences in detection
methods. Satellite observations mainly reflect the variations of high-level clouds over the
entire TP, while ground-based instruments primarily capture the variations of local low-
and middle-level clouds.

The eastern TP features complex terrain with intersecting mountain ranges and fre-
quent heavy precipitation. Meteorological observations in this region are sparse, and
there are few reports on ground-based measurements of cloud macroscopic properties.
This study uses data from the Vaisala CL51 ceilometer (CL51) at the Large High Altitude
Air Shower Observatory (LHAASO) [14] from October 2020 to June 2022, combined with
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Fengyun-4A (FY-4A) satellite data, to analyze COF, cloud layers and statistical charac-
teristics of CBH/CTH. The results provide important observational data for studying
cloud variations over the TP and offer a reference for the operation of wide field of view
Cherenkov telescope array (WFCTA) at the LHAASO station [15].

2. Data and Methodology
LHAASO (29.35° N, 100.13° E, 4410 m above sea level) is located on Haizi Mountain

in Daocheng County, Sichuan Province, on the eastern TP. Figure 1 shows the location of
the CL51 at LHAASO and the data selection range of FY-4A. The LHAASO site covers
approximately 1.3 square kilometers, with vegetation primarily consisting of grassland and
a flat, open terrain.

Figure 1. The geographical coordinates of CL51 ceilometer (CL51, magenta) within the center of the
Large High Altitude Air Shower Observatory (LHAASO, green) array and the curated dataset from
the Fengyun-4A (FY-4A, black) satellite.

2.1. CL51

The Vaisala CL51 ceilometer employs pulsed diode laser LIDAR technology. It emits
laser pulses at a wavelength of 910 nm and operates with a vertical resolution of 10 m and
a temporal resolution of 16 s. The instrument acquires backscatter profiles up to an altitude
of 15 km, from which the CBH for up to three layers are retrieved by the manufacturer’s
proprietary algorithm [16,17]. If two cloud layers are present within the detection range,
the signal increases at different heights, and the CL51 returns the CBH information for
both layers. The CL51 can detect up to three cloud layers per emission. Compared to
satellite observations, the CL51 provides continuous and high-resolution data. It is also
more sensitive to atmospheric particle concentration changes than other lidars, offering
high observation accuracy [18].

A key component of the CL51 retrieval algorithm is the use of a contrast thresh-
old, which has been empirically optimized through extensive validation to yield vertical
visibility values that align closely with visual observations from ground-based human
observers [19]. To further assess the reliability of this threshold-based method, we applied
the LevelShiftAD (LSAD) algorithm—an unsupervised anomaly detection technique—to
independently identify cloud boundaries from the same backscatter profiles [20]. The
LSAD method detects abrupt shifts in echo signals by analyzing median value differences
within sliding windows, without relying on predefined empirical thresholds. The high
consistency between the cloud boundaries derived from LSAD and those from the CL51
threshold method strongly validates the accuracy and robustness of the CL51 algorithm
under the observed conditions.

Recent studies utilizing the CL51 ceilometer have demonstrated its reliability in cloud
observation. For instance, Lee et al. [21] conducted a comprehensive analysis of CBH and
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CVS over Seoul using CL51 data, revealing that the instrument accurately captures seasonal
variations in cloud occurrence, with a distinct bimodal distribution of CBH. Song et al. [22]
used simultaneous data from the CL31 ceilometer and a water vapor, cloud and aerosol lidar
to compare the cloud vertical structure and diurnal variations in CBH and CTH over the
Naqu area. The study found that the two devices’ CBH detection accuracy was quite good.
Interestingly, there was a noticeable diurnal cycle in the vertical cloud distribution, which
showed up as a clear U-shaped distribution. However, the physical reasons underlying
this distinctive U-shaped distribution are still unknown due to the poor dispersion of
surface meteorological stations over the Tibetan Plateau. Liu et al. [23] compared CBH
retrievals between the CL51 and CL31, demonstrating that the CL51’s improved algorithm
and extended detection range make it more reliable for detecting multilayered clouds.
Despite its advantages, challenges remain, it is susceptible to environmental noise. To
improve the signal-to-noise ratio, the CL51 uses the sum of multiple laser pulse returns,
effectively eliminating pseudo-noise and Gaussian white noise [24]. Due to its accuracy,
high resolution, and strong anti-interference capabilities, the CL51 is widely used at weather
stations and airports for cloud monitoring. The CL51 was installed inside the LHAASO
array and from October 2020 to June 2022, valid observations were recorded on 530 days,
with 2,824,497 detections.

2.2. FY-4A

The FY-4A satellite, launched on 11 December 2016, has a time resolution of 15 min
and a spatial resolution of 4 km. The Advanced Geostationary Radiation Imager is a
key payload of the FY-4A satellite, primarily tasked with obtaining cloud images. It has
14 observation bands with central wavelengths ranging from 0.47 to 13.5 µm [9]. In this
study, we used the cloud mask products (CLM) and CTH products from FY-4A during
October 2020 to June 2022. The data availability is shown in Figure 2.

Figure 2. Number of profiles observed (column chart) and days with observation (line chart) of each
month during the observation period. (a) CL51, (b) cloud mask products (CLM) data from FY-4A,
(c) cloud top height (CTH) data from FY-4A satellite.
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2.3. Data Preprocessing

This study employs rigorous data quality control and standardization procedures
to ensure the reliability of observational results. Data quality control is essential. First,
data affected by precipitation, ground-level fog, or other obstructions are removed. The
remaining data are arranged chronologically, and outliers are eliminated to obtain valid
observations. Figure 2 shows the data volume, with the line graph representing the number
of observation days per month and the bar graph showing the number of valid detections
per month. Under normal conditions, the CL51 returns data every 16 s, resulting in
5400 datasets per day.

To spatially match the CL51 data, satellite data from the grid closest to LHAASO were
extracted (Figure 1), with a linear distance of less than 5 km. During quality control, data
with abnormal data quality flags were removed. Cloud detection typically classifies pixels
into four categories: cloud, probably cloud, probably clear, and clear. In this study, only pix-
els classified as “cloud” were counted for COF, while the other three categories were treated
as clear. In the temporal dimension, satellite observation time was converted from Coordi-
nated Universal Time (UTC) to Local Solar Time (LST, LST = UTC + 7 h − 19 min − 29 s).
In the analysis of COF, CBH, and other parameters, both instruments were analyzed
independently based on their respective resolutions. The COF is defined as follows:
COF = (Number of detections with at least one cloud layer/Total number of valid de-
tections) × 100% [18,19,23,25,26]. For diurnal analysis, the hourly COF is calculated as the
ratio of the total number of cloud detections in that hour across all observation days to the
total number of valid detections in the same hour across all days. For monthly analysis, the
COF is the ratio of the total cloud detections in that month to the total valid detections in
the month. The diurnal mean CBH and CTH are computed as the arithmetic average of all
valid height observations in that hour across all observation days. Additionally, since the
satellite’s CTH product provides altitude above sea level, the altitude of LHAASO (4410 m)
was subtracted to obtain the height above ground level.

3. Results
3.1. Cloud Occurrence Frequency

The Cloud occurrence frequency (COF) observed by CL51 and FY-4A was 43.7% and
37.7%, respectively, over the observation period. Given the differing temporal resolutions of
the CL51 and FY-4A observations, the daily COF for each instrument is calculated separately
using its own cloud detection results and its own total number of valid detections for the
same day, totaling 530 samples. The scatter plots and histograms of the differences between
the two sets of COF samples derived from the matching are displayed in Figure 3. With
a correlation of 0.82, the COFs recorded by the FY-4A and CL51 satellites show good
agreement overall, with the majority of the scatters falling around a 1:1 line.

The monthly COF showed interannual variations. Although FY-4A’s COF was slightly
lower than the ceilometer’s, both instruments followed similar trends across different years
(Figure 4a), demonstrating a strong correlation (R = 0.95). In 2021, the highest COF occurred
in June (82.6% for CL51; 80.1% for FY-4A), and the lowest occurred in January (20.1% for
CL51; 12.6% for FY-4A). The COF was highest from June to August. From January to May,
COF gradually increased, and from September to December, it gradually decreased. The
COF for September and October 2020 was similar to that of 2021, but December 2020 had
a lower COF than December 2021. From October to May, during the observation period
of the WFCTA (20:00–05:00, LST) the COF was 34.2% (CL51) and 28.0% (FY-4A), with
the lowest value at midnight. Since clouds increase the absorption of Cherenkov light,
telescope observations should prioritize periods with low COF, and cloud-free periods
should be selected during data processing. Thus, the impact of clouds on the quality of
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WFCTA observations at LHAASO cannot be ignored, and these results provide a reference
for WFCTA operation.

Figure 3. (a) Scatter plot comparing cloud occurrence frequency (COF) from CL51 and FY-4A, and
(b) histogram of the △COF. Here R is the correlation coefficient and N the sample size.

Figure 4. (a) COF of each month during the observation period from CL51 (blue squares) and
FY-4A (orange triangles). Here R is the correlation coefficient and N the sample size. (adapted
from [27]) (b) COF of each season during the observation period from CL51 (blue squares) and FY-4A
(orange triangles).

The COF exhibited clear seasonal variations (Figure 4b), with the lowest frequency in
winter, a gradual increase in spring, a peak in summer, and a gradual decrease in autumn.
The highest COF occurred in summer (78.8%, CL51; 75.2%, FY-4A), and the lowest occurred
in winter (24.8%, CL51; 17.6%, FY-4A). Spring had a slightly higher COF than autumn. Due
to high temperatures and strong convective activity in summer, the COF was significantly
higher than in other seasons.

To study the seasonal characteristics of COF in detail, the diurnal variation in COF for
each season was analyzed (Figure 5). The results from both instruments agreed well during
the day, but the satellite’s COF was consistently lower than the CL51 at night. The largest
diurnal variation in COF occurred in spring, with the CL51 showing a variation range
of 40–65% and the satellite showing a range of 20–75%. The smallest diurnal variation
occurred in summer and autumn. The diurnal trends in spring and winter were similar,
as were those in summer and autumn. At LHAASO, winter and spring are dry seasons
with limited moisture, resulting in more clouds during the day and fewer at night. In
contrast, summer and autumn exhibit the opposite pattern. In spring and winter, COF
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was lowest before sunrise, increased after sunrise, peaked at 16:00 LST, remained high
until sunset, and then decreased. The CL51 observed that autumn COF began to rise at
20:00 LST, remained high at night, peaked at 08:00 LST the next morning (Figure 5c, 50.3%),
and then gradually decreased to its lowest value at 20:00 LST (Figure 5c, 34.6%). Summer
COF showed pre-dawn minima but maintained persistently high values otherwise. Cloud
mostly occurred from midnight to early morning, likely due to the combined effects of local
diurnal circulation driven by topographic heating and the South Asian summer monsoon.
FY-4A observations showed that spring and summer COF increased slowly after sunrise,
peaked, and then decreased rapidly, while in summer and autumn, COF increased rapidly
after sunrise, peaked, and then decreased slowly.

Figure 5. Diurnal cycle of COF in four seasons, derived from CL51 (blue line) and FY-4A (orange
line). Shaded areas represent one standard error. (a) Spring, (b) summer, (c) autumn, (d) winter.

3.2. Cloud Vertical Structure

Cloud vertical structures (CVSs) includes CBHs, CTHs, and the frequency distribution
of single-layer, multi-layer, and aggregated cloud layers, as well as the spacing between
cloud bases [19,28]. Clouds at different vertical levels can influence atmospheric circulation
by altering the overall adiabatic heating/cooling gradient [29].

3.2.1. CBHs and CTHs

The CBHs refers to the height of the base of the first cloud layer. Seasonally, the
average CBH was lowest in summer and higher in spring and winter (Figure 6), consistent
with the seasonal variation in cloud height over the TP reported by Li et al. [30]. CTH was
highest in summer, indicating strong convection and frequent precipitation clouds, which
can develop to greater heights. The CTHs in Winter was the lowest and very close to the
average CBH, suggesting thinner cloud layers in winter.
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Figure 6. Seasonal distributions of mean CTH (FY-4A; orange triangles) and cloud base height (CBH,
from CL51; blue squares). Error bars indicate ±1 standard error of the mean.

The diurnal variation in CBH and CTH was similar across seasons (Figure 7). From
00:00 to 08:00 LST, CBH gradually decreased, primarily due to cooling of the atmosphere
and surface and reduced convective activity. From 08:00 to 18:00 LST, solar radiation
increased, warming the surface and atmosphere and causing CBH and CTH to rise. Con-
vective activity was also more active during this period. From 18:00 to 24:00 LST, after
sunset, atmospheric cooling suppressed vertical motion, leading to lower CBH and CTH.
Zheng et al. [31] reported similar diurnal variations in CBH over Naqu in the central
TP. In summer, CTH exceeded 6 km after 12:00 LST (Figure 7b), indicating frequent deep
convective clouds in the afternoon. Notably, from 05:00 to 06:00 LST, CTH increased sharply
and then decreased. Overall, CTH varied more significantly than CBH, indicating that con-
vective activity has a greater impact on CTH than thermal radiation does on CBH. We also
note the phenomenon that CTH is lower than CBH in winter. Since the cloud-top height
algorithm of FY-4A is temperature-dependent, lower winter temperatures and relatively
drier atmospheric conditions during this season typically inhibit the development of thick
cloud layers, which may affect detection accuracy. When the LHAASO altitude (4410 m)
is subtracted from the satellite-derived CTH, this value can be slightly underestimated,
thereby leading to the observed CTH < CBH pattern.

Clouds can be classified into low (CBH ≤ 2000 m), medium (2000 m < CBH ≤ 5000 m),
and high clouds (CBH > 5000 m) based on CBH. The annual average COF for low, medium,
and high clouds observed by the CL51 was 36.4%, 12.1%, and 3.3%, respectively (Figure 8a).
Low clouds had the highest COF, followed by medium clouds, while high clouds had the
lowest COF. The COF of different cloud types exhibited clear seasonal characteristics. Low
clouds were most frequent in summer (73.6%, CL51) and least frequent in winter (19.2%,
CL51). Medium clouds were slightly more frequent in spring (17.9%, CL51) than in summer,
with the lowest frequency in autumn (6.5%, CL51). High clouds were least frequent in all
seasons, with the highest frequency in spring (4.8%, CL51). During the observation period
(Figure 8b), low clouds were most frequent in August 2021, medium clouds were more
frequent in April and July, and high clouds peaked in May. The relatively high COF of
high clouds in December 2021 contributed to the higher high cloud frequency in winter.
The significantly different COF of low and medium clouds in April 2021 compared to
other months, especially April 2022, may be due to strong convective activity in April
2021. Overall, medium and low clouds dominated the cloud structure at LHAASO, similar
to the cloud structures in Motuo and the southeastern coastal regions of China [13,32],
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but different from the Taklamakan Desert in northwestern China, where medium and
high clouds dominate. This discrepancy likely arises from contrasting moisture regimes:
abundant advection in Daocheng and Motuo versus arid conditions in the Taklamakan
Desert, while the dry air and high evaporation rates in the desert make it difficult to form
thick cloud layers and precipitation.

Figure 7. Diurnal cycle of CBH (blue line) and CTH (orange line) in four seasons. The shaded areas
(representing one standard error) are not visible due to the small scale of the graph. (a) Spring,
(b) summer, (c) autumn, (d) winter.

Figure 8. The COF for high (yellow), middle (orange), and low (blue) clouds derived from CL51
is presented for (a) the entire observation period and all seasons and (b) the observation period
disaggregated by month.
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The average diurnal variation in COF for low, medium, and high clouds in different
seasons is shown in Figure 9. Similar to the diurnal variation in total CBH, the diurnal
variation of different cloud types showed no clear seasonal variation, suggesting that CBH
variation is more related to daily atmospheric temperature changes than to seasonal changes.
The diurnal trends of low and medium clouds were similar, while high clouds showed the
opposite trend. From early morning (03:00–05:00 LST) to noon (11:00–13:00 LST), medium
and low clouds were more frequent, while high clouds were rare. Afternoon COF of
medium and low clouds gradually decreased, reaching a minimum at 20:00 LST, and then
increased again. High-cloud COF gradually increased, peaking around 20:00 LST. This
pattern is similar to the diurnal variation of low clouds in central China but differs from
that of medium and high clouds [33]. In Wuhan and other regions, low-cloud COF peaks
around noon, medium cloud COF is low during the day and high at night, and high cloud
COF is high during the day and low at night.

Figure 9. Diurnal cycle of the occurrence frequencies of high, middle, and low clouds from CL51.
The shaded areas (representing one standard error) are not visible due to the small scale of the graph.
(a) Spring, (b) summer, (c) autumn, (d) winter.

3.2.2. Cloud Layer Structure

During the observation period, the probability of clear skies at LHAASO was 55%
(CL51), and the probability of clouds was 45% (CL51). Among cloudy periods, single-layer
clouds accounted for 81% (CL51), double-layer clouds for 15% (CL51), and triple-layer
clouds for only 1% (CL51). This reflects the predominance of single-layer clouds, with
double-layer clouds as a secondary feature, and very low occurrence of triple-layer or more
complex cloud structures at LHAASO.

Monthly cloud layer structure showed similar patterns across different years, with
no significant interannual variation but clear seasonal characteristics (Figure 10). Winter
had the highest probability of clear skies, while cloud layer complexity increased in spring.
Summer had the highest occurrence of both single-layer and multi-layer clouds and the
lowest probability of clear skies. In autumn, the probability of clear skies gradually
increased, and cloud layer complexity decreased. This is due to strong convective activity
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in summer, resulting in more complex cloud structures and higher average cloud layer
numbers compared to other seasons.

Figure 10. Distribution of cloud free (blue), single-layer (orange), double-layer (yellow) and triple-
layer (purple) during observation.

Figure 11 displays the frequency distribution of CBH during the observation period.
About 70.43% of CBH values are below 2000 m, according to the distribution of CBHs for
all cloud levels (0–10,000 m) (blue line in Figure 11a). The distribution is unimodal, with the
highest frequency between 400 m and 800 m. The relatively low CBH peak may be related
to the warm and moist air at LHAASO, leading to a relatively low lifting condensation level.
The distribution of CBHs for single-layer systems (orange line in Figure 11a) is similar to
that of all layers, with the highest frequency between 400 m and 800 m. For double-layer
systems (Figure 11b), the CBHs of the lower layer peaks between 400 m and 800 m, while
the upper layer peaks between 800 m and 1200 m. For triple-layer systems (Figure 11c),
the lowest layer has a unimodal distribution with a peak between 400 m and 800 m, the
middle layer has a bimodal distribution with peaks between 800–1200 m and 3200–3600 m,
and the highest layer has peaks between 1600–2000 m and 3600–4000 m. For multi-layer
systems, the distance between adjacent CBH values is shown in Figure 11d. The distance
distribution for all systems peaks between 0 m and 400 m, with most distances below
1000 m.

We further analyzed the vertical distribution of CTHs and CBHs at six-hour intervals
(Figure 12) as well as the overall occurrence frequency (Figure 13). CBHs exhibit a distinct
unimodal feature, with a peak at 0.8 km, likely due to the transport of warm and moist air
from the Indian Ocean, which results in a relatively low lifting condensation level in this
region. Starting from the nighttime period of 18:00–24:00 LST, the occurrence frequency of
CBHs begins to increase, reaching its peak during 00:00–06:00 LST. In the morning period
of 06:00–12:00 LST, the occurrence frequency of CBHs decreases, and CBHs rise, peaking
between 1.5 km and 3 km during 12:00–18:00 LST. This diurnal variation, where CBHs
are lower at night and rise in the afternoon, is consistent with the results discussed in
Section 3.2.1. Notably, compared to other seasons, the occurrence frequency of CBHs in
autumn during 18:00–24:00 LST is higher, reaching 34.37%.

For CTHs, the distribution in winter is relatively concentrated, with clouds mostly
occurring during 00:00–06:00 LST. Both Figures show a peak at 1.6 km. In summer, CTHs
are more widely distributed, extending above 12 km. In spring, peaks are observed at
1.6 km and 3.6 km, occurring during 00:00–06:00 LST and 18:00–24:00 LST, respectively.
This may be due to the transport of moisture from mountain peaks to valleys at night,
leading to increased humidity in valley areas. In summer, the maximum peak occurs
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during 06:00–12:00 LST at a height of 2.4 km. CTHs above 7 km often appear during
12:00–24:00 LST, while during 00:00–06:00 LST, CTHs drop to around 5 km, where a peak
is observed. The overall distribution of CTHs in summer is similar, with multiple peaks
at 2400–2800 m, 4800–5200 m, and 8000–8400 m (Figure 13). This indicates that deep
convective clouds frequently form from afternoon to early morning in summer and descend
from midnight to early morning. In autumn, CTHs mostly occur at heights of 1.5–3 km,
with CBHs rising to 8 km during 18:00–24:00 LST, where a peak is observed.

Figure 11. Distributions of CBHs (a) for all found layers aggregated (blue) and when a single layer
(orange) is detected. (b) for the lower (blue) and higher (orange) layers when two layers are detected.
(c) for the lower (blue), middle (orange) and higher (yellow) layers when three layers are detected.
(d) Frequency distributions of the distances between the lower and higher layers when two CBHs are
detected (blue), between the lower and middle layers (orange), and middle and higher layers when
three CBHs were detected (yellow) with 400 m interval bins.

Figure 12. The vertical distributions of the occurrence frequencies of the CBHs and CTHs at 6 h
intervals in different seasons with 400 m interval bins.
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Figure 13. Distributions of CBHs for all found layers aggregated and CTHs in different seasons with
400 m interval bins.

4. Conclusions and Discussion
This study utilizes data from the CL51 and the FY-4A satellite from October 2020 to

June 2022 to investigate the COF, CBHs, CTHs, and cloud layer structure over LHAASO on
the eastern slope of the TP. The main findings are as follows:

(1) During the observation period over LHAASO, the COF observed by CL51 and
FY-4A were 43.7% and 37.7%, respectively, with a strong correlation coefficient of 0.82. Dur-
ing the WFCTA operation period (October to May of the following year, 20:00–05:00 LST),
the COF was 34.2% (CL51) and 28.0% (FY-4A), with the lowest values occurring in the early
morning. These results provide valuable reference information for the operation of the
WFCTA. The COF exhibits seasonal characteristics, with the highest frequency in summer
and the lowest in winter. This is closely related to the atmospheric circulation in the region.
In summer, the plateau forms a large thermal low-pressure area due to solar radiation,
drawing moisture from the Indian Ocean, which, combined with orographic lifting, leads
to the formation of abundant clouds and increased precipitation. In winter, the region is
influenced by dry northeasterly monsoons from Siberia and Mongolia, resulting in fewer
clouds and less precipitation. Diurnal variations in cloud occurrence rate also show distinct
seasonal patterns: in spring and winter, clouds are more frequent during the day, while in
summer and autumn, clouds are more frequent at night.

FY-4A exhibits a systematic underestimation of COF during nighttime. This discrep-
ancy may be attributed to the temperature-dependent thresholds employed in the FY-4A
cloud detection algorithm, which distinguish cloud signatures from the underlying surface.
Nocturnal surface cooling often leads to the formation of a temperature inversion layer
near the surface, which can obscure low-level clouds and thus reduce their detection effi-
ciency from space. This mechanism offers a plausible explanation for the observed COF
differences shown in Figure 3b. Additionally, variations in nocturnal humidity may further
influence cloud formation and detectability. These findings suggest that incorporating
temperature and humidity analysis could be a meaningful direction for future work to
better understand and quantify the satellite-based cloud detection biases under varying
thermodynamic conditions.
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(2) The cloud structure in this region is primarily single-layered, dominated by low
and middle-level clouds. The CBH is lowest at 08:00 LST and highest at 18:00 LST, showing
a diurnal pattern of first decreasing and then increasing, consistent with the results of
Zhang et al. [34]. Seasonally, the average CBH is lowest in summer, while the average CTH
is highest in summer. CBHs are higher in spring and winter and lower in summer and
autumn. High-level clouds occur more frequently in spring and summer compared to other
seasons, which aligns with the results from the International Satellite Cloud Climatology
Project and MODIS/TERRA measurements over the TP [35], Wei et al. [7] found that the
COF of high-level clouds in the southeastern TP is significantly higher than in other parts
of the TP. This is mainly due to the warm and moist air from the Indian Ocean being lifted
by the terrain and enhanced atmospheric instability, leading to frequent convective activity
in summer. Additionally, the thermal effect of the plateau causes air to converge toward
the interior, enhancing vertical upward motion.

(3) CBHs exhibit a unimodal distribution, with a peak at 0.8 km. Their variations are
closely related to weather systems, with significant fluctuations in CBHs during strong
convective weather. The vertical distribution of clouds is relatively uniform, and the
atmospheric boundary layer height also increases. Convective activity is particularly
intense in April, with CBHs often evolving from around 10 km to 1 km, and the atmospheric
boundary layer height reaching its annual maximum [36]. Seasonally, CBHs in summer and
autumn show a clear unimodal distribution, with clouds concentrated below 2 km, while
the vertical distribution of clouds is relatively uniform in spring and winter. CTHs exhibit a
unimodal structure in autumn and winter, with peaks at 1.5–3 km, while in summer, CTHs
show a multimodal structure with a wide distribution, extending up to 12 km or higher.

These findings provide important observational data for studying cloud variations
over the TP, offer a basis for parameterizing cloud vertical structures in climate models,
and provide valuable reference information for the operation of the WFCTA.
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