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This paper utilized the high temporal and spatial resolution temperature profile data observed
by the multi-channel microwave radiometer at the Large High Altitude Air Shower Observatory
(LHAASO) on the eastern slope of the Tibetan Plateau from February to May and August to
November 2021, combined with the ERA5 reanalysis data products for the whole year of 2021,
to study the daily, monthly, and seasonal variations of the atmospheric boundary layer height
(ABLH). The results are as follows: (1) The ABLH on sunny days showed obvious fluctuations
with peaks and valleys. The ABLH continued to rise after sunrise and usually reached its maximum
value in the afternoon, then rapidly decreased until sunset. (2) The average ABLH in April was
the highest at about 1200 m, while it was only around 600 m in November. The ABLH fluctuated
greatly during the day and was stable at around 400 m at night. The ABLH results obtained
from ERA5 were slightly smaller overall but had a consistent trend of change with the microwave
radiometer. (3) The maximum ABLH appeared in spring, followed by summer and autumn, and
winter had the lowest value, with all peaks reached around 14:00-15:00. These results are of
great significance for understanding the ABLH on the eastern slope of the Tibetan Plateau, and
provide reference for the absolute calibration of photon numbers of the LHAASO telescope and
the atmospheric monitoring plan, as well as for evaluating the authenticity and accuracy of existing
reanalysis datasets.
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1. Introduction

The Atmospheric Boundary Layer (ABL) is the lowest part of the atmosphere directly influ-
enced by the Earth’s surface. It serves as the immediate interface for surface-atmosphere interactions
and facilitates the exchange of mass and energy between the Earth and the atmosphere [1]. The
Atmospheric Boundary Layer Height (ABLH) is an important parameter in atmospheric physics re-
search, which includes applications in weather forecasting, pollution dispersion, and meteorological
modeling.

The microwave radiometer is a passive ground-based microwave remote sensing instrument
capable of receiving microwave signals radiated, scattered, or reflected from various heights. It
provides vertical profiles of temperature, relative humidity, and water vapor density, and has become
an important tool for ABLH retrieval. Cimini et al. [2]investigated the inversion of the convective
boundary layer height using three instruments: a laser radar, microwave radiometer, and radio
sounding. The results obtained from the microwave radiometer’s observed brightness temperature
data showed good consistency with the radio sounding results, surpassing the other two methods.
Osibanjo et al. [3]utilized a combination of microwave radiometer, radio sounding, and micropulse
lidar to retrieve the daytime convective boundary layer height and residual layer height in Mexico
City. The results from all three instruments showed good correlation, with correlation coefficients
exceeding 0.8. Furthermore, researchers have successfully used microwave radiometer temperature
profiles to retrieve ABLH with reliable results.

Chen et al. found that due to the higher elevation, drier climate, and stronger surface radiation,
the ABLH in high-altitude plateau areas is significantly higher than that in plain areas and over
the sea. ABLH in plain areas is typically around 1000-1500 m, while ABLH at Dangxiong
(91.10°E, 30.47°N, 4300 m above sea level) can reach up to 2200 m. The complex terrain of the
plateau enhances turbulent motion, and the strong turbulent activity contributes to the ABLH in
plateau regions . The ABLH on the Tibetan Plateau ranges from 2000 to 3000 m, with notable
differences between the dry and rainy seasons. This is because the surface sensible heat flux is
greatly influenced by soil moisture. The higher the humidity, the lower the sensible heat flux, which
suppresses boundary layer development, and vice versa [4-5].

The eastern slope of the Tibetan Plateau is a transitional zone between the plateau and the
Chengdu Plain and is an important component of the Tibetan Plateau. However, due to the
area’s high mountain ridges, sparse population, short meteorological observation history, and
sparse observation stations, there are still shortcomings in the systematic study of the atmospheric
boundary layer height in this region. Based on the high-altitude cosmic ray observation station
’s multi-channel microwave radiometer temperature profile data with high temporal and spatial
resolution observed from February to May and August to November 2021, and combined with
ERA5 reanalysis data products for the entire year of 2021, the daily, monthly, and seasonal average
daily variations of the ABLH were obtained in this paper. This provides a reference for better
evaluating the authenticity and accuracy of the ABLH in reanalysis data and provides a basis for
the absolute calibration of the telescope photon count of the high-altitude cosmic ray observation
station and atmospheric monitoring plan.
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Figure 1: Geomorphological map of LHAASO observation station, the red five-pointed star marks the
location of the LHAASO site, and the legend numbers represent different land cover types (0-water, 1-
evergreen coniferous, 2-evergreen broad-leaved, 3-deciduous coniferous, 4-deciduous board, 5-mixed forest,
6-closed shrub, 7-open shrub, 8-savana, 9-savannah, 10-grassland, 11-wetland, 12-cultivated land, and so
on). 13- Urban buildings, 14- Crops, 15- snow and ice, 16- poor or sparse, 17- unclassified)[7]

2. Data and Method

2.1 Data Sources

One of the sources is the ground-based multi-channel microwave radiometer (MP-3000A
3105A) is a vertical remote sensing instrument for atmospheric temperature and humidity profiles,
it provides observational data on temperature and humidity profiles within the troposphere below 10
km every approximately 2 minutes, with vertical resolutions of 0.05 km for the lowermost 0.5 km,
1 km for the range of 0.5-2 km, and 1.25 km for the range above 2 km. Overall, the spatiotemporal
coverage of the microwave radiometer observations is better than that of radiosonde observations,
and the spatial resolution of near-surface observations is higher than that of satellite observations.
Due to instrument failures, maintenance, and other reasons, a large amount of data was missing
in January, June, and July 2021, and the microwave radiometer has been out of operation since
December 2021. Therefore, this study selected data samples from February to May and August to
November 2021, which are currently only available to a small group of relevant researchers. The
other is he European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis
data is a product that assimilates various observations including radiosonde data into a numerical
weather prediction model, aiming to optimize the representation of the atmosphere and provide
atmospheric data for times and regions without observations. This assimilation product achieves
temporal and spatial coverage at a resolution of 0.25°×0.25° and a temporal resolution of 1 hour.
To compare ERA5 data with microwave radiometer observations, the data from the four adjacent
grid points to the microwave radiometer are extracted and the atmospheric boundary layer height
(ABLH) at the observation site is calculated using a two-dimensional data interpolation algorithm
based on area weighting.

2.2 The Calculation Method for Atmospheric Boundary Layer Height

ABLH stands for the maximum height that an upward thermal bubble can reach, or is defined
as the height at which continuous turbulence stops. Different instruments reflect different aspects
of the atmospheric boundary layer (ABL) properties, so the ABLH obtained by inversion may
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not be exactly consistent with each other numerically[8]. In this study, ABLH derived from the
temperature profile obtained by microwave radiometer is used to reflect the intensity of atmospheric
turbulence activity, which is correlated to some extent with PM2.5 and other particulate matter
concentrations [9], but cannot represent the distribution height of aerosols.

During the daytime, strong convection in the vertical direction is caused by the heat transfer
from the warm surface, and turbulence in the ABL develops vigorously. Therefore, it is also called
the convective boundary layer (CBL) with higher ABLH; at night, due to the ground radiation
cooling, the atmosphere produces an inversion structure, and turbulence mixing is inhibited. The
area extending from the surface to the top of the inversion layer is considered as the stable boundary
layer (SBL) with lower ABLH. The part of the atmosphere above the stable boundary layer still
retains the temperature characteristics of the daytime CBL, and is therefore called the residual layer
(RL)[10].

Several effective methods have been proposed by previous studies to calculate ABLH using the
potential temperature gradient[11-12]. Therefore, in this study, the potential temperature gradient
method is chosen to calculate ABLH. First, the stability of ABL is classified based on potential
temperature gradient. The stability of ABL is classified into three categories: convective boundary
layer, stable boundary layer, and neutral boundary layer. According to the research results of Liu
and Liang [11], the potential temperature gradient at two heights of 200 m and 50 m can be used
to classify the stability of ABL according to the standard in equation (6), since LHAASO is a land
surface.

\200 − \50 =


< −𝛿𝑠 (𝐶𝐵𝐿)
> +𝛿𝑠 (𝑆𝐵𝐿)

else (𝑁𝐵𝐿)
(1)

Selecting a height of 50 m is to remove the influence of uneven underlying surfaces; 𝛿𝑠 represents
the potential temperature increment of the weak stable layer, and its value is taken as 0.25 K in this
study. The potential temperature \ can be obtained from temperature T and pressure P, and it is
calculated using equation (7) [1] in this study. The temperature data is obtained from measurements
by microwave radiometers, and the pressure data can be calculated based on the atmospheric density
(equation (8)). The atmospheric density data is obtained from the MSIS-E-90 model[13].

\ℎ = 𝑇ℎ

(
𝑃0
𝑃ℎ

) 𝑅
𝐶𝑃

(2)

𝑃ℎ = 𝑔ℎ

∫ 100

𝐻ℎ

𝐷ℎ𝑑𝐻ℎ (3)

Using professional terminology in the atmospheric field, translate the following Chinese text into
English: In the equation, 𝑃ℎ is the pressure at height h, in units of Pa; 𝑔ℎ is the gravitational
acceleration at height h; 𝐷ℎ is the atmospheric density at height h; \ℎ is the potential temperature
at height h, in units of K; 𝑃0 is the standard pressure, taken as 1000 hPa; R is the gas constant;
𝐶𝑃 is the specific heat at constant pressure, with 𝑅/𝐶𝑃 = 0.286. Then, the potential temperature
gradient is calculated for each set of observation data to determine the stability of the atmospheric
boundary layer.
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For the CBL and NBL, following Liu and Liang[11]: since buoyancy is the main mechanism
driving CBL turbulence, we determine the ABLH as the height at which a neutrally buoyant air
parcel rising adiabatically from the surface becomes unstable. We first search for the lowest layer h
that satisfies Eq. (9) starting from the first layer (height 0 m), and then search upward again for the
lowest layer that satisfies Eq. (10), which corrects for the h-layer.

\ℎ − \1 ≥ 𝛿𝑢 (4)

\′ℎ =
Δ(\ℎ)
Δ(𝐻ℎ)

≥ \𝑟 (5)

𝛿𝑢 represents the minimum increase in potential temperature in the troposphere, with a value of 0.5
K adopted in this paper. \′

ℎ
is the vertical gradient of potential temperature in the h-th layer. \′𝑟 is

the minimum strength of the vertical gradient of potential temperature for the lid inversion, with a
value of 4.0 K/km adopted in this paper. Here, \′𝑠 can be considered as the overshoot threshold of
the rising air parcel. The ABLH for the SBL may be defined as the top of the overall stable layer
starting from the ground or at the height of the maximum local wind speed, whichever is lower.
However, due to the lack of wind speed data from the microwave radiometer, this paper defines the
ABLH under the SBL as the former, assuming that buoyancy is the primary mechanism driving
turbulence in the SBL. We first check whether \′ is greater than or equal to 0 for all levels, as shown
in formula (11). If it is true, then the ABLH is the height at which \′ is minimized. If it is not true,
then the ABLH is the height at which \′ equals 0 [12].{

\′
ℎ
= min(\′), at any altitude

\′
ℎ
= 0, else

(6)

Based on the above quality control methods and the potential temperature gradient algorithm,
this paper calculated potential temperature data and gradients using the microwave radiometer
observation data from LHAASO between February 2021 and November 2021. The local ABLH
variation sequence was diagnosed, and some patterns in the variation of the local ABLH were
analyzed.

3. Study on the Variations of Atmospheric Boundary Layer Height

3.1 Comparison of Diurnal and Nocturnal ABLH Monthly Variations

In order to observe the monthly average diurnal and nocturnal differences of ABLH, the data
was divided into two parts based on the sunrise and sunset times of the LHAASO observation
station, and the average ABLH was calculated separately. Figure 3 shows the monthly average
variations of ABLH during the day and at night. It can be seen that the ABLH during the day is
significantly higher than at night in all months, and the ABLH at night is relatively stable at around
400 m, while the fluctuation amplitude of ABLH during the day is more intense than at night. The
highest monthly average difference between diurnal and nocturnal ABLH appears in April, reaching
more than 2 km, while the lowest difference appears in August, less than 0.5 km.

The reasons for the above-mentioned trends may be twofold. On the one hand, solar radiation
plays a role. In spring, solar radiation increases, sunrise time is early, the surface is heated by strong
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Figure 2: Monthly mean ABLH for day and night in 2021 from microwave radiometer data

solar radiation for a long time, which is conducive to convection development and leads to higher
ABLH. In autumn and winter, solar radiation weakens, surface temperature is low, convection
activity weakens, and ABLH decreases. On the other hand, soil moisture also affects the evolution
of the boundary layer by changing the energy balance. When soil moisture is low, the surface
soil evaporation is also low, and more sensible heat flux is transmitted, which is conducive to the
development of the boundary layer. When soil moisture is high, the latent heat is larger and the
sensible heat is smaller, which suppresses the development of the boundary layer. The LHAASO
station is mainly influenced by the westerly south wind in April-May and the plateau summer
monsoon wind after that. The westerly south wind is faster and drier. Zhang et al.proposed that
with the increase of wind speed[14], relative humidity and surface temperature, the boundary layer
height increases; and Fuwei et al. proposed that the sensible heat flux is greater and ABLH is
higher under the westerly south wind. The plateau summer monsoon wind is more humid, and the
regions under this wind direction have more rainfall, soil moisture increases, the latent heat flux
is larger, and the development of the atmospheric boundary layer is suppressed, leading to lower
ABLH. Therefore, after reaching the peak in April, ABLH shows a continuous downward trend
until August, with a slight increase in September, and then continues to decrease. From Figure 2,
it can be seen that ERA5’s ABLH shows a slight increase in October, which is different from the
observation results of the microwave radiometer.

3.2 Seasonal Average Daily Variation Analysis of ABLH

Figure 3 shows the average daily variation of ABLH in different seasons. From the average
daily variation graphs of each season, the ABLH shows a rising and then falling trend throughout
the year, with the height fluctuations gradually decreasing from spring to winter. The maximum
value of ABLH in spring (March-May) is about 2.5 km, in summer (June-August) is about 1.3 km,
in autumn (September-November) is about 1.8 km, and in winter (December-February) is about 1.5
km. The peak value is reached at 14:00-15:00 for all seasons. The highest value of ABLH appears
in spring, which is consistent with the monthly variation graph. The lowest value of ABLH appears
in summer, and the difference between the daytime values is smaller than that in other seasons.
The possible reason for this is that the LHAASO site is located in the area affected by the Indian
summer monsoon.
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Figure 3: ABLH seasonal mean daily variation (Local Time), (a) Spring, March-May (b) summer, June-
August (c) autumn, September-November (d) winter, December-February

4. Conclusion

Using the temperature profile data observed by the ground-based multi-channel microwave
radiometer at LHAASO in Daocheng County, Sichuan Province from February 2021 to Novem-
ber 2021, combined with the potential temperature gradient method, this paper calculated the
atmospheric boundary layer height (ABLH) at this site, analyzed the daily, monthly, and sea-
sonal evolution of ABLH, and compared it with the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA5 reanalysis data product, and obtained the following results:

(1) In the monthly variation of ABLH, from spring (March-May), summer (June-August), au-
tumn (September-November) to winter (December-February), ABLH generally shows a decreasing
trend. The observed mean value is the highest in April, about 1.2 km, and the lowest in November,
with ABLH about 0.6 km. The ERA5 monthly mean heights are slightly lower than the observed
values in April and November. The observed ABLH is the highest in spring and the lowest in
winter, with summer and autumn in between, which is consistent with the trend shown by ERA5.

(2) ABLH exhibits a significant diurnal variation characteristic, and increases continuously
with the increase of ground temperature. The ERA5 and microwave radiometer data results have
similar trends. In the seasonal diurnal variation, ABLH generally shows a downward trend from
spring to winter, with an obvious daily variation trend. The ABLH changes greatly during the day,
with the highest value usually appearing in the afternoon and being stable at night. The maximum
value in spring is significantly higher than that in the other three seasons, which is consistent with
the trend of ABLH monthly variation. Compared with the research on ABLH in other regions of
the Qinghai-Tibet Plateau, these conclusions are generally consistent in terms of the diurnal and
seasonal variation rules, that is, the ABLH during the day is higher than at night, and the ABLH
during the Westerly South Branch circulation period is higher than during the summer monsoon
period.
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