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Table 1 Observations of the deep atmospheric boundary layer phenomena using radiosonde technology
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The unique atmospheric boundary layer over the Tibetan
Plateau
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This study explores the distinctive characteristics and scientific significance of the deep atmospheric boundary layer (ABL) over the
Tibetan Plateau. The Tibetan Plateau has an average altitude of 4000 m. The Plateau hosts the world’s highest and thickest ABL, which
can extend up to 5000 m above the plateau ground. The top of the ABL often extends into the upper troposphere and lower stratosphere,
resulting in interactions between the land surface, boundary layer, and upper atmosphere, which are distinctly different from those in
other regions. The study of land surface-boundary layer—upper atmosphere interactions on the Tibetan Plateau has unique scientific
significance. This unique feature makes the plateau an ideal natural laboratory for studying land surface-boundary layer-upper
atmosphere interactions, which are crucial for understanding global and regional climate systems. Understanding the mechanisms of the
interactions between the deep boundary layer, land surface, and upper atmosphere on the Tibetan Plateau remains a critical scientific
question.

The ABL over the Tibetan Plateau exhibits unique properties due to its high altitude and complex topography. The plateau’s ABL is
significantly thicker than that of low-altitude regions, with observations showing that the boundary layer can reach heights of up to 9200
meters above sea level in winter. Several studies have explored the causes of the deep ABL from the perspectives of land surface heating
and dynamic processes in the upper atmosphere. These findings indicate that land surface processes alone cannot fully explain the
development of the deep ABL on the Tibetan Plateau. Instead, the stability of the free atmosphere plays a key role in its growth. During
winter, the free atmosphere over the plateau exhibits a near-neutral stratification, formed through a combination of stratospheric
downward intrusion and turbulent mixing driven by westerlies. This near-neutral layer provides a unique favorable condition for the
growth of the deep ABL. The ABL on the Tibetan Plateau is influenced by both surface heating and dynamic processes in the upper
atmosphere. Although surface heating contributes to the development of the ABL, the stability of the free atmosphere plays a critical role.

The interaction between the ABL and the upper atmosphere is another unique aspect of the Tibetan Plateau’s atmospheric dynamics.
The plateau experiences significant stratosphere-troposphere exchange, with winter months showing frequent tropopause folding events
that facilitate the exchange of air masses between the boundary layer and the stratosphere. This exchange has implications for
atmospheric chemistry, including ozone distribution and the formation of secondary aerosols.

Current research gaps include an incomplete understanding of the energy sources that drive ABL growth. While surface sensible heat
flux is a significant contributor, residual layers and entrainment of heat and moisture from the free atmosphere also play roles. However,
the exact mechanisms and energy contributions remain areas of ongoing research. Uncertainties remain in quantifying mass exchange
between the ABL and free atmosphere, as well as potential differences in turbulence dynamics between high- and low-altitude regions.
Furthermore, the plateau’s ABL impacts regional climate through mechanisms such as low-cloud formation, meridional circulation shifts,
and convective precipitation enhancement. Recent studies have highlighted its role in influencing rainfall and atmospheric circulation
anomalies in East Asia. Future efforts should prioritize developing a robust boundary layer-land surface coupled model to better
understand the interactions between the ABL, land surface processes, and upper atmospheric phenomena such as jet streams and
stratosphere-troposphere exchanges. These advancements will aid in predicting the impacts of global warming on plateau environments
and their broader climatic significance. A robust boundary layer—land surface coupled model is crucial for studying ABL growth
mechanisms influenced by westerlies and monsoons, as well as interactions with upper-atmospheric phenomena, such as jet streams and
stratosphere-troposphere exchanges. In addition, investigation of the relationship between the boundary layer and cumulus clouds using
plateau-based observation networks will benefit the refinement of numerical weather and climate models.

In summary, the Tibetan Plateau ABL is a unique and complex system that plays a critical role in regional and global climate dynamics.
Understanding its mechanisms and interactions with the land surface and upper atmosphere is essential for advancing climate science and
improving predictive models, particularly in the face of climate change.

Tibetan Plateau, atmospheric boundary layer, upper troposphere and lower stratosphere, free atmosphere,
stability, surface heating
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