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Figure 1 (Color online) The spatial distribution of the study areas selected in this article for 54 representative studies on convection-permitting
modeling of extreme precipitation and the information of the simulations used in these studies. (a) and (b) represent the spatial distribution of the study
areas for studies on historical and future extreme precipitation events, respectively. (c)—(f) represent the numerical model, forcing data, horizontal
resolution, and climate delta used in these studies, respectively. For horizontal resolution, the horizontal resolution with one decimal place not equal to 0
is classified as a coarser resolution (e.g. 2.2 km is classified as 3 km). ECMWF-Model and MetUM-Model in the forcing data indicate that the
simulation is driven directly by the output of the global model (or the analysis based on the output)
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Extreme precipitation presents grand challenges for meteorological disaster prevention and water resource management,
which becomes even more serious under global warming as the frequency and intensity of extreme precipitation are
increasing. However, our understanding of the process and intensity of extreme precipitation remains limited. Ground-
based gauge observations are generally considered the “ground truth”, but in complex terrain regions with high spatial
variability in precipitation, they suffer from limited coverage and insufficient representativeness. Satellite precipitation
retrievals, although offering global coverage, often underestimate the intensity of heavy precipitation and exhibit
inaccurate diurnal variations. Numerical simulations of extreme precipitation events have shown their potential to improve
our understanding of their occurrence and mechanisms. Advances in computational capabilities have enabled numerical
models to operate at horizontal resolutions of 4 km or higher, facilitating the simulation of extreme precipitation events
without relying on semi-empirical convective parameterization schemes, which is a major source of uncertainty in
precipitation simulations. These simulations, known as convection-permitting modeling, more accurately capture key
characteristics of extreme precipitation, such as hourly precipitation intensity, mesoscale convective systems that drive
heavy precipitation and strong winds, and precipitation patterns in complex terrain, compared to traditional large-scale
convection-parameterized modeling with horizontal resolution coarser than 10 km. Convection-permitting modeling has
become a reliable tool for improving precipitation estimates and advancing our understanding of hydrological processes.
Leading international institutions are at the forefront of research in this field, with numerous collaborative projects
underway. As a result, the use of convection-permitting modeling to study extreme precipitation events has grown rapidly
in recent years.

This article systematically reviews studies on convection-permitting modeling of extreme precipitation over the past
decade, with a focus on their main objectives, methods, and key findings. The reliability of convection-permitting
modeling has led to innovative approaches, such as using it to correct near-real-time satellite precipitation products in
complex terrain or to reconstruct extreme precipitation events from the past that lacked sufficient observational data.
Research on historical extreme precipitation events has advanced to address the limitations of convection-permitting
modeling and explore strategies to overcome these challenges. Two common approaches to improving model performance
are increasing horizontal resolution and employing scale-aware convective parameterization schemes. However, issues
such as the cost-effectiveness of simulations and uncertainties in simulating heavy precipitation during cold seasons require
further investigation. For future extreme precipitation events, key topics include changes in precipitation driven by
mesoscale convective systems and the relationship between extreme precipitation and temperature changes under climate
change. The combination of convection-permitting modeling with the pseudo-global warming approach enables the
estimation of extreme precipitation events under various future climate scenarios, offering more detailed insights into the
physical processes underlying these events and allowing for a more comprehensive analysis of climate change impacts.
This review highlights how study areas have expanded from typical regions with abundant observations to those with
limited observational data, and how simulations have increasingly incorporated “multi-model and multi-physics ensemble,
wide-range and long-term simulations”. The research focus has also evolved from studying precipitation characteristics to
conducting in-depth analyses of dynamic and thermodynamic mechanisms. The major challenges in this field include the
complexity of parameterization schemes beyond convection processes, limitations in evaluation datasets and methods, as
well as large computing and storage requirements. Finally, this review proposes strategies to advance convection-
permitting modeling of extreme precipitation, including enhancing domestic and international simulation collaborations,
improving evaluation datasets and methods, developing more comprehensive regional and global unified models, and
better aligning with downstream application needs.

extreme precipitation, convection-permitting, numerical simulation, parameterization, deep convection
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