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Figure 1 Schematic of magnetospheric convection in the magnetic equatorial plane. Adapted from Axford and Hines (1961). This illustration depicts
the large-scale two-cell convection driven by solar wind—magnetosphere interaction, along with Earth’s corotation-driven convection in the inner

magnetosphere
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Figure 2 Schematic illustration of solar wind-driven storm—substorm processes and the SMILE (Solar wind Magnetosphere lonosphere Link
Explorer) satellite. The diagram shows storm and substorm-related processes such as magnetic reconnection, magnetosphere convection,
magnetospheric current systems, auroral activity, and energetic particle acceleration. Also illustrated is the upcoming SMILE satellite mission,
designed to capture the dynamic coupling between the solar wind, magnetosphere, and ionosphere from a global perspective, aiming to advance our

understanding of storm-substorm mechanisms
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On 10 May 2024, near-Earth space experienced the most intense geomagnetic storm in nearly two decades, accompanied by extreme
substorms and rare low-latitude auroral displays observed in regions such as Beijing and Altay. Geomagnetic storms and substorms are
explosive manifestations of solar wind—magnetosphere coupling and are key drivers of space weather. Understanding these phenomena
remains a fundamental challenge for space weather forecasting. This article reviews recent progress in storm—substorm research, focusing
on internal processes of storm-substorm such as magnetospheric convection, magnetic reconnection, electric current systems, auroras,
and energetic particles. Despite significant progress, the way these physical processes are connected across different regions—and the
intrinsic relationship between storms and substorms—remains unclear.

Inspired by Earth system analogies, such as mantle convection driving plate movement and atmospheric convection causing extreme
weather, we propose a new conceptual framework centered on the evolution of magnetospheric convection for future studies of storm-
substorms. The core hypothesis is that magnetospheric convection, through the motion of frozen-in magnetic field lines, reorganizes
large-scale current systems and ultimately governs the development of storms and substorms. This main hypothesis is mainly motivated
by following considerations. From the perspective of magnetohydrodynamics (MHD), magnetic field lines and plasma are frozen
together and convect as a single entity on macroscopic scales, with only a few exceptions at small scales, e.g., diffusion region of
magnetic reconnection. As a result, convection inherently drives the global-scale evolution of magnetic field lines. Within the MHD
framework, convection is the primary mechanism capable of restructuring magnetic fields, forming thin current sheets, and building up
current systems in the magnetosphere. This can occur directly through the stretching of field lines, or indirectly through the injection of
energetic particles that enhance current intensity. The framework in which magnetospheric convection drives the space current system is
broadly consistent with existing observations and theoretical models. For example, both cross-tail currents and ring currents—key
components of substorm and storm current systems—are influenced by magnetospheric convection. This perspective offers a possible
way to connect various physical processes involved in storms and substorms, helping to reveal the relation between them within a unified
framework.

Based on this framework, we outline three key scientific questions: (1) how does magnetospheric convection evolve during substorms,
and how do the electric current systems respond? (2) What happens to magnetospheric convection and the corresponding current system
during storms? (3) What is the intrinsic link between storm-time and substorm-time convection? This framework can be summarized as
“one core hypothesis, three key scientific questions, and eight physical processes of storm-substorm”. As an initial application of this
framework, we discuss the possible cause of the unusual low-latitude auroras during the May 2024 storm, suggesting that they may result
from extreme magnetospheric convection driving large-scale field-aligned currents that expand equatorward in the ionosphere. From the
perspective of storm-time convection, the significant equatorward expansion of the auroral oval during the extreme May 2024
geomagnetic storm reflects an overall intensification of magnetospheric convection and its deeper penetration into the inner
magnetosphere. Within the magnetosphere, the enhanced convection electric field leads to plasmasphere erosion and drives field-aligned
currents deeper into lower L-shell regions. From the ionospheric viewpoint, continuous dayside magnetic reconnection opens previously
closed magnetic field lines, pushing the open-closed boundary equatorward. This process causes the entire high-latitude current system to
shift toward lower latitudes. Accompanied by these field-aligned currents, aurora-related precipitating electrons also reach lower
L-shells, and through magnetic field line mapping, affect the low-latitude ionosphere.

Comprehensive studies on the storm and substorm from perspectives of magnetospheric convection are still in an early stage.
Forthcoming missions like SMILE (Solar-wind-Magnetosphere-ionosphere Link Explorer) and future multi-scale magnetosphere
CubeSat constellation missions like AME (self-Adaptive Multi-scale magnetosphere cubeSat constellation) will provide valuable
observations to test this framework. These will help us improve our understanding of how storm and substorm develop.

magnetic storm, substorm, solar wind-magnetosphere interactions, magnetosphere convection, SMILE mission,
AME mission
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