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Editorial on the Research Topic
Achievements and New Frontiers in Research Oriented to Earthquake Forecasting

Forecasting earthquakes is a challenging scientific task, due to the intrinsic complexity of the problem, as well as to the limited size and different accuracy of available observations. During the last decades increasing efforts have been devoted by geophysical research in an attempt to answer the following fundamental questions: 1) Which are the physical processes that take place in the Earth crust that are relevant for an earthquake to nucleate? 2) How can we observe, describe and model them statistically and physically? Although a clear univocal picture is still missing, a large amount of data and long-term observations accumulated over the time, as well as new methodological approaches, which eventually allow for development and verification of theoretical models.
Observations and physical models suggest that several processes in the Earth’s lithosphere are predictable, but after substantial averaging and up to a limit. Accordingly, earthquake forecasting requires a holistic approach, and should be posed as an integrated, multi-scale process, narrowing down the magnitude range, territory, and time of expectation, all within the limits imposed by physics and data uncertainties. The understanding of governing laws, from long-term tectonic loading and slow nucleation to rapid rupture propagation, may contribute to estimate the stress state and temporal evolution of geophysical observables around seismically active areas. The use of preliminary time-independent information, such as seismotectonic setting of the study region, may be relevant to guide the search for different precursors (e.g., Crespi et al., 2020). Reducing space-time uncertainty of forecasts, however, it requires the use of additional, independent and reliable information, which can be provided by multi-disciplinary observations, “sampling” the system at different space-time scales.
A preliminary step toward earthquake forecasting is the identification of those parameters (physical, geological, seismological and chemical), whose space-time dynamics can be associated with the preparation process of crustal deformations that can be accompanied by earthquakes. Significant steps have been made towards assessing earthquake space-time correlations, clustering, and the emergence of seismicity patterns, showing the potential for reproducible and testable earthquake forecasting. Seismicity, however, is just one manifestation of Earth’s complex dynamics prior to catastrophic earthquakes. Besides identified patterns and probabilistic models of earthquake occurrence, many newly available non seismological data collected on a global scale provide new opportunities for systematic analysis and model testing. A variety of geophysical and geochemical observables, ranging from ground-related deformation patterns (GPS, SAR, etc.) to pre-earthquake changes (be they geochemical, electromagnetic, hydrogeological or thermodynamic), recorded by ground based or by satellite based techniques may, be related to stress variations in the lithosphere prior to an eventual large earthquake.
What’s new after decades of research? A renewed interest and attitude towards earthquake forecasting is testified by the increasing number of articles and special issues dedicated to this topic, also involving authors that so far were quite skeptical about such possibility. A wealth of new observables has been proposed, taking advantage from the large amount of data provided by new Earth observation systems and from increased computational power. However, resorting to the words by Richter (1964), efforts in converting such rather indefinite and elusive phenomena into precisely definable ones are still limited. Operational earthquake forecasting methods, in particular, should be testable and confirmed by evidence. It is indisputable that: “Only by careful recording and analysis of failures as well as successes can the eventual success of the total effort be evaluated and future directions charted” (Allen et al., 1976). The set of errors, namely the rates of failure and of the space-time extent of alarms, compared to those obtained in the same number of random guess trials permits evaluating the forecasting method effectiveness. As recalled by Freund et al. (2021), strong emphasis should be placed on continuous statistical testing of the relevance and confidence of the precursors, in order to assess and continue to improve the performance of the forecasts; according to the authors this became feasible in recent years thanks to new technological development in computing power and in big data management. However, while big data and current computational capabilities provide unprecedented opportunities for development and enhancing pattern recognition studies, “they open as well wide avenues for finding deceptive associations in inter- and trans-disciplinary data” (Kossobokov, 2022), thus stressing the need for rigorous statistical assessment of proposed precursors and related forecasts. With this Research Topic, we present the current state of the art in research on pre-earthquake processes, with a particular emphasis on:
Systematic analysis, physical interpretation and modeling of pre-earthquake processes (Shi et al.; Saltiel et al.; Anikiev et al.; Marchitelli et al.; Xiang et al.; Fu et al.);
Model validation and statistical assessment of proposed physical-based precursors (Gitis and Derendyaev; Kumar Khan et al.; Shebalin and Baranov);
Statistical methods and problems in earthquake forecast validation (Richards; Szakasz; Barani et al.);
Input data analysis and requirements for real-time model testing (Chelidze et al.)
Time-dependent seismic hazard assessment based on space-time characterization of earthquakes occurrence (Nekrasova and Peresan; Bukchin et al.);
Geophysical interpretation of non-seismological parameters linked to crustal deformation processes (Vasilev et al.; Fidani et al.; De Santis et al.);
Time series analysis of geophysical and geochemical parameters (Lyubushin);
Modeling of pressure fluctuation in deformating deep reservoirs etc. (He et al.);
Slow-slip geodetic precursors (Shi et al.);
Modeling of chemical and physical parameters fluctuations in faulted areas (Woith et al.; Vannoli et al.)
Spatial and temporal variation of geochemical and hydrogeological characteristics in seismic areas and their correlation to faults and to earthquake activity (Martinelli et al.; Kopylova and Boldina; Zhou et al. a; Zhou et al. b)
CONCLUSION
The papers in this Volume address the physical processes that occur in the Earth’s crust prior to earthquake nucleation. Many newly available non seismological data collected on a worldwide scale, in addition to discovered patterns and probabilistic models of earthquake occurrence, present new opportunity for systematic study and model testing. A number of geophysical and geochemical measurements obtained by ground based or satellite based approaches, ranging from ground associated deformation patterns to pre seismic alterations, may be related to stress variations in the lithosphere before to an eventual big earthquake. We believe that an objective reappraisal of the proposed methods, along with state-of-the-art and novel observations, may contribute highlighting preferred research paths. The main goal of the Frontiers in Earth Sciences Research Topic on pre-earthquake observations, methods, and perspectives is to provide a current view of current knowledge of processes preceding earthquake occurrence, which can be used to set up earthquake forecasting experiments aimed at verifying their accuracy in large and small Test Site areas.
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