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Space Weather is receiving more and more attention from the heliophysical scientific community, as it is now well established that an adequate capability of monitoring any Earth-directed heliospheric event and forecasting the most severe perturbations produced by solar activity and their impact on the geo-spatial environment is crucial, given the human increasing reliance on space-related technologies and infrastructures. Predicting how the Sun affects life on Earth and human activities in the short term relies on establishing empirical laws to forecast not only the arrival time on Earth of potentially geo-effective solar drivers, but also, and more importantly, the intensity of induced geomagnetic disturbance (if any). Scientific studies performed on a statistical basis are the key to providing such empirical laws and analytically relating solar-wind properties to geomagnetic indices. This paper summarizes the results achieved by the author in the last few years in the context of Space Weather science, and based on statistical analyses of interplanetary and geomagnetic data.
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1 INTRODUCTION
The Sun influences conditions in the near-Earth environment, including the magnetosphere, ionosphere and thermosphere, and can pose a persistent hazard in the form of damaging radiation to both space- or ground-based stations and human health. More specifically, Space Weather (as commonly referred to the science dealing with the complex Sun-Earth interaction and forecasting of potentially geo-effective events) covers the geo-space disturbances caused by the release of solar energy into the Earth’s magnetosphere during geomagnetic storms, and all related phenomena. Sun-related environmental impacts include a potential slowdown and orbital decay of the low-Earth-orbiting satellites (due to an additional aerodynamic drag force induced by solar activity), induction of very harmful electric currents in power transmission grids and pipelines, disruption of satellite signal propagation with severe implications for positioning systems, and unrecoverable failures of electronics onboard spacecraft. The ionosphere reflectivity can also be altered by the arrival of solar energetic particles, impairing radio communication systems. Finally, Space Weather deals with radiation produced by solar storms that can endanger the astronauts’ health.
Interplanetary counterparts of Coronal Mass Ejections (ICMEs, large eruptions of magnetized plasma from the Sun into interplanetary space Webb and Howard, 2012), which occur much more frequently at solar maximum than at minimum, and Corotating Interaction Regions (CIRs, forming at the interface between high- and low-speed streams), which are instead typical of low activity phases of the solar cycle, are the largest interplanetary manifestations of the solar activity (Gosling et al., 1990; Tsurutani et al., 1995; Gonzalez et al., 1999; Yermolaev et al., 2005, 2012). These interplanetary structures, which can be seen as propagating regions of space of enhanced density and magnetic field strength, are characterized by an intense and long-lasting South-directed magnetic field, which thus magnetically reconnects with the oppositely (North-)oriented Earth’s magnetic field, according to the scenario first proposed by Dungey (1961). This process allows a net transfer of energy from the solar wind to Earth, triggering “de facto” the most severe geomagnetic disturbances (Russell and McPherron, 1973; Gonzalez et al., 1994; Baker et al., 1996). However, the old-fashioned paradigm that the level of geomagnetic storming depends primarily on how pronounced in the southern direction the interplanetary magnetic field is (Fairfield and Cahill, 1966) is not quite correct. Other solar wind-related parameters, such as the dynamic pressure (e.g., Burton et al., 1975), the transported kinetic/magnetic energy (Telloni et al., 2020), and turbulence (e.g., D’Amicis et al., 2020), play a crucial role in driving the geomagnetic activity.
Although one-to-one studies have been often performed so far, a statistical approach is needed for forecasting Space Weather phenomena, with particular reference to predicting the geomagnetic response to the impact of geo-effective solar structures, the relativistic electron flux (which may cause irreparable damage to the geosynchronous satellites, Forsyth et al., 2020), the occurrence of solar flares, the propagation time of CMEs, the transit of high-speed streams to Earth, and the crossing of the heliospheric current sheet (the latter two also being sources of geomagnetic disturbances, though to a lesser extent). In fact, by means of the analysis of a large amount of solar, interplanetary, and geomagnetic data of past events, it is possible to establish empirical laws, a sort of analytical functions relating the different quantities involved, that allow the prediction of the onset of new solar events and/or their effects on the Earth’s magnetosphere.
Most forecasting methods rely on remote-sensing observations of solar phenomena, i.e., CMEs, causing geomagnetic storms, and can be roughly divided into three main classes, namely, physics-based, event-based, and drag-based models, depending on the approach used to provide expectations of CME arrival times. Physics-based models rely on photospheric magnetic field observations to initiate numerical MagnetoHydroDynamic (MHD) simulations of the eruption of the CME and its propagation from Sun to Earth. Predictions of the CME transit time can be thus provided. These numerical codes require the use of supercomputers to run efficiently. In addition, their reliability obviously depends on a correct representation of the physical processes within the models, i.e., the understanding (unfortunately not yet full) of the physics of the corona and the solar wind. The MHD models currently used for operational Space Weather predictions are the well-known Enlil (Odstrcil, 2003) and the EUropean Heliospheric FORecasting Information Asset (EUHFORIA, Pomoell and Poedts, 2018). Simpler and much less computationally expensive (but no less reliable) event-based (or empirical) models rely on statistical studies of past CMEs and essentially relate the CME Sun-Earth transit times to their propagation speeds, as inferred from coronagraphic images. This allows the establishment of empirical laws, say analytical functions, that (assuming that past observations are analogous to future ones, i.e., that CMEs share common kinematic characteristics) allow prediction of the impact time on Earth of a new CME, once its coronagraphic speed is measured (e.g., Manoharan et al., 2004; Schwenn et al., 2005; Vršnak and Žic, 2007). Similar empirically-derived relations to forecast the geo-effectiveness of CMEs are also available (e.g., Dumbović et al., 2015). Observational evidence for an adjustment of the CME propagation speed to the background solar wind and its interpretation in terms of aerodynamic drag, stimulated the development of the so-called drag-based models (e.g., Vršnak and Gopalswamy, 2002; Vršnak et al., 2013), which basically assume that the CME propagation in the heliosphere is governed by aerodynamic drag (one of the most refined drag-based model is 3D COronal Rope Ejection (3DCORE) introduced by Möstl et al., 2018). That is, the dynamics/kinematics of the CME can be analytically described through a pretty simple equation of motion, which can thus provide real-time prediction of the CME arrival time and impact speed at Earth (in spite of various drawbacks associated with the approximations intrinsic to this approach).
Regardless of the pros and cons of the different approaches (whose discussion is beyond the scope of this paper, but the interested reader is refereed to Verbeke et al., 2019), all these methods provide alerts 1–4 days in advance of the geomagnetic storm, although the predictions are significantly model-dependent and affected by large uncertainties. On the other hand, expectations of CME arrival and storminess level based on in-situ solar wind data at the Lagrangian point L1, i.e., Space Weather now-casting methods, are not widely used, although they could provide much more accurate warnings. This is essentially due to the difficulty of identifying CMEs locally in the interplanetary medium with in-situ measurements. Interplanetary scintillation (IPS), which is scattering phenomenon of solar wind density irregularities, serves as a remote sensing method for observing the solar wind. Thus, IPS observations have the potential to bridge a gap between the Sun and the near-Earth solar wind. Some efforts to improve CME arrival time predictions already have been performed using IPS observations (e.g., Iwai et al., 2021). However, in in-situ data, many of the CME distinctive properties (i.e., higher magnetic fields and lower plasma densities/temperatures with respect to the ambient solar wind in which they propagate, Burlaga et al., 1981) are common to a variety of other interplanetary structures, such as high-speed streams. What really distinguishes them is a rotation of the magnetic field vector in the plane perpendicular to the direction of propagation. This is due to the presence of a flux rope (which generally all CMEs embed and carry during their expansion, Vourlidas, 2014), a helical structure that can be revealed as a region of space with high magnetic helicity (an MHD quantity that measures the degree of twisting of magnetic field lines). However, unlike the shock front of a CME, which provides a prompt signal, in order for the flux rope-related magnetic field rotation to be detected, the CME must have entirely passed the spacecraft orbiting at L1, thus drastically reducing forecasting capabilities: indeed, at least for the largest structures (which can have a radial extension at Earth of even 0.25 au, Klein and Burlaga, 1982, much larger than the L1 point-Earth distance of only 0.01 au), the front may have already impacted Earth by the time diagnostic codes based on magnetic helicity measurements identified the presence of a CME at L1. This issue, along with difficulties associated with measuring the magnetic helicity (the reader is referred to Telloni et al., 2012, 2013, for a detailed discussion) have limited the development of now-casting methods based on in-situ L1 measurements of the solar wind for Space Weather purposes. This lack motivated the works by Telloni et al. (2019, 2020, 2021) (hereafter Papers I, II, and III), all appeared on The Astrophysical Journal and based on statistical surveys of solar wind and geomagnetic data (the period analyzed in each case covers more than one solar cycle) with the aim of obtaining statistical relationships, i.e., empirical laws, that can be used in the Space Weather framework to predict the onset and the time evolution of geomagnetic storming.
The present paper summarizes the results obtained in the aforementioned three papers. Ideally following the title, section 2 reports the statistical results obtained in the three studies, while section 3 discusses their applications to Space Weather science. section 4 is devoted to future developments of the application of statistical methods and machine learning in Space Weather science in the framework of the Space Weather Service Network (SWESNET) project.
2 STATISTICAL RESULTS
Paper I addressed the detection, characterization, and geo-effectiveness likelihood of ICMEs. The localization of ICMEs in the near-Earth space environment was accomplished by comparing some MHD quantities measured at L1 with those typical of the unperturbed solar wind plasma. Specifically, ICMEs were identified as structures with a large magnetic helicity content (representative of the embedded flux rope) that also have a total (thermal plus magnetic) internal pressure higher than the medium in which they propagate (Gosling et al., 1994). The potential geo-effectiveness of the so identified ICMEs was ascertained by looking at their energy budget: only those ICMEs carrying an amount of kinetic and/or magnetic energy far exceeding that characteristic of the quiet solar wind (thus ensuring a remarkable energy transfer to the Earth’s magnetosphere during magnetic reconnection processes) were in fact defined as able of inducing geomagnetic perturbations. In the 12-year period from 2005 to 2016, 106 likely geo-effective ICMEs were thus revealed in the Wind spacecraft data by the in-situ data-based tool developed in Paper I. The actual geomagnetic disturbances driven by those ICMEs were verified by inspecting the Earth’s magnetospheric activity through the Dst (disturbance storm time) and Ap indices, both indicative (albeit at different ground latitudes) of the intensification of ring current systems caused by solar storms. Specifically, sustained periods of either Dst [image: image]50 nT (Cander and Mihajlovic, 1998) or Ap larger than the value reflective of the quiet configuration of the magnetosphere, identified the ICME-driven geomagnetic perturbations. On the one hand, this allowed the estimation of the efficiency in identifying at L1 CMEs potentially geo-effective. It turned out that the efficiency increases with the storminess level: from 86% for the weakest geomagnetic disturbances (−50 nT [image: image] Dst [image: image]100 nT), through 94% for moderate perturbations (−100 nT [image: image] Dst [image: image]250 nT), to as high as 100% for the most severe ones (Dst [image: image]250 nT). On the other hand, it allowed quantitation of the time between the in-situ detection of the CME and the onset of the related increase in geomagnetic activity. The distribution of the waiting times is shown in panel (A) of Figure 1: on average, this time delay is about 4 h and 20 min (vertical dashed red line). Overlaid is a log-normal distribution (blue dashed curve), which allows estimation of the confidence interval for the waiting time: it results that in 98% of instances this waiting time is between 2 and 8 h.
[image: Figure 1]FIGURE 1 | (A) Distribution of the waiting times between the detection of the geo-effective CME and the onset of the induced geomagnetic storm; the arithmetic mean (vertical dashed red line) and the best-fitting lognormal function (blue dashed curve) are also displayed. (B) E − Dst 2D distribution; the most probable Dst value and the lower Dst threshold are marked, as a function of E, as a black solid and red dashed line, respectively; the gray dashed area denotes the 68% probability interval of Dst per energy bin. (C) [image: image] scatter-plot (blue open circles) fitted by a linear function (red dashed line) with correlation coefficient ρ = 0.83. Adapted from Figure 4 of Telloni et al. (2021).
Paper II extended the study to any likely geo-effective solar event (not just CMEs), focusing, in the same 2005–2006 interval, on the relationship existing between solar wind energy and geomagnetic activity. Panel (B) of Figure 1 displays the 2D histogram of a dimensionless measure of the total (kinetic plus magnetic) energy E carried by the solar wind (see Telloni et al., 2020, for more details on how E was derived from Wind in-situ data) and the Dst index. Superimposed are the Dst most likely value (black solid line) and 68% probability range (gray shaded area) for each energy bin. It appears evident that a clean statistical correlation exists between the energy content of the solar wind impacting Earth and the perturbation level of the magnetospheric current system: that is, the larger the energy stored in the solar wind plasma, the more severe the induced geomagnetic perturbations. It follows that in the solar wind-magnetosphere coupling, energy is to be thus regarded as a crucial parameter in solar-terrestrial interactions.
Finally, unlike the above two papers that addressed the topic of what triggers the geomagnetic storms, Paper III dealt with the study of their recovery phase and specifically what determines a slow restoration of the Earth’s magnetosphere to its equilibrium conditions. Specifically, the aim was to establish, on a statistical basis, the relationship between long recovery phases and sustained periods of Alfvénic plasma streams that follow the solar event (either recurrent, such as CIRs, or non-recurrent, such as CMEs) driving the geomagnetic disturbance. By defining thresholds for the magnetospheric quiet state and Alfvénicity (i.e., the level of correlation between magnetic and velocity fluctuations, Grappin et al., 1982, measured by the Wind spacecraft), it was possibile to quantify the extent of magnetospheric recovery phases (through inspection of the SYM-H geomagnetic index, which is essentially the same as the Dst index, but provided at a higher time resolution, ΔtSYM-H) and concurrent Alfvénic solar wind flows [image: image]. Their statistical correlation was thus proved on a period covering 16 years from 2005 to 2021: the results are shown in panel (C) of Figure 1 as blue open circles, where they are fitted with a linear function (red dashed line), which provides a high correlation coefficient ρ of 0.83. It thus clearly emerges that Alfvénic fluctuations counteract the processes involved in a rapid restoration of the magnetospheric ring current system to its pre-storm equilibrium condition.
3 APPLICATIONS TO SPACE WEATHER SCIENCE
Studies of the solar wind and its effects on Earth performed on a statistical basis allow both a deeper understanding of the physical processes underlying the Sun–Earth relations and an advanced capability in forecasting geomagnetic storm events within the framework of Space Weather science. Panel (A) of Figure 1 sheds light, for instance, on the time delay between the CME passage and the onset of its magnetospheric effect. This waiting time is the combination of the time interval the CME needs to travel the distance between L1 and Earth with the time required for the CME to trigger the geomagnetic storm, perturbing the magnetospheric current system. As a conclusion, Paper I clearly pointed out that, once detected at L1, 98% of CMEs take between 2 and 8 h to initiate the geomagnetic disturbance, with an average time of about 4 h. This piece of information is particularly important in Space Weather perspective. Subtracting from this delay the CME transit time to Earth (about 30 min (1 h) for the fastest (slowest) CMEs), it appears that the complex (and not yet fully understood) processes involved in intensifying the magnetospheric ring currents take on average 3 −3 h and a half to lead the magnetosphere out of its equilibrium configuration. This result can be easily extended to any solar event, because it can be argued that the processes involved in the response of the Earth’s magnetosphere to the Sun’s activity do not depend on the particular type of solar driver triggering the geomagnetic storm.
Another crucial question for Space Weather is: once destabilized by a solar event how long does it take the magnetosphere to recover its equilibrium condition? The answer, by no means straightforward since the recovery phase is governed by multiple and competing restoring forces, is nevertheless of paramount importance for all those ground or space-based facilities that, in addition to being affected by the episodic and abrupt magnetospheric reconfiguration due to the impact (in most cases, but not only) of CMEs on Earth, are equally affected by time-integrated effects throughout the whole storm. Paper III established that a correlation between long recovery phases of geomagnetic storms and the presence of Alfvénic turbulent plasma flows exists on a statistical basis (Panel (C) of Figure 1). Specifically, the duration of the recovery phase, when controlled by Alfvénic fluctuations, is 0.88 (which is the slope inferred from the [image: image] scatter-plot) times the time length of the Alfvénic stream. Implications for Space Weather science thus stem from the possibility of forecasting the passage (and extent) of Alfvénic solar wind streams (either due to their recurring nature during solar minima or by means of the most advanced models for simulating and predicting the Parker-spiral solar wind, such as Enlil (Odstrcil, 2003) or EUHFORIA (Pomoell and Poedts, 2018)) and, through this, the duration of the recovery phase of any geomagnetic event eventually arising prior to the Alfvénic flow.
However, the most important capability that any forecasting model must have is to predict the likelihood for the solar events to impact the Earth and, if so, the intensity of the resulting geomagnetic storm. Paper III provided in this regard a useful Space Weather diagnostic tool. From the measurement at L1 of the energy load of the incoming solar wind, it is indeed possible to assess not only what will be the most likely geomagnetic activity (with the required confidence interval, black solid curve and gray shaded area in panel (B) of Figure 1), but also and especially the maximum response the Earth’s magnetosphere could have. In fact, it is clear from the figure that the E − Dst distribution is bounded on the bottom side (red dashed curve). From a physical perspective this means that the perturbations of the ring current system are limited and strictly related to the energy input from the Sun. From a more predictive perspective, it instead allows the assessment of what will be the most severe geomagnetic disturbance that can be expected from the interaction with the magnetosphere of a solar wind carrying an energy E; or, otherwise, whether there is no need to provide an alert. Based on the above considerations, and because the measurement of solar wind energy can be performed in quasi real-time, any alert might be provided, with a confidence level of 98%, between 2 and 8 h in advance of the likely geomagnetic event.
The application of statistical methods to data acquired in situ from space missions orbiting L1 in the Space Weather science is being further explored and exploited in the ongoing SWESNET project of the European Space Agency, which involves about 50 research institutes/universities throughout Europe. A brief introduction of SWESNET and the author’s tasks in delivering novel statistically-driven services/tools is provided in the following section.
4 OUTLOOK: THE SWESNET PROJECT
The Space Weather Service Network (SWESNET) project aims at the further development of the Space Weather services provided by the European Space Agency (ESA), drawing on the results of the Space Situational Awareness (SSA) Program. Activities include the delivery of Space Weather products and toolkits, for a timely, reliable and accurate monitoring, prediction and dissemination of Space Weather conditions and influences, via the dedicated ESA portal (https://swe.ssa.esa.int/web/guest/), which is the main resource for Space Weather in Europe. The Heliospheric Weather Expert Service Centre (ESC) is one of the five ESCs (along with Solar Weather, Space Radiation, Ionospheric Weather, and Geomagnetic Conditions) contributing to the network and deals with the effects on the Earth’s environment of solar wind-related events, such as high-speed streams, CIRs, and CMEs. Characterizing, tracking, and predicting all of these interplanetary structures is vitally important for promptly reacting to the impacts of Space Weather events, thereby protecting critical infrastructures and mitigating their potentially deleterious effects.
The Solar Physics group, at the Astrophysical Observatory of Turin, part of the National Institute for Astrophysics, is one of the expert groups involved in the SWESNET Heliospheric Weather ESC and is in charge of developing several tools/prototype services for real-time analysis of space data to provide results of interest to the ESA-SSA SWESNET program and the end users. Based on the results of the three papers reviewed in this article, the author will lead the implementation into SWESNET of three new services: 1) development of diagnostic code for automatic detection and characterization of ICMEs at L1 with in-situ data acquired from near-Earth space observatories (arising from Paper I); 2) development of algorithm for predicting the likely geo-effectiveness of ICMEs based on local estimation of their energy content with in-situ data provided by spacecraft orbiting at L1 (arising from Paper II); 3) development of a tool for predicting the length of the recovery phase of the geomagnetic storm and thus estimating the time-integrated effects of sustained periods of albeit low geomagnetic activity (arising from Paper III). In addition, a preliminary investigation for the design of a machine learning-based tool for real-time prediction of geomagnetic events from solar wind measurements acquired in situ at L1 will be carried out, thus approaching the challenging field of machine learning techniques for Space Weather, which has received a significant boost in recent years (e.g., Camporeale, 2019).
As a conclusion, this paper reports on the statistical approach necessary to study the magnetospheric response to any solar driver and the benefits this approach may have in Space Weather studies. Only through statistical analyses it is indeed possible to ascertain which solar and geomagnetic parameters are correlated (and to what extent) in the complex solar wind-magnetosphere interaction and, specifically, to establish empirical laws useful for Space Weather purposes, with the final aim to improve the prediction capabilities and increase the robustness of the ESA-SSA SWESNET forecasting service system.
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