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This perspective advocates for the need of a combined system science approach to global magnetospheric models and to spacecraft magnetospheric data to answer the question “Do simulations behave in the same manner as the magnetosphere does?” (instead of the standard validation question “How well do simulations reproduce spacecraft data?”). This approach will 1) validate global magnetospheric models statistically, without the need for a direct comparison against spacecraft data, 2) expose the deficiencies of the models, and 3) provide physics support to the system analysis performed on the magnetospheric system.
Keywords: planetary magnetospheres, global magnetospheric models, system science, information theory, model validation
INTRODUCTION
The Helio2050 workshop was organized in May 2021 to develop a vision for Heliophysics (the Sun, the solar wind, and planetary magnetospheres and ionospheres) for the next 30 years. Acknowledging the tremendous progress made in understanding the various parts of the heliospheric system over many decades, one of the themes for the future that had strong support from diverse areas of the community is the need to understand the heliospheric system as a whole. The same considerations also apply to the Earth’s magnetosphere. In fact, the idea of the magnetosphere as a “system of systems” is not new. For decades researchers have applied the tools of system science to data from solar wind, from magnetospheric spacecraft, and from geomagnetic indices and analyzed the correlations between causes (i.e., solar wind drivers) and effects (magnetospheric response). Reviews of magnetospheric system science are in Valdivia et al. (2005), Valdivia et al. (2013), and Borovsky and Valdivia (2018).
Here we are suggesting that system-science techniques be applied in parallel to 1) global magnetospheric simulations and 2) the actual magnetosphere. This methodology will result in a better assessment of the validity of the simulations and it will enable the identification of deficiencies in the simulation models. To validate the models, we will ask the question “Does the simulation behave in the same manner as the magnetosphere behaves?” rather than the standard validation question “How well does the simulation describe the data?”. This methodology can also clarify the utility of system-science techniques for the magnetosphere, and help refining those techniques. A final motivation for this methodology is to open an avenue of communication between two diverse magnetospheric research communities: 1) the systems analysis community and 2) the more-mainstream reductionist community of data analysis, instrument designers, plasma and space physicists, and numerical simulators.
MAGNETOSPHERIC SYSTEM SCIENCE
The magnetosphere-ionosphere system exhibits many forms of activity when driven by the solar wind (cf. Borovsky and Valdivia, 2018): magnetospheric convection, morphology changes, substorms, aurora, ionospheric outflows, plasma-wave activity, radiation-belt intensification, and radio emission. Magnetospheric system science examines correlations and information flow between the solar wind and the magnetosphere and looks at statistical properties of the multiple behaviors of the solar-wind-driven magnetosphere. Much of the motivation for these methods comes from the science of systems. The earliest form of magnetospheric system analysis was correlation studies between the spacecraft measurements of the solar wind and geomagnetic indices (Snyder et al., 1963; Bargatze et al., 1985), a method that is still heavily used today, (e.g., McPherron et al., 2015): this methodology yields information about how the solar wind drives the magnetosphere and about various system reaction times. For the driving of the magnetosphere, cause-and-effect among the solar-wind variables can be better established using similar methods based on information transfer (cf. Wing and Johnson, 2019). State vector analysis has built on these simpler solar-wind/magnetosphere correlative studies (Fung and Shao, 2008; Borovsky and Osmane, 2019). Using the proper tools, analysis of magnetospheric time series (typically geomagnetic indices) can yield information about the statistics of magnetospheric dynamics through measurements of fractality, dimensionality, criticality, chaotic output: these time-series studies are discussed in multiple reviews [Voros, 1994; Lakhina, 1994; Klimas et al., 1996; Vassiliadis, 2000; Vassiliadis, 2006; Chapman et al., 2004; Valdivia et al., 2005; Valdivia et al., 2013; Dendy and Chapman, 2006; Sharma, 2010, 2014; Pavlos et al., 2011; and Stepanova and Valdivia, 2016. See also Watkins et al., 2001; Watkins et al., 2012; and Watkins, 2002]. A different type of time-series analysis identifies events in the time series and examines the statistics of event occurrences and amplitudes (Liou et al., 2018). Finally, there is a long history of building and analyzing mathematical (analog) models of the magnetosphere (Smith et al., 1986; Goertz et al., 1991; Goertz et al., 1993; Vassiliadis et al., 1993; Klimas et al., 1997; Klimas et al., 2004; Freeman and Morley 2004; Valdivia et al., 2006; Spencer et al., 2018). These models provide information 1) that can be used to test our physical understanding about how the solar-wind-driven system works, 2) that can inform us about which parameters in the solar wind are key to controlling the reaction of the magnetosphere-ionosphere system, 3) about the global modes of reaction of the magnetosphere to the solar wind, 4) about the flow of information into and through the system, and 5) about where in the system chaotic behaviors emerges. These system methods can improve our scientific knowledge of the magnetosphere (e.g., the uncovering of secondary modes of reaction of the Earth system to the solar wind (Borovsky and Osmane, 2019) and can uncover improved ways to predict space weather (e.g., the expectation of accurately predicting the reaction of the Earth-system to as-yet-unseen severe levels of solar-wind driving (Borovsky and Denton, 2018)). Note that, at present, system science methods do not appear to be used yet in their most general form for space weather prediction outside academia.
GLOBAL MAGNETOSPHERIC MODELS
In what at first might appear as an unrelated topic of magnetospheric research, global magnetospheric models have long been used to describe and understand the behavior of the Earth’s magnetosphere. Initial efforts focused on a fluid magnetohydrodynamics (MHD) description of the solar wind and magnetospheric plasmas, owing to the limitations in available computer power (Gombosi et al., 2000; Raeder et al., 2001a; White et al., 2001; Lyon et al., 2004). More recently global magnetospheric models are evolving towards a description of the underlying kinetic plasma beyond MHD, acknowledging the importance of non-MHD physics for several key processes operating in the magnetosphere, such as solar-wind/magnetosphere coupling (day-side reconnection, plasma entry, Kelvin-Helmholz coupling), the ion foreshock, tail reconnection, and for wave-particle interactions [see the discussion in Palmroth et al., 2018]. This is in part because MHD becomes problematic for thin boundary layers such as those at the bow shock and the magnetopause. Examples of beyond-MHD approaches at various stages of development include more-sophisticated fluid models (Wang et al., 2018), hybrid approaches that treat ions kinetically and electrons as a massless fluid (Karimabadi et al., 2014; Lin et al., 2017; Palmroth et al., 2018; Omelchenko et al., 2021), spectral methods (Koshkarov et al., 2021) and MHD models locally coupled with kinetic solvers (Daldorff et al., 2014; Chen et al., 2017). Global magnetospheric models are also becoming more complex in terms of the number of sub-systems that they include. For instance, global MHD models have evolved to include ionospheric models (Fedder and Lyon, 1987; White et al., 2001; Raeder et al., 2001b; Wang et al., 2004; Ridley et al., 2004), ion outflow (Winglee, 2000; Glocer et al., 2009; Brambles et al., 2010), plasmaspheric models (Ouellette et al., 2016; Glocer et al., 2020), inner magnetospheric models to capture drift physics (Toffoletto et al., 2004; Welling and Ridley, 2010; Jordanova et al., 2018), and, as mentioned above, some embed kinetic solvers locally (Chen et al., 2017).
One critical aspect of global magnetospheric models is validation against spacecraft observations. Earlier works focused on applying global MHD codes to specific event challenges (Raeder et al., 1997; Ridley et al., 2002), which led to community-wide event challenges to assess the performance of different codes against observational data (see for instance Pulkkinen et al., 2013). This type of study is very useful in identifying the general trends of different models, in providing physics support and understanding magnetospheric reactions, and in providing comparisons with other codes. However, it is limited in its ability to achieve true validation in light of uncertainties in initial conditions, in particular the lack of knowledge of the actual solar wind hitting the magnetosphere (e.g., Borovsky, 2018; Walsh et al., 2019), boundary conditions, and lack of adequate physics that make it hard to really capture the local spatial and temporal variability of the magnetosphere. Indeed, the magnetosphere is a high-Reynolds number system that can exhibit unpredictable and chaotic behavior.1. Attempts to reproduce all details of its spatial and temporal variability should be taken with a “grain of salt”.
Recognizing the limitations just described, other efforts have taken a statistical approach to model validation. Some of these approaches still involve a direct comparison with data. For instance, Ridley et al. (2016) analyzed 662 global MHD simulations at the Community Coordinated Modeling Center to make statistical comparisons of different MHD codes against spacecraft magnetic field measurements. They concluded that models perform worse for higher geomagnetic activity and that coupling global MHD codes with inner magnetospheric models produced statistically better results (the latter conclusion agrees with Rastatter et al. (2013)). Other approaches do not involve a direct comparison with data but rather a ‘behavioral’ comparison against expressions derived from data. White et al. (2001) used the ISM code to study turbulent transport in the magnetotail under various IMF conditions and computed autocorrelation functions that were in reasonable agreement with autocorrelation functions calculated from ISEE-2 spacecraft measurements in the magnetotail. Specifically, the simulations could recover the general ordering of the decorrelation times for magnetic field component Bx, density n and magnetic field components By and Bz and the fact that the velocity components decorrelated more rapidly than the magnetic field components and density (Fig. 4 of White et al. (2001)) but could not recover the long tails seen in the data. El-Alaoui et al. (2013) studied plasma-sheet turbulence with MHD simulations and compared simulation power spectral densities against power spectral densities calculated from THEMIS spacecraft data, finding good agreement in the inertial range but not in the dissipative range. Gordeev et al. (2015) used different MHD models to evaluate several quantities representative of magnetospheric activity (examples include the subsolar magnetopause distance or the cross polar cap potential) against empirical relations obtained from spacecraft data. They found that no code provided satisfactory scores for all the magnetospheric variables considered. Haiducek et al. (2020) performed a month-long MHD simulation wherein over 100 substorms occurred: to validate the model for substorm occurrence, a distribution of substorm-to-substorm waiting times from the code was compiled and compared to equivalent distributions created from geomagnetic indices. The comparison showed a magnetospheric response in the code that was qualitatively similar to that observed for the real magnetosphere. The MHD simulation was also shown to have a small but statistically significant skill in predicting substorm occurrence times.
DISCUSSION: SYSTEM SCIENCE OF GLOBAL MAGNETOSPHERIC MODELS
In this perspective, we point out the need to apply system science tools to global magnetospheric models to understand if the system behavior of the global models is the same as the system behavior of the real magnetosphere and to overcome the limitations described above. There are clear advantages to this strategy. First, this approach offers the opportunity to validate the global models statistically, without attempting a direct comparison with spacecraft measurements in a high-Reynolds-number magnetosphere. Second, insight could be gained from a side-by-side statistical comparison of system science techniques applied to the outputs of global models and to spacecraft data. One could look at classic quantities of non-linear time series analysis (such as fractality, dimensionality, Lyapunov exponents, …) and check whether these quantities are the same in the models and in the real data. For those quantities that do not behave in the same manner, one can investigate why the behavior is different. From a correlation-analysis or information-analysis point of view, several natural questions immediately arise:
1) Are the same solar-wind variables important in the simulation as in the real system?
2) Is the derived driver function for the simulation similar to the derived driver function of the real system?
3) Are the time lags the same in the simulation and the real system?
4) Does the simulation show the same degrees of correlation as does the real system?
5) Does the simulation show the same modes of reaction to the solar wind as does the real system?
6) Does the code exhibit the same patterns of information flow as does the magnetosphere?
Third, as a corollary to the previous point, the system science of global models will facilitate exposing the deficiencies of the models. By turning on and off certain couplings in the simulations, one could ascertain how well the simulations reproduce the statistical correlations of the real system and what is the sensitivity to the various coupling elements. This will also provide guidance on what parts of the global models need more improvement. Fourth, from the perspective of system science of the real data, it could provide the physics basis to understand the meaning of the driver functions and state vectors identified by system science tools.
To enable the application of system science tools to global models and its comparison against data, the first step is to determine a set of measurements from the global simulations and match them with an equivalent set of measurements in the magnetospheric system. Table 1 shows examples of such equivalent quantities. Initially one could look at a single quantity in the simulations and the equivalent quantity in the magnetosphere to 1) compare the statistical behaviors of the pair of quantities, and 2) discern if the correlations with the solar wind are similar. Next, time-dependent state vectors comprised of multiple quantities could be created with the goal of 1) discerning whether the simulations exhibit the same collective modes of reaction to the solar wind as does the magnetosphere, 2) discerning whether the simulations have similar composite scalars as does the magnetosphere, and 3) discerning whether the simulations have the same high vector-vector correlations with the solar wind as the magnetosphere does.
TABLE 1 | Examples of equivalent quantities that could be compared between simulations and the magnetospheric systems.
[image: Table 1]An important question to consider is how much data would actually be needed to perform a meaningful system science analysis of global models. There are two distinct aspects to this point. The first is how much data from the solar wind input is necessary to obtain a magnetospheric response that is sufficiently representative of the variability of the environment. The second is the computational cost to obtain the necessary data through the simulations. To answer the first point, we turn to the analysis performed by Borovsky and Denton (2018) (hereafter “BD2018”). They used canonical correlation analysis (CCA) to correlate 8 solar wind state variables and 11 magnetospheric state variables for the years 1991–2007, a total of 102,672 hourly points for each state variable, i.e., 102,672*19 = 1,950,768 total points. They found a high prediction efficiency (PE) of 84% and a correlation coefficient (CC) of 0.92. We have performed the same canonical correlation analysis on a subset of the data to understand the minimum dataset that would give us a similar PE and CC. To do this, we select samples with Nsample = 19*N points randomly from the whole dataset; perform CCA on those Nsample points; construct S1in (S1out) and E1in (E1out) from the CCA coefficients for points inside (outside) the sample; compute CCin (CCout) between the solar wind state vector S1in (S1out) and the magnetospheric state vector E1in (E1out); compute the linear regression relating S1in to E1in and S1out to E1out; use the linear regression formula to predict values of E1 from S1, for the data points within and outside the sample; compute PEin and PEout as in BD2018. We also compute the error of the coefficients of each state variable relative to those found in BD2018. For a generic coefficient Ci, we define the relative error as [image: image]. Note that we repeat this procedure 100 times and average the results, to reduce the noise associated with random sampling. The results are plotted in Figure 1A, where we show the relative error for the solar wind state vector (red line) and magnetospheric state vector (blue line) versus the number of points per variable N. One can see that in general there is a decreasing trend of the error and that with only 3 points per variable (i.e., 57 points) the error is fairly small, ∼10%. Figure 1B show CC and PE versus N. CCin and PEin are monotonically decreasing functions of N (note that for N = 1, CCin = PEin = 1 because CCA can fit the data points exactly) while CCout and PEout are monotonically increasing functions of N. Asymptotically, all quantities converge to the values of BD2018 computed from the whole dataset. N∼3-4 (7) is sufficient for CCout (PEout) to be within 3% of the results of BD2018, i.e., to be within the shaded area of Figure 1B. These results are consistent with those of Hair et al. (2010) who indicate that CCA can be applied effectively with only 10 data points per independent variable, showing that CCA is extremely robust and does not need a lot of data. Finally, we also note that applying CCA on the data for January 2005 (i.e., the same time interval used by Haiducek et al. (2020) to study substorm onset with global MHD) yields CCin = 0.93, CCout = 0.97, PEin = 0.87, and PEout = 0.79, with [image: image] and [image: image]. Although preliminary, these results are very encouraging as they show that fairly little data is sufficient to enable effective multi-variable correlation analysis. In terms of computational performance, we note that currently global MHD codes are sufficiently fast to enable system-science studies. For instance, the data from January 2005 is sufficient for meaningful CCA and so the simulation output from Haiducek et al. (2020) could already be used for this purpose. As another example, the GAMERA-REMIX code (Zhang et al., 2019; Sorathia et al., 2020), which combines the GAMERA global MHD solver and the REMIX ionospheric potential solver, runs at ∼3,000 core-hours per hour of real time [K. Sorathia, private communication], implying that a simulation study that requires ∼200 hourly points could be completed with ∼600,000 core-hours. These performance numbers correspond to the high-resolution simulations, e.g., resolving plasma sheet mesoscale dynamics (Sorathia et al., 2021). This is a fairly small allocation on modern high-performance computing architectures. On the other hand, the cost of a single computational run of the more sophisticated global models under development is still very high. For instance, a representative simulation cost of the hybrid global code HYPERS is ∼1-million core-hrs for a 1-hour-long simulation of the Earth’s magnetosphere [Y. Omelchenko, private communication], extrapolated from the simulations presented in Omelchenko et al. (2021) for that specific resolution. As another example, the recent first 6D run of the hybrid global code Vlasiator cost ∼15-million core-hrs for a 30-minutes-long simulation of the coupled solar wind—magnetosphere system using the Earth’s dipole magnetic field [M. Palmroth, private communication]. Further computational optimization of the beyond-MHD global codes will be necessary to take full advantage of the upcoming exascale computing facilities and render statistical studies accessible with these codes. Note also that approaches targeting information theory have already been applied effectively without requiring as many simulation runs, e.g., Johnson et al. (2019) who are using transfer entropy to study causal relationships in a single global hybrid simulation run. We therefore conclude that a system science approach to global magnetospheric models is feasible with present-day tools and should be pursued. In general, it will be important to test a variety of system-science methods to obtain complementary information and understanding of the system.
[image: Figure 1]FIGURE 1 | (A) Relative errors for the mean solar wind state (red line, maximum over 8 state variables) and magnetospheric (blue line, maximum over 11 state variables) coefficients as a function of the number of data points per independent variable N used in the canonical correlation analysis. The errors are relative to the results of Borovsky and Denton (2018). (B) Prediction efficiency and correlation coefficient as a function of N, obtained for points inside (solid line, labelled as “in”) and outside (dashed line, “out”) of a given sample. The shaded areas are within ±3% of CC (red) and PE (blue) evaluated in BD2018 over the whole dataset. See the text for more details.
As a final remark, we have focused this perspective on global magnetospheric models because of the general interest of the magnetospheric community to develop a holistic view of the magnetosphere. However, many of the same considerations are still applicable to the individual sub-systems and much could be learned from a side-by-side system science comparison of models and spacecraft data at the sub-system level.
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FOOTNOTES
1Note, also, that collisionless or weakly-collisional plasmas can develop an effective viscosity due to kinetic physics that can be significantly larger than that induced by collisions (see, for instance, Squire et al. (2017)) and that, even if this might effectively lower the Reynolds number of the system, an MHD description would still be inadequate (see also the discussion in Borovsky and Gary (2009)).
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