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The physics of geospace activity is inherently multi-scale and heterogeneous. Geospace – defined 
here as the near-Earth environment spanning from the upper atmosphere to the outer magneto-
sphere – is a system of systems: it is comprised of coupled physical domains (magnetosphere, with 
all of its regions and boundary layers, ionosphere, thermosphere, and mesosphere) that consist of 
plasma and neutral gas populations immersed in electromagnetic fields that evolve on disparate 
temporal and spatial scales, but affect each other in complex ways. Each of these overlapping 
domains is governed by its own physical descriptions, and the system as a whole is driven by, or 
interacts with, both the solar wind and the lower atmosphere.  

Over the decades, substantial progress has been made in understanding the physics of the in-
dividual domains of geospace. However, because of the collective nature of the cross-domain and 
cross-scale interactions within geospace, particularly during active times, the space science com-
munity still lacks a basic understanding of how this physical system behaves as a whole during 
varying solar wind conditions. Indeed, the two most fundamental modes of geospace dynamics – 
storms and substorms – remain poorly understood when considered holistically. Yet, such a com-
prehensive understanding of geospace activity – where the whole is recognized as more than just 
the sum of parts –  is required to achieve a degree of knowledge that would ultimately enable 
meaningful predictions and application to operational needs.  

The realization of this complexity is not new. From the first-principles modeling perspective, 
the community has been addressing the problem by developing coupled models that treat the dif-
ferent physical domains separately, then exchange information either via boundary conditions or 
some other means, e.g., source terms in the relevant equations. Examples include, but are not lim-
ited to: global magnetohydrodynamic (MHD) magnetosphere models coupled with ring current or 
ionosphere-thermosphere global circulation models, or particle-in-cell boxes embedded within a 
global magnetosphere simulation. Such coupled approaches yield important insights, often pro-
duce good quantitative predictions, and will likely remain the only feasible space weather appli-
cation-ready approach for the whole geospace modeling in the next 5-10 years. The primary chal-
lenges in this approach will be coupling new physical domains (e.g., the plasmasphere, the mag-
netotail transition region, the lower atmosphere), including various sub-grid processes (e.g., wave-
particle interactions for magnetospheric particle scattering or ionospheric ion outflow, or small-
scale atmospheric turbulence), improving self-consistency of the coupling mechanisms, and doing 
it at high enough resolution and large enough computational scale. Large-scale research programs 
such as NASA DRIVE science centers are well-positioned to make progress on this front in the 
relatively short term.  

However, we are now entering the dawn of the age of exascale supercomputing (1018 compu-
tations per second). Going forward, more diverse and powerful computing technology will un-
doubtedly usher in a new era of physics-based approaches for geospace modeling that will become 
feasible well before 2050 (Table 1). In fact, such approaches are already being pioneered by a 
number of groups across the globe. Examples may include three-dimensional extended MHD, 
multi-fluid, hybrid, Vlasov, spectral and implicit kinetic solvers for the global magnetosphere or 
whole atmosphere models from ground up that can resolve the fundamental dynamics and chem-
istry of both neutral and ionized gases. 

To mention just a few, outstanding science issues that will not be fully addressed until such 
models are developed include, but are not limited to: 
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- The nature and role of magnetic reconnection on the dayside magnetopause and in the mag-
netotail in controlling the solar wind-magnetosphere coupling. Reconnection is widely ac-
cepted as the primary mechanism of energy transfer from the solar wind to the geospace sys-
tem. However, the problem is intrinsically multi-scale as it involves both macro and micro 
scales. Covering the full scale range is required to address fundamental questions that remain 
unanswered: What determines the integrated dayside reconnection rate and therefore the cross-
polar cap potential? To what extent is the dayside reconnection bursty versus steady? What 
causes reconnection onset on the nightside? What controls the dawn-dusk extent and asym-
metry of the nightside reconnection region? What controls reconnection cessation? 

- The build-up of the ring current. The role of mesoscale plasmasheet transport in the generation 
of the ring current has been a major focus of the community in the past few years, particularly, 
given the THEMIS, Van Allen Probes and MMS observations. Yet, understanding the relative 
role of mesoscale transport (bursty bulk flows) versus macro-scale global dipolarization and 
micro-scale waves and instabilities remains elusive. In particular, the physics of the magneto-
tail transition region, where neither MHD nor slow-flow approximations are valid, is almost 
entirely unexplored in global models. A partial list of unanswered questions may include:  How 
are particles accelerated and energized there? What is the role of adiabatic and non-adiabatic 
processes? What is the minimal plasma description required in the transition region? 

- Loss and build-up of the radiation belts. Similarly to the ring current, the role of mesoscale 
plasmasheet transport and the magnetotail transition region is poorly understood for the seed 
population of radiation belt electrons. Furthermore, what are the relative roles of micro-scale 
instabilities, causing atmospheric precipitation, versus large scale changes in the magneto-
sphere structure? 

- Atmospheric precipitation control of ionospheric conductivity. This is another inherently 
multi-scale problem. Nightside ionospheric conductivity is created predominantly by precipi-
tating plasmasheet electrons with energies up to ~20 keV which, dependent on the spectrum, 
is deposited in a narrow range of altitudes between roughly 80 and 120 km. Capturing self-
consistently, within the same model, the processes that map the vast volume of the magnetotail 
to a 40-km thick layer in the ionosphere with spatial scales that may be order of 10 km or less 
horizontally, including current sheet scattering and electron-scale plasma waves (e.g., hiss and 
chorus), may be within the realm of feasible by 2050.  

- Ionospheric heavy ion acceleration by wave-particle interactions. The escape of heavy iono-
spheric ions is a multistep process involving interactions across disparate scales. First, particle 
precipitation and Joule heating create ionospheric upflow, and these energy inputs span global 
scales (1000 km), mesoscales (100 km), and auroral arc scales (10 km). Second, wave particle 
interactions accelerate upflow into outflow at escape energies, and describing the relevant 
waves requires sub-grid parameterizations. The ion distribution functions produced by these 
wave particle interactions are highly non-Maxwellian, so kinetic approaches are required to 
describe their evolution properly. 

- Cross-scale evolution of neutral and ionospheric structures during geomagnetically active pe-
riods. One outstanding issue is the behavior of global ionospheric electric fields during storms, 
their changes due to penetration electric fields and wind disturbance dynamo and their roles in 
shaping the ion-neutral coupling, global ionospheric structures of different spatial structures, 
especially large ionospheric density gradients that in turn cause meso- and micro-scale plasma 
irregularities and radio wave scintillation. Further questions include: how does the ionosphere-
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thermosphere system respond to localized heating and momentum sources? How are the local-
ized perturbations in neutral temperature, winds and composition transmitted to other regions 
and cause observable global consequences? 

- Cloud-resolving whole atmosphere. At exascale it will become feasible for nonhydrostatic 
whole atmosphere modeling reaching down to cloud-resolving scales (~3 km horizontal reso-
lution) and ~300-500 m vertical resolution (~5x1010 grid cells with interactive chemistry). This 
will enable the mesoscale range (20-2000 km) to be fully resolved globally, and large-eddy 
simulation (LES) models can be used to parameterize turbulence processes induced by flow 
instability. The generation, propagation, breaking and dissipation of atmosphere gravity waves 
can then be self-consistently simulated. Within a coupled whole geospace model system, this 
will enable the study of processes such as mesoscale and planetary scale interactions and their 
impacts on the energetic, dynamics, and electrodynamics, including seeding ionospheric irreg-
ularities, such as the generalized Rayleigh-Taylor instability and sporadic E layers, that affect 
communication and navigation systems. 

A further challenge in addition to developing physics-based models that will take advantage of 
supercomputer architectures of the future, is to also make these models capable of ingesting the 
now available, and ever-increasing, vast volumes of data throughout geospace. Data assimilation 
(DA) and uncertainty quantification (UQ) remain rudimentary outside of the atmosphere and ra-
diation belts. The reason is that a vast volume of geospace is occupied by collisionless plasmas, 
where wave signals travel fast and anisotropically because of the magnetic field. The non-locality 
of geospace interactions makes problematic the adaptation of the highly successful DA techniques 
used in the atmosphere. Thus, new physics-based models will require new algorithms and ap-
proaches for DA and UQ that will come at a tremendously increased computational cost. Addi-
tionally, large ensemble simulations of the whole geospace-atmosphere system over climate time 
scales will make it possible to study the downward impact of geospace on surface climate. 

Table 1: A rough prospective timeline of first-principles model development within a 30-year 
horizon (to be refined and augmented with community input). 

5-10 years 10-20 years 20-30 years 
- Current geospace domain-

centric models improved, 
scaled, adapted for nascent 
heterogenous computing ar-
chitectures 

- Physical self-consistency of 
coupling between domains 
improved 

- All relevant mesoscale 
(smallest allowable within 
given physical approxima-
tion) resolved 

- New physics-based ap-
proaches developed continu-
ously in parallel 

- DA/UQ scalable/operations-
ready algorithm develop-
ment 

- Microscale process parame-
terization 

- New physics-based ap-
proaches gradually replace 
traditional ones 

- Coupling boundaries gradu-
ally eliminated due to more 
complete physics within do-
main-centric models 

- Significant changes in hard-
ware architecture to support 
meaningful advances in 
computing capability 

- Meaningful fusion of first-
principles and AI-based 
modeling 

- Microscale processes mi-
grate from parameterization 
to first-principles 

- Sky is the limit. 
- As an example of a rough or-

der of magnitude estimate, 
assuming a full exascale ma-
chine is available for the sim-
ulation, 1018 operations/time 
step is the real attainable per-
formance, and 1000 opera-
tions/time step is required for 
a Vlasov code, a grid with 
1015 cells for the 6D space 
would be feasible. 
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