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Abstract
Neutralplasma interactions fundamentally regulate the dynamics of the coupled thermo-sphereionosphere (TI) system, controlling plasma transport, electrodynamics, and energy ex-change. As Solar Cycle 25 progresses, and in comparison with the well-studied variability of Solar Cycle 24, significant changes are observed in thermospheric heating, equatorial electrody-namics, and storm-time ionospheric responses. This review synthesizes current understanding of neutralplasma coupling by integrating theoretical foundations with advances in global ob-servations and modeling. We highlight key contributions from major satellite missions (ICON, GOLD, SWARM, COSMIC-2) and extensive ground-based networks across Africa, Europe, the Americas, and Asia, including GNSS-TEC arrays, ionosondes, radars, and airglow imagers. These coordinated datasets provide improved characterization of EIA dynamics, plasma bubbles, high-latitude forcing, and lower-atmosphere drivers such as tides and planetary waves. Model-ing developments are examined across empirical, semi-empirical, physics-based, and machine-learning frameworks, with emphasis on neutral winds, O/N2 composition changes, ionneutral collisions, and storm-time electrodynamics. Persistent challenges include sparse coverage in Africa and oceanic regions, uncertainties in neutral wind climatology, and difficulties in pre-dicting disturbed-time ionospheric variability. The review outlines future priorities in global observations, whole-atmosphere modeling, AI-assisted forecasting, and expanded GNSS net-works, highlighting the essential role of improved neutralplasma characterization in advancing space-weather prediction capability.
Keywords:T-I system; ionospheric dynamics; space weather; plasma transport; GNSS-TEC.

1 [bookmark: Introduction]Introduction
Neutralplasma interactions lie at the core of upper atmospheric dynamics because the ionospherether-mosphere (IT) system is a partially ionized medium in which charged and neutral species coexist and continuously exchange momentum and energy. Although only ∼ 1% of the upper atmosphere is ionized above 100 km, collisions between ions, electrons, and neutral particles exert profound con-trol over large-scale electrodynamics, energy dissipation, and mass transport. Ionneutral collisions generate key processes such as ion drag, frictional heating, ambipolar diffusion, and conductivity modulation, all of which regulate the circulation patterns and dynamical responses of both the iono-sphere and thermosphere Nakariakov et al. (2016). These interactions determine how efficiently solar and magnetospheric energy is transferred into the upper atmosphere and govern the formation of large-scale structures and instabilities across all latitudes.
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At high latitudes, magnetosphere-driven plasma convection is strongly damped by neutral winds through frictional coupling, converting electromagnetic energy into thermal heating of the thermo-sphere. At low latitudes, neutral winds drive the ionospheric dynamo, generating electric fields that control the equatorial electrojet (EEJ), vertical E × B drifts, the Equatorial Ionization Anomaly (EIA), and the pre-reversal enhancement (PRE) McCrea et al. (2015). Mid-latitudes and sub-auroral regions exhibit complex coupling through storm-enhanced density (SED), sub-auroral po-larization streams (SAPS), and thermospheric composition changes, while polar regions experience intense heating, particle precipitation, and ion outflow. Thus, neutralplasma coupling is a global phenomenon influencing all geophysical latitudes, not only the equatorial belt.
Understanding these interactions is critical for improving space weather forecasting, GNSS reliability, satellite drag modeling, and radio communication performance. The variability observed during Solar Cycle 24 and the ongoing evolution in Solar Cycle 25 have further highlighted the sensitivity of the IT system to changes in solar extreme-ultraviolet (EUV) flux, geomagnetic activity, and lower-atmosphere wave forcing.

1.1 [bookmark: Historical Development of Upper-Atmosphe]Historical Development of Upper-Atmospheric Coupling Studies
Scientific understanding of neutralplasma coupling has advanced over nearly a century. In the 1930s1950s, pioneering radio-wave propagation experiments by Appleton, Breit, and Tuve estab-lished the layered structure of the ionosphere as shown in Fig.1. During the 1960s, ionospheric electrodynamics and dynamo theory provided the first comprehensive framework describing how neutral winds, ionospheric currents, and electric fields interact within the global upper atmosphere National Research Council (1994). The space age revolutionized observation. The Atmosphere Explorer (AE) missions (19731978) produced the first detailed in situ measurements of ion compo-sition, temperatures, and neutral winds. Subsequent satellitesDE-2, UARS, CHAMP, GRACEre-vealed the influence of tides, planetary waves, geomagnetic forcing, and thermospheric composition on global ionospheric variability.
The modern era has been shaped by high-resolution, multi-point missions such as SWARM, ICON, GOLD, and COSMIC-2, along with expansive GNSS-TEC networks across Africa, Europe, North America, South America, and Asia. These advances, together with physics-based models (TIE-GCM, WACCM-X, SAMI3) and empirical/semi-empirical models (IRI, NeQuick), have pro-vided unprecedented insight into storm-time electrodynamics, equatorial plasma bubbles (EPBs), traveling ionospheric disturbances (TIDs), EIA morphology, and multi-scale wave structures Fung et al. (2023). The field has thus become highly interdisciplinary, linking atmospheric science, mag-netospheric physics, and computational modeling. Relevance to Space Weather, Satellite Drag, and GNSS Accuracy
Neutralplasma coupling plays a central role in determining the structure and variability of the near-Earth space environment. Variations in electron density, ionospheric conductivity, thermo-spheric winds, and composition directly influence satellite drag, radio-wave propagation, and the performance of global navigation satellite systems (GNSS). These processes form the basis of many operational space weather challenges Data et al. (2025b). Space Weather Impacts
During geomagnetic storms, enhanced ionneutral collisions, Joule heating, and auroral precipi-tation cause significant thermospheric expansion, increasing atmospheric density at typical satellite altitudes. This leads to abrupt enhancements in orbital drag, as observed during the March 1989 storm and the February 2022 event that resulted in the premature loss of multiple Starlink satellites Sterken (2005); Data (2025). Accurate modeling of neutralplasma coupling is therefore essential for orbit prediction, debris mitigation, and space situational awareness Ehlmann et al. (2016).
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[bookmark: _bookmark0]Figure 1: Neutralplasma coupling processes in the ionosphere https://en.wikipedia.org/wiki/ Ionosphere.

GNSS and Communication Systems
Ionospheric irregularitiesincluding EPBs, TIDs, and SED structuresare strongly modulated by neutral winds, tidal forcing, and conductivity variations. These irregularities cause scintillation, leading to rapid fluctuations in GNSS signal amplitude and phase, degrading positioning accu-racy and disrupting HF communication systems. Because vertical plasma driftcontrolled by neu-tralplasma couplingis the primary driver of EPB formation, improving our understanding of these interactions is critical for forecasting scintillation risk across equatorial, mid-latitude, and polar regions Gopalswamy (2021).
Thermospheric Composition and Drag
Storm-time variability in thermospheric composition, particularly changes in the O/N2 ratio, strongly influences recombination rates, electron density distributions, and ionospheric conduc-tance. These composition changes, governed by global-scale neutral dynamics and high-latitude forcing, introduce major uncertainties into satellite drag models and space weather prediction frameworks.  Fundamental  Equations  Governing  NeutralPlasma  Coupling
Neutralplasma interactions in the ionospherethermosphere (IT) system are described by multi-fluid momentum equations, which capture how collisions, pressure gradients, electromagnetic fields, and neutral winds govern plasma dynamics ??.
Ion Momentum Equation

For a singly charged ion species, the momentum equation is
m n dVi = q n (E + V × B) − ∇p − m n ν  (V − V ),	(1)
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which includes ion drag due to ionneutral collisions.
Electron Momentum Equation
Neglecting electron inertia (me   mi), the electron momentum equation reduces to
0 = −ene (E + Ve × B) − ∇pe − meneνen(Ve − Vn),	(2) which controls current flow and electrical conductivity.
Generalized Ohm’s Law
Combining ion and electron momentum equations gives the anisotropic Ohms law
J = σP E⊥ + σH(E⊥ × bˆ) + σ [image: ] E [image: ] ,	(3) which is central to ionospheric electrodynamics.
Ambipolar Diffusion
Vertical plasma transport along magnetic field lines is described by
[image: ]V  = −	1	∂ (p + p ),	(4)
miνin ∂s	e	i
a key mechanism in the topside ionosphere. Neutral-Wind Dynamo Neutral winds generate a dynamo electric field:
Edyn = −Vn × B,	(5)
which drives the equatorial electrojet (EEJ), vertical drifts, and the Equatorial Ionization Anomaly (EIA).
E × B Drift
The plasma drift perpendicular to the magnetic field is
E × B
VE×B =	B2	,	(6)
which governs equatorial uplift and the formation of equatorial plasma bubbles.
-
Goals and Structure of This Review This review synthesizes current understanding of neutral-plasma interactions in the ionospherethermosphere (IT) system, emphasizing developments from 2010 to 2025, including satellite missions (SWARM, ICON, GOLD, COSMIC-2), ground-based networks, and advances in modeling and machine-learning approaches. The overarching goal is to integrate observational, theoretical, and modeling perspectives to better understand ionospheric variability and its impact on space weather.
The review has three primary aims:
1. Physical Mechanisms: Explain fundamental processes governing neutral-plasma coupling, including ionneutral collisions, ion drag, ambipolar diffusion, electrodynamics, E × B drifts, tidal forcing, and thermospheric composition effects.
2. Observations and Modeling: Summarize observational progress from satellites and ground-based instruments, and evaluate modern modeling approaches, including empirical, physics-based, and machine-learning frameworks, highlighting their strengths, limitations, and pre-dictive capabilities.

3. Impacts and Future Directions: Assess how neutral-plasma interactions influence iono-spheric phenomena (EIA, EPBs, SED, storm-time variations) and operational space weather (GNSS scintillation, satellite drag, HF communications), while identifying knowledge gaps and proposing future research priorities, especially in under-observed regions such as Africa.

2 [bookmark: The Upper Atmosphere System]The Upper Atmosphere System
The upper atmosphere, comprising the thermosphere and ionosphere, forms a complex, coupled system extending roughly from 90 km to 600 km altitude. Although historically treated as sepa-rate regions, it is now understood that these layers interact continuously through collisions, elec-trodynamics, waves, and chemical processes. The thermosphere is predominantly neutral and is characterized by rapidly increasing temperatures, often exceeding 1000 K during geomagnetic dis-turbances. This region responds strongly to solar ultraviolet (UV) and extreme ultraviolet (EUV) radiation, which heat the neutral gas and drive global-scale circulations. The ionosphere, embed-ded within the thermosphere, consists of a plasma produced primarily by solar radiation ionizing atmospheric gases. It contains free electrons and ions that significantly influence electromagnetic wave propagation, satellite communication, and navigation systems. The ionosphere is typically divided into the D, E, and F regions, with the F region (200-600 km) being the most important for space-weather impacts due to its high electron density and complex electrodynamic behavior Ade-wale et al. (2012). The thermosphere-ionosphere (T-I) system is not passive; it reacts dynamically to solar and geomagnetic forcing, producing phenomena such as ionospheric storms, composition changes, and heightened atmospheric drag. Additionally, atmospheric tides, planetary waves, and gravity waves originating from the lower atmosphere propagate upward and modulate ionospheric morphology, establishing strong vertical coupling across atmospheric layers. This interconnected environment forms the backbone of space-weather processes in near-Earth space.

2.1 [bookmark: Vertical Structure, Composition, and Ion]Vertical Structure, Composition, and Ionization
Vertical Structure The thermosphere exhibits a transition from molecular to atomic dominance with increasing altitude. Below approximately 120 km, molecular species such as N2 and O2 dominate, while above this region atomic oxygen (O) becomes the primary constituent due to the lower collision rates and photodissociation processes. Temperature increases sharply with altitude, controlled mainly by solar UV absorption, reaching maxima in the exosphere.
The ionospheres layered structure reflects the balance between ion production, recombination, and transport:
· D region (60-90 km): Dominated by molecular ions (NO+, O+), strong recombination,2

and high collision frequencies.
· E region (90-150 km): Increased solar ionization, presence of metallic ions, and strong conductivity anisotropy.
· F region (150-600 km): Contains long-lived atomic ions (O+), large electron densities, and is highly sensitive to electric fields and neutral winds Mannucci et al. (1998).
Composition The thermospheric composition is critical for ionospheric behavior. Variations in the O/N2 ratio strongly influence ionospheric electron densities by modifying recombination rates. During geomagnetic storms, enhanced upwelling of molecular-rich air reduces O/N2 ratios at low latitudes, leading to ionospheric density depletion or negative storms.

Ionization Photoionization by solar EUV radiation is the dominant source of plasma in the ionosphere. Secondary sources include: particle precipitation at high latitudes, charge-exchange processes, energetic electron impacts during storms. Ionization rates exhibit strong diurnal, sea-sonal, and solar cycle variability, shaping the spatiotemporal evolution of the ionosphere.

2.2 [bookmark: Sources of Energy and Momentum]Sources of Energy and Momentum
The upper atmosphere is driven by multiple sources of energy and momentum that interact across spatial and temporal scales.
Solar EUV Heating Solar radiation is the primary energy source for the thermosphere, heating the neutral gas through photoabsorption and photoionization. EUV variability across the solar cycle causes thermospheric density to vary by up to a factor of two, directly affecting satellite drag.
Joule Heating and Lorentz Forcing At high latitudes, the solar wind-magnetosphere in-teraction generates strong electric fields and ion convection. Collisions between ions and neutrals convert electromagnetic energy into thermal energy (Joule heating), significantly altering thermo-spheric temperature and winds.
Tidal and Wave Forcing Atmospheric tides originating in the lower atmosphere transport significant energy and momentum into the T-I system. These tides interact with the ionospheric plasma, modulating electric fields, vertical drifts, and electron density structures.
Ion Drag Ion-neutral collisions transfer momentum from ionospheric convection to the neutral atmosphere, producing ion drag forces that alter the global thermospheric circulation. This coupling becomes particularly strong during geomagnetic storms.
Chemical Heating Exothermic reactions involving NO, O+, and O+ also contribute to ther-mospheric heating, though this source is generally minor compared to solar and Joule heating.2

Together, these energy inputs create a highly dynamic environment with strong spatial gradients and complex feedback mechanisms.

2.3 [bookmark: Role of Solar Radiation, Geomagnetic For]Role of Solar Radiation, Geomagnetic Forcing, and Atmospheric Tides
Solar Radiation Solar EUV and X-ray radiation control most thermospheric and ionospheric variability under quiet conditions. Increased solar activity leads to: higher electron densities, enhanced thermospheric temperatures, expansion of the upper atmosphere, increased satellite drag, and stronger ionospheric currents. Solar flares can cause sudden ionospheric disturbances (SIDs), rapidly altering electron densities and degrading radio communications.
Geomagnetic Forcing Geomagnetic storms represent a major driver of upper-atmospheric variability. Interplanetary magnetic field (IMF) southward turnings enhance energy transfer from the solar wind to the magnetosphere, intensifying high-latitude convection, particle precipitation, and Joule heating Adewale and Rabiu (2022). This leads to: large increases in thermospheric density, compositional changes (O/N2 reduction), equatorial and midlatitude ionospheric storms, disturbance dynamo electric fields.
Atmospheric Tides and Lower-Atmosphere Coupling Atmospheric tides, particularly diurnal and semidiurnal modes, propagate upward from the troposphere and stratosphere. As they reach the thermosphere, they modulate: neutral winds, dynamo electric fields, vertical plasma drifts, and ionospheric density structures (e.g., longitudinal wave-4 patterns).
Planetary waves and gravity waves contribute additional variability, enabling two-way coupling across atmospheric layersa major theme in modern space-weather research.

3 [bookmark: Mechanisms of Neutral-Plasma Coupling]Mechanisms of Neutral-Plasma Coupling
Neutral-plasma coupling in the upper atmosphere is one of the core processes shaping the structure, variability, and dynamics of the ionosphere-thermosphere system. Because the ionosphere is weakly ionized typically less than 1% ionization fraction except in the F region neutrals and charged particles cannot be treated as separate fluids. Instead, their interactions determine the momentum, energy, and mass exchange that control plasma motion, current systems, temperature distributions, and large-scale electrodynamics. This section reviews the major physical processes responsible for ionosphere-thermosphere coupling, emphasizing their roles in shaping diurnal variations, space-weather responses, and global transport Zhang et al. (2023).

3.1 [bookmark: Ion-Neutral Collisions]Ion-Neutral Collisions
Ion-neutral collisions are the most fundamental mechanism connecting the ionized and neutral components. Every charged particle species (ions and electrons) undergoes frequent collisions with the more abundant neutral atoms and molecules, particularly below ∼200-250 km where collision frequencies are high. These collisions exchange momentum between the fluids, making plasma mo-tion highly dependent on neutral wind fields Schaer (1999). At low altitudes (E region), collisions dominate Lorentz forces, effectively causing ions to drift with the neutrals and modifying current systems through Pedersen and Hall conductivities. Higher in the F region, decreasing collision frequencies allow ions to respond more freely to the electric and magnetic fields while still expe-riencing frictional coupling. The efficiency of this coupling is altitude-dependent and varies with solar activity, composition changes, and local time. Overall, ion-neutral collisions set the basic framework through which all other coupling mechanisms operate.

3.2 [bookmark: Ion Drag and Frictional Heating]Ion Drag and Frictional Heating
Ion drag refers to the force exerted by the plasma on the neutral gas as ions attempt to move along electric field directions while the neutrals may move independently under atmospheric tides or ther-mospheric circulation. When ions are forced by electromagnetic fields to move relative to neutral particles, momentum transfer occurs through collisions. This slows ion drift and accelerates neutral wind, acting as a drag force on the neutrals. At the same time, this differential motion produces frictional (Joule) heating, which can be a major source of thermospheric energy, especially at high latitudes where magnetospheric electric fields penetrate more effectively. Frictional heating con-tributes to temperature enhancements, upwelling, and compositional perturbations (e.g., changes in O/N2 ratio) during geomagnetic storms. This process is central to storm-time thermospheric expansion, enhanced satellite drag, and the redistribution of density at orbital heights.

3.3 [bookmark: Neutral Wind Dynamo and Ionospheric Elec]Neutral Wind Dynamo and Ionospheric Electrodynamics
In the E and F regions, neutral winds driven by solar heating, tides, and planetary waves can move ions across the geomagnetic field. Because charged particles remain tied to magnetic field lines, their motion perpendicular to B is restricted. However, collisions with neutrals allow ions to partially follow neutral motion, inducing electric fields through the wind dynamo mechanism. In the low-latitude E region, this mechanism generates large-scale east-west electric fields that map along magnetic field lines to the equatorial F region, producing vertical plasma drifts. These wind-driven electric fields contribute to critical features such as the equatorial electrojet (EEJ) and equatorial ionization anomaly (EIA). The global ionospheric current system (including Sq

currents and DP2 currents during disturbed conditions) is therefore intimately tied to the spatial and temporal structure of thermospheric winds.
3.4 [bookmark: E ÃŠ B Drift and Its Global Signatures]E × B Drift and Its Global Signatures
The E × B drift is the fundamental motion of plasma in the ionosphere, occurring perpendicular to both the electric field and the magnetic field. Because this drift is collisionless and shared by ions and electrons, it moves plasma as a single fluid and dominates F-region dynamics. At the magnetic equator, the vertical E × B drift controls the height of the F-layer, affecting ionospheric density, scintillation occurrence, and the formation of the equatorial ionization anomaly. Upward daytime drift lifts plasma to altitudes with slower recombination, enhancing electron density at low latitudes. Conversely, downward nighttime drift brings plasma into regions of faster loss, contributing to pre-reversal enhancement (PRE) conditions favorable for equatorial plasma bubble formation. High-latitude E × B drifts are driven primarily by magnetospheric electric fields and are critical in coupling the ionosphere with the solar wind-magnetosphere system Seemala and Valladares (2014).

3.5 [bookmark: Ambipolar Diffusion and Plasma Transport]Ambipolar Diffusion and Plasma Transport
Ambipolar diffusion refers to the collective diffusion of electrons and ions under the requirement of charge neutrality. Electrons tend to diffuse faster than ions due to their smaller mass, but the electrostatic potential they create forces ions to follow, leading to coupled diffusion. This process is particularly important in the topside ionosphere where collisions are infrequent. Plasma diffuses along magnetic field lines from regions of high density to low density, contributing to plasma redis-tribution in the F region. Ambipolar diffusion shapes the topside scale height, influences nighttime decay rates, and contributes to global redistribution of ionospheric material along magnetic flux tubes. It also plays a role in recovering ionospheric structure after geomagnetic disturbances by smoothing out storm-induced density gradients Ouattara et al. (2019).

3.6 [bookmark: Thermospheric Tides and Planetary Wave I]Thermospheric Tides and Planetary Wave Influences
Thermospheric tides driven by solar heating of the lower atmosphere and modified by the propaga-tion of waves from the troposphere and stratosphere modulate neutral density, wind patterns, and temperature. These tides interact with ionospheric plasma through ion-neutral collisions, imprint-ing tidal signatures onto the electrodynamic system. The resulting perturbations are observed in electric fields, currents, and TEC variations. Planetary waves and their seasonal variability fur-ther modulate these tidal patterns, occasionally producing strong longitudinal structures such as the wave-4 pattern in low latitudes. These interactions are critical for understanding day-to-day variability, equinox transitions, and seasonal asymmetries in ionospheric behavior.

3.7 [bookmark: Composition Changes (O/N2 Ratio Effects)]Composition Changes (O/N2 Ratio Effects)
The relative concentration of atomic oxygen (O) to molecular nitrogen (N2) is a key determi-nant of ionospheric production and loss rates. Since O is the primary source of O+ ions in the F region, while N2 enhances recombination, the O/N2 ratio is directly linked to electron den-sity. Thermospheric dynamics, heating, and circulation can redistribute these species, especially during geomagnetic storms when high-latitude heating drives upwelling. Upwelling increases the proportion of molecular species, reducing O/N2 and causing negative ionospheric storms at mid and low latitudes. Conversely, equatorward winds can transport O-rich air from higher altitudes,

producing positive storms by enhancing F-region electron density. Thus, composition changes are a key coupling pathway linking energy input, neutral circulation, and ionospheric electron density variability.

3.8 [bookmark: Coupling During Geomagnetic Storms]Coupling During Geomagnetic Storms
Geomagnetic storms provide the most dramatic example of ionosphere-thermosphere coupling. So-lar wind disturbances inject energy into the magnetosphere, generating intense high-latitude electric fields, particle precipitation, and Joule heating. These inputs strongly disturb both the thermo-sphere and ionosphere. Storm-time high-latitude heating generates global changes in circulation, with enhanced equatorward winds redistributing energy, momentum, and composition. Electric fields penetrate to low latitudes, modifying vertical drifts in the equatorial region, sometimes en-hancing or suppressing the EIA. Plasma irregularities, scintillation, and storm-enhanced density (SED) plumes occur as direct results of neutral-plasma interactions. Therefore, geomagnetic storms highlight the sensitivity of the ionosphere to coupled processes across the entire Sun-Earth system, demonstrating how neutral dynamics, electrical forcing, and composition changes together govern ionospheric variability Komjathy (1997).

4 [bookmark: Observational Advances]Observational Advances
Observations form the foundation for advancing our understanding of neutral-plasma interactions as shown in Fig. 2. Over the past decade and a half, coordinated spaceborne and ground-based measurements have transformed the field by providing direct measurements of neutral winds, com-position, electric fields, plasma density, and small-scale irregularities. This section reviews the major satellite missions and ground systems that contributed most to progress between 2010 and 2025, highlights multi-instrument synergies, and summarizes the most important observational discoveries of the period Bezabeh and Nigussie (2023).
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[bookmark: _bookmark1]Figure 2: IGS global network providing freely available GNSS observation data.https://igs.org/ station-resources/.

4.1 [bookmark: Satellite Missions and Sensors]Satellite Missions and Sensors
Spaceborne missions provide global and repeatable coverage of the ionosphere-thermosphere (IT) system, enabling climatologies, event studies, and model validation. Four missions operating be-tween 2010 and 2025 have been especially influential: Swarm, ICON, GOLD, and COSMIC-2 Data et al. (2025a); Data (2025).

4.1.1 [bookmark: Swarm]Swarm
ESAs Swarm constellation (three identical satellites launched in 2013) was designed primarily to study Earths magnetic field but has become a major asset for upper-atmosphere science. Its instru-ments measure magnetic field vectors, electron density, and thermospheric neutral-density proxies. The multi-satellite configuration enables spatial gradient measurements and quasi-simultaneous sampling along adjacent tracks, which is valuable for mapping large-scale electrodynamic struc-tures such as field-aligned currents and for detecting thermospheric density perturbations related to Joule heating. Swarms extended operational lifetime provides a long-term dataset for climato-logical analyses and solar-cycle studies Menvielle and Berthelier (2011).

4.1.2 [bookmark: ICON]ICON
NASAs Ionospheric Connection Explorer (ICON), launched in 2019, was designed to quantify how energy and momentum from the lower atmosphere and the magnetosphere couple into the iono-sphere. ICON measures neutral winds, temperatures, ion velocities, plasma density, and EUV air-glow, providing the first simultaneous measurements of neutral dynamics and ionospheric response within the same local-time sectors. Its observations revealed new characteristics of vertical wind shear, tidal coupling, and pre-reversal enhancement (PRE) dynamics. ICONs direct neutral-wind dataset remains critical for testing dynamo and ion-drag theories Oyekola and Alatise (2022).

4.1.3 [bookmark: COSMIC-2]COSMIC-2
The FORMOSAT-7/COSMIC-2 constellation (launched in 2019) provides a dense set of GNSS radio-occultation (RO) measurements optimized for ionospheric and neutral-atmosphere sensing. COSMIC-2 yields tens of thousands of high-precision TEC occultations and profiles daily, greatly improving global electron-density mapping, particularly in low-latitude and oceanic regions. The dataset has supported advances in data assimilation, detection of storm-enhanced density (SED) plumes, and validation of regional and global models Loewe and Prlss (1997); Yao et al. (2020).

4.2 [bookmark: Ground-Based Systems]Ground-Based Systems
Ground-based networks remain indispensable for providing high-temporal-resolution, continuous measurements that complement the broad but sparser satellite coverage.

4.2.1 [bookmark: GOLD]GOLD
The Global-scale Observations of the Limb and Disk (GOLD) instrument, flown on a geostationary commercial satellite, provides continuous dayside imaging of the thermosphere and ionosphere from a fixed longitude. GOLDs ultraviolet imaging spectrograph retrieves thermospheric temperature and the O/N2 ratio, offering the first synoptic weather-map view of dayside thermospheric variabil-ity. These measurements have been essential for studying storm-time composition changes, tidal signatures, and the diurnal evolution of thermospheric structure in Fig. 3.

[image: ]
[bookmark: _bookmark2]Figure 3: GOLD Global-scale Observations of the Limb and Disk National Aeronautics and Space Administration (2015).

4.2.2 [bookmark: GNSS Receiver Networks]GNSS Receiver Networks
Dense GNSS receiver arrays generate continuous TEC measurements and enable regional iono-spheric mapping and scintillation monitoring. International and regional networks such as the IGS and African geodetic arrays (e.g., AFREF, NIGNET) support tomography, real-time space-weather monitoring, and model validation. The multi-GNSS era has improved TEC retrieval robustness and spatial coverage, enhancing operational and research capabilities Yizengaw et al. (2015).

4.2.3 [bookmark: Ionosondes]Ionosondes
Digital ionosondes provide vertical profiles of ionospheric critical frequencies (foE, foF2) and vir-tual heights, offering essential constraints on diurnal and seasonal changes in electron-density peak structure. Ionosonde data support diagnosis of F-region uplift/downwelling processes and calibra-tion of model representations of the electron-density peak. Modern systems operate continuously and support near-real-time assimilation Matsuo et al. (2013).

4.2.4 [bookmark: Incoherent Scatter Radars]Incoherent Scatter Radars
Incoherent scatter radars (ISRs), including facilities such as EISCAT, Sondrestrom, Jicamarca, and newer installations such as EISCAT-3D and Sanya tristatic ISR, provide the most complete suite of in situ measurements: electron density, ion/electron temperatures, and vector plasma drifts. These

measurements enable direct study of ion-neutral coupling, frictional heating, and instability mech-anisms. Recent upgradesincluding phased-array and multi-static configurationsenable volumetric 3-D imaging of plasma parameters.

4.3 [bookmark: Multi-Instrument Synergies]Multi-Instrument Synergies
A defining characteristic of the 20102025 period has been the coordinated use of satellite and ground-based systems to achieve a holistic view of the coupled IT system. Satellite imagers such as GOLD provide synoptic composition maps; in situ missions such as ICON and Swarm offer detailed local measurements; COSMIC-2 supplies globally distributed RO data; and ground-based GNSS networks, ionosondes, and ISRs provide high-cadence ground truth. These combinations enable closure tests of dynamo theory, tracking of storm-time composition plumes, and validation of advanced data-assimilation and hybrid physicsML models. Multi-instrument synergies have been particularly important for resolving EPB seeding mechanisms, tidal coupling, and storm propagation pathways Fejer et al. (2002).

4.4 [bookmark: Key Observational Discoveries (2010-2025]Key Observational Discoveries (2010-2025)
Between 2010 and 2025, observations produced several high-impact advances in understanding neutral-plasma coupling. The most notable discoveries include:
1. Direct observations of neutral-wind vertical shear. ICON and supporting missions quantified vertical gradients in neutral winds and linked them to modulations of E- and F-region electrodynamics, including PRE development and EPB seeding.
2. Continuous dayside composition mapping. GOLD provided the first long-term, geosta-tionary observations of O/N2 and thermospheric temperature, clarifying storm-time compo-sition evolution and tidal signatures.
3. High-density RO sampling from COSMIC-2. The large increase in occultation profiles enabled improved global electron-density maps, especially in previously under-sampled low-latitude and oceanic regions, enhancing space-weather forecasting and model assimilation.
4. Long-term electrodynamic climatologies from Swarm. Swarm data refined climatolo-gies of field-aligned currents, equatorial electrojet (EEJ) variability, and density perturbations associated with Joule heating.
5. Advances in ISR volumetric imaging. New ISR systems enabled 3-D measurements of plasma parameters, directly constraining ion-drag processes, frictional heating, and small-scale instability dynamics.
6. Evidence for multi-scale coupling across the atmosphere. Coordinated observations demonstrated that tides and planetary waves modulate IT coupling on daily to seasonal timescales, influencing EPB occurrence, longitudinal structure (e.g., wave-4), and day-to-day variability, underscoring the need for whole-atmosphere modelsNava et al. (2007b).

5 [bookmark: Modeling Approaches]Modeling Approaches
Understanding and predicting neutral-plasma interactions in the coupled ionosphere-thermosphere (I-T) system requires a diverse set of modeling frameworks. These include physics-based, empirical,

regional, assimilation, and hybrid machine-learning models. Each class provides unique strengths, limitations, and appropriate use cases. Below, the major model types are described in detail, followed by a comparative summary.

5.1 [bookmark: Physics-Based Models]Physics-Based Models
TIE-GCM The Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) is a first-principles, three-dimensional model solving the coupled momentum, energy, and continuity equations for both ions and neutrals. It incorporates solar and geomagnetic forcing, self-consistent electrodynamics through a dynamo solver, and operates over altitudes from approximately 97 km to 1000 km.	Its strengths include physical realism and applicability for global space weather simulations. Limitations include high computational cost, reliance on parameterizations (e.g., pho-toelectron heating), and the assumption of hydrostatic balance Huang et al. (2022).
CTIPe The Coupled Thermosphere-Ionosphere-Plasmasphere Electrodynamics (CTIPe) model consists of four interconnected components representing the thermosphere, high-latitude ionosphere, low/mid-latitude ionosphere-plasmasphere, and an electrodynamic solver. CTIPe excels at cap-turing storm-time electrodynamics and large-scale plasma transport but is constrained by grid resolution and computational demands.
SAMI3 SAMI3 (“Sami3 Is A Model of the Ionosphere”) is a physics-based model simulating seven major ion species and solving for ion and electron temperatures. It can ingest neutral back-ground fields from empirical models (e.g., NRLMSIS) or physics-based atmospheric models (e.g., WACCM-X). Its strengths lie in detailed multispecies ion transport and plasmasphere coupling. Limitations arise from sensitivity to neutral wind and composition inputs.
WACCM-X The Whole Atmosphere Community Climate Model eXtended (WACCM-X) spans from the Earth’s surface to the thermosphere (>500 km). When coupled with SAMI3, it provides realistic lower-atmosphere forcing, including tides, planetary waves, and gravity waves. Although it allows “whole atmosphere” studies, its broad scope and coupling requirements lead to substantial computational cost Cherniak and Zakharenkova (2019).

5.2 [bookmark: Empirical and Semi-Empirical Models]Empirical and Semi-Empirical Models
IRI The International Reference Ionosphere (IRI) is the globally recognized empirical model for climatological ionospheric parameters (electron density, ion composition, temperature) between 50 km and 2000 km. It is robust and widely validated but represents average conditions and responds poorly to short-term disturbances Bilitza et al. (2017, 2022, 2020).
NeQuick NeQuick is a semi-empirical electron density model optimized for GNSS TEC pre-dictions. It uses a multi-layer semi-Epstein representation and solar activity inputs. Its strengths include computational efficiency and operational utility, while limitations include lack of physical coupling to neutral dynamics and limited capacity for rapid variability Nava et al. (2007a). NeQuick is a semi-empirical, fast-running model designed to estimate ionospheric electron density profiles and vertical TEC. It uses inputs such as solar flux indices and geographic location to model the F2 layer contribution to TEC. NeQuick performs optimally under quiet geomagnetic conditions and is widely applied in operational systems, including satellite-based augmentation systems (SBAS) and Galileo navigation services Nava et al. (2007a). Its performance over Africa, however, requires careful evaluation due to the regions complex equatorial electrodynamics.
NRLMSISE-00 and MSIS 2.1 NRLMSISE-00 and its successor MSIS 2.1 are empirical neutral atmosphere models providing temperature and density profiles for major species. They are commonly used to supply background atmospheric conditions for ionospheric simulations. As

empirical models, they do not fully capture dynamic responses to real-time forcing Adewale and Rabiu (2022).

5.3 [bookmark: Regional Ionospheric Models]Regional Ionospheric Models
Regional models are optimized for specific geographic domains. Notable examples include: AfriTEC A TEC modeling framework for the African sector using regional GNSS networks Okoh et al. (2018). AfriTEC is a regional empirical model tailored for the African sector to overcome the limitations of global ionospheric models in the region. It was constructed using long-term GNSS-derived VTEC data from African networks, employing artificial neural networks to capture non-linear spatio-temporal TEC variations Okoh et al. (2018). The model explicitly represents the EIA over Africa by incorporating location-specific climatological parameters and diurnal patterns.  Input parame-ters include latitude, longitude, universal time (UT), solar flux (F10.7), and geomag-netic indices (Kp, Dst). IRTAM The Ionospheric Regional TEC Analysis Model, producing high-resolution regional TEC maps. Strengths include high spatial resolution and local calibra-tion. Limitations stem from restricted spatial domain, dependency on GNSS station density, and simplified physical formulation Data (2025).

5.4 [bookmark: Data Assimilation Systems]Data Assimilation Systems
GAIM The Global Assimilation of Ionospheric Measurements (GAIM) incorporates a background physics-based model with a Gauss-Markov Kalman filter to assimilate ionosonde data, GNSS TEC, in situ plasma measurements, and UV emissions. It enhances near-real-time forecasts but relies heavily on data availability and can be limited in resolving fine-scale structures Okoh et al. (2016). GIM-DA,  AMIE,  and  Related  Systems Other assimilation approaches include GIM-DA and the Assimilative Mapping of Ionospheric Electrodynamics (AMIE). These systems integrate TEC maps, electric field observations, and other datasets into physics-based or empirical models Chen et al. (2011). Their advantages lie in improved nowcasting, while limitations include compu-
tational demands and uncertainties inherited from background models Mannucci et al. (1998).

5.5 [bookmark: Machine-Learning and Hybrid Models]Machine-Learning and Hybrid Models
Recent developments incorporate machine learning (ML) with physics-based or empirical models:
· Reduced-Order Models: Surrogate models derived from physics-based simulations coupled with ensemble data assimilation.
· Neural Networks / Deep Learning: Applied to forecast foF2, hmF2, TEC, and other parameters using solar and geomagnetic inputs.
· Hybrid DA-ML Systems: Ensemble Kalman filtering combined with ML accelerators for real-time forecasting Titheridge (1994).
ML-driven approaches enable real-time prediction and effective handling of nonlinearities. Lim-itations include large training data requirements, risk of overfitting, and reduced interpretability.

6 [bookmark: The Upper Atmosphere System]Space Weather Implications
Neutral-plasma interactions in the thermosphere-ionosphere (T-I) system have direct and conse-quential impacts on operational space systems. Variations in neutral density, composition, winds,

Table 1: Strengths and Limitations of Each Model Classes Comparison of major ionospherether-mosphere models.

	Model Class
	Strengths
	Limitations

	Physics-Based (TIE-GCM,
	High physical fidelity; global coupling
	Computationally expensive;  requires

	CTIPe, SAMI3, WACCM-
	of neutrals and plasma; suitable for sci-
	parameterizations; sensitive to bound-

	X)
	entific studies
	ary conditions

	Empirical	/	Semi-
	Fast; robust; widely validated; opera-
	Limited response to transient events;

	Empirical (IRI, NeQuick,
	tionally useful
	reduced physical realism

	MSIS)
	
	

	Regional	Models
	High resolution; tuned to local iono-
	Restricted spatial coverage; data de-

	(AfriTEC, IRTAM)
	spheric behavior
	pendent; simplified dynamics

	Data Assimilation (GAIM,
	Data-constrained; improved nowcast-
	Requires dense observations; computa-

	GIM-DA, AMIE)
	ing and bias correction
	tional cost; model dependency

	Hybrid	/	Machine-
	Real-time capability; handles nonlin-
	Large training datasets; risk of black-

	Learning Models
	earities; scalable; uncertainty quantifi-
	box behavior; integration challenges

	
	cation possible
	



and coupled electrodynamics translate into errors and outages in navigation, communication, and satellite operations. The following subsections synthesize the principal operational effects, the physics that produce them, and the current state of predictability Zhang et al. (2013).
GNSS Scintillation and Phase Fluctuations: Ionospheric irregularities at scales from a few meters to kilometers cause rapid amplitude and phase fluctuations of trans-ionospheric radio signals, a phenomenon known as scintillation. Scintillation is typically divided into amplitude scin-tillation (S4 index) and phase scintillation (σφ). Equatorial plasma bubbles (EPBs), midlatitude patches, and storm-driven small-scale structuring (e.g., TIDs interacting with SEDs) generate in-tense scintillation that degrades carrier tracking, increases cycle slips, and can produce a total loss of lock for GNSS receivers Wessa and Ssessanga (2023). Neutral-plasma coupling controls the principal drivers of scintillation. Vertical E × B drifts modulated by neutral-wind-driven dynamo
fields and penetrating storm electric fields largely determine the seed conditions (PRE strength)
and growth rates for EPBs, which represent the primary scintillation source in low latitudes. At high latitudes, particle precipitation enhances conductivity and generates small-scale irregulari-ties through gradient-drift and current-driven instabilities; ion-neutral collisions and Joule heating modulate the background conditions that govern irregularity formation Bagaje et al. (2025).
Operational impact: scintillation causes loss of GNSS positioning accuracy, increased PDOP (indirectly), and degraded precision approaches, timing, and integrity for aviation, maritime, and geodetic applications.
Forecasting progress: empirical climatologies and statistical nowcast models provide probabilis-tic risk estimates; however, deterministic forecasting remains challenging due to the multi-scale, nonlinear sensitivity to neutral winds, tides, and seeding processes. Hybrid physics-ML frameworks show promise but require dense validation data.

6.1 [bookmark: Vertical Structure, Composition, and Ion]Satellite Drag Variability and Orbit Prediction Errors
Thermospheric neutral density directly controls aerodynamic drag on low-Earth-orbit (LEO) satel-lites. During geomagnetic storms, heating from Joule dissipation, particle precipitation, and global circulation responses increase thermospheric density and temperature, producing abrupt increases in drag and rapid orbit decay. Even modest density enhancements integrate into large along-track errors affecting orbit determination (POD) and collision-avoidance planning. Neutral-plasma cou-pling influences drag both directly (energy input via high-latitude electrodynamics) and indirectly (composition changes modifying mean molecular mass and scale heights). Storm-driven upwelling increases molecular nitrogen and oxygen at satellite altitudes, altering ballistic coefficients and

drag forces in ways not captured by simple empirical density scalings. These composition-driven effects complicate the relationship between measured mass density and actual drag experienced by a satellite.
Operational impact: errors in thermospheric density forecasts lead to missed maneuvers, increased collision probability, degraded mission lifetime predictions, and higher operational costs. Forecasting progress: empirical models (NRLMSISE) and physics-based models (TIE-GCM, WACCM-X) reproduce large-scale behavior but often misestimate storm magnitude and timing. Assimilation of accelerometer-derived densities (e.g., CHAMP, GRACE, Swarm) improves nowcast-ing, but biases persist for extreme events and regional variability Basu et al. (2002).

6.2 [bookmark: Sources of Energy and Momentum]HF Communication Degradation
High-frequency (HF) radio propagation depends strongly on ionospheric critical frequencies, layer heights, and absorption properties. Neutral-plasma interactions alter these parameters by mod-ifying electron density profiles, causing F-region uplift or depletion, and changing E-region con-ductivities. During geomagnetic storms, enhanced D-region absorption (e.g., from solar flares) and F-region composition changes can severely degrade HF communication for aviation, maritime operations, and disaster-response systems. Neutral winds and atmospheric tides influence HF propagation indirectly via dynamo electric fields, which modify reflection heights and ionospheric stratification. Storm-driven reductions in O/N2 can depress foF2, lowering the maximum usable frequency (MUF) and forcing re-routing of signals or temporary communication suspension Dow et al. (2009).
Operational impact: HF outages and fading disrupt long-distance communication, especially in polar regions (due to precipitation-driven absorption) and equatorial regions during EPB activity. Forecasting progress: MUF and HF prediction maps provide general guidance, but short-term absorption and blackout forecasts are limited by uncertainties in composition and precipitation patterns. Real-time D-region monitoring (riometers, VLF receivers) and integrated IT modeling improve situational awareness Astafyeva (2015).

6.3 [bookmark: Role of Solar Radiation, Geomagnetic For]Radio Occultation Impacts
GNSS radio occultation (RO) provides refractivity and electron density profiles crucial for both at-mospheric and ionospheric monitoring. Neutral-plasma coupling influences RO retrievals through two pathways. First, ionospheric TEC along the signal path introduces excess phase delay and bending, which must be corrected; structured TEC features (EPBs, SEDs) introduce systematic biases in neutral profiles if improperly accounted for Schaer (1999). Second, ionospheric irregular-ities and scintillation degrade carrier-phase tracking during occultation, leading to data loss and reduced retrieval accuracy Komjathy (2005).

Operational impact: RO data are essential for NWP and ionospheric data assimilation; degraded or lost occultation measurements reduce observational coverage and assimilation qual-ity. Forecasting/prognosis: multi-frequency correction methods, joint inversion approaches, and dense RO constellations (e.g., COSMIC-2) mitigate these effects, but further improvement is needed for storm-time robustness Tsurutani et al. (2004).

6.4 Importance for Early-Warning Systems and Forecasting
Neutral-plasma coupling lies at the core of operational space-weather systems because it links solar and magnetospheric forcing to impacts on navigation, communication, and satellite operations.

Early-warning systems must forecast the coupled T-I response reliably to provide actionable alerts for scintillation, drag surges, HF blackouts, and power-system stress.
Key forecasting challenges include:
1. Multi-scale coupling: small-scale irregularities (meters to kilometers) are driven by global-scale electrodynamics, tides, and lower-atmosphere forcing, making deterministic predictions difficult.
2. Observational gaps: sparse coverage of neutral winds and composition (notably over Africa, oceans, and low latitudes) limits data assimilation and forecast skill.
3. Model limitations: physics-based models suffer from parameterizations and computational constraints; empirical and ML models may fail outside training regimes.
4. Data assimilation needs: multi-instrument assimilation (GNSS TEC, ISR, RO, in situ) improves forecast accuracy; ensemble/hybrid approaches quantify uncertainty and enhance operational decision-making Pesnell (2020).
Operational advances will depend on hybrid physics-ML models, expanded global observation networks, improved assimilation pipelines, and enhanced connections between research and oper-ational centers (e.g., NOAA SWPC, ESA SSA). Probabilistic forecasting frameworks, rather than single deterministic outputs, are essential for risk-informed decision-making NOAA Space Weather Prediction Center (2023).

7 [bookmark: Space Weather Implications]Conclusion
Neutral-plasma interactions in the coupled ionosphere-thermosphere (T-I) system play a funda-mental role in regulating space weather phenomena and controlling the operational environment for satellites, GNSS-based navigation, and HF communications. Over the past decades, significant advances have been made in understanding the physical mechanisms, from ion-neutral collisions and frictional heating to electrodynamics driven by neutral winds and E × B drifts. Observational capabilities, including satellite missions (SWARM, ICON, GOLD, COSMIC-2) and ground-based networks (GNSS TEC arrays, ionosondes, ISRs), have provided unprecedented insight into the temporal and spatial variability of the T-I system. These measurements have been complemented by modeling developments spanning empirical, semi-empirical, and physics-based frameworks, as well as data-assimilative and hybrid machine-learning approaches. Despite these advances, critical knowledge gaps remain. Limited observational coverage in low-latitude regions, particularly over Africa, continues to constrain our understanding of equatorial ionization anomaly dynamics and plasma bubble formation. Uncertainties in neutral wind fields, storm-time electrodynamics, and composition changes propagate into significant predictive limitations. Data-model inconsistencies, coupled with the challenge of incorporating multi-scale processes into real-time forecasts, empha-size the need for improved observational networks, assimilation methods, and hybrid physics-AI modeling frameworks.
Looking forward, the roadmap for advancing T-I science and operational space weather forecast-ing involves a multi-pronged approach: the expansion of GNSS and satellite observations globally, integration of physics-informed AI and machine-learning tools, development of real-time coupled T-I mapping systems, and the creation of multi-scale, nested simulation frameworks that resolve both small- and large-scale phenomena Hernndez-Pajares et al. (2009a). Prioritizing research in under-observed regions such as Africa will not only fill critical data gaps but also enhance global

predictive capability. These coordinated efforts are expected to substantially improve the accuracy, reliability, and timeliness of space weather forecasts, benefiting satellite operations, navigation, and communication systems worldwide Misra and Enge (2006).
In summary, neutral-plasma interactions are central to understanding ionospheric variability and its impact on space weather. Continued advances in observations, modeling, and data integra-tion, coupled with targeted research efforts in data-sparse regions, will be essential to fully realize predictive capabilities for the coupled ionosphere-thermosphere system.
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