
Trace the Flow of Energy from Space into the Atmosphere 
 

Current state of knowledge 
Electromagnetic energy constitutes a major input to Earth’s upper atmosphere, more important 
than solar radiation during active magnetic periods (Luhr and Liu, 2006) and harder to 
characterize at all times. This energy, quantified in terms of Poynting flux, originates in the Solar 
wind and magnetosphere, and flows into the upper atmosphere through the ionosphere (e.g. 
Gary et al., 1994). The Poynting flux is transformed into thermal or kinetic energy through particle 
acceleration in the magnetosphere and Joule/frictional 
heating in the upper atmosphere (e.g. Thayer and 
Semeter, 2004). Despite the obvious importance of this 
energy source to the coupled Ionosphere-Thermosphere-
Mesosphere (ITM) system, an accurate global picture of 
the Poynting flux at relevant spatio-temporal scales 
remains elusive. Current models of the ITM typically still 
rely on empirical models based on historic datasets (e.g. 
Heelis et al., 1982; Weimer, 2005) to estimate this 
forcing. Recent major advances in modeling from the 
ground up to 600-km (e.g. WACCM-X, WAM, GAIA) and, 
separately, from the Solar wind down to the ionosphere 
(e.g. GAMERA, BATS-R-US) essentially meet here.  
 
Societal relevance 
Geospace system dynamics driven by electromagnetic energy input, including the high-latitude 
convective and kinetic processes, produce ionospheric and atmospheric phenomena that have 
major impacts on technology. For example, at high latitudes, the dominant pattern of GPS 
signal loss observed by Xiong et al. (2018) appears to be directly associated with the convection 
of plasma into the polar caps from the sub-auroral dayside ionosphere (Chartier et al., 2019). 
Likewise, major forms of space weather (e.g. scintillation) are attributable to particle 
precipitation. Both the high-latitude plasma convection cycle and particle precipitation are 
byproducts of the divergence of Poynting flux in the ITM. 

 
Figure 2 left: 2001-2004 CHAMP polar cap patch counts reproduced from Noja et al. 2013; 
right: 2013-2016 GPS signal loss reproduced from Xiong et al, [2018]. Both datasets show 
minima between May-August in both polar caps.  
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Essential science investigations necessary for major science advancements. 
 
Test our understanding of the high-latitude energy balance: Can we provide a self-consistent 
account of the incident and outgoing energy? Trace the flow of energy into heat, momentum, 
kinetic ionization, upwelling radiation and possibly small upward EM flux.  
 
Develop a reliable global characterization of the following parameters at relevant spatio-
temporal scales: 
Incident electromagnetic energy: The primary energy source targeted by this white paper 
Incident kinetic energy: Another critical part of the incident energy, which must be measured 
separately to EM energy due the partitioning that is known to occur at higher altitudes through 
particle acceleration 
Upwelling radiation: Primarily from O and NO cooling 
Ion drifts and neutral winds: Ion drifts arise in the upper atmosphere caused by 
electromagnetic energy deposition. Subsequent ion-neutral collisions drive thermospheric 
winds.  
Heating: Particle precipitation and Joule frictional heating result in substantial heating of ions 
and neutrals 
D- and E-layer ionization: Short-lived but important stage of energy transfer, especially due to 
effects on conductance 
Outgoing EM energy: Small but non-negligible upgoing Poynting flux has been reported, 
possibly associated with the “flywheel effect” 
Outgoing kinetic energy: Outflowing ions (notably H+, He+, O+ and others) carry energy with 
them 

 
We should aim to move from the current characterization of these parameters at isolated 
locations and times to the point where reliable estimates of the total energy within each part of 
the system can be made and compared to each other on relevant scales. The goal should be to 
arrive at a reliable global picture, where independent estimates of the various internal 
parameters are consistent with observations of the overall incoming and outgoing energy.  
 
Research and capability development needed to meet science investigation requirements. 
The high-latitude perpendicular conductances are critical to understanding a host of datasets 
related to this problem. Currently the conductances represent a central hole in our 
observational understanding of the high latitudes. Given the limitations of GPS-RO in this region 
(due to a dynamic and varying F-layer, as well as a high degree of spatial structuring in the E-
layer) ground-based MF/HF radar and riometers appear to be the most viable year-round 
options to fill this gap.  
 
Reliable global specification of the neutral wind-altitude profile is necessary to understand the 
conversion of electromagnetic energy into ion drifts and neutral winds, as well as the reverse 
effect in terms of outgoing EM energy. Neutral wind observation is especially challenging given 
the difficulty of taking in situ measurements, the contamination from dayside and auroral 
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airglow source terms and the potential for local forcing terms to break widely held assumptions 
that the neutral wind field is relatively smooth due to viscosity.  
 
Research needed in the next decade to prepare for long-term research goals. 
Concerted observational campaigns to provide detailed, validated specifications of incident 
Poynting flux and all related parameters over target periods and regions. This will provide 
reliable test cases for modelers to attempt to reproduce.  
 
Demonstration and initial development of next generation sensing technique prototypes to 
provide the required spatial and temporal coverage of ion drifts, electron densities, 
temperatures, neutral winds, composition and densities. Promising technologies include multi-
static radar sounding of ionospheric densities, drifts and meteor winds, as well as Terahertz 
limb sounding for neutral winds and densities.  
 
Work needed to ensure a pipeline from basic research to pre-application research and then into 
operational needs, including the operations-to-research loop that strengthens forecasting and 
other predictive capabilities. 
The community should aim for a paradigm shift in its approach to operational needs. Instead of 
searching for operational reasons to investigate a physical parameter of interest, the approach 
should be to identify operational problems that are currently unexplained, but which are 
believed to have their origins in geospace. This shift requires substantially more information-
sharing from industrial and military operators, with obvious challenges in terms of 
implementation. However, with suitable trusted partners and appropriate data anonymization 
protocols, it should be possible to protect privacy while advancing research towards societally 
relevant ends.  
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