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CEDAR and Students

• Develop a sense of community

• Develop transferrable skills for the changing marketplace

• Have total access to researchers in their field

• Have the opportunity to present their research at various 
stages of their graduate career

• Are essential for the future direction of CEDAR
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Perspective
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Wiener Quote

The most fruitful areas for growth of the sciences are those between established fields. 

Science has been increasingly the task of specialists, in fields which show a tendency to grow 

progressively narrower. Important work is delayed by the unavailability in one field of 

results that may have already become classical in the next field. It is these boundary regions 

of science that offer the richest opportunities to the qualified investigator.

 – Norbert Wiener
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From Sun to Mud

Viscous and  Ion Drag



From Sun to Mud
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From Sun to Mud
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“It ain’t what you don’t know that gets 
you in trouble. It’s what you know for 
sure that just ain’t so.” – Mark Twain
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CEDAR Strategic Plan

The New 

Dimension

Man must rise above the Earth – to the top of the 
atmosphere and beyond – for only thus will he fully 
understand the world in which he lives. –Socrates
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Signals of Opportunity

The Thermopause

Electromagnetic Energy

(contemplative, meditative, pensive, 
pondering, reflective, ruminative, 
careful thought)



Musings: Signals of Opportunity

Science-Grade Accelerometers    GNSS
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Musings: Signals of Opportunity
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In addition, we must pursue comprehensive I-T measurements to advance the field



Musings: The Thermopause
• Outermost protective layer of our “Sensible Atmosphere”

• Where the sidewalk ends (above which particle kinetics abound)

• Hottest region (thermally, scientifically, and operationally)

• Distinctly different characteristics and processes from the lower 
thermosphere

• Highly viscous
• Highly forced by a mobile plasma
• Highly responsive to energy input (local and distant)
• Highly diffusive, dissipative, and conductive
• Unique chemical activity - beta plasma chemistry
• Horizontally structured and variable
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Poynting Flux

Joule Heating

Ohmic Heating

Frictional Heating

Momentum Transfer

View Thayer 2017 CEDAR Tutorial

Plasma-Neutral Heating

Plasma-Neutral Electrodynamics

Musings: Electromagnetic Energy



Musings: Electromagnetic Energy
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M-I coupling

“Missing” Electromagnetic Energy Flux

I-T Entanglement

“Transforming” Electromagnetic Energy Flux



Our Entangled Thermosphere-
Ionosphere System
A path forward
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History of Ionosphere-Thermosphere Science 
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ERA Science

Discovery
1925-1960

Discovery of the I-T via radio, rockets, and start of space age

Connections
1960-1990

Identification of the coupled nature of the I-T via ground-based, rockets, and satellite 
systems

Characterization
1990-2020

Characterization through climatologies, correlations, and patterns from broader data 
sets

Causation
Needed Now

Realization of I-T entanglement

Comprehensive
Future needs

Prediction of global I-T “weather” at high fidelity and resolution

Edward 
Kennelly

Giulielmo 
Marconi Oliver 

Heaviside

Sydney 
Chapman

Edward 
Appleton Merle Tuve

Gregory 
Breit

Your 
Picture 
Here



I-T is a strongly driven, nonlinear system dependent on flux convergence 
of external drivers but also the transformations that occur within
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Flux Convergence and Transformations
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Solar photon influx

Solar wind energy influx

Particle energy influx

Transformation of flux

E&M energy influx

Mass outflux

Wave energy influx

Species outflux
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Solar Spectral Irradiance



Flux Convergence and Transformations
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Solar photon influx

Solar wind energy influx

Particle energy influx

Transformation of flux

E&M energy influx

Mass outflux

Wave energy influx

Species outflux
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Causation
Needed 

Now
Realization of I-T entanglement

I-T Entanglement: A collection of neutral and charged particles interacting 
and sharing spatial proximity in such a way that the state of one group 
cannot be described independently of the state of the other, including when 
spanning large distances.

Ionosphere-
Thermosphere System



Entanglement: NCAR-TIEGCM Numerical Experiment
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Neutral temperature Tn and horizontal wind vectors (Un,Vn)
solar maximum conditions ∼400 km at UT = 0.0, low activity

Hsu, V. W., J. P. Thayer, W. Wang, and A. Burns (2016), New insights into the complex interplay 

between drag forces and its thermospheric consequences, J. Geophys. Res. Space 
Physics, 121, 10,417–10,430, doi:10.1002/2016JA023058

Only Viscous Drag Viscous and  Ion Drag

Roll of 

viscous drag

More

Dayside 
Cooling

More 

Nightside 
Warming

Decrease in 

temperature 

gradient

(150 K in solar max)

Role of ion 

drag

Less

Dayside 
Cooling

Less 

Nightside 
Warming

Increase in 

temperature 

gradient

(400 K in solar max)

http://dx.doi.org/10.1002/2016JA023058
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Orbit Propagation Assessment
Evaluate ICESAT-2 orbit trajectory over a 24-hour period using different 
thermosphere density models.

Density Models
JB2008 DTM2020 MSIS2 SET-HASDM

Courtesy of Zach Waldron
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Orbit Propagation Assessment Revised
Re-evaluate trajectory solution over a 24-hour period using scaled updates 
every 3 hours.

Density Models
JB2008 DTM2020 MSIS2 SET-HASDM

Scaled Density Solution

Scaling factor for best orbit fits

Courtesy of Zach Waldron



Entanglement: Energy Injection Events, 
Variable I-T Response, and LEO Consequences
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Neutral Density Variability @ 400 km

NASA Collision Avoidance Risk Assessment (CARA) program

“Error Bubbles” around LEO RSOs 
are large due primarily to density 

variations caused by SWx

Resident Space Objects (RSOs)

Courtesy of Eric Sutton
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Comprehensive 
Future  Needs Global Prediction of I-T System

• Because of this entanglement realization, observing and interpreting the 
I-T system requires multi-property, multi-point measurements at the 
same time to capture the true state of the system.

• GDC and DYNAMIC are future NASA I-T missions designed to meet this 
realization.



Exploring Earth’s Interface with Space

37Credit: ESA/Earth Observation Graphics Bureau A report by the ENLoTIS working group

The scientific case for a 
satellite mission to the lower 

thermosphere-ionosphere 
transition region



Closing Remarks
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Species outflux

Stay one step ahead Planning is Everything



OASIS
Workshop Reports



University Club of Chicago - 16 May 2012



41

Community – grass roots

Equity – fair and sweat

Diversity – identity and thought

Altruism – charity and sacrifice

Respect – thoughtfulness and admiration

I                 CEDAR



V03-023



V03-023
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When Nature Calls…
Opportunity Knocks
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Temperature

GDC Mission: Discover Missing Energy, Explore 
System Response, and Transform Understanding of 
the Near-Space Environment



GDC is a 2013 Decadal Survey-recommended Strategic Mission being 
developed for the Living With a Star program in the NASA Heliophysics 
Division.

The nominal mission is a low-earth orbit constellation of six satellites (350-
400 km, high inclination ~82 deg) that will provide a comprehensive study of 
the upper atmosphere and its responses to forcing from the magnetosphere

What is the Geospace Dynamics Constellation (GDC)?
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CEDAR 2008, June 16-21, Zermatt Utah
V03-023

When Nature Calls…
Opportunity Knocks



University of Colorado Active Remote Sensing Lab (ARSENL)



GDC Science Goals are focused on the 
physics of the ionosphere/thermosphere

• Pathways of energy and 
momentum transport, especially 
across boundaries (e.g. across 
the magnetic field, as well as 
vertically)

• Importance of cross-scale 
coupling

• Development of feedback 
mechanisms 
(ionosphere/thermosphere as an 
“active” load for the 
magnetosphere)

• Broadening our perspective to the 
first truly global picture of the 
ionosphere-thermosphere system

5/7
/2025
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NASA Geospace Dynamics Constellation



GDC samples at all scales, local times, and 
seasons over its 3-year mission

5/7/2025 50

GDC-AO-DRMPED A  
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2.5.2 Phase 1: Local-scale observations Day 91-290 

 

Phase 1 marks the beginning of full science operations for the GDC constellation.  

 

During this phase, the six GDC observatories have orbit planes that are relatively close together. 

The in-track spacing of the observatories is optimized for sampling of relatively small or “local” 

scale features, with horizontal gradient scale sizes ranging from a few hundred to a few thousand 

km. Table 5 shows the “synchronicity” of the observatories (the time delay from when a 

reference observatory, typically G2, crosses a given latitude (on the ascending leg), until the 

other observatories cross the same latitude on the ascending leg. 

 

During all of Phase 1, the differential precession of the orbit planes continues, causing them to 
continue to spread in LTAN, and the overall secular local time drift of the constellation 

continues, sweeping out the full range of local times every ~78 days. 

 

Phase 1 is divided into two subphases, in order to allow the most complete sampling of spatial 

and temporal scales of interest: 

 

• Phase 1a -- “Local-Fast” phase, which strongly constrains local-scale spatial structures 

while permitting studies of time variations of these structures on timescales of 30 seconds 

up to a few minutes 

• Phase 1b – “Local-Slow” phase, which provides measurements of local-scale spatial 

structures and their time variation on timescales ranging from a few minutes to half an 

orbit period (~47 minutes) 

 

These two sub-phases are distinguished by the “in-track” spacing of the observatories. Changes 

in this spacing results in two qualitatively different approaches, which are complementary and 
necessary to explore the full range of spatio-temporal scales. The same general plan will also be 

used in Phases 2 and 3, described below. 

 

 
Figure 8 -- The constellation configuration at the beginning of Phase 1a (“Local-fast”), where the 

maximal LTAN separation between orbit planes is 12.8°. The format is the same as in Figure 7. 

GDC-AO-DRMPED A  
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Phase 1a: “Local-Fast” scale, using Multiple Overlapping Baselines (MOB) Days 91-190 

 

In Phase 1a, the observatories are spaced close together “in-track” (see Table 5), with fixed 

relative phasings. The orbit planes are still close together (Figure 4). This mission phase is 

designed to provide “multiple overlapping baselines” to strongly constrain spatial variations at 

“local” scales (a few hundred to a few thousand km). Triangular baselines, each formed from a 

different set of three observatories (twenty in all) can be used to estimate latitudinal and 

longitudinal gradients and assess spatial variations of parameters of interest to GDC. This close 

spacing also permits assessment of temporal changes that occur faster than ~3 minutes. Over the 

100 days of Phase 1a, this configuration will precess through the full range of local times. Figure 

8 shows the configuration of the orbit planes at the beginning of this phase (from day 91). Figure 

9 shows a representative example of the relative position of the six observatories near the equator 

(left) and pole (right). 

 

  

 
Figure 9 – Representative examples of the relative positioning of the six 

observatories during Phase 1a near the equator (left) and near the pole (right). This 

configuration is referred to as a “MOB” (multiple overlapping baselines), and it 

provides well-constrained measurements of spatial variation, as well as 

measurements of rapid temporal variation.Figure 7 

 
Figure 10 – The constellation configuration at the beginning of Phase 1b (“Local-slow”), where 

the maximal LTAN separation between orbit planes is 27°. The format is the same as in Figure 7. 

 

GDC-AO-DRMPED A  

 

16 

 

2.5.3 Phase 2: Regional-scale observations Day 291-425 

 

Phase 2 marks the interval when the LTAN spacing of the orbit planes (Figure 4) has increased 

to provide enough separation to enable “regional-scale” measurements (several thousand km 

scale), and spanning nearly 3 hours in local time early in Phase 2. Because some of the orbit 

planes have smaller separations, GDC will also make “local-scale” measurements during this 

mission phase. 
  

As before, Table 5 shows the “synchronicity” of the observatories (the time delay from when a 

reference observatory, typically G2, crosses a given latitude (on the ascending leg), until the 

other observatories cross the same latitude on the ascending leg. The Phase 2 spacings are 

approximately double what they were in Phase 1. 

 

During all of Phase 2, the differential precession of the orbit planes continues, causing them to 

continue to spread in LTAN, and the overall secular local time drift of the constellation 

continues, sweeping out the full range of local times every ~100 days. 

 

Phase 2 is divided into two subphases, in order to allow the most complete sampling of spatial 

and temporal scales of interest: 

 

• Phase 2a -- “Regional-Slow” phase, which provides measurements of regional-scale 

spatial structures and their time variation on timescales ranging from a few minutes to 

half an orbit period (~47 minutes) 

• Phase 2b – “Regional-Fast” phase, which strongly constrains regional- and local-scale 

spatial structures while permitting studies of time variations of these structures on 

timescales of 30 seconds up to a few minutes 

 

Phase 2a: “Regional-Slow” scale, using Follow The Leader (FTL) Days 291-390 

 

Figure 14 and Figure 15 show the orbit plane spacing and representative positions for the 

observatories in Phase 2a. As in Phase 1a, the focus is on measuring spatial gradients but also 

permitting assessment of slower rates of change, ranging from a few minutes up to half an orbit 

 
Figure 14 – The constellation configuration at the beginning of Phase 2a (“Regional-slow”), where 

the maximal LTAN separation between orbit planes is 41.3°. The format is the same as in Figure 7. 
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period and beyond. Due to the larger spread in LTAN of the orbit planes, and the larger in-track 

spacings, Phase 2a will focus on larger spatial scale sizes than Phase 1b. Figure 16 shows the in-

track spacing, graphically, as a function of time during Phase 2a. 

 

Similarly to Phase 1b, Phase 2a is in an “FTL” configuration, with one “team” of three 

observatories slowly scanning in in-track separation over the course of 50 days until it reaches 

half an orbit phase shift. At that point, a maneuver adjusts the semimajor axes of the orbits to 

bring the teams back into alignment at the end of Phase 2a.  

 

 
Figure 15 – Representative examples of the relative positioning of the six observatories during 

Phase 2a near the equator (left) and near the pole (right). This configuration is referred 

to as “FTL” (“follow the leader”), and it provides measurements of spatial variation, as 

well as measurements of slower temporal variation, on timescales from several minutes 

to half an orbit period and beyond. 

 

	
 
Figure 16 – The “in-track” separation between observatories in Phase 2a. G2, G5, G6 for the “green 

team”, with fixed orbit phase separations between them, and G1, G3, and G4 form the “red team” 

with a different set of fixed orbit phase separations. The bottom panel shows the relative separation 

between red (leading) and green (lagging), and it shows that this grows to ½ orbit and then back to 

zero during Phase 2a.Figure 7 
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a representative example of the relative position of the six observatories near the equator (left) 

and pole (right). 

 

At the end of Phase 3a, maneuvers are performed to put the configuration in an “FTL” 

configuration, similar to Phases 1b and 2a, but with one difference – the two teams do not “scan” 

in in-track separation, but are fixed at half an orbit, to provide some dedicated observing time at a 

global scale, at ~45 minute time resolution. 

 

Phase 3b: “Global-fast-fixed” scale, using Follow the Leader (FTL)  Day 764-829 

 

Figure 22 and Figure 23 show the orbit plane spacing and representative positions for the 

observatories in Phase 3b. As in Phase 3a, the focus is on measuring spatial gradients but also 

permitting assessment of slower rates of change, in this case fixed at half an orbit period, in order 
to make more highly resolved measurements of time variations. Figure 24 shows the in-track 

spacing, graphically, as a function of time during Phase 3b. 

 

 
Figure 21 – Representative examples of the relative positioning of the six observatories during 

Phase 3a near the equator (left) and near the pole (right). This configuration is referred to as a 

“MOB” (multiple overlapping baselines), and it provides well-constrained measurements of 

spatial variation, as well as measurements of rapid temporal variation.Figure 7 

 
Figure 22 – The constellation configuration at the beginning of Phase 3b (“Global-fast-fixed”), 

where the maximal LTAN separation between orbit planes is 108°. The format is the same as in 

Figure 7. 

Figure 7 
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Similarly to Phase 1b, Phase 3b is in an “FTL” configuration, with one “team” of three 

observatories half an orbit out of phase with the other. In this phase, unlike Phase 1b, the two 

teams do not “scan” in orbit phase, but are maintained at a fixed phase difference of one half 

orbit. 

 

At the end of Phase 3b, two maneuvers are performed – one to equalize the inclinations of the six 

orbit planes, to null out the differential LTAN separation (see Figure 4). This will “freeze” the 

constellation configuration in relative LTAN, even as the whole constellation precesses in local 

time (see Figure 5). The other maneuver “unfreezes” the in-track “synchronicity” of the two 

teams and lets them “scan” over a range of in-track synchronicities, similar to Phases 1b and 2a. 

 

Phase 3c: “Global-fast-scanning” scale, using Follow the Leader (FTL) day 829-1024 

	
Figure 24 – The “in-track” separation between observatories in Phase 3b. G2, G5, G6 

for the “green team”, with fixed orbit phase separations between them, and G1, G3, 

and G4 form the “red team” with a different set of fixed orbit phase separations. The 

bottom panel shows the relative separation between red (leading) and green (lagging), 

and it shows that this is fixed at ½ orbit.Figure 7 

 
Figure 23 – Representative examples of the relative positioning of the six 

observatories during Phase 3b near the equator (left) and near the pole (right). This 

configuration is referred to as a “MOB” (multiple overlapping baselines), and it 

provides well-constrained measurements of spatial variation, as well as 

measurements of rapid temporal variation.Figure 7 

”Local” phase ”Regional” phase

”Global” phase



High Speed
Solar Wind Streams

Geomagnetic Storm

Aurora

Currents Global Thermosphere
Heating

Thermosphere Breathing

Interplanetary MediumSolar Coronal Holes







Systems 
Perspective



1 Encourage and undertake a Systems Perspective of Geospace

2 Explore Exchange Processes at Boundaries and Transitions in Geospace

3 Explore Processes Related to Geospace Evolution

4 Develop Observational and Instrumentation Strategies

5 Fuse the knowledge Base across Disciplines

6 Manage, Mine, and Manipulate Geoscience/Geospace Data and Models
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"It ain't what you don't know that gets 
you into trouble. It's what you know for 
sure that just ain't so.” ― Mark Twain



CEDAR 2008, June 16-21, Zermatt Utah

• To improve the character of the questions we ask it is important to transcend the levels in the 
above diagram. If we ask questions that allow data to be an answer that is what we will get. 
If we ask questions regarding relations, i.e. cause and effect, then we will find, or make up, 
causes as answers to the questions we pose. When we finally reach the level of asking 
questions that cause us to seek out and understand the patterns responsible for the 
situations we consider we finally arrive at answers that represent knowledge. Finally when 
we ask questions which cause us to seek the underlying fundamental principles that are 
responsible for the patterns represented in the knowledge we are finally in a position to 
develop answers that represent wisdom. 

Understanding

C
o

n
n

ec
te

d
n

es
s

data

Information

Knowledge

Wisdom

The following diagram provides a perspective on the relation of data, information, knowledge, and wisdom. As we 
describe situations and seek understanding further up this path we develop a foundation for subsequently more 
effective actions. Actions which are more likely to produce the desired results, and less likely to simply create more 

problems to be solved. 
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CEDAR Student Workshop official start 1996

2007



Past 30 years – Moving ahead by Looking 
Back



Next 30 years – Winds of Change
Literally, Figuratively, and Aspirationally

Literally:
• Close the thermosphere gap  - Thermosphere 

neutral gas wind field requires observation but 

poses a significant challenge as the 4-D field, not 

just local motion, is required.

• Explore “integrative aeronomy” as a system that 

exhibits complexity – characterized by having 

multiple drivers, by featuring adaptive feedback and 

memory, by its nonlinear response and instabilities, 

and by exhibiting sensitivity to initial conditions.

• Apply CEDAR’s modeling, observational techniques, 

and insight beyond the Earth system and contribute 

to (exo) planetary coupling energetics and dynamics 

of atmospheric regions, i.e. planetary habitability, 

evolution and sustainability.



Next 30 years – Winds of Change
Figuratively:
ITM is rapidly becoming a crowded orbital domain involving a 

public-private enterprise with growing commercial use and mega-

constellation concepts to provide such societal services as global 

internet connectivity and 5G wireless networks for Internet of 

Things devices.  

• How can CEDAR science benefit from such a 
concentration of operating spacecraft?

• How can CEDAR science help inform society’s 
future use of space in LEO?

• More generally, how can CEDAR science make 
NSF a major player in space research?



Next 30 years – Winds of Change

Community

Equity

Diversity

Altruism

Respect

Aspirationally: The most fruitful areas for growth of the sciences are those between 

established fields. Science has been increasingly the task of specialists, in fields which show a 

tendency to grow progressively narrower. Important work is delayed by the unavailability in one 

field of results that may have already become classical in the next field. It is these boundary 

regions of science that offer the richest opportunities to the qualified investigator. 

– Norbert Wiener

This can be applied more broadly to current and future times where inclusivity and equity of 
diverse thought, experiences, and backgrounds yield unbounded and undiscovered opportunities 
for personal and scientific enrichment and advancement.

I believe CEDAR has the opportunity to bridge across scientific and societal boundaries to enrich 
the field and the individual’s experience, growth, and impact through inclusivity and equity. 
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