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Determination of the Global Conductance Pattern and its Influence 
on the Dynamics of Geospace 

 
Executive Summary 

 
Recent work has shown that in order to fully understand the dynamic behavior of geospace we must treat 
the ionosphere and magnetosphere as a fully coupled system. A key aspect in regulating the response of 
this coupled system is the ionospheric conductivity. It plays an essential role in the closure of field-
aligned currents from the magnetosphere and energy deposition in the ionosphere and thermosphere.   
Direct global measurement of the ionospheric conductance distribution is extraordinarily difficult, so 
there are major important gaps in our understanding of phenomena that involve this critical system com-
ponent.  The combination of global ground-based and low altitude measurements of magnetic perturba-
tions along with measurements of ionospheric electric drifts allows the full reconstruction of ionospheric 
electrodynamics, including both the Hall and Pedersen conductance. Key measurements in this recon-
struction include inference of field-aligned currents from AMPERE, the derivation of ionospheric equiva-
lent currents from ground magnetometer data such as that provided by SuperMAG, and the measurement 
of the ionospheric convection from the network of SuperDARN radars.  Extensive networks of all-sky 
imagers, photometers, spectrographs, and riometers enable inferring the regional conductance structure 
that can be compared with the results of our global reconstruction. Together with recent advances in 
global modeling these observational capabilities can lead to major breakthroughs in our understanding of 
how the magnetosphere-ionosphere-thermosphere system operates as a whole.  In particular, we can ad-
dress numerous fundamental questions including the global conductance distribution’s role in regulating 
the state of magnetospheric evolution, polar cap saturation, and connections between Joule heating and 
ionospheric outflow. 
 
Our outstanding international team conducting this investigation includes scientists from around the 
world with expertise covering all aspects of the research in our proposal.  The focused efforts of this team 
will lead to significant advances in understanding how the global pattern of conductance affects the evo-
lution of the magnetosphere-ionosphere-thermosphere system.  In addition to advancing conductance 
models used within global simulations we plan to publish a major research paper with the entire team as 
coauthors. 
 
Team Leader: Michael Wiltberger (United States – NCAR/HAO) 

Team Members:  Olaf Amm (Finland – FMI) 
                               Eric Donovan (Canada – University of Calgary) 

                  Jesper Gjerloev (United States – JHU/APL) 
         William Lotko (United States – Dartmouth College) 
                               Viacheslav Merkin (United States – JHU/APL) 
                               Steve Milan (United Kingdom – University of Leicester) 
                               Colin Waters (Australia – University of Newcastle)  
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1 Scientific Rational 
1.1 Overview 

     Near-Earth space, encompassing 
the magnetosphere-ionosphere-
thermosphere (MIT) is a coupled 
non-linear dynamical system, 
populated by neutral gas and 
partially and fully ionized plasmas 
immersed in Earth's magnetic field. 
The MIT system, driven by the solar 
wind flow, interplanetary magnetic 
field and solar radiation, is an 
enormous natural laboratory, 
spanning altitudes from ~50 to 
~600,000 km. The system affords 
study of a many areas of physical 
science: neutral and plasma fluid 
dynamics, electromagnetic processes, kinetic and wave-particle interactions, non-linear dynamics, and 
statistical physics.  
     As Figure 1 illustrates the formation of the ionosphere, an ionized conducting layer at the upper edge 
of Earth’s atmosphere, plays a key role in MIT dynamics. Ionospheric conductivity enables the closure of 
electrical currents generated by both low- (thermosphere) and high-altitude (magnetosphere) dynamos 
and allows exchange of energy and momentum between the neutral and ionized gases. The current closure 
governs the system electrodynamics and is described by Ohm’s law. Its complexity lies in the fact that the 
conductivity is produced and modified by the interplay of many coupled processes within the MIT sys-
tem. This interplay among the processes of conductivity formation and evolution, and its implications for 
scale-interactivity, coupling and feedback of the MIT system is the focus of our team’s research. 
     The ionospheric conductivity is perniciously difficult to characterize directly, because it requires 
measuring altitude profiles of ionospheric neutral and plasma density on a global scale, including local 
turbulent and kinetic modifications. The limited state of knowledge of the conductivity and its dynamics 
has critically impeded our understanding of how the system operates as whole, despite recent advances in 
global coupled simulations of the MIT system.  Fortunately, the emergence of new observational assets, 
most recently culminating with the acquisition of high-cadence magnetometer data from the >70 satellite 
Iridium constellation, allows us to characterize the global electrodynamics of the system for the first time 
in the history of space research.  
     With the maturity of global simulations and the advent of new global ground-based and satellite ob-
servations, the time has come for an international multidisciplinary team to explore opportunities for fun-
damental breakthroughs in the physics of magnetosphere-ionosphere-thermosphere dynamics and to pro-
duce and report a demonstration project that will serve as the testbed for future work in this important 
area of research.  

1.2 Observations 

     The basic equations of ionospheric electrodynamics are the Ohm’s law, determining the closure of 
magnetic field-aligned currents (FACs) in the ionosphere (J||), and the Biot-Savart law relating magnetic 
perturbations on the ground (δB) to the ionospheric current (Σ⋅E), where E is the ionospheric electric 
field and Σ  is the conductance (height-integrated conductivity) tensor consisting of two scalars, Pedersen 
(ΣP) and Hall (ΣH). Given a distribution of measurements {J||,δB, E} one can formally resolve both terms 
of the conductance tensor. This fact underlies all of the algorithms for reconstruction of ionospheric elec-
trodynamics to date. The problem, however, is that while chains of ground-based magnetometers, e.g. 

 

 

Figure 1 – Ionospheric conductivity plays an essential role in 
couping throughout the magnetosphere-ionosphere-thermosphere 
system. 
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SuperMAG, and high-frequency (HF) radars, e.g. SuperDARN, 
allow relatively good coverage of polar caps in both 
hemispheres, measurements of FACs have only been available 
from sparse satellite passes. Only now, with emergence of the 
AMPERE project, are global synoptic observations of FACs are 
AMPERE provides the missing link in the global reconstruction 
of the high-latitude ionospheric electrodynamics and will allow 
us to construct global maps of ionospheric conductivity and 
conductance tensors. Figure 2 shows the current coverage of 
observational facilities providing measurements of the key elec-
trodynamic quantities. 
 
Project Datasets 

1. AMPERE utilizes the magnetometer data from a ~70 
satellites that make up the Iridium constellation to 
provide global maps of the field align current patterns 
with an integration time of 10 minutes providing a 2hr MLT and 0.1 deg latitude resolution 
[Waters et al., 2001; Anderson et al., 2002].   

2. SuperMAG is a worldwide collaboration of organizations and national agencies that currently op-
erate >300 ground-based magnetometers.  It provides measurements of magnetic field perturba-
tions from all available stations in the same coordinate system, with identical time resolution and 
a common baseline removal approach [Gjerloev, 2012].  

3. SuperDARN is a network of nearly 25 coherent radars in the northern hemisphere and 11 in the 
southern hemisphere, which allows reconstruction of the polar ionospheric electrostatic potential 
pattern at a cadence of 1 or 2 minutes [Chisham et al., 2007].  

4. The University of Calgary observational suite includes the THEMIS ASI network [Donovan et 
al., 2006] of 20 white light cameras operating on 5 second cadence and the NORSTAR network 
of ASIs, photometers, and riometers [Spanswick et al., 2009]. 

1.3 Theory and Modeling 

     Numerical modeling of the MIT system has made significant advances in recent years culminating in 
models such as the Coupled Magnetosphere Ionosphere Thermosphere Model [Wiltberger et al., 2004] 
that are capable of modeling the entire system by coupling regional models.   This model combines the 
Lyon-Fedder-Mobarry magnetohydrodynamic magnetosphere model [Lyon et al., 2004] with the Ther-
mopshere-Ionosphere-Electrodynamic General Circulation [Richmond et al., 1992] model through the 
MIX electrodynamic coupler [Merkin and Lyon, 2010].  A key aspect of this coupling is how the iono-
spheric conductance is determined. CMIT currently uses an empirical relationship between MHD parame-
ters to determine the flux and energy of electron precipitation [Wiltberger et al., 2009] with recently de-
veloped extensions that allow for better specification of the broadband and diffuse components of the 
electron precipitation[Zhang et al., 2012]. 
      While it is difficult to measure ionospheric conductance in situ as explained above, they can be de-
rived from remote observations in regions where coverage of suitable data sources exists. One option for 
this is to combine spatial measurements of the ionospheric electric field, e.g., from ground-based coherent 
scatter radars, with data of a collocated network of ground magnetometers [Amm, 1998]. The ionospheric 
electric field data can also be combined with multi-satellite observations of field-aligned currents [Amm, 
2002], as they are available from the Cluster, THEMIS, or AMPERE spacecraft missions.  [Green et al., 
2007] used the combination of SuperDARN, SuperMAG, and Iridium (the AMPERE precursor) to pro-
duce initial global estimates of the ionospheric conductance.  Further, the upcoming Swarm mission of 
three ionospheric spacecraft that are able to measure the full-component electric and magnetic field in 
high spatio-temporal resolution will make it possible to infer ionospheric conductance along a strip that 
envelopes the parallel orbits of the spacecraft[Amm et al., 2008].  

  

Figure 2 - Current coverage of key 
observations in the northern 
hemisphere. 
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1.4 Integrated Nature of Our Multidisciplinary Work 

     Recent results reported by [Zhang et al., 2012] highlight the important need for multidisciplinary ap-
proach to investigating the MIT system.  As shown in Figure 3 the state of the magnetosphere depends 
significantly on the ionospheric conductance. The top panel shows flows (arrows) and Alfvénic Poynting 
flux (color) in a magnetosphere simulation with ionospheric conductance dynamically modified by an 
embedded electron precipitation model.  The simulation exhibits a concentration of both Alfvénic 
Poynting flux high-speed plasma flows and enhanced reconnection in the pre-midnight sector.  When the 
simulation is run for the same solar wind conditions, but with a uniform Pedersen conductance in the 
ionosphere, the flows become more uniformly distributed throughout the magnetotail. 
     The proposed international team is uniquely positioned to address key scientific issues where knowl-
edge of the global conductance distribution, as in the example in Fig. 3, is essential. The first step in this 
endeavor requires a synthesis of the full suite of observations and models to create the first accurate, 
global specification of the ionospheric conductance.  With this foundation, the team will investigate out-
standing problems in M-I-T coupling in which the distribution and magnitude of ionospheric conductivity 
has a major influence. Select problems include: 

1. Saturation of cross-polar potential as first reported by [Hill, 1984] include examination of the 
several theories have been put forward to explain this process ranging from Alfven 
wings[Kivelson and Ridley, 2008], distortion of flows in the magnetosheath[Lopez et al., 2012], 
importance of ionospheric conductance [Merkine et al., 2003; Merkin et al., 2005] and others 
[Siscoe et al., 2002; Hairston et al., 2005; Kan et al., 2010] 

2. Regulation of flows and structure in magnetospheric-ionospheric convection, e.g., as illustrated in 
Fig. 3, including the distribution and role of ionospheric Joule heating and field-aligned current 
closure and their effects on ionospheric electrodynamics [e.g. [Grocott et al., 2009; Zhang et al., 
2012]]. 

3. Upwelling of the ionosphere and thermosphere and its influence on the escape and outflow of 
ionospheric plasma into geospace. 

 
 

                          

Figure 3 - Comparison of magnetospheric flow structure with precipation enhanced conductance (top) and 
uniform conductance (bottom) from Zhang et al. 2012 illustrates the signifcant role conductance can play in 
distribution of flows. 
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2 Expected Outputs 
     It is our expectation that the results of the research investigation will lead to one major research paper 
with the entire team as coauthors.  This paper will provide an overview of our system approach to under-
standing the role of conductance in regulating MIT system. .  It is also expected that a significant number 
of collaborative studies will be initiated between team members, resulting in a number of research papers. 

3 Added Value of ISSI 
     Our proposed research program requires assembling a group of scientists with broad range of expertise 
including theorists, modelers, and observers and ISSI provides us with a unique venue to accomplish this 
research.  First, answering the fundamental questions posed by our research requires the focused dedica-
tion that the ISSI team program requires.  Second, by providing a location for the meetings it allows our 
team to focus closely on conducting the research and building new collaborations that haven’t previously 
existed.  Finally, it assures a mechanism for publishing our comprehensive analysis of the global conduc-
tance pattern.   

4 Confirmed Team Members 
Our outstanding international team includes the following scientists from 5 countries: 
        Dr. Olaf Amm (Olaf.Amm@fmi.fi) from the Finish Meteorological Institute, Finland, is an expert in 
the developing numerical models of ionospheric electrodynamics. 

Dr. Eric Donovan (edonovan@ucalgary.ca) from the University of Calgary, Canada, is a world 
leader in the deployment and utilization of ground based auroral instruments and their use in interpreting 
MI coupling. 

Dr. Jesper Gjerloev (Jesper.Gjerloev@jhuapl.edu) from the Applied Physics Laboratory, USA, is an 
authority in the utilization of ground magnetometer data and a leader of the International SuperMAG col-
laboration. 

Dr. William Lotko (William.Lotko@dartmouth.edu) from Dartmouth College, USA, is an authority 
on MI coupling including the effects of electron precipitation and conductance distributions on the mag-
netosphere-ionosphere-thermosphere interaction.  

Dr. Viacheslav Merkin (Slava.Merkin@jhuapl.edu) from the Applied Physics Laboratory, USA, is a 
leading developer of electrodynamic coupling components within global simulations and has conducted 
extensive studies comparing AMPERE data with these simulations. 

Dr. Steve Milan (ets@ion.le.ac.uk) from the University of Leicester, UK, is an authority on using 
SuperDARN data and auroral imagery to study MI coupling.   

Dr. Colin Waters (Colin.Waters@newcastle.edu.au) from the University of Newcastle, Australia, is a 
member of the AMPERE team as well as an expert on the utilization of SuperDARN observations.  

Dr. Michael Wiltberger (wiltbemj@ucar.edu) from the High Altitude Observatory at the National 
Center for Atmospheric Research, USA, will serve as the leader of the team and is an expert in global 
modeling of geospace. 

5 Schedule 
    We plan to complete this project within 18 months during which time the group will have three meet-
ings at ISSI.  The two meetings of the team will occur in September 2013 and March of 2014.  During 
these meetings we will actively engage in research towards meeting the goals of this proposal.  At the fi-
nal meeting of the team in October of 2014 we will summarize our results and determine the schedule for 
submitting research publications. 

6 ISSI Support 
    All that our team requires from ISSI is to support our team meetings with standard projection equip-
ment and basic Internet connections.  The standard financial support package for teams will be adequate 
for our proposal.  We intended to identify a young scientist to join the team once the proposal is selected. 
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“ACES” mission and he is the founder and PI for the global ground based magnetometer initiative 
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iii) Data and modelling of effects of geomagnetic induced currents on technology including 
gas pipeline corrosion and electricity supply grids. 
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modeling of the magnetosphere and its interaction with the solar wind and coupled thermosphere-
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