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Abstract:  
 
 The past four decades have resulted in an abundance of in situ and remote observations of the 
jovian and saturnian magnetospheres, neutral atmospheres, and ionospheres (e.g. from Cassini, Galileo, 
Voyager, Pioneer, Ulysses, Hubble Space Telescope, Keck, SPRINT-A/Exceed). However, observations 
are limited in their spatial and temporal coverage. Effective data exploitation and interpretation depend 
on detailed numerical models to maximize the physical understanding gained from the extensive data 
sets available at Jupiter and Saturn. These models employ fundamental physics and known system 
parameters to simulate, and predict, the behavior of the jovian and saturnian systems. By increasing the 
communication between models of different physical regimes, we will significantly improve our ability 
to exploit and interpret data sets from Jupiter and Saturn, as well as help guide future mission planning. 
 We propose an international team, hosted by ISSI, to develop a comprehensive numerical 
description of the jovian and saturnian global systems from the outer magnetosphere, where the solar 
wind interacts with the magnetopause, to the upper planetary atmosphere. Currently, models focus on a 
specific spatial domain (i.e., magnetosphere, atmosphere, etc.), using simplified boundary conditions to 
approximate the neighboring regions. We plan to build a global view of the numerical system by: (1) 
comparing and contrasting the existing models within the same physical regime; (2) refining model 
boundaries and inputs to increase the exchange of information between models of two neighbouring 
spatial regimes; and (3) standardizing visualizations, data assimilation, and communication of model 
details and results to maximize usefulness to the broader community.   
 The proposed team is composed of experts from the following areas of numerical modeling: 
general circulation models of the neutral atmosphere, magnetosphere-ionosphere coupling, ionospheric 
electron transport and global magnetospheric magnetohydrodynamics. Some of our team members are 
also experts in data analysis, which is essential for optimizing the usefulness of numerical models to the 
broader community. The proposed work will be carried out over the course of two separate one-week 
meetings (autumn 2014 and summer/autumn 2015) and we anticipate a substantive number of 
publications ensuing from this proposed team.  
 
Schedule:  
 We plan to hold two meetings: 

- Autumn 2014 
- Summer / Autumn 2015 

 
Scientific rationale, goals, and timeliness of project 
 Jupiter and Saturn host the two largest planetary systems in the Solar System, with many 
similarities: both planets are rapid rotators, with rotation periods of ~9.9 h and 10.6 h, respectively; both 
have magnetospheres with large sub-solar magnetopause distances of 65 - 95 RJ (Jovian radii) [Joy et 
al., 2002] and 20 - 25 RS (Saturnian radii) [Achilleos et al., 2008]; and their atmospheres are dominated 
by hydrogen and helium. Additionally, each planet is orbited by a geologically active moon, Io at 
Jupiter and Enceladus at Saturn, which leads to ~350 - 1500 kg s-1 and ~10s - 280 kg s-1 plasma added to 
the respective magnetospheres (see review by Bagenal & Delamere [2011]). Rotational energy 
ultimately drives the atmospheric and magnetospheric dynamics. These two regions are coupled via 
electric currents that flow outwards from the atmosphere along the planetary magnetic field, radially in 
the magnetosphere, and then back towards the atmosphere along the magnetic field, closing in the 
ionosphere, which is the ionized part of the upper atmosphere. The ionosphere is coupled to the 
thermosphere, the neutral portion of the upper atmosphere, through ion-neutral collisions that transfer 
momentum. 



 Our understanding of these planetary systems has greatly improved since the first in situ 
observations made in the 1970s by Pioneer 10 (Jupiter) and Pioneer 11 (Saturn). In the past 40 years, 
there have been many more flybys and two dedicated orbiters, Galileo at Jupiter and Cassini at Saturn, 
which have provided measurements of the thermal and energetic plasma environment, magnetic field 
structure, auroral and radio emissions, and energetic neutral populations with limited coverage in local 
time, radius, and latitude. Radio occultations along with observations of Saturn electron discharge 
events, have offered insight into the density and structure of the planetary ionospheres [Kliore et al., 
2009; Fischer et al., 2011]. Earth-based auroral observations have complemented these planetary-based 
measurements, providing estimates of the temperature and wind speeds in the upper atmosphere [e.g., 
Stallard et al., 2002, 2007], the energy deposited in the atmosphere by auroral electrons [e.g., Gustin et 
al., 2004], and the dynamics driving the auroral emissions [e.g., Grodent et al., 2008; Clarke et al., 
2009; Nichols et al., 2010]. 
 Single spacecraft measurements and remote observations offer limited insight into the physical 
processes that drive the system. At Earth, multi-spacecraft missions e.g., Cluster, Themis, are able to 
triangulate regions of the magnetosphere to separate spatial and temporal effects. Unfortunately, sending 
multiple spacecraft to Jupiter or Saturn is cost-prohibitive and thus unlikely to occur in the near future.  
 As such, the outer planet community relies heavily on numerical modeling of the gas giant 
systems to provide a physical context for in situ and remote observations. Data is used to describe initial 
states and boundary conditions, while the model predictions are compared to in situ measurements and 
remote observations. Different models exist for different spatial regions in the gas giant systems i.e., the 
magnetosphere, ionosphere, and thermosphere. Given the ever-increasing importance of magnetosphere-
ionosphere-thermosphere coupling as a scientific research area e.g., to explain Saturn’s observed 
variable periodicities, the proposed ISSI team will compare different modeling approaches for each 
spatial region, and determine how they can best be integrated to make progress towards truly coupled 
simulations of these giant planet systems. Advancing existing models will greatly improve the outer 
planet community’s ability to interpret existing data sets and assist in planning future missions. 
 

 There are a number of global three-dimensional MHD models of Jupiter and Saturn, which 
primarily investigate rotationally and solar wind-driven magnetospheric dynamics.  MHD models can 
predict physical processes and sources of electromagnetic fields, such as Vasyliunas- and Dungey-type 
reconnections [Jia et al., 2012b], Kelvin-Helmholtz waves [Fukazawa et al., 2012], and electrical 
current systems [e.g., Walker and Ogino, 2003]. Additionally, these robust models can reproduce 
fundamental magnetospheric properties, such as the quasi-periodic magnetic oscillations at Saturn [Jia 
et al., 2012b], and, at Jupiter, the magnetospheric plasma angular velocities, dawn-dusk asymmetry in 
the current sheet reported by Khurana & Schwarzl [2005] and the prenoon auroral oval discontinuity 
observed by Radioti et al. [2008] [Chané & Saur, 2012]. Individual MHD models vary with respect to 
location of the inner boundary and the grid resolution (see Topic 2). 
 Hybrid models combine kinetic theory and MHD, generally treating ions kinetically and 
electrons as a massless MHD fluid. The kinetic treatment of ions is particularly useful in boundary 
layers where the spatial scales of interest are on the order of, or less than, the ion gyroradius. As such, 

Topic 1: Comparing and contrasting models   
Goals: 1.1 - Understand how the various global MagnetoHydroDynamic (MHD) models differ from each 
other, and what common methodologies they employ. 
 1.2 - Determine how the small-scale physical processes (e.g. radial transport, boundary layer 
plasma - wave instabilities) modeled by hybrid and convection models affect the predictions made with 
global MHD models across similar magnetospheric regions.  
 1.3 – Improve Magnetosphere-Ionosphere (M-I) coupling models to include all the following 
effects: variable Pedersen conductance; transient solar wind conditions; distortions of the magnetic field 
owing to changes in magnetospheric plasma content and pressure; the rotational ‘decoupling’ between the 
ionosphere and magnetosphere allowed by substantial field-aligned potentials; and the subcorotation of 
the neutral atmosphere. 
 1.4 - Clarify the differences between electron transport models and assess how the varying 
predictions for the precipitating energy distribution into the ionosphere affect the ensuing thermospheric 
flows and ionospheric, electrical conductances.  
 



hybrid codes have been used to model viscous processes, such as Kelvin-Helmholtz Instabilities [e.g. 
Delamere et al., 2011] and plasma interactions in multi-plasma environments [e.g. Kriegel et al., 2009].  
 Convection models frequently focus on centrifugally-driven processes. The rapid rotation of the 
giant planets results in strong centrifugal forces that drive relatively cold, dense magnetospheric plasma 
radially outwards through the magnetosphere. The Rice Convection Model [Pontius et al., 1998; Liu et 
al., 2010] has been applied to Jupiter and more recently to Saturn, predicting centrifugally-driven 
fingers of hot, tenuous plasma that protrude into the inner magnetosphere while, at the same time, cold, 
dense plasma is transported outwards. In M-I coupling models, the magnetosphere is coupled to the 
ionosphere, and hence thermosphere, by simulated auroral currents that flow along the magnetic field 
lines. These currents thus transfer angular momentum and energy between the atmosphere and 
magnetosphere. They are influenced by the ratio of the Pedersen conductance to plasma mass outflow 
rate [Nichols et al. 2004]; changes in magnetospheric configuration, either by the solar wind [Yates et 
al. 2014] or plasma pressure in the magnetosphere [Achilleos et al. 2010, Nichols 2011]; the presence of 
field-aligned potentials at high magnetic latitudes [Nichols et al. 2005; Ray et al. 2010,2012,2014]; and 
the subcorotation of the neutral thermosphere relative to the deep planet [Smith & Aylward, 2008,2009; 
Müller-Wodarg, 2006,2012; Tao et al., 2009]. However, no model has yet included all of these effects 
self-consistently. 
 Completing the suite are electron transport and atmospheric models. Electron transport models 
fall into three broad categories: numerically solving the Boltzmann equation [e.g., Grodent et al., 2001; 
Galand et al., 2011], the Continuous Slowing Down Approximation [Rego et al., 1994], or a Monte 
Carlo approach [Hiraki and Tao, 2008; Tao et al., 2011]. All methods trace incoming electron streams 
of a specified energy distribution, which then interact with a prescribed neutral atmosphere, yielding 
ionization of the neutrals and heating of the thermal electrons; however, the predicted ionization rates 
differ depending on the method used. Ionospheric models utilize the ionization and thermal electron 
heating rates prescribed by the electron transport codes to determine the temperature and density of the 
planetary ionospheres. Working in conjunction with neutral thermosphere models [e.g. Müller-Wodarg 
et al., 2006,2012; Smith & Achilleos, 2012], the complete atmospheric suite of models can predict 
thermospheric and ionospheric winds, temperatures and densities, as well as ionospheric electrical 
conductances [Millward et al., 2002; Moore et al., 2010; Galand et al. 2011].   
 

 Each model requires boundary conditions and/or initial state parameters, depending on the 
physical region described. Stepping inwards from the magnetopause boundary towards the planetary 
atmosphere, these boundary conditions and initial parameters are: the velocity, density, pressure, and 
temperature of the solar wind, and the interplanetary magnetic field strength and orientation, at the 
magnetopause; planetary magnetic field structure; magnetospheric plasma density, composition and 
radial mass transport rate; auroral electrons spectra, morphology, and variability; auroral and solar 
energy deposited in the planetary atmosphere; ionospheric Pedersen conductance and electric field; and 
finally, the atmospheric density profile as a function of altitude.   
 Many of these boundary conditions can be extrapolated from in situ data and remote 
observations. However, limited spatial and temporal coverage requires alternate seed conditions for 
some of the numerical models. One of the main goals of this international team is to determine which 
boundary conditions can be integrated in the most seamless manner from one type of model to a 
neighboring module. This will improve the coupling between the thermosphere, ionosphere, and 
magnetosphere and allow local physical properties, which are otherwise too computationally intensive 
to evaluate, to affect neighboring regions as part of a more realistic simulated system that can be then 
compared to existing data sets. 
 The first step in creating more ‘transparent’ model edges is to define how the boundary 
conditions are implemented in each model. For example, MHD models apply either a constant 

Topic 2: Refining the  boundaries  
Goals: 2.1 - Determine the inputs and boundary conditions required for each model, and the numerical 
limitations that constrain the choice of boundary. 
 2.2 - Optimize or parameterize model output for use as input into a neighboring module. 
 2.3 - Quantify how adjustments to boundary conditions and input will improve the physical and 
numerical description of the global system. 



ionospheric Pedersen conductance [Kidder et al., 2009; Jia et al., 2012a] or a fixed ion-neutral collision 
frequency [Chané & Saur, 2012] at the atmospheric boundary, which is approximated as a sphere with a 
radius ranging from 2 to 6 planetary radii, in order to resolve the Alfvén speed. Meanwhile, M-I 
coupling models may implement a variable Pedersen conductance at the planetary ionosphere that is 
modified under the action of electron precipitation [Nichols & Cowley, 2004; Ray et al., 2010; Yates et 
al., 2012]. However, both the MHD and M-I coupling model treatments, by necessity, simplify the 
interaction between the ionosphere and thermosphere. 
 The ionospheric Pedersen conductance is itself an output of the atmospheric models. Ionospheric 
densities are determined as a result of auroral energy deposition using an electron transport code [e.g. 
Galand et al., 2011] coupled to a model of the ionosphere [e.g. Moore et al., 2010]. Thermospheric 
densities and temperatures [e.g. Müller-Wodarg et al., 2006] are required as input for both types of 
model. Therefore, a fully self-consistent calculation should account for the influence of the ionosphere 
and thermosphere.  
 After increasing the communication between neighbouring numerical models, we aim to 
quantify how the modified inputs affect the numerical predictions. For example, does including a 
variable Pedersen conductance in an MHD model change the predicted timing of plasmoid release down 
Saturn’s magnetotail? Through comparisons with data, we will improve our understanding of the 
underlying physics in the jovian and saturnian systems, and, by comparing numerical models amongst 
themselves we will be able to separate numerical artifacts from physical insights. 
 

 
 
 Finally, the proposed ISSI team aims at improving upon, and sharing, techniques to 
communicate the outputs, strengths, assumptions, and limitations of numerical models to the broader 
community. Modelers and observers often work independently of each other; however, numerical 
models provide insight into the physics behind the data, along with aiding in future mission planning. 
Increasing the cohesion of the outer planet community in this regard is essential to maximizing how 
models aid data interpretation and exploitation.  
 One method, used in 3D MHD and hybrid simulations, is to directly compare spacecraft data to 
numerical simulations by ‘flying’ a virtual spacecraft through the simulation domain [e.g. Delamere et 
al., 2011; Jia et al., 2012a], producing virtual ‘measurements’ as a function of location and time. 
Unfortunately, this technique is less effective for atmospheric models as no in situ data are available and 
remote-sensing and radio occultation data are reduced to vertical profiles of the electron density at dawn 
and dusk. However, auroral emission rates in the IR can be used to derive the density and temperature of 
H3

+, which may then be compared with atmospheric models [Tao et al., 2011]. Likewise, the 
characteristics of auroral electrons derived from spectroscopic analysis of the aurorae are directly 
compared to auroral current models. Further improvement to visualizations of model outputs and data-
model comparisons will increase the usefulness and accessibility of numerical models to the broader 
community.  
  
Timeliness of the project 
 The proposal of this ISSI team comes at a crucial time in giant planets system science. Cassini is 
currently in orbit around Saturn, and, in the coming years, will re-enter the high-latitude regions of 
Saturn, precisely where the boundaries between our models exist. The JAXA satellite Sprint-
A/Hisaki/EXCEED, launched in September 2013, is currently observing the planets and their local 
environments simultaneously, e.g. the Io plasma torus and Jupiter’s aurora, in EUV wavelengths. 
Likewise, the Juno spacecraft will arrive at Jupiter in 2016, entering into a polar orbit that will pass 
through the high-latitude auroral regions. Instrument development and observation planning for ESA’s 

Topic 3: Visual ization, data assimilation, and communication 
Goals: 3.1 - Are there more effective ways to compare numerical output to available data (e.g., 
statistical or data assimilation-based techniques) to maximize the insight that models provide for data 
interpretation? 
 3.2 - How can numerical modelers better communicate the strengths, assumptions and 
limitations intrinsic to the models such that we increase their usefulness to the broader community? 



JUICE mission, which rely on numerical predictions of the radiation environment and magnetospheric 
conditions, are occurring now and over the next decade.  
 Hence, now is the time to develop numerical tools for the current, as well as next, generation of 
missions. The present availability of outer planets data is unprecedented and will only increase over the 
next two decades. Improving the existing numerical models, and the community’s ability to interpret 
existing in situ measurements and remote observations, will increase our understanding of the 
underlying physics. As the giant planet systems are analogues to stellar systems, advances in numerical 
models will also have implications for exoplanets and stellar system formation. 
 
List of the expected output 
 The results of the Numerical Modeling team will have a long-lasting impact on the outer planet 
community. The main scientific output will be a more integrative approach to the boundaries of, and the 
interfacing between, magnetospheric and atmospheric models, in which the output from one type of 
model can be used directly as input for the neighboring spatial region. Additionally, team members will 
gain a more comprehensive understanding of the various types of numerical models, along with a better 
knowledge of how to communicate the insight gained from numerical models to the broader 
community. These advances will significantly impact the interpretation and exploitation of existing data 
sets, as well as assisting mission planning and the development of future instrumentation. We expect 
that the collaborations resulting from the team study will lead to at least 3 scientific peer reviewed 
publications.  
 
Added value provided by ISSI 
 ISSI provides the ideal environment to gather scientists from the US and European communities 
to directly compare and discuss the numerical models currently used in the outer planets community. 
The intimate nature of the International Team is perfect for delving into complex details, while also 
providing a forum for ‘big picture’ discussions. Additionally, the access to internet facilities, and 
therefore ability to adjust and run participant models in real time, is an important step in, eventually, 
merging and cross-validating the models.  
 
List of confirmed members [for contact information see Annex B, and for short CVs see Annex c]: 
  Nick Achilleos, Emmanuel Chané, Peter Delamere, Marina Galand, Xian Zhe Jia, Luke Moore, 
Jonathan Nichols, Licia Ray, Joachim Saur, Chihiro Tao, Robert Winglee, Japheth Yates 
 
Schedule of the project 
 We plan to hold two meetings, each 5 days long, with the first meeting occurring in the autumn 
of 2014 and the second to be held approximately a year later in autumn of 2015. The first meeting will 
focus on understanding the differences between similar models and refining the boundary conditions 
between models. Between the first and second meetings, team members will adapt and test their 
numerical models using the knowledge gained during the first meeting. Results from improved models 
of similar type will be compared in the second meeting and further efforts will be made towards refining 
the boundaries between models in adjacent spatial regions, leading to a more global numerical 
description of the jovian and saturnian systems. Visualization and communication techniques will 
feature at both meetings. 
 
Financial support requested from ISSI and facilities required 
 We request from ISSI financial support for 12 members x 5 days x 2 meetings = 120 per diems, 
plus the travel costs of the team leader and support for a young scientist to be named later. While at 
ISSI, we plan to use many of the facilities available: meeting room with white boards, wireless internet, 
and Skype video-conferencing, should a member of the team not be able to attend. 
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Scientific

Interests

• Magnetosphere - ionosphere - thermosphere coupling at Jupiter and Saturn, with a focus on how
angular momentum is exchanged between the planetary atmosphere and internal plasma disc

• Auroral electrodynamics: What magnetospheric processes drive the auroral structures observed at
Saturn and Jupiter? How can we relate these to ionospheric flows?

Education University of Colorado, Boulder, Colorado USA

Ph.D., Astrophysical and Planetary Sciences, August 2010

• Dissertation Topic: “The Impact of Field-Aligned Potentials on Jupiter’s Auroral Emission”
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March 2011 – March 2012 Research Associate at Imperial College London
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Relevant

Publications
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Educational background 
 Apr. 2000–Mar. 2004 Undergraduate student at Tohoku University 
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Tao, C., S. V. Badman, T. Uno, and M. Fujimoto (2012), On the feasibility of characterizing Jovian auroral 
electrons, via H3+ infrared line-emission analysis, Icarus, 221, 236-247. 

Tao, C., S. V. Badman, and M. Fujimoto (2011), UV and IR auroral emission model for the outer planets: 
Jupiter and Saturn comparison, ICARUS, 213, 581-592. 
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Research Interests 
Comparative planetology, in particular  

• Gas giant magnetosphere-ionosphere-thermosphere (MIT) coupling: How does 
the coupled MIT system vary with solar wind conditions? Can we explain the high 
thermospheric temperatures observed at Jupiter and Saturn? 

• Periodicities at Saturn. 
• The Jovian and Kronian magnetic and plasma environment.  

 
Employment 

Postdoctoral research associate   Sept 2013 – Present 
Imperial College, London, UK   

 
Postdoctoral research associate   Feb 2013 – Aug 2013 
University College London, London, UK  

 
Education 

University College London 
PhD in Astrophysics     Sept 2009 – Mar 2013   

 Title: Influence of solar wind on the Jovian thermosphere.  
Physics MSci – First Class Honours              Sept 2004 – June 2008   

 
Technical skills 

Theoretical and numerical modelling; Data analysis; Programming with 
FORTRAN, C++, Java, Python, OpenMP, MPI, LaTeX and Matlab. Experience with 
Microsoft Windows, Mac OS X, Linux distributions and High Performance Computing. 
 
Professional Memberships  

Fellow of the Royal Astronomical Society. 
Member of the European Geosciences Union.  
Member of the American Geophysical Union.  

 
Professional Achievements  

2013, 2014: Convener of ‘Aeronomy of giant planets’ session at EPSC.  
2013: Invited seminar at University of Leicester (2013).  
2012: Invited seminar at Imperial College London.  
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transient ‘pulse’ in solar wind pressure’, Planetary and Space Science, Volume 91. 


