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ISSI Team Proposal: How does the Solar Wind Influence the Giant Planet Magnetospheres? 
Team Leaders: Marissa Vogt and Adam Masters 

 
Abstract: Our ISSI team will determine the nature of the solar wind influence on the outer planet 
magnetospheres. It is well established that the solar wind is the primary source of plasma in the 
Earth’s magnetosphere and that it drives magnetic storms and substorms that lead to magnetic 
reconnection, plasma transport, and dazzling displays of aurora. Unlike the Earth, the 
magnetospheres of Jupiter and Saturn are characterized by internal sources of plasma (the moons Io 
and Enceladus, respectively), large spatial scales, and rapid planetary rotation. Therefore, the degree 
to which the solar wind influences these magnetospheres has been hotly debated, and it has been 
proposed that magnetospheric dynamics at Jupiter and Saturn may be driven by centrifugal stresses 
rather than the solar wind. Now, thanks to the existence of many relevant data sets and foundations 
laid by the magnetospheric science community, we are in a position to establish more definitively 
how the solar wind influences these giant magnetospheric systems. Our team is perfectly poised to 
accomplish this goal due to the inclusion of experts on both the outer planet magnetospheres and the 
more comprehensively studied magnetosphere of the Earth, combining experience in data analysis, 
theory, and modeling. We will reveal the nature of magnetopause processes, carry out a detailed 
examination of the magnetospheric response to varying solar wind conditions, and assess 
magnetotail reconnection signatures in the outer planet magnetospheres. To quantify the relative 
importance of the dynamic solar wind for Jovian and Saturnian magnetospheric dynamics this we 
will constrain the potential differences applied to each system by each mode of external solar wind 
driving, and compare this to the well-established potentials associated with internal driving. Our 
team meetings will produce collaborative research that will significantly advance understanding of 
solar wind-magnetosphere coupling at the outer planets. 
 
Scientific rationale, goals, and timeliness of the project 

The combination of the Galileo spacecraft’s orbital tour of Jupiter, the Cassini spacecraft’s 
ongoing exploration of Saturn, and extensive remote observations have revealed much about the 
magnetospheres of Jupiter and Saturn. At Jupiter, the primary source of magnetospheric plasma is, 
by far, the volcanic moon Io, while for Saturn the primary plasma source is the moon Enceladus. 
Both magnetospheres are characterized by large spatial scales and a rapid planetary rotation, which 
contribute to the importance of centrifugal stresses in each system. Jupiter’s magnetosphere is the 
largest in the solar system, with a typical magnetopause standoff distance of ~60-90 RJ due to a 
strong planetary magnetic field and inflation by hot plasma pressure. Saturn’s magnetosphere is 
smaller, with a subsolar standoff distance of ~25 RS, and is often thought of as being intermediate 
between the terrestrial and Jovian magnetospheres. For example, Saturn’s main auroral oval, like 
the Earth’s, lies near the open/closed field line boundary [Cowley et al., 2004; Bunce et al., 2008], 
while Jupiter’s main emission is associated with a system of corotation enforcement currents [e.g. 
Hill, 2001; Cowley and Bunce, 2001]. 

Despite the advances from Galileo and Cassini, our knowledge of how the Jovian and 
Saturnian systems work remains far from complete. For example, at the outer planets only single-
spacecraft measurements are typically available, making it challenging to obtain information about 
the upstream solar wind conditions. Therefore, the nature of the solar wind interaction with the 
outer planet magnetospheres, and the importance of the solar wind relative to internal factors such 
as centrifugal stresses in driving dynamics, are areas of active research and debate [e.g., McComas 
and Bagenal, 2007; Cowley et al., 2008; Masters et al., 2014]. MHD models of solar wind 
properties propagated outward from 1 AU to Jupiter’s orbit at ~5.2 AU or Saturn’s orbit at ~9.6 AU 
can be used to estimate upstream solar wind measurements near the outer planets [e.g. Tao et al., 
2005; Zieger and Hansen, 2008], but these models have not been fully exploited. 
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 The goal of our proposed ISSI team is to establish the nature of the solar wind 
influence on the outer planet magnetospheres. This will be accomplished through collaborative 
research including data analysis, theoretical studies, and numerical simulations. We will include the 
magnetospheres of both Jupiter and Saturn in our team activities because studies of these two 
rapidly-rotating magnetospheres are highly complementary. The comparative nature of our team’s 
activities therefore increases the likelihood of success and greatly increases their scientific return. 

Our team will perform specific tasks such as calculating quantities that can shed light on the 
importance of the solar wind interaction. For example, one can consider the ratio of the potential 
energy from corotation to the solar wind induced potential across the polar cap (the latter indicating 
the amount of energy available from the solar wind). This ratio is about 5 for the Earth, and is 
traditionally considered to be about 50 for Jupiter [Khurana et al., 2004], which would suggest that 
rotational stresses are much more significant than the solar wind in driving dynamics at Jupiter. 
However, these numbers cited for Jupiter are based on very rough estimates, so one contribution of 
our team is to evaluate previous estimates of relevant reconnection voltages and other quantities 
based on new information from both in situ and remote data set and complimentary models. In 
addition, we will use these quantities to establish the transient magnetospheric response to changing 
solar wind conditions. Further description of some example team tasks is given below. 
 
Task 1: Calculate the dayside reconnection voltage 

At the Earth, the primary method by which the solar wind inputs mass and energy to the 
magnetosphere is through magnetic reconnection at the dayside magnetopause. The dayside 
reconnection voltage, which is related to the rate of magnetopause reconnection and flux opening, is 
a quantity that is crucial to understanding the solar wind-magnetosphere interaction. It can be 
calculated from the upstream solar wind properties using an empirical formula that has been 
successfully applied at the Earth [e.g. Perrault and Akasofu, 1978; Milan, 2004].  

Reconnection efficiency can be reduced when the upstream magnetosonic Mach number 
and/or plasma β, the ratio of thermal to magnetic pressure, is high [Scurry and Russell, 1991; 
Paschmann et al., 1986], as is the case at Jupiter and Saturn [e.g. Masters et al., 2012]. Therefore, 
Delamere and Bagenal [2010] proposed that the solar wind instead interacts with Jupiter’s 
magnetosphere not through dayside reconnection with the solar wind but through viscous processes 
(see Task 3). Numerical and theoretical arguments suggest that magnetopause reconnection may be 
unlikely at the outer planets [e.g. Desroche et al., 2012, 2013], so it is therefore somewhat 
surprising that evidence of dayside reconnection has been observed for both Jupiter [e.g. Walker 
and Russell, 1985] and Saturn. Bonfond et al. [2011] reported HST observations of pulsating quasi-
periodic polar auroral flares suggested to be the signature of pulsed reconnection with the solar 
wind. At Saturn, evidence of magnetopause reconnection has been reported in auroral images and in 
situ magnetic field and ELS measurements [Radioti et al., 2011; Badman et al., 2013]. However, it 
is noteworthy both that no flux transfer events were found in a survey of Cassini magnetometer data 
[Lai et al., 2012; Fuselier et al., 2014], and that Masters et al. [2012] showed that a dayside 
reconnection event observed by McAndrews et al. [2008] probably occurred during a time of 
unusually low b. 

Our team will resolve this controversy by calculating the dayside reconnection voltage at 
Jupiter and Saturn. Several studies have estimated the typical dayside reconnection voltage at 
Jupiter and Saturn using an empirical formula [e.g. Nichols et al., 2006; Badman and Cowley, 2007] 
and auroral images [e.g. Badman et al., 2005], but few case studies have been performed to further 
constrain the reconnection rate. Additionally, the formula is sensitive to assumptions about the 
length of the region over which dayside reconnection can occur, which may be limited at the outer 
planets, and neglects any plasma β dependence of the reconnection efficiency. Our team will use in 
situ and remote auroral data, MHD models, and theoretical calculations to address these outstanding 
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issues and calculate the dayside reconnection voltage at Jupiter and Saturn through collaborative 
research, including case studies of specific data and model comparisons. 

 
Task 2: Calculate the nightside reconnection voltage and search for evidence of solar wind driving 

There has been evidence of tail reconnection at Jupiter and Saturn from both in situ and 
remote auroral observations [e.g. Russell et al., 1998; Kronberg et al., 2005; Vogt et al., 2010; 
Radioti et al., 2008, 2011; Hill et al., 2008; Jackman et al., 2007; Thomsen et al., 2013]. In the 
Earth’s magnetosphere, flux that is opened via reconnection with the solar wind is closed via tail 
reconnection in a process called the Dungey cycle [Dungey, 1961]. Therefore the rate of tail flux 
closure, or the nightside reconnection voltage, matches the average dayside reconnection voltage. 
However, at the rapidly-rotating outer planets, tail reconnection may be driven by centrifugal 
stresses via the Vasyliunas cycle [Vasyliunas, 1983]. The relative roles of the Dungey and 
Vasyliunas cycles in driving tail reconnection at the outer planets are hotly debated [e.g., McComas 
and Bagenal, 2007; Cowley et al., 2008], and our team will resolve this long-standing debate. 
 Studies of plasmoid signatures at both Jupiter [Kasahara et al., 2013; Vogt et al., 2014] and 
Saturn [Jackman et al., 2011, 2014] have shown that reconnection at the giant planets can proceed 
onto lobe field lines, closing flux. These studies suggest that the nightside reconnection voltage 
roughly matches the dayside reconnection voltage, which could suggest that the reconnection is 
solar wind driven. However, the quoted values for both reconnection voltages are rough estimates 
that could be further constrained by additional observations and models. Our team will update the 
present estimates of the average nightside reconnection voltage. We will also conduct case studies 
comparing the nightside reconnection voltage during specific events to the dayside reconnection 
voltage during each event calculated (in Task 1) using solar wind conditions from a propagated 
MHD model. Our team will also investigate the control the solar wind exerts on the magnetotail by 
searching for evidence of solar wind compression-driven reconnection events, again using a 
propagated solar wind MHD model. We will also determine how frequently events proceed onto 
open field lines. These studies can be done through analysis of in situ and auroral data and through 
modeling. These studies will establish the relative roles of the solar wind and internally-driven 
Vasyliunas cycle in driving reconnection at the outer planets. 
 
Task 3: Calculate the voltage associated with a viscous-like interaction 

Although large-scale dayside magnetopause reconnection is the primary driver of Earth’s 
magnetosphere, there is an additional weaker driver that nonetheless can become dominant under 
northward IMF (when the dayside reconnection voltage is at its lowest). This “viscous-like” driver 
was first discussed by Axford and Hines [1961]. Transfer of solar wind momentum across the 
magnetopause (mediated by Kelvin-Helmholtz instability and/or wave-particle interactions) leads to 
an effective viscous drag applied to the magnetosphere that drives system dynamics. Recent studies 
of the terrestrial magnetopshere have revealed more details of the mediating processes; for example, 
evidence for local reconnection within K-H vortices has been reported [Hasegawa et al., 2009]. Of 
more global importance, the voltage applied to Earth’s magnetosphere by this viscous-like mode of 
interaction has been calculated to be ~20 kV [e.g., Sundberg et al., 2009; Bruntz et al., 2012]. 

Delamere and Bagenal [2010] proposed that the solar wind interacts with Jupiter’s 
magnetosphere through viscous processes, transferring momentum and possibly opening/closing 
magnetic flux through small-scale turbulent interaction along the magnetospheric flanks. In 
particular, they suggest that the primary interaction with the solar wind is through the Kelvin-
Helmholtz instability, a shear flow-driven instability. These arguments can also be applied to 
Saturn, where Kelvin-Helmholtz vortices have been observed [Masters et al., 2009, 2010; Delamere 
et al., 2013, Ma et al., 2015]. An important part of assessing how the solar wind can drive the giant 
planet magnetospheres is the assessment of this viscous-like interaction in the case of each system, 
in addition to revealing the extent of large-scale dayside and nightside reconnection (Tasks 1 and 2).  
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In Task 3 we will constrain the voltage applied to the magnetospheres of Jupiter and Saturn 
by this viscous-like interaction, establish how this voltage depends on solar wind and 
magnetospheric parameters, and compare the values to voltages associated with large-scale dayside 
reconnection (see Task 1) and internal driving. To achieve this we will examine MHD simulations 
of the Jovian system under a range of IMF orientations to determine the viscous-like voltage, 
analogous to terrestrial studies that have achieved this [Bruntz et al., 2012]. In addition, we will 
inspect in situ data sets taken in the vicinity of the Jovian and Saturnian magnetopauses to calculate 
the speed of plasma flow in the low-latitude boundary layer. The flow speed in this layer of mixed 
solar wind and magnetospheric plasma immediately inside each boundary is currently the missing 
piece of information that we need to calculate a viscous-like voltage. 
 
Expected Output 
Our team will answer the following outstanding research questions related to the long-standing 
debate over the role of the solar wind in the outer planet magnetospheres: 
• How do processes like magnetic reconnection at the Jovian and Saturnian magnetopauses 

compare to the same processes at Earth’s magnetopause? (task 1) 
• Is reconnection with the solar wind the dominant mode of interaction, or does the viscous 

interaction become dominant in the outer solar system? (tasks 1, 3) 
• If the primary method of interaction with the solar wind is a viscous process rather than 

dayside reconnection, how much flux can be opened/closed and mass transferred? How 
does this compare to mass loss/flux closure estimates from plasmoids? (task 2, 3) 

• Is there evidence that the solar wind drives tail reconnection at Jupiter and Saturn? If so, 
what process (dayside reconnection, solar wind compression, or both) is responsible? (tasks 
1, 2) 

We anticipate publishing at least one original peer-reviewed research paper per numbered task, and 
that these studies will significantly advance the present understanding of solar wind-magnetosphere 
coupling at the outer planets. We will identify which outstanding questions are most amenable to 
additional collaborative studies within the team and publish additional research results. Following 
both team meetings, we will write a review paper summarizing the results of our collaborations. 
 
Added Value from ISSI 
ISSI provides the perfect venue for in-depth interactions between diverse scientists to focus on the 
important questions raised above. The team provides a powerful combination of expertise and 
diversity. For example, in order to leverage present knowledge about how our own planet’s 
magnetosphere works, our team includes experts on the terrestrial magnetosphere with a particular 
focus on the physical processes underpinning the interaction with the solar wind that also operate at 
the outer planets (e.g. magnetic reconnection, growth of the Kelvin-Helmholtz instability). Our 
team meetings will bring together scientists from the outer planet and terrestrial magnetosphere 
communities who might not otherwise have the opportunity for meaningful interaction. Our team 
includes data analysts, theorists, and modelers, and we have purposefully selected team members 
whose findings seem to be in conflict with each other (e.g., work of Masters et al. [2012] and 
Badman et al. [2013]). Gathering the team members at ISSI will provide a unique opportunity for 
thorough comparison of data and models and will also facilitate detailed, constructive discussion of 
contrasting results. The pooling of such knowledge and resources in the ISSI setting should enable 
powerful synergism in the sharing of ideas and lead to exciting new scientific results. 
 
Timeliness of proposed team activities 
Now is an ideal time for an ISSI team on the issue of solar wind-magnetosphere coupling at the 
outer planets, as the magnetospheric science community has now laid the necessary foundations to 
advance our understanding of this topic. Recent data-based and theoretical studies have provided 
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new clues and renewed interest in this area [e.g. Delamere and Bagenal, 2013; Delamere et al., 
2013; Desroche et al., 2012, 2013; Kasahara et al., 2013; Masters et al., 2014]. Global 
magnetohydrodynamic (MHD) simulations (e.g. Chané et al. [2013] for Jupiter and Jia et al. [2012] 
for Saturn) have reached a new level of sophistication and fidelity and can therefore be used to 
study the magnetospheric response to changing solar wind conditions. Our team activity is 
additionally timely in light of ongoing and planned spacecraft missions, including: the Cassini 
mission at Saturn (2004-present), JAXA’s Hisaki EUV telescope (launched September 2013) that is 
observing Jovian aurora and the Io torus, Juno (arriving at Jupiter in 2016), and the planned ESA 
JUICE mission to Jupiter. We now have an extensive catalogue of auroral images of both Jupiter 
and Saturn from the Hubble Space Telescope, covering the full solar activity cycle. Research from 
this team could be used to design specific observing proposals during HST’s remaining lifetime. 
 
Confirmed Team Members 
Name Institution Expertise (applicable to numbered tasks) 
Marissa Vogt 
(co-team leader) 

Boston University, USA Jupiter tail reconnection; magnetometer data 
analysis; auroral mapping (2) 

Adam Masters 
(co-team leader) 

Imperial College, UK Saturn magnetopause processes; Cassini data 
analysis (1, 3) 

Sarah Badman Lancaster University, UK Magnetospheric and auroral dynamics (Jupiter 
and Saturn); in situ and remote data analysis 
(1, 2) 

Bertrand Bonfond Université de Liège, 
Belgium 

HST auroral images, Jupiter magnetopause 
data analysis (1) 

Emmanuel Chané Katholieke Universiteit 
Leuven, Belgium 

Jupiter magnetosphere MHD simulations, solar 
wind response (1, 2) 

Peter Delamere University of Alaska 
Fairbanks, USA 

Magnetopause processes, data analysis, hybrid 
simulations (1, 3) 

Hiroshi Hasegawa JAXA, Japan Viscous magnetopause processes at Earth (1,3) 
Suzie Imber University of Leicester, UK Solar wind-magnetosphere coupling at Earth 

(1, 2) 
Elena Kronberg Max-Planck-Institut für 

Sonnensystemforschung, 
Germany 

Data analysis (Galileo energetic particle 
detector at Jupiter and Cluster at Earth); theory 
(2)  

Aikaterini Radioti Université de Liège, 
Belgium 

Auroral dynamics with HST images (Jupiter 
and Saturn) and Cassini UVIS (1, 2) 

Chihiro Tao Institut de Recherche en 
Astrophysique et 
Planétologie (IRAP), France 

Solar wind models; magnetosphere-
ionosphere-thermosphere coupling (1, 2) 

Michelle Thomsen Los Alamos National 
Laboratory, USA 

Plasma data analysis at Earth and Saturn, 
Cassini CAPS instrument (1, 2) 

 
Project Schedule 
The team will hold two meetings, each lasting 5 days, in Bern, Switzerland, with the first occurring 
in the summer/fall of 2015. The second meeting will be held 6-12 months later. 
 
Facilities required and financial support requested from ISSI 
We request internet access, projection equipment, and meeting space for the 12 team members. We 
request financial support in the form of a per diem and accommodation for 12 team members during 
two 5-day team meetings, for a total of 120 per diems and 120 nights of accommodation. 
Additionally, we request support for travel costs for one of our two co-team leaders. 
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• Galileo data analysis 

 
Publications    
 
32 peer reviewed publications 
 
Selected peer reviewed  publications 
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・Response of the Jovian magnetosphere to the solar wind 
・Jovian magnetosphere-ionosphere-thermosphere coupling system: aurora generation and angular 

momentum transfer 
・Comparative multi-wavelength aurora of the giant planets: Jupiter, Saturn, and beyond 
・Data assimilation of the solar wind 

Publication Related to the ISSI Team 
・I developed solar wind model to predict its variations at Jupiter [Tao et al., 2005] and Saturn etc., and 

applied to investigations of solar wind-magnetosphere interaction [Tao et al., 2005; Kimura et al., 
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and the Hubble Space Telescope, Geophys. Res. Lett., in press. 
Kimura, T., L. Lamy, C. Tao, S. V. Badman, et al. (2013), Long-term modulations of Saturn's auroral radio 

emissions by the solar wind and seasonal variations controlled by the solar ultraviolet flux, J. Geophys. 
Res. Space Physics, 118, doi:10.1002/2013JA018833. 

Tao, C., R. Kataoka, H. Fukunishi, Y. Takahashi, and T. Yokoyama (2005), Magnetic field variations in the 
Jovian magnetotail induced by solar wind dynamic pressure enhancements, J. Geophys. Res., 110, 
A11208, doi:10.1029/2004JA010959. 
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She was elected a Fellow of the American Geophysical Union in 2001. She has served on 
a number of committees and advisory and review panels for NASA, NSF, the NRC, and 
the American Geophysical Union.  She recently chaired the panel on Solar Wind 
Magnetosphere Interactions, one of three disciplinary panels convened by the NRC to 
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