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1 Abstract
Knowledge about the ion composition in the near-Earth’s magnetosphere and plasma sheet is essential for the study
of magnetospheric processes and instabilities. The composition of a plasma determines the mass density and plays
an important role for fundamental plasma properties such as the Alfvén speed, plasma pressure and consequently the
plasma beta.

Ionospheric-origin ions modify the density, temperature and composition of the plasmasheet, the main reservoir of
magnetospheric plasma. The presence of ionospheric-origin heavy ions, in particular O+, influences reconnection
rates and the formation of Kelvin-Helmholtz instabilities, important drivers of global magnetospheric dynamics on
which other systems (ring current, radiation belts) are dependent. The radiation belts are of foremost importance for
space weather studies as their dynamical changes can lead to the damage of satellites. Modeling the dynamics of the
radiation belt includes the dynamics of the ring current and must account for the contribution of heavy ions. Indeed,
plasma sheet particles drift Earthward and populate the ring current, which influences the transport of the radiation
belts. Consequently, ionospheric heavy ions lead to changes of the ring current and of the radiation belts.

It is a challenging task to include the ionospheric ion contribution in numerical studies of the magnetotail, ring current
and radiation belt. Estimating the ion composition is important for defining the boundary conditions in such simu-
lations. Therefore, knowledge of the ion abundance ratio and its dependence on the solar wind and magnetospheric
conditions are required. It is also important to know in which form the modelers need the results of data analysis in
order to incorporate them into their models. The improvement of numerical models via verification against data is an
important activity towards better understanding of near-Earth space weather.

We propose an ISSI team to gather observations and modeling specialists combine the best databases (Cluster) and
models, and investigate the role of the heavy ion contribution on the dynamics of the near-Earth magnetosphere. It is
the right moment to bring together experts from these different fields to obtain a vastly improved understanding of the
near-Earth magnetospheric dynamics as: (1) We have already collected the data from one full solar cycle; (2) Models
rapidly developing the ability to account for these heavy ions and thus require verification; (3) It links well with the
soon-to-be-launched (September 2012) Radiation Belts Storm Probes (RBSP) mission. Therefore, these forthcoming
observations can be compared and verified with rich, well-calibrated Cluster observations. The work of this team will
yield three essential products that will be made available to the whole community: complete composition data sets
that span wide spatial and energy regimes, validation of heavy ion capabilities of widely used numerical models, and a
peer-reviewed journal special section that chronicles our scientific findings.

2 Scientific Background
The main source of oxygen in the terrestrial magnetosphere is thought to be the ionosphere (e.g., Yau et al., 1984;
Cully et al., 2003; Moore and Horwitz, 2007; Kitamura et al., 2010), where oxygen ions are accelerated upward by
several processes, e.g. parallel electric fields. The ionospheric ions are accelerated either in cusp/cleft region and
then convect across the polar cap and into the lobe (Kistler et al., 2010) or they come from the nightside aurora, which
provides a fast feeding of O+ ions in the near-Earth plasma sheet during substorm expansion phase (Daglis and Axford,
1996). The kinetic energy of upflowing ions is typically a few tens of eV, whereas typical plasma sheet energies are
much higher (e.g. Lennartsson and Shelley, 1986). Centrifugal acceleration will accelerate the particles as they travel
tailward along field lines (e.g., Cladis, 1986; Nilsson et al., 2010), but the most significant energization will take place
after the particles enter the plasma sheet.

There are at least 3 types of ion acceleration mechanisms in the plasma sheet of the magnetotail:

1. Speiser non-adiabatic acceleration by a quasi-stationary dawn-dusk electric field was proposed by (Speiser,
1965). Büchner and Zelenyi (1989) studied kinetic features of non-adiabatic particle dynamics in the current
sheet and demonstrated that particles can be either stochastically energized in the region of weak magnetic field
or experience direct acceleration along magnetic field lines in spatially localized regions uniformly distributed
across the tail. Later these features were reproduced in large-scale kinetic simulations of non-adiabatic ion
dynamics in the magnetotail current sheet (Ashour-Abdalla et al., 1993).
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2. Induction electric fields are discussed by (e.g., Delcourt, 2002). Hoshino et al. (1998) reported the generation of
dawn-dusk electric fields with amplitudes of several mV/m in the magnetic reconnection region. Such induced
electric fields may accelerate ions to energies well exceeding the typical value of potential drop across the tail
(higher than 100 keV). Recent results (Ono et al., 2009) also indicate that induced electric fields associated with
magnetic fluctuations during dipolarization may be responsible for the acceleration.

3. Betatron energization (e.g., Tverskoy, 1972) occurs due to the increase of magnetic field magnitude and shorten-
ing of the field line. Betatron energization always exists and accelerates ions in the quiet magnetotail. During
disturbed times, along dipolarization fronts, such acceleration is especially effective. However, in such cases of
dipolarization, the acceleration by inductive electric fields due to the change of the magnetic field configuration
takes also place.

Once in the plasma sheet, the ionospheric-origin population has a cascading set of effects on the rest of the magneto-
sphere. Particles accelerated in the plasma sheet drift Earthward and populate the ring current. Here, heavy ionospheric
particles can carry the bulk of the plasma pressure (Nosé et al., 2005), changing the background magnetic field, den-
sities, temperature and convection electric field in the ring current region (Welling et al., 2011). These changes the
radiation belts, a key region of space weather studies, as their dynamical changes can lead to spacecraft damage and
loss. The radiation belt dynamics forecasting models include, as a part of its chain, the dynamics of the ring current.
It is still a challenging task to include the heavy ion contribution in the numerical studies of the ring current (e.g.,
Glocer et al., 2009; Welling et al., 2011) or radiation belt modeling itself (O’Brien, 2005). The knowledge of the ion
composition is important for defining the boundary conditions in such models.

Knowledge about the ion composition in the near-Earth magnetosphere is also essential for the study of plasma insta-
bilities. The composition determines the mass density and plays an important role for fundamental plasma properties
such as the Alfvén speed, plasma pressure and consequently the plasma beta. Since the mass density also enters the
expression for dispersion relations, e.g. the Rayleigh-Taylor, ion tearing mode, and Kelvin-Helmholtz instabilities, a
change in composition also leads to changes in the instability threshold. The ion composition will affect the generation
of plasma waves. For example, the knowledge of the ring current plasma composition helps to determine the precise
spectrum of the electromagnetic ion cyclotron (EMIC) wave instabilities and survey of wave growth (Mace et al.,
2011). Also, reconnection rate at the dayside magnetosphere depends on the plasma mass density (Borovsky et al.,
2008).

What has been done before? Hamilton et al. (1988) implementing AMPTE particle measurements has shown an
event during which O+ dominates H+ the ring current during a large magnetic storm. A later study by Daglis et al.
(2000) demonstrated a connection between O+ (50-426 keV, measured by CRRES) enhancements and storm/substorm
activity in the inner magnetosphere at ∼7 L.

The previous studies have diverse conclusions about the origin of the energetic heavy ions in the magnetosphere. Nosé
et al. (2000) used Geotail/EPIC measurements of energetic (60 keV to 3.6 MeV) ion flux in order to state that the
strong increase of energetic oxygen ions is due to the local magnetic field reconfiguration, namely dipolarizations and
not magnetotail reconnection. In later case studies, Nosé et al. (2001, 2003, 2005) used energetic (9-210 keV) particle
flux data from Geotail and concluded that the enhanced ratio of O+/H+ during storms was due to ion energization by
the dawn-to dusk convection electric field in a mass-dependent way. Ono et al. (2009) used 10 years of Geotail EPIC
data to argue that it was the magnetic fluctuations associated with dipolarization that caused the acceleration.

The effectiveness of the energization processes acting on heavy ions remains unknown; models and observations yield
varying answers. What is the cause of the O+ enhancement during substorms? Fok et al. (2006) using test particles
in MHD simulations, concluded that this are preexisting oxygen ions energized in the plasma sheet during substorms.
Multi-fluid/multi-scale simulations by Winglee and Harnett (2011) show that heavy ionospheric ions can contribute
nearly 50% of the total energy density at the inner edge of the plasma sheet already prior to substorm onset (see Figure
1). This leads to over pressurization and dipolarization together with onset and increases in the nightside auroral current
systems. Also simulations by Ashour-Abdalla et al. (2009) show that ionospheric ions contribute significantly to the
cross-tail current prior to substorm onset.

Recent statistical studies on the ion composition reveal dependencies which are useful for modeling. For example, Nosé
et al. (2009) used the same Geotail data for more than 16 years, covering distances from −100RE < XGSM < −8RE

to study the suprathermal ion composition in the plasma sheet. They investigated the correlation between the O+/H+

ratio with solar activity using the F10.7 index and with the geomagnetic activity using the Kp index. They concluded
that the physical processes in the plasma sheet are expected to be very diverse during solar activity minimum and solar
maximum, as the different ion plasma mass during these regimes leads to the different Alfvén velocity. Also the O+

and H+ bulk content (1-40 keV/e, Cluster/CIS) in the plasma sheet within 15-19 RE was studied as function of the
solar activity and the geomagnetic activity (Mouikis et al., 2011).

2



Figure 1: Evolution of the relative O+ energy density in the noonmidnight meridian and equatorial plane prior to the
substorm onset. At the inner edge of the plasma sheet freshly injected O+ contributes a majority of the energy (taken
from Winglee and Harnett (2011)).
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Figure 2: Maps of the oxygen intensities at ∼10 keV versus AE index (taken from Kronberg at al., Oxygen abundance
in the near-Earth magnetosphere: Statistical results from 7 years of Cluster observations, submitted to JGR).

3 Goals
The goal of the team is to investigate the role of oxygen in the near-Earth magnetospheric dynamics. The aim is to
bring together people working on simulations and on data analysis to examine and re-examine this problem in detail.
Long experience shows that it is not easy to combine models and observations and get consistent results. The data
show particular features and the models cannot always predict them, and similarly, we do not always see what models
predict. One can often hear from modelers: how could we integrate your data in our model? Therefore, the major
purpose is to merge the observations and models and mutually become richer.

In this team we would like to focus on composition data form Cluster. Why do we choose Cluster? Limiting the scope
to a single data set yields a manageable problem and a manageable team size. Cluster is an European mission that has
data for more than 11 years, covering a full solar cycle. It has 4 satellites that fly in the tetrahedron configuration. The
mission has a polar orbit, allowing for coverage of the higher-latitudes. It covers the magnetotail, inner magnetosphere
and radiation belts. It provides particle data with high time resolution, mass resolution and pitch-angle information.
The set covers a broad, previously unattainable energy range of 30 eV to 948 keV. Because it is a contemporary mission,
accurate solar-terrestrial coupling parameters are available throughout the growing data set.

Using these powerful data, we plan to investigate how the transport of the ionospheric ion population from the tail to
the near-Earth plasma sheet depends on the geomagnetic and solar wind activity and to which extent new observational
results can be implemented in the models. The Cluster Ion Spectrometer (CIS, see Rème et al., 2001) and the Research
with Adaptive Particle Imaging Detector (RAPID, see Wilken et al., 2001) teams developed data calibration techniques
that provide us with excellent particle data in all these regions (I. Dandouras, L. Kistler, E. Kronberg). Though we have
a huge database of observations that satellites cover the regions from the magnetotail to inner radiation belts, it is hard
to interpret the data alone without support from models and theory.

For example, the analysis of data shows that the dawn-dusk asymmetries strongly depend on the energy and the distur-
bance level (Kronberg et al., submitted to JGR (see Figure 2), also in Maggiolo, R., L. Kistler: 2D O+ and H+ density
profile in the magnetospheric equatorial plane, in preparation). These can be interpreted by comparison with published
models. The problem is that modelers run simulations for specific energies and magnetospheric conditions and the
results can be very different if the combination of them is not the same as in observations. It works also the other way
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around, that the models cannot be verified if the data are not the prepared in the way the modelers need them.

Key tasks to be solved:

1. To merge independent particle data bases from CIS and RAPID instruments, in order to have complete pressure
measurements that may be dominated by energetic particles during disturbed times. Additionally to obtain
detailed temporal and spatial distributions of ions versus energy and species. It is also important to be able to
map the data observations to the planes where observation were not frequently made (like equatorial plane) in
order to make better comparisons with models (I. Dandouras, L. Kistler, R. Maggiolo, E. Kronberg).

2. To verify the dawn-dusk asymmetries and to obtain the most accurate energy distribution in the near-Earth
region including the magnetotail (M. Ashour-Abdalla, large scale kinetic simulations using a three dimensional
time dependant model of electric and magnetic fields).

3. To compare the efficiency of the acceleration of different ion species in the magnetotail current sheet by potential
(dawn-dusk) and induced electric fields for the magnetic configurations with distant and near-Earth X-line and
with presence of magnetic turbulence (E. Grigorenko, large scale kinetic simulations).

4. To check how the loss of the ions at the magnetopause depends on its energy and how the particle energization
and transport depends on the disturbance level (D. Delcourt, single-particle trajectory calculations in dynamic
reconfigurations of the inner magnetosphere).

5. How the distribution of O+ changes with the solar wind parameters and geomagnetic activity in ring current
(D. Welling, Space Weather Modelling Framework, a tool for coupling and synchronizing many different space
weather codes).

6. How can O+ influence the radiation belt dynamics? Although a significant influence of O+ ions on low frequency
plasma modes is well known, satisfactory models which include low energy protons and O+ ions in the radiation
belt dynamics are still not developed. This gap between ring current models and radiation belt models should be
filled. The experts in this field are invited to develop ideas on how these can be done (D. Shklyar, Y. Shprits).

In order to be more focused we do not include in the goals collaborations with experts on the ring current model
(CRCM); multi-fluid, multi-scale simulations of the magnetosphere; influence of O+ on reconnection rate; heavy ions
and EMIC wave instabilities and many others. However, the outcome of the team work will make these collaborations
easier to proceed.

4 Timeliness of the project
Cluster provided a unique sets of particle data, which are from in situ measurements in an ideal plasma laboratory. We
have well prepared data bases of the particle data together with solar wind and geomagnetic parameters. Such data sets
became available only very recently, because before one had less data coverage and not complete data calibrations. A
sophisticated analysis of these data is not only important for magnetospheric physics and space weather but plasma
physics in general, as we study how fundamental features of the plasma are influenced by the heavy ions.

There has been not much interactions between modelers and observers so far on this topic. The observers and modelers
have to learn about the benefits of their different approaches and to enrich their ability to communicate. We are now
well prepared to merge new observations and new simulation tools to improve vitally developing space weather related
models and the way the data are prepared to be used for modelling.

The studies related to the radiation belts are highly important now: to enhance the return from the soon to be launched
RBSP mission (September 2012) which will be studying the inner magnetosphere and radiation belts. RBSP observa-
tions could be compared and verified with rich and well calibrated Cluster observations. This would lead to the higher
impact of the excellent Cluster data before community has focused on data from the new mission. It is also important
for better visibility of European science in the radiation belts field and space weather.

5 Expected output
The work of this team will provide three essential products that will be made available to the whole community:
complete composition data sets that span wide spatial and energy regimes, validation of heavy ion capabilities of
widely used numerical models, and a peer-reviewed journal special section that chronicles our scientific findings on
the tasks described in Section 3. We anticipate our results will encourage further improvements in collaboration of
modelers and data-analysis people also in other magnetospheric regions and including extended data bases. We expect
to gain an experience of merging large data bases of particle observations with space weather related models.
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6 What is the value of ISSI
Investigation of this problem requires a wide spectrum of knowledge and experience. The opportunity to gather an ISSI
team would allow the bringing together of people from different fields, working on different continents, gathering into
a focused team. Having the opportunity to conduct two dedicated week-long sessions is very beneficial, as it would
allows brainstorming and extended discussions, which can be especially productive when people are from different
communities: simulation and data analysis. These sessions will lead to the generation of new ideas. Fundamental
progress in this area requires the intimate cooperation of experts that only ISSI can provide. It is not possible to bring
together the required expert team without ISSI, because we would never otherwise be able to meet as a group with
the time, space and resources to attack this important problem. The previous experience of team-members has shown
that ISSI is an extremely effective tool for promoting the necessary cross-fertilization of ideas between researchers in
different areas.

7 Team members
We are a well balanced team of experts in observations and simulations who wishes come together for the fruitful
collaboration.

1. Prof. Maha Ashour-Abdalla University of California,
Los Angeles

USA analytic theory and simulations of the
plasma acceleration

2. Dr. Iannis Dandouras Institut de Recherche en As-
trophysique et Planétologie

France Cluster bulk plasma data

3. Dr. Dominique Delcourt Laboratoire de Physique des
Plasmas

France theoretical modelling of ion acceleration

4. Dr. Elena Grigorenko Space Research Institute Russia ion acceleration modelling
5. Prof. Lynn Kistler University of New Hamp-

shire
USA Cluster bulk plasma data

6. Dr. Elena Kronberg Max Planck Institute for So-
lar System Research

Germany Cluster energetic particle observations

7. Dr. Romain Maggiolo Institut d’Aeronomie Spa-
tiale de Belgique

Belgium Cluster bulk plasma data

8. Dr. David Shklyar Space Research Institute Russia radiation belt modelling
9. Dr. Yuri Shprits University of California,

Los Angeles
USA radiation belt modelling

10. Dr. Daniel Welling University of Michigan USA global MHD modelling of the ring cur-
rent

Young scientists will be contacted if the proposal is accepted.

8 Schedule
We would like to have two one-week meetings: one in winter 2012/2013 and one in mid-2013. The goals of the first
meeting are to show the available data to modelers and show questions which appeared during data analysis. The
modelers will show to observers their latest developments. This will be followed by discussions culminating in the
identification of tasks to do in order to implement data to models. We anticipate it will then be advantageous to split
into groups and work on the detailed studies. At the end of the first meeting with new relationships forged and the
conversation on combining our efforts well under way, we will summarize our findings and formulate a relevant plan
of work to combine data and models, home work for data preparation and model adjustments. At the second meeting,
we will discuss progress, continue to work in groups on the detailed studies and finalize the papers.

9 Financial support and Required facilities
We apply to ISSI for the financial support to cover accommodation and per diem for each member of the ISSI team and
the travel costs for the team leader. The other team members will cover their travel expenses to/from Bern from their
own research budgets.

We require a meeting room to accommodate 10 people with projector and screen. Additionally wireless internet and
cable network access for notebook computers.
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