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Key Points:

e C(Cluster has advanced our understanding of how the atmosphere slowly escapes to space
and has revealed previously hidden escaping populations

¢ The outflowing ion populations cover a very wide energy domain, from cold plasma to
energetic ions, and contain both light and heavy ions

e Jon outflow occurs during all activity levels, but it can increase by two orders of
magnitude during extreme space weather events


mailto:Iannis.Dandouras@irap.omp.eu)

manuscript submitted to Journal of Geophysical Research — Space Physics

Abstract

Cluster was the first mission in the terrestrial magnetosphere to involve four spacecraft in a
tetrahedral configuration, providing three-dimensional measurements of the space plasma
parameters. Cluster was also equipped with a very comprehensive instrumentation, allowing the
measurement of the ion populations outflowing from the ionosphere, their circulation in the
magnetosphere and their eventual escape to outer space. The observations of the outflowing and
escaping ion populations performed by Cluster are reviewed and the most prominent results
highlighted. These show the dominance in the magnetotail lobes of cold plasma outflows
originating from the polar caps. For the energetic heavy ion outflow the cusps constitute the main
source. Their transport and acceleration through the polar cap into the lobes and then into the
plasma sheet has been characterized. The dependence of the polar outflow on the solar wind
parameters and on the geomagnetic activity has been evaluated for both cold ion populations and
heavy energetic ions. For the latter, outflow has been observed during all periods but an increase
by two orders of magnitude has been shown during extreme space weather conditions. This
outflow is adequate to change the composition of the atmosphere over geological time scales. At
lower latitudes, the existence of a plasmaspheric wind, providing a continuous leak from the
plasmasphere, has been demonstrated. The general scheme of the outflowing ion circulation in
the magnetosphere or escape, and its dependence on the IMF conditions, has been outlined.
However, several questions remain open, waiting for a future space mission to address them.

Plain Language Summary

The Earth’s upper atmosphere is slowly escaping to space, either in the form of light electrically
neutral atoms (mainly hydrogen), or in the form of ions (all species). The Cluster mission,
launched in year 2000 and consisting of 4 spacecraft orbiting the Earth, has greatly advanced our
understanding of how the ions are outflowing from the upper atmosphere, can be accelerated by
the electric and magnetic fields present there, and can then eventually escape to outer space. The
results show how this escape is highly sensitive to the level of solar activity and geomagnetic
activity. Although escape occurs under all activity conditions, during space storms it
dramatically increases, and during extreme space weather events this increase in the escape rate
can be by almost two orders of magnitude. This escape, in the long-term (few billion years) is
adequate to change the composition of the Earth’s atmosphere.

1 Introduction

Understanding the evolution of planetary atmospheres, and particularly the evolution of
the composition of Earth's atmosphere, is a major challenge. The Earth is a unique habitable
body with life actually present, and that is strongly related to its atmosphere. However, the
present atmospheric composition, following 4.5 billion years of evolution, is quite different from
that of the primordial Earth (Kasting, 1993; Stiieken et al., 2020). The evolution of the terrestrial
atmosphere is driven by its interactions with the planet’s crust and oceans, the biological activity,
the influx from space (e.g., meteors) and the atmospheric escape to space (Hunten et al., 1989;
Yamauchi and Wahlund, 2007; Lammer et al., 2008, 2020; Avice and Marty, 2020; Gronoff et
al., 2020).

On Earth, where the gravitational escape velocity is 11.2 km s, atmospheric escape in
the form of neutral atoms concerns essentially hydrogen (Jeans escape, i.e. escape due to the
thermal velocities of the atoms). Heavier species, such as oxygen and nitrogen, need to be
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accelerated in order to reach escape velocities. Atmospheric escape of these heavier species,
which constitute more that 99% of the mass of the atmosphere, thus occurs in the form of ions.
The ions that outflow from the ionosphere are successively accelerated through a series of
energization mechanisms and can eventually reach velocities above the gravitational escape
velocity (Delcourt et al., 1993; Yau and André, 1997; Huddleston et al., 2005; Gronoff et al.,
2020). Depending on the outflow trajectory, the interplanetary magnetic field conditions, the
magnetospheric convection and the ion species, some of the outflowing ions can be re-injected
into the inner magnetosphere, whereas some can completely escape (Ebihara et al., 2006;
Haaland et al., 2012; Chappell, 2015; Yamauchi, 2019). Outflow from the ionosphere also plays
an important role in the dynamics of the magnetosphere, by loading the magnetosphere with
heavy ions (Kronberg et al., 2014; Yamauchi and Slapak, 2018).

Earth being the most extensively explored planet of our solar system, there have been
several missions since the beginning of the space era studying the upper atmosphere / ionosphere
and the magnetosphere and collecting data on the ion and neutral sources, circulation within the
magnetosphere and losses to outer space (e.g. Chappell, 2015; Dandouras et al., 2020). However
the Cluster mission, launched in 2000 (Escoubet et al., 2001), was the first one to involve four
identical spacecraft in a tetrahedral configuration, providing thus three-dimensional
measurements of the space plasma parameters.

In this paper we review some of the observations of outflowing and escaping ion
populations, performed by Cluster in the magnetosphere during the past 20 years. The scope is
not to provide an exhaustive list of the Cluster observations, but to highlight some of the most
prominent results provided by the mission in the field of terrestrial ion outflow and escape.

2 Instrumentation

The Cluster mission is based on four identical spacecraft launched into similar elliptical
polar orbits with an initial perigee at about 4 Rg and an apogee at 19.6 Rg (Escoubet et al., 2001,
2015). This nominal orbit allows Cluster to traverse the inner magnetosphere, from south to
north during every perigee pass, and then fly along the open magnetic field lines of the polar cap
and/or the cusp towards the magnetotail or the dayside magnetosphere, depending on the epoch
of the year (Dandouras et al., 2005, 2009). Due to the annual precession of the orbit Cluster is
thus crossing the equator at all MLTs over a year.

Eleven experiments onboard each spacecraft allow a wide set of measurements of the
plasma parameters (particles and fields). Among them, of particular interest for detecting
escaping ion populations are the Cluster Ion Spectrometer (CIS), the high-energy instrument
Research with Adaptive Particle Imaging Detectors (RAPID), the Electric Field and Wave
experiment (EFW) and the Whisper of High frequency and Sounder for Probing Electron density
by Relaxation (WHISPER) experiment.

The Cluster Ion Spectrometer experiment consists of two complementary ion sensors, the
Composition and Distribution Function analyzer (CODIF) and the Hot lon Analyzer (HIA).
CODIF is a time-of-flight mass spectrometer that gives the ion composition with a 22.5°x22.5°
angular resolution in the ~0 — 40 keV/e energy range and with a AE/E = 16% energy resolution
and an m/Am =~ 5 — 7 mass resolution. HIA offers a better angular resolution (5.6°x5.6°) and
covers the ~5 eV/e — 32 keV/e energy range with a AE/E = 18% energy resolution, but without
mass discrimination. The CIS experiment is thus capable of measuring the full three dimensional
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ion distribution functions of the major ion species, from thermal energies up to about 40 keV/e,
with a one-spacecraft-spin (4-second) time resolution (Réme et al., 2001).

The RAPID experiment is an imaging spectrometer for high-energy ions and electrons on
board the four Cluster spacecraft, providing the complete particle parameters, i.e; velocity and
atomic mass number, over an energy range from ~30 keV up to 1.5 MeV (Wilken et al., 2001).

EFW uses two pairs of spherical probes deployed on wire booms in the spin plane to
measure the potential of the spherical probes relative to the spacecraft and the corresponding
electric field. These measurements provide also the spacecraft potential, which is a weak
function of the plasma density (Gustafsson et al., 2001).

WHISPER is a sounder experiment which in its active mode unambiguously identifies
the electron plasma frequency, which is directly related to the total electron density. (Décréau et
al., 2001). The electron plasma frequency can also be inferred from the WHISPER passive
measurements by estimating the low frequency cut-off of natural plasma emissions.

Magnetic field topology information and particle pitch-angle distributions are deduced
from the Cluster Fluxgate Magnetometer (FGM) instrument (Balogh et al., 2001).

Active spacecraft control, which is essential for keeping the spacecraft potential low in
tenuous plasma environments so as to allow the detection of low-energy ions by the particle
detection instruments, is provided on Cluster by the operation, during selected periods, of the
Active Spacecraft Potential Control (ASPOC) instrument (Torkar et al., 2001).

3 Sources and outflow paths of escaping populations
The ions that flow out from the high-latitude ionosphere into the magnetosphere include:

o lons upwelling from the polar cap, where the ambipolar electric field accelerates the ions
upward along open magnetic field lines and they constitute the polar wind (Chandler et
al., 1991; Abe et al., 1993, 2004; Schunk, 2000).

o Jons from the polar cleft and the cusp, accelerated upwards through multistep processes
(Horwitz and Lockwood, 1985; André et al., 1990).

e Jon beams accelerated in the auroral zone (Shelley et al., 1982; Hultqvist et al., 1988;
André and Yau, 1997; Yau and Andr¢, 1997).

The trajectories of these upwelling ions are generally tailward and curvilinear, and they
can then follow transport routes either directly to the magnetosheath through the cusp, or through
the plasma mantle, or through the lobes (Figure 1). The later can then either stream downtail, or
get into the plasma sheet through convection (Chappell et al., 1987).
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Figure 1. Sketch of the magnetosphere and of the upwelling ionospheric ions transport routes (northern
hemisphere). The green and red magnetic field lines correspond to the open and closed magnetic field
lines respectively. lonospheric outflow is represented by yellow arrows. la — 1c, correspond to the cleft
ion fountain, the polar wind and the auroral night zone outflow, respectively. Atmospheric escape to the
magnetosheath is represented by direct escape from the cusp (2a, purple) and via the plasma mantle (2b,
dark green). Lower energy ions fill the lobes (3, light green), and then feed the plasma sheet (red arrows),
where both tailward and earthward transports take place (4a and 4b, beige). From Slapak and Nilsson
(2018).

At equatorial latitudes the plasmasphere (Figure 2) constitutes another source of plasma
release to the outer magnetosphere and eventual escape to the interplanetary medium (Lemaire,
2001; Borovsky et al., 2014).
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Figure 2. Sketch of a plasma element detachment from the plasmasphere, as a consequence of enhanced
magnetospheric convection. From Lemaire (2001).

An additional reservoir for plasma escape from the inner magnetosphere, at equatorial
latitudes, is the ring current. Escape from the ring current occurs either through the production
and outwards emission of energetic neutral atoms (ENAs), which are the result of charge
exchange interactions between singly charged trapped energetic ions and exospheric neutral
atoms (Roelof, 1987; Ilie et al., 2013), or through ion leakage across the magnetopause during
their drift around the Earth, also called magnetopause shadowing (Sibeck et al., 1987; Blanc et
al., 1999). Escape from the ring current is however weaker, compared to the high-latitude
ionosphere and to the plasmasphere.

3.1 Cusp outflow

In one of the early studies following Cluster launch, Bouhram et al (2004) took advantage
of the multi-spacecraft configuration of Cluster in order to analyze the spatial and temporal
coherence of O" ion outflow from the dayside cusp / cleft. The configuration of the tetrahedron,
formed by the four spacecraft in 2001 when crossing the cusp / cleft, provided time delays
between spacecraft of about 4 to 35 minutes, depending on the spacecraft pair considered (Figure
3). 18 outflow events in this period were analyzed using CIS data, for which O" velocities and
outflow fluxes were calculated, and were then compared between spacecraft and cross-correlated
to quantify the degree of coherence in the outflow for each event.
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Figure 3. Schematic of the Cluster orbit configuration (spacecraft C1 — C4) in the cusp, dayside auroral
and polar cap regions between July and November 2001. From Bouhram et al. (2004).

These multi-point observations provided, for the first time, direct evidence of non-
stationary processes in the O transport. The observed outflows were temporally variable, on a
time scale of a few minutes. The convection electric fields varied on time scales that were much
faster than the time of flight of the ions to reach the Cluster altitudes (3.5 to 6.5 Rg). Thus,
although dayside outflows are a permanent feature, the observations showed that steady-state
conditions are never achieved. The global outflow rate was however found to be more stable and
depending mainly on the dynamic pressure of the solar wind.

The fate of these outflowing O ions after they leave the cusp, and in particular how they
are further accelerated and transported to the plasma sheet, has been studied in a series of two
papers by Kistler et al. (2010) and Liao et al. (2015). These studies took advantage of the Cluster
orbit which, a few months per year, can cross the cusp, then continue over the polar cap into the
lobe and then it enters into the plasma sheet, allowing the tracking of the evolution of the O"
populations in these regions along the same orbit by using the CIS instrument data. Kistler et al.
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(2010) analyzed the outflowing O transport during geomagnetic storms, and showed how it is
transported across the polar cap into the lobes and then enters into the plasma sheet, where it is
heated and becomes more isotropic. Liao et al. (2015) analyzed the distribution functions of the
outflowing O" ions over the cusp, under various activity conditions, and compared them to the
distribution functions of streaming energetic O" ions acquired in the lobes, at ~20 R, distances.
The analysis showed that during non-storm times the observed changes in the beam velocity can
be explained with the velocity filter effect, the outflow from the cusp being dispersed as a
function of its velocity as it is transported to the tail. As the spacecraft then access different
spatial regions along the orbit, they measure different beam velocities. These results suggest that,
during non-storm times, there is no evidence of significant acceleration from the cusp to the
polar cap and then to the tail lobes. Nevertheless, during geomagnetic storms ion acceleration is
required to explain the streaming O" distributions observed in the lobes. In the plasma sheet
boundary layer (PSBL), however, the streaming O" distribution functions, with energies from
500 eV to 7 keV, require a strong velocity increase during both storm and non-storm times,
indicating that acceleration has taken place. Part of this energy increase is perpendicular to the
magnetic field and is due to an enhanced E x B convection velocity. Another part of the
energization is resulting from acceleration parallel to the magnetic field, due to either
nonadiabatic acceleration of the large gyroradii O ions at the PSBL or due to wave heating.

3.2 Open polar region outflow

The outflow and the energization of O" ions above the polar caps has been studied in a
series of papers by Nilsson et al. (2006, 2008a, 2008b, 2012).

In a statistical study of hydrogen and oxygen ion outflow, using Cluster CIS data
obtained at high altitudes (5 — 12 Rg) above the polar cap and covering 3 years of data (2001 —
2003), Nilsson et al. (2006) showed that these two species are energized to nearly the same
velocity. Figure 4 shows a typical observation of an outflowing H and O beam, observed by
Cluster above the polar cap, as those analyzed by Nilsson et al. (2006). As their analysis showed,
the temperature of the outflowing O" beams increases strongly with altitude and as the associated
magnetic field intensity decreases. The O" perpendicular temperature typically increases from a
few ~10 eV, at altitudes with 150 nT magnetic field intensity, to a few keV at those with 50 nT.
The H" and O perpendicular temperatures appear to be coupled, but with a stronger increase for
the O" temperature. The parallel bulk velocities of H and O" appear also to be coupled. The
thermal velocity of O" is however always below that of H', and at the highest observed
temperatures (and thus altitudes) there is a difference by a factor of about 3 between the
temperatures of these two ion species. The analysis by Nilsson et al. (2006) suggests that there
must be a parallel acceleration mechanism which provides a similar parallel velocity to the two
ion species.
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Figure 4. Cluster spacecraft 4 observation of an outflowing ion beam, detected by the CIS-CODIF
instrument above the north polar cap during an outbound orbit. Top two panels: energy-time spectrograms
for H and O" ions, in particle flux units (ions cm™ s™ sr' keV™"). Next two panels: pitch angle
distributions for H" and O" ions, in the 27 — 1028 and 27 — 1309 eV energy ranges respectively, also in
particle flux units. The outflowing ions population corresponds to the dominant >90° pitch angle
population. Bottom panel: magnetic field measured by the FGM instrument, total and in GSE
components. The spacecraft GSE coordinates and geocentric distance appear at the bottom of the figure.

The nature of this acceleration mechanism was investigated in a following paper (Nilsson
et al., 2008a), where it was shown that the centrifugal acceleration, caused by the curvature of
the magnetic field-lines in the direction of the magnetospheric convection, is an important
energization mechanism for the outflowing O" ions. This acceleration is often of the order of 10
m s * and can frequently reach 100 m s

The spatial distribution of the trajectories of the H and O ions outflowing from the polar
cap, as well as how this distribution affects the ion heating and acceleration, was analyzed in the
paper by Nilsson et al. (2012). These ions can either get energized up to several keV in the high-
altitude cusp or in the mantle, or appear as cold ions streaming downtail in the magnetotail lobes.
Figure 5 shows the H" and O" outflowing ion densities and bulk velocities that were obtained by
Nilsson et al. (2012) by analyzing 3 years (2001 — 2003) of Cluster CIS data. The observations
are best organized when the ion outflow paths are sorted in three categories: cusp, central polar
cap and nightside polar cap. The cusp appears to be a region of intense wave activity and the
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major source of the O outflow. Most of this cusp O outflow is sufficiently accelerated to finally
escape to the interplanetary space. The polar cap source, on its side, is consistent with the typical
outflow trajectories of the cold ions that are observed in the magnetotail lobes.

Hot 0" density [log]O m73|, arrows: bulk velocity Hot H* density []ogm 11173], arrows: bulk velocity
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Figure 5. Densities (log;o m™) and velocities of (a) hot O" and (b) hot H" outflowing ions, shown in
cylindrical GSE coordinates (Rg), where Rgsz = v (YGSE2 + ZGSEZ). The two white lines correspond to two
average ion flight trajectories bordering the central polar cap and the red line indicates a flight trajectory
for cold ions subject to the average perpendicular bulk drift. From Nilsson et al. (2012).

3.3 Low-energy ion flow in the magnetotail lobes

One of the major contributions of Cluster in assessing ionospheric outflow has been the
measurement of cold ions (of the order of a few eV in thermal energy) escaping downtail along
the lobe magnetic field lines (Engwall et al., 2006, 2009). Spacecraft charging to potentials
higher than the equivalent energy of these ions, as is the case in the tenuous magnetotail lobes
when the active spacecraft control operation (ASPOC instrument) is not operating, can make
these cold ion populations “invisible” to the particle detection instruments (Torkar et al., 2001;
Réme et al., 2001; André et al., 2021). However, the supersonic flow of these downstreaming
cold ions forms a wake behind the positively charged spacecraft when the bulk ion flow energy
is higher than the ion thermal energy. This ion wake is then filled with subsonic electrons,
creating a negative potential in the wake, which is then measured by the EFW double probe
instrument, revealing this “hidden” cold ion outflow.

The method was first validated when comparing EFW electric field measurements and
CIS RPA-mode (low-energy mode) ion measurements on two Cluster spacecraft, with the
ASPOC active spacecraft potential control operating on Cluster spacecraft C4 and off on
spacecraft C3, respectively (Engwall et al., 2006). The detection of an outflowing H" beam
onboard spacecraft C4, where the ASPOC operation was reducing the spacecraft potential to 7 V,
and the absence of detection onboard the closely spaced spacecraft C3, where the ASPOC was
not operating and the spacecraft potential was varying between 40 V and over 60 V, allowed to
confirm the identification of the beam by the EFW double probe measurements.

The ion wake method allowed Cluster to study cold ion outflow covering a much larger
volume in magnetospheric regions, compared with previous missions such as Polar and Akebono
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which were mostly limited to polar regions and to smaller geocentric distances (Figure 6a). The
statistical analysis of the Cluster EFW data using the ion wake method, for the data acquired in
the magneotail during the 2002 tail season (Figure 6b), has shown that cold plasma outflows
constitute a major part of the net loss of matter from the Earth (Engwall et al., 2009; Andr¢ et al.,
2015). Cold ions dominate in both flux and density in the distant magnetotail lobes. The total
loss of cold hydrogen ions from the planet is inferred to be of the order of 10°° s (Engwall et al.,
2009), which is larger than the previously observed more energetic outflow (Peterson et al.,
2001). This suggests that cold plasmas around the Earth, and planetary bodies in general, are
much more important than previously anticipated.
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Figure 6. Left: Statistical studies of outflows from the polar ionosphere with energies of the order of 10
eV have previously been conducted close to the Earth, at high altitudes (~8 Rg) by Polar and at low
altitudes (5 000 — 10 000 km) by Akebono and Polar. The Engwall et al. (2009) study with Cluster
covered a much larger volume in regions of the magnetosphere, where these ions had been previously
invisible. Right: Parts of Cluster orbits with geocentric distances over 5 Rg, for which the wake method to
detect cold ions was used. Each point in the graph corresponds to 10 min of data and the color shows the
relative occurrence of cold ions. The data are from Cluster spacecraft C3 between July and October 2002.
From Engwall et al. (2009).

3.4 Plasmaspheric outflows

Since the early days of magnetospheric research it has been known that plasma tongues
can be wrapped around the plasmasphere, shoulders or plasma irregularities can be formed and
then they can be detached from the main body of the plasmasphere and form plumes (e.g.
Lemaire, 1974, 2001). Plasmaspheric plumes are associated with active periods and with
fluctuations of the convective large-scale electric field, governed by solar wind conditions.
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Cluster was the first mission to provide a meridian view of the plasmaspheric density, by
the way of four orbital sweeps as the four spacecraft cross the plasmasphere near perigee, at
around 4 Rg, from the southern to the northern hemisphere. Each spacecraft has been providing a
density profile along its track. The total plasma density is obtained from the WHISPER
instrument, (Darrouzet et al., 2006, 2008, 2009), whereas ion composition is provided by the CIS
instrument when operating in its RPA mode (Dandouras et al., 2005).

Figure 7, from Darrouzet et al. (2006), shows an example of the traversal of a
plasmaspheric plume by the four Cluster spacecraft, where the local plasma density measured by
each spacecraft is calculated from the electron gyro-frequency measured by the WHISPER
instrument. The normal boundary velocity, projected on the magnetic equatorial plane, is then
calculated using the four-point time-delay technique. The statistical analysis of plasmaspheric
plumes (Darrouzet et al., 2008 ) has shown that they are a quite common feature, observed at
15% of the time in the outer region of the plasmasphere. A small increase of the geomagnetic
activity is sufficient to produce plumes. They are observed mainly in the afternoon and pre-
midnight MLT sectors, and sometimes in the morning MLT sector.
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Figure 7. Example of electron density profiles as a function of R, during the traversal of a
plasmaspheric plume by the four Cluster spacecraft on 7 May 2002. The magnitude of the normal
boundary velocity vectors Vy-, is derived from the time delays at different times during the crossing,
projected onto the magnetic equatorial plane. From Darrouzet et al (2006).
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Ion composition measurements in the outer plasmasphere, at L ~ 4, show a quasi-absence
of O" ions (O less than 4 % by number). Outside the main plasmasphere, however, a few low-
energy O observations occurred within plasmaspheric plumes originating from deeper in the
plasmasphere and having an outward expansion velocity towards higher L-shells (Dandouras et
al., 2005).

Are plumes the only mode for plasmaspheric material release to the outer
magnetosphere? In 1992 an additional way for plasmaspheric material release to the outer
magnetosphere was proposed: the existence of a plasmaspheric wind, steadily transporting cold
plasmaspheric plasma outwards across the geomagnetic field lines, even during prolonged
periods of quiet geomagnetic conditions (Lemaire and Schunk, 1992). The existence of this wind
was proposed on a theoretical basis, as the result of plasma interchange motion driven by an
imbalance between gravitational, centrifugal, and pressure gradient forces (André and Lemaire,
2006; Pierrard et al., 2009). Figure 8 shows the displacements of the plasma elements (the blue x
symbols) from their initial positions, initially aligned along the dipole magnetic field lines that
are represented by the solid black lines. This outward radial transport, which is strongest at the
geomagnetic equator, results in the plasmaspheric wind.
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Figure 8. Plasmaspheric wind formation simulation, as the result of a plasma interchange motion driven
by an imbalance between gravitational, centrifugal and pressure gradient forces. The simulation shows the
displacements of the plasma elements (the blue x symbols) from their initial positions, initially aligned
along the dipole magnetic field lines that are represented by the solid black lines (Pierrard et al., 2009).
Courtesy of Joseph F. Lemaire, Nicolas André and Viviane Pierrard.

Direct experimental evidence for the plasmaspheric wind was provided for the first time
by the analysis of the ion distribution functions, acquired in the outer plasmasphere by the CIS
experiment onboard Cluster (Dandouras, 2013). As shown in the example presented in Figure 9,
the ion distribution functions obtained close to the magnetic equator reveal an imbalance
between the outward and inward moving ions, both for H™ and for He" ions, corresponding to a
net outward flow. This outflow has been observed by Cluster during all analyzed events under
quiet or moderately active magnetospheric conditions, in all MLT sectors, and it is consistent
with the plasmaspheric wind. Calculations show that the observed radial outflow is of the order
of 10%° jons s™ in plasma loss from the plasmasphere. Similar winds should be observed also on
other planets or astrophysical objects that are quickly rotating and have a magnetic field.
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Figure 9. Partial distribution functions in the outer plasmasphere and close to the magnetic equator,
corresponding to ions flowing radially outwards (blue plots) and to ions flowing radially inwards (red
plots). Left panel is for H' ions and right panel is for He" ions. Ordinate axis is in phase space density
units (ions s’ km™®). The systematic imbalance between the outward and inward propagating ions reveals
a net outward flow. From Dandouras (2013).

3.5 Ring current ion escape

Charge exchange interactions between the energetic ions and the exospheric neutrals,
resulting in the ENA production and emission, is one of the main loss processes for the ring
current ions (Keika et al., 2011). The emission of these ENAs can be used to form an image of
the emitting region, mostly corresponding to the ring current. The IMAGE (Mitchell et al., 2000)
and the TWINS (Goldstein and McComas, 2013) missions have been equipped with such ENA
imagers. The retrieval of quantitative information on the parent ion populations from the ENA
images, which contain an admixture of information on energetic ions and on cold neutral
distributions, requires however image inversion techniques (C:son Brandt et al., 2002). The
consistency between the retrieved energetic ion fluxes through the image inversions, and those
really present locally in the ring current, has been validated for the first time by comparing
inverted ENA images, obtained from the HENA imager onboard IMAGE, with the locally
measured ion fluxes by the CIS instrument onboard Cluster (Vallat et al., 2004). Events were
selected during which the Cluster spacecraft were within the ring current, in the field-of-view of
the HENA imager, corresponding to both well-developed ring current conditions and to quiet
geomagnetic conditions. This study showed quantitatively the consistency between the ion fluxes
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deduced from the ENA image inversions and the fluxes measured locally, and demonstrated the
complementarity of the two approaches, i.e. magnetospheric imaging and in-situ measurements.

Energetic heavy ion leakage across the magnetopause (i.e. magnetopause shadowing) has
been studied by Marcucci et al. (2004). An event was selected during which two Cluster
spacecraft were in the magnetosheath, skimming the magnetopause along the dawn-dusk
meridian. Energetic (> 10 keV) O" ions were continuously observed by the CIS instrument
onboard the two spacecraft, for almost 4 hours. While the O" density in the magnetosheath was
almost constant, its velocity showed a strong dependence on the magnetic field orientation. The
observations were best explained by a model considering that the oxygen ions cross the
magnetopause outwards, due to their large gyroradii, and then taking into account the density
gradient across the magnetopause and the convection in the magnetosheath. During southward
magnetic field conditions, the oxygen ions while gyrating exit in the magnetosheath and then
move tailward in the same direction as the magnetosheath convection, attaining high tailward
velocities and thus escaping the geospace downtail. During northward magnetic field conditions,
however, the particles that get in the magnetosheath move sunward while being convected
tailward, so that the observed velocities are very low.

4 Outflow and escape dependence on external drivers and on activity conditions

4.1 Solar illumination control of ionospheric outflow above polar cap arcs

In order to study the solar illumination control of ionospheric outflow above polar cap
arcs, Maes et al. (2015) analyzed the flux density, composition, and energy of outflowing H' and
O" ions measured by the CIS instrument onboard Cluster. These ions are accelerated by quasi-
static electric fields parallel to the magnetic field and associated with polar cap arcs. The analysis
showed a clear transition at solar zenith angle (SZA) values between ~94° and ~107°, with the
O" flux higher above the sunlit ionosphere. This dependence on the illumination of the local
ionosphere indicates that significant O" outflow occurs locally above the polar ionosphere. The
same was also found for H', but to a lesser extent. Solar illumination of the local polar
ionosphere (particularly the F layer) is therefore considered as the main parameter controlling the
outflow. Furthermore, the existence of two distinct regimes, for the sunlit and the dark polar
ionosphere, suggests that a diurnal and seasonal variation for the total polar wind outflow may
exist.

4.2 Outflow dependence on solar wind parameters

The modulation of the cold ion outflow (ions with energies lower than a few tens of eV)
by the solar wind energy input to the magnetosphere was analyzed by Li et al. (2017), using the
ion wake method (cf. section 3.3). The results showed that about 0.1% of the solar wind energy
input is transferred to the kinetic energy of the cold ion outflow (mainly H" ions) at the topside
ionosphere, with a typical hemispheric kinetic energy outflow rate on the order of 10’ W. The
energy transfer efficiency varies depending on the solar wind energy input parameter ¢ (Perreault
and Akasofu, 1978), the solar EUV flux and the hemispheric dipole tilt angle. With increasing
values of the ¢ parameter, both the median hemispheric outflow rate of cold ion kinetic energy
and the median cold ion outflow rate increase by a maximum factor of 3. However, the energy
transfer efficiency, from the solar wind to the cold ion outflow, decreases with increasing .
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The solar wind and the EUV modulation of the more energetic ion outflow, and in
particular of O" (E > 40 eV) ions, were studied by Schillings et al. (2019). The 2001 — 2005 CIS
instrument data were used, and the analysis showed that the O" escape rate through the plasma
mantle increases with increasing solar wind dynamic pressure. This dependence is shown
schematically in Figure 10. It results in that the O" that will eventually escape through the
plasma mantle increases, with the solar wind dynamic pressure, by about 2 orders of magnitude
between the lowest and the highest dynamic pressure conditions. The IMF has also a clear
influence on the O" escape, with an increase by a factor 3 between northward and southward
IMF. The EUV flux, however, does not have a significant influence for the plasma mantle
region. Therefore, atmospheric loss of heavy ions through the plasma mantle depends strongly
on solar wind conditions but not on solar radiation.
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Figure 10. Solar wind dynamic pressure dependence of the energetic O" outflow through the plasma
mantle: total O" escape flux as a function of the solar wind dynamic pressure for 9 equally distributed
subsets. The error bars represent a 95% confidence interval. From Schillings et al. (2019).

4.3 Outflow dependence on geomagnetic activity

The dependence on the geomagnetic activity level of the O" escape through the dayside
open polar region has been studied by Slapak et al. (2017). Two different escape routes of
magnetospheric plasma have been investigated separately: the plasma mantle, and the direct
escape from the dayside cusp to the magnetosheath (Figure 1, routes 2b and 2a respectively). The
2001 — 2005 CIS instrument data were analyzed (Figure 11a), and they show that the typical O
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escape in high-latitude and high-altitude regions, via the plasma mantle and the dayside
magnetosheath, increases exponentially as exp(0:45 Kp), cf. Figure 11b. This result is consistent
with earlier observed O" outflow exponential dependences on Kp, but at lower altitudes and for
Kp values up to ~6, derived from the analysis of Dynamics Explorer (DE-1) data (Yau et al.,
1988). It is also consistent with the exponential ion outflow flux dependence on the precipitating
electron density, derived from the analysis of Fast Auroral Snapshot (FAST) Small Explorer data
from the dayside high-latitude ionosphere (Strangeway et al., 2005).

As shown in Figure 11b, the dominant escape route is via the plasma mantle. Escape
directly from the cusp into the dayside magnetosheath is smaller, but still significant.
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Figure 11. Left: The spatial distribution of the plasma mantle O" bulk flow flux in cylindrical
coordinates, for periods of different geomagnetic conditions. The color bar defines the average flux
intensity, and the arrows represent the average O bulk velocity. Right: Average O" escape rates for the
plasma mantle (solid black line and blue circles) and the dayside magnetosheath (solid black line and red
squares) as a function of Kp. The dashed black line is a least squares fit to the logarithm of the average
escape rates for the plasma mantle. The thin dot-dashed lines correspond to estimated upper and lower O"
escape rates in the plasma mantle (blue area) and the magnetosheath (red), based on the highest and
lowest flux values observed under the different geomagnetic conditions. From Slapak et al. (2017 and
Corrigendum).

During extreme activity conditions (Kp = 9) the O loss rate from the cusp and plasma
mantle approaches values as high as 10?” s, which are almost 2 orders of magnitude higher than
those observed during typical average conditions (Nilsson, 2011). Considering that the young
Sun was much more active than it is today, in terms of EUV radiation, faster solar wind, and a
faster rotation with more active sunspots and a stronger IMF (Ribas et al., 2005; Giidel, 2020),
and then assuming Kp = 10 four billion years ago and decreasing linearly with time, Slapak et al.
(2017) integrated the O loss over four billion years. It results in an estimated total O" escape,
since the Earth was young until today, which is roughly equivalent to the amount of oxygen
contained today in the terrestrial atmosphere. These results demonstrate the role of heavy ion
escape in the evolution of the composition of the terrestrial atmosphere.
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4.4 Outflow as a function of the solar cycle phase

The low-energy ion outflow during the solar cycle has been investigated by Andr¢ et al.
(2015) using the wake method. The 2001 (peak of solar cycle 23) to 2009 EFW instrument data
were analyzed, and the results show that the low-energy ions usually dominate the density and
the outward flux in the magnetotail lobes during all parts of a solar cycle. The global low-energy
outflow is of the order of 10*° jons s™' and it often dominates over the outflow of higher energy
ions.

As shown in Figure 12, the outflow increases by a factor of 2 with increasing solar EUV
flux during the solar cycle. This result, for the low-energy H' ion outflow from the polar caps,
contrasts with the observed relative absence of sensitivity to the EUV flux for the heavy
energetic ion outflow (mainly O" ions) through the plasma mantle region, reported by Schillings
et al. (2019) and discussed here in section 4.2, revealing different underlying mechanisms.
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Figure 12. Low-energy ion outflows observed in the lobes, for three different altitude ranges (5 — 10, 10 —
15, and 15 — 20 Rg). (a) Density as a function of solar EUV radiation (estimated from the F; index). (b)
Outward flow velocity parallel to the magnetic field. (c) Local flux in the magnetotail lobes. (d) Flux
mapped to a 1000 km altitude. From André et al. (2015).
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The increase of the low-energy ion outflow as a function of the solar EUV flux (André¢ et
al., 2015) is mainly due to the increased density of the outflowing population, whereas as shown
in Figure 12b the outflow velocity does not vary substantially. The outflow is thus limited more
by the available density in the ionospheric source than by the energy available in the
magnetosphere to increase the ion outflow velocity.

4.5 Outflow of low-energy heavy ion beams observed during periods without substorms

Energetic heavy ion outflow, originating from the auroral oval, has usually been
associated with high-activity periods (Daglis et al., 1990; Wilson et al., 2004). In order to
examine whether the substorms are the only cause of ions flowing out of the auroral oval, Parks
et al. (2015) analyzed H', He" and O" ion flow data obtained in 2001 — 2002 by the CIS
instrument at altitudes between ~2 Rg and ~10 Rg. To identify periods with or without
substorms, auroral images from the Wideband Imaging Camera (WIC) on the IMAGE spacecraft
(Mende et al., 2000), together with the AE index, were then used. The results show evidence that
auroral region ions do not escape only during substorms. During periods without substorms H',
He" and O" ions can be accelerated to moderate energies (~40 — 80 eV), producing field-aligned
beams. The escaping fluxes correspond then to a flow rate of 10" — 10! jons s”'. Although these
numbers are smaller than the cold ions escaping the polar cap, reported by Engwall et al., (2009)
(10% jons s, cf. section 3.3), if we consider that the quiet auroral oval can persist for hours the
total number of ions escaping here can be high in the long term.

On another study, Maggiolo et al. (2011) examined upward accelerated ion beams above
the polar caps, occurring during periods of low geomagnetic activity. These beams, with energies
up to a few keV and detected at altitudes between ~3 and 7.8 R, are composed of H" and O"
ions with varying proportions and appear as heated and accelerated polar wind ions. The spatial
width of these beams, projected at an ionospheric altitude of 100 km, is generally less than 100
km, with a typical scale of about 30 — 40 km. They constitute an intermittent source active only
during prolonged periods of northward IMF, appearing approximately 2 hours after the
northward turning of the IMF. A southward turning of the IMF seems then to trigger their
disappearance after roughly 20 minutes. The ion outflow, associated with these beams, can vary
by two orders of magnitude.

4.6 Escape During the Extreme Space Weather Events

In order to quantify the ion outflow enhancements during major geomagnetic storms,
Schillings et al. (2017) studied six such events that occurred between 2001 and 2004. These
events fulfilled the criteria of Ds¢ <-100 nT or Kp> 7+. The ion outflow data analyzed were
provided by the Cluster CIS instrument. The results obtained showed a clear enhancement in the
O" outflow in the polar cap region, scaled to an ionospheric altitude, by a factor of 3 to 83 during
storm times. Such strong enhancements indicate that the entire magnetospheric circulation
increases significantly during these extreme events. The upper limit for the scaled O" outflow
was found in the Southern Hemisphere for the Halloween event (29 October 2003), with 2 x 10"
ions m™? s, The relative outflow enhancements, scaled to an ionospheric altitude, were found to
vary with the Kp index consistently with the exponential law of Slapak et al. (2017). This
corresponds to an almost 2 orders of magnitude increase for the total ion escape during extreme
geomagnetic activity events, compared to quiet conditions (cf. Figure 11).
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In a second paper, Schillings et al. (2018) investigated the consequences of severe space
weather on the heavy ion outflow for an extreme event occurring during the declining phase of
Solar Cycle 24. The event consisted in a series of X-flares and coronal mass ejections that
occurred in early September 2017, and which produced a severe geomagnetic storm (Kp =~ 8 and
Dst =-142 nT). A succession of two interplanetary shocks hit the Earth within 24 hours and
caused an equatorward motion of the cusp. The ionospheric O" outflow in the polar cap and cusp
was estimated before and after the second shock, which was the one that initiated the main phase
of the storm. The ionospheric O" outflow increased after the passage of the second shock by a
factor 3 in the polar cap and by a factor 2 in the cusp. This relative enhancement of the O"
outflow was lower than expected, compared to Schillings et al. (2017), but the initial value of O"
outflow (before the second shock) was already as high as ~10"* m ™ s'. This unusually high
ionospheric O" outflow was probably due to an enhancement after the first shock and a
preheating of the ionosphere by the EUV flux, due to the multiple X-flares in the previous days.

4.7 Escape versus recirculation in the magnetosphere

As shown in Figure 1, the upwelling ions from the polar ionosphere that are accelerated
to escape velocities do not systematically escape from geospace, but depending on the conditions
and the outflow path can be re-injected into the inner magnetosphere. Haaland et al. (2012)
analyzed a data set of 1 million records of electron density and plasma drift velocity
measurements, corresponding to cold ion outflow observations in the magnetotail lobes (energies
up to ~100 eV, mainly H' ions). The EFW probe potential measurements were used to obtain the
electron density, whereas the outflow velocity and direction were calculated from measurements
of the convection electric field (EDI instrument) and the observed spacecraft wake (EFW).

The results obtained by Haaland et al. (2012) show that the fate of the outflowing cold
ionospheric plasma depends largely on the convection conditions in the magnetosphere and, to
some extent, on the polar cap size (source area). The density and the outflow velocities to some
extent do not respond to changes of the IMF on short timescales, whereas the convection is
largely controlled by the IMF direction (Figure 13). During northward IMF and low geomagnetic
activity conditions the outflow flux and velocity are low, and the outflowing ions are directly lost
downtail. These directly escaping ions correspond to about 10% of the outflowing cold ions
detected by Cluster at 6 — 20 R altitudes. During disturbed magnetospheric conditions however,
typically associated with southward IMF, the outflowing cold light ions are transported towards
the plasma sheet. From there they can eventually get injected towards the inner magnetosphere,
get accelerated and contribute to the ring current formation.

It is noteworthy that, although these inward injected ions are not escaping directly, most
of them will get lost ultimately through charge exchange interactions with exospheric neutral
atoms and thus can escape the geospace as ENAs (Keika et al., 2011; Ilie et al., 2013).
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Figure 13. Typical trajectories of outflowing cold light ions for different disturbance levels. Thickness of
arrows indicate flux level. (a) Northward IMF conditions and low geomagnetic activity. The outflow flux
and velocity is low, and outflowing ions are directly lost downtail. (b) Low to intermediate convection:
Outflowing ions are transported far downtail before reaching the plasma sheet. (¢) Disturbed
magnetospheric conditions, typically associated with southward IMF. Outflowing ions are transported to
the plasma sheet closer to the Earth. From Haaland et al. (2012).

A review study of outflowing ions circulation in the magnetosphere and escape to outer
space was undertaken by Yamauchi (2019). This study, largely based on Cluster CIS data,
encompassed cold and suprathermal ions, providing a particular focus on the relevant behaviors
of hot heavy ions in the inner magnetosphere. As shown, the majority of the outflowing ions
becomes “hot” at higher altitudes, with much higher velocities than the escape velocity even for
heavy ions. The immediate destination of these outflowing ionospheric ions varies from the
plasmasphere, to the inner magnetosphere, the magnetotail, and the solar wind (magnetosheath,
cusp, and plasma mantle). A significant number of them enter the plasma sheet, where some ions
continue flowing anti-sunward, whereas other return towards the inner magnetosphere, where
outflowing ions from different routes mix together. This results in the inner magnetosphere
becoming a “zoo” of many different ion populations, either through direct supply from the
ionosphere or through ions injected from the nightside plasma sheet, and subject to different
energization mechanisms and transport routes. The principal destinations of the different types of
outflowing ions are summarized in Figure 14.
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Figure 14. Schematic representation of the circulation of outflowing ions in the magnetosphere and their
destination. From Yamauchi (2019).

As shown by Yamauchi (2019), the terrestrial ion outflow plays an important role in two
issues that had been overlooked in the past:

o The mass-loading effect into the solar wind, which can explain quantitatively the energy
conversion required to sustain the cusp current system.

o The influence on the atmospheric composition evolution over geological time scales,
particularly after taking into account the more-active Sun and the higher solar wind
pressure in the past.

5 Comparative studies with other planetary atmospheres

An enduring question in studying planetary atmospheres is whether an intrinsic planetary
magnetic field plays a critical role in protecting the atmosphere from direct interaction with the
solar / stellar wind, allowing the planet to retain a habitable atmosphere, or whether a magnetized
planet could be more sensitive to atmospheric loss due to acceleration and escape of ions through
the polar caps and cusp (Lundin et al., 2007; Gunell et al., 2018; Gronoff et al., 2020; Ramstad
and Barabash, 2021).

In order to compare atmospheric O" outflow from Earth and Mars during a corotating
interaction region (CIR) passage event, Wei et al. (2012) analyzed an event during which Sun,
Earth, and Mars were approximately aligned. During the passage of the CIR, on 3 January 2008,
Cluster was situated in the magnetotail lobe and the CIS instrument detected an enhanced O
outflow, fluctuating between 1 x 10* and 3 x 10* ions cm™ s'. Oxygen ion outflow at Mars was
measured by the Ion Mass Analyzer (IMA) instrument onboard Mars Express (Barabash et al.,
2006). During the periapsis passes the instrument observed a series of spikes in the O" outflow
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corresponding to 1 — 6 x 10" ions cm™ s, i.e. more than 1 order of magnitude higher than the
pre-CIR level of 10° ions cm™ s™'. The O" outflow observed around the Martian magnetopause
was probably the result of the pick-up process or of the momentum transfer mechanism (Dubinin
et al., 2011). A comparison by the authors of these observations showed that, following a solar
wind dynamic pressure increase by 2 — 3 nPa, the O" outflow flux at Mars increased by 1 order
of magnitude higher than it increased at Earth. These results suggest that, under the conditions of
the CIR event analyzed, the Martian O outflow is more sensitive to solar wind dynamic pressure
increases than the outflow from Earth, the terrestrial magnetic dipole apparently preventing a
direct coupling between the solar wind kinetic energy and the planetary ions.

Successive observations from the Mars Atmosphere and Volatile EvolutioN (MAVEN)
mission have confirmed the loss of substantial amounts of the Martian atmosphere to space, with
H and O escape rates of the order of ~2-3 kg s™ (Jakosky et al., 2018). It should be noted,
however, that when comparing atmospheric escape rates between Earth and Mars, and their
response to solar activity, extreme caution should be taken given the complexity of the various
escape mechanisms involved, the different planetary masses and thus different escape velocities,
and the different distances from the Sun of the two planets (Brain et al., 2017; Leblanc et al.,
2018; Gronoff et al., 2020; Ramstad and Barabash, 2021).

6 Conclusions and open questions

Following 20 years of operation in space, the Cluster mission has strongly advanced our
understanding of how the terrestrial upper atmosphere slowly escapes to space, and how this
escape depends on the solar and the geomagnetic activity conditions. Several breakthroughs were
made following the analysis of the data supplied by the instrumentation onboard these spacecraft.
In particular:

e C(Cold plasma outflows, originating from the polar caps, dominate the magnetotail lobes
during all parts of a solar cycle, constituting a previously “hidden” population. This low
energy outflow increases by a factor of 2 with increasing EUV flux during the solar
cycle.

o The role of the centrifugal acceleration in the energization of the ions upflowing from the
polar caps has been demonstrated.

e The cusps constitute the main source of the energetic heavy ion outflow. The transport
and acceleration of these ions through the polar cap into the lobes and then, depending on
the IMF conditions, into the plasma sheet has been characterized.

e The existence of a plasmaspheric wind, which provides a continuous plasma leakage
from the low-latitude plasmasphere and which was previously a theoretical conjecture,
has been demonstrated.

o The dependence of the polar outflow on the solar wind parameters has been evaluated for
both cold ion populations and heavy energetic ions. For the later, outflow has been
observed during all periods but an increase in the outflow by two orders of magnitude
between the lowest and the highest solar wind dynamic pressure conditions has been
shown.

e The dependence of the polar outflow on the geomagnetic activity level has been
evaluated and a logarithmic law established. During extreme activity conditions the
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heavy ion loss is almost two orders of magnitude higher than during typical average
conditions.

e The heavy ion loss measured by Cluster, when integrated over the past four billion years
and considering the much more active young Sun, suggests a total O" loss comparable to
the amount of oxygen contained today in the terrestrial atmosphere.

e The outflow of moderate energy (~40 — 80 eV) light and heavy ions, forming beams that
originate from the auroral oval, has been established even for periods without substorm
activity.

e The general scheme of the circulation of outflowing ions in the magnetosphere or escape,
and its dependence on the IMF conditions, has been outlined for both cold ions and for
heavy energetic ions.

e Cluster light and heavy ion outflow observations cover almost two solar cycles, providing
a data base suitable for comparative studies with other planetary atmospheres in our solar
system, particularly during planet alignment along the same IMF spiral.

However, several questions concerning ion outflow and escape remain open.

The exact degree of plasma recirculation for each ion species, after it has left the
ionosphere, versus direct or indirect escape, and its dependence on the solar and geomagnetic
activity conditions, needs to be assessed more precisely.

The role of the plasmasphere in supplying plasma to the outer magnetosphere, either
through plasmaspheric plumes release or through the plasmaspheric wind, and the ultimate fate
of this plasma, that can eventually escape geospace, has to be accurately quantified.

But, most importantly, the exact composition of the escaping populations, and how it
changes in response to the different driving conditions, is an open question. The moderate mass
resolution of the CIS / CODIF ion mass spectrometer onboard Cluster (m/Am = 5 — 7, cf. Réme
et al., 2001) does not allow distinguishing the nitrogen ions from the oxygen ions. These two
species together constitute more than 99% of the terrestrial atmosphere and they are both critical
constituents of biomolecules such as amino acids and DNA / RNA. The biological activity on the
Earth’s surface is very sensitive to the atmospheric composition and a few percent change in the
nitrogen / oxygen ratio, and thus in the water pH, can significantly affect biochemical reactions
such as amino acid production, metabolism and photosynthesis (Servaites, 1977; Bada, 2013;
Camprubi et al., 2019). The simultaneous presence of significant amounts of N, and O; in an
atmosphere is chemically incompatible over geological timescales and thus it is considered as
resulting from the biological activity (Lammer et al., 2019; Stiiecken et al., 2020). Since
atmospheric escape plays a critical role in the evolution of the composition of the atmosphere
(Yamauchi and Wahlund, 2007; Airapetian et al., 2017), it is very important to assess how the
composition of the escaping populations changes in response to different driver conditions, and
in particular how the nitrogen / oxygen escape ratio changes as a function of the solar activity
(Yau et al., 1993; Christon et al. 2002; Mall et al., 2002). These species have different
dissociation energies, ionization energies, ionospheric chemistry and scale heights. Moreover, N*
and O" ions injected in the magnetosphere play an essential role in the magnetospheric
dynamics, particularly during periods of intense geomagnetic activity, resulting for example in
different ring current decay time-profiles due to their different charge-exchange cross sections
(Ilie and Liemohn, 2016; Lin et al., 2020).
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The capacity to separate N from O ions (and also the corresponding molecular ions N,",
NO" and O,") over a broad energy range is thus an essential requirement for future
magnetospheric missions, in order to understand how the composition of the escaping
populations changes in response to the different driving conditions and how it can affect the
atmospheric composition, and thus the habitability of the planet, over geological time scales.
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