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Abstract

The Earth and its atmosphere are embedded in the magnetosphere, a region in space
dominated by the geomagnetic field, shielding our planet as it deflects the energetic
solar wind. Even though the atmosphere is protected from direct interaction with the
solar wind, it is indirectly affected by magnetosphere-solar wind interaction processes,
causing for example constituents of the upper atmosphere to flow up into the magne-
tosphere. The fate of the atmospheric originating ions is interesting from a planetary
evolution point of view. If the upflowing ions in the magnetosphere are to escape
into the solar wind they need to not only overcome gravity, but also the magnetic
forces, and therefore need to be energized and accelerated significantly. The subject
of this thesis is analysis of oxygen ions (O+) and wave field observations in the high
altitude cusp/mantle and in the high latitude dayside magnetosheath, investigating
O+ heating, outflow and escape. The data analysis is based on observational data
from the Cluster satellites, orbiting the Earth at altitudes corresponding to different
key regions of the magnetosphere and the immediate solar wind environment.

The mechanism behind O+ heating considered in this thesis is energization through
interactions between the ions and low-frequency waves (wave-particle interaction).
The average electric spectral densities in the altitude range of 8-15 Earth radii are
able to explain the average perpendicular temperatures, using a gyroresonance model
and 50% of the observed spectral density at the O+ gyrofrequency. Strong heating
is sporadic and spatially limited, and the regions of enhanced wave activity are at
least one order of magnitude larger than the local gyroradius of the ions. An analy-
sis indicates that enhanced perpendicular temperatures can be observed over several
Earth radii after heating has ceased, suggesting that high perpendicular-to-parallel
temperature ratio is not necessarily a sign of local heating. This also explains why
we sometimes observe enhanced temperatures and low electric field spectral densi-
ties. We also show that the phase velocities derived from the observed low frequency
electric and magnetic fields are consistent with Alfvén waves.

Outflowing ions flow along magnetic field lines leading downstream in the magne-
totail, where the ions may convect into the plasma sheet and be brought back toward
Earth. However, the effective heating in the cusp and mantle provides a majority of
the O+ enough acceleration to escape into the solar wind and be lost, rather than
entering the plasma sheet. The heating can actually be effective enough to allow
outflowing O+ to escape immediately from the high altitude cusp and mantle into
the magnetosheath along recently opened magnetic field lines. Observations in the
shocked and turbulent solar wind (the magnetosheath) reveals hot O+ flowing down-
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stream and approximately tangentially to the magnetopause and often close to it.
An estimated total flux of O+ in the high-latitude magnetosheath of 0.7 × 1025 s−1
is significant in relation to the observed cusp outflows at lower altitudes, pointing to
that the escape of hot O+ from the cusp and mantle into the dayside magnetosheath
is an important loss route.
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Chapter 1

Introduction

The Sun emits energy in the form of electromagnetic radiation, and the light and
heat it brings are necessary in order for the flora and fauna on our planet to evolve
and grow. However, the sun does not only emit energy in this form; a continuous
stream of charged particles is emitted as well. This high-energy plasma is referred to
as the solar wind and consists predominantly of protons and electrons, and a small
amount of helium ions. The solar wind is supersonic and flows with speeds typically a
few hundred km/s, but is highly variable due to the high variability of the conditions
of the Sun itself. The Earth is effectively shielded from direct bombardment by the
geomagnetic field, forming a magnetosphere that deflects the solar wind around the
planet. The separation between the solar wind and the magnetospheric plasma is
however not perfect, and energy and mass transfer take place between them. Hence
magnetospheric structures and characteristics are greatly affected by the varying solar
wind conditions. See Fig. 1.1 for an artist’s − not-to-scale − impression of the
magnetosphere and the Sun.

The interaction mechanisms between the solar wind and the terrestrial magne-
tosphere give rise to a number of phenomena. Maybe the most profound example
is the polar lights, a beautiful night-sky spectacle in the high-latitude regions. This
phenomenon arises when highly energetic particles collide with the constituents of
the upper atmosphere. The atmospheric particles becomes excited and the excess
energy is then emitted in the form of light. Another example is geomagnetic storms
that may seriously disrupt or interfere with communication and navigation systems
on Earth, or even damage satellite hardware.

A third example is atmospheric loss into the interplanetary space. The study
of ion escape into the interplanetary space is interesting from a planetary evolution
point of view, as it may affect the atmosphere on sufficiently long time scales. In order
for atmospheric constituents to escape they do not only have to overcome Earthńs
gravity, but also the restoring force of the terrestrial magnetic field. The magnetic
field can act to trap outflowing ions, and transport the ions back towards the planet
through magnetospheric processes and mechanisms. However, the magnetosphere is
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Figure 1.1: An artistic illustration of the Sun, the solar wind and the geomagnetic field.
Note that the scale of the image is far from being realistic.
Source: http://www.nasa.gov

not a perfect collector of outflowing ions and loss of atmospheric originating plasma
is known to occur. The extent of this loss is however not clear and hence an area of
ongoing research. In an attempt to settle this issue one has to understand the global
dynamics of the magnetosphere in general and the physical mechanisms behind the
observed ion outflow and heating in particular.

Open magnetic field lines connect the ionized upper atmosphere at high latitudes
to the solar wind, providing a direct path for ionospheric plasma to reach the magne-
tosphere and interplanetary space. Consequently, both the ionosphere and the solar
wind serve as main plasma sources for the magnetosphere. Above the polar regions,
proton outflow is often difficult to study since the protons of ionospheric origin tend
to drown in the strong fluxes of protons of solar origin. Therefore, studies and ob-
servations of magnetospheric oxygen ions (O+) may be beneficial, in order to study
atmospheric loss and the magnetospheric processes behind it.

There are basically two cornerstones on which this thesis is based. One is the
study on O+ heating in the high altitude cusp and mantle. The other one is the
study of some of the effects of this heating: O+ outflow in the magnetosphere and
direct O+ escape into the interplanetary space. In Chapter 2 some basic, yet fun-
damental plasma physics are introduced: charged particle motion in magnetic and
electric fields, the mirror force, and plasma waves. Chapter 3 describes the solar wind
and its properties and the configuration and structure of the magnetosphere of the
Earth, introducing the different plasma regions within it. Ionospheric upflow is also
discussed as a source of magnetospheric plasma. In Chapter 4, heating of outflowing
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ions is described, specifically through wave-particle interaction, looking at earlier ob-
servations and introducing some models, used in the thesis. Chapter 5 contains an
overview of the Cluster mission and some of the measurement instruments as well as
descriptions of the data sets used in the presented research. The six scientific articles
of the thesis are briefly summarized in Chapter 6, followed by the bibliography. Last
the articles are given in chronological order, in their full and original layout.
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Chapter 2

Basic plasma physics

Plasma is often referred to as the fourth state of matter, and its nature is more
complex than those states that we all are familiar with in everyday life: gas, liquid
and solid. A plasma is fully or partly ionized gas (electrons and ions) and as a
consequence, a plasma interacts with its environment in a very different way. For
example, charged particles are strongly affected both by electric and magnetic forces.
The need to understand a charged particle’s motion in electric and magnetic fields is
therefore fundamental in an attempt to describe plasma physics.

2.1 Charged particle motion

A charged particle moving in an electric, E, and magnetic field, B, is subject to the
Lorentz force, given by

FL = q(E+ v ×B), (2.1)

where q and v are the particle’s charge and velocity respectively.

2.1.1 Gyromotion

For simplicity we first assume a uniform magnetic field and E = 0 in order to directly
show some of the basic motions of a charged particle. A charged particle will be
subject to the force FL = qv × B, a force that acts perpendicular to both B and
v. Assume that the magnetic field direction is upward and that the particle moves
perpendicular to it. Then the particle will trace out a circle; in the clockwise di-
rection for a positively charged particle and anti-clockwise for a negatively charged
particle, which can be shown by solving the Lorentz equation above with the restric-
tion v = v⊥. This motion is illustrated in Fig. 2.1 (left), and can be referred to as
the gyromotion of a charged particle in a homogeneous magnetic field. The particle
may obviously have a velocity component parallel to the magnetic field (v||) as well,
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Figure 2.1: The left illustration shows the gyration directions for an electron (green) and
a positively charged ion (red) in a homogeneous magnetic field B. Particles with opposite
charges gyrate in opposite directions. The right figure shows the spiral motion of a positively
charged ion when there is a velocity component parallel to the magnetic field direction as
well.

but since the Lorentz force only act perpendicularly to B this velocity component
is left unaffected. The particle is still gyrating however, and as it travels along the
field line it will trace out a spiral, illustrated in Fig. 2.1 (right). In other words, a
plasma cannot move freely across magnetic field lines, and the magnetic field defines
a preferred direction. The radius of the gyromotion (the gyroradius) and the angle
velocity (the gyrofrequency) can be analytically determined by simply considering
the Lorentz force (|FL| = |q|v⊥B) as a centripetal force (|Fc| = mω2r). If ω = ωg is
the gyrofrequency and r = rg the gyroradius, the following relation must hold:

mω2
grg = |q|v⊥B. (2.2)

From Eq. (2.2) and using the relation v⊥ = ωgrg both the gyroradius and the gyrofre-
quency can easily be derived:

rg =
mv⊥
|q|B , (2.3)

ωg =
|q|B
m

, (2.4)

where the gyrofrequency is given in rad/s (angular velocity). If an electron and
a proton have approximately the same velocity the ratio between the gyroradii of
the two particles becomes rg(H

+)/rg(e
−) ≈ mH+/me− ≈ 2000. Consequently the

gyrofrequency is typically much larger for an electron than a positively charged ion.
The gyroperiod is the time it takes for a complete gyration and is given by
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T =
2π

ωg

=
2πm

|q|B . (2.5)

In this thesis the focus is on oxygen ions with a mass of approximately mO+ = 16mH+ .
A magnetic field strength in the range 50−500 nT (typical values in the high altitude
dayside magnetosphere) corresponds to a O+ gyroradius of typically 30−300 km and
a gyroperiod of 2 − 20 seconds, if we assume the ion to have a velocity of 100 km/s
(corresponding to an energy of about 1 keV).

2.1.2 Particle drift

Now consider charged particles to be subject to an electric field, E, as well.It is
often a good assumption that the electric field is perpendicular to the magnetic field,
E ⊥ B, since a parallel component tends to be canceled out by a charge-separation
electric field, created by the parallel field itself. The particles will drift in a direction
perpendicular to both B and E (Fig. 2.2) and the drift velocity is given by

uE =
E×B

B2
(2.6)

This mechanism is often referred to as the E ×B drift. It arises due to the fact that
the electric field accelerates the charged particles during half of the gyroorbits and
decelerates them during the other half. The drift is not dependent on charge or mass
and thus all charged particles will drift with the same velocity.

Figure 2.2: Illustration of the E×B drift in a plane perpendicular to B, for a positive ion
and an electron respectively. Source: Kivelson & Russell (1995)

The general expression for particle drift in a background magnetic field B under
the influence of a force F can be shown to be

uF =
1

q

F×B

B2
. (2.7)
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This means that drifts may depend on both charge and mass (unlike the E × B
drift) and hence affect different particle species differently. This is important for
understanding the global and magnetospheric electric currents. One drift of this type
is commonly referred to as curvature drift, since it arises due to the curvature of
the magnetic field. As particles move along curved magnetic field lines they become
subject to a centrifugal force Fc = mv2‖Rc/R

2
c , where v‖ and Rc are the parallel

velocity and curvature radius respectively. Inserting this expression into Eq. (2.7) it
follows that the curvature drift velocity writes as

uc =
mv2‖
qR2

c

Rc ×B

B2
. (2.8)

The curvature drift velocity is charge dependent causing electrons and ions to drift
in opposite directions, generating electric currents. Another example of an important
particle drift is the gradient drift, which is due to changes in the magnetic field
strength. When a gyrating particle moves in a nonuniform magnetic field, the radius
of its orbit changes accordingly (Eq. (2.3)). Seen over several gyroperiods the particle
will drift with a velocity given by

ug =
mv2⊥
2qB

B×∇B

B2
. (2.9)

The curvature drift and the gradient drift are important mechanisms behind the ring
current, whereas the E ×B drift play a fundamental role in the transport of plasma
in the polar cap and auroral zone.

There are several other charged particle drifts, such as gravitational drift (due to
a gravitational force), diamagnetic drift, (due to pressure gradients) and polarization
drift (due to time-varying electric fields).

2.1.3 The mirror force

An adiabatic invariant is defined as a quantity that remains constant if the changes
of the physical system are slow enough. In space physics one invariant of importance
is the magnetic moment, μ, of a particle moving in a magnetic field. Assume that
the magnetic field is B, and let W⊥ be the perpendicular energy of the particle. The
magnetic moment can then easily be shown to be

μ =
W⊥
B

=
mv2⊥
2B

, (2.10)

This invariant is of significant importance when considering particles moving along
magnetic field lines in the magnetosphere, since it causes what is generally referred
to as the mirror force. In the studies of this thesis it is reasonable to consider the
gyroperiod of an oxygen ion as a typical time scale (2 − 20 seconds), during which
changes of magnetospheric characteristics are typically small. Thus, it is feasible to
consider the magnetic moment as an invariant.
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Consider a charged particle moving along a magnetic field line into a region of
stronger magnetic field (downward in the magnetosphere). As B increases so does
v⊥ in order for the magnetic moment to remain constant. The total energy of the
particle, W = W⊥+W||, is constant so a increased perpendicular velocity component
leads to a decreased parallel velocity, v||. Eventually the particle reaches a point where
v|| = 0 and then starts to move back (upwards in the magnetosphere); the particle
is said to be mirrored and hence this point is often referred to as the mirror point.
A concrete example of the effect of the mirror force is the radiation belts (the van
Allen belts), which consists of particles trapped between two mirror points at lower
latitudes (one in each hemisphere).

It is possible to derive an analytic expression for the mirror energy conversion
rate, describing the rate at which the perpendicular energy of the particle converts
into parallel energy or vice versa. Assume that a charged particle has the magnetic
moment given by Eq. (2.10] at a specific time. The particle moves and after a time
dt the magnetic field has changed with the amount dB. In order for the magnetic
moment to be constant the perpendicular energy of the particle has changed with the
amount dW⊥ such that

μ =
W⊥ + dW⊥
B + dB

. (2.11)

Now consider the simple case of a charged particle moving along the pole axis in a
dipole magnetic field. The magnetic field strength is then B ∝ r−3, where r is the
radial distance, and the parallel velocity is v‖ = dr/dt. It is now straightforward to
derive the energy conversion rate (Slapak et al. (2011) [Paper II]):

dW⊥
dt

= −3W⊥
v‖
r
. (2.12)

For a particle moving outward v‖ > 0, and consequently dW⊥/dt < 0, which means
that perpendicular energy is converted to parallel energy. For v‖ < 0 (downward)
the conversion rate dW⊥/dt is positive, corresponding to parallel energy converting to
perpendicular energy, consistent with the reasoning above. It turns out that Eq. (2.12]
is convenient to use in test-particle calculations when simulating outflowing ions in
the magnetospheric cusps. This will be shown in Chapter 4.2.

2.2 Temperature

In the community of space physics it is standard to use electronvolt (eV) as a unit for
plasma temperatures. This may seem odd since eV in fact is a measure of energy (1
eV= 1.60·10−19 J). A temperature given in Kelvin [K] is related to the energy E = kT ,
where k = 1, 38 · 10−23 J/K is the Boltzmann constant. Therefore a temperature of 1
eV corresponds to

T =
E

k
=

1.60 · 10−19
1.38 · 10−23 ≈ 1.16 · 104 K. (2.13)

9



Figure 2.3: Temperature profiles for O+ (top panel) and H+ (bottom panel) from 11
May 2002. Note the difference in the temperature scale between the two panels. The blue
profile correspond to the perpendicular temperature and the green profile to the parallel
temperature. Adapted from Waara et al. (2010).

The unit eV is more convenient to use than Kelvin since space plasmas often have
very high temperatures. For example, the temperature of the solar wind at 1 AU
is about 105 K, which roughly corresponds to 10 eV. Another example is the O+

observations in the high altitude magnetosphere presented in this thesis, which often
is of the order 107 K, or equivalently of the order 1 keV.

Temperature is a statistical quantity defined through the width of the velocity
distribution function of the particles in the plasma. Since the different species in a
plasma are affected by electromagnetic forces to different degrees, the species gen-
erally do not have the same velocity distributions or temperature, and therefore it
is reasonable to treat them separately. In a magnetized plasma the magnetic field
defines a preferred direction (Section 2.1.1) since charged particles only move freely
parallel to the field. For a given species the velocity distribution (and temperature)
may differ significantly in the parallel and perpendicular direction. Therefore it makes
sense to define a parallel and perpendicular temperature (T‖ and T⊥) for each species
in a magnetized plasma. A concrete example is given in Fig. 2.3. This clear example
of distinct temperatures in a plasma is taken from a case study in the high altitude
magnetosphere presented by Waara et al. (2010). The top panel shows the tempera-
ture for O+ and the bottom panel for H+. The difference in temperature between the
two ion species is big, with O+ having one order of magnitude higher temperature. It
is also clear that the parallel (green) and perpendicular temperatures (blue) for both
ion species are very different. The big difference between T‖ and T⊥ is due to effective
ion heating in the perpendicular direction, which will be discussed in more detail in
Chapter 4.
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2.3 Plasma waves
In a plasma many different wave modes are possible. The wave modes are basically
electric and magnetic field perturbations propagating through an ionized medium,
and they may therefore have a considerable impact on charged particles, for instance
by heating them through wave-particle interactions. This section will only briefly
mention the plasma waves important for ion heating.

The wave data we use in this thesis are obtained by the EFW instrument onboard
the Cluster satellites (Chapter 5), providing us with a time-series of the electric field
amplitudes. A convenient and useful way to study the electric field wave activity is
to consider the electric field spectral density, which basically tells us how the electric
field is distributed over the wave frequencies. In practice, high frequency waves only
affect electrons, since the field fluctuations are so rapid that the much heavier ions
are not able to respond to them. Therefore the ions can be seen as stationary with
respect to the waves and the motions of the electrons. Hence, low frequency waves
with frequencies around the ion gyrofrequency are likely the most efficient at heating
the ions in question. Different ion heating mechanisms are discussed by André et al.
(1998). They noticed that ion heating was most often associated with broadband
wave signatures. Different wave modes as well as static structures can give rise to
such broadband signatures. Waara et al. (2011) showed that the low frequency field
fluctuations responsible for ion heating in the high altitude cusp and mantle are
consistent with Alfvén waves. The Alfvén waves are low frequency electromagnetic
waves propagating parallel to the magnetic field, with a speed given by the Alfvén
velocity

vA =
B√
μ0ρ

, (2.14)

where B is the background magnetic field, μ0 = 4π × 10−7 H/m is the permeability
in vacuum, and ρ is the plasma mass density. Waara et al. (2011) [Paper I] found
that there was a close to one-to-one correlation between the observed phase velocity
of the waves (E/B) and Eq. (2.14). Therefore we do not discuss any other waves in
the papers which are part of this thesis. Other types of waves may be important for
ion heating in other regions of the magnetosphere.
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Chapter 3

The terrestrial space environment

The Earth is the third planet from the Sun sweeping around in a near circular orbit at
a mean distance of 1 AU= 1.5 ·108 km and with an orbit period of one year. It may be
difficult to imagine that we are whizzing through space at a speed of 30 km/s relative
to the sun. Space is however not empty, since a continuous stream of plasma emitted
from the sun, called the solar wind, fills the solar system with charged particles. The
solar wind is so tenuous that it would be considered a perfect vacuum in laboratories,
yet energetic and dense enough to greatly affect and interact with the immediate
space environment around our planet. The intrinsic magnetic field of the Earth −
and its interaction with the solar wind − forms the magnetosphere, a region around
the Earth in which complex physical processes take place. A brief overview of the
space environment around our planet is given in this section, shortly introducing the
solar wind, the forming of the magnetosphere and the main magnetospheric structures
considered in the research of this thesis.

3.1 The solar wind

The expression solar wind was coined by E. N. Parker, after theoretical work showing
that the solar corona is not in hydrostatic equilibrium, but expanding into space. The
solar wind arises in the corona, basically due to large pressure differences between the
corona and the interplanetary space. The pressure difference drives and accelerates
the plasma outward, overcoming the gravity of the Sun. At a distance of 1 AU the
solar wind speed is typically around 400 km/s, but can vary significantly, and the
temperature is typically 10 eV. The ion and electron number densities also have large
variations, but are typically about 5 cm−3. The solar wind characteristic numbers
given above were taken from Russell (2001). The large variations in the solar wind
characteristics can be both temporal and spatial, and are coupled to variations of the
Sun itself.

The solar wind can be regarded as a collisionless and highly conducting medium,
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Figure 3.1: The spiral form of the interplanetary magnetic field, viewed from above the
ecliptic plane. The spiral form is caused by the combined effect of the IMF being frozen into
the radially flowing solar wind and the rotation of the Sun. Source: Parker (1963).

and in the ideal magnetohydrodynamic theory it can be shown that the magnetic
field is embedded in the plasma, or frozen-in. The consequence is that the solar wind
− flowing radially outward into interplanetary space − drags the solar magnetic field
with it (with the footprints of the magnetic field remaining fixed in the Sun) forming
the interplanetary magnetic field (IMF). Due to the combined effect of the magnetic
field being frozen-in to the solar wind and the rotation of the Sun, the magnetic field
becomes spiral shaped (see Fig. 3.1). This characteristic is often referred to as the
Parker spiral and at 1 AU the Parker angle, the angle between the IMF direction and
the Sun-Earth line, is approximately 45◦, and the magnetic field strength is about 5
nT (Russell (2001)).

The planets of the solar system act as obstacles to the magnetized solar wind
plasma, as they force the solar wind flow to divert and stream around the bodies. For
planets with strong magnetic dipole moments (including Earth) the intrinsic magnetic
fields of the planets themselves serve as effective obstacles. The solar wind pressure
establishes a balance with the intrinsic magnetic field, confining it into what is referred
to as a magnetosphere. Venus and Mars, with very small intrinsic magnetic fields, have
highly conductive ionospheres in which currents and magnetic fields are generated.
These induced ionospheric magnetic fields act to form induced magnetospheres around
the unmagnetized planets (Zhang et al. (2008)), diverting the magnetized solar wind.
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Figure 3.2: Cross-section of the terrestrial magnetosphere in the (X-Z)GSE plane, illus-
trating the key plasma regions. Adapted from Russell (1987).

3.2 Earth’s magnetosphere
The terrestrial magnetosphere is the region in near-Earth space where the particle
motions are dominated by the geomagnetic field, and can be regarded as the obstacle
diverting the solar wind (and the frozen-in IMF) around it. Figure 3.2 is a simple
sketch of the terrestrial magnetosphere in the noon-midnight plane, pointing out some
of the fundamental regions coupled to the magnetosphere. Upstream of the magneto-
sphere a shock is formed, where the supersonic solar wind is decelerated to subsonic
speeds. This shock is referred to as the bow shock. As the solar wind plasma crosses
the bow shock the plasma and the interplanetary magnetic field are compressed, it
slows down significantly and becomes hot. This turbulent shocked solar wind plasma
is named the magnetosheath and fills the region between the magnetosphere and the
bow shock as it flows around the magnetosphere.

The terrestrial magnetic field is originated in a dynamo process, generated by
convective liquids in the electrically conducting core of the Earth. Close to the Earth
surface the geomagnetic field is − to a good approximation − a dipole field. At higher
altitudes the magnetic field is greatly influenced by the solar wind, which distorts the
dipole field to a bullet-shaped magnetosphere. Hence, despite its name, the magneto-
sphere is not spherically shaped at all. This section describes the configurations and
structure of the magnetosphere, important for this thesis.
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3.2.1 The magnetopause

As implied above, the magnetosphere acts as a shield, deflecting the energetic solar
wind and protects the atmosphere from direct bombardment of the high energy solar
wind particles. A thin boundary (a current layer) is formed that separates the two
distinct plasma regimes of the magnetosheath and the magnetosphere. This boundary
is known as the magnetopause and its position is determined by the pressure balance
between the two plasma regimes. Assuming the solar wind to have mass density ρ and
velocity u, and that ψ is the angle between the flow direction and the magnetopause
normal, this relation can to a first approximation be written

(2ρu2cos2ψ)sw =

(
B2

2μ0

)
msph

, (3.1)

where the lefthand side corresponds to the dynamic pressure of the solar wind and
the righthand side to the magnetic pressure of the magnetosphere. Consequently the
magnetopause is not stationary, but strongly affected by the solar wind conditions.
High solar wind pressure tends to force the dayside magnetopause towards Earth,
and for low velocities the magnetopause extends deeper into space. The distance to
the dayside magnetopause is typically ∼ 10 Re, but may range between 6 and 15
Re, due to different solar wind conditions. The magnetopause has a typical thickness
ranging from 400 to 1000 km (Berchem and Russell (1982)) and across it the plasma
characteristics change from magnetospheric to magnetosheath characteristics. Also
the magnetic field strength and direction often change drastically across the magne-
topause.

3.2.2 The magnetotail

At low altitudes (close to the surface) the geomagnetic field can be approximated
by a dipole field. At higher altitudes this is not the case, due to the the strong
influence of the solar wind. At the dayside, the magnetosphere is compressed and
at nightside it is extended in the anti-sunward direction, resulting in what is usually
referred to as the magnetotail. Magnetic reconnection at the dayside magnetopause
couple geomagnetic field lines to interplanetary field lines, an idea first proposed by
Dungey (1961). These open field lines convect with the solar wind to the night side
magnetosphere, forming a tail-like structure. The extension of the magnetotail is not
known, but it may be several hundreds of Re, reaching well beyond the moon. The
magnetotail is divided into what is referred to as the tail lobes (the north lobe and
the south lobe). The north/south lobe field lines can be mapped to high latitudes
in the northern/southern hemisphere. Therefore the magnetic field lines of the lobes
are directed in opposite directions (sunward in the north lobe and anti-sunward in
the south lobe) and a thin current sheet is generated, the neutral sheet, separating
the two magnetotail regions. The neutral point in the far tail (XGSE ≈ −100 Re)
refers to a region where magnetic field lines from the northern and southern lobes
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Figure 3.3: Schematic illustration of how the open cusp field lines convect tailward, forming
the mantle when magnetosheath plasma and ionospheric plasma fill the mantle region as
they travel along the convecting field lines. Source: Crooker (1977)

typically reconnect, allowing magnetotail plasma to be trapped by closed field lines
and possibly be brought back towards the Earth.

3.2.3 The high latitude regions

The high-latitude region, onto which the open magnetic field lines of the lobes are
mapped, is called the polar cap, and the most recently opened field lines, are known
as the cusps (see Fig. 3.3). Equatorward of the polar cap the magnetic field lines
are closed. However, there is a third region of interest; the auroral region. This is
the region between the polar cap and the dipolar field region, with closed field lines
stretching far out into the magnetotail. The region in the tail made up of these closed
field lines mapping to the auroral region is referred to as the plasma sheet (Fig. 3.2).

The cusps facilitate a direct path between the magnetosheath and the magneto-
sphere/ionosphere, and therefore serve as the regions where the most direct interac-
tion between the two plasma regions takes place. The mantle is a region filled with
a mixture of plasma of magnetosheath as well as ionospheric origin. The open cusp
field lines convect tailward and magnetosheath plasma mirrored in the low-altitude
cusp and energized ionospheric plasma flow up along these field lines into the mantle.

This summarizes the most important regions of the magnetosphere, from this
thesis point of view. Below follow a brief description of the ionospheric upflow, the
source of ionospheric plasma in the magnetosphere.
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3.3 Ionospheric cusp upflow

The lower boundary of the magnetosphere is not as distinct as the outer boundary
(the magnetopause). The ionosphere is a partly ionized and highly conducting region
of the upper atmosphere. The high density and large content of neutral particles
makes it however clearly distinguishable from the magnetosphere, since not only the
magnetic field determines the particle motions, but also gravity and collisions play
a significant role. During the 1960s ideas were formed, suggesting that lighter ions
could escape the topside ionosphere at high latitudes (polar cap) along the open
magnetic field lines leading downstream to the magnetotail lobes because of the great
pressure difference between the ionosphere and the lobes (Nishida (1966), Dressler
and Michel (1966)). The proposed ionospheric outflow was termed polar wind by
Axford (1968), in analogy with solar wind. Some years later the first reports of in-
situ observations of polar H+ and He+ outflow was presented by Hoffman and Dodson
(1980), confirming the existence of the predicted polar wind. Observations indicating
O+ to be a significant constituent of the polar wind were first presented by Abe et al.
(1993). At present time it is known that the ion polar wind primarily consists of
H+, He+ O+. Observations also show that the ion velocity on average increases with
altitude, indicating that effective acceleration mechanisms take place above the polar
cap. For a full review on the polar wind characteristics, see Yau et al. (2007).

At higher altitudes it is often difficult to distinguish protons of ionospheric origin
from the energetic proton fluxes of magnetosheath origin, and therefore studies of
O+ often are to prefer when investigating magnetospheric processes, especially in the
polar regions where a mixture of ionospheric and magnetosheath plasma is common.
The whole polar cap is in principal a source of O+, but there are indications that the
cusp is the main source. The coupling via the cusps provides a direct channel between
the solar wind down to the ionospheric projection of the magnetospheric cusps. The
ionospheric cusp is therefore subject to direct solar wind energy input in the form of
particles, DC electric fields and plasma waves, allowing for mechanisms causing ion
bulk upflow along the field lines to act. For example; DC electric fields could cause ions
to drift relative the neutral components of the ionosphere, leading to Joule heating
(Schunk et al. (1975)) and subsequent ion upflow. However, studies and observations
(e.g Ogawa et al. (2000)) indicate that precipitation of soft electrons (a few 100 eV)
is the primary source for upflow in the cusp region. Studies using incoherent scatter
radar show that soft electron precipitation causes strong electron heating in the upper
layers of the ionosphere (Nilsson et al. (1996) and Ogawa et al. (2003)), as they act to
ionize neutral species. Pressure gradients then drive the thermal electrons upwards,
yielding strong ambipolar electric fields which leads to enhanced ion upflow (Moore
et al. (1999)).

The ionospheric upflow flux has been observed to be of the order 1013 m−2s−1
(Ogawa et al. (2009)), and the upflow velocities at the altitudes reachable by in-
coherent scatter radars (up to around 1000 km) are typically around 1 km/s, well
below the escape velocity. Hence, the ionospheric upflow is gravitationally bound
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and will return as downflow unless it is further energized at higher altitudes (Seki
et al. (2002), Strangeway et al. (2005)). Observations of hot and energetic O+ at
much higher altitudes in the magnetospheric cusps (O+ outflow) point to that ef-
fective heating/acceleration processes are taking place in the cusp. Therefore, the
ionospheric projection of the cusp in particular, sometimes referred to as the cleft
ion fountain (Lockwood et al. (1985)), acts as a source, providing the magnetosphere
with energetic plasma. In the next chapter observations of ion outflow in the cusp
and mantle are briefly presented, followed by a theory of heating and acceleration
of outflowing ions. Last is a section regarding the fate of the outflowing ionospheric
ions.
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Chapter 4

O+ heating, outflow and escape

As described in Chapter 3.3 the cusps provide a direct coupling between the iono-
sphere, magnetosphere and the magnetosheath, and serve as channels for solar wind
plasma inflow and associated energy, plasma waves end electric fields, leading to iono-
spheric upflow. In order for the upflowing plasma to break free from gravity it has
to be energized and sufficiently accelerated. The cusp outflow takes place on open
field lines and is therefore the flow that is most likely to be heated and eventually
escape into interstellar space, resulting in atmospheric loss. Hence, the cusps do not
only serve as channels for direct input of energy and mass, but also as an effective
path for atmospheric escape. In this chapter heating and outflow of O+ is introduced,
first by presenting observations and then by presenting model. Last, the fate of the
outflowing ions including escape and loss into interstellar space will be discussed.

4.1 O+ heating and outflow: observations

When discussing outflowing ions the state of the ion population is often referred to
the temperature but also to the shape of the ion distribution in velocity space; beams
and conics (André and Yau (1997); Yau and André (1997); Moore et al. (1999)). As
heated ions move outward the mirror force will gradually convert the perpendicular
energy into parallel energy. As a consequence the velocity distribution is referred to as
a ion conic, due to its shape in velocity space (Fig. 4.1). If the ion heating ceases due
to a finite spatial or temporal extent of the heating, the mirror force will decrease the
pitch angle as the heated population travels outward, until the velocity distribution
gets a beam-like character, with small perpendicular energies and enhanced parallel
velocities. Miyake et al. (1993) studied the evolution of outflowing ion conics and
showed that the pitch angle did not decrease as fast as expected for the case of no
heating. Perpendicular O+ heating have been observed at all altitudes in the high
latitude dayside magnetosphere: for example at low altitudes (1700 km) by Norqvist
et al. (1996), at mid-altitudes (up to 5 Re) by Bouhram et al. (2003) and at high
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Figure 4.1: Monte-Carlo simulation (upper) and observation (lower) of O+ outflow velocity
distribution function (conic). Adapted from Retterer et al. (1987)

altitudes (6 − 12 Re) by Arvelius et al. (2005) and Nilsson et al. (2006). At low
altitudes, the O+ has velocities of typically about a few km/s and temperatures of
the order 10 eV, while the corresponding values at the highest altitudes are 100 km/s
and 1-2 keV respectively.

These observations (among others) indicate that outflowing O+ may be heated
over an extended altitude, and that transverse heating and subsequent acceleration
caused by the mirror force is an important mechanism behind the ion outflow char-
acteristics. Simulations of outflowing particles must therefore take perpendicular
heating into account. Below follow a brief description of a model which describes
perpendicular heating through wave-particle interactions.

4.2 Heating model

Observations of energized O+ in the high latitude magnetosphere at all altitudes have
been associated with broadband waves, indicating that wave-particle interaction can
be an important mechanism in heating the outflowing plasma, with subsequent paral-
lel acceleration due to the effect of the mirror force (Chapter 2.1.3). A mean-particle
theory presented by Chang et al. (1986) considers charged particles moving in a region
of broadband waves, and this model is therefore suitable for describing perpendicular
heating. The model is based on the idea that left-hand polarized electromagnetic
waves accelerate positive ions perpendicularly to the magnetic field direction. Due to
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a broadband frequency spectrum an ion can always be assumed to be in local reso-
nance with some wave field. As an ion travels along the field line, the gyrofrequency
changes and it will continuously interact with those waves that are in local resonance
with it. The ion is affected by the force FE = qE⊥, where E⊥ is the component of
the electric wave field acting perpendicular to the magnetic field. An ion in a broad-
band frequency spectrum will over many gyroperiods experience a net increase in
energy, since the energy gain for an ion in phase is larger than the energy loss in an-
tiphase. Considering a wave-particle interacting time Δt, the perpendicular velocity
component will increase with Δv⊥ according to

Δv⊥ =
q

m
E⊥Δt. (4.1)

The increase in velocity corresponds to an increase in energy given by

ΔW⊥1 =
m(�v⊥ +Δ�v⊥)2

2
− mv2⊥

2
= m�v⊥Δ�v⊥ +

m(Δv⊥)2

2
. (4.2)

For every ion with velocity �v⊥ one can assume an ion with a velocity −�v⊥, which will
experience an energy change

ΔW⊥2 = −m�v⊥Δ�v⊥ +
m(Δv⊥)2

2
, (4.3)

and the net energy increase per ion is then

ΔW⊥ =
ΔW⊥1 +ΔW⊥2

2
=

m(Δv⊥)2

2
=

q2E2
⊥

2m
(Δt)2, (4.4)

where Eq. (4.1) was implemented. From this expression Chang et al. (1986) derived
the net heating rate

ΔW⊥
Δt

=
q2

2m
SL(fg), (4.5)

where SL(fg) is the power spectral density at the gyrofrequency (fg = ωg/2π) due to
left-hand polarized waves. The observed power spectral density in the magnetosphere
can generally be approximated by a power law: S(f) ∝ f−α, with α as a fitting
parameter. If a dipole field is assumed, the gyrofrequency will vary with altitude
according to fg(r) ∝ r−3. Thus the power spectral density at the gyrofrequency can
be expressed as a function of altitude: S(fg(r)) ∝ r3α. This allows for mapping of
the electric power spectral density (at the gyrofrequency) to any altitude using local
observations:

S(fg(r)) = S0

(
r

r0

)3α

, (4.6)

where S0 = S(fg(r0)) is the observed power spectral density at some altitude r0.
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When following an ion’s trajectory along a field line, one should also take into
account the perpendicular adiabatic cooling rate due to the mirror force (Eq. (2.12)),
giving the total perpendicular heating rate

ΔW⊥
Δt

=
q2

2m
SL − 3W⊥

v‖
r
. (4.7)

where SL = ηS(fg) is the fraction of the total spectral density at the gyrofrequency
effective in heating the ion. If the mirror force is considered as the only source of
parallel acceleration, the parallel energization rate is

ΔW‖
Δt

= 3W⊥
v‖
r
. (4.8)

These equations are appropriate for simple test-particle simulations investigating ion
outflow and heating. At low (Norqvist et al. (1996)) and mid magnetospheric alti-
tudes (Bouhram et al. (2003)) the gyroresonance model introduced above was able to
reproduce the observed enhanced temperatures, assuming only a few percent of the
observed electric field spectral density to be effective in the ion heating process. The
same model was used by Waara et al. (2010) in a case study of strongly enhanced per-
pendicular temperatures at a high altitude (12 RE), but the simultaneously observed
wave activity was much too low in order for the model to reproduce the observed high
perpendicular temperatures of 8000 eV. However, if events of high perpendicular tem-
peratures and simultaneous intense wave activity are considered the gyroresonance
model is able to reproduce the observations if η = 0.25-0.45 (Slapak et al. (2011)
[Paper II]). The same gyroresonance model (using η = 0.5) was able to explain the
observed average temperatures using the average power spectral densities in a sta-
tistical study by (Waara et al. (2011) [Paper I]). These results show that heating
by wave-particle interaction probably is a significant source of outflow acceleration
throughout the cusp. Slapak et al. (2011) [Paper II] show that intense wave activity
is sporadic (in time and space) and Waara et al. (2012) [Paper III] show that heated
ions can stay heated for some time/altitude extent, which explains why there is a
high possibility of finding heated ions and low wave intensities at the same time.

An analytic and asymptotic solution of the mean-particle theory equations above
shows that the ratio between the perpendicular and parallel energies quickly ap-
proaches a constant value, only depending on the shape of the spectrum (Chang
et al. (1986));

W⊥
W‖

→ 6α + 2

9
. (4.9)

In this limit the total energy can be shown to be

W =

(
3α +

11

2

)1/3

m

(
rD⊥(r)
3α + 1

)2/3

, (4.10)

where D⊥ is the diffusion rate (Retterer et al. (1987)) given by
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D⊥(r) =
q2

4m2
SL(r). (4.11)

The asymptotic results are insensitive to the choice of initial conditions, and therefore
appropriate for direct comparison between theory and observations (Slapak et al.
(2011) [Paper II], Waara et al. (2012) [Paper III]).

4.3 Atmospheric loss

As shown, observations clearly show that O+ in the cusp and mantle is significantly
heated and accelerated. Hence, a natural question is: what will be the fate of this
energized O+ plasma?

Plasma in the cusp and mantle flows downstream along open magnetic field lines,
which lead the plasma into the magnetotail lobes. O+ has indeed been observed in
the distant tail, as cold beams (Seki et al. (1998), Liao et al. (2010), Kistler et al.
(2010)). A viable source for the cold oxygen beams (COB) would be the cusp outflow
if energized sufficiently (Seki et al. (1998)). Consequently, the hot and energetic O+

observed in the high altitude cusp and mantle (e.g. Arvelius et al. (2005), Nilsson
et al. (2006), Waara et al. (2011) [Paper I]) is likely a source for COB in the distant
tail.

As the ions flow downstream in the tail they are also convected (with the field lines)
towards the plasma sheet due to the E×B drift. The open field lines will eventually
reconnect at the neutral point, forming the closed field lines that map to the auroral
region (Chapter 3.2.3). Plasma flowing downstream on the open field lines of the
magnetotail lobes may therefore end up on closed field lines again − i.e. the plasma
sheet − and be brought back towards Earth (see trajectory 1 in Fig. 4.2). However, if
the ions are sufficiently accelerated they will pass the tail neutral point along yet open
field lines and be lost to interplanetary space. These fast ions correspond to trajectory
2 in Fig. 4.2. The fate of cold and low energy ions was simulated by Haaland et al.
(2012), considering average observational convection velocities and parallel velocities,
and concluded that cold ions passing the lobe cross section at XGSE = −10 Re at a
distance greater than 14 Re above the equatorial plane would escape. The observed
energetic O+ in the high altitude cusp and mantle has a parallel velocity typically
around 100 km/s (several times faster than the cold ions considered by Haaland et al.
(2012)), which indicate that a majority of the O+ observed in the high altitude cusp
and mantle eventually will escape rather than being transported to the plasma sheet
and back towards Earth.

Indeed, Seki et al. (2001) presented results showing that the total O+ flux in the
lobes decreased with distance, and argued that the decrease most likely was due to
convection of O+ to the plasma sheet. In the near-earth tail they observed an average
total O+ flux to be of the order 1024 s−1, one order of magnitude smaller than O+ out-
flows in the cusps. For reasons given above, most O+ escape into the magnetosheath
probably occurs closer to Earth than the observations made by Seki et al. (2001),
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Figure 4.2: An image illustrating three basic trajectories for cusp outflowing O+. 1.)
Convection to the plasma sheet (the region slashed in green); 2.) Escape in the distant tail;
3.) Direct escape into the dayside magnetosheath.

and only the colder and slower O+ ions reach the far magnetotail where they likely
are transported to the plasma sheet, consistent with the observed decreasing O+ tail
fluxes. The assumption that most O+ escapes close to the Earth is strengthened by
investigating the total O+ fluxes in the high latitude dayside magnetosheath, where
Slapak et al. (2013) [Paper VI] observe significant average total fluxes (0.7 × 1025

s−1). The most important loss mechanism for this ionospheric originating O+ is likely
related to dayside reconnection events, allowing for direct escape along newly opened
magnetic field lines. A case study of such an event was presented by Slapak et al.
(2012) [Paper IV], in which hot and energetic O+ in the high altitude dayside magne-
tosheath was investigated in more detail. The escape of O+ was clearly correlated to
the IMF Bz direction, as O+ was only observed in the magnetosheath for southward
IMF. They showed that the transport from the magnetosphere to the magnetosheath
was along the newly opened field lines in response to reconnection.

Another loss mechanism often discussed in the literature is leakage across the
magnetopause due to finite gyroradius effects. Examples of O+ observed in the dayside
magnetosheath after leaking through the magnetopause are reported e.g. by Marcucci
et al. (2004) and Zong et al. (2000). However, these observations of O+ take place
at lower latitudes and the total flux is small, and consequently they will give no or
very little contribution to the high-latitude O+ fluxes reported by Slapak et al. (2013)
[Paper VI] as well as to the total escape rate.
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Chapter 5

Satellite data

The start of in-situ measurements in space was a breakthrough in space science. Sud-
denly the near-earth space turned out to be far more complicated than imagined.
Direct measurements of space plasmas, electric and magnetic fields and currents pro-
vided the space community with data and information that were not possible to
receive with ground based instruments. It was suddenly possible to study the plasma
and the physical mechanisms in the space environment in far more detail than before.
The Cluster satellites are four identical spacecraft flying in formation, and practically
all the data presented and used in this thesis are obtained from the Cluster mission,
which is presented in more detail in this chapter. The exception being the IMF data
used in Slapak et al. (2012) (Paper IV), which are obtained from the magnetic fields
experiment (MAG; Smith et al. (1998)) onboard the Advanced Composition Explorer
(ACE) satellite, positioned at the Lagrange point at the Sun-Earth line, collecting
solar wind data (Stone et al. (1998)).

5.1 The Cluster II mission

The Cluster mission is a key project for the European Space Agency (ESA). It is
composed of four spacecraft studying the magnetospheric structures and solar wind
interactions Escoubet et al. (2001). The Cluster I mission came to an end in 1996, 37
seconds after launch, when the rocket Ariane-5 (carrying the four Cluster satellites)
exploded. In the year 2000 the launch was successful, and four spacecraft were put
in elliptical orbits around the Earth (Cluster II mission). Originally planned to last
up until 2003, the mission has been extended several times and the satellites are
still in operation. They are orbiting the Earth in a tetrahedral formation, with orbit
perigee and apogee around 3 Re and 19 Re respectively, with an orbit period of
57 hours and a spin period of 4 seconds. The scientific objective for the mission
is to study the interaction between the magnetosphere and the solar wind in key
plasma regions as the magnetotail, the magnetospheric cusps, the auroral zone, the
bow shock, and the magnetopause among others. The formation of four spacecraft
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Figure 5.1: An artistic illustration of the four Cluster spacecraft, in a tetrahedral formation.
Source: http://sci.esa.int

allows for three-dimensional analysis of the physical structures and the possibility to
distinguish between spatial and temporal phenomena.

5.1.1 Instruments

Each spacecraft carries an identical set of 11 instruments, which are constructed
for specific tasks, providing measurements of plasma properties and structures, and
electric and magnetic fields. Data from three of these instruments (CIS, EFW and
FGM) have been used in this thesis, and they are described below.

5.1.1.1 CIS - Cluster ion spectrometer

The Cluster Ion Spectrometer (CIS) consists of two different spectrometers: The
Composition Distribution Function (CODIF) and the Hot Ion Analyzer (HIA), which
are both described in detail in Rème et al. (2001). CODIF has mass resolution and
provides 3-D distributions of the major magnetospheric ion species (H+, He+, He++,
and O+). HIA has no mass resolution but compensates with better energy and angular
resolution. For this thesis only CODIF has been used.
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The CODIF spectrometer combines an electrostatic analyzer with post-acceleration
and a time-of-flight analysis. The electrostatic analyzer provides energy-per-charge
(E/Q) measurements of incoming ions in the energy range 15-38000 eV/Q, with an
energy and angular resolution of dE/E ≈ 0.16 and 22.5◦ respectively. After passing
the electrostatic analyzer, the ions are accelerated by a voltage, Uacc, giving the ions
a minimum energy before entering the time-of-flight section, where the ion velocities
are measured. The ions enter through a thin carbon foil emitting secondary electrons,
that serve as a start signal. The ions travel d = 3 cm before reaching a stop plate
emitting new secondary electrons, that serve as a stop signal. From the time differ-
ence (τ) between the start and the stop signal the ion velocity can be determined,
v = d/τ . The ion mass per charge can now be deduced according to

M/Q = 2β
(E/Q+ eUacc)

v2
, (5.1)

where e is the elementary charge, and β < 1 is due to energy loss in the carbon foil
and depends on the incident energy and particle species.

5.1.1.2 EFW - The electric field and wave experiment

The electric field and wave instrument (EFW) is designed to measure electric fields
on different scales with a sample frequency of 25 Hz in the normal mode, and is
composed of four spherical probes (8 cm in diameter) positioned on two thin wire
booms (2.2 mm in diameter) in the spin plane of the spacecraft (Gustafsson et al.
(2001)). The two wire booms are perpendicular to each other, forming a cross with the
satellite in the centre, and the distance between two opposite probes is d = 88 m (see
Fig. 5.2). The potential difference (Δφ) between two opposing probes is measured,
and an electric field component is deduced from

E = −Δφ

d
. (5.2)

Since there are two pairs of probes on each spacecraft, two orthogonal electric field
components confined in the spin plane are recorded. Thus EFW only provides 2-D
field data, namely the electric field component in the spin plane. This is however suffi-
cient for the purpose of studying ion heating through wave-particle interactions, since
the electric fields are assumed to heat ions transverse to the background magnetic
field and the spin axis is generally close to parallel to the background magnetic field.
Also, the electric field component along the magnetic field is to a good approximation
close to zero.

5.1.1.3 FGM - The fluxgate magnetometer

The fluxgate magnetometer (FGM) provides 3-D measurements of the magnetic field
vector, with a sample frequency of 22.4 Hz in the normal mode (Balogh et al. (2001)).
The instrument consists of two triaxial fluxgate magnetic field sensors, which are
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Figure 5.2: An illustration of EFW instrument, consisting of four probes (1-4) positioned
at the tips of two wire booms placed orthogonal to each other with the spinning spacecraft
in the center. Source: http://cluster.irfu.se

mounted on a radial, rigid boom on the spacecraft. One sensor is positioned at
the end of the 5 meter boom, and the other 1.5 meters from the end. This is for
minimizing and correcting for magnetic interference from the spacecraft itself. The
FGM can measure the magnetic field in different ranges, from a few tens of nT to
several thousands of nT (see Table 5.1). Originally only ranges 2-5 were used, but
since the Cluster orbits has evolved to lower altitudes, ranges for stronger magnetic
fields (6-7) are now used as well. The amplitude resolution is of the order 10−4 of the
background magnetic field.

Table 5.1: The operative ranges for the FGM instrument

Range Min. range [nT] Max. range [nT] Resolution [nT]
7 -65536 +65504 8
6 -16385 +16377 2
5 -4096 +4094 0.5
4 -1024 +1023.5 0.125
3 -256 +255.87 3.1×10−2

2 -64 +63.97 7.8×10−3
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5.1.2 Contamination in the O+ mass channel

The CODIF instrument is generally very good at identifying different ion masses.
However, for intense H+ fluxes other mass channels may be contaminated, leading to
false counts. The magnetosheath is a region where this problem is especially profound,
due to the intense proton fluxes in the solar wind. Also measurements in the cusp may
suffer from this issue since this region often contains magnetosheath plasma. In order
to analyze O+ data, these false counts have to be removed from data set. A simple and
efficient way is to study the relationship between the perpendicular velocities of O+

and H+. We utilize the fact that the E×B-drift should be the dominant perpendicular
drift. This drift is not charge nor mass dependent, and should thus be the same for
both H+ and O+. That means that if H+ is misinterpreted as O+ (contamination),
then the calculated perpendicular O+ velocities will be

√
mH+/mO+ = 1/4 of the

perpendicular H+ velocity. Strongly contaminated data indeed show a clear peak at
v⊥(O+)/v⊥(H+) around 1/4. By using this property, contaminated O+ data can be
identified and removed.

This way of suppressing data is however not appropriate if O+ in the magne-
tosheath is to be studied, since more or less all data of interest then will be excluded.
In this case we use the fact that the intense proton fluxes are intense for energies
below ∼ 3 keV, and that O+ reaches much high energies (at least up to 38 keV). By
excluding O+ data with energies < 3 keV we avoid the contaminated data, and the
effects on the calculated moments (velocities, densities etc) are small, since the real
low energy O+ counts that are suppressed are expected to contribute very little to
the calculations of moments.

In this thesis we use both ways of cleaning the O+ data set, depending on the
region of interest.

5.2 Data sets

The orbit of the Cluster formation has been considered when forming the data sets
used in this thesis. During the course of one year the orbit changes with respect to
the Earth. During the months January to May the spacecraft are in an orbit with
apogee of 19 Re at the dayside, going through the high altitude polar cap two times
per orbit (once in the southern hemisphere and once in the northern hemisphere).

5.2.1 High altitude cusp and mantle data

The CODIF data set used to study characteristics of ions the high altitude cusp and
mantle covers January to May of the years 2001 to 2003, for times when O+ beams
are clearly seen in the energy spectrograms The beams have been identified by visual
inspection, with the restriction that they must last for at least one hour. The data
set is presented and described in detail by Nilsson et al. (2006). The data contain
portions of contamination in the O+ channel, predominantly for the measurements
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Figure 5.3: The spatial coverage of the two data sets, illustrated in cylindrical GSE co-
ordinates. A): the high altitude cusp and mantle data set. B): the magnetosheath data
set.

made in the magnetosheath. The former cleaning method described in Section 5.1.2
was used to remove false data, yielding a data set suitable for studies of the high
altitude cusp and mantle.

5.2.2 Dayside magnetosheath data

In conformity with the high altitude polar cap data sets described above, the data set
(only CODIF) covers January to May between 2001 and 2003. Figure 5.3B shows the
spatial coverage of the data. Comparing A and B clearly shows a region overlapping
between the two data sets, i.e., a region where we often observe both magnetosheath
data as well as magnetospheric data, reflecting a highly variable (non-stationary)
magnetopause. The magnetopause crossings have been determined by visual inspec-
tion. In most cases a magnetopause crossing is rather easy to determine since certain
physical quantities change distinctly across it or close to it.

A typical example of a magnetopause crossing is shown in Fig. 5.4. The approxi-
mate timing for the magnetopause crossing is marked with a red vertical box across
all panels, separating the magnetosheath (to the left) and the magnetosphere (to the
right). Panel A and B are the energy spectrograms for H+ and O+ respectively. The
intense fluxes of H+ in the magnetosheath are clearly seen, at least for particle energies
up to a few keV. In the magnetosphere the H+ flux intensity is much more moderate,
and this is what is expected. Panel C shows the H+ density, which typically takes a
value of a few tens of cm−3 in the magnetosheath. In the magnetosphere the density
gradually decreases to considerably lower values. Panel D shows the plot of the β
number, defined as the plasma pressure divided by the magnetic pressure. Since the
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magnetic pressure dominates over the plasma pressure in the magnetosphere there
is normally a distinct difference between β in the magnetosheath and the magneto-
sphere. Also, this quantity experiences a gradual decrease from high magnetosheath
values at the magnetopause to low values in the magnetosphere. The magnetic field
(panel E) often gives a clear hint of a magnetopause crossing. It is generally stable
in the magnetosphere, but much more fluctuating in the magnetosheath. Since the
magnetopause is the boundary separating the intrinsic magnetic field of the Earth and
the interplanetary magnetic field, we often observe distinct and sudden changes in the
direction of the magnetic field components. Studying the magnetic field components
may therefore give the best hint when determining a magnetopause crossing. Other
quantities that can be useful to study (in the purpose of determining a magnetopause)
are for example electric and magnetic wave activity and H+ velocities.

For O+ we observe continuous fluxes for particles up to a few keV in the magne-
tosheath. These fluxes are however a result of contamination of the O+ mass channel
due to intense magnetosheath H+ fluxes. We avoid these false data by simply ig-
noring O+ energies below 3 keV. So when we look for O+ in the magnetosheath, we
focus entirely on high energy populations, standing out from what is most likely false
counts. In the example presented in Fig. 5.4 three distinct intervals of high energy
O+ are observed. For the entire magnetosheath data set, this high energy O+ has
been picked out manually with no specific restriction on the time interval.
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Figure 5.4: A typical example of a magnetopause crossing with Cluster. The first and
second panels show the H+ and O+ energy spectrograms respectively. The third panel
shows the H+ density. The fourth panel shows the β number, β = p/pB, and the last one
shows the magnetic field strength, and its components. The magnetopause is marked with
a vertical red box.
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Chapter 6

Paper summary

Paper I

Statistical evidence for O+ energization and outflow caused by
wave-particle interaction in the high altitude cusp and mantle

A statistical study on low frequency (< 1 Hz) electric and magnetic power spectral
densities in the high altitude cusp and mantle is performed, using Cluster spacecraft
observations. Both electric and magnetic power spectral densities increase with alti-
tude and they are approximated by power law distributions with a fitting parameter of
−1.5 and −2 respectively. The average observed electric spectral densities at the O+

gyrofrequency have been used in a simple gyroresonance test-particle model to show
that the observed average wave activity can explain the observed average perpendic-
ular temperatures in the altitude range 8-15 Re. The observed electric and magnetic
spectral densities correspond to phase velocities clearly consistent with Alfvén waves.
Also, diffusion coefficients, suitable for modeling of O+ heating and outflow, are pro-
vided.

Paper II

O+ heating associated with strong wave activity in the high
altitude cusp and mantle

Three case studies of hot O+ and simultaneous intense wave activity in the high
altitude cusp and mantle region are presented. The high perpendicular temperatures
can be explained by a simple resonance model using 25-45% of the observed electric
field spectral density at the gyrofrequency. This is in contrast to an earlier attempt
to explain very high perpendicular O+ temperatures, where the simultaneous wave
activity was much too low. Events of high perpendicular-to-parallel temperature ra-
tios and low wave activity lasting for a long time (> 10 minutes) are not unusual,
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indicating that an enhanced perpendicular-to-parallel temperature ratio is not nec-
essarily a sign of local heating. Estimates of the regions of enhanced wave activity
(limited in time and space) show that they are at least one order of magnitude larger
than a typical local O+ gyroradius, allowing the ions to continuously interact with
different wave fields.

Paper III

Oxygen ion energization by waves in the high altitude cusp
and mantle

A comparative study of perpendicular O+ temperatures and low frequency electric
field spectral densities in the high altitude cusp and mantle reports a clear correla-
tion between the temperature and the spectral density at the gyrofrequency. This
correlation is fairly consistent with test-particle calculations as well as an asymptotic
mean-particle model. However, many data points have higher temperatures than
predicted by the models, and for the highest spectral densities the temperatures are
in general lower than predicted. Both are expected effects of sporadic heating. An
analysis shows that enhanced perpendicular temperatures are observed over several
Earth radii after heating has ceased, explaining observations of higher temperatures
than the models predict. The models assume continuous heating, but since the most
intense wave activity is sporadic, the models overestimate the predicted temperatures.
This explains why the observed temperatures are lower than predicted by the models
for the most intense wave activities.

Paper IV

Observations of oxygen ions in the dayside magnetosheath as-
sociated with southward IMF

A case study of hot O+ in the high latitude dayside magnetosheath is presented.
O+ is observed during time intervals of southward IMF, with clear onsets/offsets of
O+ presence related to distinct and sudden changes in the magnetic field direction.
There are signs of ions having been subject to a rotational discontinuity and a simple
analysis, showing that the ions must have escaped poleward of the cusp, strongly
suggest that the loss mechanism is escape along open magnetic field lines in rela-
tion to dayside reconnection events. Calculations show that if outflowing O+ in the
cusp is energized sufficiently it will take around 20 minutes for the ions to reach the
magnetopause. This is fast enough in order for the O+ to escape into the dayside
magnetosheath. The observed O+ fluxes scaled down to ionospheric heights are about
1013 cm−2s−1, which is of the same order of magnitude as measured upflow fluxes,
suggesting that escape of hot O+ directly from the cusp and dayside mantle can be
significant when it takes place.
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Paper V
Hot and cold ion outflow: spatial distribution of ion heating

The spatial distribution of ion heating above the polar cap (including the cusp and
mantle) is studied through investigation of the spatial distributions of ion characteris-
tics (e.g. flux and temperature) and wave activity in the form of electric field spectral
densities. The data are divided into three distinct regions; the cusp, the central polar
cap and the nightside polar cap. A majority of the magnetospheric O+ originates
from the ionospheric cusps, where it is efficiently heated and accelerated, and ends
up in the high altitude cusp and mantle from where it most likely escapes into the
interplanetary space. The data are also consistent with the polar cap being the main
source for the cold ion flows in the lobes. The low-altitude polar cap being dominated
by cold protons (not detectable by CODIF) is also consistent with Alfvén waves being
responsible for the wave activity. Comparisons between the data set used here (for
high solar activity) and low solar activity data suggest that the total high-altitude
cusp outflow depends very little on the solar cycle.

Paper VI

A statistical study on O+ flux in the dayside magnetosheath

This study investigates the total O+ escape flux in the high-latitude dayside magne-
tosheath. The observed O+ is often seen flowing downstream tangentially and close
to the magnetopause. Hence, due to the great variability in the position of the mag-
netopause the statistics are spatially smeared out. For this reason, we have used a
fixed Earth reference frame and calculated occurrence rates and average fluxes for
spatially binned data. Almost all O+ is observed at high latitudes, approximately
within a span of 106◦ in the YZGSE plane (in each hemisphere), and a cross section
area is defined through which we estimate a total O+ escape flux of 7 × 1024 s−1,
contributing significantly to the overall atmospheric loss.
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Abstract. We present a statistical study of the low (<1 Hz)
frequency electric and magnetic field spectral densities ob-
served by Cluster spacecraft in the high altitude cusp and
mantle region. At the O+ gyrofrequency (0.02–0.5 Hz) for
this region the electric field spectral density is on average
0.2–2.2 (mV m−1)2 Hz−1, implying that resonant heating at
the gyrofrequency can be intense enough to explain the ob-
served O+ energies of 20–1400 eV. The relation between the
electric and magnetic field spectral densities results in a large
span of phase velocities, from a few hundred km s−1 up to a
few thousand km s−1. In spite of the large span of phase ve-
locity, the ratio between the calculated local Alfvén velocity
and the estimated phase velocity is close to unity. We provide
average values of a coefficient describing diffusion in ion ve-
locity space at different altitudes, which can be used in stud-
ies of ion energization and outflow. The observed average
waves can explain the average O+ energies measured in the
high altitude (8–15 RE) cusp/mantle region of the terrestrial
magnetosphere according to our test particle calculations.

Keywords. Magnetospheric physics (Magnetosphere-
ionosphere interactions)

1 Introduction

The ionospheric projection of the cusp is the region of most
direct interaction between the solar wind and the Earth’s
atmosphere/ionosphere. In response to particle precipita-
tion and imposed magnetospheric electric fields, ionospheric
plasma may flow up from the ionosphere, but at velocities
which are low enough that the ions are still gravitationally
bound (Nilsson et al., 1996). The high electron tempera-
tures caused by the soft (100 eV) cusp electron precipitation
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are particularly effective in causing ion outflow (Strangeway
et al., 2005; Nilsson et al., 1996; Blelly et al., 1996). For
the ions to overcome gravity, further acceleration is needed.
The energization needed for the particles to escape from the
magnetosphere is even larger. Seki et al. (2002) discuss the
further acceleration that is needed for the ions to escape into
the magnetosheath rather than return to the Earth through
the tail. The most important source for ionospheric ions
likely to escape from the magnetosphere is the cusp region.
Many papers have studied the heating and acceleration in
the low and mid-altitude cusp, where Bouhram et al. (2004)
represents an unusually complete coverage in altitude, up to
6.5 RE. It is believed that transverse heating of ions is impor-
tant for ion outflow and one of the probable explanations for
transverse heating is wave-particle interaction. Many studies
(see Chang et al., 1986; Barghouthi et al., 1998; Barghouthi,
2008; Bouhram et al., 2003b, 2004, and references therein)
have investigated the effect of wave-particle interaction on
the ion outflow. They considered the spectral density in the
electric field to be responsible for the transverse ion heating.
Wave-particle interaction is usually described by a quasi-
linear velocity diffusion rate in ion velocity space, caused by
waves around the ion gyrofrequency (Retterer et al., 1987;
Chang et al., 1986).

As the transversely accelerated ions subsequently move
outward, their transverse energy is gradually converted to
parallel energy by the mirror force. Such transversely heated
and subsequently outflowing ions are known as conics due
to their shape in velocity space (see André and Yau, 1997;
Yau and André, 1997; Moore et al., 1999). Earlier studies at
lower altitudes (up to 5 RE; Norqvist et al., 1996; André et al.,
1998; Bouhram et al., 2003b) found that only a few percent of
the observed spectral density around the oxygen ion gyrofre-
quency is needed to be in resonance with the ions to obtain
the measured O+ energies. Bouhram et al. (2004) reported
a saturation of transverse heating processes which was sug-
gested to be caused by finite wavelength effects; when the
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gyroradius becomes larger than the wavelength of the ob-
served waves, the heating saturates. Nilsson et al. (2004,
2006) indicated that at some altitude above 5 RE heating be-
comes more efficient again. In a recent case study, Waara
et al. (2010) searched the high altitude cusp/mantle for the
longest period with significantly enhanced perpendicular to
parallel temperature ratio, an expected sign of local trans-
verse heating. They used the data set of Nilsson et al. (2006),
and found a case lasting about 20 min. It was found that
100 % of the observed wave amplitude around the oxygen
ion gyrofrequency could not explain the observed perpendic-
ular ion temperatures using a simple ion cyclotron resonance
model (Chang et al., 1986). Even using the extreme assump-
tion that all the observed electric field wave amplitude is due
to a coherent electric field at the oxygen gyrofrequency, the
obtained heating was still not enough to explain the observa-
tions.

We follow up Waara et al. (2010) with a statistical study
of the electric and magnetic field spectral densities in the fre-
quency range below 1 Hz, in the general vicinity of the high
altitude oxygen gyrofrequency. In this study we characterize
the wave environment to see what is the typical wave activ-
ity in the region, and relate it to lower altitude observations.
We put the previous study of Waara et al. (2010) and the case
studies in a companion paper by Slapak et al. (2011) into this
context to see how the spectral densities observed in the case
studies compare to the average values for this region.

We investigate how the electric and magnetic spectral den-
sities vary with altitude. Furthermore, we characterize the
wave type and investigate how sporadic the waves are. Fi-
nally we calculate velocity diffusion coefficients, according
to the theory by Retterer et al. (1987) based on the observed
electric field spectral densities. These are compared with pre-
viously used velocity diffusion coefficients based on lower
altitude measurements. The results from this study will pro-
vide useful input to any model of high altitude ion heating.

2 Instrumentation

We use data from the Cluster spacecraft. The four identical
spacecraft are placed in a polar orbit 4×19.6 RE (Escoubet
et al., 2001). Data from three different instruments, EFW
(Electric Field and Wave experiment), FGM (Fluxgate Mag-
netometer), and CIS (Cluster Ion Spectrometry experiment)
are used in this study. The electric field and wave experiment
(EFW) is designed to measure the electric field. EFW records
two orthogonal electric field components in the satellite spin
plane. In our data set the sampling rate is 25 samples s−1

(Gustafsson et al., 2001). Engwall et al. (2009) showed that
for a sunlit spacecraft in a cold tenuous plasma, the size
of the enhanced wake arising behind the spacecraft due to
cold drifting ions can be larger than the length of the EFW
wire booms. The probes are then measuring the enhanced
wake electric field instead of the electric field in the ambi-

ent plasma. This is not the case for our measurements in the
cusp/mantle region where the temperature is high and there
are strong fluxes of magnetosheath particles.

We also use data from the Cluster fluxgate magnetome-
ter (FGM), which measure the magnetic field vector. In our
data set the sampling rate is 22.4 samples s−1 (Balogh et al.,
2001).

Furthermore, we use the data from Cluster Ion Spectrome-
try (CIS). The CIS instrument is described in detail in Rème
et al. (2001). The CIS package consists of two different
instruments, a time-of-flight ion Composition Distribution
Function (CODIF), which can resolve the major magneto-
spheric ions; and the Hot Ion Analyzer (HIA), which has
no mass resolution but higher angular and energy resolution.
By using a time-of-flight technique CODIF can resolve H+,
He++, He+, and O+. The angular resolution is 22.5◦ and the
energy coverage in the modes of interest to us is from 40 eV
per charge up to 38 keV per charge.

2.1 Data sets

The data set consists of EFW and FGM wave data when
outflowing O+ is seen in the energy spectrograms of the
CIS/CODIF data. The data set covers a 3-year period (Jan-
uary to May in 2001 to 2003). This corresponds to orbits
with apogee on the sunward side of the terminator plane.
Only events with outflowing O+ lasting more than 1 h were
selected, and such events were seen in about two-thirds of
the orbits. The particle data set is described by Nilsson et al.
(2006). The time series data of the electric and magnetic
fields have been Fourier transformed to obtain frequency
spectra. The record length in the Fourier transform is 1024
points. The spectral densities used in this study is an aver-
age of three partially overlapping records, shifted 512 with
respect to each other. The DC-level (0 Hz) in the data is re-
moved by subtracting the mean of each time window for both
the EFW and the FGM data. Due to the large uncertainties
in the spectral densities, for the lowest frequencies we tested
to omit the two lowest frequencies (0.025 and 0.05 Hz) from
the statistics but this did not significantly affect the results.
Hence, we chose to include even these frequencies as the O+
gyrofrequencies at the highest altitudes in our data set fall in
this range. The measured values at 0.25, 0.5, 0.75, and 1 Hz
are affected by the satellite spin (4 s) and the values we use
are interpolated values from the adjacent points.

The locations where the data were taken are shown in
Fig. 1. A cylindrical coordinate system is used, with loca-
tions in X and R =

√
Y 2+Z2 (GSE) coordinates. A model

magnetopause (the model of Shue et al. (1998), Bz=−5 nT,
n= 5 cm−3 and Vsw = 350 km s−1) is shown with a dotted
gray line. Earth is indicated by the blue ball. In the high al-
titude cusp/mantle essentially all heavy ions are flowing out-
ward. There are no trapped populations (Nilsson et al., 2006;
Waara et al., 2010; Slapak et al., 2011).
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Fig. 1. The blue dots indicate where the data were taken in X and
R =

√
Y 2+Z2 coordinates [RE]. Earth is indicated by the blue ball.

3 Observations

The E and B spectral densities are connected through
the characteristics of the waves giving rise to the electro-
magnetic wave activity. The ratio of the electric to magnetic
wave intensity corresponds to the phase velocity of the elec-
tromagnetic wave, which can be used to identify the wave
type.

The power spectral density for the electric field at the dif-
ferent altitudes in our data set is presented in the upper panel
in Fig. 2. The different lines correspond to different alti-
tudes. The frequency span is from 0.025 up to 1 Hz. The
lower panel shows the average spectral density at the local
oxygen gyrofrequency at each altitude. The average electric
field spectral density increases with altitude. The highest av-
erage spectral density is about a factor of 3 to 4 higher than
the lowest value. The spectral density versus frequency for
the different altitudes is a power law and the slope of the dif-
ferent curves is approximately −1.5.

Figure 3 shows the power spectral density of the mag-
netic field. There is about 3 orders of magnitude difference
between the lowest and the highest values for the average
magnetic field spectral density of the different altitude inter-
vals. Just as for the electric field spectral density, the spec-
tral density of the magnetic field versus frequency generally
shows an approximate power law distribution. The slope of
the spectral density versus frequency curves is similar at all
altitudes, approximately −2. The curves from the lowest al-
titudes are affected by the gradient of the geomagnetic field,
and the values at the lowest frequencies are therefore overes-

Fig. 2. Upper panel: The power spectral density for the electric
field versus frequency observed at different geocentric distances (5–
15 RE). The slope of the curves is approximately −1.5. Lower
panel: The average spectral density at each altitude.

timated. The ambient magnetic field at the lowest altitudes
is high enough that the wave magnetic field spectral density
at the oxygen gyrofrequency is not affected by this overesti-
mation. The average magnetic field spectral density at the lo-
cal oxygen gyrofrequency shows a clear altitude dependence.
The highest magnetic field spectral densities are observed at
the highest altitudes, as can be seen in Fig. 3, lower panel.

The actual effect of the electric field wave intensity on ion
distributions as function of altitude can be estimated by cal-
culating a velocity diffusion rate to which the electric field of
the waves gives rise. Figure 4 shows the electric field spec-
tral density and the quasi-linear velocity diffusion rate per-
pendicular to the geomagnetic field given by Retterer et al.
(1987):

D⊥ = ηq2

4m2 |Ex(ω=�) |2 (1)

where q is the charge, � is the ion gyrofrequency, ω is the
wave frequency, |E2

x | is the electric field spectral density,
and η is the proportion of the measured spectral density that
corresponds to a left-hand polarized wave. The average elec-
tric field density for the different altitudes is in the span be-
tween 0.2–2.2 (mV m−1)2 Hz−1 at the local oxygen gyrofre-
quency, (see Fig. 4). The local oxygen gyrofrequency is be-
tween 0.1–0.025 Hz at altitudes from 8–15 RE. We use a
value of η= 0.5 in the calculations we show. The average
diffusion coefficient shows an altitude dependence but a large
span of values are observed at all altitudes. The standard de-
viation at each altitude is of the same order as the increase
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Fig. 3. Upper panel: the power spectral density for the magnetic
field versus frequency observed at different geocentric distances (5–
15 RE). Lower panel: the average spectral density at each altitude.

of the diffusion coefficient from the lowest to the highest al-
titude, about an order of magnitude. As the distribution is
approximately log-normal, we have calculated the average
and standard deviations for the logarithmic values.

The diffusion coefficient and the electric field spectral den-
sity values for each altitude are presented in Table 1. The
diffusion coefficient at the ion gyrofrequency is a factor of
ηq2/4m2 bigger than the spectral density (see Eq. 1).

3.1 Ion heating

We have used the model described by Chang et al. (1986)
to calculate the heating of O+ from the average wave inten-
sities. The theory used in this model is the same theory as
Retterer et al. (1987), but Chang used a test particle simula-
tion and Retterer used the velocity diffusion coefficient in a
Monte Carlo simulation. This model assumes a broadband
spectrum of waves around the gyrofrequency. The heating
rate is given by:

dw

dt
= SL

q2

2m
(2)

where q and m are the charge and the mass of the ion and SL

is the power spectral density of the electric field at the O+
gyrofrequency due to left-hand polarized waves. The spec-
tral densities used in the test particle calculation are the av-
erage spectral density presented in Fig. 4 and Table 1. Initial
values and data points for comparison are taken from the sta-
tistical study of Nilsson et al. (2006), binned in altitude in
the same way as the wave data. The particle data, with which
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Fig. 4. Profile of the perpendicular diffusion coefficient for O+.
The blue error bars show the standard deviation for the logarithmic
value. The right axis is the values for diffusion coefficient and the
left axis shows the corresponding electric field spectral density at
the O+ gyrofrequency.

we will compare our test particle simulation results, are pre-
sented in Fig. 5 (O+ perpendicular temperature), Fig. 6 (O+
parallel velocity), and Fig. 7 (average background magnetic
field). The starting point for the test particle calculation is
8 RE and the measured values we have used as initial values
are a perpendicular energy of 19 eV (Fig. 5), a parallel ve-
locity of 43 km s−1 (Fig. 6), and a magnetic field of 120 nT
(Fig. 7). The end point for the calculation is 15 RE. The
magnetic field used in the calculation is the measured total
average magnetic field at each altitude presented in Fig. 7.
We have assumed that 50 % of the observed spectral density
is effective in heating the ions. The test particle calculation
presented in Table 1 shows that the particles are heated by
the electric field spectral density from 19 eV up to 980 eV
and that the parallel velocity is increased from 50 km s−1 up
to 93 km s−1. The results from the calculation are just a bit
smaller than the measured values at 15 RE (E⊥ = 1400 eV
and V‖ = 113 km s−1), implying that resonant heating at the
gyrofrequency can be intense enough to explain most of the
observed O+ energies. The results of the test particle cal-
culation are weakly dependent on the initial values since the
resulting energy is much higher than the initial energy. The
initial values for the test particle calculation and the results
of the calculation are presented in Figs. 5, 6, and summarized
in Table 1.

The fact that the calculated curve (black dots) in Fig. 6
is a little bit below the measured values can be due to cen-
trifugal acceleration. The centrifugal acceleration in this re-
gion is described by Nilsson et al. (2008). The test particle
calculation has also been made from 5–15 RE, but then we
must use the average spectral density plus the standard de-
viation to explain the observations. At the lowest altitudes
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Fig. 5. Profile of the perpendicular temperature versus altitude.
The blue error bars show the standard deviation for the logarithmic
value. The black dots are the calculated perpendicular temperatures
from the test particle calculation.
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Fig. 6. Profile of the parallel velocity versus altitude. The blue
error bars show the standard deviation for the linear values. The
black dots are the calculated parallel velocities from the test particle
calculation.

(5–8 RE), our measurements are probably far into the polar
cap, while higher altitude measurements correspond to both
the cusp and the polar cap poleward of the cusp (see Fig. 1).
Our estimates of the spectral density and temperature at the
lowest altitudes are likely too small to be representative of
the cusp at 5–8 RE. A future study should also include the
mid-altitude cusp.
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Fig. 7. Profile of the total magnetic field versus altitude. The blue
error bars show the standard deviation for the logarithmic values.
The black dashed line is the dipole model.

3.2 Relation between E and B

Figures 2 and 3 show the average electric and magnetic field
spectral density as function of altitude. These two quanti-
ties are connected through the characteristics of the waves
giving rise to the electromagnetic wave activity. The ratio
of the electric to magnetic wave intensity corresponds to the
phase velocity of the electromagnetic wave, which can then
possibly be identified. It is a clear general impression from
looking at the data that usually both the electric and magnetic
field wave activity are enhanced simultaneously, but the rel-
ative amount of enhancement seems to vary. One way to
investigate the wave type is by comparing the phase velocity
(E/B) of the waves with the Alfvén velocity calculated from
the background magnetic field and measured plasma param-
eters (see Fig. 8).

The background magnetic field used is the actual measured
magnetic field, not a dipole model field. The field is pre-
sented in Fig. 7 and shows that for a magnetic field up 12 RE
a dipole model is a good approximation. At higher altitudes
the decrease of the measured background magnetic field with
altitude is smaller than for a dipole field. Many of our mea-
surements are from higher altitude than 12 RE and we have
chosen to use the average measured field values rather than
the dipole model.

Figure 8 shows the observed E/B versus the Alfvén ve-
locity (VA) calculated from the observed geomagnetic field
and density:

VA= B

(μ0ρ)1/2 (3)

and Fig. 9 shows the average E/B-ratio (red) and Alfvén
velocity (blue) for each altitude. The error bars show the
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Table 1. Summary of the perpendicular diffusion coefficient for O+, the electric field spectral density at the local oxygen gyrofrequency,
and summary of the test particle calculation.

Alt. [RE] SE [(mV m−1)2 Hz−1] D⊥(O+) [m2 s−3] V‖ [km s−1] E⊥ [eV] V‖ [km s−1] E⊥ [eV]
calculated calculated

8 0.19 0.85×106 43 17 43 19
9 0.43 1.9×106 54 58 45 74
10 0.76 3.4×106 60 1.8×102 50 1.6×102

11 1.3 5.7×106 66 4.0×102 58 2.8×102

12 1.6 7.1×106 81 6.7×102 63 4.6×102

13 2.0 8.9×106 84 8.0×102 70 6.4×102

14 1.9 8.7×106 86 1.1×103 78 7.9×102

15 2.2 9.7×106 113 1.4×103 81 9.8×102
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Fig. 8. Upper panel: the calculated Alfvén velocity [log m s−1] for
each interval of E/B [log m s−1]. The color bar shows the occur-
rence frequency. Each column is normalized, that is, the sum of
the values of all bins in a column is 1. The white line corresponds
to the case when the phase velocity E/B and the calculated Alfvén
velocity are equal. Lower panel: number of data points contributing
to each column.

standard deviation for the logarithmic values. The phase ve-
locity varies from a few hundred km s−1 up to a few thousand
km s−1, but the ratio between the calculated Alfvén velocity
and the estimated phase velocity is close to unity. The ob-
served waves in our data set above 8 RE are consistent with
Alfvén waves (Fig. 9). One may also note that our observa-
tions above 8 RE are inconsistent with electric and magnetic
field signatures due to static structures closing through the
ionosphere. Such structures should give constant or an in-
creasing E/B with altitude (Gurnett et al., 1984). This can
be seen by considering how the electric and magnetic fields
observed between two thin current sheets change with alti-
tude. For the altitude range 5–8 RE the calculated Alfvén
velocity differs from E/B. A significant fraction of E/B
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Fig. 9. The calculated mean Alfvén velocity [log m s−1] (blue) and
mean E/B [log m s−1] (red) for each altitude. The blue and red
error bars show the standard deviation for the logarithmic values.

in this region can be due to static structures closing through
the ionosphere and drifting past the spacecraft, or other wave
modes. Investigating which other wave modes it may be is
out of scope of this paper.

3.3 The time duration of the wave bursts

We have previously presented the average characteristics of
the waves, including average velocity diffusion coefficients.
We have also shown that the standard deviation of the wave
activity is an order of magnitude, so that clearly the wave ac-
tivity shows large variability. Visual inspection of the data
shows that wave activity is typically enhanced in bursts. The
length of bursts of enhanced wave activity, as measured in
the spacecraft reference frame, is thus an important param-
eter describing the characteristics of the wave environment.
In Fig. 10 we investigate the length of continuously observed
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Fig. 10. Duration of continuously observed high electric field spec-
tral density (>3 (mV m−1)2 Hz−1) at the O+ gyrofrequency.

high spectral densities. The observation time for the high
spectral densities is important because if the waves are lim-
ited either in time or spatial extent, the actual heating may
be difficult to observe. Figure 10 shows the duration for
continuously measured high electric field spectral density
(>3 (mV m−1)2 Hz−1) at the O+ gyrofrequency. There are
just a few cases where high spectral density at the O+ gy-
rofrequency is observed longer than 10 min. Most of the
events with high electric field spectral densities are shorter
than 5 min, limited either in lifetime or spatial extent. In
the companion paper (Slapak et al., 2011) it was shown that
for the three cases investigated, the size of the region of
enhanced wave activity was at least an order of magnitude
larger than the O+ ion gyroradius.

4 Discussion

In a recent case study, Waara et al. (2010) searched for
the longest period with significantly enhanced perpendicu-
lar to parallel ion temperature ratio in a data set based on
high altitude cusp/mantle data from the Cluster spacecraft.
The waves were left-hand polarized, at frequencies up to
approximately the proton gyrofrequency, and the observed
spectral density was 2 (mV m−1)2 Hz−1 at the local O+ gy-
rofrequency. It was found that the observed wave amplitude
around the oxygen gyrofrequency was not high enough to
explain the observed perpendicular ion temperatures using a
simple ion cyclotron resonance model. Waara et al. (2010)
could not explain the observed perpendicular ion tempera-
ture, even using the extreme assumption that all the observed
electric field wave amplitude is due to a coherent electric field
at the gyrofrequency. Was the observed spectral density in
the case study much lower than usual?

The electric field spectral density in the case study by
Waara et al. (2010), 2 (mV m−1)2 Hz−1, is a normal spec-
tral density at high altitudes (10–15 RE) as can be seen in
Fig. 4. However, a perpendicular temperature of 8000 eV as
observed in Waara et al. (2010) is much higher than the aver-
age value.

The relatively sporadic waves make it less likely to ob-
serve the actual heating. The heating from the waves can
last for just a few minutes but the total energy gain for the
particles remain, and the perpendicular temperature remains
elevated for some time after the actual heating has stopped.

The model used in this paper assumes a broadband spec-
trum of waves around the gyrofrequency. The ion energiza-
tion due to a broadband spectrum around the gyrofrequency
involves a continuous transfer of energy from the fields to
the ions. The effects of nonresonant fluctuations, where
the fluctuations are well removed from the gyrofrequency, is
very different. There are no continuous energy transfer from
the fields to the ions. When the wave amplitude decreases,
the ions decrease to their previous energy (Ball and Andre,
1991).

Due to the sporadic nature of the waves, and the fact that
the ions can remain energized after the wave intensity has
decreased, a good way of studying whether the waves can
explain the highest observed temperatures is by finding cases
with a high spectral density and looking to see if the simul-
taneously observed ions are heated. This was done in the
companion paper of Slapak et al. (2011), and they found that
they could explain some very high temperatures with the si-
multaneously observed waves.

The average spectral density versus frequency for the dif-
ferent altitudes (Fig. 2) showed that the spectral density in-
creases for higher altitudes. It is a factor 3 to 4 between the
highest and the lowest average spectral density; the electric
field spectral density for the different altitudes generally have
a power law distribution with a slope of−1.5. The individual
power spectral densities may differ from the power law but,
as at lower altitudes, the average power density spectra has
a clear power law distribution. Our frequency range is from
0.025 up to 1 Hz at altitudes from 5–15 RE. The frequency
span of the previous work of Barghouthi et al. (1998) was
from 1 Hz up to 100 Hz at altitudes from 1.5 RE to 4.5 RE.
Our data set is more or less a continuation in altitude of the
data in Barghouthi et al. (1998). The average spectral density
we obtain at 1 Hz is around 4–5 orders of magnitude smaller
than what was reported from the auroral region in Barghouthi
et al. (1998). In the polar wind, the value at 1 Hz presented
there is 1–2 order of magnitude smaller than our estimate.
Moreover, while we arrive a power law exponent of −1.5,
they get −3. Hence, due to the different values at 1 Hz and
the different power law exponents, it is not possible to easily
extrapolate lower altitude measurements to higher altitudes.
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Most previously published models of transverse ion heat-
ing at lower altitudes have assumed that the wave spectrum
does not vary with altitude (André et al., 1990; Bouhram
et al., 2003a; Crew et al., 1990), while Kasahara et al. (2001)
showed with a statistical profile that the wave power remains
constant versus altitude between 270 and 10 000 km in the
dayside cusp/cleft. In our work the spectral density shows an
altitude dependence but has a large standard deviation (i.e.
case to case variation) at all altitudes. The standard deviation
is of the same order as the increase or the spectral density
from the lowest up to the highest altitude, about an order of
magnitude. Therefore, to assume that the wave spectra are
not altitude dependent is a good approximation, in particular
for case studies of sudden heating events. However, for aver-
age properties, we suggest modelers to use our tabulated av-
erage velocity diffusion coefficients which take into account
the altitude dependence of the wave spectra as well as the
variation of the oxygen gyrofrequency.

The test particle calculation shows that by using the cy-
clotron model and the average spectral density measured at
each altitude, we can explain the measured average perpen-
dicular temperature and the parallel velocity. The standard
deviation of the spectral density at each altitude spans over
at least an order of magnitude, and using the average spectral
density plus the standard deviation at each altitude in the test
particle calculation gives much more ion energization than
needed to explain the average perpendicular temperature. A
recent case study (Slapak et al., 2011) showed that it is pos-
sible to explain even high perpendicular temperatures using
the test-particle calculation, but not for all observed cases.
Due to the weak magnetic field, the high energy of the parti-
cles, the consequent large oxygen ion gyroradius and the long
gyroperiod, refinements of the cyclotron model are probably
needed to fully explain the heating at the highest altitudes.
A difference as compared to low altitude measurements is
that we need to assume that almost all wave activity is due
to waves which can interact with the ions, and of these we
assume 50 % to be left-hand polarized.

There is a good correlation between the magnetic field
spectral density and the electric field spectral density, as can
be expected if the source of the wave activity is electromag-
netic waves. The phase velocity, given by E/B, varies from a
few hundred km s−1 up to a few thousand km s−1 in our data
set. Even though the phase velocity changes by almost two
orders of magnitude, there is still a good agreement when
the calculated Alfvén velocity is compared with E/B of the
waves. The ratio between the two velocities is close to unity
for most cases. The observed waves are thus consistent with
Alfvén waves.

5 Conclusions

We have characterized statistically the distribution of low fre-
quency electric and magnetic field spectral densities in the

high altitude (5–15 RE) cusp/mantle. It was found that the
average electric field spectral density below 1 Hz is in the
span between 0.2–2.2 (mV m−1)2 Hz−1. In only a few per-
cent of the data set are the spectral densities above a few
(mV m−1)2 Hz−1. High spectral densities were typically ob-
served for periods of a few minutes. The relatively sporadic
appearance of enhanced wave activity may make it difficult
to observe the actual heating (as opposed to the results of
previous heating).

The magnetic field spectral density varies much more with
altitude than the electric field spectral density, but both pa-
rameters show an altitude dependence. The magnetic field
density increases with 2.5 orders of magnitude over our al-
titude interval (5–15 RE) while the difference between the
highest and the lowest average electric field spectral density
is a factor 3 to 4. The diffusion coefficient for O+ increases
with altitude, about an order of magnitude between 5 and
15 RE, but the standard deviation is large at all the altitudes,
covering about an order of magnitude above and below the
mean value.

The relation between the electric and magnetic field spec-
tral densities results in a large span of phase velocities, from
a few hundred km s−1 up to a few thousand km s−1. In spite
of the large span of phase velocity the ratio between the cal-
culated local Alfvén velocity and the estimated phase veloc-
ity is close to unity. We also conclude that the altitude de-
pendence of E/B, which decreases with altitude, is incon-
sistent with static structures of field-aligned currents closing
through the ionosphere, at least above 5–8 RE.

The electric field spectral density observed in the Waara
et al. (2010) case study was around 2 (mV m−1)2 Hz−1. This
is a relatively normal spectral density for this region, but
their observed perpendicular temperature of 8000 eV is much
higher than the average value. In the same study it was found
that the observed spectral density around the oxygen gyrofre-
quency was far below what was needed to explain the ob-
served perpendicular ion temperature using a simple ion res-
onance model. We have used the average spectral density in
the same ion resonance model for calculation of the average
perpendicular temperature and the average parallel velocity.
The observed average waves can explain the observed aver-
age O+ energies measured in altitudes between 8–15 RE of
the cusp/mantle region, if we assume that 50 % of the ob-
served wave activity at the local O+ gyrofrequency is due
to left-hand polarized waves which can effectively heat the
ions. The model probably needs refinements to fully fit the
higher altitude conditions, in particular to explain the high-
est temperatures observed. However, the model can explain
most of the observed heating when the average spectral den-
sity is used for each altitude. As at lower altitudes, the elec-
tric field spectral density as a function of frequency generally
follows a power law distribution, but with lower intensity and
a different power law index. Therefore the lower altitude
measurements can not be extrapolated to high altitudes. We
provide velocity diffusion coefficients based on high altitude
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observations which can be used to model ion heating at high
altitudes, rather than relying on extrapolation of low altitude
data.
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Gustafsson, G., André, M., Carozzi, T., Eriksson, A. I., Fälthammar,
C.-G., Grard, R., Holmgren, G., Holtet, J. A., Ivchenko,
N., Karlsson, T., Khotyaintsev, Y., Klimov, S., Laakso, H.,
Lindqvist, P.-A., Lybekk, B., Marklund, G., Mozer, F., Mur-
sula, K., Pedersen, A., Popielawska, B., Savin, S., Stasiewicz,
K., Tanskanen, P., Vaivads, A., and Wahlund, J.-E.: First results
of electric field and density observations by Cluster EFW based
on initial months of operation, Ann. Geophys., 19, 1219–1240,
doi:10.5194/angeo-19-1219-2001, 2001.

Kasahara, Y., Hosoda, T., Mukai, T., Watanabe, S., Kimura,
I., Kojima, H., and Niitsu, R.: ELF/VLF waves correlated
with transversely accelerated ions in the auroral region ob-
served by Akebono, J. Geophys. Res., 106, 21123–21136,
doi:10.1029/2000JA000318, 2001.

Moore, T. E., Lundin, R., Alcayde, D., André, M., Ganguli, S. B.,
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Norqvist, P., André, M., Eliasson, L., Eriksson, A. I., Blomberg,
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Rème, H.: Oxygen ion energization observed at high altitudes,
Ann. Geophys., 28, 907–916, doi:10.5194/angeo-28-907-2010,
2010.
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Abstract. We use the Cluster spacecraft to study three events
with intense waves and energetic oxygen ions (O+) in the
high altitude cusp and mantle. The ion energies considered
are of the order 1000 eV and higher, observed above an alti-
tude of 8 earth radii together with high wave power at the O+
gyrofrequency. We show that heating by waves can explain
the observed high perpendicular energy of O+ ions, using
a simple gyroresonance model and 25–45% of the observed
wave spectral density at the gyrofrequency. This is in con-
trast to a recently published study where the wave intensity
was too low to explain the observed high altitude ion ener-
gies. Long lasting cases (>10 min) of high perpendicular-
to-parallel temperature ratios are sometimes associated with
low wave activity, suggesting that high perpendicular-to-
parallel temperature ratio is not a good indicator of local
heating. Using multiple spacecraft, we show that the regions
of enhanced wave activity are at least one order of magnitude
larger than the gyroradius of the heated ions.

Keywords. Space plasma physics (Wave-particle interac-
tions)

1 Introduction

The most direct interaction between the solar wind plasma
and Earth’s ionosphere is constrained to the magnetospheric
cusps, where the open magnetic field lines facilitate a path
between the two plasmas. In this region solar wind precip-
itation yields high ionospheric electron temperatures which
leads to strong ionospheric upflow (Nilsson et al., 1996;
Ogawa et al., 2003). Strong wave activity is observed, and
thus it is the most promising region in which to study wave-
particle interaction and its effect on ion outflows and ion es-
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(rikard.slapak@irf.se)

cape. Upflowing ionospheric plasma is in general gravita-
tionally bound, and will return as ionospheric downflow un-
less there is enough energization for the plasma to overcome
gravity and reach the magnetosphere (Seki et al., 2002).
Plasma in the high-altitude magnetosphere is free of Earth’s
gravity and heating of oxygen ions (O+) in the cusp serves
primarily to put them on trajectories that are more likely to
escape downstream rather than being caught up in the closed
inner magnetospheric circulation.

Three acceleration mechanisms often considered impor-
tant for ion escape are centrifugal acceleration, field-aligned
potential gradients and wave-particle interactions. Norqvist
et al. (1996) studied events of O+ heating in the high-latitude,
dayside magnetosphere. The data was obtained from the
Freja satellite for altitudes around 1700 km and O+ ions were
heated perpendicularly to the background magnetic field to
mean energies of about 20 eV, i.e. enough to overcome grav-
ity. The heating was associated with broadband waves.
Bouhram et al. (2003b) studied mid-altitude heating events
measured by the Interball-2 satellite up to 5 Earth radii (RE).
These observations also indicated that broadband waves are
associated with ion heating. In both studies there was suffi-
cient spectral density to explain the heating, using only a few
percent of the observed wave spectral density at the O+ gy-
rofrequency (fO+ ). It is not clear which type of waves builds
up this broadband spectrum or how much of it is due to waves
and how much is due to electrostatic structures. However, it
is not likely that all of the wave intensity is effective in the
process of ion heating.

A study on the altitude dependence of transversely heated
O+ distributions up to 5.5 RE in the cusps was made by
Bouhram et al. (2004) and a saturation of perpendicular
heating above 4.5 RE was reported. This was suggested to
be a result of finite perpendicular wavelength effects in the
wave-particle interactions. High altitude observations indi-
cate however strong energization of O+ in the high altitude
mantle/polar cap region (6–12 RE). Cluster Ion Spectroscopy
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(CIS) measurements show high perpendicular O+ temper-
atures and the distribution functions show some enhance-
ment of the perpendicular-to-parallel temperature ratio, Tr=
T⊥/T‖ (Arvelius et al., 2005; Nilsson et al., 2006).

In the companion paper by Waara et al. (2011) the wave
activity at high altitudes is statistically described. It is shown
that mean wave intensities can explain the mean O+ temper-
atures between 8 and 15 RE. In a case study of an enhanced
perpendicular heating event at high altitude (12 RE) made
by Waara et al. (2010) the high perpendicular temperature
(8000 eV, which is about one order of magnitude higher than
the mean temperature at the same altitude) could not be ex-
plained with simultaneous wave observations. If the heating
is sporadic the chances to observe the heating when it actu-
ally takes place may be slim. Ions will retain their energy
after heating ceases, and remain heated in the perpendicular
direction for some time (the mirror force will gradually trans-
form perpendicular energy to parallel energy for upflowing
ions). Therefore high T⊥ and low wave activity should not
be seen as a contradiction - even though the high T⊥ associ-
ated with the event studied by Waara et al. (2010) could not
be explained we do not reject the gyroresonance model, but
still consider it as possibly relevant at high altitudes.

We have picked three events with wave intensities signif-
icantly higher than mean intensities to investigate if the gy-
roresonance model is able to explain enhanced perpendicular
temperatures (significantly higher than mean temperatures at
the corresponding altitudes). This paper together with Waara
et al. (2011) complement the statistical study reporting trans-
verse heating of O+ in the high altitude regions (Nilsson
et al., 2006) and the case study performed by Waara et al.
(2010).

2 Measurements

For our analysis we use data from instruments onboard the
Cluster spacecraft (Escoubet et al., 2001). These four space-
craft are in formation orbiting the Earth and each one carries
11 different instruments, constructed for specific tasks. The
ones used in this study are described below.

2.1 Instruments

The Cluster Ion Spectroscopy experiment (CIS) consists
of two instruments, a COmposition DIstribution Function
(CODIF) analyzer and a Hot Ion Analyzer (HIA). We present
results from the CODIF instrument, which has mass resolu-
tion and can resolve the major magnetospheric ion species
(H+, He+, He++, and O+) by using an ion time-of-flight
technique. The CIS experiment provides us with data for
the composition and distribution of ions in the plasma. The
measured energies range from 15 eV per charge up to 38 keV
per charge with a resolution of �E/E = 0.16. The angular

resolution is 22.5◦. A more detailed description of the CIS
instruments can be found in Rème et al. (2001).

The Fluxgate Magnetometer (FGM) provides us with mea-
surements of the magnetic field vector with a sample fre-
quency of 22.4 Hz in the normal mode (Balogh et al., 2001).
It consists of two triaxial fluxgate magnetic field sensors
which can record three field components, with amplitude res-
olution of the order∼ 10−4 of the background magnetic field.
The Electric Field and Wave experiment (EFW) is designed
to measure the electric field vector with a sample frequency
of 25 Hz in the normal mode (Gustafsson et al., 2001). EFW
consists of four probes placed such that they are forming a
cross with the spacecraft in the centre. The electric field is
deduced by measuring the potential difference between two
probes opposing each other, such that two orthogonal field
components in the satellite spin plane are recorded. Thus it
is a 2-D measurement in the spin plane. This is sufficient
for the purpose of this paper, since the electric fields heat the
ions perpendicularly to the background magnetic field and
the spin axis of the satellite is generally close to parallel to
the background magnetic field.

2.2 Data sets

The particle data we are considering is taken from a data set
constructed and described by Nilsson et al. (2006). It con-
sists of CODIF data, obtained at high altitudes (5 to 15 RE)
above the polar cap, covering the presence of outflowing O+,
where only beam events lasting longer than one hour were in-
cluded. The temperatures are mass specific and calculated as
moments of the observed particle distributions. The limited
energy resolution causes problems when calculating the low-
est temperatures (smaller than the kinetic energy of the drift).
However, this is not a problem for the strong heating events
considered in this study.

The wave data set is constructed such that it covers the
same time intervals as the particle data. A typical value of
the O+ gyrofrequency (fO+) at high altitudes is of the or-
der 10−1 Hz and we restrict the data to frequencies ≤ 1 Hz.
We go through the data sets manually to find cases of strong
wave intensities (clearly stronger than mean wave intensi-
ties) where we simultaneously observe enhanced O+ tem-
peratures. The electric field data (subscripted E) is obtained
from the EFW instrument, and the FGM instrument provides
us with the corresponding magnetic field data (subscripted
B). The magnetic field data is detrended, such that the back-
ground magnetic field is ignored.

Power spectral densities are computed using FFT (Fast
Fourier Transform) with a record length of 1024 points (cor-
responding to 41 and 46 s, respectively). We average over
three consecutive time records, where each record is shifted
512 points with respect to the previous. From the average
spectrograms we get the power spectral densities at the local
O+ gyrofrequency (SE and SB, respectively) with a resolu-
tion of 20–23 s (512 data points). We will almost exclusively
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deal with electric power spectral densities SE and we will
omit the subscript from now on, unless there is a risk for
confusion.

In this study we have only used this wave data set as a
tool for comparing wave activity associated with O+ heating
events. In the companion paper the statistical properties of
the high altitude electric and magnetic fields are presented
(Waara et al., 2011).

3 Heating model

The events we are describing in this paper stand out from the
surrounding conditions both in terms of higher perpendicu-
lar temperatures and increased wave activity. The spacecraft
observe these events only for a limited time of a few minutes.

If increased wave activity is mainly a temporal phenom-
ena, the particles flowing out along the field lines will expe-
rience the increased wave activity for a similar period of time
as the observation time at the spacecraft. If the increased
wave activity corresponds to a spatial region, the ions will
experience the enhanced wave activity as they drift through
the heating region, assuming the heating region is station-
ary with respect to magnetospheric convection. The latter
is known to occur for the region of strong heating associ-
ated with the equatorward edge of the cusp at low and mid-
altitudes, named the “polar cap heating wall” by Knudsen
et al. (1994). Dubouloz et al. (2001) and Bouhram et al.
(2003a) described the effect of the “heating wall” on ions
spending some time in the heating region and then convect-
ing further into the polar cap where the wave particle inter-
action is weaker, corresponding to the situation usually de-
scribed as the polar wind ion outflow. In such a case one can
try to estimate the spatial extent of the heating region, and
through measurements of the convection calculate the time
the particles would have experienced increased wave activ-
ity.

The final possibility is that the wave activity is drifting
with the plasma. There is then no obvious limit for how long
the ions may have experienced the increased wave activity.
Ions take considerable time to move along the field line from
the ionosphere to the high altitude polar cap/mantle so it is
unlikely that wave activity remains strong in a spatially lim-
ited region drifting with convection for all that time.

A statistical analysis of the wave activity in the high alti-
tude cusp/mantle shows indeed that wave activity at a given
altitude varies by about two orders of magnitude and strong
wave activity is typically observed only for a few minutes
on each occasion (Waara et al., 2011). Considering these
uncertainties in the spatial and temporal extent of the re-
gions of enhanced wave activity, we have developed a simple
scheme where we backtrace particles from the observation
point down to an apparent start altitude. The rationale for
this scheme is to estimate for how long the ions must have
experienced the enhanced wave activity in order to explain

the observed perpendicular temperatures, and to see if this is
consistent with the simultaneously observed parallel veloc-
ity. The latter is important because as long as the heating rate
is greater than the adiabatic cooling due to the mirror force
we can obtain any perpendicular temperature given enough
time. However, if the heating goes on for too long, the mir-
ror force will transfer too much of the energy into the parallel
direction, and consequently the parallel velocity may become
much higher than what is observed.

3.1 Broadband resonance heating

A model presented in the paper of Chang et al. (1986) con-
siders left-hand polarized waves in a broadband frequency
spectrum as a possible mechanism for transverse heating of
positively charged ions. This model has turned out to be
successful in explaining heating perpendicular to the back-
ground magnetic field in the magnetosphere at low and mid-
altitudes (Norqvist et al., 1996; Bouhram et al., 2003b), since
only a small part of the observed wave spectral density is suf-
ficient in order to explain the heating.

The model is based on the assumption that an ion that trav-
els through a region with broadband waves is in local reso-
nance with some left-hand polarized electromagnetic wave,
transverse to the background magnetic field. Considering a
gyrotropical distribution the net heating rate for a resonant
positively charged ion is

dWwave

dt
= SL

q2

2m
, (1)

where m is the ion mass, q the ion charge and SL = SL(fi)

the power spectral density of the electric field at the ion gy-
rofrequency, fi , due to left-hand polarized waves. The net
effect is positive since the energy gain for ions in phase is
somewhat bigger than the energy loss for ions in antiphase.
The net effect of non-resonant waves is approximately zero.
As the ion gains energy some of its perpendicular energy is
converted into parallel energy due to the mirror force, accel-
erating the particle along the field line. As the particle moves
it will continuously interact with those waves that are in lo-
cal resonance with it. The total perpendicular heating rate
can now be expressed as

dW⊥
dt

= dWwave

dt
− dWmir

dt
, (2)

where dWmir/dt is the perpendicular adiabatic cooling due to
the mirror force, converting perpendicular energy into paral-
lel energy. Assuming a background dipole field and radial
field lines (which is roughly true above the polar cap) this
term can be written as

dWmir

dt
= 3W⊥

v‖
r

, (3)

where W⊥ is the perpendicular energy of the ion, v‖ its par-
allel velocity and r the geocentric altitude.
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3.2 The mean-particle theory

The mean-particle theory (also presented by Chang et al.,
1986) gives estimates of both the perpendicular and the paral-
lel temperature (and thus the ratio between them) and a com-
parison with the observed temperatures is interesting. Below
follows a brief description of the theory and the results are
discussed in Sect. 5. The theory considers the average rate of
resonant heating for an ensemble of particles moving along a
dipole field line. The power spectral density is approximated
with a power law S(f )∝ f−α with α as a power law fit-
ting parameter, and the gyrofrequency is assumed to decrease
with the cube of the geocentric distance, fi(r)∝ r−3. An
asymptotic analysis shows that the perpendicular-to-parallel
energy ratio approaches (6α+2)/9 and in this limit the total
mean energy as a function of altitude becomes

W =W⊥+W‖ =
(

3α+ 11
2

)1/3
m

[
rD⊥(r)

(3α+1)

]2/3
, (4)

where the diffusion rate perpendicular to the background
magnetic field is defined as D⊥(r)= SL(r)q2/4m2 (Retterer
et al., 1987). The mean perpendicular and parallel compo-
nents can be derived from the formulas above (Barghouthi,
1997) and we get

W⊥ = (6α+2)m

21/3

[
rD⊥(r)

(3α+1)(6α+11)

]2/3
, (5)

W‖ = 9m

21/3

[
rD⊥(r)

(3α+1)(6α+11)

]2/3
. (6)

These expressions are the estimates of the mean-particle the-
ory derived under the assumption that the electric power
spectral density is frequency dependent and does not vary
explicitly with altitude. The power spectral density at the
oxygen gyrofrequency will vary with altitude because the
gyrofrequency varies with altitude. Barghouthi et al. (1998)
processed data obtained from the Plasma Wave Instrument
(PWI) aboard the DE-1 satellite and found that the average
power spectral density is explicitly altitude dependent, as did
Waara et al. (2011). However, the case-to-case variability is
larger than the average altitude dependence so we will use
the observed power spectral densities without assuming any
explicit altitude dependence.

3.3 Test-particle calculation

A single-particle calculation code was made, based on
Eqs. (1)–(3). Thus we ignore the effects of the polarization
electric field and gravitation, which in these cases are negligi-
ble compared to the effect of wave-particle interactions and
the mirror force. For a suitably small time �t , the energy
changes are

�W⊥ = SL

q2

2m
�t−3W⊥

v‖
r

�t, (7)

�W‖ = 3W⊥
v‖
r

�t, (8)

where SL = SL(fi)∝ r3α and the mirror force is described
according to motion in a dipole field under the conservation
of the magnetic moment. For a time step �t , the parallel
velocity (v‖) and the perpendicular energy (W⊥) of the test
particle are updated accordingly to the small changes in en-
ergy. Using the updated parallel velocity, also the location of
the particle is updated (�r = v‖�t). The heating rate and the
effect of the mirror force are then applied again.

If the model is run in the forward direction this should be
done until the test particle reaches the altitude of observation.
If the model is run backward it can be run until either the
parallel velocity or the perpendicular energy reaches zero,
which would correspond to our start altitude.

What would the physical significance of this apparent start
altitude be? The ions must have had some parallel veloc-
ity and perpendicular energy at the apparent start altitude to
which we backtrace it. If most of the heating giving rise
to the observed perpendicular energy occurred close to the
spacecraft, then the region between our apparent start altitude
and the spacecraft shows the altitude extent/time of strong
heating. At the apparent start altitude the particles must have
had a small perpendicular energy as compared to the ob-
served temperature (at least an order of magnitude lower).
The same holds for the parallel velocity. With observed par-
allel velocities of the order 100 km s−1 and perpendicular en-
ergies of several keV, this means that the ions should have
had parallel velocities below 10 km s−1 and perpendicular
energies below a few 100 eV at the apparent start altitudes,
which seems feasible. The stronger the perpendicular heat-
ing close to the spacecraft is, the higher the parallel velocity
at the start of the enhanced heating may have been. Strong
perpendicular heating well below the spacecraft will essen-
tially only affect the parallel velocity in the observations, as
most of the perpendicular energy gained at low altitude will
have been transferred to the parallel direction by the mirror
force.

An observation involves an ensemble of particles whose
distribution defines a temperature. The test-particle calcula-
tion takes only one particle into consideration, and we can
only take its kinetic energy into consideration. Therefore we
define a typical ion by giving it a perpendicular energy W⊥
equal to the observed perpendicular temperature T⊥.

The calculation is done backwards in time and the input
parameters are the observed values for perpendicular tem-
perature T⊥, parallel bulk velocity v‖, and geocentric alti-
tude r . The calculation is stopped as W⊥ or v‖ is close to
zero, and the output corresponds to the values at the apparent
start altitude (indexed with 0). The electric power spectral
density due to left-hand polarized waves varies with altitude,
SL(fi)∝ r3α . We try different input values of SL to find
SLmin, which corresponds to the smallest input value needed
in order to obtain the observed perpendicular temperature.

Ann. Geophys., 29, 931–944, 2011 www.ann-geophys.net/29/931/2011/



R. Slapak et al.: Wave-particle interaction at high altitude 935

4 Observations

The events studied in this paper were picked from a data set
covering the presence of O+ outflows during the months of
January to May in the years 2001, 2002 and 2003, which
corresponds to passes of the Cluster spacecraft over the po-
lar caps at high altitudes. For the event studied by Waara
et al. (2010), the observed power spectral density was too
low in order for the gyroresonance model to explain the high
perpendicular temperature (∼8000 eV). This inspired us to
create a wave data set (Sect. 2.2) in order to find strong
wave activity. We picked cases of high power spectral den-
sities at fO+ , significantly higher than the wave intensities
observed in Waara et al. (2010), and where we simultane-
ously observed enhanced perpendicular O+ temperatures (of
the same order as observed in Waara et al., 2010) in hope
of being able to explain them with the gyroresonance model.
The data consists of beam events lasting more than one hour.
However, the heating events themselves last typically only a
few minutes.

The cases have distinct differences. First we consider a
case (Event 1) that resembles the general cases at low and
mid altitudes. The next case (Event 2) takes place in a more
magnetosheath-like region. We close our study with Event 3
that resembles the case studied by Waara et al. (2010). These
cases are marked as red circles in Fig. 1, which shows the
logarithmic relation between the background magnetic field
magnitude and the altitude for our data set. Up to about
11 RE the background magnetic field falls off as B ∝ r−3

(dipole). Further up a dipole approximation is not valid any-
more since B ∝ r−1.75. Event 1 and Event 2 clearly take
place within the dipole region, whereas Event 3 does not.
We take this into consideration in our simulations by proper
adjustments of Eqs. (7) and (8) when needed.

4.1 Event 1: 28 May 2003

This heating event (Fig. 2) lasts about 5 min (01:55–
02:00 UT) and takes place well inside the magnetosphere
at an altitude of around 8.0 RE (with GSE coordinates (3.1,
−3.2, 6.6) RE), in the Northern Hemisphere over the polar
cap. Stable background magnetic fields and small magnetic
fluctuations makes it somewhat similar to the heating cases
at lower altitudes. The perpendicular temperature reaches a
maximum of ∼3000 eV and the parallel ∼1000 eV. Clearly
associated to the high temperatures are enhanced electric
field power spectral densities. Considered data is measured
by spacecraft 4 (SC4). The velocity space distribution func-
tion is shown in Fig. 4a, with cross sections through the cen-
ter of the distribution function shown below (Fig. 4d). The
lower plot also shows a Maxwellian (dashed black line) and
a kappa distribution (solid black line), both corresponding to
the observed perpendicular temperature. Both cross sections
seem to be fairly well approximated by Maxwellian distribu-
tions.
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Fig. 1. The average magnetic field magnitude as a function of al-
titude (logarithmic scale) for our data sets. The red circles corre-
sponds to the regions where the heating events take place.

Figure 3a shows the power spectral density (up to 1 Hz)
during the time interval of heating. It takes the form of an
approximate power law distribution S∝ f−α (with α= 1.1),
for which the power spectral density at fO+ is SfO+ = 24
(mV m−1)2 Hz−1. The red vertical line in the plot marks
fO+ = 120 mHz. The green line in the same plot is for a
time period close to the heating where the high temperatures
as well as wave activity has ceased.

In Sect. 3.3 the test-particle calculation procedure was de-
scribed, but it will not be a valid approximation unless the
heating region is large compared to a typical local ion gy-
roradius. In Fig. 2c we compare the wave activity from the
different spacecraft, with SC4 data corresponding to the blue
thick line. Both SC1 (green) and SC4 measure enhanced
wave activity (as well as enhanced O+ temperatures) with
similar structures and a time delay of 90 s between the obser-
vations. If we assume a heating region structure with a plane
front moving with the convecting plasma it would reach SC4
before SC1. This is not the case, so the observed delay be-
tween the spacecraft is not consistent with a structure moving
with the bulk plasma drift. However, even though there is a
time delay between the observations there is a period of time
where both spacecraft are in the heating region. An estimate
of the heating region extent is thus the distance between the
two spacecraft (∼ 0.5 RE). On the other hand, assuming that
the motion of the heating region (vhr) is described by the time
delay between SC1 and SC4, the motion of the heating region
is ∼ 35 km s−1, and since SC4 observes enhanced wave ac-
tivity for approximately 240 s this corresponds to a size of
1.3 RE of the heating region. SC2 is at a similar altitude as
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Table 1. Observed O+ parameters: altitude r , parallel velocity v‖, power law fitting parameter α around the local gyrofrequency, electric
power spectral density SfO+ (given in (mV m−1)2 Hz−1), perpendicular temperature T⊥, parallel temperature T‖ and perpendicular-to-
parallel temperature ratio Tr.

Event r [RE] v‖ [km s−1] α SfO+ T⊥ [eV] T‖ [eV] Tr

1 8.0 100 1.1 24 3000 1000 3
2 9.3 90 1.1 18 2000 2000 1

3a 12.2 200 1.4 28 7000 5000 1.4
3b 12.2 200 2.1 200 12 000 5000 2.4

Table 2. Calculated parameter values from the backward simula-
tion. r0 is the geocentric altitude at which the heating starts, t is
the heating time, SLmin and SfO+ (given in (mV m−1)2 Hz−1) are
the input value of the power spectral density due to left-hand po-
larized electric fields needed to obtain the observed perpendicular
temperatures and the observed power spectral density respectively.
The ratio Sr= SLmin/SfO+ show how much of the observed power
spectral density that needs to be due to left-hand polarized electric
waves, in order to obtain the observed perpendicular temperature.

Event r0 [RE] t [s] SLmin SfO+ Sr [%]

1 7.1 160 10 24 42
2 8.0 250 5 18 28

3a 9.1 250 26 28 93
3b 10.1 175 53 200 27

the others but does not record any significant wave activity.
It is feasible to assume that the size of the heating region is
in the range 0.5–1.3 RE. It can not be smaller and it is not
likely to be much larger since no activity is recorded at SC2.
A typical O+ gyroradius in this region is ∼ 0.025 RE, i.e.
much smaller than the heating region. For SC3 there is no
data available during this event.

We start the test particle calculation at the observation
point and trace the particle backwards in time until T⊥ is
close to zero. This will give us an estimate of the start altitude
and of the spectral density SL needed. Our input values are
T⊥ = 3000 eV, v‖ = 100 km s−1, r = 8.0 RE and α= 1.1. The
input numbers for all events are summarized in Table 1. The
minimum power spectral density at fO+ due to left-hand po-
larized electric waves needed to obtain the observed temper-
ature is SLmin= 10 (mV m−1)2 Hz−1. The observed temper-
atures can thus be obtained using 42% of the observed power
spectral density (Table 2). The heating begins at r0= 7.1 RE
and takes approximately 160 s.

4.2 Event 2: 19 January 2003

This event takes place in a boundary layer between the mag-
netosheath and the mantle. SC4 is in the magnetosheath be-
fore it enters the magnetosphere at around 03:53 UT (Fig. 5),
at about 9.3 RE (GSE coordinates: (4.4, −0.4, −8.2) RE),

and measures high ion temperatures and strong wave ac-
tivity. The temperatures reach roughly 2000 eV. Figure 4b
shows the velocity space distribution function. The cross sec-
tions through the center of the distribution are shown below
(Fig. 4e) and they are both approximate Maxwellian distri-
butions. Particle energies below 2000 eV have been ignored
in order to avoid contamination from protons.

The power density spectrogram (up to 1 Hz) for the heat-
ing is shown in in Fig. 3b as a blue curve. The gyrofrequency
fO+ = 66 mHz is marked by a red, dashed line, and it in-
tersects the curve at SfO+ = 18 (mV m−1)2 Hz−1. In com-
parison we have plotted the power spectral density for the
time 03:35–03:40 UT (green curve), where the wave activity
more or less has ceased. These spectrograms agree well with
power law distributions, both with approximately the same
power law fitting parameter α= 1.1.

We compare the wave intensities measured by the differ-
ent spacecraft in Fig. 5c. Assuming a plane and field paral-
lel structure extended perpendicular to the convection direc-
tion the expected delay between SC2 (red) and SC4 (blue) is
small, which is interpreted as if the spacecraft are inside the
same structure region approximately at the same time. They
are at the same height but separated in the perpendicular di-
rection by a distance of around 1.2 RE, which then is taken
as a lower estimate of the heating region. A typical O+ gy-
roradius of 0.06 RE is much smaller and we can safely use
the gyroresonance model. There is a short and strong peak in
wave intensity measured by SC3 (black) at a higher altitude,
about 0.6 RE above SC4. The peak corresponds to a passage
through the magnetopause and there is no wave activity cou-
pled to the heating region in which we are interested. SC1
(not shown) is further away on the flank (∼ 1.1 RE) and does
not record any enhanced temperatures nor wave intensities.

The input parameters (our observed values) for the test-
particle calculation are given in Table 1. The minimum
power spectral density at fO+ due to left-hand polarized
electric waves needed to obtain the observed temperature is
SLmin= 5 (mV m−1)2 Hz−1, corresponding to 28% of the ob-
served power spectral density at fO+ . The heating starts at an
altitude of 8.0 RE, with T⊥ and v‖ close to zero, and reaches
the observed temperatures after 250 s (Table 2).
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Fig. 2. SC4 measurements for Event 1 (28 May 2003): Panel (a) shows the perpendicular (blue) and the parallel (red) O+ temperatures,
panel (b) the electric field for the two components measured in the satellite spin plane, panel (c) the power spectral density at fO+ for the
electric field given in (mV m−1)2 Hz−1 measured by different spacecraft (the blue line corresponds to SC4), panel (d) the power spectral
density at fO+ for the magnetic field given in (nT)2 Hz−1, panel (e) shows the O+ parallel velocity, where the outflow is defined to be
positive, panel (f) the number densities for O+ (blue) and H+ (red), and panel (g) the magnitude of the background magnetic field.
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a cb

Fig. 3. Observed power spectral densities for the studied events, which can be approximated with power law distributions. Blue plots: Cover
the intervals where we observe strong wave activity for each event. The vertical red lines mark the O+ gyrofrequency for those regions (120,
66, and 45 mHz respectively). Green plots: For comparison we also plot for regions close to the heatings, where temperatures as well as
wave activities are low. Purple plot: This power law distribution covers the T⊥-peak seen around 08:40 UT during Event 3.

4.3 Event 3: 1 May 2003

The last event is presented in (Fig. 6). It is observed at the al-
titude 12.2 RE (at the GSE coordinates (0.5,−7.8,−9.4) RE)
and the background magnetic field is between 50 and 60 nT.
We divide it into two separate heating cases. Between 08:39–
08:46 UT we observe strong wave activity (electric and mag-
netic) as well as high T⊥ = 7000 eV and Tr = 1.4. We
call this Event 3a. We also note a peak in T⊥ as it for a
short period of time around 08:41 UT reaches 12 000 eV and
Tr = 2.4. Around the same time there is also a peak in the
wave activity. We call this Event 3b. Following this (08:46–
09:10 UT) we observe high perpendicular temperatures (up
to 8000 eV), lower parallel temperatures (up to 2000 eV) and
practically no electric and magnetic wave activity, which
makes this region similar to the case considered by Waara
et al. (2010). Figure 4c shows the velocity space distribution
function and below are the cross sections through the center
of the distribution (Fig. 4f). Particle energies below 3000 eV
have been ignored in order to avoid contamination from pro-
tons. One may discern that a torus distribution has begun to
form in a part of the distribution, for particles with a parallel
velocity of about 200 km s−1. Otherwise, the distribution is
quite well approximated by a Maxwellian distribution.

The power spectral densities are plotted in Fig. 3c. Dur-
ing Event 3a (08:39–08:46 UT), the power spectral den-
sity (blue curve) at the O+ gyrofrequency is SfO+ = 28
(mV m−1)2 Hz−1. It is in a good agreement to an approx-
imate power law distribution with α = 1.4. For Event 3b
(purple curve) we observe SfO+ = 200 (mV m−1)2 Hz−1 and

α= 2.1. After 08:50 UT the wave activity has more or less
ceased (green curve).

The wave intensities recorded by the spacecraft are shown
in Fig. 6c. Comparisons between the different spacecraft as-
suming a plane and field parallel heating region structure
extended perpendicularly to the convection direction yield
small delays. SC3 (black) and SC4 (blue) are separated only
in height, so it is not possible to get an estimate of the ex-
tent of the heating region in the perpendicular direction. SC2
(red) is on the other hand at the same height as SC4 but sep-
arated by 1.2 RE, which gives a lower estimate of the extent
of the heating region in the perpendicular direction. This is
several times larger than a typical gyroradius at this altitude
(∼ 0.17 RE).

The single-particle calculation results are given in Ta-
ble 2. For Event 3a a power spectral density of SLmin = 26
(mV m−1)2 Hz−1 is needed to obtain the observed tempera-
ture. This corresponds to 93% of the observed power spectral
density at fO+ . The heating starts at the altitude 9.1 RE, and
lasts for 250 s. The results for the intense peak is SLmin= 53
(mV m−1)2 Hz−1, r0 = 10.1 R and t = 175 s. Thus 27% of
the observed power spectral density is needed to obtain the
observed temperature.

5 Discussion

In Table 2 the calculated electric field power spectral densi-
ties SLmin for our events are listed together with the observed
values, SfO+ . Also listed is Sr = SLmin/SfO+ , which shows
how much of the observed spectral densities that need to be
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Fig. 4. Velocity space distribution functions of O+ ions for Event 1 (a), Event 2 (b) and Event 3 (c), respectively. The lower plots (d,
e, f) show the corresponding cross sections of the distribution functions in the reference frame of the plasma. Also plotted are Maxwell
distributions (dashed black) and Kappa distributions (solid black), corresponding to the observed perpendicular temperature for each event
and with κ = 1.5.

due to left-hand polarized waves in order to obtain the ob-
served perpendicular temperatures. At low and mid altitudes
only a few percent is needed. For our cases at high altitudes
we need more. Still, for Event 1 and Event 2 the numbers
are reasonable (42% and 28%, respectively), whereas for
Event 3a 93% is required. This is unrealistic since it requires
that practically all observed wave activity is due to left-hand
polarized waves. The order of magnitude is still reasonable.
Considering the large variability of the electric field wave in-
tensity it is not surprising if we do not get perfect agreement
for all cases. The sharp peak (12 000 eV) can be explained
if we focus on the wave activity peak in its neighbourhood,
since 27% is needed (Event 3b). It seems that we in general
need left-hand polarized wave activity with power spectral
densities of the order SL∼ 10 (mV m−1)2 Hz−1 to be able to
explain high perpendicular temperatures.

The gyroresonance model is not feasible unless the con-
sidered heating region is large compared to a typical local
O+ gyroradius. For all events the estimated perpendicular
extent of the heating region is indeed large compared to the
O+ gyroradius. We have analyzed the expected delays be-

tween the spacecraft assuming a heating structure drifting
along with the plasma and extended perpendicularly to the
convection direction. In Event 1 the analysis also shows that
the observed delay between the spacecraft is not consistent
with a heating structure moving with the plasma bulk drift.
For Event 2 and 3 the delays are small and we cannot get a
reliable estimate of the motion of the heating regions.

In a previous study by Bouhram et al. (2004) it was shown
that cusp related heating of outflowing ions appeared to sat-
urate above 4.5 RE. A finite wavelength effect, where the
ion gyroradius becomes larger than the perpendicular wave-
length of the waves, was suggested as a mechanism be-
hind the saturation. Barghouthi (2008) showed that finite
wavelength effects lead to saturation of heating and torus
shaped velocity space distributions. In Event 3, indeed a
torus shaped velocity distribution is starting to form (Fig. 4a).
However, the high temperatures and effective heating that we
observe at high altitudes indicate that there is no saturation
of the heating. The latter is consistent with the large size of
the heating region compared to the local gyroradius. If the
ion leaves the field of one wave it will encounter the field of
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Fig. 5. SC4 measurements for Event 2 (19 January 2003): Panel (a) shows the perpendicular (blue) and the parallel (red) O+ temperatures,
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electric field given in (mV m−1)2 Hz−1 measured by different spacecraft (the blue line corresponds to SC4), panel (d) the power spectral
density at fO+ for the magnetic field given in (nT)2 Hz−1, panel (e) the O+ parallel velocity, where the outflow direction is defined to be
positive, panel (f) the number densities for O+ (blue) and H+ (red), and panel (g) the magnitude of the background magnetic field.
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Table 3. Mean-particle theory results: perpendicular energy W⊥,
parallel energy W‖ and perpendicular-to-parallel energy ratio Wr.

Event W⊥ [eV] W‖ [eV] Wr

1 1770 1850 0.96
2 1230 1290 0.96

3a 4830 4180 1.16
3b 7020 4330 1.62

another. This may affect the coherence time, but not lead to
saturation.

We based our simple test-particle calculation on Eqs. (1)–
(3). This description turns out to be useful to describe the
limited (in time and space) bursts of O+ heating that we ob-
serve. It gives us an estimate of the altitude extent below
the spacecraft where strong heating seems to take place. It
is interesting to see if the observed temperature ratios can
be reproduced for the spectral densities of our observations.
This can be done by comparing to the mean-particle theory,
which is briefly described in Sect. 3.1. Equations (5)–(6) are
asymptotic values, obtained considering a frequency depen-
dent power spectral density. Into these equations we put our
observed values and SL= SLmin. The ion energies predicted
by the theory (W⊥, W‖ and Wr) are presented in Table 3.
These calculated values are compared to observed temper-
atures in Table 1 (T⊥ and Tr) and we note that the mean-
particle theory results do not agree very well with observa-
tions. The theory generally gives too small values (with the
exception of the parallel component in Event 1 where it is too
large). When the perpendicular-to-parallel ratios are com-
pared we note that they are equal for Event 2, but differ for
the others.

Heating events with Tr > 2 at high altitudes have been
studied before (Waara et al., 2010), as well as cases with
Tr ≈ 1 (Nilsson et al., 2004). In Event 3 we observe both
types: Tr ≈ 1 during strong wave activity followed by a
longer sequence (25 min) of enhanced Tr and T⊥ when the
wave activity has ceased. If heating is sporadic, one should
expect to sometimes find high ion temperatures and simul-
taneously no or low wave activity, since the particles after
heating stay heated in the perpendicular direction some time
after their interaction with electromagnetic waves. Sporadic
heating is however not a plausible explanation for long se-
quences of enhanced T⊥ and low T‖. For this we suggest a
so called velocity-filter effect, where particles with approxi-
mately the same parallel velocities are seen in the same place
at a given time after the heating. This concept is illustrated
and explained in Fig. 1 in Nilsson et al. (2004), considering
a finite heating-source region through which particles con-
vect. The fast-moving particles will reach a certain altitude
sooner than particles that move slower. The slower particles
will of course eventually reach the same altitude, but at that
time they will have convected further away. A spacecraft

passing above the heating region will therefore continuously
encounter narrow parallel velocity distributions, and conse-
quently low parallel temperatures.

We observe increased magnetic wave activity during
Event 2 and 3. According to Waara et al. (2011) the observed
electric and magnetic field fluctuations are consistent with
Alfvén waves, so a relation between electric and magnetic
fluctuations is expected. Most studies of the effect of wave-
particle interactions on ion outflows (e.g. Chang et al., 1986;
Retterer et al., 1987; André et al., 1990; Norqvist et al., 1996;
Bouhram et al., 2003a; Barghouthi, 2008), consider only the
electric field of the waves to be responsible for transverse
ion heating. Wang et al. (2006) and Lu and Li (2007) take
the magnetic field of the wave into consideration in their the-
ory of transverse ion heating, but it is done under conditions
which are not fulfilled in the region of our interest. May
strong magnetic fluctuations affect ion heating in the high
altitude magnetosphere? In the magnetosheath-like regions
the magnetic field fluctuations can be as strong as 10% of
the background field strength. Perhaps the invariance of the
magnetic moment does not hold under such conditions. A
future statistical study will present a more quantitative corre-
lation between electric and magnetic field wave activity and
ion heating.

6 Conclusions

When high altitude O+ heating events associated with strong
wave activity are considered it is possible to explain en-
hanced perpendicular temperatures, using a gyrofrequency
model based on the same theory (Chang et al., 1986) that
have been successful in explaining the enhanced perpendic-
ular temperatures at low and mid altitudes (Norqvist et al.,
1996; Bouhram et al., 2003b). Using 25–45% of the ob-
served wave activity we can explain the enhanced perpen-
dicular temperature in all but one of the studied cases.

Bouhram et al. (2004) reported saturation of the perpen-
dicular heating above ∼ 4.5 RE in the cusps and suggested
that it was due to finite perpendicular wavelength effects,
where the heating is limited when the ion gyroradius ex-
ceeds the perpendicular wavelength of the wave. Bargh-
outhi (2008) also discussed the effect of finite wavelength
and showed that it saturates heating. However, we observe
effective heating and conclude that we do not see any effects
of finite wavelengths. One possible reason is larger perpen-
dicular wavelengths in the high altitude range as compared to
the altitude range studied by Bouhram et al. (2004). Another
possibility is the large perpendicular extent of the heating re-
gions, which are at least about an order of magnitude larger
than the local ion gyroradius, which allows the ions to con-
tinuously interact with different wave fields.

Observations indicate that enhanced wave activity is lim-
ited in time and space. Consequently, strong ion heating
is then also limited in time and space. Our calculations
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indicate that high-altitude O+ ions with high temperatures
mainly have been heated within a few RE from where they
are observed. This is consistent with the mean-particle the-
ory of Chang et al. (1986) and Retterer et al. (1987) (briefly
described in Sect. 3.2) where it was noted that for signifi-
cant heating the initial boundary conditions are not impor-
tant, most of the effective heating occur in the vicinity of the
spacecraft.

The perpendicular-to-parallel temperature ratio, Tr, is of-
ten close to one, but it may also be well above 2 even
during times of no significant wave activity. Enhanced
perpendicular-to-parallel temperature ratio, Tr, is usually
considered as a sign of local heating. At high altitudes rel-
atively low wave activity sometimes appear to be associated
with these types of events, which is quite the opposite from
what is expected. We clearly see this in Event 3 around
08:46–09:10 UT with high T⊥ and strongly enhanced Tr and
practically no wave activity, similar to the case presented by
Waara et al. (2010). We suggest that this results from a veloc-
ity filter effect when observations are made close to but out-
side a heating region. Thus, high perpendicular-to-parallel
temperature ratio is not a good indicator of local heating in
regions at high altitudes.
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Abstract. We present a comparative study of low frequency
electric field spectral densities and temperatures observed by
the Cluster spacecraft in the high altitude cusp/mantle re-
gion. We compare the relation between the O+ temperature
and wave intensity at the oxygen gyrofrequency at each mea-
surement point and find a clear correlation. The trend of the
correlation agrees with the predictions by both an asymp-
totic mean-particle theory and a test-particle approach. The
perpendicular to parallel temperature ratio is also consistent
with the predictions of the asymptotic mean-particle theory.
At times the perpendicular temperature is significantly higher
than predicted by the models. A simple study of the evolu-
tion of the particle distributions (conics) at these altitudes in-
dicates that enhanced perpendicular temperatures would be
observed over many RE after heating ceases. Therefore, spo-
radic intense heating is the likely explanation for cases with
high temperature and comparably low wave activity. We ob-
serve waves of sufficient amplitude to explain the highest
observed temperatures, while the theory in general overes-
timates the temperature associated with the highest observed
wave activity, indicating that such high wave activity is very
sporadic.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Magnetosphere-ionosphere interac-
tions) – Space plasma physics (Wave-particle interactions)

1 Introduction

It is well known that ions in the ionosphere and magneto-
sphere can be energized in the direction perpendicular to the
geomagnetic field. It is believed that transverse heating of
ions is important for ion outflow, and one of the probable

explanations for transverse heating is wave-particle interac-
tion (Moore and Horwitz, 2007). One type of efficient wave
energization is caused by waves near the ion gyrofrequency.
This ion cyclotron resonance mechanism can be investigated
using test-particle calculations or Monte Carlo simulations
(Retterer et al., 1987; Chang et al., 1986).

In a recent case study, Waara et al. (2010) searched the
high altitude cusp/mantle (the region of open magnetic field
lines mapping to the polar cap and dominated by magne-
tosheath plasma) for the longest period with a significantly
enhanced oxygen perpendicular to parallel temperature ratio,
an expected sign of local transverse heating. They used the
data set of Nilsson et al. (2006) and found a case lasting about
20 min. It was found that the wave amplitude around the oxy-
gen ion gyrofrequency was not high enough to explain the
observed perpendicular ion temperatures using a simple ion
cyclotron resonance model (Chang et al., 1986). The study of
Waara et al. (2010) was followed up with a statistical study
of the electric and magnetic field spectral densities in the
frequency range below 1 Hz, in the general vicinity of the
high altitude oxygen gyrofrequency (Waara et al., 2011). In
Waara et al. (2011), it was shown that, statistically, the gy-
roresonance model could, in fact, reproduce the observed av-
erage perpendicular temperature and average parallel veloc-
ity for altitudes between 8–15 RE in the cusp/mantle region
given the average spectral density. It was assumed that 50 %
of the observed wave activity at the local O+ gyrofrequency
was due to left-hand polarized waves, which can effectively
heat the ions. In the paper of Slapak et al. (2011), some very
high temperatures could be explained using a gyroresonance
model and the simultaneously observed waves. It was also
shown that, for the three cases investigated, the size of the
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region of enhanced wave activity was at least one order of
magnitude larger than the O+ ion gyroradius.

It therefore seems as though we have some contradicting
results. In our first case study, we observed a long-lasting
case of strongly anisotropic ion temperatures suggesting lo-
cal heating, but we could not explain the observed ion tem-
peratures with the simultaneously observed wave activity.
Choosing cases with strong wave activity (Slapak et al.,
2011), we could explain the simultaneously observed ion
temperatures. We also found that the average wave activ-
ity could explain the average ion temperature (Waara et al.,
2011).

We follow up on these three studies with a statistical study
of the correlation between ion temperature and wave in-
tensity for each measurement point. The observations are
compared with the predictions of Chang et al. (1986), both
through an asymptotic mean-particle approach and a test-
particle approach. These models assume continuous heating,
and deviations between the model predictions and observa-
tions provide insight into the role that the sporadic nature of
the heating plays.

With the approach used in our previous statistical study
(Waara et al., 2011), we could not correlate the temperature
and wave activity for each measurement point; we could only
show that the average wave activity was suitable to explain
the average ion temperature and parallel velocity. This new
study therefore combines the results of the statistical study
with the point-by-point comparison previously only available
from the case studies. If heating is continuous, we would get
as good correlation between wave activity and temperature
for this point-by-point correlation study as we got for the av-
erage values. It was however shown in Waara et al. (2011)
that heating, as observed by the spacecraft, is typically spo-
radic, lasting only a few minutes for each burst. This could
strongly affect the point-by-point correlation between wave
activity and ion temperature.

The correlation between the simultaneously observed ion
temperature and wave activity is determined by how sporadic
the waves are and how dominating the most recent heating
is. The more dominating the most recent heating is, the more
sporadic the ion heating can be and we will still get a good
correlation. If ion heating is not sporadic, then the most re-
cent heating needs not dominate; it is still a good measure
of the integrated heating the ion has experienced along its
flight path. We want to find out if we typically can explain
the observed ion temperatures with the simultaneously ob-
served waves for each measurement point. If yes, then the
result of Waara et al. (2010) was clearly an exception and
observed ion temperatures can in general be explained by si-
multaneously observed waves. If not, then the sporadic na-
ture of the ion heating influences the statistics enough to lose
a good correlation between ion temperature and wave activ-
ity. In this study, we show that there indeed is a good cor-
relation, but also that the nature of sporadic heating causes

deviation from the correlation for the strongest electric spec-
tral densities and for the highest temperatures.

2 Instrumentation and data

We use data from the Cluster spacecraft (Escoubet et al.,
2001). The ion data are taken from CODIF, a time-of-flight
ion composition distribution function instrument that can re-
solve the major magnetospheric ions. The angular resolution
is 22.5◦ and the energy coverage in the modes of interest to
us is from 40 eV per charge up to 38 keV per charge. Fur-
thermore, we use electric field data from the electric field
and wave instrument, EFW (Gustafsson et al., 2001). EFW
records two orthogonal electric field components in the satel-
lite spin plane. In the data set used in this study, the sampling
rate was 25 samples/second. We also use data from the Clus-
ter fluxgate magnetometer (FGM), which measures the mag-
netic field vector (Balogh et al., 2001).

The data set consists of EFW wave data when outflowing
O+ is seen in the energy spectrograms of the CIS CODIF
data. The data set covers a 3-yr period (January to May in
2001 to 2003). This corresponds to orbits with apogee on the
sunward side of the terminator plane. Only events with out-
flowing O+ lasting more than 1 h were selected, and such
events were seen in about two-thirds of the orbits. The par-
ticle data set is described in detail in Nilsson et al. (2006).
The time series data of the electric field have been Fourier
transformed to obtain frequency spectra. The record length
in the Fourier transform is 1024 points. The spectral densities
used in this study are averages of three partially overlapping
records, shifted 512 data points with respect to each other.
The DC-level (0 Hz) in the data is removed by subtracting the
mean of each time window for the EFW. The wave data set is
described in more detail by Waara et al. (2011). In that study,
it was shown that the electric field to magnetic field spectral
density ratio (E/B ratio) of the observed waves agreed with
the Alfvén wave velocity as calculated from the background
magnetic field and ion density estimates obtained using ion
spectrometer data. They could also show that the altitude
variation of the E/B ratio in the frequency interval below
1 Hz was inconsistent with static current structures closing
through the ionosphere. It is therefore likely that the observed
wave activity at these high altitudes was due to Alfvén waves.
We note that this is not always the case for lower altitudes.
For example, Jasperse et al. (2006) interpreted the power law
electric field frequency spectra observed by the FAST space-
craft (at an altitude of about 4000 km) as being due to static
structures, while peaks at the harmonics of the proton gyro
frequency were interpreted as due to turbulence in the ion
frame of reference.
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3 Ion cyclotron resonance mechanism

Chang et al. (1986) presented a theory for calculating the
evolution of the perpendicular temperature in an altitude-
extended, cyclotron resonant electric wave field. They also
provided an asymptotic solution yielding both perpendicu-
lar and parallel temperature from the locally observed waves
and the shape of the frequency spectrum. Estimates from the
ion cyclotron resonance mechanism (Chang et al., 1986) give
both the perpendicular and the parallel ion temperature based
on the wave intensity along the ion trajectory. The heating is
caused by waves near the local ion gyrofrequency along the
ion trajectory. In practice, locally observed waves mapped
along the magnetic field lines are used. The spectral den-
sity can often be approximated by S(f )∝ f−α , with α as a
power law fitting parameter, and the gyrofrequency can often
be assumed to fall with the cube of the geocentric distance,
fi(r)∝ r−3, allowing mapping to an arbitrary altitude. The
mean energy ratio W⊥/W‖ asymptotically approaches a con-
stant value of (6α+2)/9. In this limit, the total ion energy is
insensitive to the choice of initial conditions, making it suit-
able for a comparison with our data. The result for the total
ion energy, W =W‖ +W⊥ (Retterer et al., 1987), is

W =
(

3α+ 11
2

)1/3
m

[
rD⊥(r)

(3α+ 1)

]2/3
(1)

where the quasi-linear velocity diffusion rate perpendicular
to the geomagnetic field is given by

D⊥ = ηq2

4m2 | Ex(ω =�) |2 (2)

where q is the charge, � is the ion gyrofrequency, ω is the
wave frequency, | E2

x | is the electric field spectral density at
the local ion gyrofrequency and η is the proportion of the
measured spectral density that corresponds to a left-hand po-
larized wave. We use a value of η = 50 % in the calculations
in this study. The α value we use is 1.5 and is taken from
Waara et al. (2011).

We will compare our data with two variants of the theory
of Chang et al. (1986). The first, which we call the asymp-
totic mean-particle theory, makes use of the equations above.
In an alternative version, we release a test particle at 5 RE
with average initial properties (perpendicular temperature of
17 eV, parallel velocity of 43 km s−1 (from Table 1 in Waara
et al., 2011)) and follow it as it moves outward in the average
observed magnetic field as function of distance. The spectral
density used for each particle is the observed spectral density,
using the average explicit altitude dependence of the data set
as reported in Table 1 in Waara et al. (2011). The particle
is followed until it reaches the altitude of observation. This
calculation is performed for all our measurement points.

Fig. 1. (a) Distribution of O+ perpendicular temperature [log
eV] for each interval of electric field spectral density [log
(mV m−1)2 Hz−1]. Each column is normalized; the sum of all data
bins in a column is 1. The white line is the predicted perpendicular
temperature from the asymptotic mean-particle approach. The white
error bars show the standard deviation for the logarithmic value. The
black line is the predicted perpendicular temperature from the test-
particle approach. The black error bars show the standard deviation
for the logarithmic value. The blue line is the average observed per-
pendicular temperature. (b) Distribution of O+ temperature ratio
T⊥/T‖ for each interval of electric field spectral density. The white
line is the predicted temperature ratio from the mean-particle ap-
proach. (c) Number of data points contributing to each column.

4 Results

The distribution of O+ perpendicular temperature for each
interval of electric field spectral density is shown in panel (a)
in Fig. 1. We see a strong correlation between the observed
electric field spectral density and the observed perpendicular
temperature.

The white line in Fig. 1a is the predicted perpendicular
temperature for each electric field spectral density using the
asymptotic mean-particle approach. The perpendicular tem-
peratures are calculated for all points in the data set, and the
error bars indicate the standard deviation. As can be seen, the
asymptotic mean-particle theory fairly well reproduces most
of the observations.

The black line in Fig. 1a is the predicted perpendicular
temperature for each electric field spectral density calculated
using the test-particle approach (Chang et al., 1986) for ions
released with average properties from 5 RE and followed un-
til they reach the altitude of observation, i.e. up to 15 RE.
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Error bars indicate one standard deviation. This approach
yields somewhat lower temperatures at low spectral density,
in better but still not perfect agreement with observations.
The standard deviation obtained with this method also better
captures the spread of the data for low spectral densities. Oth-
erwise there is no significant difference between the results
of the two models.

Both theories predict as high temperatures as are observed
for the range of electric field spectral densities. The main dis-
crepancy between models and observations is that there is
a significant number of observations of temperatures higher
than predicted, especially in the spectral density range of 1–
30 (mV m−1)2 Hz−1. For the very highest spectral densities
observed, the corresponding observed temperatures are typi-
cally lower than predicted by the models. Finally, the models
systematically overestimate the temperatures for the lowest
spectral densities.

The blue line in Fig. 1a is the observed average perpendic-
ular temperature. Compared to the distribution, it first seems
as if the mean value is somewhat low for the highest spectral
densities. However, studying the distributions bin by bin re-
veals a low temperature tail that is not easy to distinguish in
the color distribution.

Figure 1c indicates the statistical significance of each col-
umn by showing the number of data points contributing to
each column.

A higher perpendicular than parallel temperature is often
a signature of local heating, as the mirror force will decrease
the kinetic perpendicular temperature if the ions move up
along the field line. Figure 1b shows the O+ perpendicular
to parallel temperature ratios versus the electric field spec-
tral density. Higher perpendicular than parallel temperature
is typically observed for most of the spectral densities. The
white line in Fig. 1b shows the predicted perpendicular-to-
parallel ratio from the asymptotic mean-particle theory. The
mean energy ratio W⊥/W‖ asymptotically approaches a con-
stant value of 1.2 for the average spectral slope of our ob-
servations. As can be seen in panel (b) in Fig. 1, most of
the measured values are consistent with what the asymptotic
mean-particle theory predicts.

As the transversely accelerated ions subsequently move
outward, their transverse energy is gradually converted to
parallel energy by the mirror force. For passive adiabatic
transport along the field lines, the perpendicular temperature
should thus decrease. The relatively sporadic appearance of
enhanced wave activity presented in Waara et al. (2011) may
make it difficult to observe the actual heating, so it is not ob-
vious that we should have a good correlation between wave
activity and perpendicular temperature for each measurement
point. The sporadic nature of the cusp and polar cap ion ener-
gization is also discussed by Lennartsson et al. (2004). They
discussed energization of ions, which was random in both
onset and location, as a plausible explanation of their data.
Our results indicate that heating is indeed sporadic, but not

Fig. 2. Model result for an isocontour of a distribution moving to
progressively higher altitude and the associated folding of the dis-
tribution function into a “conic” for a dipole field (red dashed lines)
and the average observed background magnetic field (thin black
lines) as function of altitude. The x-axis shows the perpendicular
energy [eV] and the y-axis the parallel energy [eV]. The start alti-
tude corresponds to 12 RE, and the three conics correspond to the
altitudes 13, 14 and 15 RE.

to the degree that all correlation between local wave activity
and observed ion temperature is lost.

We have also studied the folding of a perpendicularly
heated particle population starting at 12 RE and ending at
15 RE. We let particles move outward along the field line
without any heating, in order to investigate the remnant effect
of hot ions after heating has ceased. The folding of a sample
ion distribution is shown in Fig. 2. The initial distribution at
12 RE is seen as a thick black contour, and the thin black and
red dashed contours show the evolution of the ion distribution
(at 13, 14 and 15 RE) given an observed average magnetic
field and a dipole field model respectively. The decrease of
the perpendicular temperature in our simple study is around
10 % for each RE if the average measured background mag-
netic field is used; it is around 20 % for each RE if the dipole
model is used. Our results show that strongly heated ions are
likely to be observed with an enhanced perpendicular tem-
perature over a few RE outside the actual heating region, i.e.
in regions with lower electric field spectral density than pre-
dicted by the theory.

5 Discussion

The ion cyclotron resonance theory fairly well reproduces
the observed perpendicular temperature and the temperature
ratio, except for some of the highest perpendicular temper-
atures, where the temperatures can be up to one order of
magnitude larger than predicted by the model. The ions re-
tain their perpendicular energy some time also after leav-
ing a heating region. One can therefore not expect a precise
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one-to-one correlation between enhanced wave activity and
high perpendicular ion temperature.

The power law approximation (S(f )∝ f−α) of the spec-
tral density does not perfectly describe the distributions ob-
served. The average spectral density versus frequency is de-
pendent on altitude: the observed spectral density increases
for higher altitudes. There is one order of magnitude between
the highest and the lowest average spectral density over the
altitude range of our data set. The electric field spectral den-
sities (as a function of frequency) for the different altitudes
generally have a power law distribution with a slope of 1.5
(Waara et al., 2011). If the explicit altitude dependence is
taken into account (Chang et al., 1986), we get an effective α

of 1.6 instead of 1.5. The small increase in α does not signif-
icantly change the predictions from the mean-particle theory,
neither the perpendicular temperature nor the temperature ra-
tio. Slapak et al. (2011) reported a spectral slope α of 2.1 for
their case of strongest heating. Nor this would yield any sig-
nificant increase of the perpendicular temperature for a given
wave intensity as compared to the average spectral slope. The
temperature ratio would increase to 1.6, consistent with the
higher temperature ratios observed for high spectral densi-
ties.

Additionally, the fact that the model assumes that the gy-
rofrequency falls off with the cube of the geocentric dis-
tance is not completely true for this data set. The background
magnetic field presented in Waara et al. (2011) shows that a
dipole model for the magnetic field is a good approximation
up to 12 RE, but, at higher altitudes, the decrease of the mea-
sured background magnetic field with altitude is smaller than
for a dipole field. The gyrofrequency falls off on average with
an exponent of 1.75 instead of with the cube of the geocen-
tric distance (Slapak et al., 2011). The highest perpendicular
temperatures are observed at the highest altitudes, where it
is better to use the measured magnetic field values instead of
the dipole approximation. We did this in our alternative (test
particle) method, but this did not yield significantly different
results as compared to the asymptotic mean-particle theory.

An explanation as to why the highest temperatures are also
observed for lower spectral densities is the relatively spo-
radic occurrence of strongly enhanced wave activity, which
makes it less likely to observe the actual heating. The heat-
ing from the waves can occur for just a few minutes, but the
total energy gain for the particles remains, and the increased
perpendicular temperatures remain for some time after the
actual heating has stopped. Slapak et al. (2011) showed that,
when picking out the highest observed wave intensities, the
simultaneously observed high ion temperatures could be ex-
plained by a gyroresonance theory. It therefore seems likely
that the discrepancy between the highest observed tempera-
tures and highest simultaneously observed wave intensities
is due to the temporally and/or spatially limited nature of re-
gions of intense wave activity. If this is the case, we must at
least at times observe sufficiently high spectral densities to
explain the highest observed temperatures, and this is indeed

the case. Similarly, the lower than predicted observed tem-
peratures for the very highest electric field spectral densities
are consistent with a sporadic nature of the most enhanced
wave activity. The ions have seldom experienced the heating
for as long as is assumed by the theory at the time of observa-
tion. Some of the most intense heating is known to occur in a
very limited region at the equatorward side of the cusp, some-
times called the “cusp heating wall” (Bouhram et al., 2003),
possibly caused by a combination of waves and quasi-static
electric fields (Lindstedt et al., 2010). This could provide O+
ions with energies of several keV.

Finally, the models seems to overestimate the tempera-
ture for the lowest spectral densities. This agrees with the
results of Waara et al. (2011) where it was found that the
average wave activity could explain the average ion temper-
atures only for geocentric distances above 8 RE. In more re-
cent work, we have found that the fraction of the wave ac-
tivity, which is efficient in heating the ions, must be lower
at lower altitudes (Nilsson et al., 2012). This is likely the
explanation for the overestimate of the temperature for low
spectral density which mostly corresponds to low altitude.
The initial conditions are not important at higher altitudes as
the heating rate increases with altitude and the most recent
heating thus dominates the result.

6 Conclusions

The O+ temperature and wave intensity at the oxygen gy-
rofrequency at each measurement point for a high altitude
cusp and mantle data set obtained with the Cluster spacecraft
are clearly correlated. The trend of the correlation agrees
with the predictions by both an asymptotic mean-particle the-
ory and a test-particle approach. Also the temperature ratio
is consistent with the predictions of the asymptotic mean-
particle theory for our spectral slope α. There is some spread
in the correlation, in particular for some of the highest ob-
served temperatures which are up to one order of magnitude
higher than predicted by the model.

An explanation as to why high temperatures are some-
times observed for periods of comparatively low electric
field spectral density is the relatively sporadic wave activ-
ity which makes it less likely to observe the actual heating.
Waara et al. (2011) found that intense wave activity (above
3 (mV m−1)2 Hz−1) seldom occurred continuously for more
than a few minutes. The majority of events lasted less than
5 min as observed by the spacecraft. A simple study indicates
that enhanced perpendicular temperatures would be observed
over many RE after heating ceases. Waves with sufficient am-
plitudes to explain the highest observed temperatures are in-
deed observed, even though relatively infrequently, consis-
tent with the expectations for sporadic heating. For the very
highest wave activity observed, the models typically overes-
timate the temperature. This is further evidence for the spo-
radic nature of such high amplitude waves.
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Gustafsson, G., André, M., Carozzi, T., Eriksson, A. I., Fälthammar,
C.-G., Grard, R., Holmgren, G., Holtet, J. A., Ivchenko, N.,
Karlsson, T., Khotyaintsev, Y., Klimov, S., Laakso, H., Lindqvist,
P.-A., Lybekk, B., Marklund, G., Mozer, F., Mursula, K., Peder-
sen, A., Popielawska, B., Savin, S., Stasiewicz, K., Tanskanen, P.,
Vaivads, A., and Wahlund, J.-E.: First results of electric field and
density observations by Cluster EFW based on initial months of
operation, Ann. Geophys., 19, 1219–1240, doi:10.5194/angeo-
19-1219-2001, 2001.

Jasperse, J. R., Basu, B., Lund, E. J., and Bouhram, M.: Gyrotropic
guiding-center fluid theory for the turbulent heating of magne-
tospheric ions in downward Birkeland current regions. II, Phys.
Plasmas, 13, 112902, doi:10.1063/1.2364475, 2006.

Lennartsson, O. W., Collin, H. L., and Peterson, W. K.: Solar
wind control of Earth’s H+ and O+ outflow rates in the 15-
eV to 33-keV energy range, J. Geophys. Res., 109, A12212,
doi:10.1029/2004JA010690, 2004.

Lindstedt, T., Khotyaintsev, Y. V., Vaivads, A., André, M., Nilsson,
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Barghouthi, I. A.: O+ heating associated with strong wave ac-
tivity in the high altitude cusp and mantle, Ann. Geophys., 29,
931–944, doi:10.5194/angeo-29-931-2011, 2011.

Waara, M., Nilsson, H., Stenberg, G., André, M., Gunell, H., and
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[1] We present a case study of high energy oxygen ions (O+) observed in the dayside
terrestrial magnetosheath, in the southern hemisphere. It is shown that the presence of O+ is
strongly correlated to the IMF direction: O+ is observed only for Bz < 0. Three satellites
observe O+ immediately at both sides of the magnetopause and about 2 RE outside the
magnetopause. These conditions indicate escape along open magnetic field lines. We show
that if outflowing O+ is heated and accelerated sufficiently in the cusp, it takes 15–20 minutes
for it to reach the magnetopause, allowing the ions to escape along newly opened field
lines on the dayside. Earlier studies show evidence of strong heating and high velocities of
O+ in the cusp and mantle at high altitudes, strengthening our interpretation. The observed
magnetosheath O+ fluxes are of the same order as measured in the ionospheric upflow,
which indicates that this loss mechanism is significant when it takes place.

Citation: Slapak, R., H. Nilsson, L. G. Westerberg, and A. Eriksson (2012), Observations of oxygen ions in the dayside
magnetosheath associated with southward IMF, J. Geophys. Res., 117, A07218, doi:10.1029/2012JA017754.

1. Introduction

[2] A planetary atmosphere can be an important source of
ions for a planetary magnetosphere. In the case of Earth this
is particularly true during geomagnetic storms. The magnetic
field of a planet strongly affects the motion of outflowing
particles, and it may, through the formation of a magneto-
sphere, serve to prevent direct escape into interplanetary
space. The magnetosphere and magnetosheath are however
not perfectly separated, and atmospheric loss into interstellar
space is known to occur. Therefore studies of possible
escape processes and magnetospheric plasma circulation are
important in order to understand the global dynamics of the
magnetosphere.
[3] The total oxygen ion (O+) flux in the tail seems to

decrease with distance [Seki et al., 2001], and a natural
explanation is that (1): convectional transport into the plasma
sheet and (2): escape into magnetosheath are taking place. O+

in the magnetotail has been observed as cold oxygen beams,
for example, by Seki et al. [1998], Liao et al. [2010], and
Kistler et al. [2010]. Seki et al. [1998] argued that the O+ cusp
outflow would be a feasible source of the cold ion beams
observed in the tail if the ions are heated sufficiently in the
cusp. Most of the energization of outflowing particles is
presumably taking place in the cusp, where open magnetic

field lines allows direct interaction between the ionosphere
and the solar wind. The solar wind influx yields high electron
temperatures due to soft electron precipitation, which in turn
leads to enhanced ionospheric upflow [Nilsson et al., 1996;
Ogawa et al., 2003]. Heating and acceleration of outflowing
O+ have been investigated in several studies [see, e.g.,
Norqvist et al., 1996; André et al., 1997; Bouhram et al.,
2003; Waara et al., 2011;Slapak et al., 2011].
[4] Outflowing ions reaching the magnetosphere are free

from Earths gravity and are most likely to flow downstream
in the magnetotail, since they are simultaneously convected
anti-sunward across the polar cap. Seki et al. [2001] esti-
mated that about 10% of the observed polar O+ outflow is lost
and that the rest return toward Earth through so-called return
flux. As the ions travel tailward the combination of parallel
velocity and convection leads to a velocity dispersion
[Horwitz, 1986]. This mechanism is commonly referred to as
a velocity filter effect, and gives rise to the cold oxygen
beams observed in the lobes. The more energized the more
likely that the ions will not convect to the plasma sheet, but
instead pass the magnetic neutral point in the tail and escape.
Statistical studies presented by Nilsson et al. [2006] and
Waara et al. [2011] show that efficient heating of O+ is
taking place in the high altitude cusp and mantle, leading to
temperatures typically of the order of 1 keV. These energies
are likely enough for O+ to be a viable source of the cold
oxygen beams observed in the magnetotail. Even O+ popu-
lations with temperatures several times larger (up to 10 keV)
are sometimes observed in the high altitude cusp and mantle
[Waara et al., 2011; Slapak et al., 2011].
[5] O+ loss into the magnetosheath and escape mechanisms

have been reported and discussed in a number of articles.
The two mostly discussed mechanisms causing ion loss
through the magnetopause are escape along open magnetic
field lines and leakage across the magnetopause through
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finite gyroradius effects. O+ caught in the inner magneto-
sphere may contribute to the ring current, get heated and
possibly escape. Zong and Wilken [1998] and Zong et al.
[2001] present observations of O+ in the dayside magne-
tosheath during storm conditions. They suggest the O+ to be
of ring current origin and argue that both finite gyroradius
effects and reconnection processes with subsequent escape
along open magnetic field lines are possible explanations to
the observed energy dispersions. Another O+ escape event
was reported by Kasahara et al. [2008]. This event was
observed near the equatorial plane in the dayside magne-
tosheath during a storm recovery phase and northward
interplanetary magnetic field (IMF). The high energy O+

ions were originating from the ring current and escaped
along open field lines in a reconnection process. Marcucci
et al. [2004] presented a case study where high energy O+

ions (≥10 keV) were observed in the magnetosphere and
magnetosheath for about 4 hours, with a varying magne-
tosheath magnetic field orientation. They showed that the
mechanism behind the ion escape could be a finite gyroradius
effect, and that the observed velocity distributions could be
explained if the magnetosheath convection was taken into
account. Other examples of studies investigating O+ escape
into the magnetosheath are Hirahara et al. [1997], Zong and
Wilken [1999], and Taktakishvili et al. [2007]. André and
Cully [2012] discuss ion outflow of energies too low to be
measured with ion spectrometers. This outflow occurs at the
dayside along open field lines and is mainly of plasma-
spheric origin, and thus predominantly consists of protons. If
any O+ is present in this low energy outflow the high con-
vection velocity in the high altitude cusp and magnetosheath
would likely cause the O+ to reach energies observable by
ion spectrometers [Nilsson, 2011].
[6] In this paper we present an experimental case study

of O+ escape into the magnetosheath, using the Cluster
spacecraft. The measurements are made in the southern
hemisphere in the dayside magnetosheath, at least up to
2 Earth radii (RE) from the magnetopause. Observations of
O+ clearly coincide with a southward IMF. For northward
IMF no O+ is observed. We have observed several cases
similar to the one presented here, so it is not unique but
rather reflects a repetitive feature in the interaction between
the solar wind and the magnetosphere. There is no obvious
reason why ion transfer through the magnetopause due to
finite gyroradius effects should be modulated by the mag-
netic field direction. Therefore it is reasonable to suspect that
the escape takes place along open field lines through the
dayside magnetopause, related to reconnection events. This
is in contrast to the presumption that escape along open field
lines mainly is taking place further downstream in the
magnetotail.

2. Instruments

[7] The data presented in this study are obtained by four
instruments; three onboard the Cluster spacecraft [Escoubet
et al., 2001] and one onboard the Advanced Composition
Explorer (ACE) [Stone et al., 1998]. The Cluster mission
consists of four spacecraft (SC1–SC4) traveling in forma-
tion, exploring Earth’s magnetosphere and its interaction
with the solar wind. Each one of the spacecraft carries an
identical set of instruments, allowing for temporal and

spatial analysis of the measurement data. The Composition
Distribution Function spectrometer (CODIF) provides ion
distribution composition data, and it is described by Rème
et al. [2001]. The instrument has mass resolution and can
resolve the major magnetospheric ion species with an
energy and angular resolution of dE/E ≈ 0.16 and 22.5�
respectively. Magnetic field data is provided by the Fluxgate
Magnetometer (FGM), described by Balogh et al. [2001].
Two triaxial fluxgate magnetic field sensors record three
field components with amplitude resolution of the order
10�4 and a sampling frequency of 22.4 Hz. The Electric
Field and Wave experiment (EFW) consists of four probes
measuring two orthogonal electric field components in the
spacecraft spin plane, with a sampling frequency of 25 Hz
[Gustafsson et al., 2001]. The ACE space probe is posi-
tioned at the Lagrange point on the Sun–Earth line, provid-
ing us with solar wind data. The magnetic fields experiment
(MAG) is a triaxial fluxgate magnetometer onboard ACE
that measures three IMF components [Smith et al., 1998].

3. Spacecraft Observations

[8] In this section we present in situ measurements of hot
O+ in the magnetosheath. First we show the observations of
the O+ and emphasize the relation to the magnetic field
orientation. Second, we show that the observations take
place in the magnetosheath.

3.1. O+ Measurements

[9] The observations were made on 2003-02-04, 17:00–
20:00 UT, at high altitudes in the southern hemisphere. The
Cluster satellites were moving anti-sunward from the mag-
netosheath into the dayside polar cap magnetosphere. At
17:00 UT the Cluster spacecraft 4 (SC4) was positioned at
approximately (7.6, �0.3, �9.1)RE, geocentric solar ecliptic
(GSE) coordinates. At 20:00 UT it had traveled to (3.7,
�1.9, �8.1)RE. The given positions correspond to altitudes
of 12 RE and 9 RE respectively.
[10] Hot oxygen ion populations are observed by SC4

(Figure 1a), approximately during 17:00–17:20 UT, 17:50–
18:40 UT, and around 19:30 UT. These timings have been
marked in the figure with black dashed vertical lines. In
Figure 1b a corresponding H+ energy spectrogram is pre-
sented, showing continuous measurements of intense proton
fluxes until about 19:30 UT. After that the energies decrease
to moderate levels. At this time also O+ energies decrease
and take on a more beam-like distribution. The continuous
signature of lower O+ energies (<3 keV, marked with a red
line in the O+ energy spectrogram) until about 19:30 UT is
an artifact of the instrument, misinterpreting parts of the
intense proton flux as O+ (see Nilsson et al. [2006] for more
details). Figure 1f shows the background magnetic field
components in GSE coordinates. The field is highly variable
and shows abrupt changes in its components, indicating
current layers sweeping past the spacecraft. After 19:30 UT
the magnetic field is more stable, coinciding with the mod-
erate energy levels of both O+ and H+. A comparison
between the high energy O+ (Figure 1a) and the background
magnetic field (Figure 1f) indicates a correlation between the
presence of hot O+ ions and the direction of the magnetic
field z-component, Bz: O

+ is observed for Bz < 0, but not for
Bz > 0, except very close to the sudden changes in magnetic
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field direction. Abrupt changes in the Bz direction coincide
with distinct cessations of O+ fluxes at 17:20 and 18:40 UT.
Around 17:45 UT the change in Bz direction is much slower
and it is associated with a smoother onset of O+ fluxes.
[11] Figure 1c presents the parallel bulk velocities for both

H+ and O+. The latter is calculated for energies larger than
3 keV in order to avoid the contamination from the intense
H+ fluxes. A positive parallel velocity component is defined
as being in the same direction as the background magnetic
field. The parallel bulk velocities for the two species are
generally well correlated and similar. The greatest difference
between the velocities is around 19:30 UT, where the H+

velocity changes dramatically to very high values (up to
�300 km/s). During the same time the O+ velocity is

positive and unaffected. In the southern hemisphere negative
and positive velocities correspond to downflow and outflow
respectively. The H+ has been accelerated due to a recon-
nection process and the open field lines allow O+ to flow out
from the cusp. At the position of the satellite we observe
high velocity H+ flowing down, which means that the
simultaneously observed upward flowing O+ still have not
reached the rotational discontinuity, and this points to a mix
of magnetosheath origin H+ and ionospheric origin O+.
[12] Hot O+ populations are observed during Bz < 0 at

spacecraft SC1 as well (not shown). For SC2 there is no
CODIF data and the CODIF data quality of SC3 for this
event is not as good as the SC4 data at this time, making its
ion data less reliable, although the data indicates the same

Figure 1. Observations from Cluster SC4 on 4 February 2003. (a and b) The O+ and H+ energy
spectrograms, with the particle flux integrated over all directions given in cm�2 s�1. (c) The parallel bulk
velocities for O+ and H+ and (d) the perpendicular O+ temperature. The magnetic fields measured by ACE
at the Lagrangian point (XGSE � 230 RE) and by Cluster SC4 are shown in Figures 1e and 1f, respectively
(with the ACE observation time shifted 45 minutes). The black dashed lines mark the timings for Bz = 0.
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correlation between presence of O+ and the orientation of the
magnetic field.

3.2. Magnetosheath

[13] In Figure 1 the observed magnetic field (Figure 1f) is
compared to the IMF (Figure 1e), measured by the ACE
satellite, positioned at the Sun–Earth Lagrangian point at a
distance of approximately 230 RE toward the Sun. The IMF
data is shifted 45 minutes, corresponding to the approximate
time it takes the solar wind to reach the Earth from the
Lagrangian point. The signs of the magnetic z-components
(thick green lines) are well correlated and show good
agreement. The sudden changes of the field direction at
18:40 and 19:25 observed by Cluster are also clearly seen in
the IMF, as well as the slower and gradually changing
magnetic field between 17:20 and 18:40. The agreement
clearly shows that the Cluster observations of O+ actually are
taking place in the magnetosheath and not inside the mag-
netosphere. The magnetic field strength measured by the
Cluster spacecraft is a few times larger than the IMF, which
is consistent with the solar wind being compressed when
crossing the bow shock [e.g., Tidman and Krall, 1971].
[14] Figure 2 shows the magnetic field components mea-

sured by all four spacecraft, which at different times reach a
region with a stable and gradually increasing background
magnetic field. The magnetic field components in this region
do not correlate with the IMF data for any of the four
spacecraft, indicating that this region is within the magne-
tosphere, and that the previous O+ observations took place in
the magnetosheath. This property would suggest that SC4
crosses the magnetopause at around 19:30 UT. With the
same argument it is reasonable to claim that SC1, SC2, and

SC3 experience magnetopause crossings around 18:00 UT,
18:15 UT, and 19:30 UT respectively. The magnetopause
crossings are marked with red shades in the Figure 2. The
presumption that the spacecraft are first in the magne-
tosheath and then cross the magnetopause and enter the
magnetosphere is strengthened when studying the electric
and magnetic field time-frequency spectra, obtained with the
EFW and FGM instruments. Figure 3 shows the spectra
measured by SC4, and they clearly show broad-band waves
up to about 19:30 UT, which is a typical signature of the wave
activity in the magnetosheath. After this point (19:30 UT)
both the electric and magnetic wave activity more or less
ceases, and adopt a typical calm magnetospheric signature.
[15] All these observations show that observations of O+

indeed took place in the magnetosheath. In addition to the
magnetopause crossing, there are three other events where
the magnetic field components suddenly change. These events
are emphasized (shaded) in Figure 2. The first current layer
(L1) is observed by all four spacecraft around �17:20 UT.
The second current layer (L2) is observed only by SC3 and
SC4 at �18:40 UT. At this point SC1 and SC2 are within
the magnetosphere. The third (L3) is observed by SC4 at
�19:25 UT just before entering the magnetosphere. These
current layers are features in the solar wind sweeping past
the spacecraft, confirmed by their presence also in the ACE
data. L1 and L2 seem to be associated with sudden decreases
of O+ flows in the magnetosheath (see Figure 1f for SC4).
Figure 4 illustrates the spacecraft trajectories between
17:00–20:00 UT, both in the XY and XZ plane for GSE
coordinates. The positions where the current layers are
observed are marked with squares (L1) and circles (L2) and
the magnetopause crossings are marked with diamonds. SC1

Figure 2. The four panels show the observed magnetic field (nT) for each spacecraft in successive order
(SC1 at the top and SC4 at the bottom). Blue, red and green lines correspond to Bx, By, and Bz, respectively.
The black lines correspond to the total magnetic field strength, B = (Bx

2 + By
2 + Bz

2)1/2. The blue shadowed
regions are referred to as L1, L2 and L3, corresponding to current layers in the solar wind sweeping past
the spacecraft. The red shadowed regions mark the magnetopause crossings for the four spacecraft.

SLAPAK ET AL.: O+ IN THE DAYSIDE MAGNETOSHEATH A07218A07218

4 of 8



is first to cross the magnetopause around 18:00 UT, then
SC2 at 18:15 UT. Between these times the magnetopause
has moved outward. When SC3 and SC4 cross the magne-
topause around 19:30 UT it has moved closer to Earth again.
Motion of the magnetopause is expected since its position is
sensitive to solar wind conditions. The magnetopause
oscillates around some average value, as opposed to the
magnetosheath current layers which sweep past the space-
craft with high velocity. L1 is observed by all spacecraft
within just a few minutes, which is consistent with a solar
wind current layer sweeping past the spacecraft with high
speed. L2 is observed only with SC3 and SC4, close both in
time and position, and it is therefore difficult make a rea-
sonable and meaningful estimate of its motion, based on a
two-spacecraft comparison.

4. Discussion

[16] Our observations cover three hours (17:00–20:00 UT)
during which time SC4 observes hot O+ populations for
southward Bz (Figure 1). Sudden changes in the field com-
ponents coincide with clear cessations in the presence of
O+. For a magnetopause flapping back and forth past the
spacecraft a similar pattern would be expected, if the
spacecraft was to observe O+ inside the magnetosphere and
no O+ in the magnetosheath. Observations strongly indicate
that this situation is not the case. A comparison with solar
wind data shows a clear correlation between the IMF and the
magnetic field measured by the Cluster spacecraft (Figure 1),
indicating that the spacecraft are not positioned in the mag-
netosphere but rather in the magnetosheath when the obser-
vations of O+ take place. A number of other observations

presented in Section 3 favor this interpretation. The current
layers—seen as abrupt changes in the magnetic field com-
ponents and referred to as L1, L2 and L3 in Figure 2—are
features of the solar wind sweeping past the spacecraft.
[17] SC4 crosses the magnetopause around 19:30. In the

energy spectrogram (Figure 1a) a typical narrow O+ beam is
evident within the magnetosphere, and the beam attains
higher energies the closer to the magnetopause it is, consis-
tent with observations presented by Nilsson et al. [2006],
Waara et al. [2011], and Slapak et al. [2011]. High energy
O+ is also observed immediately on the magnetosheath-side
of the magnetopause, indicating that O+ escape takes place
in that region. The Cluster multispacecraft data then allows
us to estimate the distance between the magnetosheath O+

observations and the magnetopause. SC1 crosses the mag-
netopause at �18:00 UT, and at the same time SC4 observes
O+ in the magnetosheath. The distance between the two
spacecraft at 18:00 UT gives an estimate of the distance
between the magnetopause and the O+ observations. This
simple analysis shows that the distance is at least 2 RE. For
an observed parallel bulk velocity of typically 200 km/s it
takes the ions approximately 1 minute to travel this distance.
The perpendicular bulk velocity in this part of the magne-
tosheath is more or less the same as the parallel bulk velocity.
This means that the O+ observed in the magnetosheath must
have crossed the magnetopause at most a couple of RE

upstream along the magnetopause, relative to the position
where SC4 observed direct escape around 19:30 UT.
These two different magnetopause points are both poleward
of the cusp, which strongly indicates that the O+ we observe
have escaped from the same magnetospheric region - the
cusp/mantle.

Figure 3. The (top) electric and (bottom) magnetic spectral density observed by SC4 between 17:00 and
22:00 UT. The timing for the magnetopause crossing is marked by a vertical red box.
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[18] Outflowing O+ ions are heated and accelerated in the
cusp and generally put on trajectories leading downstream in
the magnetotail as the open field lines, which they travel
along, convect in the anti-sunward direction across the polar
cap. Figure 5 is a schematic illustration of the magneto-
sphere, where three O+ outflow trajectories are plotted.
Trajectory 1 corresponds to low energy ions convecting
to the plasma sheet from where they get transferred back
toward Earth. Trajectory 2 shows higher energy ions,
streaming further down along the magnetotail and more
likely to escape into the solar wind. Because of a velocity
filter effect, outflowing O+ appearing in the magnetic tail
lobes are generally observed as cold oxygen beams [Seki et al.,
1998; Liao et al., 2010; Kistler et al., 2010]. However, the
observed O+ ions observed in the dayside magnetosheath
reported in our study are not cold beams. A perpendicular
temperature of 5 keV (Figure 1d) is observed, consistent with
the high temperatures sometimes observed in the high altitude
cusp and mantle [Waara et al., 2011; Slapak et al., 2011].
The pitch angles are evenly distributed between 0 and 90�,
consistent with the D-shaped O+ velocity distribution con-
figuration (not shown), indicating that the ions have passed
through a rotational discontinuity at the magnetopause.
[19] We therefore suggest that the O+ ions have escaped

into the magnetosheath along recently opened field lines,
associated with southward IMF. This escape path is illus-
trated by trajectory 3 in Figure 5. The green arrow marks

where the Cluster formation enters the magnetosphere from
the dayside magnetosheath. We note that the O+ ions not
necessarily have to originate directly from the ionospheric
upflow. O+ of ring current origin may drift into the cusp due
to reconnection. However, the escape mechanism itself,
allowing O+ to actually stream into the magnetosheath,
would be the same; namely escape along open field lines
through a rotational discontinuity. Also escape of ring current
O+ through finite gyroradius effects is commonly discussed,
but there is no obvious reason to believe that this process is
clearly modulated by the IMF orientation.
[20] A key question is whether it is reasonable to believe

that O+ can be sufficiently accelerated in the cusp/mantle in
order to escape into the dayside magnetosheath, rather than
to flow downstream. The parallel velocity of the observed
O+ is 100 km/s (at least). A rough calculation – assuming the
parallel velocity to increase linearly – shows that it takes
15–20 minutes for ionospheric O+ to reach the altitude at
which they are observed. Considering that it takes a mag-
netic field line typically a couple of hours to convect across
the polar cap, this simple estimate infers that O+ indeed may
escape at the dayside along open field lines if they are
accelerated considerably and if the magnetic topology
allows it.
[21] The measured particle flux of the O+ populations

observed in the magnetosheath is about 1–2� 1010 m�2 s�1.
This number can be scaled down to an ionospheric reference

Figure 4. The Cluster spacecraft trajectories in the (XY)GSE and (XZ)GSE plane, during 17:00–20:00.
Along each trajectory are the current layer 1, current layer 2, and the magnetopause crossing marked with
a square, a circle, and a diamond, respectively.
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altitude, which is feasible if we assume that the observed
magnetosheath O+ has been flowing out along open mag-
netic field lines. Assuming a reference magnetic field
strength of �50000 nT, the estimated scaled O+ flux is
�1013 m�2 s�1. This number is of the same order as the
observed ionospheric upflow reported by Ogawa et al.
[2009], and the typical high altitude cusp fluxes (calculated
for the whole energy range) reported by H. Nilsson et al.
(Hot and cold ion outflow: Spatial distribution of ion heat-
ing, submitted to Journal of Geophysical Research, 2012),
implying that a significant fraction of the ionospheric O+

upflow may escape into the dayside magnetosheath if the
conditions are right. The fact that we observe O+ in the
magnetosheath only for southward IMF does not imply that
ionospheric O+ escape does not occur for northward IMF.
The ion transport trajectories are likely different for north-
ward IMF and may therefore not be observed at the position
of the Cluster spacecraft during this event.
[22] We have observed several similar cases of O+ in the

magnetosheath clearly associated with IMF direction. These
few cases are not enough to justify a conclusion whether
energetic O+ escape from the dayside contributes signifi-
cantly to the global escape or not. For this a comprehensive
statistical study is needed. A statistical study of O+ in the
magnetosheath is however not straightforward, since intense
H+ fluxes in the magnetosheath cause significant contami-
nation in the O+ data. In many cases another issue is that it is
not obvious where the position of the magnetopause is,
making it difficult to clearly distinguish magnetosheath data
from magnetospheric data. An effective method of cleaning
the magnetosheath O+ data is therefore needed in order to
make reliable statistical work in the future.

5. Conclusions

[23] In this study we have presented O+ observations in
the dayside magnetosheath. The presence of O+ in the

magnetosheath was strongly modulated by the direction of
the IMF: with presence of O+ at the location of Cluster for
southward IMF. The general picture is that the lower energy
ions in the ionospheric outflow will convect to the plasma
sheet and end up on closed field lines and be transported
back toward Earth. The more energy provided to outflowing
ions the more likely that they will escape into the magne-
tosheath, passing the neutral point in the magnetotail. We
have showed that if O+ ions are heated considerably in the
cusp it takes about 20 minutes before they reach the high
altitude cusp or mantle, allowing direct escape into the
dayside magnetosheath along reconnected open field lines
through a rotational discontinuity. The scaled ion fluxes in
the magnetosheath were significant and of the same order as
the ionospheric upflow fluxes of 1013 m�2 s�1, suggesting
that escape of energetic O+ from the dayside may contribute
significantly to the total escape rate and affecting the global
dynamics of the magnetosphere. In order to investigate the
importance of this loss mechanism a rigorous statistical
study is needed.
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[1] Ions apparently emanating from the same source, the ionospheric polar cap, can either
end up as energized to keV energies in the high-altitude cusp/mantle, or appear as cold ions
in the magnetotail lobes. We use Cluster observations of ions and wave electric fields to
study the spatial variation of ion heating in the cusp/mantle and polar cap. The average
flow direction in a simplified cylindrical coordinate system is used to show approximate
average ion flight trajectories, and discuss the temperatures, fluxes and wave activity along
some typical trajectories. It is found that it is suitable to distinguish between cusp,
central and nightside polar cap ion outflow trajectories, though O+ heating is mainly a
function of altitude. Furthermore we use typical cold ion parallel velocities and the
observed average perpendicular drift to obtain average cold ion flight trajectories. The
data show that the cusp is the main source of oxygen ion outflow, whereas a polar cap
source would be consistent with our average outflow paths for cold ions observed in the
lobes. A majority of the cusp O+ flux is sufficiently accelerated to escape into
interplanetary space. A scenario with significant oxygen ion heating in regions with strong
magnetosheath origin ion fluxes, cold proton plasma dominating at altitudes below about
8 RE in the polar cap, and most of the cusp oxygen outflow overcoming gravity and
flowing out in the cusp and mantle is consistent with our observations.

Citation: Nilsson, H., I. A. Barghouthi, R. Slapak, A. I. Eriksson, and M. André (2012), Hot and cold ion outflow: Spatial
distribution of ion heating, J. Geophys. Res., 117, A11201, doi:10.1029/2012JA017974.

1. Introduction

[2] The outflow, heating and acceleration of atmospheric
origin ions play a central role in many magnetospheric pro-
cesses. From a planetary evolution point of view the most
important question to answer is whether atmospheric origin
particles are lost to space or retained within the atmosphere.
For planets with a significant internal magnetic field such as
Earth, ions which escape gravity may still be retained within
the magnetosphere and may return to the atmosphere through
the magnetospheric circulation of ions. Ions which are suf-
ficiently accelerated will escape to interplanetary space,
whereas the rest of the ions will stay within the magneto-
sphere [e.g., Ebihara et al., 2006]. Ions retained within the
magnetosphere will affect the magnetospheric dynamics
such as the evolution of magnetic storms, energy storage and
release in the magnetotail and ring current evolution.
[3] Ion acceleration is thus a fundamental part of ion

outflow, determining the fate of the outflowing ions.

Whereas acceleration due to field-aligned electric fields is
important in the auroral oval, in the cusp and polar cap the
predominant ion energization mechanism is transverse ion
heating due to wave particle interaction; for a recent review,
see Moore and Horwitz [2007]. Centrifugal acceleration
may play some additional role, in particular in increasing the
parallel velocity of the lowest-energy ions [Cladis, 1986;
Nilsson et al., 2008a, 2010]. We discuss models of ion
heating in a companion paper. Here it suffices to note that
electric field wave activity in the vicinity of the ion cyclotron
frequency is likely to be effective in ion heating, and many
models relating such electric field wave activity to ion
heating has been developed [e.g., Chang et al., 1986;
Retterer et al., 1987; André et al., 1990; Bouhram et al.,
2003; Barghouthi, 2008]. Providing a coherent picture of
the spatial distribution of both the electric field wave activity
and the ion outflow and heating will allow us to better
understand the efficiency of the ion heating mechanisms.
Determining different ion outflow regions in terms of the
amount of heating is necessary in order to simultaneously
explain hot (keV) energy ion outflow in the cusp and mantle
and cold ion outflow in the central polar cap and lobes.
[4] The main ion species flowing out from the Earth’s

ionosphere are singly charged oxygen (O+), protons (H+)
and singly charged helium (He+). In the cusp and polar cap
the main emphasis of previous work has been on ion outflow
of O+, as strong fluxes of magnetosheath origin protons
makes it difficult to observe ionospheric origin protons. In
principle the whole polar cap could be the source of this ion
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outflow, but there are many indications that ion upflow in
the ionospheric projection of the cusp, often termed the cleft
ion fountain [Lockwood et al., 1985], is the main source for
O+ observed above the polar cap.
[5] Studies of H+ ion outflow over the polar cap, i.e., of

the so-called polar wind, have been extensively reviewed by
Yau et al. [2007]. At altitudes above a few 1000 km the H+

outflow is frequently of too low energy to be detected by
typical ion spectrometers at typical spacecraft potentials in
the outflow region. This has been overcome by actively
controlling the spacecraft potential [Su et al., 1998;
Huddleston et al., 2005], or by studying the wake created by
the cold plasma as it streams past the electrically charged
spacecraft [Engwall et al., 2009; André and Cully, 2012].
The latter method does not allow for identification of the ion
species. More energetic H+ may be of ionospheric origin as
well, but it is often not straightforward to separate it from
intense magnetosheath origin fluxes in the cusp and high-
altitude polar cap.
[6] The cusp ion outflow and heating as function of alti-

tude has been studied in a number of publications. One of
the most complete studies is that by Bouhram et al. [2004]
which used data from three missions, Akebono, Interball
and Cluster, to obtain coverage of the main cusp from a
geocentric distance of 1.5 RE up to 6 RE. They found that the
heating seemed to saturate at altitudes above 3.5 RE. Using
complementary Cluster data covering the high-altitude cusp
and mantle, Nilsson et al. [2004], Arvelius et al. [2005] and
Nilsson et al. [2006] could show that efficient ion heating
continued at geocentric distances well above 3.5 RE. Waara
et al. [2011] and Slapak et al. [2011] combined high-altitude
Cluster observations of heated ions with simultaneously
observed electric field spectral densities in the vicinity of the
O+ gyrofrequency. Using a test particle model of ion heating
due to cyclotron resonance they could show that the electric
field wave activity could explain the observed perpendicular
temperatures, if a large fraction of the observed waves (50%)
were assumed to be efficient in ion heating. These examples
of clear and strong heating with altitude are in contrast to
reports on polar cap ion beams studied with the same
instrument on Cluster. Liao et al. [2010] used an automated
algorithm to detect cold ion beams, and studied the transport
of O+ associated with these cold beams through the polar cap
and magnetotail lobes into the plasma sheet. When this data
set was studied in detail [Liao, 2011], it was concluded that
the observed ion beams were consistent with mainly passive
transport through the polar cap and lobes; that is, variations
in energy/velocity were mainly due to the velocity filter
effect [Horwitz, 1986]. It therefore seems that part of the
outflowing ionospheric plasma is strongly energized, to keV
energies, and other parts are seen as cold plasma outflow in
the lobes [Engwall et al., 2009] or as more energetic pas-
sively transported O+ beams. This shows that heating is
strong along certain outflow paths and weak or absent along
other paths.
[7] Another data set with coverage over well separated

perigee and apogee altitude ranges comes from the Polar
spacecraft. Lennartsson et al. [2004] used the Polar Toroidal
Imaging Mass-Angle Spectrograph (TIMAS) instrument on
Polar to study ion outflow in the 15 eV to 33 keV energy
range (essentially the same range as the previously men-
tioned studies) in two altitude intervals, close to perigee and

close to apogee with average geocentric distances of about
2.2 and 7.5 RE. For some periods, the Polar spacecraft was
operated with a controlled spacecraft potential, allowing
measurements of cold (below the normal spacecraft poten-
tial) plasma outflow using the Thermal Ion Dynamics
Experiment (TIDE) instrument [Su et al., 1998; Huddleston
et al., 2005]. We return to a quantitative discussion of the
outflow intensities in section 5.1.
[8] In this paper we look at the ion outflow from the cusp

and polar cap. We use Cluster observations from the high-
altitude cusp/mantle region, geometrically above the polar
cap [Nilsson et al., 2006]. By binning the data in cylindrical
coordinates we obtain a good balance between accuracy and
good statistics. The choice of a cylindrical coordinate system
is reasonable for the open field lines of the polar cap, as
discussed further in section 3. The cylindrical data allow us
to study both altitude and latitude variations. In particular,
we may calculate average drift trajectories in the simplified
two-dimensional geometry. By also including electric field
wave data we can study the typical wave environment along
an outflow path. We determine average flight trajectories
through the cusp, central and nightside polar cap for hot and
cold ion outflow. This allows for comparison with models
of ion heating through wave-particle interaction, a subject
studied in more detail in the companion paper (H. Nilsson
et al., Hot and cold ion outflow: Observations and implications
for numerical models, submitted to Journal of Geophysical
Research, 2012). By comparing the fluxes of ions along the
different outflow paths we can also determine which is the
dominant ionospheric outflow path for O+.

2. Data Set

[9] The ion data set we are using has been described by
Nilsson et al. [2006]. We use ion data from the Composition
and Distribution Function (CODIF) analyzer mass resolving
instrument, part of the Cluster Ion Spectrometer (CIS) on
board the Cluster spacecraft. The CIS instrument is described
in detail by Rème et al. [2001]. CODIF can resolve H+, He++,
He+ and O+ through a time-of-flight technique. The detector
has a field of view of 360� orthogonal to the spacecraft spin
plane, divided into 16 sectors of 22.5� each. The angular
resolution in the spin plane is likewise 22.5�. The energy
coverage in the modes we have used is from 15 eV per charge
to 38 keV per charge in up to 30 logarithmically spaced steps
with a DE/E of 0.16. In practice we use data with a low-
energy threshold of 40 eV to avoid some instrument pro-
blems that sometimes occur at the lowest energies. The data
set was obtained in January to May in the years 2001 to 2003.
The part of the year was chosen so that the Cluster spacecraft
apogee was on the sunward side of the terminator, so as to
give high-altitude coverage of the dayside cusp and polar
cap. Lower altitudes are then sampled mainly on the night-
side of the polar cap. The data set is made up of visually
identified cases of O+ ion beams lasting at least an hour
[Nilsson et al., 2006]. Such long-lasting ion beams are seen
in approximately 2/3 of the orbits and typically occur when
there is an antisunward convection over the polar cap. The
data are thus not representative of cases with clearly north-
ward IMF (not shown). They do form a coherent data set,
with consistent antisunward transport of the plasma, which is
why we use this limited manually inspected data set. One

NILSSON ET AL.: HOT AND COLD ION OUTFLOW—OBSERVATIONS A11201A11201

2 of 16



may note here that cold ions in the magnetotail lobes are
observed about equally often, about 70% of the time
[Engwall et al., 2009], so that the presence of O+ with suf-
ficient energy to be observed by ion spectrometers and the
presence of cold ions in the lobes with too low energy to be
observed by ion spectrometers do not occur at mutually
exclusive time periods. There must be at least an overlap
between their presence in the magnetosphere.
[10] It has previously been shown that the Kp dependence

of centrifugal acceleration for this data set is small [Nilsson
et al., 2008a]. There is no Kp dependence of the electric
field spectral density at the ion gyrofrequency for this data
set (not shown). We therefore do not divide the data into
different Kp intervals. A complementary data set covering
Cluster data from the midaltitude cusp, for the apogee on the
nightward side of the terminator, has been discussed by
Bouhram et al. [2004]. We compare with that data set in the
companion paper.
[11] The electric field wave data set has been described by

Waara et al. [2011]. The data are obtained from the Electric
Field and Wave instrument (EFW); see Gustafsson et al.
[2001] for details on the instrument. The normal mode data
we use have a sample rate of 25 samples s�1. In order to
calculate the low-frequency wavefield we have performed a
Fourier transform using a data window of 1024 data points.
Each spectrogram of the data set is an average of 3 such data
windows, displaced 512 data points from each other.
Frequencies strongly affected by the spacecraft spin, i.e.,
0.25 Hz, and harmonics at 0.5 and 1 Hz have been removed
and are interpolated with the neighboring data points. Mag-
netic field data were obtained from the fluxgate magnetom-
eter instrument (FGM) [see Balogh et al., 2001].

3. Spatial Distribution of Heating and
Acceleration

[12] The natural reference point for cusp and polar cap
data is that of the equatorward edge of the cusp. At low
altitude it is possible to order the data after such a dynamic
boundary [e.g., Andersson et al., 2005]. For the high-altitude
polar cap Cluster data set (with apogee on the sunward side
of the terminator) this dynamic reference point is usually not
known as the spacecraft typically passes through the mag-
netopause and into the magnetosheath without having cros-
sed the equatorward edge of the cusp. For this reason the
initial papers based on high-altitude Cluster ion observations
ordered the data after background magnetic field strength
[Nilsson et al., 2004, 2006, 2008a] or geocentric distance
[Nilsson et al., 2010; Waara et al., 2011; Slapak et al.,
2011]. Arvelius et al. [2005] ordered the high-altitude
Cluster data after geocentric distance and a rather coarse
invariant latitude binning, showing that part of the observa-
tions could be explained by a velocity filter effect, i.e.,
lower-energy ions in a given altitude range appear at higher
invariant latitudes due to their long travel time along the
field line. To study the effect of ion heating in more detail, it
is therefore necessary to separate effects due to local heating
and the effect of the velocity filter only, i.e., the spatial
distribution of ions which occur also in the absence of any
local heating. It is therefore necessary to study the ion out-
flow along the different ion outflow paths through the polar
cap which occur due to the velocity filter effect.

[13] We have found that binning the data in a Sun-pointing
cylindrical coordinate system (as is often used for non-
magnetized planets such as Mars and Venus) produce a
simple and clear description of the spatial distribution of the
ion outflow with sufficient statistics in each spatial data bin.
This choice of coordinate system is justified by the fact that
the observations correspond, at least for the majority of the
data, to open polar cap field lines. A possible alternative
would have been a projection of the data on the x-z plane,
which would give similar results for this data set (not shown).
An advantage of the cylindrical coordinate system is that
distances are preserved. This is useful as we can calculate
average two-dimensional flight trajectories by forward or
backward tracing test particles in the average observed
velocity field. That way we can follow the evolution of the
plasma along a flight trajectory, at least in an average sense.
The long-lasting ion beams we discuss occur when there is a
significant convection of plasma across the polar cap, making
it meaningful to use an average convection (as opposite to the
case of a more purely northward interplanetary magnetic
field multicell convection pattern). We will calculate such
average flight trajectories in order to separate effects of local
ion heating from effects related to the velocity filter effect.
This is discussed further in section 4.
[14] We have used spatial bins of 0.5 � 0.5 Earth radii

(RE), in the cylindrically symmetrical Geocentric Solar
Ecliptic (GSE) coordinate system XGSE�RGSE where
RGSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y 2
GSE þ Z2

GSE

p
. We have investigated the spatial

distribution of the O+ parallel number flux scaled to iono-
spheric altitude, the O+ perpendicular temperature, the O+

and H+ density and the electric field spectral density. In all
figures describing the spatial distribution of the data we
include plots of sample geomagnetic field lines obtained
from the Tsyganenko T89 model [Tsyganenko, 1989], cal-
culated for a Kp index of 3, starting at YGSE = 0, and spaced
5� latitude apart. A model magnetopause, taken from the
Shue et al. [1998] model, is indicated with a thick dotted
line. Chosen parameters were BZ = �5, solar wind density
5 cm�3 and solar wind velocity 350 km s�1.
[15] The calculated values are averages, over all condi-

tions, for the entire data set. The averages are log averages
for lognormal distributed data, i.e., for temperatures, densi-
ties, flux and electric and magnetic field spectral densities.
These averages therefore represent a typical value, and the
arithmetic mean will typically be 2–3 times higher. Similarly,
the logarithmic standard deviations show the order of mag-
nitude variability of the data set.

3.1. Spatial Distribution of Ion Parameters

[16] The parallel number flux of O+ was scaled to iono-
spheric altitude by taking the widening of the magnetic flux
tube into account. The locally measured flux was multiplied
by 50,000 nT (an approximate high-latitude ionosphere
value) and divided with the local magnetic flux density. The
result is shown in Figure 1. Positive x points toward the Sun,
which is thus located to the right of Figure 1. Black arrows
indicate the direction and relative magnitude of the O+ bulk
velocity. As can be seen, the highest fluxes are observed at
the highest altitudes and on field lines representing the
equatorward side of the dayside polar cap, i.e., the cusp. We
will refer to this region of high O+ flux as the cusp, though as
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we mostly see reflected solar wind origin H+ ions flowing
outward, it could also be referred to as the mantle [Nilsson
et al., 2006]. The parallel velocity, indicated by the length
of the arrows, increases with altitude throughout the polar
cap region. There is also a tendency for higher parallel
velocities in the sunward part and lower velocities in the
tailward part, consistent with some degree of velocity dis-
persion effect (i.e., particles starting at the same location
will separate, with higher-velocity particles found upstream
of lower-energy particles as their transport time to reach a
particular altitude is shorter while the convection velocity is
the same for all particles; see Dubouloz et al. [1998] and
Nilsson et al. [2004] for more details. Two arrows in the
lower right of Figure 1 indicate the length corresponding to
a velocity of 100 km s�1. The cusp fluxes (scaled to the
ionosphere) are 1 to 2 orders of magnitude larger than what
is observed in the middle of the polar cap. Two thick white
lines indicate two average flight trajectories bordering a
central polar cap low wave activity region (discussed later).
The scaled flux is roughly constant along the central polar
cap flight trajectory (between the two white lines) as should
be the case, except for the lowest-altitude bins which show
very low fluxes. This could be due to a significant part of
the flux at these altitudes having energies below our lower-
energy limit of 40 eV.
[17] Figure 2 shows the spatial distribution of the O+

perpendicular temperature. There are some high ion tem-
peratures at low altitude, which mostly corresponds to the
nightside polar cap and probably extending into the night-
side auroral oval. From beyond 6 RE radial distance the

temperature clearly increases with altitude throughout the
polar cap. For the highest-altitude region corresponding to
the highest number fluxes (Figure 1) the temperature
increases toward the tail as well, the highest temperatures
are observed at the highest altitudes approximately tailward
of the terminator. The perpendicular temperature reaches
several keV at the highest altitudes. The parallel temperature
and total temperature are of the same order of magnitude (the
perpendicular to parallel temperature ratio was discussed by
Nilsson et al. [2006]). Two average flight trajectories bor-
dering the central polar cap are shown with white lines.
A red line indicates a flight trajectory for cold ions subject to
the average perpendicular bulk drift (to be discussed later).
[18] The densities of O+ and H+ as obtained from the

Cluster CODIF instrument are shown in Figure 3. These
corresponds to hot plasma, as opposite to the cold plasma of
too low energy to be measurable with the CODIF ion spec-
trometer and which may also be present [André and Cully,
2012]. The hot H+ density (Figure 3b) is much higher in
the high-altitude cusp region, and rather low in the medium
altitude polar cap region. This is as can be expected if
magnetosheath origin protons dominate. There is an increase
of the density at the lowest altitudes, in particular in the
nightside, indicating that these protons are of ionospheric or
magnetotail origin. The O+ density (Figure 3a) is fairly
constant with altitude in the dayside part of the polar cap, is
high in the low-altitude nightside polar cap and in the most
sunward part of the cusp, and decreases with altitude in the
high-altitude nightside region.

Figure 1. Parallel flux of O+ scaled to ionospheric altitude shown in cylindrical GSE coordinates (RE).
The flux is shown with a color scale in units of m�2 s�1. Black arrows indicate the direction and relative
magnitude of the parallel bulk velocity of O+. Solid black curves indicate sample field lines from the
Tsyganenko T89 model, at YGSE = 0 and spaced 5� apart. A model magnetopause is indicated by the
thick dotted line.
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3.2. Spatial Distribution of Wave Activity

[19] The distribution of the electric field spectral density is
shown in Figure 4, with the average spectral density in the
vicinity of the O+ gyrofrequency in Figure 4a, in the vicinity
of the H+ gyrofrequency in Figure 4b and the average spectral
density for frequencies below 10 Hz in Figure 4c. The
spectral density at the O+ gyrofrequency is mainly a function
of altitude, as it is strongly dependent on the strength of the
background magnetic field. The electric field frequency
spectra in this region of space and for the frequency range
around the H+ and O+ gyrofrequencies have the form of a

power law with exponential �1.5 [Waara et al., 2011]. The
spectral density at the O+ gyrofrequency will thus increase
quite strongly with altitude even if the frequency spectrum of
the electric field does not change with altitude. The gyrofre-
quency is inversely proportional to the magnetic field
strength, which falls of approximately proportional to r�3,
so that the spectral density will be proportional to approxi-
mately r4.5, where r is geocentric distance.. The more pre-
cise relationship, and how it varies for different parts of the
polar cap, is discussed in the companion paper.
[20] Figure 4c shows the average of the spectral density

below 10 Hz, so it is a measure of the relative strength of the

Figure 2. Perpendicular temperature of O+ (log10 eV) shown in cylindrical GSE coordinates (RE). Black
arrows indicate the direction and relative magnitude of the parallel bulk velocity of O+.

Figure 3. Density of (a) hot O+ and (b) hot H+ (log10 m
�3), shown in cylindrical GSE coordinates (RE).
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Figure 4. Electric field spectral density (a) in the vicinity of the O+ gyrofrequency and (b) in the vicinity
of the H+ gyrofrequency, and (c) the average spectral density for frequencies below 10 Hz (log10 (mV/m)2

Hz�1), shown in cylindrical GSE coordinates (RE).
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electric field wave activity, regardless of the value of the
local gyrofrequency. As can be seen the average spectral
density is relatively constant with altitude in the cusp. The
low-altitude nightside region shows strong wave activity,
but because of the comparatively high gyrofrequency, we do
not see very strong wave activity in the vicinity of the O+

gyrofrequency (Figure 4c).In the middle of the polar cap
there is a region with low wave activity also up to rather high
altitude. The wave activity at the H+ gyrofrequency shows a
more pronounced difference between the high-altitude
(cusp) part and the rest of the polar cap. The wave activity in
the cusp is high, whereas it is rather constant and very low
outside the cusp.
[21] Strong wave activity at the H+ gyrofrequency corre-

lates strongly with high H+ density, as can be seen by
comparing Figure 4b with Figure 3b. This is further quan-
tified in Figure 5, where we show the electric field spectral
density as function of the proton density. Red rings with
error bars show the electric field spectral density at the H+

gyrofrequency, and black triangles with error bars the elec-
tric field spectral density at the O+ gyrofrequency. The error
bars indicate one standard deviation for the logarithm. As
can be seen the spectral densities at both gyrofrequencies
show a dependence on the proton density. For H+ we have
an s-shaped curve, separating the spectral densities into two
regions separated by more than one standard deviation in
spectral density.
[22] In the work of Waara et al. [2011] it was shown that

the electric field spectral density to magnetic field spectral
density ratio of the waves (E/B ratio of the waves) was
consistent with Alfvén waves for altitudes above 8 RE for
our data set. This coincided with the altitude range where a
large fraction of the observed wave activity appeared to be
efficient in heating the ions. We therefore compare the E/B

ratio of the observed waves at the O+ gyrofrequency with the
Alfvén velocity calculated from the observed plasma densi-
ties and magnetic fields. The logarithm of the ratio of the
estimated Alfvén velocity over the E/B ratio of the waves is
shown color coded in cylindrical coordinates in Figure 6. As
can be seen, the ratio is close to unity throughout the
observation region at geocentric distances of more than
about 8 RE. Below that the ratio is 3 to 10; that is, the cal-
culated Alfvén velocity is much higher than the observed
E/B ratio of the waves. This could occur if the density used
to calculate the Alfvén velocity is underestimated, in which
case the local Alfvén velocity would be overestimated.

4. Average Flight Trajectories

[23] Whereas the data clearly indicate that there is both a
latitude (XGSE) and altitude variation of the observable
parameters related to ion outflow, the data to some extent
support the simplification of studying the data as a function
of altitude only. Number fluxes are higher in the cusp, but
parallel velocity, O+ perpendicular temperature and the
electric field spectral density at the O+ gyrofrequency all
increase with altitude throughout most of the polar cap. An
important effect which may be missed with such an approach
is the velocity filter effect. In the presence of a finite back-
ground convection, ions emanating from a finite sized region
will spread out according to their parallel velocities, the
convection speed being the same for all particles (see, for
example, Nilsson et al. [2004, Figure 1] for an illustration).
Therefore, higher-speed particles will follow a different
spatial flight trajectory as compared to slower particles. If a
sample over different altitudes is made which cut across these
different flight trajectories, this may be misinterpreted as an
observation of acceleration with altitude. If sampling is made

Figure 5. Electric field spectral density in the vicinity of the O+ gyrofrequency (black) and H+ gyrofre-
quency (red) (log10 (mV/m)2 Hz�1), as function of H+ density (m�3). Error bars indicate one standard
deviation of the logarithmic value.

NILSSON ET AL.: HOT AND COLD ION OUTFLOW—OBSERVATIONS A11201A11201

7 of 16



principally along the average flight trajectories being studied,
or over a broad enough latitude range to cover all significant
flight trajectories, then the altitude only approach is valid.
The coverage of different flight trajectories can to some
extent be judged by looking at the scaled ionospheric flux as
a function of altitude. If it stays constant, then we observe the
majority of the particle distribution at all altitudes, and any
change in properties (i.e., parallel velocity) must come from
an acceleration of the ions (which can be due to the mirror
force also in the absence of local heating). Similarly, if the
perpendicular temperature does not fall off with altitude (due
to the effect of the mirror force) along the ion flight path then
there must be heating of the ions along the flight path.
[24] On the other hand the wave activity at the proton

gyrofrequency does not increase smoothly with altitude. The
average wave activity is increased at low altitudes, and show
some increase in the cusp. In the nightside region the ion
temperatures are also elevated as compared to the central
polar cap. It is also clear from the direction of the flow and
the magnitude of the scaled cusp fluxes that the ions seen in
the central polar cap are not the source of the ions observed
at higher altitudes in the cusp. The mid altitude cusp (which
we here define as a few RE altitude) is outside our data set,
but its properties has been described by Bouhram et al.
[2004]. Based on their data, the heating along flight trajec-
tories leading to the cusp of our data set thus likely corre-
sponds to much stronger heating at lower altitudes than what

is observed in our data set. It is therefore worthwhile to
establish some approximate flight trajectories of ions, to
establish the wave activity (and associated ion heating) one
may expect along a particular outflow path. Furthermore,
the cold ions detected in the lobes through the spacecraft
wake technique [Engwall et al., 2009] have a much lower
parallel velocity than our average observed values. They are
subject to the same average perpendicular drift (assuming

E
! � B

!
to be dominant), so their flight trajectories will be

very different. By assuming a parallel velocity consistent
with the observations in the lobes, we may calculate an
approximate cold ion flight trajectory in our average con-
vection velocity field.

4.1. Calculation of Average Flight Trajectories

[25] To calculate average flight trajectories in our two-
dimensional geometry, we have launched test particles in the
middle of the lowest-altitude data bin with valid data, for
each XGSE bin. The particles are then moved along the
average bulk drift of the bin (parallel and perpendicular drift
as estimated from the ion data) until they reach the border of
a new bin, where the average velocity is changed to that of
the new bin. The tracing is finished as it reaches a bin with
no valid average velocity. For cold particle flight trajecto-
ries, we have used the observed average values from
Engwall et al. [2009] for altitude ranges covered by their

Figure 6. The logarithm of the ratio of the estimated Alfvén velocity over the E/B ratio of observed
waves is shown color coded. The spatial coordinate system is cylindrical GSE coordinates (RE). Black
arrows indicate the direction and relative magnitude of the parallel bulk velocity of O+.
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data set. For lower altitudes we have assumed that the par-
allel velocity is zero at zero altitude, and increases linearly
with altitude to match the lowest-altitude data point of
Engwall et al. [2009]. These trajectories are thus trajectories
of average particles. As the ion beams over the central polar
cap are relatively cold they are also realistic average particle
trajectories. One may consider the case of no ion heating
over the polar cap. Ions are then spread out over the polar
cap according to the velocity filter effect, and samples by the
spacecraft in some particular spatial location thus represents
a sample of one particular trajectory. If there is heating, the
observed ions will deviate more and more from the average
trajectory, so it is mainly meaningful to bin the average
trajectories into broader regions of ion outflow. The result of
the average ion flight trajectory calculations are shown with
white lines in Figure 4a for average observed O+ bulk
velocities and in Figure 4b for cold ion trajectories.
[26] To further validate our approach using average flight

trajectories we must assess the impact of finite temperatures
and the fact that we are using average values of the velocity
which have a variability. Both will lead to a spread out of
actual flight trajectories from our ideal average flight trajec-
tories. It is also worthwhile to investigate the “zero” case of
no local heating to see how much of our observations could
be explained without any heating, i.e., what ion distributions
we would expect to see from the velocity filter effect only. In
order to do this we have taken the lowest-altitude data for
each of our bins as starting points for test particles. These
particles have been launched with a random parallel velocity
with an average equal to the observed average parallel
velocity, and a standard deviation corresponding to the
observed average parallel temperature. This shows the effect
of both the observed parallel temperature and the effect of
using a fixed average bulk velocity in our analysis. Similarly
the particles have been given a random two-dimensional
perpendicular thermal velocity with a standard deviation
corresponding to the average perpendicular temperature.
Finally, we have also taken into account the variability of the
convection. Each launched particle has been provided with a
random convection scale factor with average 1 and standard
deviation 1 to simulate the variability of the convection. The
absolute value of the scale factor was used, to prevent sun-
ward moving convection.
[27] The average values for the entire data set are 52 km s�1

for parallel velocity with standard deviation of 32 km s�1, and
26 km s�1 for convection (perpendicular velocity) with stan-
dard deviation of 32 km s�1. The parallel and perpendicular
thermal velocities at our starting points are the same (isotropic
temperature) and are of the same order of magnitude as the
standard deviation of the parallel bulk velocity for the whole
data set, in the range 20 to 120 km s�1. Therefore, the parallel
bulk velocity, with the added effect of acceleration due to the
mirror force, dominates over convection and is larger than the
typical variability.
[28] Each launched particle has been followed as it moves

through the data bins, subject to the observed average con-
vection (multiplied with the random convection scale factor
of each particle) and the effect of the mirror force in corre-
spondence with the observed background magnetic field.
We have then calculated the average perpendicular energy
(temperature) and parallel velocity of all particles that passed
through each bin during their flight. From each starting

point, 104 particles were launched, and equal weight were
given to all starting points regardless of the flux/density of
particles actually coming from that point. The result is
shown in Figure 7. As can be seen, the ions spread out quite
close to the average flight trajectory of their starting point.
The perpendicular temperature falls off with altitude along
the average flight trajectory, as it should for the case of no
local heating. Therefore our average flight trajectory method
is valid for this data set. We can also see that the observa-
tions, with increasing temperature along the average flight
trajectories, deviate significantly from the “zero” case of no
local heating.
[29] In the middle of the polar cap we see a plume of

enhanced temperature extending up to higher altitude which
is not seen in the observations. This is a clear indication that
the high temperatures at low altitude are not representative
of the ions observed at higher altitude. There are two pos-
sible explanations for this. One is that there is cold plasma at
low altitude that is gradually heated and come into the
instrument measurement range at higher altitude. This would
decrease the measured ion temperature. Another explanation
is that the hottest ions are not part of the outflowing ion
beams. The data have been picked out manually through
visual inspection, but at the end of the used data intervals
some regions of trapped particles may have become part of
the data set.
[30] Because there is some spread out of the ions from the

average flight trajectories, it is suitable to discuss the data in
terms of some broader outflow regions. We have divided the
hot ion outflow paths into three regions. The cusp need to be
treated separately, as it corresponds to intense fluxes of
magnetosheath origin protons, intense wave activity, and the
average flight trajectories of the cusp start at a rather high
altitude in our data set. The central part of the polar cap
represents a region with rather low wave activity and low
temperatures at low altitude but high temperatures at high
altitude. We therefore pick out a central polar cap outflow
region. In Figure 4a we show two average flight trajectories
with red lines, the region between these lines we will call the
central polar cap. These flight trajectories are poleward of
the main cusp, and approximately sunward of the low-
altitude nightside high temperature and high wave activity
region. In Figure 4c we show two red lines which define the
other regions we will use. Sunward of the most sunward red
line is the cusp, and tailward of the most tailward red line is a
region we will call the nightside polar cap. All data in the
sunward and tailward parts have been averaged as functions
of geocentric distance. These two regions therefore does not
have as even coverage with altitude as does the central polar
cap. The cold ion flight trajectories shown in Figure 4c all
converge on the same trajectory. We have picked out one of
them (shown in red) to be investigated in more detail.

4.2. Properties of Outflow Regions

[31] Figure 8 shows the average properties of the observed
parameters along our three flight trajectories cusp (red lines),
central polar cap (blue lines) and nightside polar cap (black
lines). Note that the data are shown as function of geocentric
distance here, not the radius of the cylindrical coordinate
system used before. Temperature and spectral density show
logarithmic averages, as these parameters have lognormal
distributions. The logarithmic average will then correspond
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to the actual peak of the distribution, and confidence interval
calculations for normal distributed data can be used. The
arithmetic average values for these parameters are higher.
Error bars indicate a 95% confidence interval for normal
distributed data (parallel velocity) and lognormal distributed
data (temperature and spectral density). The confidence
interval is based on variations on two timescales, the stan-
dard deviation for all measurement points, and the standard
deviation of the average for different spacecraft orbits.
Figure 8 shows parallel velocity (Figure 8a), perpendicular
temperature (Figure 8b), electric field spectral density at the
O+ (Figure 8c) and H+ (Figure 8d) gyrofrequencies.
[32] Figure 8a shows that the central polar cap and cusp

parallel velocities show a similar behavior with geocentric
distance, though the cusp velocities are higher in the lower
range of the measured altitudes. The cusp ions must there-
fore have experienced more acceleration below 7 RE, the
lowest altitude where we have measurements from the cusp,
than what is the case for the central polar cap ions between 5
and 7 RE where we have measurements. The nightside polar
cap values are initially similar to the central polar cap values,
but does not increase significantly with altitude. Figure 8b
shows a similar trend for perpendicular temperature, except
that for the central and nightside polar cap the temperature is
decreasing with altitudes up to a geocentric distance of about
7 RE. This is further discussed in the companion paper, but
clearly indicates no or very little perpendicular ion heating in
this region.

[33] The spectral density at the O+ gyrofrequency
(Figure 8c) is about 3 times higher in the cusp than in the
central and nightside polar cap. The latter are quite similar to
each other. The spectral density at the H+ gyrofrequency
(Figure 8d) is high in the cusp and at large geocentric dis-
tances (beyond about 10 RE) for all regions, and low and
close to constant for geocentric distances below 8 RE. A final
note is that the average background magnetic field (not
shown) decreases with distance as a dipole in the cusp
(∝ r�3) and at somewhat lower rate in the central and
nightside polar cap data sets (∝ r�2.6).
[34] A similar averaging along the cold ion trajectory

shown in Figure 4b shows that all parameters we study are
close to constant along this trajectory. The background
magnetic field does vary, having a broad minimum in the
middle of the trajectory of about 200 nT and start and end at
about 300 nT. The other parameters have values of about
25 km s�1 (parallel velocity of both H+ and O+), 2� 104 m�3

and 3 � 104 m�3 for O+ and H+ densities, respectively, per-
pendicular temperatures of about 10 eV and 300 eV for O+

and H+ respectively, and spectral densities at the gyrofre-
quencies of 10�1 (mV/m)2 Hz�1 for O+ and 10�3 (mV/m)2

Hz�1 for H+.

5. Discussion

5.1. Flux Intensity and Relation to Other Observations

[35] The scaled cusp O+ fluxes shown in Figure 1 are fre-
quently of the order 1013m�2 s�1, averaging 5� 1012m�2 s�1

Figure 7. Perpendicular temperature of O+ (log10 eV) shown in cylindrical GSE coordinates (RE) for a
test particle calculation based on observations at the low-altitude boundary and observed convection
and magnetic field. No local heating is assumed. Black arrows indicate the direction and relative magni-
tude of the parallel bulk velocity of the test particles.
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at the highest altitudes. The average value is statistically
smeared as the cusp changes position, and can be expected to
be lower than the typical central cusp value. This level of
outflow is of the same order of magnitude as the ionospheric
upflow observed by incoherent scatter radar as for example
reported by Ogawa et al. [2009]. Upflow velocities are typi-
cally a few hundred meters per second in the topside iono-
sphere [Nilsson et al., 1996] and F region topside densities of
the order of 1011 m�3 or more are common, which if a sig-
nificant part of this reaches high altitude is consistent with the
cusp fluxes we observe with Cluster. The number fluxes
scaled to ionospheric altitudes in the central and nightside

polar cap are on average a few times 1011 m�2 s�1 and may
have their origin in a low-energy tail of the cusp upflow, or
from a weaker polar cap upflow. Nilsson [2011] estimated the
total outflow based on the same data set used in this paper and
found it to be of the order of 1025 s�1. The size of the iono-
spheric cusp upflow area is roughly 1011 m2 (assuming 70�
latitude, 5 h longitudinal extent and 1� latitudinal extent).
Doubling the ionospheric area (one cusp in each hemisphere)
and noting that the scaled ionospheric flux is often a few times
1013 s�1, our average scaled ionospheric fluxes appear con-
sistent with the total outflow estimate of Nilsson [2011].

Figure 8. (a) Parallel velocity of O+, (b) perpendicular temperature of O+, electric field spectral density
(c) at the O+ gyrofrequency and (d) at the H+ gyrofrequency for three different average flight trajectories.
The average flight trajectories are cusp (red), central polar cap (blue) and nightside polar cap (black).
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[36] Our values can be compared to those reported from
Polar. Su et al. [1998] reported low, on average downward,
fluxes of O+ of 5 � 1010 m�2 s�1 normalized to ionospheric
altitude, based on low-energy ion observations from
5000 km altitude. At a geocentric distance of 9 RE the cold
O+ flux had increased to 4 � 1011 m�2 s�1 scaled to our
reference ionospheric value. This is similar to our central
polar cap values and much lower than the cusp values. The
low-energy H+ fluxes observed with Polar also increased
with altitude, from 6 � 1011 m�2 s�1 normalized to iono-
spheric altitude at perigee to 6 � 1012 m�2 s�1 at apogee
[Su et al., 1998]. A study by Huddleston et al. [2005] revised
the low altitude value to 3 � 1012 m�2 s�1, in reasonable
agreement with the high-altitude estimate from the same
instrument. These figures are comparable to the cold ion
fluxes in the lobes reported by Engwall et al. [2009]. Their
observations in the lobes (20 km s�1 and 106 m�3 at 5 RE,
300 nT magnetic field) corresponds to an ionospheric refer-
ence value of 3 � 1012 m�2 s�1. This is in good agreement
with the cold proton outflows observed by Polar at both
apogee and perigee. It is more than our estimate for the O+

outflow in the central and nightside polar cap, the outflow
paths most likely leading to the lobes. This is consistent with
most of the lobe outflow being protons too cold to be
observed by the CIS instrument on Cluster for a typical
spacecraft potential.
[37] Polar observations in about the same energy range as

the Cluster measurements used here, as reported by
Lennartsson et al. [2004] were a few times 1012 m�2 s�1 at
Polar apogee, scaled to an ionospheric reference value. The
value at Polar perigee was a few times lower. The average
total outflow rate was of the order of 1025 s�1, i.e., about the
same as the high solar activity value based on Cluster data as
reported by Nilsson [2011]. The instantaneous area where
outflow occur moves around, so that the average area where
outflow occur is smeared out in a statistical study. The
average area with outflow is therefore larger and the average
flux smaller than the rough instantaneous estimates we pro-
vided earlier, resulting in similar total outflow estimates.
[38] The O+ outflow in the lobes can also be estimated

from the lobe O+ beam data set of Liao et al. [2010], which
was about 1012 m�2 s�1 scaled to our ionospheric reference
value (a flux of 2–4 � 108 m�2 s�1 for nonstorm conditions,
in a background magnetic field of about 20–30 nT, given by
Liao [2011]). This is higher than our estimates of the central
and nightside polar cap values, while significantly lower
than our cusp fluxes, in particular as estimated at the highest
altitudes. It is also more than the Polar spacecraft cold O+

flux estimates, but significantly less than the Polar obser-
vations of more energetic ion flux. In another study, Seki
et al. [2001] reported lobe O+ outflow rates of the order of
1024 s�1, once again only a fraction of the total O+ outflow
estimates based on high-altitude Polar and Cluster data.
[39] A possible interpretation is that most of the cusp

upflow continues upward, and only a small fraction goes
down again to be observed in the region at 5000 km altitude
where the Polar cold ion observations were made. Most O+

ions are significantly energized, and are better covered by
the CIS/TIMAS instrument energy ranges than the Polar
TIDE instrument. Most of the cusp flux we report here
appears not to reach the lobes as cold ion beams. The sig-
nificant heating at the highest altitude make the O+ ion

outflow lose its clear beam-like character which may be one
reason it is not included in the data set of Liao et al. [2010].
A case study [Slapak et al., 2012] indicates that a significant
fraction of these fluxes cross the rotational discontinuity of
the magnetopause and enter the magnetosheath. This would
be consistent with the much lower lobe outflow reported by
Seki et al. [2001] and Liao et al. [2010] as compared to our
cusp outflow.
[40] One may also compare with the study of Haaland

et al. [2012a] where average magnetotail convection,
determined through the electron drift instrument (EDI)
onboard Cluster, was compared to estimated cold ion par-
allel velocities in order to determine the final fate of the
outflowing ions. They found that ions traversing the point
XGSE = �10 at a distance larger than 14 RE above/below the
plasma sheet would never reach the plasma sheet and instead
escape into interplanetary space. This was true for the
average cold ions studied with a parallel velocity of about
25 km s�1 and is even more true for the energetic cusp ions
with an average parallel velocity of well above 100 km s�1.
Our data set does not cover the point XGSE = �10, but it is
still clear that extrapolating our results shown in Figure 1,
most of the cusp fluxes would escape according to the study
of Haaland et al. [2012b]. The same result is given by
Nilsson [2011] based on the forward tracing of O+ outflow
presented by Ebihara et al. [2006].

5.2. Wave Activity

[41] The central and nightside polar cap show similar wave
activity, although it is lowest in the central polar cap. The
cusp wave activity is a few times higher at a given geocentric
distance in the vicinity of the O+ gyrofrequency. The differ-
ence is more pronounced at the H+ gyrofrequency, where the
spectral density is almost an order of magnitude higher in the
cusp at altitudes below 8 RE (as compared to the nightside
polar cap) and 10 RE (as compared to the central polar cap).
At higher altitudes the spectral density in the vicinity of the
H+ gyrofrequency converge (see Figure 8d).
[42] At altitudes below about 8 RE the electric field wave

activity in the vicinity of the proton gyrofrequency is relatively
constant and low. This value is then applicable to the cold
ion outflow path. The observed spectral density of 10�3 (mV/
m)2 Hz�1 corresponds to a heating rate of 0.02 eV s�1,
assuming 50% of the wave activity is efficient in heating the
ions. Over a flight distance of 1 RE for an ion with a parallel
velocity of 20 km s�1 this would indicate a perpendicular
heating of 6 eV per RE. This is much more than what is con-
sistent with the cold ion data in the lobes reported by Engwall
et al. [2009]. Likely, the fraction of waves effective in heating
the ions is much less than 50%, as discussed in the companion
paper. The wave activity at the proton gyrofrequency is well
organized spatially by the presence of strong fluxes of H+ ions,
which would be consistent with the strong proton fluxes either
giving rise to the wave activity, or emanating from the same
source region (the reconnection site and/or the
magnetosheath).
[43] The spectral density at the O+ gyrofrequency has a

weaker dependence on the simultaneous presence of H+ or
O+ fluxes, the level of the background magnetic field is the
main variable determining its strength. Therefore energetic
O+ can be studied using a relatively simple one-dimensional
model, though this will not be representative of flight paths
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of slower than average ions which are more likely to enter
the lobes and plasma sheet. The increased density in the
nightside region, approximately where our sample cold ion
trajectory leads, is indicative of this also being an important
transport path, though the flux is significantly lower than the
cusp fluxes.
[44] The low-altitude polar cap shows comparatively high

wave activity, but the higher local gyrofrequencies make
heating rates much lower than at higher altitudes. The very
lowest altitudes, which are not part of the data set in Figure 8
as it is below the average flight trajectories we used to define
the regions, show both high ion temperatures and high wave
activity. This occur along flight paths not reaching the high-
altitude polar cap. The parallel velocity is low in this low-
altitude nightside region, indicating that the ions have not
experienced strong wave activity during most of their flight
path (as perpendicular heating is gradually transferred into
parallel velocity by the mirror force). The data are consistent
with the ions experiencing low heating rates in the polar cap
and then being heated as they drift into the nightside at
geocentric distances up to about 6 RE. Inspection of some
cases indicates that often two different O+ populations are
seen, one being part of a polar cap ion beam, and one
occurring at higher energy. The latter population may have
been transported from the plasma sheet, so the observed
temperatures need not be indicative of local heating. We
therefore leave these lowest-altitude high ion temperatures
outside the current discussion.
[45] To summarize, a scenario where the strong fluxes of

magnetosheath origin ions, or processes directly associated
with their entry into the magnetosphere, e.g., reconnection at
the magnetopause, are the source of the wave activity which
efficiently heats the ions, would be consistent with strongest
heating in the cusp, intermediate in the polar cap and lowest
at altitudes below about 6 RE in the central polar cap and in
the lobes.

5.3. Presence of Cold Plasma

[46] In the lower-altitude part of our data set the E/B ratio
of observed waves was not consistent with the calculated
Alfvén velocity. There is good reason to believe that there are
significant populations of plasma at energies below the ion
spectrometer detection limit, at least for these lower altitudes
above the polar cap [Haaland et al., 2012b]. By assuming
that the wave activity in the lower altitude range is due to
Alfvén waves, we can make a rough estimate of the cold ion
densities. Assuming that the cold ions have a velocity of the
order of 10 km s�1 (consistent with the cold ions in the lobes
and O+ remains below the detection limit for the ion spec-
trometers), we can then estimate the flux and see if that is
consistent with the fluxes observed at higher altitudes. The
observed mass density along the cold ion outflow path dis-
cussed at the end of section 4 was dominated by O+ with a
number density of 2 � 104 m�3 as compared to the H+

number density of 3 � 104 m�3. In order to obtain 3 to
10 times lower Alfvén velocities as compared to the values
calculated from the density observed with the ion spectrom-
eter, the mass density must be increased 10 to 100 times. If
the outflow is dominated by cold protons then the number
density would have to be of the order of 106–107 m�3. If O+

dominates the cold plasma then the number density would
have to be an order of magnitude less. The local magnetic

field (a few hundred nanoteslas) is 2 orders of magnitude
lower than the ionospheric reference value, and the parallel
velocity of the order of 104 m s�1, from this we can obtain
the flux scaled to ionospheric values. This would be 1012–
1013 m�2 s�1 for H+ and an order of magnitude lower for O+.
[47] The O+ fluxes observed with the ion spectrometer in

the central polar cap went from a few times 1010 to a few
times 1011 m�2 s�1, consistent with the lower value for a
cold O+ population. The cold proton fluxes detected with
Polar and the cold ion fluxes in the lobes detected with
Cluster are consistent with the lower flux range of our cold
proton estimate. The lower density (106 m�3) is consistent
with the cold plasma densities reported from Cluster space-
craft potential data for this region of geospace [Haaland
et al., 2012b]. This would then suggest that for higher alti-
tudes, where the observed E/B ratio and the calculated Alfvén
velocity based on CODIF density estimates are in good
agreement, there is no significant cold ion population most of
the time. There may still be a cold ion component, but the
strong magnetosheath origin H+ fluxes and energetic O+

fluxes dominate. At lower altitudes the presence of a cold ion
population is consistent with the difference between our
observed E/B ratio and calculated Alfvén wave velocity,
though it may not fully explain the difference. Presence of
other waves and static current structures closing through the
ionosphere may also contribute to an E/B ratio at the ion
gyrofrequencies not consistent with the calculated Alfvén
velocity.

5.4. Solar Cycle Dependence

[48] The Polar low-energy H+ observations were made
during solar minimum, the Cluster cold ion data in the lobes
were obtained during high solar activity. Still the approxi-
mate numbers for the total outflow are very similar. This is
in agreement with the Cully et al. [2003] study of low-
energy ions (1–70 eV) using data from Akebono at an alti-
tude of 6000–10,000 km, who found a small solar cycle
dependence for the low-energy H+ fluxes. They did, how-
ever, find a strong solar cycle dependence for the low-energy
O+ outflow, by 2 orders of magnitude. They also found that a
large part of the O+ population was already energized to
energies above 70 eV at the Akebono observation altitude.
Indeed, the Polar observations in the energy range 15 eV to
33 keV obtained during solar minimum, reported by
Lennartsson et al. [2004], are of the same order of magni-
tude (1025 s�1) as our high solar activity measurements
based on Cluster data [Nilsson, 2011]. This would indicate a
rather small solar cycle dependence for the total outflow,
whereas outflow in a specific energy range at a given alti-
tude may show a very strong solar cycle dependence. The
work on ion beams in the lobes and plasma sheet of Earth
[Liao, 2011] does indicate a significant solar cycle depen-
dence, showing that at least the energization and transport
paths of ions do change significantly with the solar cycle.

5.5. Escape on Evolutionary Timescales

[49] One of the potentially most interesting aspects of ion
outflow and escape is that it may affect planetary atmo-
spheres on an evolutionary timescale. Our data were obtained
for clearly identifiable long-lasting ion beams, corresponding
to about 2/3 of theCluster orbits, those corresponding to
nonnorthward IMF (see also discussion by Nilsson [2011]).
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Thus, even in the absence of significant escape for northward
IMF the order of magnitude of the ion escape would be the
same as we obtain. Comparison with Polar data from solar
minimum also indicates a rather weak solar cycle dependence
of the total outflow. This means that the O+ outflow from
Earth is significant and equal to or larger than ion escape
from Mars [Nilsson et al., 2011] and Venus [Fedorov et al.,
2011], though these data sets were obtained for solar mini-
mum. Ion escape rates for Mars from solar maximum were
reported, based on a very limited data set, by Lundin et al.
[1989] and were of the same order of magnitude, 1025 s�1,
as escape from Earth. The young Sun was different in terms
of a stronger and more variable solar wind and stronger
extreme ultraviolet radiation [Lammer et al., 2012]. It is
beyond the scope of this paper to go into any details related to
this, but we note that studies of extreme conditions such as
storms will be important to assess the role of solar wind in
atmospheric evolution for planets with and without strong
intrinsic magnetic fields. Such studies will always be limited
to small data sets with very limited data coverage. It is
therefore not meaningful to try to determine the global ion
outflow response from such events until we have a clear
average picture of the typical distribution of ion outflow.
Such an average context is something we try to provide with
the study we have presented here.

6. Conclusions

[50] We have shown and discussed Cluster observations
of the spatial distribution of ions and wave activity in the
high-altitude polar cap. It was found that it is suitable to
divide the ion outflow paths into three distinct regions, the
cusp, the central polar cap and the nightside polar cap. Our
study confirms the general picture that the cusp is a region of
strong wave activity, as is the nightside polar cap in the
altitude range up to about 6 RE. Wave activity in the middle
of the polar cap was about a factor 3 lower than in the cusp.
The electric field spectral density at the O+ gyrofrequency is
however mainly a function of altitude, as the spectral density
changes more with altitude than the difference between the
different regions. Wave activity at the H+ gyrofrequency
showed a somewhat different behavior and was strongly
correlated with high density/flux of magnetosheath origin
ions. In regions with no or weak magnetosheath origin ions
the electric field spectral density at the H+ gyrofrequency
was low and fairly constant at about 10�3 (mV/m)2 Hz�1.
[51] Above about 7 RE the O+ perpendicular temperature

increases with altitude in all regions. This indicates some
degree of ion heating throughout the polar cap. The increase
with altitude is small in the nightside polar cap, whereas it is
large and significant in the central polar cap and cusp. The
parallel velocity shows a similar behavior.
[52] Wave activity at the H+ gyrofrequency is low along

average flight trajectories of cold ions with parallel veloci-
ties consistent with the cold ions observed in the lobes
(about 20 km s�1). The fraction of the wave activity efficient
in heating the ions must still be well below the 50% used to
explain high-altitude ion heating (above about 8 RE geo-
centric distance) in order to be consistent with the low
energy and temperature of the cold ion beams observed in
the lobes. This is discussed in more detail in the companion
paper.

[53] The strongest fluxes, when mapped to an ionospheric
reference value, were observed in the cusp at high altitude.
These fluxes had the highest parallel velocity, the highest
temperature and had often lost their beam like character.
These strongest fluxes of ionospheric origin ions are thus
found along the flight trajectories most likely to lead to
escape into interplanetary space, rather than being trans-
ported to the plasma sheet. Comparison with published
average magnetotail convection estimates confirm that the
strongest cusp fluxes are expected to escape into interplane-
tary space. This also means that the escape fluxes for Earth
are equal to or greater than those for Mars [Nilsson et al.,
2011] and Venus [Fedorov et al., 2011]. Evidently, the
dipole magnetic field of Earth does not protect the atmo-
sphere from solar wind erosion for current conditions.
[54] We have compared the cold ion fluxes measured with

the Polar spacecraft and reported by Su et al. [1998] with our
ion flux estimates of O+ over the polar cap and cold ions in
the lobes. We found that the, on average, downward O+

fluxes seen by Polar represents a small part of the total O+

outflow. This is in contradiction to the H+ fluxes observed
with Polar, which were consistent with the cold ion fluxes
reported in the lobes [Engwall et al., 2009]. Thus most of the
O+ emanates from the ionospheric cusp region and is effi-
ciently energized and continues upward rather than being
returned toward Earth by gravity. This is consistent with the
results of Nilsson et al. [2008b] that ion outflow is mainly
regulated by ionospheric upflow, most of what flows up
from the ionosphere also continues outward through the
magnetosphere. The similarity between the Polar H+ average
flux and the flux of cold ions in the lobes is consistent with
the entire polar cap being a source for the H+ outflow, while
most of the O+ upflow seems to emanate from the cusp.
[55] A scenario where the strong fluxes of magnetosheath

origin ions, or processes directly associated with their entry
into the magnetosphere, e.g., reconnection at the magneto-
pause, are the source of the wave activity which efficiently
heats the ions, would be consistent with strongest heating in
the cusp, intermediate in the polar cap and lowest at altitudes
below about 7 RE in the central polar cap and throughout the
magnetotail lobes. This is somewhat different from the
behavior of the actually observed wave activity, so that a
smaller fraction of the observed wave activity is efficient in
heating the ions in the nightside polar cap as compared to the
cusp and central polar cap. Low efficiency of heating at low
altitude in the central polar cap, and in most of the nightside
polar cap, would be consistent with the cold ions reported by
Engwall et al. [2009] and the low degree of heating of the
cold (but more energetic) O+ ions in the polar cap and lobes
reported by Liao et al. [2010]. The wave data in the high-
altitude regions where heating appears efficient show an E/B
ratio consistent with the Alfvén velocity calculated with a
density based on ion spectrometer measurements. At lower
altitude where a smaller fraction of the wave activity appear
to be efficient in heating the ions, the observed E/B ratio of
the waves is inconsistent with the calculated Alfvén velocity.
We could however show that a possible reason for this is the
presence of cold plasma, not detected with the ion spec-
trometer we use to calculate the density. This leads to an
overestimate of the calculated Alfvén velocity. An order of
magnitude estimate showed that the presence of a cold H+

plasma consistent with the cold ion fluxes reported in the
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lobes by Engwall et al. [2009] would yield Alfvén velocities
similar to the E/B ratio of the observed waves. The region of
poor agreement between calculated Alfvén velocity and
observed E/B ratio was also quite well bounded by our cold
ion flight trajectories, consistent with cold ions remaining
within this lower-altitude region. Cold ions ending up in the
lobes [i.e., Engwall et al., 2009] should pass through this
region.
[56] Finally, a comparison of our Cluster observations

from high solar activity and Polar observations from low
solar activity indicates that the solar cycle dependence of
high altitude O+ outflow in the energy range of Cluster CIS
and Polar TIMAS is small.
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Abstract.
Studies on terrestrial oxygen ion (O+) escape into the in-

terplanetary space have considered a number of different es-
cape paths. Recent observations however suggests a yet in-
sufficiently investigated additional escape route for hot O+:5

along open magnetic field lines in the high altitude cusp and
mantle. Here we present a statistical study on O+ flux in
the high-latitude dayside magnetosheath. The O+ is gen-
erally seen relatively close to the magnetopause, consistent
with observations of O+ flowing preliminary tangentially to10

the magnetopause. We estimate the total escape flux in this
region to be ∼ 7 ·1024 s−1, implying this escape route to sig-
nificantly contribute to the overall total O+ loss into inter-
planetary space.

Keywords. Magnetosheath, Ion escape, Cluster spacecraft15

1 Introduction

Ionospheric outflow in the Earth’s polar cap occurs on open
field lines and is therefore the most likely source of atmo-
spheric origin to escape into the solar wind. One of its main20

constituents is oxygen ions (O+). The motion of the up-
flowing plasma is governed by magnetospheric processes and
interactions between the magnetosphere and the solar wind.
When studying these interaction mechanisms a study of O+

is preferable, since H+ of ionospheric origin can be difficult25

to distinguish from H+ of magnetosheath origin, which en-
ters the magnetosphere along the open magnetic field lines
of the cusps. Inflow of solar wind plasma into the cusps does
not only provide particles but also electromagnetic plasma
waves, effective in heating and accelerating the upflowing30

ionospheric plasma (see e.g. André et al. (1997); Waara et al.
(2011); Slapak et al. (2011)). Ions that reach the high altitude
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(rikard.slapak@irf.se)

magnetosphere above the polar cap have been energized suf-
ficiently to overcome gravity and are flowing along field lines
leading downstream in the magnetotail.35

O+ in the magnetotail lobes is observed as cold beams
(Seki et al. (1998); Liao et al. (2010)). The cold beams are
an effect of velocity dispersion (Horwitz (1986)), where a
combination of perpendicular convection and differences in
parallel velocity separate the tailward streaming ion popula-40

tions into narrow velocity distributions. Tailward streaming
ions will convect to the tail plasma sheet or (if the parallel ve-
locity is high enough) pass the neutral point and be lost. Haa-
land et al. (2012) modeled the motion of low energy and cold
ions with parallel velocities typically around 25-30 km/s, and45

concluded that their fate was strongly dependent on the con-
vection speed, mainly driven by dayside reconnection.

Nilsson et al. (2012) presented observations of spatial dis-
tributions of O+ ions and wave activity in the high altitude
polar cap. The efficient heating in the cusp leads to high50

O+ temperatures and parallel velocities (> 100 km/s) in the
high altitude cusp/mantle. This region is also where the
strongest fluxes are observed, and the high parallel veloci-
ties will cause the majority of this plasma to escape into in-
terplanetary space. The escape does not necessarily has to55

take place in the distant magnetotail after passing the neu-
tral point, but may flow across the magnetopause into the
magnetosheath along open field lines. A case study of O+

in the dayside magnetosheath was presented by Slapak et al.
(2012). They concluded that the ions had escaped along open60

magnetic field lines directly from the cusp/mantle, and they
showed that this escape route is possible if the upflowing ions
are heated sufficiently in the cusps.

Studies on O+ escape into the dayside magnetosheath
have been reported and both flow along open field lines and65

finite gyroradius effects have been suggested as feasible es-
cape mechanisms. Observations of O+ in the dayside mag-
netosheath during storm conditions were presented by Zong
and Wilken (1998) and Zong et al. (2001) who suggested the
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ions to be of ring-current origin, and referred to both flow70

along open field lines and finite gyroradius effects as pos-
sible escape mechanisms. Dayside observations of O+ es-
cape close to the equatorial plane correlated with a northward
IMF was reported by Kasahara et al. (2008)), who showed
that the escape took place along open field lines in relation75

to reconnection processes. Hirahara et al. (1997), Marcucci
et al. (2004) and Taktakishvili et al. (2007) are other exam-
ples of observations and studies of O+ escape. Seki et al.
(2001) reported that the total flux of O+ in the magneto-
tail lobes decreases with distance, and argued that this prop-80

erty was due to convectional transport into the plasma sheet
and subsequent return flux to the lower latitude ionosphere.
They estimated the total O+ loss rate (including escape in
the tail lobes, via plasmoids, and leakage of plasma sheet
and ring-current ions through the dayside magnetospause) to85

be ∼ 5 ·1024 s−1. However, they did not consider direct O+

escape along open magnetic field lines from the cusp/mantle
into interplanetary space, which the studies of Slapak et al.
(2012) and Nilsson et al. (2012) indicate can be significant
and therefore worth investigating. Studies of polar cap/cusp90

O+ flows have been performed by several authors (Abe et al.
(1996); Yau and André (1997); Lennartsson et al. (2004);
Nilsson (2011)) who all estimated a total outflow flux of the
order ∼ 1025 s−1. The total O+ flux in the near-Earth tail
(0−75 RE) was estimated by Seki et al. (2001) to be 1.8·102495

s−1. This is much smaller than the total fluxes observed in
the cusps and the difference may be caused by significant di-
rect escape of O+ into the magnetosheath.

In this paper we present a statistical study of oxygen ions
in the dayside magnetosheath, in order to estimate a total O+

100

flux and determine whether this escape route is significant or
not. To be able to perform this study two main issues had
to be considered: the considerable amount of contamination
of the O+ data due to intense H+ fluxes and the sometimes
non-trivial task to distinguish magnetosheath data from mag-105

netospheric data. The latter was done by visual inspection of
dayside magnetopause crossings. For the cases where a dis-
tinct magnetopause could not be determined we picked data
from a point where we were sure that the satellites were po-
sitioned in the magnetosheath. To avoid significant contami-110

nation from intense magnetosheath H+ flows we considered
only O+ ions with energies > 3000 eV. The process of mak-
ing the magnetosheath data set is discussed in section 2.1.

2 Measurements

The data used in in this statistical study is obtained by the115

Composition Distribution Function spectrometer (CODIF)
onboard Rumba, spacecraft 1 in the Cluster mission (Escou-
bet et al. (2001)). A brief presentation of the instrument will
be given, followed by a description of the magnetosheath
data set used for the O+ flux analysis.120

The CODIF instrument provides ion composition data in
the energy-per-charge range 40 eV/e to 38 keV/e. It is using
a time-of-flight technique and can resolve the major magne-
tospheric ion species with an energy and angular resolution
of dE/E≈ 0.16 and 22.5◦ respectively. The CODIF instru-125

ment is described in more detail by Rème et al. (2001).

2.1 The Data Set

The data set we use in this study was obtained by the Clus-
ter spacecraft and covers the high latitude dayside magne-
tosheath during January to May (2001-2003), when the Clus-130

ter formation had an apogee at the dayside (19 RE), and
passed through the high latitude magnetosheath, cusp and
mantle two times per orbit. The identifications of the mag-
netopause crossings have been made manually. A magne-
topause crossing is often clearly seen as distinct changes135

in different physical quantities (Paschmann et al. (1978)),
where the most profound ones often are sudden changes of
the magnetic field components, the H+ density and the ratio
of plasma pressure over magnetic pressure (β). The magne-
tosheath data set was then visually inspected for high energy140

O+ (> 3 keV). The reason for a lower energy limit is to avoid
contamination of the O+ data when intense proton fluxes are
present. From inspection it is clear that significantly heated
and accelerated O+ ions reach particle energies up to at least
38 keV (the maximum energy per charge to be measured by145

CODIF), whereas the magnetosheath protons seldom reach
energies above 3 keV; see e.g. the case study presented by
Slapak et al. (2012). Therefore an O+ set containing ions of
energies > 3 keV is assumably unaffected by the intense pro-
ton fluxes, whereas a low energy subset (< 3 keV) is strongly150

contaminated. This condition is confirmed when correlating
the proton fluxes with the fluxes of high and low energy O+

respectively. There is a clear correlation between the H+ flux
and the low energy O+ flux for the magnetosheath data. A
similar correlation cannot be seen when high energy O+ flux155

is compared to the H+ flux. Also, if the O+ data is contam-
inated a peak at v⊥(O+)/v⊥(H+)= 1/4 would be expected
(Nilsson et al. (2006)). This property is not seen; on the con-
trary v⊥(O+) is in general similar to but somewhat larger
than v⊥(H+). These statistical characteristics of the mag-160

netosheath data confirm the assumption that the set of high
energy O+ is not effected by contamination.

3 Observations

Figure 1 shows the flow of high energy O+ (> 3 keV) ob-
served in the high-latitude magnetosheath. We use a cylindri-165

cal reference frame with Xgse and Rgse = (Y 2
gse+Z2

gse)
1/2

as spatial coordinates. Each bin is a 1× 1 RE square, for
which mean values for the flux and bulk velocity have been
calculated. No O+ was observed further out in the magne-
tosheath than indicated in the figure, although many hours of170
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Fig. 1. Average O+ escape flux in the magnetosheath, given in
cylindrical GSE coordinates. The flux (m−2s−1) is given by a color
scale, and the bulk velocity (magnitude and direction) is given by
black arrows. In the top right corner an arrow’s length defines the
velocity corresponding to 200 km/s. The eight blue lines divides
the magnetosheath data set into seven segments (numbered 1−7)
with a width of ∼ 1 RE. The lines are theoretical magnetopauses
(Shue1998) cutting the XGSE−axis at 6, 7, ..., 13 RE.

magnetosheath data were available. The mean direction of
the flow and the magnitude of the bulk velocity are given by
black arrows, centered in each bin. An arrow in the upper
right corner of the figure defines the length corresponding to
200 km/s. Each square bin is designated with a color defining175

the average escape flux of that particular bin. The flux values
are defined by the logarithmic color bar to the right in the
same figure, and the escape flux of a particular bin is defined
as the average flux of observed O+ in that bin times the O+

occurrence rate in the magnetosheath of that bin. The occur-180

rence rate of each bin is defined as the number of datapoints
where O+ is observed in the magnetosheath divided by the
total number of datapoints. The occurrence rate is needed to
calculate the total O+ escape flux in the magnetosheath. This
will be further discussed below.185

The blue lines in Fig. 1 are theoretical magnetopauses
(Shue et al. (1997)), used to divide the magnetosheath data
set into spatial segments, numbered 1 to 7, such that seg-
ment 1 is the one closest to Earth. The binning of the data
is made with no consideration to an actual distance to the190

magnetopause, because of the large variation of its position.
Many observations of O+ have been made up to several hours
after crossing the magnetopause, leaving us with no con-
trol of the magnetopause position at the given measurement

points. 85 % of the recorded magnetopause crossing are tak-195

ing place within segments 2, 3 and 4. As it turns out, these
segments will contribute most to the total flux calculation.
Magnetopause crossings are however experienced in all of
the segments, reflecting the high variability of the magne-
topause position.200

The spatial segments defined in Fig. 1 have been used
to investigate the characteristics of the O+ flux in the out-
ward direction relative to the magnetopause. The results are
demonstrated in Fig. 2. Panel A shows the average O+ flux
of each segment. There is a clear trend that the measured205

fluxes in general decrease with the distance from Earth. The
decrease from segment 1 to segment 7 is about one order of
magnitude (1010 to 109 m−2s−1). This result could give the
impression that the closer the segment is to Earth the more
it contributes to the total magnetosheath flux, but this is not210

true. As mentioned above, Fig. 1 shows the average O+

fluxes when O+ is observed, and thus we also have to take
into account how often we observe O+ in the magnetosheath
for the particular segments. For this cause we calculate the
occurrence rate for each segment i by Ni(O

+)/Ntot,i, where215

Ni(O
+) is the number of datapoints in segment i for which

magnetosheath O+ is observed, and Ntot,i is the total number
of datapoints in segment i. The result is shown in Fig. 2B.
The highest occurrence rates (∼ 22%) are within segment 3
and 4. Segment 1, where the highest average flux is observed,220

has on the other hand very low occurrence rate (∼ 1%). For
the most outward segments the occurrence rate drops quickly
to just a few percent. Even further out the occurrence rate
becomes zero, since no O+ was observed there. Multiplying
the results in Fig. 2A and B segment by segment yields the225

average escape flux, Fi, of each segment i (Fig. 2C). Due to
the low occurrence rates of the outermost segments we now
get two orders of magnitude in difference between the high-
est and lowest fluxes. We also note that the escape flux of
segment 1 is lower compared to segments 2−5.230

In order to estimate a total O+ escape flux in the day-
side magnetosheath we have to define a typical area through
which the observed fluxes flow. To a first approximation
one can assume a cylindrical-symmetric flow, in which we
let the average flux of a segment cross a corresponding an-235

nulus with a width similar to the segment width (∼ 1 RE).
However, it is clear from Fig. 3 that most O+ is observed at
higher latitudes within a sector angle of 106◦, in the YZGSE-
plane. Hence, we consider the escape flux of each segment
(i=1,2,...,7) to flow through a corresponding annulus sector240

with an area Ai =0.59π(r2i+1−r2i ), where we have chosen
ri = (9+ i) RE. The factor 0.59 (= 106/180) corresponds
to escape fluxes mainly taking place at high latitudes (along
open magnetic field lines) and not being significant far out
on the flanks.245

In Fig. 4 the calculated total flux segment by segment
(Ftot,i =Fi ·Ai) is shown (red line/circles). The result yields
the significance of the different segments to the overall to-
tal flux. Again segment 2, 3 and 4 are dominant. Further
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Fig. 2. A) Average flux, B) magnetosheath O+ occurrence rate, and C) O+ escape flux (Average flux times occurrence rate), as functions of
outward distance, with segment 1 and 7 corresponding to the innermost and outermost segment respectively.

Fig. 3. The escape flux in the YZGSE plane, showing the spatial distribution of our measurements. The observed O+ flux is given by the
color scale to the right, ranging from 105−1010 m−2s−1. Regions colored in beige corresponds to regions where measurements have been
taken place but no O+ has been observed. The black arrows corresponds to the YZ-component of the average flow velocity. The majority of
the observed significant escape fluxes are within an angular extent of 106◦.

outward the the segment total flux decreases quickly. An es-250

timate of the overall total flux is achieved by simply sum-
ming the segment total fluxes together. The blue line/circles
in Fig. 4 illustrate the total flux, where circle i corresponds to
the value

∑i
k=1Ftot,k. Due to the small contributions from

the most outward segments the estimated total flux Ftot (blue255

line) approaches a constant value of 7 ·1024 s−1.

4 Discussion

The O+ magnetosheath data set is described in Section 2.1.
The lower limit of the ion energy (40 eV) does not exclude
much real O+ data, since O+ ions have to be accelerated sig-260

nificantly in order to escape directly into the magnetosheath
from the dayside mantle or the cusp (Slapak et al. (2012)).
Figure 2 shows mean values calculated in the segmented in-
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Fig. 4. Average escape flux for respective segment (red curve); see
Fig. 1, and the total escape flux (blue curve). The total escape flux
is calculated by summarizing the flux from respective segment in
the sunward direction.

tervals (1−7) defined in Fig.1. In panel A we note a clear
trend where the mean flux decreases with distance. From the265

innermost observed O+ to the outermost the mean flux de-
crease is about one order of magnitude, and the decrease in
flux is correlated to a corresponding decrease in number den-
sity. This property is consistent with broader cusp/mantle
flux tubes when the magnetopause reaches further out into270

space compared to when the magnetosphere is more com-
pressed. As previously discussed in Section 3 it is necessary
to account for the magnetosheath O+ occurrence rate, which
we define in the same section, and the result is shown in panel
B. The occurrence rate is largest for segment intervals 2, 3,275

and 4 and lower for the rest. The reason for a low value
in segment 1 is because the magnetopause seldom is com-
pressed beneath that region (i.e. segment 1 is normally within
the magnetosphere). The occurrence rate in segment 5−7 is
low mainly because O+ rarely reach that far, consistent with280

the fact that the O+ predominantly flows tangentially to the
magnetopause.

In Section 3 we defined annuluses with a thickness of 1 RE

through which we assume the escape flux to cross. We found
it reasonable to multiply the annulus area with 0.59, since285

most of the magnetosheath O+ escape at high latitudes (from
cusp and mantle), as indicated in Fig. 3. With these choices

we estimate the total flux in the dayside magnetosheath to
be 7 ·1024 s−1. Nilsson (2011) measured O+ fluxes of the
order 1025 s−1 in the high altitude cusp and mantle. The290

ions reaching these regions were energized significantly (e.g.
Waara et al. (2011); Slapak et al. (2011); Nilsson (2011);
Nilsson et al. (2012)) and will typically have too high par-
allel velocities to convect to the tail plasma sheet (Haaland
et al. (2012)). Hence, presumably most of the O+ in the high295

altitude cusp and mantle will eventually escape, either down-
stream passing the neutral point or directly through the mag-
netopause along open magnetic field lines. The main portion
of the dayside magnetosheath O+ reported in this study can
be seen as a population distinct from the O+ in the high al-300

titude cusp and mantle investigated by Nilsson (2011). In
that study most or all magnetosheath data was discarded due
to contamination from strong proton fluxes. Adding the to-
tal flux in the dayside magnetosheath (already escaped) and
the total flux in the high altitude cusp/mantle (will eventually305

escape) gives an escape rate of ∼ 1,7 ·1025. Yau and André
(1997) reported a cusp outflow at lower altitudes of ∼ 2·1025
s−1, which indicates that a majority of the outflowing O+

ions directly escape along open field lines. Seki et al. (2001)
estimated a total escape rate of 0.5 ·1025 s−1, including leak-310

age of dayside plasma sheet and ring current O+ across the
magnetopause through finite gyroradius effects, escape with
so called plasmoids and escape in the tail passing the neutral
point. This result points to that direct escape into the inter-
stellar space along open magnetic field lines is the dominant315

loss route for O+ plasma in the terrestrial magnetosphere.

The position of the magnetopause depends on the solar
wind conditions and it is consequently highly variable. We
observe O+ in the magnetosheath up to several hours af-
ter the satellites cross the magnetopause, and it is therefore320

impossible to determine a measurement position relative to
the magnetopause, simply because we do not know where
the magnetopause is positioned at that specific moment. In
this study we have not taken any consideration into the po-
sition of the magnetopause, but stayed in a fixed reference325

frame (the GSE coordinate system), and therefore can not
draw any explicit conclusions on the O+ magnetosheath flux
characteristics as a function of distance to the magnetopause.
However, it is obvious from visual inspection that most O+

observations in the magnetosheath are made immediately at330

or close to the magnetopause. Therefore it may be possi-
ble to study the magnetosheath O+ characteristics as a func-
tion of distance to the magnetopause after all, if consider-
ing only the close-to-magnetopause observations and using
multi-spacecraft in situ measurements for determining the335

positions relative to the magnetopause. A study like that
should be interesting to consider in the future, in order to
get a more complete picture of the magnetosheath O+ char-
acteristics.
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5 Conclusions340

We have presented a statistical study on O+ escape flux in
the high latitude dayside magnetosheath.The flow is predom-
inantly tangentially to the magnetopause and the majority of
the O+ is observed close to the magnetopause. Consequently
O+ generally does not reach much further out into the mag-345

netosheath at the dayside, but is quickly picked up by the
solar wind and flows antisunward.

The total escape flux in the dayside magnetosheath is esti-
mated to be 7 ·1024 s−1. Considering also the hot and fast
O+ observed in the high altitude cusp and mantle (which350

can be assumed to eventually escape), a significant part of
the observed outflow/upflow of O+ in the cusp/polar cap
are presumably escaping directly along open magnetic field
lines from the high latitude dayside magnetosphere or further
downstream in the tail.355
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