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3.1. IntroductIon

Every day, the Earth loses a significant amount of mass 
through escape of atmospheric material into space. Much 
of the loss is made up by ionized material, and the out-
flow of low energy ions of ionospheric origin is believed 
to be a significant contributor to the magnetospheric 
plasma population [Horwitz, 1982; Chappell et al., 1987; 
André and Cully, 2012].

Escape from the atmosphere, whether neutral or ion-
ized, can be understood by considering the forces acting 
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AbstrAct

A significant amount of  mass is lost from the Earth’s atmosphere through ions escaping from the polar 
ionosphere. Due to spacecraft charging effects, in situ measurements using traditional plasma instruments are 
typically not able to detect the low energy part of the outflow. Recent advances in instrumentation and method-
ology, combined with comprehensive data sets from the Cluster constellation of spacecraft have provided far 
better opportunities to assess the role of the low energy ions. With this new technique, it is possible to bypass 
detection problems caused by spacecraft charging effects, and provide quantitative, in situ estimates of cold ion 
density and outflow velocity. In this chapter, we give an overview of these advances and highlight some of the 
key results based on this methodology. The results corroborate earlier findings that polar rain and the open 
polar cap is the primary source of  cold outflow, but we also find enhanced cold outflow from the cusp and 
auroral zone though, in particular during disturbed geomagnetic conditions. The transport of cold ions is 
mainly governed by the convection, and most of the outflowing ions are transported to the nightside plasma 
sheet and recirculated in the magnetosphere. Transport times are of the order of two to four hours from the 
ionosphere to the nightside magnetospheric plasma sheet. Direct loss along open field lines downtail into the 
solar wind only takes place during quiet magnetospheric conditions with low or stagnant convection. Only 
about 10% of the total cold outflow is directly lost downtail into the solar wind.
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on the thermospheric constituents. If  the total upward 
forces exceed downward forces, ions are accelerated 
upward and can potentially escape. Gravity is usually the 
main downward force and acts on both neutrals and ions, 
and depends on mass and altitude. For neutrals, pressure 
gradients due to thermal effects constitute the dominant 
upward force. For ions, the picture is more complicated, 
and additional electromagnetic forces must be taken into 
account. Some of these forces (which may be directed 
either upward or downward) depend on the mass of the 
particle; others do not. Charge (and charge state) also 
play a role for electromagnetic forces.

It is often convenient to cast the force balance picture 
into an energy balance analogy. In this description, the 
Earth’s gravitational potential energy balanced against 
the ions’ upward directed kinetic energy. For particles at 
rest, minimum escape energies for protons and oxygen 
from the Earth are around 0.6 and 10 electron‐volt (eV), 
respectively.

Above the open polar cap regions, where no hydro-
static equilibrium can be established, low energy elec-
trons, due to their low mass, can easily escape the Earth’s 
gravitational potential [e.g., Dessler and Michel, 1966]. 
As a consequence, an ambipolar electric field arises due 
to the charge separation. This ambient electric field acts 
as a force on charged particles and decelerates electrons 
and accelerates ions [see e.g., Kitamura et al., 2017, (this 
volume) and references therein for more details here]. 
Simulations by Su [1998] suggest a resulting total poten-
tial drop on the order of  a few 10s of  volts over an alti-
tude of  several Earth radii (RE 6371 kilometer [km]). 
This ambient electric field, although very small, is suf-
ficient to maintain a flow of  plasma from the iono-
sphere into the magnetosphere. This outflow, the polar 
wind, was first predicted by models [Axford, 1968; 
Banks and Holzer, 1968]. Experimental observations of 
the polar wind from were first reported by Hoffman 
[1970] and later in other sources [e.g., Hoffman et al., 
1974; Chandler et  al., 1991; and Abe et  al., 1993]. See 
also Yau et al. [2017] (this volume) for a comprehensive 
overview. All these observations were taken below 1 RE 
altitude.

At higher altitudes (above a few RE), it becomes notori-
ously difficult to measure the low energy part of the out-
flowing plasma population. In the tenuous plasma polar 
cap and lobe regions of the Earth’s magnetosphere, the 
spacecraft voltage often reaches several tens of  volts 
 positive due to photo emissions. This spacecraft potential 
will shield low energy ions from reaching the spacecraft 
sensors. Unless the effects of spacecraft charging can 
be  eliminated, cold ions therefore remain invisible for 
particle detectors. Attempts to bypass this problem has so 
far typically involved some form of active spacecraft 
potential control. A notable example utilizing this kind 

of neutralization is the study by Su et al. [1998], which 
used particle measurements from the Polar spacecraft. 
During a limited time period the onboard Plasma Source 
Instrument (PSI) was operating, and was able to keep the 
spacecraft voltage at a few volts. Su et al. [1988] were then 
able to observe and characterize polar wind outflow at 
high altitudes.

The Cluster spacecraft [Escoubet et al., 1997; Escoubet 
and Schmidt, 2000], forming the basis for most of the 
results discussed in the present paper, also has an active 
spacecraft potential control [Active Spacecraft Potential 
Control (ASPOC), see Riedler et  al., 1997] but to our 
knowledge no specific study focusing on polar wind or 
ion outflow has systematically utilized this. Furthermore, 
active spacecraft control typically works by emitting 
metallic ions from a finite reservoir. Continuous opera-
tion over an extended time is therefore not feasible. The 
last ASPOC instrument on Cluster ceased working in 
2006 when this reservoir was depleted [Torkar and 
Jeszenszky, 2010].

Engwall et al. [2006] presented a completely different 
approach to cold ion outflow detection. By utilizing 
data from two independent electric field instruments, 
they were able to exploit spacecraft charging to derive 
densities and outflow velocities of  cold plasma. 
Basically, a supersonic flow of  low‐energy ions forms a 
wake behind the charged spacecraft. The electric field 
caused by this wake, combined with a functional 
dependence between the ambient plasma density and 
the spacecraft potential, is then used to determine the 
cold ion outflow. This technique has been applied by a 
number of  follow‐up studies, e.g., Engwall, et al. [2009a]; 
Nilsson et al. [2010]; Haaland, et al. [2012a, b]; Li et al. 
[2012, 2013]; André et al. [2014]; Haaland et al. [2015]; Li 
et al. [2016].

The purpose of this chapter is to give an overview of 
the methodology and some of the key results obtained 
from this new technique. The chapter is organized as fol-
lows: In Section 2, we explain why cold ion measurements 
are difficult and how the instrumentation onboard 
Cluster is used to bypass these difficulties. Thereafter, in 
Section 3, we present a description of the Cluster cold ion 
data set and its characteristics. Section 4 presents some of 
the results based on this methodology. Finally, Section 5 
is a summary of the results.

3.2. the cold Ion detectIon chAllenge

So why are measurements of cold ion so difficult, and 
why are low energy ions sometimes referred to as invisible 
or hidden [e.g., Olsen, 1982; Olsen et al., 1985; Chappel 
et al., 1987, 2000; André and Cully, 2012]? To answer these 
question, we have to take a closer look at the environment 
in which spacecraft operate.
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Spacecraft traversing the high altitude polar cap and the 
magnetically connected lobe regions spend most of their 
time in sunlight. Solar radiation, in particular the ultravi-
olet (UV) and extreme ultraviolet (EUV) range, corre-
sponding to 2 to 20 nanometer (nm) wavelengths, causes 
photoelectron emissions from the surface of the space-
craft. In low density plasma regions like the high altitude 
polar cap regions and in the magnetotail lobes, this elec-
tron loss cannot be compensated. The result is a current 
imbalance, with a net electron current away from the 
spacecraft. In the lobe and polar cap, where the tenuous 
plasma is insufficient to replenish the electron loss, the 
spacecraft will end up with an excess of positive charges. 
Consequently, the spacecraft can end positively charged 
to several 10s of volts [see e.g., Lybekk et al., 2012]. Unless 
this charging can be prevented or circumvented, this will 
cause problems for low energy plasma measurements.

Typically, there are no strong heating or field aligned 
acceleration mechanisms above the polar cap region or in 
the lobes, and the outflowing ions will not gain signifi-
cant energy as they move outward. Ions of ionospheric 
origin are therefore characterized (and identified) by low 
energies. If  the energy of the ions is below the spacecraft 
potential energy (eVSC, where e is elementary charge and 
VSC is the spacecraft charge relative to the ambient 
plasma), these ions will be deflected away from the posi-
tively charged spacecraft. Unless the ions have sufficient 
energy to overcome this deflection, they will not be able 

to reach particle detectors on the spacecraft. They are 
“invisible” as illustrated in Figure 3.1.

In the following, we will refer to these ions as “cold,” 
where the term cold implies that the total energy of the 
ions is below the spacecraft potential energy. Note that this 
inability to measure cold ions is completely independent of 
particle sensor properties such as sensitivity, noise levels, 
and energy thresholds. Spacecraft charging implies that the 
particles to be measured simply do not reach the sensors. 
A completely different approach is therefore required.

Remote sensing of cold ion outflow is also difficult. 
Ground‐based measurements (e.g., incoherent scatter 
radars) can only measure up to about 1000 km altitude. 
Vertical upward motion at these altitudes, sometimes 
termed upwelling, is is often associated with a significant 
downward vertical motion. It is thus difficult to assess 
how much plasma actually reaches escape velocity and 
eventually escapes the Earth’s gravitational field. Given 
that the ambipolar electric field responsible for the escape 
can span several Earth radii in altitude, low orbit satellites, 
although often less affected by spacecraft charging due 
to higher ambient plasma densities, have similar issues.

3.2.1. Utilizing Spacecraft Potential and Wake

A unique feature of the Cluster satellite mission is 
the  combination of two complementary electric field 
experiments, the Electron Drift Instrument (EDI) [see 

Figure 3.1 Illustration of shielding due to spacecraft charging. Low energy ions emanating from the polar cap 
region travel upward along the magnetic field lines. Due to a positive spacecraft charge, ions with energies below 
the spacecraft potential energy will not reach particle detectors onboard the satellite; they remain ‘invisible.’ 
A wake, void of ions, but filled with electrons, will be formed downstream of the spacecraft.
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Paschmann et al., 1997; Quinn et al., 2001] and the Electric 
Field and Wave (EFW) experiment [see Gustafsson et al., 
2001]. This combination is the key element for the new 
technique to estimate cold ion flux.

EFW is a classic double probe experiment, consisting 
of two pairs of equally shaped spherical probes, each 
mounted on a wire boom approximately 40 meters (m) 
away from the spacecraft body. Only the spin plane elec-
tric field can be measured by EFW, but by assuming no 
or negligible electric potential drop along the magnetic 
field, E E||, the full three‐dimensional electric field 
can sometimes be estimated.

EDI is based on the drift of an electron gyro center in 
the presence of external forces. Each Cluster spacecraft is 
equipped with two EDI gun/detector units. Each gun 
emits a modulated electron beam with a fixed beam 
energy. The beam energy can be switched between 500 eV 
and 1 keV to measure the effects of magnetic gradients, 
but because these are usually small compared to the local 
electron gyro radius, the beam is typically kept fixed at 
1 keV. The direction of this beam is continuously con-
trolled through a servo loop so that the beam returns to the 
detector unit. The gyro center position and motion can then 
be determined from triangulation (or, in some regions, from 
the time of flight of the emitted electrons). For a known 
magnetic field with negligible gradients, the gyro center 
drift of the emitted beam is proportional to the convective 
electric field. The measurement principle of EDI does not 
allow for a continuous operation in all plasma regimes, but 
in regions with fairly stable magnetic field, and low electron 
background plasma, EDI provides the full three‐dimen-
sional convective electric field with very high accuracy.

3.2.1.1. Cold Plasma Density
The spacecraft charge can be used to our advantage, 

however. Regarding spacecraft charge, the voltage differ-
ence between the probes is assumed to be at or close to 
the ambient plasma potential and the electric potential of 
the spacecraft body.

Spacecraft charging depends on solar irradiance, space-
craft surface material, spacecraft surface area, and the 
ambient plasma density. With the former parameters 
known, it is possible to use the spacecraft potential to 
estimate the ambient electron density, and thus the 
plasma density [e.g., Pedersen et al., 2001, and references 
therein]. In general, a relation of the form

 N Ae Cee
BV DVSC SC  (3.1)

exists. Ne is the sought after electron density, VSC is the 
spacecraft potential relative to the ambient plasma. The 
coefficients A, B, C, and D are determined from calibra-
tions against other measurements, and implicitly contain 
information about solar illumination and spacecraft 

surface properties. In Lybekk et al. [2012], the charge 
effect caused by the EDI electron emission was also taken 
into account and incorporated into the above calibration 
coefficients.

3.2.1.2. Cold Ion Bulk Velocity
The bulk flow of  the plasma can be obtained by 

combining measurements from the EDI and EFW 
instruments onboard Cluster.

If  the bulk energy, EKi of  the cold ions flowing across 
the spacecraft is larger than their thermal energy, kTi, i.e., 
the following inequality exists:

 kT E eVi Ki SC , (3.2)

a wake void of ions will be formed downstream of the 
spacecraft. Electrons, however, with their higher mobility 
(typically kT Ee Ke), will be able to fill the wake. 
Consequently, an electric field, 



EW  along the bulk flow 
direction, 



u will arise:

 




E guW  (3.3)

where the scaling factor, g, is a function of the local 
plasma parameters, and can be experimentally deter-
mined [Engwall et al., 2006].

The size of the wake is comparable to the boom‐to‐
boom scale size of the spacecraft but much smaller than 
the gyro radius of the 1 keV electron beam emitted by 
EDI. Thus, EFW will be influenced by the artificial elec-
tric field, whereas EDI is not affected. The wake electric 
field can therefore expressed as a deviation between 
the electric field measured by EFW, 



E EFW  and the real, 
unperturbed ambient electric field 



E EDI
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Note that the perpendicular part of the bulk flow, 


u , 
is  obtained directly from the EDI measurements; 


 

u E B BEDI / 2. The parallel component of u is then 
obtained by first decomposition 



EW  into two spin plane 
 component, Ex

W  and Ex
W . An explicit expression for the 

parallel bulk velocity of the cold ions is thereafter 
obtained from:
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x x
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, ,
 (3.5)

where B is the magnetic field.
Note that wake formation as such is not exclusive to 

the polar cap or lobe regions [e.g., Whipple et al., 1974 
and references therein], but the combination of  the 
two  electric field measurements onboard Cluster has 
made determination of  the bulk velocity possible for 
the first time.
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3.2.1.3. Flux of Cold Ions
From the above equations (1) and (5), the flux of cold 

ions at the spacecraft position can now be determined:

 f N ue|| ||*  (3.6)

We shall refer to the above f|| as local flux, noting that 
it is the in situ flux at Cluster, taken anywhere between 4 
and 19 RE altitudes. To facilitate comparison with other 
ion outflow measurements, and to estimate the total out-
flow, it is useful to normalize the outflow to a certain alti-
tude, typically the topside ionosphere or exobase. Using 
flux conservation considerations and magnetic flux tube 
cross section from a magnetic field model, we can now 
scale this flux to ionospheric altitudes (here 1000 km). We 
shall later refer to this as mapped flux. The total outflow 
can then be obtained by integrating this mapped flux over 
the source area.

3.2.2. Estimating Total Outflow Rates

In the outflow estimates given in Engwall et al. [2009a, 
2009b], it was assumed that the source area was the open 
polar cap region, simply defined as the area above 70° 
invariant latitude at 1000 km altitude. They also made no 
provisions for any time dependent or disturbance depend-
ent variations of the total polar cap area, and also 
assumed identical areas in the Northern and Southern 
Hemisphere. Haaland et al. [2012a, 2012b], used a slightly 
more realistic approach based on a model by Storelis 
et al. [1998], which took into account variation in polar 
cap size. Later, Li et al. [2012], using the same data set, 
confirmed that the open polar cap was the source region. 
These results also demonstrated large variation in the 
source area with disturbance levels; the source area was 
significantly larger during disturbed conditions, consistent 
with an expanding and contraction polar cap.

3.2.3. Constraints and Limitations in Data and Method

It is fair to say that the above methodology and the 
Cluster cold ion data set can only provide a partial view 
of the total escape of ionized material from the Earth’s 
atmosphere.

From the above derivation, one notes that it is not 
 possible to distinguish between different ion species. 
Nor is any distinction between ion charge state possible. 
The wake method is more sensitive to lighter ions, as 
these are more affected by the wake, however. Observations 
by Su et al. [1998] indicate that hydrogen is the dominant 
species in low‐energy outflow from the polar cap region. 
Nevertheless, in Engwall et  al. [2009a] and André et  al. 
[2014] the derived densities were lowered by a factor of 
0.8 to account for the presence of heavy ions. In reality, 

the abundance of heavier ions, typically oxygen, varies 
both with geomagnetic activity and source location. 
Oxygen is more likely to emanate from the cusp and 
auroral zone [e.g., Yau and Andre, 1997; Lockwood et al., 
1985a, 1985b], though.

Equation (2) puts limits on temperature and bulk 
energy of the ions possible to detect. Also, since the veloc-
ity determination rests on the identification of a down-
stream wake (which is not always observed, even in the 
polar cap and lobe regions), the data set is not continuous 
in time. The bulk flow direction should have a significant 
component along the spin plane of the spacecraft. 
Otherwise, the EFW probes will not be able to measure 
the wake field. This is usually no issue in the lobes, where 
the magnetic field is stretched out, but can be an issue 
closer to Earth.

Also, as with any collection of experimental data, there 
are uncertainties related to both measurements, method-
ology, and the underlying assumptions. Engwall et  al. 
[2009a] estimated that error due to methodology is of the 
order of ± 40% or less for velocity calculations and of the 
order of 20% for electron density calculations. The statis-
tical spread in the observations is much larger than this.

3.3. the cluster cold Ion dAtA set

Cluster consists of four identical spacecraft flying in 
formation with varying separation distance. The orbit is 
an approximately 4 x 19 RE polar orbit with a duration of 
about 57 hours. The spacecraft traverses the lobe region 
from July to October, so the cold ion observations are 
limited to this season. In the community, the four space-
craft are conveniently referred to as C1, C2, C3, and C4. 
The instrumentation is identical, but not all instruments 
work on all spacecraft. In particular, EDI data are avail-
able from C1 and C3 throughout the time period 2001 
to 2010 relevant for the present paper. EDI data from C2 
are available until early 2004 but has not been used to 
derive cold ion data. No EDI data are available from C4. 
Data from EFW are available from all four spacecraft, 
with limitations as described in André et al. [2014]. In par-
ticular, EFW data from C3 are less useful during much of 
2006 due to mismatch between instrument bias current 
settings and actual photoemissions.

Two large data sets based on Cluster observations and 
the above wake method have been compiled. The first 
data set, derived and presented in Engwall et al. [2009a], 
consists of approximately 170,000 records with cold ion 
density and bulk outflow velocity. This data set is based 
on C3 measurements for the years 2001 to 2005.

In 2013, the EFW team in Uppsala started a project to 
update and extend the Cluster cold ion data set. This 
involved analysis also of data from the Cluster C1 space-
craft, and also for later years. This new data set presently 
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consists of data from C1 and C3 for 2001 to 2010, 
although the lower solar activity means that there are less 
data from later years. In total, this dataset contains 
approximately 320,000 records from which reliable cold 
ion fluxes could be determined. Details and characteris-
tics of this data can be found in André et al. [2014]. The 
spatial coverage for this combined set, illustrated in 
Figure 3.2, is similar to the earlier data set, but the larger 
number of records and the extended time interval opens 
for new studies, e.g., effects of solar cycle variations.

3.4. results

In the following section, we highlight some of the main 
results based on Cluster measurements of cold ions. At 
the time of writing (2015), the extended cold data set and 
the publication by André et  al. [2014] had just been 
released. With a few exceptions, most of the results dis-
cussed below are therefore based on the original cold ion 
dataset as described in Engwall et al. [2009a].

3.4.1. Characteristic Cold Ion Densities and Velocities

Initial cold ion outflow rates were established by 
Engwall et  al. [2009a] and found to be comparable to 
earlier estimates based on particle instruments (and thus 
higher energies). Integrated over the whole polar cap, 
outflow rates of the order of 1026 ions/s were reported. 
André et  al. [2014] obtained similar rates using the 
extended data set. In large parts of geospace, for example 
the lobe regions, little or no heating or acceleration 
takes place, and cold ions seem to dominate the plasma 
population [André and Cully, 2012].

Figure 3.3 shows the distribution of measured outflow 
velocities (panel a) and densities (panel b) but is based on 
the full data set prepared by André et al. [2014]. We have 
removed records with negative velocities, because these 
suggest motion into the ionosphere. Values shown are 
taken from both hemispheres.

The locally measured mean and median densities of the 
full data set (i.e., no subsetting according geomagnetic 
activity, solar activity, or similar) are 0.21 and 0.13 cen-
timeter (cm)−3, respectively. Mean and median outflow 
velocities are 27 and 23 km/s−1, respectively, once again 
based on the full data set. Panel c of Figure 3.3 shows the 
velocity and density as a function of altitude. Each point 
in this panel represents the average (mean) velocity within 
the given altitude range. Velocities increase with increas-
ing radial distance, indicating acceleration, presumably 
due to centrifugal forces [Cladis, 1986; Nilsson et  al., 
2010]. Densities decrease with radial distance as expected 
from the expanding flux tubes.

3.4.2. Identifying the Source Region

As mentioned above, the fundamental cause of the 
polar wind is the lack of hydrostatic equilibrium above 
the open polar cap, which causes escape of electrons and 
consequently an ambipolar electric field that extracts low 
energy ions. In their estimation of total outflow rates, 
Engwall et  al. [2009a] assumed that the source was the 
polar cap region, simply defined as the area above 70° 
geomagnetic latitude.

Haaland et al. [2012b] also assumed the open polar cap 
as the primary source region for their estimations. They 
used a polar cap area given by an empirical model by 
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Sotirelis et  al. [1998]. This approach took into account 
that the polar cap region size can vary significantly with 
geomagnetic activity. For prolonged periods with north-
ward interplanetary magnetic field (IMF) conditions, the 
polar cap area, and thus the source area of the polar wind 
can shrink to less than half  than its average size.

An even more elaborate determination of the source 
area was undertaken by Li et al. [2012]. They used parti-
cle tracing [Northrop and Scott, 1964], taking all relevant 
forces into account, traced the ion transport path back to 
the ionosphere, and generated maps of the source regions 
for various disturbance levels and solar wind conditions. 
The overall results, reproduced in Figure 3.4, largely cor-
roborated the Haaland et al. [2012b], findings in terms of 
source region and source area.

An interesting result of the Li et al. [2012] study was 
the identification of enhanced outflow from the cusp 
region and from the vicinity of the nightside auroral 
region. These regions are normally associated with ion 
outflow of more ions with higher energies, and also often 
with a larger abundance of heavier ions due to the addi-
tional acceleration potentials in these regions. One possi-
ble explanation for the cold outflow from these regions is 

enhanced production of secondary electrons due to 
impact ionization of the neutral atmosphere. These sec-
ondary electrons behave in much the same way as photo-
electrons in enhancing the electric field as well as the 
electron temperature.

The apparent north‐south asymmetry in Figure 3.4 is 
an artifact of the Cluster orbit. Southern hemisphere 
measurements are on average taken 1 RE higher than in 
the northern hemisphere. Southern hemisphere data will 
therefore be biased toward data from the dayside/cusp 
region whereas northern hemisphere measurements will 
contain a larger fraction of ions that can be traced back 
to the nightside and the auroral region.

3.4.3. The Role of Solar Irradiance  
and the Solar Wind

Solar irradiance is the most important driver of  ioni-
zation in the polar cap region. The F10.7 index, a proxy 
for  the total emission (in units of 10−2Wsm−2) from the 
solar disc at 10.7 cm wavelength, is frequently used to 
characterize solar irradiance. Figure 3.5 shows the in situ 
measured density and outflow velocity and the calculated 
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flux, mapped to 1000 km in the topside thermosphere, as 
a function of the F10.7 index.

We note from Figure 3.5, which is essentially a repro-
duction of Figure 3.5 in André et al. [2014], that the out-
flow velocity does not seem to vary significantly with 
solar irradiance. All values in this binned distribution are 
in the range of 20 to 30 kms−1, and there is no significant 
systematic increase in velocity with increasing solar activ-
ity. The density, however, varies more than a factor of 2 
between low and high solar activity, consistent with the 
Cluster results reported in Svenes et al. [2008] and Lybekk 
et  al. [2012]. The mapped flux also shows a marked 
increase with increasing solar activity.

In addition to the long time solar cycle variation of 
solar irradiance, there is also a seasonal and daily varia-
tion in the solar illumination. Since the Cluster orbit is 
only suitable for cold ion detection using the above 
 methodology during the period around equinox, we are 
not able to address seasonal effects. Interestingly, the 
source maps shown in Figure 3.4 do not reveal any sig-
nificant differences between the sunlit and the dark 
 ionosphere in terms of  mapped flux, although such a 
day/night asymmetry would be expected from models 
[e.g., Glocer et al., 2012].

Solar wind‐magnetosphere interaction, and in par-
ticular dayside reconnection, is a significant driver for 
magnetospheric circulation. Secondary effects of this 
interaction, in particular particle precipitation, is another 
significant mechanism for ionization, but is most promi-
nent in the auroral zone and cusp regions and to a lesser 
degree in the open polar cap regions.

Some caution is necessary when interpreting the role 
of  the solar wind dynamic pressure on ion outflow. An 
enhanced solar wind pressure leads to a compression 
of the whole magnetosphere. To the first order, this will 
be manifested as higher plasma density throughout the 
magnetosphere, but the actual supply of  ionospheric 
material does not necessarily increase.

There are also other conceivable correlations of 
the  cold ion flux. For example, the polar wind flux 
depends on the thermosphere neutral hydrogen den-
sity, which varies with solar cycle, as well as the O +  
density, which varies in response to a number of  effects 
[e.g., Yau et al., 2011].

In summary, however, results based on the Cluster 
cold ion data set suggest that solar illumination primarily 
controls ionization and outflow flux, whereas solar 
wind‐magnetosphere interaction mainly affects transport. 
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Figure 3.4 Maps of the source regions for cold ion outflow. Color indicates flux values. Panel a to c: Average 
ionospheric outflow fluxes in the northern hemisphere for quiet, moderate, and disturbed geomagnetic 
 conditions. Panel d to e: Corresponding fluxes for southern hemisphere. After Li et al. [2012].
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The latter, and in particular the role of the IMF and con-
vection, will be discussed further in the sections below.

3.4.4. Transport of Cold Ions to the Magnetosphere

The motion of the outflowing ions consists of a combi-
nation of parallel velocity and convection. Figure  3.6a 
schematically illustrates the motion of an individual ion 
from a given location in the ionosphere during moder-
ately disturbed conditions with some convection.

At time t1, the ion has escaped the Earth’s gravitation 
potential and moves upward along an open field line (red 
lines in Figure 3.6a). At time t2, the ion has moved further 
outward along the same field line, but this field line has 
now convected toward the plasma sheet, and will eventu-
ally be closed (i.e., reconnected in the tail) before the ion 
reaches the reconnection line. Thus, despite starting out 
on open field lines, this ion will be transported to the 
nightside plasma sheet where it contributes to plasma 
sheet refilling and plasma sheet dynamics.

From Figure 3.6a it is apparent that the initial position 
of the ion also plays a role. Ions escaping on from the 
dayside ionosphere and cusp region will be on field lines 
that will have to be convected a longer distance before 
reaching the plasma sheet. By the same token, ions escap-
ing from the nightside ionosphere will have a shorter 
transport path to the magnetosphere. With parallel out-
flow velocities of the order of 20 to 30 kms–1, the trans-
port times from the ionospheric source to the nightside 
plasma sheet is in the order of several hours [see e.g., 
Table 1 in Li et al., 2013].

Recent results from Li et al. [2016] indicates a region of 
stagnant outflow motion, and thus enhanced density 
near the high altitude dayside cusp region. These indica-
tions stem from the tracing results of Li et al. [2012], in 
which a number of tracing results suggested a parallel 
velocity close to zero in this region. The implications of 
this finding are not yet fully understood. One hypothesis 
is that the outward transport becomes stagnant in the 
transition region between the domain of the ambient 
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electric field responsible for extracting the ions in the 
first place, and a region at slightly higher altitudes where 
centrifugal acceleration becomes active. In this region, an 
equilibrium between upward and downward forces may 
be established under certain conditions. Unless there are 

any strong convection, cold ions would then pile up in 
this region.

3.4.4.1. Acceleration
The ambipolar electric field responsible for the extrac-

tion of the ions probably reach up to a few RE altitudes 
[cf. the simulations by Su, 1998, mentioned above]. 
Above this, there is probably no significant electric field. 
However, due to  centrifugal acceleration [e.g., Cladis, 
1986], the ions will  continue to increase their parallel 
velocity as they travel outward. The local acceleration 
is  probably very small, but since it works over long 
 distances, the total parallel velocity increase can be sig-
nificant between the ionosphere and the far tail.

Nilsson et  al. [2010] used data based on the wake 
method to quantify the acceleration due to centrifugal 
forces, and found averages local acceleration of the order 
of  5 ms−2, which on average gave the ions an additional 
5 to 10 km/s velocity over the 5 to 20 RE range Cluster 
covers. Figure 3.3c, derived from the new complete data 
set seem to corroborate these numbers. Centrifugal 
 acceleration becomes less effective further downtail, 
where the magnetic field becomes more stretched out.

3.4.4.2. Loss Versus Recirculation
Most of the low energy ion escape takes place on open 

magnetic field lines. However, as illustrated in Figure 3.6, 
it does not necessarily mean that these ions are lost into 
interplanetary space.

Haaland et al. [2012b] combined outflow velocities from 
Engwall et  al. [2009a] with lobe convection results from 
Haaland et al. [2008] to estimate the loss versus circula-
tion. They found that the largest direct downtail losses 
occurred under northward IMF conditions with stagnant 
convection. Except from effects of centrifugal accelera-
tion discussed above, the field aligned velocity of the cold 
ions does not seem to vary significantly with IMF or geo-
magnetic disturbance. Convection, largely controlled by 
the dayside reconnection, on the other hand, is strongly 
dependent on IMF direction. Consequently, the transport 
of cold ions from the ionosphere into the magnetosphere 
is essentially controlled by convection, as illustrated in 
panels b, c, and d in Figure 3.6.

Table  3.1, compiled from Tables  2 and 3 in Haaland 
et  al. [2012a], shows average velocities, densities, and 
fluxes for different IMF orientations and geomagnetic 
disturbance levels.

A more detailed study about the fate of the cold ions 
was conducted by Li et al. [2013]. As in the construction 
of the source maps shown in Figure 3.4, they used a full 
particle tracing of the measured outflow velocity and 
density, combined it with the measured convection and a 
model magnetic field [Tsyganenko, 2002] to estimate the 
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Figure 3.6 Panel a: Schematic trajectory of an individual ion 
from the ionosphere to the magnetosphere (dashed solid line). 
The motion consists of a field aligned and a convective part. 
If  convection is sufficiently large compared to the parallel 
velocity, an ion initially on open field lines (t1) will eventually 
be convected to the plasma sheet (t3). Panel b to d: Effect of 
disturbance levels. For stagnant convection (panel a), the out-
flow is low and most ions escape on open field lines downtail. 
For intermediate geoactivity, there is more outflow but still 
slow convection. The ions are transported further tailward. 
During strong geomagnetic activity, the total outflow is higher, 
mainly due to the expanded polar cap area. The convection is 
also stronger, transporting more material to the near‐Earth 
plasma sheet.
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fate of the ions. Each individual observation was traced 
from the spacecraft position to a position slightly above 
the plasma sheet (no tracing was done inside the esti-
mated plasma sheet, as the tracing assumptions break 
down here).

Figure 3.7 (based on Figures 5 and 6 in Li et al. [2013]) 
shows maps of the plasma sheet landing regions for the 
cold ions. During quiet and moderate conditions, the 
supply to the plasma sheet is typically below 105s−1 (dark 
blue color) and spread out over a wide region. Some of 
the ions end up more than 60 RE downtail. During dis-
turbed conditions, fluxes are generally higher (green and 
red color, corresponding to fluxes above 105s−1) and also 
deposited closer to Earth, with the majority of the depo-
sition on between 20 to 30 RE downtail.

Another interesting result from the Li et  al. [2013] 
study, and also seen in Figure 3.7, is the dawn dusk asym-
metry in the deposition. For disturbed conditions there 
seems to be a larger deposition on the duskside. The rea-
son for this asymmetry is not fully clear, but external 
effects such as a bias in the interplanetary magnetic field 
can not fully explain the asymmetry [Walsh et al., 2014a].

3.5. summAry And outlook

The unique combination of two complementary elec-
tric field techniques onboard the Cluster spacecraft and a 
novel technique has made it possible to estimate ion out-
flow velocities and densities of low energy ions. The novel 
technique is based on the detection of a wake forming of 
the positively charged spacecraft in a supersonic ion bulk 

flow region, and a functional dependence between the 
ambient plasma density and the spacecraft potential. The 
method is most sensitive to protons with energies up to a 
few tens of eV.

3.5.1. Summary of Experimental Results

The Cluster observations of cold plasma has provided 
us with new opportunities to study outflow and transport 
of cold ions from the ionosphere to the magnetosphere. 
In particular, it has been possible to quantify velocities, 
densities, and fluxes and their dependence on external 
drivers such as solar activity, solar wind‐magnetosphere 
interaction, and geomagnetic activity.

The main experimental results from Cluster cold ion 
data set and studies thereof so far can be summarized in 
the following points:

 • Typical field aligned outflow velocities measured in 
situ by Cluster in the high altitude polar cap and lobe 
regions (8–14 RE altitude) are around 20 kms−1. Typical 
plasma densities are around 0.1 cm−3.

 • Mapped to the ionosphere, the outflow rate is of the 
order of 1e‐8 s−1cm−2. Integrated over the total polar cap 
area, the total outflow is of the order 1e26 s−1.

 • The outflow velocity is not very much affected by 
solar irradiance, but the density, and thus outflow rate 
vary almost a factor 3 between low solar irradiance and 
high irradiance.

 • Outflow velocity or density do not vary significantly 
with geomagnetic activity or solar wind‐magnetosphere 
interaction, but the convection and thus the fate of the 

Table 3.1 Measured and calculated key parameters based on the cold ion data set of Engwall et al. [2009a]. We have divided 
the full dataset into subsets containing three different disturbance levels (first rows) and four different orientation 
of the interplanetary magnetic field (lower rows). This table is based on Tables 2 and 3 in Haaland et al. [2012b]. For each 
subset of disturbance levels and IMF directions, the different columns indicate the following: B: Average Dst.; C: Average IMF 
By value; D: Average IMF Bz value; E: Average plasma density; F: Average outflow velocity; G: Average mapped flux; H: 
Average convection velocity based on the Haaland et al. [2008] data set; I: Total outflow. (Based on the mapped flux 
[column G] and the polar cap arcs (estimated from Sotirelis et al. [1998]); J: Direct downtail loss, i.e., ions unable to convect 
to plasma sheet before passing distant X‐line

A B C D E F G H I J

Averages taken from Engwall et al. [2009a] Calculated values

Activity/conditions Dst IMF By IMF Bz Ne V|| Flux V Outflow Loss

[nT] [nT] [nT] [cm] [km s − 1] [s − 2 cm − 1] [km s − 2] [s − 1] [ − 1]

Quiet (Dst > 0 nT) −43.0 1.4 −1.4 0.184 23.1 1.21e8 4.5 2.6e25 2.5e25
Moderate 

(−20 < Dst < 0)
−10.4 −0.5 −0.5 0.127 23.3 0.87e8 6.9 2.1e25 7.4e24

Storm (Dst < −20 nT) 7.5 −1.2 0.5 0.209 28.1 1.48e8 10.1 4.2e25 1.7e24

IMF By+ −29.8 4.6 0.0 0.172 25.8 1.22e8 8.0 2.6e25 1.0e24
IMF By – −19.8 −5.4 −0.9 0.141 25.2 0.99e8 7.9 2.1e25 1.8e24
IMF Bz+ −39.2 −0.4 −4.6 0.196 24.6 1.35e8 1.7 1.1e25 7.2e24
IMF Bz – −21.9 0.7 3.7 0.233 26.9 1.48e8 12.2 6.4e25 0
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ions are strongly dependent on IMF direction and 
 geomagnetic activity.

 • Transport times from the ionosphere to the plas-
masheet in the nightside magnetosphere is on the order 
of 2 to 4 hours. There seems to be a larger deposition in 
the duskside plasma sheet.

 • The fate of the outflowing ions are largely controlled 
by the convection. Overall, only about 10%, or 1e25 s−1 
cold ions are directly lost downtail. The rest are recircu-
lated within the magnetosphere where they eventually 
contribute to the formation of the plasma sheet and ring 
current population.

 • As pointed out by André and Cully [2012], low‐energy 
ions typically dominate the density in large regions of 
the magnetosphere on the nightside and in the polar 
regions. These ions also often dominate in the dayside 
magnetosphere, and can alter the dynamics of processes 
like magnetic reconnection [e.g., Walsh et  al., 2014b; 
Toledo‐Redondo et al., 2015].

3.5.2. Outlook and Open Questions

At the time of writing, there are also ongoing projects 
to incorporate the Cluster cold ion dataset into polar 
wind models [see e.g., Glocer, 2017; Welling, 2017; and 
other papers of this volume] and to use the data to study 

specific intervals or phenomena [e.g., Haaland et  al., 
2015; Li et al., 2016].

Most of the studies discussed in the present paper are 
concerned with high latitude and lobe regions. But new 
results, for example from the dayside magnetopause [e.g., 
Walsh et al., 2014b; Toledo‐Redondo et al., 2015; Sonnerup 
et  al., 2015], taking cold plasma into account, indicate 
that cold ions can play a significant role for fundamental 
plasma properties, and significantly alter the dynamics 
also in other regions of space.

The Cluster cold ion data set has also left a few 
 puzzling questions that deserve some attention. These 
questions follow:

Cold ions in the cusp and auroral zone: The main source 
of the cold ions detected by Cluster seems to be the open 
polar cap. The mapping results of Li et al. [2012] revealed 
an interesting feature, though. As seen in Figure  3.4, 
there seems to be enhanced outflow from the cusp and 
auroral regions. The peak fluxes are almost an order of 
magnitude higher than the more homogeneous regions in 
the central polar cap area.

The conventional view is that additional energy in the 
form of Poynting flux and/or additional acceleration due 
to field aligned potential drops is available in these 
regions. The cusp and auroral zone is therefore known to 
be the source of various types of outflow [see e.g., reviews 
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Figure 3.7 Maps of landing regions in the plasma sheet for the cold ions for quiet (top panel) and disturbed geo-
magnetic conditions. To construct these maps, individual ions from both hemispheres were mapped to a position 
slightly above the plasma sheet, and grouped into a 2x2 RE bins. Colors indicate average fluxes within these bins. 
[Adapted from Figures 5 and 6 in Li et al., 2013].
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by Yau and André, 1997; André and Yau, 1997], but typi-
cally at higher energies and at times with a significant 
fraction of oxygen. It is unclear whether the enhanced 
fluxes of cold ions is a result of higher ionization and 
thus a larger source reservoir, or whether the enhanced 
energy input also favors mechanisms enabling the cold 
ions to escape (e.g., the impact of enhanced production 
of secondary electrons discussed above).

Dawn‐dusk asymmetries: Li et  al. [2013] and Walsh 
et al. [2014a] noted a persistent dawn‐dusk asymmetry in 
the deposition of cold ions to the plasma sheet (see also 
Figure 3.7). There seems to be an overall larger deposi-
tion on dusk. This asymmetry is not very apparent in the 
source maps (Figure 3.4) and may be a result of an over-
all dawn‐dusk asymmetry in the transport between the 
ionosphere and magnetosphere rather than an inherent 
asymmetry in the polar cap source region. Modulation by 
IMF By cannot fully explain the asymmetry. A similar 
asymmetry was also noted by Howarth and Yau [2008] 
and Yau et  al. [2012] in studies of oxygen outflow, but 
they related the asymmetry to IMF By effects during the 
transit from the ionosphere to the magnetosphere.

A stagnant region of cold ions in the high altitude day-
side cusp/cleft region: In their attempts to trace the cold 
ions from the Cluster spacecraft to its source region, 
Li  et  al. [2012] noted that a significant fraction of the 
tracing result suggested zero parallel velocity around the 
high altitude dayside cusp/cleft region. Presently, no 
complete explanations for these stagnation regions exist 
[Li et al., 2016].
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