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[1] Ionospheric outflow is believed to be a significant contribution to the
magnetospheric plasma population. Ions are extracted from the ionosphere and
transported downtail by the large-scale convection motion driven by dayside
reconnection. In this paper, we use a comprehensive data set of cold ion (total energy less
than 70 eV) measurements combined with simultaneous observations from the solar wind
to investigate the fate of these ions. By tracing the trajectories of the ions, we are able to
find out where in the magnetotail ions end up. By sorting the observation according to
geomagnetic activity and solar wind parameters, we then generate maps of the fate
regions in the magnetotail and investigate the effects of these drivers. Our results suggest
that, on overall, for about 85% of the cases, the outflowing ions are transported to the
plasma sheet. The region where the ions are deposited into the plasma sheet is larger
during geomagnetic quiet time than during disturbed conditions. A persistent dawn-dusk
asymmetry in the plasma sheet deposition is also observed.
Citation: Li, K., et al. (2013), Transport of cold ions from the polar ionosphere to the plasma sheet, J. Geophys. Res. Space
Physics, 118, 5467–5477, doi:10.1002/jgra.50518.

1. Introduction
[2] Every second, the Earth loses approximately 1 kg of

mass in the form of ion outflow [Yau and Andre, 1997;
Moore and Horwitz, 2007; Engwall et al., 2009a]. Iono-
spheric outflow is considered to be a significant or even
dominant source of plasma supply to the terrestrial magne-
tosphere [e.g., Chappell et al., 1987; Moore and Horwitz,
2007]. This is corroborated by recent results by, e.g., André
and Cully [2012] where it is shown that cold ions, i.e., ions
with total energies below 70 eV, can sometimes dominate
the number density in the near-Earth plasma environment.

[3] Ion outflow from the polar cap is closely associated
with the polar wind [Axford, 1968; Banks and Holzer, 1968].
Electrons can escape from the polar ionosphere as photoelec-
trons and as a result of pressure gradients. As a consequence
of escaping electrons, an ambipolar electric field is set up,
which can accelerate light ions (H+ and He+) and cause them
to escape the Earth’s gravitational potential. Escape of light
ions is modulated by solar irradiance (illustrated by Figure 9
in Engwall et al. [2009b]).
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[4] There is also outflow from the cusp and cleft
regions [e.g., Lockwood et al., 1985; Yau and Andre,
1997; Kistler et al., 2010] and the auroral region [Yau
et al., 1985]. Outflow from these areas is mainly associ-
ated with ionosphere-magnetosphere coupling and is more
strongly modulated by geomagnetic activity and solar wind
energy input, which also allow heavier ions such as oxygen
to escape.

[5] A significant part of the outflowing ions is directly lost
downtail along open lobe field lines into the solar wind, but
the majority is convected to the plasma sheet and thus recir-
culated within the magnetosphere [e.g., Cully et al., 2003;
Haaland et al., 2012a], where they eventually contribute to
the formation of the hot plasma sheet and ring current popu-
lation [Kozyra, 1989; Moore and Horwitz, 2007; Cash et al.,
2010]. Ion outflow possibly also plays a role for substorm
triggering [e.g., Cully et al., 2003; Winglee and Harnett,
2011], although the role of ion outflow and its composition
for substorm processes is still poorly understood.

[6] Obtaining reliable measurements of cold ions poses
several challenges. In the polar cap and lobe regions of
the terrestrial magnetosphere, the plasma density is very
low and spacecraft charging effects will often prevent low-
energy ions to reach particle detectors on a spacecraft. In the
seminal paper by Chappell et al. [1987], where it was argued
that the ionosphere alone was adequate to supply the mag-
netospheric plasma, the cold plasma population was referred
to as “invisible” for this reason.

[7] Recent advances in instrumentation and techniques
have allowed inclusion also of the measured contribu-
tion from cold plasma in ion outflow studies. In particu-
lar, the Cluster spacecraft quartet, with its comprehensive
instrumentation, has provided more accurate measurements
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of density [Pedersen et al., 2001, 2008; Lybekk et al.,
2012], velocity, and flux of cold outflowing ions [Engwall
et al., 2006; Engwall et al., 2009b] and convection [Förster
et al., 2007; Haaland et al., 2007; Haaland et al., 2008].
Results from these advances have shown that low-energy
ions can dominate the density contribution in large regions
of the Earth’s magnetosphere. This has created a new aware-
ness of the importance of cold plasma for the dynamics
of the magnetosphere [Engwall et al., 2009a; André and
Cully, 2012].

[8] Cold ions are typically observed in the polar cap and
lobe regions, as well as in the dayside magnetosphere. But
observations suggest that cold ions can also be present along
with hotter plasma in the plasma sheet [Seki et al., 2003].
The origin of these ions is still debated though.

[9] Whereas there has been quite a lot of effort to under-
stand the processes allowing the ions to escape, there has
been less discussion about the fate of outflowing ions. Cully
et al. [2003] investigated the role of cold ions supply to
the plasma sheet. They used empirical models of the elec-
tric and magnetic fields combined with a simplified model
of the ionospheric source population (a Monte Carlo simu-
lation of approximately a test distribution with protons and
oxygen ions with energies below 20 eV) and studied the
transport from the ionosphere to the plasma sheet. By tracing
the trajectories of the ions for various geomagnetic condi-
tions and orientations of the interplanetary magnetic field
(IMF), they were able to model the supply to the central
plasma sheet. Their results showed that transport of ther-
mal plasma between the ionosphere and the central plasma
sheet is largely governed by the convection electric field.
Later, Ebihara et al. [2006] employed empirical models of
the O+ distribution combined with models of the electric
and magnetic fields to investigate the fate of suprather-
mal oxygen. Their results suggested greatly enhanced feed
to the inner parts of the magnetosphere during active
geomagnetic conditions.

[10] In this paper, which is a follow-up of the work pub-
lished by Li et al. [2012] and a more concise treatment
of the discussion in Haaland et al. [2012a, 2012b], rather
than using a model distribution as done in, e.g., Cully et al.
[2003] and Ebihara et al. [2006], we use in situ measure-
ments of cold ions obtained from the Cluster spacecraft.
Also, instead of using simple relations between convection
and transport as done in Haaland et al. [2012a, 2012b],
we here do a full particle tracing to determine the trajec-
tory and fate of each individual ion. By utilizing a large
data set, we are thus able to generate maps of the cold ion
supply to the plasma sheet and investigate how the inten-
sity and spatial distribution of the ion supply to the plasma
sheet are affected by solar wind condition and geomagnetic
disturbance level.

2. Cold Ion Outflow Measurements
[11] The primary database for this study is the cold ion

data set from Engwall et al. [2009b], and later used in, e.g.,
Haaland et al. [2012a], Li et al. [2012], and Haaland et
al. [2012b]. This data set contains approximately 180,000
records with cold plasma density, velocity, and flux, together
with auxiliary data such as geomagnetic activity indices and
solar wind parameters. The solar wind data are OMNI2

data with source from ACE and WIND spacecraft in 1 h
resolution [King and Papitashvili, 2005].

[12] Below, we provide a brief motivation for using this
data set and a short description of the methodology. For more
details about the technique, coverage, error estimation, and
data set characteristics, we refer to the original publications
by Engwall et al. [2006] and Engwall et al. [2009a, 2009b].

2.1. Spacecraft Charging
[13] Transport of plasma from the high altitude iono-

sphere to the central plasma sheet takes place through the
polar cap and magnetotail lobe regions. These are regions
characterized by a very tenuous plasma. A sunlit, conduc-
tive spacecraft immersed in this plasma will attain a positive
potential relative to the ambient plasma. This potential is
primarily governed by solar irradiation in the extreme ultra-
violet (EUV) range causing emission of photoelectrons from
the spacecraft surface. As a consequence, ions with ener-
gies below the spacecraft potential energies will not be
able to reach the spacecraft. Likewise, electron detectors
onboard the spacecraft may get contaminated by the emit-
ted photoelectrons. Moment calculations based on particle
instruments will therefore not be reliable.

[14] Spacecraft charging and effects thereof can be
reduced by actively controlling the spacecraft potential,
typically by emitting heavy ions to counterbalance the pho-
toemission of electrons. This technique, using ion emitters,
was installed on many previous missions, e.g., the Geo-
tail [Schmidt et al., 1995; Riedler et al., 1997], POLAR
[Moore et al., 1995], Equator-S [Torkar et al., 1999], Inter-
ball [Riedler et al., 1998], and is also used in the more recent
missions such as Double-Star and Cluster [Torkar et al.,
2001]. Although it is typically not possible to bring and keep
the spacecraft to zero potential, the technique can provide
significant improvements in plasma measurements.

[15] One example of a successful use of active space-
craft voltage control for the purpose of measuring cold ion
outflow was the study by Su et al. [1998a]. They used
ion moments from the Thermal Ion Dynamics Experiment
onboard the POLAR spacecraft. For a limited time period
(April and May 1996) when the Plasma Source Instrument
[see Moore et al., 1995, 1997] was operating, the space-
craft could be stabilized to a potential around 2 V above the
ambient plasma.

[16] Due to the above spacecraft charging issue, but also
other limitations in the instrumentation and measurement
techniques, many of the earlier observations of ion outflow
at high altitudes still only contained measurements of ions
with energies above a certain threshold.

2.2. Cold Ion Density and Velocity
[17] The negative effect of spacecraft charging discussed

above can be turned to an advantage, and the Engwall et al.
[2009a] data set, which forms the backbone of the present
study, utilizes spacecraft potential to derive both density and
velocity of cold ions.

[18] For a given solar irradiance, and knowledge about
spacecraft surface properties such as conductivity and total
area, the spacecraft potential can be used to derive the
ambient electron density, Ne, from a simple relation:

Ne � Ae–Vs/B (1)
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Figure 1. Schematic diagram showing the tracing procedure. Starting at the location of Cluster, the
trajectories of the ions are calculated using the guiding center of motion. The landing point is 1 RE away
from the neutral sheet to avoid the sharp gradients and nonadiabatic motion in the central plasma sheet.

where the coefficients A and B depend on spacecraft prop-
erties and solar irradiance. The spacecraft voltage, Vs is
typically obtained from double probe electric field measure-
ments. Assuming quasi neutrality and singly charged ions,
the ion density is identical to the electron density.

[19] Several studies have utilized this relation to estimate
plasma densities in the magnetosphere [e.g., Pedersen, 1995;
Pedersen et al., 2001; Escoubet et al., 1997; Laakso et al.,
1997; Scudder et al., 2000]. More accurate density determi-
nation from this method has become available from Cluster
observations. Pedersen et al. [2008] and later Engwall et al.
[2009a, 2009b] and Lybekk et al. [2012] made use of mea-
surements from the Electric Field and Wave instrument
(EFW) [see Gustafsson et al., 2001] combined with solar
extreme ultraviolet observations and a model of the poten-
tial distribution around the spacecraft [Cully, 2007] to obtain
calibrated density values for the polar cap and lobe regions.

[20] A novel combination of spacecraft potential and two
complementing electric field measurement techniques also
makes it possible to calculate the velocity of the cold ions
[Engwall et al., 2006, 2009a, 2009b]. In a cold tenuous
plasma, the spacecraft potential energy will typically exceed
the bulk kinetic energy of the ions. If, in addition, the
thermal energy is lower than both these values, the following
inequality holds:

kTi < Ek < eVsc (2)

where k is the Boltzmann constant, Ti is the ion temperature,
Ek is the bulk energy of the ions, and eVsc is the potential
energy of the spacecraft.

[21] As a consequence of the above inequality, a wake
void of ions forms behind the spacecraft [see, e.g., Eriksson
et al., 2006]. The far more mobile electrons, on the other
hand, will be able to fill the wake. Consequently, the EFW
instrument will detect an electrostatic field in the direction
of the wake.

[22] Cluster also provides very precise convection
measurements from the Electric Drift Instrument (EDI) [see,

e.g., Paschmann et al., 2001]. EDI emits a 1 keV electron
beam and measures the gyro-center displacement and gyra-
tion time of the emitted electrons. For a given magnetic
field (which can be determined from the gyration time), the
gyro-center displacement can then be used to calculate the
convection electric field. Since the gyroradii of these ions
are much larger than the typical-scale size of the wake, EDI
measurements are not affected by the wake.

[23] By combining the convection electric field, the wake
electric field, and the magnetic field orientation, it is thus
possible to calculate the parallel outflow velocity of the cold
ions. In general, higher convection velocities and higher
wake electric fields will give a more reliable determina-
tion of the parallel velocity. To ensure sufficiently accurate
results, cases where the convection velocity was below 0.8
km s–1 have been discarded in the cold ion data set. One
should therefore have in mind that the data set is slightly
biased toward periods with high convection and thus to
periods with moderate to disturbed magnetospheric condi-
tions. Cases with F10.7 index below 100�10–22W � s � m–2

were also discarded, since low solar irradiation prevented
plasma wake. For more details about the underlying assump-
tions, methodology, and error bounds of this technique,
we refer to the papers by Eriksson et al. [2006] and Engwall
et al. [2009b].

3. Tracing Methodology
[24] Our measurements of cold ions are taken in the polar

cap and lobe regions at geocentric distances between 4 and
19 Earth radii (RE). To determine the fate of the ions, we
trace each individual observation to the edge of the plasma
sheet (i.e., 1 RE above the central plasma sheet), as illustrated
in Figure 1. For this purpose, we use the first-order guiding
center equation of motion as described in Northrop [1963]:

m
dVk
dt

= m EV EE�EB �
dOb
dt

+ mgk – eEk –
�

m
@B
@S

(3)
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Figure 2. Trajectory of a cold ion measured by Cluster at
[–2.9, –0.1, –11.1] REGSM in the Southern Hemisphere. (a)
BIMF was [–7.2, 0.6, 2.4] nTGSE, and solar wind dynamic
pressure was 2.08 nPa during this event. During the 120 min
it takes for the ion to travel from the spacecraft position to
the plasma sheet, parallel velocity (c), convection velocity
(b), and acceleration (c) change. In this case, the landing
point was traced to the position [–40.2, –0.1, 0.4] REGSM in
the plasma sheet.

where Vk is the parallel velocity, EV EE�EB is the convection
velocity, m is the ion mass (i.e., proton mass), Ob is a unit vec-
tor along the magnetic field, gk is the component of gravity
along the magnetic field, e is the elementary charge, Ek is
the magnetic field aligned electric field, � is the magnetic
moment of the ion, and S is the length of line along the
magnetic field.

[25] Not all of the above terms are relevant in the polar
cap and lobe regions. The mirror force is only relevant where
there are strong gradients in the magnetic field and/or the
particles have a large magnetic moment. Since the magnetic
field lines are assumed to be equipotential, there will also be
no acceleration due to parallel electric fields, although the
significance of field aligned potential drop along open field
lines is debated [e.g., Fairfield et al., 2008; Winningham and
Gurgiolo, 1982; Horwitz et al., 1992; Wilson et al., 1997; Su
et al., 1998b].

[26] In effect, only the centrifugal acceleration [e.g.,
Cladis, 1986] is relevant for the present study, i.e., tracing
the ions from the high latitude polar cap region to the plasma
sheet. An assessment of the role of centrifugal acceleration
of cold ions was done by Nilsson et al. [2008, 2010]. They
found that although the centrifugal acceleration were mostly

small—typical values were only a few m s–2—the large
travel distances involved can lead to a significant increase in
parallel velocity of the ions between the point of observation
and a target point far downtail. Acceleration is also appar-
ent in Engwall et al. [2009a]; the observed parallel velocities
are in general higher at large radial distances (near Cluster
apogee around 19 RE) than closer to Earth.

[27] For the actual tracing, we proceed as follows: For
a given time, t0, we start tracing from the spacecraft loca-
tion, where parallel velocity and acceleration as well as
convection and the magnetic field are known (measured).
The convection electric field, EEsc, measured at the space-
craft enters the convection by EV?,sc = EEsc � EBsc/Bsc

2. The
convection is along the magnetic tension force, ( EBi � r) EBi.
These values are then used to calculate subsequent values at
a position r1, time t1, 2 s later. Here we have used the mag-
netic field model and scaled the convection velocity along
the magnetic flux tube, assuming flux tube conservation.
For density estimation at the new position, we assume par-
ticle flux conservation along the magnetic flux tube. This
scheme is repeated, and in general, at a position ri and time
ti, we then have the following parallel velocity, convection,
and flux:

EVk,i = EVk,i–1 +
dVk
dt
�t (4)

EV?,i = | EV?,sc|

vuut | EBsc|
| EBi|

 
( EBi � r) EBi

|( EBi � r) EBi|

!
(5)

ji = nscVk,sc
| EBi|
| EBsc|

(6)

In these equations, EBsc is the magnetic field measured by
spacecraft at time t0, EBi is the magnetic field value from the
model [Tsyganenko, 2002a, 2002b] at time ti but parame-
terized with the solar wind, IMF, and geomagnetic activity
indices for time t0.

[28] The landing point of the ions was defined to be 1
RE away from the neutral sheet, i.e., where the model Bx
changes sign (which in general is different from ZGSM = 0).
The 1 RE is somewhat arbitrary, but closer to the field rever-
sal region, inside the central plasma sheet, our assumption
that centrifugal acceleration is the only relevant force is
probably violated. Also, the sharp gradients in the mag-
netic field near the neutral sheet may cause nonadiabatic
acceleration and hence a breakdown of the guiding center
approximation [Cully et al., 2003].

[29] Figure 2 shows an example of an ion observed by
Cluster at ri = [–2.9, –0.1, –11.1]REGSM. The initial parallel
velocity is around 32 km s–1, and the convection velocity is
around 5 km s–1. As the ion travels downtail, it is exposed
to both parallel acceleration as a result of centrifugal forces,
and perpendicular acceleration due to increase in the convec-
tion velocity as the flux tube expands. After approximately
120 min, the ion reaches the landing point 1 RE below the
neutral sheet in this case.

[30] Due to the Cluster orbit, Southern Hemisphere obser-
vations are on average taken at higher altitudes and with
better dayside coverage than the corresponding northern
hemisphere observations [see Li et al., 2012 for details].
In the following, we have therefore treated Northern and
Southern Hemispheres observations separately.
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Figure 3. Distribution of observed convection velocities for three different geomagnetic activity levels.

4. Supply of Cold Ions to the Plasma Sheet
[31] The Engwall et al. [2009b] data set consist of a

total of 172,817 records with cold ion velocity and den-
sity. Of these, we were able to trace 146,874 ion trajectories
to the plasma sheet (64,457 and 82,417 cases from the
Northern and Southern Hemispheres, respectively) . For the
remaining cases, the trajectories either lead to the magne-
topause or suggested landing points outside the magnetic
field model limits.

[32] The large number of observations allow us to create
subsets of the data and generate maps of the landing regions
in the magnetotail. In order to examine the role of the inter-
planetary magnetic field or geomagnetic activity as driver
parameters, we extracted data containing only within certain
ranges of these driver parameters (detailed in sections 4.2
and 4.3).

[33] In the following, we have chosen to present the
plasma sheet feed in the form of maps of 2 � 2 REGSM

2

resolution, where the average (arithmetric mean) flux in each
pixel is represented by colors. To ensure sufficient reliabil-
ity in the averages, we require a minimum of N individual
values in each bin. The value N is given by

N = 40 � NI/NT (7)

where NT is the total number of observations (146,874) and
NI is the number of observations in each subset. Typical
values of N in the maps are 10–20; regions with less than
N = 3 are always discarded.

4.1. Transport of Cold Ions to the Plasma Sheet
[34] Earlier results [e.g., Cully et al., 2003] have demon-

strated that the cold ion trajectories are primarily controlled
by the convection (and the magnetic field topology). As
explained in section 2.2, the convection measurements in
the Engwall et al. [2009b] data set are biased toward high
convection velocities. Consequently, the average convection

velocity in each subset will be too high. To compensate for
this, we therefore recalibrate the convection velocity. The
calibration is done by multiplying each measured convection
velocity with a scaling factor to ensure that each subset has
the same average as the unbiased data set of Haaland et al.
[2008]. Whereas there are large variations in the convection
velocities, neither outflow flux nor parallel velocities of the
ions vary much with geomagnetic activity.

[35] Figure 3 shows the distribution of convection veloc-
ities for each disturbance level range for the Northern
and Southern Hemispheres, respectively. The distribution
are highly non-Gaussian, so the statistical moments, mean,
median, and mode are very different. All panels show a clear
shift toward higher convection velocities during disturbed
conditions though.

[36] The large spread in convection velocities in our data
set will also cause a correspondingly large spread in the
travel times of the ions. The fastest ions, starting out in
the nightside during disturbed condition and high convec-
tion, only use around 30 min to reach the plasma sheet. The
longest transport times, typically ions starting out on the day-
side and during periods with low convection, were found to
be more than 5 h.

[37] Our data set does not contain any periods with
extreme solar wind or geomagnetic conditions. The mag-
netic field topology, given by the Tsyganenko T01 model,
therefore does not vary much in the regions relevant for this
study (polar cap and lobes). Still, the topology plays a role
since it determines the direction of convection.

[38] Figure 4 shows example of the magnetic topology
and average travel time for two different levels of geomag-
netic activity. During quiet conditions (top), the convection
velocity is typically low (see Figure 3) and with a tail-
ward component (the ZGSM component of the convection
velocity is still dominant, but there is also a negative XGSM
component) at high latitudes inside approximately 28 RE in
the figure. As a result, average transport times will be large
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Figure 4. Magnetic field topology (left) and cold ion transport times (right). (a) XZGSM projection of
the magnetic topology obtained from the Tsyganenko T01 magnetic field model during quiet conditions.
The convection is low, predominantly in ZGSM direction, but with nonnegligible components in XGSM
direction. The red stars mark the separation between earthward convection (positive XGSM–marked Ra)
and tailward convection (negative XGSM–marked Rb). (b) Color-coded map of the plasma sheet. Colors
indicate transport time from the northern polar cap ionosphere to the plasma sheet during quiet geomag-
netic conditions. Each pixel shown is the average of minimum N = 3 individual values. (c) Same as
Figure 4a but for disturbed magnetospheric conditions. The field topology is now more stretched, and the
convection is predominantly in the ZGSM direction. (d) Map of transport times for disturbed conditions.
Due to the higher convection velocity, the transport times are much lower than for quiet conditions.

(typically 5 h) and cause a deposition of the outflowing ions
over a large region of the tail. A significant amount of the
ions end up tailward of 35 RE.

[39] During disturbed conditions (bottom), the convection
is higher and with a more stretched field line topology that
implies a convection essentially in the ZGSM direction, i.e.,
fast convection toward the plasma sheet. The average trans-
port times between the ionosphere and the plasma sheet is
much lower (156 min).

[40] During the long transport times, there will inevitably
be some fluctuations in solar wind parameters, convection,
and magnetic field topology. Since our observations are
not continuous in time, and we use a static magnetic field
model, we are presently not able to assess the effect of such
fluctuations, though.

4.2. Response to Geomagnetic Activity
[41] In order to investigate how the transport of cold

ions are influenced by geomagnetic activity, we sorted the
data according to the Disturbed Storm Time (Dst) index.
The Dst index is a proxy for global magnetospheric storm
activity and primarily indicates the intensity of the Earth’s
ring current. Due to the long transport times involved in ion
outflow, the Dst index is more suitable than, e.g., the fre-
quently used Auroral Electrojet (AE) index. (There is often a
high degree of mutual correlation between solar wind param-
eters and the AE and Dst indices, however [e.g., Förster
et al., 2007].) Sorting according to Dst values also enables
us to directly compare the present results with the source
region tracing in Li et al. [2012] and the cold ion loss versus
circulation discussion by Haaland et al. [2012a].

[42] Quiet magnetospheric conditions and positive or
small negative Dst values are typically associated with
northward IMF conditions and low and stagnant convection.

Correspondingly, disturbed conditions (in our paper defined
as Dst values below –20 nT to ensure sufficient statistics) are
typically associated with southward IMF, dayside reconnec-
tion, and high convection.

[43] The resulting maps for the Northern Hemisphere are
shown in the right panels of Figure 5. Each row in this figure
represents a certain Dst range, starting with quiet conditions
on the top, thereafter intermediate geomagnetic activity and
disturbed conditions in the bottom.

[44] For convenience, we also reproduce the ionospheric
source maps from Li et al. [2012] in the left panels of this
figure. The source maps are projected into an altitude cor-
rected geomagnetic coordinate system [see Baker and Wing,
1989], and each pixel covers an approximately 65,000 km2

area at 1000 km altitude of the polar cap ionosphere. Note
that the color scales for the source maps and plasma sheet
maps have different ranges.

[45] The corresponding maps for Southern Hemisphere
are shown in Figure 6. Table 1 provides additional details
about these figures.

[46] In general, quiet conditions are characterized by a
contracted polar cap region and low fluxes. Tracing to the
plasma sheet suggests a large spread across the tail where a
substantial amount of the outflowing cold ions end up tail-
ward of 55 RE downtail. This is particularly apparent in the
Southern Hemisphere and can be explained by low convec-
tion velocity which allows the ions to travel further downtail
before reaching the plasma sheet. The average transport
times from the ionosphere to the plasma sheet are 243
and 342 min for the Northern and Southern Hemispheres,
respectively.

[47] During moderate conditions, the average convec-
tion velocity is higher, whereas the parallel velocities do
not change very much. As a result, the outflowing ions are
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Figure 5. Maps of cold ion source regions in the Northern Hemisphere polar cap region (left) and the
corresponding landing regions in the plasma sheet (right) for different levels of geomagnetic activity.
(Top) Quiet geomagnetic conditions, typically associated with low convection. The polar cap region is
contracted, the outflow flux is low, and the outflowing ions are distributed over a fairly large region rather
far downtail in the magnetotail. The average travel time from the ionosphere to the plasma sheet is around
243 min. (Center) Moderate geomagnetic activity levels. The polar cap is now more expanded, and the
overall outflow is higher. Since the convection is higher, the cold ions are transported faster to the plasma
sheet and end up closer to the Earth. The average travel time from the ionosphere to the plasma sheet is
204 min. (Bottom) Disturbed magnetospheric conditions, typically associated with a stretched magnetic
topology, and high convection. The ionospheric outflow is higher, and the high convection velocity causes
the ions to be deposited closer to the Earth. The average transport time is around 156 min.

transported faster to the plasma sheet. Although the polar
cap is more expanded, and the total outflow is larger, the ions
end up closer to the Earth than during quiet conditions. The
average transport times are 204 and 326 min for the Northern
and Southern Hemispheres, respectively.

[48] During disturbed conditions, we observe an even
more expanded polar cap region with higher outflow rates.
As pointed out by Li et al. [2012], we also observe elevated
outflow from the cusp and auroral regions (due to the Cluster
orbit, the auroral zone is primarily observed in the Northern
Hemisphere, whereas the cusp is primarily observed in the
Southern Hemisphere. We refer to Li et al. [2012] for further
details here). Due to the high convection velocity, the out-
flowing cold ions are rapidly transported to the plasma sheet
and essentially, no ions are able to escape tailward of 55 RE.
Mean transport times are 156 and 252 min for the Northern
and Southern Hemispheres, respectively.

[49] Figure 6 shows the corresponding maps for the
Southern Hemisphere. The overall pattern is the same

as for the Northern Hemisphere: a contracted polar cap
area and a distribution of the cold ions to positions far
downtail during quiet conditions and an expanded polar
cap and fast transport to regions closer to Earth during
disturbed conditions.

[50] As demonstrated in Figure 4 and the maps in
Figures 5 and 6, the transport times and landing regions are
largely controlled by the convection velocity. Whereas the
convection can vary from essentially zero to several tens
of kilometers per second, the parallel outflow velocity does
not change that much with geomagnetic activity [see, e.g.,
Figures 6 and 8 in Engwall et al., 2009b]. As a conse-
quence, quiet conditions and low convection will cause the
outflowing ions to be deposited further downtail than during
disturbed condition. They will therefore spend more time in
the magnetotail where they are exposed to various acceler-
ation mechanisms. By the same taken, ions supplied closer
to the Earth will spend less time in the magnetotail and
potentially undergo less energization.
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Figure 6. Same as Figure 5, but for Southern Hemisphere. Average transport times from the ionosphere
to the plasma sheet are 342, 326, and 252 min for quiet, moderate, and disturbed geomagnetic disturbance
levels, respectively.

4.3. IMF Influence and Dawn-Dusk Asymmetry
[51] In order to investigate the role of the interplanetary

magnetic field direction on the transport, we sorted the data
into four bins according to the IMF clock angle. Each bin
contains data from a 90ı sector centered around 0ı, 90ı,
180ı, and 270ı clock angles.

[52] Since the data are not continuous in time, any effect
of the IMF history or any magnetic field or convection

changes during the transport time cannot be investigated.
The IMF direction used in the following is the prevailing
direction at the time of each observation.

[53] Figure 7 shows the corresponding maps for the four
clock angle sectors. Left panels show Northern Hemisphere
maps and right panels show Southern Hemisphere maps.

[54] Northward IMF is typically associated with low or
stagnant convection and low geomagnetic activity, whereas a

Table 1. Characteristics of the Engwall et al. [2009a] data set for different geomagnetic activity levels for Northern and Southern
Hemispheres, respectivelya

A B C D E F G H I J

Averaged Convection Mean

AE Dst Bx By Bz Pdyn Vb
conv Travel Timec

Activitya [nT] [nT] Kp [nT] [nT] [nT] [nPa] [km s–1] [minutes]

Northern Quiet 110.9 8.9 1 2.6 –3.3 0.0 3.1 4.0˙0.25 243˙49
Hemisphere Moderate 199.5 –11.5 2– 0.8 –2.0 –0.5 1.8 5.0˙0.25 204˙47

Disturbed 444.7 –42.9 3 –0.7 2.1 –1.2 2.3 8.5˙0.25 156˙41
Southern Quiet 162.8 4.4 2– –1.2 1.6 0.7 2.7 4.0˙0.25 342˙53
Hemisphere Moderate 232.9 –11.0 2– –0.6 1.0 –0.7 1.7 4.5˙0.25 326˙75

Disturbed 411.1 –43.0 3– –2.5 1.8 –0.4 2.0 8.0˙0.25 252˙65

aGeomagnetic activity level: Quiet = Dst ge 0 nT; Moderate = Dst values in the range 0 to –20 nT; Disturbed = Dst values below –20nT.
bConvection velocity (statistical mode of distributions in Figure 3).
cMean travel time of ions from ionosphere to plasma sheet. Error bounds are standard derivation.
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Figure 7. Maps of cold ion feed to the plasma sheet for different IMF orientations. (Left) Northern
Hemisphere and (Right) Southern Hemisphere results.

southward directed IMF is associated with high geomagnetic
activity level and high convection. One would therefore
expect to see some of the same patterns as discussed in
section 4.2 and Figures 5 and 6.

[55] For northward IMF, both the maps for Northern and
Southern Hemispheres suggest that the cold ions are dis-
tributed further downtail (more pronounced in the Southern
Hemisphere map). Due to the long transport times, how-
ever, it is likely that the IMF orientation and thus the
convection and magnetic topology change during the time
it takes for the ion to travel from the spacecraft to the
plasma sheet.

[56] One interesting feature is apparent from Figure 7,
however: There seems to be a persistent dawn-dusk asym-
metry, with generally higher supply of ions to the dusk
side. Presently, we do not have a good explanation for this
observed asymmetry. However, Howarth and Yau [2008]
used Akebono data to investigate the influence of IMF direc-
tion on transport of thermal ions from the polar cap to the

magnetotail. Their results indicated that ions were prefer-
entially fed to the dusk sector of the plasma sheet when
the IMF was oriented duskward and to be more evenly dis-
tributed when IMF was dawnward. They also found that
a larger fraction of O+ ions originating from the noon or
dusk sectors of the polar cap was deposited in the magne-
tosphere compared with ions from the dawn or midnight
sectors. They attributed their results to higher centrifugal
acceleration associated with the larger magnetic field curva-
ture near noon and the larger convection electric field in the
dusk sector.

[57] The dawn-dusk asymmetry has also been explained
by an asymmetry, in the source region: The evening sector
(dusk) thermosphere has been heated during the day and
thus reaches higher altitudes. Both neutral and ionized par-
ticles in the dusk sector thus have a higher thermal velocity
and higher probability for escaping the Earth’s gravity field.
There is no clear evidence for such a source asymmetry in
the maps of Li et al. [2012], though.

5475



LI ET AL.: COLD ION OUTFLOW

[58] The IMF orientation, in particular IMF By, is also
known to cause asymmetries in the magnetotail [e.g.,
Fairfield, 1979; Cowley, 1981]. Liao et al. [2010] studied
O+ outflow from the cusp region and noted the dawn-dusk
asymmetry opposite in the two hemispheres and modulated
by IMF By. Likewise, Noda et al. [2003] using Cluster EDI
data found correlation between the dayside reconnection
electric field orientation and dawn-dusk asymmetries in the
magnetospheric convection.

[59] Presumably, IMF By penetration is also present in our
data set, but since the amount of records with IMF +By and
IMF –By and their magnitudes are roughly similar (average
By values are around ˙5 nT), this alone cannot explain the
persistent asymmetry observed in our data. Neither 4ı aber-
ration of the tail can explain since it is smaller than the
asymmetry.

5. Summary
[60] We have investigated the transport of cold ions

between the polar cap ionosphere and the plasma sheet. The
investigation is based on a comprehensive set of measure-
ments of cold ions (predominantly protons with energies
0–70 eV) obtained from the Cluster spacecraft in the high
altitude polar cap and lobe regions. As already demonstrated
in a preceding paper [Li et al., 2012], the source of the cold
ions are primarily the polar cap regions of the ionosphere.

[61] By combining the measurements with a realistic,
parameterized magnetic field model [Tsyganenko, 2002a,
2002b], we used guiding center tracing including rele-
vant forces to determine the trajectory of each individual
observation.

[62] The outcome of the investigation can be summarized
as follows:

[63] 1. The transport of cold ions from the ionosphere to
the Earth’s nightside plasma sheet is mainly controlled by
the convection and the magnetic topology.

[64] 2. During disturbed periods, typically associated with
strong convection, transport times from the ionosphere to
the plasma sheet are in the order of 30 min to a few hours.
Essentially, all outflowing ions are transported to a region
Earthward of 40 RE downtail for Northern Hemisphere and
55 RE for Southern Hemisphere.

[65] 3. During periods with low activity and stagnant or
low convection, the total outflow is lower and the outflow-
ing ions are distributed over a larger region further downtail.
A significant fraction of the outflowing ions are deposited
beyond 40 RE downtail for Northern Hemisphere and 55 RE
for Southern Hemisphere.

[66] 4. For approximately 15% of the cases, the outflow-
ing ions could not be traced to the plasma sheet. The majority
of these are presumably lost along open lobe field lines into
the interplanetary space.

[67] 5. We find a persistent dawn-dusk asymmetry in the
deposition, with a larger fraction of ions being transported
to the dusk side of the magnetotail. This applies for both
duskward and dawnward-oriented IMF. We do not observe
such a distinct asymmetry in the source region, so the reason
for this asymmetry is unclear.

[68] Acknowledgment. Masaki Fujimoto thanks the reviewers for
their assistance in evaluating this paper.
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