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Abstract. The Earth’s magnetosphere is populated by parti-
cles originating from the solar wind and the terrestrial iono-
sphere. A substantial fraction of the plasma from these
sources are convected through the magnetotail lobes. In this
paper, we present a statistical study of convective plasma
transport through the Earth’s magnetotail lobes for various
geomagnetic conditions. The results are based on a combi-
nation of density measurements from the Electric Field and
Waves Experiment (EFW) and convection velocities from the
Electron Drift Instrument (EDI) on board the Cluster space-
craft. The results show that variations in the plasma flow
is primarily attributed to changes in the convection veloc-
ity, whereas the plasma density remains fairly constant and
shows little correlation with geomagnetic activity. During
disturbed conditions there is also an increased abundance
of heavier ions, which combined with enhanced convection,
cause an accentuation of the mass flow. The convective trans-
port is much slower than the field aligned transport. A sub-
stantial amount of plasma therefore escape downtail without
ever reaching the central plasma sheet.

Keywords. Ionosphere (Plasma convection) – Magneto-
spheric physics (Solar wind interactions with unmagnetized
bodies; Instruments and techniques)

1 Introduction

The magnetotail lobes are bounded by the central plasma
sheet and its boundary layers on one side, and the magne-
topause with its adjacent boundary layer, often referred to
as the plasma mantle (Rosenbauer et al., 1975), on the other
side. The plasma mantle covers much of the high-latitude
magnetosphere, extending poleward of the cusp regions

Correspondence to:S. Haaland
(stein.haaland@ift.uib.no)

and is populated with cold ('100 eV), de-energized mag-
netosheath plasma with typical densities from 0.01–1 cm−3,
and tailward flow velocities in the range 100–200 km s−1.
Similarly, the plasma sheet boundary layer (PSBL), con-
sists of hot plasma with a density around 0.1–2 cm−3. The
lobes are characterized by a very low particle density, typi-
cally below 0.1 particles per cm−3 (e.g.,Gosling et al., 1985;
Svenes et al., 2008), and a strong and steady magnetic field.
Typical magnetic field values range from approximately 30–
50 nT, somewhat dependent on geomagnetic activity (e.g.,
Caan et al., 1975). Tailward of approximately 10RE , the
magnetic field lines in the northern (southern) central lobe
are almost parallel (anti parallel) to theXGSE/GSM direction.

The magnetosphere is a very dynamical system primarily
controlled by the solar wind and the interplanetary magnetic
field (IMF). When the IMF has a southward component, it
can reconnect with the Earth’s geomagnetic field on the day-
side magnetopause, and allow plasma from the solar wind
and magnetosheath to penetrate into the magnetosphere. The
recently opened magnetic field lines are dragged by the so-
lar wind across the polar caps into the magnetotail lobes and
then into the central plasma sheet of the magnetotail, where
the field lines eventually reconnect and return towards the
Earth (Dungey, 1961).

The location of the dayside reconnection line and the re-
gion of plasma entry into the magnetotail are also modulated
by the IMF By component. In the Northern Hemisphere a
positive (negative)By will cause a displacement of the recon-
nection region so that the newly opened flux tubes are trans-
ported towards dawn (dusk), and oppositely for the Southern
Hemisphere (e.g.,Cowley et al., 1991). ThisBy influence is
also reflected in the convection in the lobes (Gosling et al.,
1984, 1985; Noda et al., 2003; Haaland et al., 2008), the
ecliptic plane (Baumjohann and Haerendel, 1985; Baumjo-
hann et al., 1985, 1986; Maynard et al., 1990; Matsui et al.,
2005), and in the polar cap ionosphere (Ruohoniemi and
Baker, 1998; Förster et al., 2007; Haaland et al., 2007). In the
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case of northward IMF, reconnection can take place between
the IMF and already open polar cap field lines at high lati-
tudes. In such cases, the polarity of the IMFBx component
also plays a role. A positive IMFBx favours lobe reconnec-
tion in the Southern Hemisphere, whereas a negative IMF
Bx favours lobe reconnection in the Northern Hemisphere
(Crooker, 1986). However, it is still debated how effective a
northward directed IMF is in bringing plasma into the central
plasma sheet (Sandholt et al., 1999; Imber et al., 2006, 2007;
Taylor et al., 2008; Øieroset et al., 2008).

There are also other mechanisms for plasma entry into the
magnetosphere, for example diffusion (e.g.,Treumann et al.,
1995) or overturning of Kelvin-Helmholtz waves along the
magnetopause flank (e.g.,Hasegawa et al., 2004, and refer-
ences therein). To our knowledge, no quantitative assessment
of the contribution to the lobe density from these sources ex-
ist, though.

Another important (and sometimes probably dominant)
source of plasma is outflow from the terrestrial ionosphere
(e.g.,Chappell et al., 1987; Yau and Andre, 1997). Ions are
accelerated upward by the electric field arising from charge
separation set up by escaping photoelectrons. Ionospheric
outflow is thus modulated by solar irradiance. There are ac-
tually several important outflow regions in the ionosphere;
the polar wind, the ion cleft and the auroral region.Axford
(1968) studied theoretical aspects of outflow of light ions
(they mainly focused on escape of He3 and He4) from the
polar cap regions (≥75◦ magnetic latitude), and suggested
the term “polar wind” to describe the outflow.Lockwood
et al.(1985b) presented a statistical study of O+ outflow from
the dayside ionosphere near the polar cap boundary. This
outflow, often associated with outflow of lighter ions, was
found to be dependent on both season and geomagnetic ac-
tivity level. This source is sometimes known as the cleft ion
fountain (Lockwood et al., 1985a). A third major source of
outflow is the auroral region. The ionization is here mainly
caused by precipitating particles. However, since the auro-
ral region is magnetically connected to the near Earth plasma
sheet, this source is less relevant as a plasma source for the
magnetotail lobes.

A comprehensive survey of the various sources, as well
as a quantitative assessment of the relative contribution from
each of these sources are given inHuddleston et al.(2005).
Solar wind control of outflow rates are discussed in e.g.,
Cully et al. (2003) and Lennartsson et al.(2004), and the
role of particle precipitation and heating is discussed in e.g.,
Strangeway et al.(2000, 2005).

In this paper we focus on mass transport through the lobes,
using measurmenents of convection and plasma density. The
low particle density of the magnetotail lobes makes direct
measurements with plasma instruments difficult. In addition
to the low count rates, measurements are often severely af-
fected by spacecraft charging. A spacecraft immersed in a
thin plasma will be charged to large positive potentials. As
a result, a part of the low energy particle population will be

shielded from the detectors. Moment calculations will there-
fore not be very reliable. Most of the in-situ information from
the magnetotail lobes have been based on magnetic field in-
struments and measurements from double probe instruments
(see e.g.,Engwall et al., 2006, and references therein)

The Cluster spacecraft quartet, with its comprehensive set
of instruments combined with newly developed techniques
have provided new possibilities to obtain more accurate mea-
surements of plasma convection and density in low den-
sity region of the Earth’s magnetosphere. In this paper, we
present estimates of the convective mass transport through
the lobes for various geomagnetic conditions. The results are
based on convection velocity measurements from the Elec-
tron Drift Instrument (EDI), combined with electron density
measurements obtained from the Electric Field and Wave Ex-
periment (EFW). The two data sets consist of data collected
over a period of 7 years from the Cluster mission, and are
very similar to the data sets described inHaaland et al.(2008)
andSvenes et al.(2008), respectively.

The rest of this paper is organized as follows: in Sect.2,
we give a description of the EDI and EFW instruments and
their data products, as well as an overview of auxiliary data
used to establish solar wind conditions and the geomagnetic
activity level. Section3 describes the method to combine
the velocity and density measurements. Section4 contains a
statistical overview and a discussion of the results. Section5
summarizes the paper.

2 Data and instrumentation

The results presented here are mainly based on in-situ mea-
surements from the Cluster quartet of spacecraft. Cluster
is a four-spacecraft mission flying in a nearly 90◦ inclina-
tion elliptical polar orbit, with perigee at around 4RE and
apogee around 20RE geocentric distance, and an orbital pe-
riod of approximately 57 h. The Cluster apogee has moved
to the south over the 7 years of data collection reported here.
This has resulted in a more extensive coverage of the south-
ern lobe. The instrumentation is identical on all spacecraft,
but not all instruments work on all spacecraft. In the sci-
ence community, the four spacecraft are referred to as SC1,
SC2, SC3 and SC4, and we use this notation to distinguish
between the different spacecraft here. More details about the
Cluster mission and its comprehensive instrumentation can
be found inEscoubet et al.(1997).

In addition, measurements of the solar wind, IMF and so-
lar irradiation as well as geomagnetic indices have been used
to check correlations, and as inputs to the magnetic field
model used for mapping. The data sets and instrumenta-
tion are described in some detail inHaaland et al.(2008) and
Svenes et al.(2008). For convenience, we here repeat some
of this information, and point out some updates and changes
in the data bases.
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2.1 Plasma convection velocity from the EDI

Measurements of the plasma convection (or drift) velocity
were obtained with the Cluster Electron Drift Instrument
(EDI). The basis of the electron-drift technique is the in-
jection of two weak monoenergetic electron beams and the
detection of the beams after one or more gyrations in the am-
bient magnetic field. Due to their cycloidal motion, the elec-
tron beam can only return to the associated detectors when
fired in directions uniquely determined by the magnitude and
direction of the plasma drift velocity. Successful operation
therefore requires continuous tracking of those directions.
The drift velocity is computed either from the direction of
the beams (via triangulation) or from the difference in the
times-of-flight between the two beams. More information
about the EDI technique, hardware, operation, and data anal-
ysis can be found inPaschmann et al.(1997); Quinn et al.
(2001); Paschmann et al.(2001).

Unlike classical double probe instruments, EDI can mea-
sure the entire drift velocity vector, which for a given mag-
netic field is equivalent to the transverse electric field when
gradient drift effects are small. The electric field from EDI
thus includes any component along the spacecraft spin axis,
but only perpendicular to the magnetic field. The Electric
Field and Wave Experiment (EFW), which is based on the
double-probe technique, measures the electric field in the
spin-plane, which may contain a parallel electric field com-
ponent. An important advantage of EDI for high-latitude
convection measurements is its immunity from wake effects
that can interfere with electric field measurements by the
double-probe measurements under conditions of low plasma
temperature.

EDI does not have a fixed time resolution, and data have
been processed down to one second resolution. In this paper,
we focus on convection, which is a rather slow process, and
we have therefore used 1-min averages. EDI measurements
are available for Cluster SC1 and SC3 throughout the entire
period covered by this paper, and until April 2004 for SC2.
No EDI measurements are available from SC4.

The suitability of EDI for measurements in the polar cap
region and the magnetotail lobes has been demonstrated in
publications by e.g.,Noda et al.(2003), Haaland et al.(2007,
2008) andFörster et al.(2007, 2008). The large, relatively
stable magnetic fields typically encountered by Cluster over
the polar caps and in the lobes are regimes in which the EDI
technique provides high accuracy with its geometric mea-
surement technique.

Since there are no parallel electric fields in this region of
space, the EDI measurements can be mapped from one re-
gion of space to another (e.g.,Maynard et al., 1995; Hesse
et al., 1997). This requires steady state conditions and an
accurate model of the magnetic field, in this case the Tsyga-
nenko T02 model (Tsyganenko, 2002a,b, including the latest
updates to the code, dated April 2008). We can therefore
utilize all EDI measurements along field lines threading the

lobes, including measurements from sunward of the termina-
tor. Details of the mapping procedure are given in (Haaland
et al., 2008).

The EDI data set consists of approximately 320 000 one
minute averages, each record containing the velocity mea-
surement from EDI as well as auxiliary data such as space-
craft position, geomagnetic indices and solar wind informa-
tion.

2.2 Plasma density from EFW probes

Each Cluster spacecraft also has an electric field experiment
based on the double probe technique. Four spherical probes
and preamplifiers are located at the tips of four radial wire
booms which spin with the spacecraft at 0.25 Hz. The two
probe pairs have a baseline of 88 m and this allows for mea-
suring two orthogonal electric field components in the spin
plane. The EFW experiment has been described byGustafs-
son et al.(1997) andPedersen et al.(1998). Comparisons be-
tween EFW and EDI have been published byEriksson et al.
(2006).

A conductive surface, like a satellite, immersed in a
plasma will attain a potential relative to the surrounding
plasma such that the sum of currents to it becomes zero. In
a tenuous lobe plasma the available photoelectron emission
current from sunlit spacecraft surfaces exceeds the current
from collected ambient electrons. A current equilibrium can
only be achieved by a positive spacecraft where most emit-
ted photoelectrons orbit back to the spacecraft and a small
fraction escape in balance with collected electrons. A reduc-
tion of ambient electrons will result in a more positive space-
craft required for further reduction of escaping photoelec-
trons. The equilibrium situation will be attained essentially
instantaneously in a particular environment, but the vehicle
potential may change as a function of time as the spacecraft
moves through various regions of space. Electrons emitted
from EDI may influence this equilibrium. The Active Space-
craft Potential Control (ASPOC – seeTorkar et al., 2001)
instrument in normal mode emits a 10µA ion current that
changes the spacecraft current equilibrium.

In a tenuous plasma Cluster will acquire a large positive
potential of the order 30–50 V. When the magnetic field vec-
tor has a small angle with the spin plane, and ions have a
drift parallel to the magnetic field, an ion wake with a neg-
ative charge will be set up by the large potential around the
spacecraft and act as a hindrance to the parallel ion drift. A
sufficiently large parallel ion drift will therefore upset elec-
tric field measurements. In this paper we do not utilize the
electric field measurements from EFW, but use the probes to
determine the spacecraft potential that is a function of the
ambient plasma density.

If active experiments are not running, a satellite in the
tenuous lobe plasma region will typically attain an equilib-
rium potential where collected ambient electrons and escap-
ing photo-electrons are balanced. In this plasma, currents
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due to ions are negligible in comparison. With knowledge
of the photo-electron escape current as a function of space-
craft potential it is then possible to estimate the electron den-
sity leading to the equilibrium current. Solar radiation in the
Extreme Ultraviolet (EUV) range are required to generate
photo-electrons with enough energy to escape a satellite at
these large positive potential values. Solar cycle variations
of EUV radiation must therefore be taken into account.

In the magnetotail lobes, the potential attained by the
spacecraft will consequently be so high that it prevents a
large part of the ion distribution from reaching the ion sen-
sors. Ion moments, including density measurements, from
these sensors will therefore be incorrect. The electron spec-
tra on the other hand may be contaminated by photoelec-
trons. Even active sounder techniques are often inaccurate in
this environment due to low plasma density and high photo-
electron flux. However, since the spacecraft potential will
be a function of the properties of the surrounding plasma a
proper calibration of the spacecraft potential measurements
will yield good estimates of the ambient plasma density with
a high time resolution.

The potential distribution around Cluster in a tenuous
plasma has been modeled byCully et al.(2007), who showed
that plasma potential near the probes, located 44 m from the
spacecraft, is approximately 20% of the spacecraft potential
relative to the ambient plasma potential. By establishing a
functional dependence between the spacecraft potential and
the ambient plasma density through a thorough calibration
program, the spacecraft potential measurements may then be
routinely converted to density measurements. A detailed ex-
planation of this calibration procedure is given inPedersen
et al. (2008), but basically, the relationship between the po-
tential and plasma density is given by the equation:

ne = Ae−VSP /B
+ Ce−VSP /D (1)

whereVSP is the potential difference between the spacecraft
and the probes, and as such represent the direct measure-
ments. The factors A, B, C and D are empirically determined
coefficients that vary over the solar cycle. The above formula
is valid for densities up to approximately 0.5 cm−3.

Active instruments such as EDI usually prevent success-
ful EFW density measurements. Most of EFW probe data
are taken therefore from SC4, where EDI does not operate,
but there are also a significant number of samples from SC2,
where EDI ceased to operate in April 2004. There are also a
few hours of data from SC1 and SC3. Since the density has to
be based on in-situ measurements, we can only utilize data
from July to October, when Cluster traverses the nightside
magnetotail lobes.

The full EFW data set consists of approximately 476 000
one minute averages, containing the calculated density as
well as solar wind and auxiliary parameters as in the EDI
data set. In addition, the data set contains plasma moments
from the Cluster Ion Spectrometer (CIS –Rème et al., 2001),
and the Plasma Electron And Current Experiment (PEACE

– Johnstone et al., 1997) used to exclude samples from the
central plasma sheet and its boundary layers (see Sect.4.1).

2.3 Solar wind and auxiliary data

The transport of plasma in the magnetosphere is mainly con-
trolled by the solar wind, in particular the direction of the
IMF. The IMF direction is often described in terms of clock
angle, i.e., the angle between theZGSM axis and the pro-
jection of IMF into the YZGSM plane. A 0◦ clock angle
indicates a purely northward IMF; 90◦ indicates an IMF
pointing in the +YGSM direction and so on. In this study,
measurements of the IMF and solar wind plasma data are
taken from the OMNI data set provided by CDAWEB (http:
//cdaweb.gsfc.nasa.gov). This data set contains, among oth-
ers, IMF, solar wind velocity and proton density properly
time shifted to the upstream magnetopause. The time shift of
the solar wind measurements in the OMNI data set is done
according to the phase front propagation technique, first de-
scribed inWeimer et al.(2003). The validity of this method
has been demonstrated recently byMailyan et al. (2008);
Weimer and King(2008).

Note that there are some subtle differences between the
OMNI data set used in the present study and the data set used
in Haaland et al.(2008) andSvenes et al.(2008): These stud-
ies used IMF data from the Advanced Composition Explorer
(ACE) spacecraft only, whereas the OMNI data set contains
data from several spacecraft. The OMNI data also has a dif-
ferent procedure to handle data gaps.

2.3.1 Removing periods with unreliable IMF data

Even with a fairly accurate time shift of the solar wind data,
there will be time segments when the IMF orientation at
the magnetopause is uncertain. This is particularly true for
times where the IMF fluctuates rapidly. To avoid ambigu-
ities, we have filtered out such time periods using the so-
called bias filtering, introduced by and illustrated inHaaland
et al. (2007). To each data record (consisting of time tags,
Cluster measurements, solar wind measurements, geomag-
netic indices etc.) we assign a so called bias vector which
describes the IMF stability. Records with bias vector lengths
below a certain threshold are thereafter discarded.

Calculation of this bias vector basically consists of the fol-
lowing steps: First, a set ofN one-minute IMF measure-
ments,Bi , projected into the YZGSM plane are normalized.
Thereafter, theN vectors are added and an average vector – a
bias vectorb=1/N 6 (Bi/|Bi |) is calculated. If theN origi-
nal IMF vectors were parallel, i.e., a perfectly stable IMF di-
rection, the bias vector would have unit length. Correspond-
ingly, if the N vectors had random directions, the length of
the resulting bias vector would be zero. The length of the
bias vector is thus a measure of IMF directional stability, and
its direction is used to determine the average clock angle.
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For this study, the bias vector for a record at timet has
been calculated fromN=30 individual one-minute IMF vec-
tors, starting att−10 min tot+20 min. This asymmetric time
interval is meant to take into account any residual error in the
time shift of the solar wind data as well as additional time to
propagate IMF changes to the lobe regions. Records with
bias vector lengths less than 0.96 have been filtered out. A
similar IMF filtering was also applied in theHaaland et al.
(2008) andSvenes et al.(2008) papers.

2.4 Geomagnetic disturbance indices

To study correlations between the mass flow and geomag-
netic activity, our data set also contains a set of indices
characterizing various processes in the magnetosphere. The
Dst (Disturbed Storm Time) index is a measure of the hor-
izontal magnetic deflection on the Earth at equatorial lati-
tudes. Negative deflections inDst are mainly controlled by
the Earth’s ring current and the cross-tail current, though
the solar wind pressure also contributes (e.g.,Burton et al.,
1975; O’Brien and McPherron, 2000). Positive deflections
are usually caused by pressure enhancements in the solar
wind which cause a displacement of the magnetopause. The
Dst index was provided in digital form by the World Data
Center A (WDCA), Kyoto, and re-sampled and interpolated
to one minute time tags of the Cluster data using the method
described inSchwartz(1998).

The Auroral Electrojet (AE) index, is a measure of the
horizontal magnetic deflection at auroral latitudes. It is sup-
posed to reflect auroral geomagnetic activity, primarily asso-
ciated with tail magnetic activity. However, the longitudinal
coverage is often limited, so localized substorm activity may
sometimes escape detection. The AE index was also obtained
at one minute resolution from WDCA.

2.5 Information about solar irradiance

As a proxy for solar irradiance, we have used data from the
Solar Extreme ultraviolet Experiment (SEE), on board the
Thermosphere, Ionosphere, Mesosphere Energetics and Dy-
namics (TIMED) spacecraft. This sensor tracks the Sun for
about 10 min each orbit to measure solar radiation in the 5
to 45 nm range. For convenience, we have interpolated the
TIMED data to the 1 min resolution of the rest of the data
set. Since the TIMED satellite was launched in late 2001, we
only have solar irradiance data from 2002–2007.

2.6 Constraints and limitations of the data sets

The results presented in this paper have been collected over
a period of 7 years, spanning from the start of the oper-
ative Cluster science mission in February 2001 until late
2007. For several reasons, the data set is not continuous
throughout this time period. In the early phase of the Cluster
mission, telemetry constraints prevented full data coverage.

Both the EDI and EFW instruments are limited by opera-
tional constraints. Since EDI is an active experiment emitting
an amplitude-modulated electron beam, it interferes with the
wave measurements on Cluster. EDI is therefore operated
with a duty-cycle that has been negotiated with the other ex-
periments on Cluster. Also, due to the working principle of
EFW density estimates, simultaneous measurements of con-
vection from EDI and EFW density measurements are not
possible if the sum of the two beam currents of EDI exceeds
about 90 nA. Higher beam currents will typically drive the
spacecraft potential to values outside the range where den-
sity measurements can be done.

In addition to the limitation of data return from Cluster,
there are also shorter data gaps in the OMNI solar wind data.
Since the solar wind history is an input parameter of the T02
magnetic field model used for mapping, some attention is
still needed when there are gaps in the solar wind data: The
G1 and G2 factors of the T02 model are based on the pre-
ceding 1 h history of the solar wind. If there is a gap within
this period, the G1 and G2 factors are simply based on fewer
samples.

3 Methodology

The convective mass flow, i.e., the amount of plasma trans-
ported through a unit area within a given time can be ex-
pressed by:

Q = (ni ∗ mi + ne ∗ me) ∗ V⊥

[
kg

m2 s

]
(2)

where ni and ne are the ion and electron number densi-
ties, andmi andme are the corresponding ion and electron
masses.V⊥ is the bulk velocity of the plasma. Due to the
mass ratio between electrons and ions (any species), the elec-
trons can be neglected. In a plasma governed by MHD, one
can in addition assume quasi-neutrality (ne=ni). The above
relation can therefore be simplified to:

Q = (ne ∗ mi) ∗ V⊥

[
kg

m2 s

]
(3)

With Cluster, bothV⊥ andne can be measured with a high
degree of accuracy with the EDI and EFW instruments, re-
spectively. Note that we can only quantify the mass flow
perpendicular to the magnetic field. For transport along the
field, we refer toEngwall et al.(2009b), which uses a sim-
ilar instrumentation to address ionospheric outflow of cold
plasma. The ion mass,mi is not a constant, but depends
on the plasma composition, which again depends on the dis-
turbance level (e.g.Comfort and Horwitz, 1981; Lennarts-
son and Sharp, 1982; Young et al., 1982; Lennartsson, 1994;
Vaisberg et al., 1996; Barakat and Schunk, 2006).

In order to obtain the mass flow according to Eq. (3), we
obviously need an estimate of the ion mass. Due to the is-
sues with spacecraft charging and low count rates mentioned
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above, the mass resolution capabilities of the CIS or RAPID
particle instruments on board Cluster cannot help us in this
region of extremely thin plasma. Without making any as-
sumptions about plasma composition and ion mass, we can
therefore only determine the number flux, i.e., the quantity
Q/mi=ne ∗V⊥ from our measurements. In the remainder of
this paper, we will therefore primarily discuss number flux.

3.1 Combining the EFW and EDI data sets

Since the derivation of density rely on the spacecraft poten-
tial (ref. Eq.1), a simultaneous measurement of density and
velocity is usually not possible. When ASPOC is off, the
electron beam emitted during EDI operation artificially al-
ters the spacecraft potential to such a degree that the density
determination becomes impossible whenever the total EDI
beam current exceeds approximately 90 nA. In the statisti-
cal results presented here, we have therefore done the com-
bination in parameter space, i.e., measurements from EDI
are combined with EFW measurements taken under similar
geomagnetic conditions, and from the same region (i.e., the
lobe), but not necessarily sampled simultaneously or from
the same spacecraft.

3.2 Accuracy and statistical variations

The uncertainties in our results can roughly be divided into
three parts: 1) uncertainties in the measurements, 2) validity
of the underlying models or assumptions, and 3) statistical
spread.

Experimental uncertainties are probably the smallest error
source in our data set. Due to the purely geometric mea-
surement technique of the EDI instrument, the measurement
uncertainties are almost negligible for the convection mea-
surements. The density measurements are derived from the
spacecraft-probe voltage difference (VSP – see Eq.1), which
can be measured with a fairly high accuracy. Errors in the
density are therefore mainly governed by the functional de-
pendence between the potential and ambient plasma density.
The uncertainty in the density from EFW can be estimated
by comparisons with the CIS, PEACE and WHISPER exper-
iments on Cluster during some favourable conditions (Ped-
ersen et al., 2008). This uncertainty increases from approx-
imately 20% to 30% when the density goes from 1 cm−3 to
0.05 cm−3. For lower densities no comparisons with other
experiments have been possible, and the uncertainty is prob-
ably of the order of 50%.

For the convection and mapping of the EDI measurements,
we make two assumptions. First, we assume that the mag-
netic field lines are equipotentials. To our knowledge, there
exists no mechanisms that can set up significant field aligned
electric fields above the polar cap or in the lobes where we
obtain our EDI samples, so this assumption can be justified.
Secondly, the validity of the mapping depends on the qual-
ity of the magnetic field model used. For single events, and

certain conditions there can be large discrepancies between
the observed and modelled magnetic field (e.g.,Pulkkinen
and Tsyganenko, 1996; Smart and Shea, 2001). However, in
a statistical sense, the magnetic field model probably repro-
duces the geomagnetic field fairly well in this region of space
(Woodfield et al., 2007).

The variability in the binned EDI measurements were
shown in Fig. 4 ofHaaland et al.(2008). For southward di-
rected IMF, which is most important for the mass transport,
the statistical variability was found to be low, with a well
defined average convection magnitude and direction.

When dealing with statistical studies, it is legitimate to ask
whether a mean (i.e., an arithmetic mean of all values) or a
median (i.e., the most probable value) best characterize a data
set. A look at the distribution of the quantity in question gives
some hints here. For a Gaussian distribution, the mean and
median are identical, so using one or the other does not make
any difference. This is almost the case for our EDI data set;
the convection measurements are in the range 0–50 km s−1,
with an average of around 7.7 km s−1 in Z-direction in both
hemispheres. This is also close to the maximum of the dis-
tribution, so using a mean value is reasonable to characterize
the convection.

The EFW density measurements, on the other hand,
vary over a large dynamic range, The smallest density is
0.006 cm−3, and the highest (limited by our initial filtering of
the data set) is 0.5 cm−3. In addition, the distribution of the
measurements is highly non-Gaussian with a high density tail
(see Fig. 3 ofSvenes et al., 2008). The EFW data set where
samples with plasmaβ≥0.01 have been discarded, has a me-
dian of 0.063 cm−3, and a mean value of 0.093 cm−3. About
75% of the samples have a density lower than the arithmetic
mean. For the unfiltered data set, the difference between
mean and median is even larger. We therefore believe that
a median of all measurements gives the best representation
of the average lobe density.

Thus, in the following, when we use the term “average”,
this is obtained from the arithmetic mean of the EDI convec-
tion velocity measurements, and median value of the EFW
density measurements.

4 Results

Figure 1 shows a graphical representation of the EDI and
EFW data sets used for this study. The upper left panel
shows a profile of the overall convection velocities mapped
into 1×1RE bins in a YZGSM plane at X=−10RE . Only
EDI vectors inside a 20RE radius around theXGSM axis
are shown. Each arrow shows the average convection di-
rection within that particular bin. Colors indicate the con-
vection velocity in the XY plane (which is essentiallyV⊥ in
the central lobes, since the magnetic field is nearly aligned
with the ±XGSE/GSM axis here). The averaging and map-
ping procedure, described in more detail inHaaland et al.
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Fig. 1. YZGSM view of the convection and density. Top left: Average convection for the full data set. The arrows show the convection
strength (color coded) and direction of the convection in the ZYGSM plane. Top right: electron density (color coded) for the full set. Bottom:
Similar, but only including records we define as lobe (see Sect.4.1). Convection data are mapped into an YZ plane at X=−10RE , whereas
the density plots show averages of densities collected between X=−6RE to X=−21RE .

(2008), implies that all EDI measurements obtained on field
lines threading the lobe at X=−10RE have been used to cal-
culate the average within that particular bin. During the pe-
riod February 2001 to October 2007, a total of approximately
320 000 one-minute averages of the convection from EDI
were collected. This corresponds to more than 5300 h (of
which approximately 4700 h of data map to locations inside
the 20RE limit in Fig. 1)

The upper right panel illustrates the average densities, also
binned into 1×1RE bins, but collected between X=−6RE

and X=−21.1RE (maximum Cluster apogee). Approxi-
mately 476 000 records of one minute averages (7900 h) of
electron density from EFW were collected.

The lower panels of Fig.1 show the corresponding filtered
data set, where only data which we classify as lobe measure-
ments (see Sect.4.1) are included.

The largest velocities can be found near the central plasma
sheet and near the magnetopause flanks (outside the 20RE

radius shown here, measured convection velocities are even
stronger, although mapping to locations close to the mag-
netopause and magnetosheath is probably not as reliable as
mapping to the central lobes). One should have in mind,
however, that the magnetic field deviates significantly from
the almost sunward/anti-sunward alignments in the lobes.
There may therefore be significant convection in the±X di-
rection, which cannot be determined from the projection into
the YZGSM plane shown in Fig.1.

As pointed out inHaaland et al.(2008), the large scale
vortex-like circulation patterns in these plots are the mag-
netospheric counterparts of the ionospheric convection cells.
Inside the blue boxes which we use to calculate characteris-
tic lobe averages, the convection (and thus the mass flow), is
primarily towards the plasma sheet, but there is a significant
cross-tail component.
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Although there is a seasonal motion of the plasma sheet
which smears things out, the central plasma sheet is also
clearly discernible from the unfiltered density measurements
shown in the upper right panel. The thickening of the plasma
sheet towards the flanks (e.g.,Baumjohann and Paschmann,
1990; Huang and Frank, 1994; Wing and Newell, 2002) is
also apparent from this profile.

4.1 Defining the lobe

In the literature, one can find several methods to classify the
lobe. Depending on purpose and available instrumentation,
several experimental identifications of the lobes are conceiv-
able. For example,Caan et al.(1975) studied the magnetic
pressure enhancements during substorms, and used the mag-
netic field strength to identify the lobes.Baumjohann et al.
(1989) used a combination of spacecraft charging effects and
plasma density from the AMPTE/IRM spacecraft to separate
lobe samples from the plasma sheet and plasma sheet bound-
ary layers. There are also examples of purely geometric def-
initions, or a combination of observations and geometry to
define the lobe. This is the case for theHaaland et al.(2008)
andSvenes et al.(2008) papers which form the basis for the
present study.

Whereas the EDI data can be sampled over large regions
and mapped into a fixed plane, this is not possible with scalar
values like density or plasmaβ, which have to be sampled
locally. Due to these fundamentally different properties of
the measurements, we have applied two different definitions
of the lobe in the two data sets.

For the EDI dataset, the average convection velocity is ob-
tained by averaging all EDI measurements which, accord-
ing to the T02 model map into two (northern and south-
ern lobe, respectively) 8×16RE regions in the XY-plane at
X=−10RE . This approach, illustrated in the lower left panel
of Fig. 1 is similar to the definition used inHaaland et al.
(2008). Note that this delineation is very conservative to
avoid inclusion of measurements from the plasma sheet and
the magnetopause and their boundary layers. Still, the two
boxes contain 65 000 records (Northern Hemisphere) and
83 000 records respectively, which corresponds to 1083 and
1383 h of data, respectively. Within these boxes, the mag-
netic field is nearly aligned with the±X direction, so there is
only negligible convection in the X-direction.

The EFW data set is based on in-situ measurements, and
the region covered is primarily limited by the spacecraft or-
bit. For this data set, we have defined the lobe as the re-
gion of space traversed by Cluster between X=−6RE to
X=−21.1RE and then used the plasmaβ to exclude the
high density regions of the plasma sheet. Theβ used for
this exclusion is derived from the observed CIS-CODIF and
PEACE plasma moments combined with FGM magnetic
field values. As pointed out above, the plasma moments are
not very reliable in the lobe, but still sufficient for our pur-

pose. After some experimenting, we found that a definition
of the lobe as a region whereβ≤0.01 gave reasonable results.

Ourβ filter removes most of the plasma sheet values, and
the values in the lower right panel of Fig.1 are much lower,
typically less than 0.1 cm−3 and without any strong gradi-
ents. A substantial number of measurements near the central
plasma sheet are excluded with theβ filtering, but the dataset
still contains approximately 222 000 records (3700 h).

With an average convection velocity in the Z-direction of
7.7 km s−1 and a most probable number density of 0.063
particles per cm−3, the estimated number flux amounts to
Q/mi=4.85×108 s−1 m−2. The density is lower than the av-
erage value of 0.16 cm−3 reported byEngwall et al.(2009b),
also based on EFW double probe measurements. However,
they did not explicitly attempt to remove plasma sheet mea-
surements (although most plasma sheet were excluded due to
the applied measurement technique), and used the geometric
mean rather than the median value.

If we assume an average O+ abundance of 50% (based
on the average disturbance level and the results ofLennarts-
son, 1994), we obtain an effective ion mass ofmi=8.5mp.
The corresponding mass flow (Eq.3) then amounts to
Q=7.3×10−18 kg s−1 m−2.

4.2 Correlations and dependencies

Next, we investigate how the number flux depends on exter-
nal inputs such as the solar irradiance, varying solar wind and
IMF direction as well as processes internal to the magneto-
tail, reflected by the disturbance indices AE andDst .

For this purpose, we calculate the averages from subsets
of the full data set. The sizes of these subsets are a compro-
mise between adequate resolution and sufficient data cover-
age. For most of the ranges, the subsets still contain thou-
sands of records, and the statistical uncertainty is negligible.
However, for extreme values of some of the driver param-
eters, the coverage (and thus the statistical confidence) is
sometimes poor, and results from these ranges should thus
be considered with caution. When interpreting these results,
one should also have in mind that some quantities are partly
mutually correlated (see e.g., Table 1 inFörster et al., 2007);
for example, the effects reflected by theDst and AE indices
are ultimately driven by the solar wind.

The results are given in Fig.2. Since we focus on inflow to
the plasma sheet, we only show theZGSM-component of the
velocity and number flux. The left panels show histograms
of the convection velocity for different ranges of the driver
parameters. The middle panel contains the EFW density for
the same subset division, and the right panels show the corre-
sponding calculated number fluxQ/mi . Average convection
velocities vary between≈1 and 13 km s−1, and the averaged
densities are in the range 0.05 to 0.12 cm−3. The resulting
number fluxes are in the range 1.5×108 to 11×108 s−1 m−2.

In the following, each of these dependencies is discussed
in some detail.
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Fig. 2. Correlation between convection, density and number flux versus solar wind and disturbance parameters. The left panels show the
average convection velocities, the middle panels show average densities, and the right panels show the calculated number flux for each subset
of a particular driver parameter. From top to bottom, we show the correlation of these three parameters versus(a) IMF clock angle,(b) IMF
magnitude,(c) solar wind dynamic pressure,(d) solar wind density,(e) theDst index,(f) the AE index. For the clock angle correlation, the
numbers along the horizontal axis show the center of the clock angle sector, i.e., 0 means the average obtained from the 45◦ wide clock
angle sector ranging from from−22.5 to +22.5 degrees. For the other parameters, the numbers indicate the upper limit of the range.

4.2.1 Clock angle – IMF direction

As expected the number flux is much stronger for large clock
angles (i.e., IMF southward) than for small ones (IMF north-

ward). This is mainly due to the increased convection dur-
ing such periods. There seems to be little or no correlation
between the density and the IMF direction, which is some-
what surprising, as one should expect enhanced transfer of
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plasma from the solar wind and magnetosheath during peri-
ods with southward IMF. Due to the correlation between IMF
and geomagnetic activity, one would also expect higher out-
flow from the ionosphere during southward IMF. One expla-
nation for the missing correlation may be that loss processes
such as field aligned tailward escape of plasma balance any
increased input.

4.2.2 IMF magnitude

As already pointed out inHaaland et al.(2008), the convec-
tion is positively correlated with IMF magnitude. The den-
sity also has a positive correlation, but this is most likely a
secondary effect: a strong IMF gives strong convection, thus
higher geomagnetic activity and corresponding increased ion
outflow from the ionosphere, which is again balanced by in-
creased electron density.

4.2.3 Solar wind density and dynamic pressure

The solar wind dynamic pressure dependence shows a weak
but significant anti-correlation with the convection, whereas
the lobe density shows a positive correlation with this pa-
rameter. One possible explanation here is a compression of
the magnetosphere. For the convection correlation, one can
imagine that the same amount of flux has to be transported
per time unit, but over a shorter distance due to the smaller
volume of the magnetosphere. Thus, the velocity decreases
with increasing dynamic pressure. For the density, a com-
pressed magnetosphere means that the same amount of par-
ticles are distributed over a smaller volume. Unless this is
balanced by e.g., enhanced escape downtail, the density will
increase. The compression scenario has some support in sim-
ulations (e.g.,Shue et al., 1997) and observations (e.g.Rus-
sell et al., 1999; Wilken et al., 1982, and references therein).
Despite the opposite correlation of convection and density,
the number flux also shows a positive correlation with dy-
namic pressure.

Since the dynamic pressure is a function of the solar wind
density and the solar wind velocity (and to some extent the
composition), it may be useful to try to determine whether
the response in the lobes is governed by density or veloc-
ity changes in the solar wind. The results show a similar,
although less pronounced dependency between lobe density
and solar wind density as for the dynamic pressure depen-
dency. The convection and the resulting mass flux, on the
other hand, do not seem to be significantly influenced by ei-
ther solar wind density or solar wind flow velocity, however.

4.2.4 Dst dependence

Both convection, density and thus the calculated number flux
show a correlation with theDst index. TheDst index, which
is primarily a measure of the ring current strength, is mainly
driven by enhanced dayside reconnection, which again en-
hances the convection. Lower values ofDst means a stronger

ring current and typically more geomagnetic disturbance and
higher ionospheric outflow (e.g.,Huddleston et al., 2005).
Positive values ofDst are sometimes associated with com-
pression of the magnetosphere. The positive correlation be-
tween density andDst values above−10 nT may reflect this.

4.2.5 AE dependence

The AE index shows a much weaker dependence than theDst

correlation for both velocity and density. One should have in
mind that AE index primarily reflects fairly short-lived and
localized processes, such as substorms and bursty bulk flow
events typically combined with auroral activity. The flow
shear associated with these processes will typically set up
field aligned currents which are closed in the auroral zone
ionosphere and thus causes the perturbation of the magnetic
field which again changes the AE index. TheDst index, on
the other hand, mainly reflects large scale geomagnetic storm
time scales (typically several days from initial phase to re-
covery).

Since the auroral region mostly maps to the near Earth
plasma sheet, we do not expect any direct response in the
lobe density as a result of enhanced ionospheric outflow from
the auroral region. Parallel electric fields associated with au-
roral activity means that the ion outflow is of a more ener-
getic nature, and the residence time in the lobe is low for
these ions.

4.2.6 Solar irradiance

In addition to the correlations shown in Fig.2, we also
checked the dependence on solar irradiation, represented
by measurements of solar extreme ultraviolet flux from the
TIMED spacecraft (see Sect.2.5). In Svenes et al.(2008)
a positive correlation was reported for density values above
0.2 cm−3. Since the majority of our density measurements
are below 0.2 cm−3, however, we do not find a strong corre-
lation when we include the full data set.

5 Summary and discussion

Based on about 4700 h of convection data and 3700 h of
electron density data, we have investigated the number flux
through the Earth’s magnetotail lobes for various geomag-
netic conditions. To obtain these two data sets, we have ap-
plied very conservative selection criteria to ensure the best
possible data quality. All records where the upstream IMF
conditions were doubtful, either due to rapid variations or
due to uncertain time shift of the IMF information from the
solar wind monitor, have been discarded. EDI data, which
due to its purely geometric measurement technique are very
exact, have been mapped to the lobes using the T02 magnetic
field model, parameterized with the prevailing IMF and so-
lar wind conditions. To overcome limitations and inaccura-
cies in plasma moments, we also utilized a very conservative
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plasmaβ threshold to make sure only densities from the
lobes are included in the data set.

The average convection velocity in theZGSM direction is
7.7 km s−1, and the most probable density is 0.063 cm−3.
The convective velocity is thus much lower than the field
aligned velocity of around 28 km s−1reported by (Engwall
et al., 2009a,b). It is therefore reasonable to assume that
a substantial amount of plasma escape downtail along open
field lines without ever reaching the plasma sheet.

Most of the variation in the number flux and thus mass
transport seem to stem from changes in the convection speed.
With some exceptions, the density seem to be less depen-
dent on external drivers like the IMF, or secondary effects
reflected by the AE andDst disturbance indices.

The only external parameter that seems to significantly in-
fluence the lobe density is the solar wind dynamic pressure.
However, the correlation seen is most likely the result of a
compression of the whole magnetosphere rather than an ex-
plicit increase of total plasma content. Our data does not
provide support for enhanced plasma transfer as a result of
higher solar wind dynamic pressure or higher solar wind den-
sity.

The fact that the IMF clock angle does not seem to have
a major influence on the density is interesting. A south-
ward IMF greatly enhances the reconnection on the dayside
magnetopause, and thus in theory enhanced entry of magne-
tosheath plasma into the magnetosphere. On a statistical ba-
sis, however, this does not seem to be reflected in the lobes.
This may suggest that variations in the overall ion density is
largely controlled by outflow from the ionosphere.

Since we are unable to determine the ion composition, we
are also unable to quantitatively discuss the mass density and
mass flow. However, as pointed out in Sect.3, the oxygen
abundance and thus the average ion mass increases with in-
creasing disturbance level. Due to the large mass ratio be-
tween protons and oxygen, even small increases in the oxy-
gen abundance cause significant changes in the mass flow.
The ion composition also plays an important role for fun-
damental plasma properties such as e.g., the Alfven speed,
as well as threshold levels for many plasma instabilities and
wave modes.

As seen from Fig.2, the difference between the min-
imum number flux conditions occurring during northward
IMF and the maximum conditions occurring at lowDst -
values is about one order of magnitude. Furthermore, even
the difference between the number flux at strong and medium
Dst -conditions is at least a factor of two. This implies that
most of the mass flow toward the plasma sheet occurs during
those periods which are characterized by very strong geo-
magnetic activity. In turn, this implies that due to this mass
loading process the stability of the plasma sheet at any one
particular time will be very difficult to predict.
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