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Abstract. We present a study of the spectral characteristics
of protons in the Earth’s plasma sheet for various geomag-
netic disturbance levels. The study is based on about 5400 h
of data combined from the Cluster RAPID and CIS instru-
ments obtained during the tail season (July–October). The
overall proton spectral shape is generally that of aκ distri-
bution, that is, resembling a Maxwellian at lower energies
which smoothly merges into a power-law tail at higher ener-
gies. The actual spectral long-term slope depends on various
magnetospheric driver parameters, but is on average around
3.5–4. During disturbed conditions, such as geomagnetic
storm or substorm periods, a shift in the characteristic en-
ergy is observed. For two individual storms, we also found a
hardening of the spectra. Unlike the electron spectra, we do
not see any significant local time dependence in the spectral
slope, but we find higher average ion fluxes in the dusk side.
We also do not find any direct response in the energy spectra
to changes in the interplanetary magnetic field or solar wind
dynamic pressure. This suggests that energization of the ions
are mainly due to internal processes in the plasma sheet.

Keywords. Magnetospheric physics (Energetic particles,
trapped; Magnetotail; Plasma sheet)

1 Introduction

Earlier measurements of ions in the Earth’s magnetosphere
have revealed that the energy distribution often deviates from
a pure Maxwellian distribution, and often possesses a high
energy tail, which can best be modelled with a power law or
κ function (Vasyliunas, 1968; Williams et al., 1973; West and
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Buck, 1976; Ipavich and Scholer, 1983; Christon et al., 1989,
1991). Such distributions are less stable than Maxwellians
and can dramatically enhance the growth of plasma waves
under certain conditions (e.g.,Thorne and Summers, 1991;
Chaston et al., 1997, and references therein). The spectral
slope can also provide valuable information about accelera-
tion and diffusion processes.

Christon et al.(1989, 1991) used measurements of ions in
the energy range'30 eV/q to 2.1 MeV and electrons with
energies in the range'30 eV/q to 1.2 MeV from the Earth’s
nightside plasma sheet, and found that the typical energy
spectra could best be described by aκ distribution with spec-
tral slopes in the rangeκ=4–8.

More recently,Åsnes et al.(2008) used Cluster observa-
tions to assess the characteristic energy spectra of electrons
with energies above 40 keV. They used a power law func-
tion, j ∝ e−γ to fit the spectra and investigated how theγ

index varied with different disturbance levels and locations.
They noted that geomagnetic activity, as represented by the
Kp index, had no significant impact on the spectral slope.
On the other hand, they observed a local time dependence in
the slope, with the electron spectra being harder on the dawn
side.

The dawn-dusk asymmetry was also the focus of a study
by Sarafopoulos et al.(2001), who used Interball measure-
ments of electrons in the range 27–426 keV and ions in the
energy range 27–827 keV as a basis for their study. Using 12
plasma sheet crossings in geocentric distances between'13–
25RE downtail, they found significant dusk dawn asymme-
tries. In general the fluxes of ions (electrons) were higher on
the dusk (dawn) side. They also found that an increase in
geomagnetic activity were associated with particle energiza-
tion. However, the spectral change were mainly in the form
of a shift in characteristic energies, and less so in the spectral
shape.
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In this paper we present a survey of proton spectra in the
geomagnetic tail for various geomagnetic conditions. The
results are based on several years of data from the Cluster
mission. In particular, we investigate how the characteristic
energy and spectral slope of the proton population respond
to geomagnetic activity and changes in the solar wind. We
also address the issue of dawn-dusk asymmetry. There are
several issues that distinguish our data set from those used
in earlier studies. First, Cluster has been operating for sev-
eral years, and the amount of available data is much larger
than for earlier studies. In addition, the availability of nearly
continuous solar wind and IMF data provides us with far bet-
ter opportunities to study the response to external influences
such as increased solar wind pressure, and changing IMF di-
rections. Unlike some of the earlier studies based on e.g.,
ISEE (Christon et al., 1989, 1991) and Interball (Sarafopou-
los et al., 2001), we are also better equipped to discriminate
between ion species.

This paper is organized as follows: Sect.2 contains a de-
scription of the instrumentation and data set which forms the
basis of our study. In Sect.3 we first present two case studies
of spectral changes during geomagnetic storms. In the sec-
ond part of Sect.3, we thereafter show long-time character-
istic spectra for various disturbance levels and their response
to external drivers. Section4 discusses physical implications
and summarizes the results.

2 Data and instrumentation

The results presented in this study are mainly based on in-situ
measurement from the Cluster quartet of spacecraft. Cluster
is an ESA mission comprising four identical spacecraft flying
in a tetrahedron like formation. During the period covered
by this study, Cluster was in a nearly 90◦ inclination ellipti-
cal orbit with apogee around 20RE perigee around 4RE and
a orbital period of approximately 57 h. Within the science
community, the four spacecraft are usually referred to as C1,
C2, C3 and C4. Not all instruments work on all spacecraft,
and in this paper we have mainly used data from the C1 and
C3 spacecraft, since these give the best data return for our
purpose.

In this paper, we focus on spectral properties protons in the
energy range'700 eV to 1 MeV in the nightside magnetotail
and plasma sheet. This region is traversed by Cluster during
Northern Hemisphere autumn season, i.e., from late July un-
til October. More information about the Cluster mission and
instrumentation can be found inEscoubet et al.(1997).

In addition, solar wind magnetic field and plasma data and
geomagnetic disturbance indices are used to check depen-
dencies.

2.1 Cluster particle measurements

We utilize ion measurements from two different sensors on
board Cluster. Protons with energies above 27 keV are mea-
sured by the Research with Adaptive Particle Imaging De-
tector (RAPID, seeWilken et al., 2001), whereas the lower
part of the energy range is covered by the Cluster Ion Spec-
trometer (CIS, seeRème et al., 2001). For convenience, we
provide a brief description of these two detectors.

2.1.1 Energetic ion fluxes from RAPID

RAPID consists of three identical mass spectrometers which
use a combination of time-of-flight and energy measure-
ments to classify and bin the incident particles. The three
sensors cover 180◦ in polar angle over the energy range 37–
407 keV for electrons, 27 keV–4 MeV for protons, 30 keV–
3.8 MeV for helium, and approximately 80 keV–4 MeV for
oxygen. Utilizing the spacecraft spin, RAPID was designed
to provide the distribution of electrons and ions with com-
plete coverage of the unit sphere in phase space. Due to a
degradation of the central heads on all spacecraft during the
early phase of the mission, only a reduced part of the full ion
3-D distribution is available during later stages, however. In
particular, we are not able to calculate pitch angle distribu-
tions based on the RAPID ion sensors.

Since our purpose is to investigate the spectral character-
istics of a particular plasma region, we are not dependent
on any 3-D abilities, but integrate over all directions to get
an omnidirectional flux. Except from a lower count rate, the
lack of sensitivity in the central sensor thus does not play any
major role as demonstrated byKronberg et al.(2010).

Although RAPID allows for discrimination of various ion
species, we focus on protons only in this study – properties
of heavier ions will be addressed separately in a later publi-
cation. We divide the RAPID omnidirectional proton fluxes
into 6 energy channels and combine them with similar in-
formation from the CIS instrument. The energy channel as-
signment is shown in Table1. Note that the second channel
of RAPID has a fairly narrow energy range. The time reso-
lution of the RAPID data is 1 spin (approximately 4 s), but
since the count rates are often very low, in particular for the
highest energy channels, we decided to use 1 min averages
provided by the instrument team for this study.

2.1.2 Moments and particle measurements from CIS

The CIS instrument has two sensors. In this paper we
use data from the COmposition and DIstribution Function
(CODIF) analyzer. CODIF measures 3-D distribution func-
tions of the major ion species in the energy per charge
range 0.03–40 keV per charge. Two different data products
from CODIF are used; plasma moments and omnidirectional
fluxes of protons.
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The onboard calculated plasma moments are used to iden-
tify the plasma region and to filter the data. Moments have a
native time resolution of 1 spin, but we calculate 1 min av-
erages and put them on the same time line as the rest of
the data set. To calculate plasmaβ, i.e., the ratio between
particle pressure and magnetic field pressure, we also utilize
magnetic field measurements from the Fluxgate Magnetome-
ter (FGM – described inBalogh et al., 2001). Omnidirec-
tional data are based on the full 3-D distribution from the
CODIF sensor, and are available at either 8 or 12 s resolu-
tion, depending on the telemetry mode. They are obtained
by integrating over all elevation angles and spin sectors of
the instrument. As with the rest of the data set, we also con-
struct 1 min averages of this data set. The CIS instrument has
several sensitivity modes, automatically switched in-flight in
order to provide optimal sensitivity and resolution for a par-
ticular plasma region. Calibration factors are applied accord-
ingly, but the data products differ slightly from one mode
to the next. To avoid errors introduced by mode shifting
or non-optimal modes, we only use data from the recom-
mended magnetospheric modes (see details inRème et al.,
2001; Dandouras et al., 2006).

2.1.3 Combining spectral information from CIS and
RAPID

The combined energy spectrum consists of 23 energy chan-
nels, 16 from CIS and 7 from RAPID. Table1 shows the
channel numbering and energy ranges of these channels.
Note that there is some overlap; the highest energy chan-
nel of CIS partly overlaps with the lowest energy range of
RAPID.

Although the calibrations of both CIS-CODIF and RAPID
have now reached a fairly mature level, combining data from
the two instruments can still be a challenge. There are still
periods, in particular prior to 2003, when the CIS part of
the energy spectrum does not overlap the RAPID part of the
spectrum. This typically occurs after one of the instrument
gain factors has been adjusted to compensate for degradation
in the sensors. For such cases, we have corrected (i.e., multi-
plied all flux values with a constant factor) the CIS spectra so
that the overlapping energy channels agree. This correction
has no affect on the spectral shape. A similar procedure was
also applied in e.g.,Christon et al.(1991).

2.1.4 Solar wind and magnetospheric disturbance levels

Disturbances in Earth’s magnetosphere, like magnetospheric
storms and substorms, are typically associated with dynamic
changes in the solar wind, in particular directional changes in
the interplanetary magnetic field (IMF). At the Earth’s day-
side magnetopause, a southward directed IMF can reconnect
with the geomagnetic field, and allow energy and momentum
to be transferred more directly from the solar wind into the
magnetosphere. During periods with enhanced disturbance

Table 1. Assignment of energy channels for the CIS-CODIF and
RAPID instruments. The highest energies of CIS-CODIF overlaps
with the lower energy range of RAPID.

Ch no. Energy range Sensor Remarks

15 738–939 eV “
16 940–1196 eV “
17 1197–1523 eV “
18 1524–1939 eV “
19 1940–2469 eV “
20 2470–3144 eV “
21 3.1–4.0 keV “
22 4.0–5.1 keV “

23 5.1–6.5 keV “
24 6.5–8.2 keV “
25 8.2–10.5 keV “
26 10.5–13.4 keV “
27 13.4–17.0 keV “
28 17.0–21.7 keV “
29 21.0–27.6 keV “
30 27.6–35.2 keV “ overlaps RAPID

31 27–64 keV RAPID-IIMS
32 75–92 keV “
33 92–159 keV “
34 159–374 keV “
35 374–972 keV “
36 972–1885 keV “
37 1885–4007 keV “ Not used here

levels, the spectral characteristics of the particles are also
often altered (e.g.,Christon et al., 1989, 1991; Ono et al.,
2009). Knowledge about the concurrent solar wind condi-
tions and the interplanetary magnetic field is therefore impor-
tant when discussing processes and mechanisms responsible
for energization and diffusion processes leading to spectral
changes.

In the present study, we have utilized a specially prepared
OMNI data set (available fromhttp://cdaweb.gsfc.nasa.gov/
istp public/) where solar wind measurements from various
solar wind monitors have been time shifted according to the
method originally proposed byWeimer et al.(2003) and later
refined byWeimer and King(2008). Basically, this method
tries to establish the orientation of the IMF phase front at
the position of the solar wind monitor, and then use the solar
wind velocity to estimate the arrival of this phase front at
the Earth’s magnetopause or bow shock where the interaction
takes place.

2.1.5 Geomagnetic disturbance indices

To study correlations between the spectral shape and ge-
omagnetic activity, our data set also contains set of in-
dices characterizing various processes in the magnetosphere.
The Dst (Disturbed Storm Time) index is a measure of the
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Fig. 1. Spatial coverage of the data set. The majority of the mea-
surements are obtained near Cluster’s apogee at 18RE, and within
local times'19:00–05:00.

horizontal magnetic deflection on the Earth at equatorial lat-
itudes. Negative deflections in Dst 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 magnetopause. The Dst
index was provided in digital form by the World Data Center
for Geomagnetism, Kyoto, and resampled 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 hor-
izontal magnetic deflection at auroral latitudes. It is supposed
to reflect auroral geomagnetic activity, primarily associated
with tail magnetic activity such as substorms (Rostoker et al.,
1980) and bursty bulk flow events – i.e., short periods of fast
plasma flow, presumably associated with small, localized re-
connection events (e.g.,Angelopoulos et al., 1994). How-
ever, the longitudinal coverage of AE observatories is incom-
plete so localized substorm activity may sometimes escape
detection. The AE index was also obtained at one minute
resolution from WDCA.

2.1.6 Data coverage and characteristics

All of the above data products; Cluster particle data, IMF and
solar wind data, geomagnetic activity indices as well as time
tags and spacecraft positions, were put on a common time-
line with one-minute resolution. We only consider Cluster
measurements obtained tailward of 6RE, and only during the
months July to October Fig.1 shows an XYGSM projection
of the orbit segments where the central plasma sheet mea-
surements were obtained.

If there is a mode shift in one of the instruments during the
one minute accumulation period, we discard that record – the

data set is therefore not continuous in time. In the early part
of the Cluster mission, there were also telemetry constraints
which prevented full coverage. The total data set consist of
approximately 330 000 one-minute records, corresponding to
5400 h, from the years 2001 to 2004. From this full data set
we then extract subsets within certain parameter ranges to
address various issues as discussed in the next section.

We are primarily interested in the long-term average de-
scriptions of the energy spectra in the plasma sheet for vari-
ous magnetospheric states. With all measurements on a com-
mon one-minute timeline, we proceed as follows to produce
such characteristic spectra; First we make sure that we only
include measurements from the plasma sheet. Data from e.g.,
spurious incursions into the lobe are discarded by removing
records below a certainβ threshold (see Sect.2.2). From
the remaining records we then accumulate particle measure-
ments over several one-minute records, i.e., as a measure of
characteristic flux in a particular energy channel we use the
aritmetric mean of a number of individual one-minute flux
values for that energy channel. As with any averaging, this
procedure is effectively a low pass filtering which removes
spectral variations on short time scales, whereas persistent
features in the spectra will be conserved.

2.1.7 Accuracy and statistical spread

In addition to uncertainties in the cross calibration between
the two instruments (see Sect.2.1.3 and Kronberg et al.,
2010), there are two main sources of uncertainty in our study:
1) Identification of plasma regime; 2) Statistical spread in the
RAPID and CIS count rates. Other errors such as energy bin-
ning, timing errors in the solar wind propagation (e.g.Mai-
lyan et al., 2008) etc. are believed to be small in comparison.

As explained in detail in the next section, determination
of plasma regime is primarily based on the plasmaβ, ob-
tained from the CIS moments and FGM measurements, re-
spectively. Plasma temperature and density entering theβ

calculation are based on the CIS part of the distribution only
(due to the lack of sensitivity in the central RAPID sensor,
we are not able to include higher energies in theβ calcula-
tion). The use of such partial distributions can lead to an un-
derestimation of density and temperature, and thus a lower
estimate ofβ than the real value. We have here only used
moments from instrument modes recommended by the in-
strument team (Dandouras and Barthe, 2007). Another, and
probably more important issue withβ is the definition of
thresholds to identify the various plasma regimes. This is
discussed in Sect.2.2.

Whereas the statistical uncertainty (standard deviation) for
a single sample (one spin) can be quite high, in particular for
the RAPID instrument where the count rates are sometimes
very low or even zero, the averages presented here typically
consist of several tens or several hundred hours of data. As an
estimate of the statistical spread in these long time averages,
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we have therefore used the mean absolute deviation (MAD):

MAD = median(|f (i)−median(f (i))|) (1)

wheref (i) is the long-time average flux in energy channeli.
Here, MAD describes the median deviation from the most

probable non-zero value in a distribution. MAD is a more
robust (in the sense that it insensitive to departures from
the assumptions about a specific distribution) measure of the
spread in a univariate data set. Unlike e.g., the standard
deviation, the presence of outliers (e.g., zero counts in the
upper RAPID channels) thus does not change the value of
the MAD. More information about MAD can be found in
text books about statistics, e.g.,Venables and Ripley(1999,
Chapter 5).

2.2 Determination of plasma regime

When comparing spectral information, one obviously want
to make sure that the data are obtained from the same plasma
regime. Depending on purpose and available measurements,
several methods to identify a particular plasma regime are
conceivable.

Baumjohann et al.(1988, 1989) used the spacecraft charg-
ing effects to distinguish between lobe and the plasma sheet
(PS) and plasma sheet boundary layers (PSBL). The idea
is that artificially high electron densities are caused by in-
clusion of photoelectrons. In the CPS, the plasma den-
sity is generally higher, and spacecraft charging will be
less pronounced. They classified any periods where the ra-
tio between electron and proton densities,Ne > 0.94N0.86

p

as PSBL. Samples withBT =
√

(Bx2
+ By2) ≤ 15 nT or

Bz/BT ≥ 0.5 were used to identify the inner central plasma
sheet, regions outside this range were classified as “outer
central plasma sheet”. The actualβ values in their data set
varied from 0.3 in the outer central plasma sheet up to 30
near the neutral sheet.

Cluster has an active spacecraft voltage control (ASPOC
– seeTorkar et al., 2001), so methods based on spacecraft
charging are excluded. Also methods based on energy den-
sity (e.g.,Ono et al., 2009) were discarded. In this study
we have instead chosen used a combination of spacecraft po-
sition, plasmaβ and the plasma bulk velocity to determine
whether a particular sample is taken in the central plasma
sheet (CPS), plasma sheet boundary layer (PSBL) or the tail
lobes.

In particular during disturbed periods, the plasma sheet is
subject to wave activity and flapping which leads to sporadic
entries of the spacecraft into the lobes. In contrast to the
plasma sheet, the lobes are almost devoid of energetic par-
ticles, and only a very diluted population of cold plasma.
Lobe encounters are therefore easily recognizable in the data,
but moment calculations are not reliable due to the low den-
sity. To identify and exclude samples from the lobes, we have
therefore used a low, and very conservativeβ threshold.

Table 2. Plasmaβi thresholds used to determine plasma regimes.
See also Table 1 of (Åsnes et al., 2008).

Region βi Remarks

CPS Central plasma sheet >0.70
PSBL Plasma sheet boundary layer 0.01–0.2|V x| >75 km/s
LOBE Magnetotail lobes <0.01

A similar approach to classify plasma regions has been
used by earlier Cluster based studies (e.g.,Ruan et al., 2005;
Åsnes et al., 2008), although with different thresholds for
the various regimes, and sometimes a finer division of the
regimes. Table2 shows details about theβ thresholds and
criteria used for the initial classification.

In most cases, we found little difference in the spectral
shape between the CPS and PSBL, but unless explicitly
stated, the following results are based on all measurements
tailward of XGSM=−6RE with β ≥ 0.7, and where the distri-
bution can be expected to be fairly isotropic. Note also that
our β threshold is more conservative than those ofBaumjo-
hann et al.(1989). We also discarded records where the CIS
or RAPID instrument had zero counts or fillvalues in two or
more of the energy channels.

2.3 Characteristic spectra

A particle population is often described statistically in terms
of its velocity distribution or energy spectra. In the ideal
case, and without any external forces the particles will at-
tain a Maxwellian velocity distribution. For a given particle
species, the omnidirectional differential flux as function of

energy will thenf (E) = A E
E0

e
−

E
E0 , whereA is a constant,

E is the kinetic energy, andE0 is the characteristic energy
(the energy with maximum flux) of the population.

However, in space, particles can be accelerated (energized)
by various processes. Depending on the process, the whole
population, or just parts of the population are energized. The
former will shift the distribution, whereas the latter will al-
ter the spectral shape. Energy shifted spectra are consistent
with e.g., electrostatic acceleration or convective flow. Other
acceleration processes (see e.g., review byBlake and Slavin,
1998, or references therein) or inflow of particles from other
regions of space (from e.g., reconnection regions or penetra-
tion of interplanetary fluxes), on the other hand, will typi-
cally alter the spectral shape. Similarly, de-energization or
diffusion processes can also alter the spectral shape.

In the magnetosphere, there will often be an excess of
particles with energies above the characteristic energy. The
spectra is then said to have a high energy tail. One such
model distribution can be described by a power law,f (E) =

AE−γ , whereγ determines how hard (excess of high energy
particles) or soft the spectra is.
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Model

Page 1

E Kappa=2 Kappa=4 Maxwellian Power y=5/3
2 4 1000 A 1.00E+005

0.74 43799.84 46890.91 50471.71 1657442.15 E0 1.94
0.94 49049.69 53089.82 57906.7 1107273.41 y 1.67

1.2 53438.83 58437.4 64574.53 739731.28 Ag 1.00E+006
1.53 56413.46 62183.41 69450.94 494182.14
1.94 57481.47 63569.9 71332.92 330145.94
2.47 56338.29 62021.72 69094.59 220558.59
3.15 52972.02 57363.15 62115.79 147346.43
4.01 47702.04 49973.85 50785.94 98436.86

5.1 41122.03 40780.07 36800.39 65761.84
6.5 33962.82 31038.23 22870.82 43932.99

8.27 26926.09 21978.46 11693.32 29349.99
10.53 20551.71 14472.27 4665.14 19607.74
13.41 15155.76 8875.57 1358.1 13099.14
17.07 10841.29 5087.42 265.03 8751.04
21.74 7552.83 2739.17 31.14 5846.24
27.68 5144.67 1393.79 1.92 3905.64

30 4505.95 1099.69 0.64 3413.56
84 722.94 36.33 0 611.58

120 368.7 9.92 0 337.11
243 94.33 0.69 0 103.76
600 15.91 0.02 0 22.93

1346 3.2 0 0 5.95
4000 0.36 0 0 0.97
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Fig. 2. Functional forms of different spectra used to describe a par-
ticle population. Theκ distribution is essentially a Maxwellian for
low energies combined with a power law spectra for higher ener-
gies.

Another frequently used model spectra is theκ (Kappa)
distribution, where the flux as a function of energy is de-
scribed by:

f (E) = AE

[
1+

E

κE0

]−κ−1

(2)

whereκ is the spectral index (spectral slope) – a measure of
how quickly the spectrum falls off at higher energies. Large
values of ofκ indicate a Maxwellian like distribution (for
κ → ∞ we have an Maxwellian distribution), whereas lowκ

values indicate a high energy tail (hard spectra).
A Maxwellian distribution is sometimes referred to as

thermal, whereas the distributions with a high energy tail
are referred to as supra-thermal. Figure2 shows character-
istic energy spectra for the Maxwellian, a power law and two
kappa distributions.

3 Results

3.1 Case examples: geomagnetic storms

Geomagnetic storms are disturbances in the geomagnetic
field caused by the interaction between the solar wind and
the Earth’s magnetosphere (see e.g.,Gonzalez et al., 1994;
Kamide et al., 1997, and references therein). During storms,
charged particles in the plasma sheet are energized and trans-
ported into the inner magnetosphere, enhancing the ring cur-
rent which causes deflections in the magnetic field and thus
a response in the Dst index (Nośe et al., 2005). (There are
also other contributions to the Dst index – see e.g.,Campbell,
1996; O’Brien and McPherron, 2000; Turner et al., 2000).

Table 3. Key parameters during the three highlighted time intervals
in Fig. 3.

Storm phase/interval Dst [nT] AE [nT] Kp

Before (17–20 Jul) −6 to−47 30 to 670 1− to 2+
During (24–27 Jul) −32 to−181 82 to 2163 1+ to 8+
After (31 Jul–3 Aug) −24 to−46 29 to 601 0+ to 4−

During the years 2001–2004 covered by this study, 13 ge-
omagnetic storms with minimum Dst values below−100 nT
took place. Cluster’s 57 h polar orbit is not ideally suited for
studies of long time processes in the central plasma sheet.
Therefore, we do not have a continuous coverage of all
phases of any of these storms, but use subsequent Cluster
passages during the nightside plasma sheet to get snapshots
of the various storm phases.

3.1.1 Event 1: July 2004 geomagnetic storms

One event where we have reasonable data coverage took
place in July 2004. For this event (actually a series of 3
intensifications), we are able to get good measurements at
various phases the storm. Figure3 shows an overview of
the Dst index and spectral response for this period. Note that
the observations within these three intervals are not necessar-
ily continuous, primarily since the plasmaβ criterium (see
Sect.2.2) is not always satisfied for the full intervals.

Following a sudden commencement on 22 July 2004, the
Dst drops to−101 nT on 23 July, followed by a second min-
ima of −147 nT on 25 July. A third intensification follows
a few days later, and the Dst index reaches−197 nT around
noon on 27 July. Cluster was in the nightside plasma sheet
during the two latter of these intensifications. Table3 shows
a summary of the key parameters during the observations of
this storm. (Note that we do not have observations during the
absolute minimum Dst).

Although the most pronounced manifestations of a geo-
magnetic storm are typically found closer to Earth, we also
observe changes in the energy spectra further tailward where
Cluster crosses the central plasma sheet for this case. The
lower panels of Fig.3 show average ion spectra obtained in
the central plasma sheet (β ≥ 0.70) before, during and after
the storm, respectively. Each spectrum shown is produced
by averaging a number of individual one-minute records (we
also tested median instead of mean values, but we found no
significant difference between these two methods to repre-
sent averages). The approximate sampling periods for the
three storm phases are indicated in the Dst time plot in Fig.3.
Note that the samples are not continuous in time, primarily
because the plasma sheet moves, contracts and expands so
that Cluster enters and exits the central plasma sheet several
times. To facilitate comparison between the different spec-
tra, we also add a modelκ spectrum withκ=5 andE0=3 keV
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Fig. 3. Ion energy spectra during three phases of two geomagnetic storms. Panel(a) Dst values during 15 July–5 August 2004. Highlighted
time intervals indicate periods (Cluster orbit segments during central plasma sheet crossings, though not necessarily continuous measure-
ments) used to generate the characteristic spectra in the lower part of the figure. Panel(b) Energy spectra before, during and after the
geomagnetic storms on 22–28 July. The dots represent the average proton flux (vertical axes) for each energy channel (horizontal axes) of
the RAPID (plotted with blue color) and CIS (red) instrument. Each dot is drawn at the logarithmic center of the respective energy channel
(see Table1), and the error bars indicate the median absolute deviation (MAD – see Eq.1). To facilitate comparison between the different
spectra, we also add a modelκ spectrum withκ=5 andE0=3 keV (gray, solid line) to all spectra in this row.

(gray, solid line). This model spectrum is a visual fit to the
high energy part of the lower left spectrum.

The lower left panel shows the characteristic energy spec-
trum prior to the storm (to get sufficient statistics, this aver-
age also contains some data points from the recovery phase
of a preceding smaller storm on 16–17 July). This spectrum
is an average of approximately 450 one minute records (7.5 h
of accumulated data). The average Dst is−12 nT, and the
average AE index is 190 nT during this period. During this
interval, we observe a fairly soft spectra with a spectral slope
κ ' 5.

During the storm (lower middle panel), we use another 450
samples to generate an average storm time spectrum. The av-
erage Dst index for this time interval is−59 nT, with a few
records having Dst values below−180 nT. The correspond-
ing average AE index is 510 nT, indicating significant auroral
activity. In this interval, we observe a much harder spectra,
with κ ' 3 and a shift towards higher characteristic energy
E0.

After the storm (lower right panel) most of the high energy
tail subsides;κ returns to a value'5, and the characteristic
energy eventually resides to lower values again.

The remanent flux in the highest RAPID channel seen
in the rightmost spectra in Fig.3 may be due to penetra-

tion of interplanetary particles. In a case study,Christon
et al. (1989), demonstrated that the energy spectrum for
E ≥ 100 keV ions was dominated by an interplanetary popu-
lation. Indeed, measurements of energetic fluxes from the
Electron, Proton, and Alpha Monitor (EPAM – seeGold
et al., 1998) onboard the ACE spacecraft located in the so-
lar wind, reveal a pronounced, dispersive increase in ener-
getic particle flux starting around 12:00 UT on 31 July 2004.
A similar signature, although less pronounced is observed in
E ≥ 100 keV ions at the WIND spacecraft, also located in the
solar wind. These dispersive events are most likely caused by
interplanetary shock accelerations in the solar wind.

3.1.2 Event 2: September 2002 geomagnetic storms

A similar sequence of two geomagnetic storms took place
in September 2002. An overview of the Dst index and the
corresponding spectra are shown in Fig.4. Due to the po-
lar orbit of Cluster, the coverage was not optimal during
the main phase of any of these storms, but the general re-
sponse was very similar to the above July 2004 event; Ini-
tially, we observe a fairly soft average spectrum (i.e., closer
to a Maxwellian, but still with a high energy tail andκ ' 5).
During the storm main phase, there seems to be a significant
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Fig. 4. Same as Fig.3, but for two geomagnetic storms in September 2002. There were no Cluster observations satisfying our criteria during
neither of the main phases of the storms for this case.

Table 4. Key parameters during the September 2002 geomagnetic
storms. The intervals are those highlighted in the upper part of
Fig. 4.

Storm phase/interval Dst [nT] AE [nT] Kp

Before (1–2 Sep) −1 to−23 117–824 2− to 4◦
Recovery (9–11 Sep) −32 to−181 25–1457 0+ to 5◦
After (15–17 Sep) −3 to−27 15–845 0+ to 3◦

acceleration and heating which produce a much harder spec-
trum (lower spectral slope,κ) which is still observed in the
[early] recovery phase. A few days later, the distinct high
energy tail of the distribution has subsided again.

The key observations during the three investigated inter-
vals are given in Table4.

Our results for these two case studies thus seem to be more
in line with the ISEE results ofChriston et al.(1991) and re-
cent Geotail results reported byOno et al.(2009), who also
found a significant correlation between the spectral slope and
the activity level. On the other hand, (Christon et al., 1991)
also pointed out that whereas the characteristic energies,E0
had a similar behavior for both ions and electrons, the spec-
tral slopes of ions and electrons respectively, did not respond
in the same way to increased disturbance levels. One should
also keep in mind the ISEE measurements inChriston et al.
(1991) did not distinguish between ion species. In particular
during disturbed periods, the abundance of heavier ions in-

crease significantly (e.g.,Young et al., 1982; Fu et al., 2002).
Simulations (e.g.,Delcourt et al., 1990; Sanchez et al., 1993)
and observations (e.g.,Moebius et al., 1987; Nośe et al.,
2000) indicate that oxygen are energized more than protons
during high geomagnetic activity.

3.2 Statistical results

To study the average influence of the various driver pa-
rameters, spacecraft location, geomagnetic activity, plasma
regime etc., we extract subsets of the complete data set, and
generate average spectra from these subsets. Unlike the case
example above, we now use the full 4-year data set to form
the averages. We also compare some of our results with the
findings of Åsnes et al.(2008), who studied the statistical
properties of RAPID electron measurements.

3.2.1 Response to geomagnetic activity

Earlier studies have shown that the Earth’s plasma sheet un-
dergo dramatic changes during disturbed geomagnetic peri-
ods (e.g.,Baumjohann et al., 1990, and references therein).
During the growth phase of a substorm, for example, the
whole plasma sheet becomes much thinner, and the magnetic
field becomes more stretched. During the expansion phase,
the ion density decreases while the temperature typically in-
creases.

Åsnes et al.(2008) found that on average, the spectral
slope of electrons in the energy range 40–400 keV did not
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Fig. 5. Statistical proton spectra as function of geomagnetic activity. Top panels: spectrum during period with low (left), intermediate
and high (right) AE index. Bottom panels: spectrum during quiet (positive Dst values – left) , intermediate Dst values (center panel) and
stormtime (large negative Dst – right panel) conditions. Data for the years 2001–2004 have been used to produce these averages. The gray
curve represents a visual fit to the high energy part of the leftmost spectrum in each row.

respond very much to geomagnetic activity. Their conclu-
sion was based on the lack of response in the average spec-
tral slope to changes in the Kp index. Our data set, on the
other hand, contains the AE and Dst indices as proxies for
disturbance. As a rule of thumb, one can say that the AE
index reflects fast, intermittent changes in the plasma sheet,
such as bursty bulk flow events with time scales of minutes,
and substorm activity with time scales of a few hours. The
Dst, which is mainly a proxy for the Earth’s ring current, on
the other hand reflects longer time intervals, typically sev-
eral days. However, Dst and AE are strongly correlated; the
largest AE values are typically observed during geomagnetic
storms (Kamide et al., 1998).

Parts of the discrepancies between our case results above
and those ofÅsnes et al.(2008) may have to do with the
disturbance proxy used; The Kp index used byÅsnes et al.
(2008) is a 3 h index. Since the plasma sheet sometimes gets
extremely thin during disturbed conditions (see e.g.,Sanny
et al., 1994; Pulkkinen et al., 1999; Sergeev et al., 2008),

Cluster often completely crosses or enters and exits the cen-
tral plasma sheet several times within the 3 h interval used to
determine the Kp. The minor difference inβ criteria for iden-
tifying the central plasma sheet between the present study
and that ofÅsnes et al.(2008) sheet does not play any role.
Indeed, including only samples withβ ≥ 1 revealed only very
minor effects on the spectral response to the two storm exam-
ples discussed above.

Whereas we find a noticeable response in the spectral
slope to geomagnetic activity if we consider individual
storms or time intervals, long term, statistical observations
moderate this result. This is true both for long time processes
(geomagnetic storm time scales – reflected by the Dst index)
and shorter time scales (reflected in the AE index). Figure5
shows average spectra for three different ranges of the Dst
and AE indices. These ranges represent quiet, moderate and
disturbed periods for the respective indices. As for the case
example above, we also show a model fit to easier facilitate
comparison between the different spectra.
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Fig. 6. Average proton spectrum for low (left panel), intermediate (center panel) and high (right panel) solar wind dynamic pressure. As for
the other figures, gray curves represent a visual fit to the high energy part of the Pdyn = 0–1 nPa spectrum. The most notable response is a
change towards higher characteristic energies for higher solar wind pressure.

In the upper part of Fig.5 we show the response in three
different non-overlapping AE ranges. These spectra are
based on averages during the years 2001–2004, and contains
166, 171 and 158 h of accumulated data inside the central
plasma sheet, respectively. The most pronounced response
is the shift in characteristic energy towards higher energies
during disturbed periods; the flux increases over a wide en-
ergy range. The spectral slope, on the other hand, does not
change significantly, andκ remains around 3.5–4 regardless
of the AE value.

A similar behavior can be seen if we sort our data accord-
ing to the Dst index. The three Dst ranges shown contain 118,
198 and 132 h of data respectively. Once again, the most pro-
nounced response is a shift in characteristic energy towards
higher energies during disturbed periods, with little or no re-
sponse in the spectral slope.

The majority of Cluster plasma sheet crossings take place
near apogee around 16–20RE. This location is not optimal
for studying large scale magnetic field reconfigurations as-
sociated with substorms, since these are typically more pro-
nounced closer to Earth. The shift in characteristic energy
rather than a change in the spectral slope, is also an indica-
tion of bulk transport of plasma rather than a energy depen-
dent acceleration. The main reason for the AE dependency
seen in Fig.5 is therefore most likely related to bursty bulk
flow activity.

The seemingly different behaviour observed between the
two case studies and the statistical analysis may be coinci-
dental, but it also reminds us that ground based indices such
as AE and Dst are only able to provide a partial description
of the magnetotail processes. Only if we limit the data set
to extreme values of the AE and Dst indices we are able to
reproduce some of the spectral behavior as seen in the storm
case example in the previous section.

3.2.2 IMF and solar wind dependence

One of the advantages of our data set compared to similar
studies from earlier missions, is the availability of nearly
continuous solar wind observations. Combined with better
methods to time shift the ACE observations from the L1 li-
bration point to the Earth’s upstream magnetopause, we are
in a better position to address the response in the plasma
sheet to changes in the solar wind and IMF.

To check for such responses, we first created subsets con-
taining samples taken during periods of very low, interme-
diate and high solar wind dynamic pressures. Records with
data gaps in the solar wind data were discarded. The spectra
for each subset are shown in Fig.6. The three data sets con-
tain approximately 312, 127 and 22 h of accumulated data
respectively.

During periods with high solar wind dynamic pressure,
the characteristic energy increases and the overall flux be-
comes slightly higher. The latter can possibly be related to
a compression of the magnetosphere which leads to a small
increase in overall density. There are also secondary effects;
periods of high solar wind pressure are typically associated
with higher geomagnetic activity, and some of the effects dis-
cussed in the previous sections also affect the spectral slope
(for an assessment of the mutual dependencies between dif-
ferent driver parameters such as IMF orientation, solar wind
pressure, AE, Dst etc., see Table 1 ofFörster et al., 2007). It
is therefore difficult to assess the direct response in particle
energization to increased solar wind pressure.

Our data set allows for sorting according to IMF direction.
Whereas there are obvious differences in the spectral charac-
teristics for northward IMF versus southward IMF, which can
be attributed to the geo-efficiency, we do not find significant
dependence on IMF Bx or IMF By.

In order to check whether interplanetary fluxes could
penetrate the magnetosphere and show up in the RAPID
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Fig. 7. Seasonal dependence of average energy spectra. Top left panel: Average spectrum for the dawn side (measurements from July only).
Top center panel: Average spectrum for the 22:00–02:00 local time sector (measurements from August and September crossings only) Top
right panel: corresponding spectrum for the dusk side (measurements from October only). The gray curve in the top panels represents a
visual fit to the high energy part of the July spectrum. The lower panels show XYGSM projections of the orbit segments where the respective
average spectra were obtained.

measurements, we visually inspected the Low Energy Mag-
netic Spectrometers (LEMS) onboard the ACE spacecraft
(Gold et al., 1998). This instrument measures the flux
and direction of ions in 8 energy channels and the energy
range 47 keV–4.75 MeV. Whereas the high energy seen in the
RAPID data in the storm case discussed in Sect.3.1.1may
have been attributed to interplanetary penetration, we found
no clear connection between the energetic ion fluxes at ACE
and the ion fluxes observed by Cluster in the central plasma
sheet. Even if such a connection could be established, the
cause-versus-result issue would still be ambiguous.Scholer
et al. (1981) andDesai et al.(2009) have demonstrated that
energetic ions of magnetospheric origin could be the source
of enhanced fluxes observed upstream of the Earth’s bow
shock rather than the other way around.

3.2.3 Local time dependence

An interesting result reported bẙAsnes et al.(2008), also
using Cluster data from the same period as this study, was
that the electron spectra was harder on the dawn side, which
could indicate that the high energy part of the electron distri-
bution gets accelerated as it drifts towards dawn. Similar re-
sults were also been reported by e.g.,Meng et al.(1981) and
Sarafopoulos et al.(2001), but at different radial distances.

To check whether the protons show a similar behavior, we
compare the average spectra obtained in July (when Cluster
traverses the plasma sheet in the post-midnight sector, i.e.,
dawn) with corresponding data set comprising of measure-
ments from October (pre midnight traversals, i.e., dusk). For
completeness, we also show plasma sheet averages from the
22:00–02:00 local time sector, crossed by Cluster during Au-
gust and September.

The average spectra for these three regions are shown in
Fig. 7. These results are based on approximately 324 h of
data for the dawn side, 240 h in the 22:00–02:00 local time
sector and approximately 161 h of data from the dusk side.
If we consider the full energy range of the RAPID instru-
ment, our results show a nearly identical slope for all three
regions, although the fluxes in the energy range'15 keV to
'500 keV are significantly higher on the dusk side.

A theoretical argument for a local time asymmetry is that
energetic ions gain a considerable amount of their energy
from the cross-tail electric field. One should then observe
higher fluxes of the energetic part of the spectra near the
dusk side. This argument was also mentioned byÅsnes
et al. (2008) (though reversed dawn-dusk asymmetry since
they discussed electrons), and also byMeng et al.(1981)
andSarafopoulos et al.(2001). However, we note that the
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geomagnetic conditions, reflected by the Dst index, is more
disturbed during the dusk traversals (average Dst is−35 nT,
versus−8 nT for the dawn side), so this apparent effect does
not seem to be solely a local time dependence, but also an
effect of different average geomagnetic activity for the two
sides. The latter can possibly be partially understood from
the Russell-McPherron effect, which explains it in terms of
geo-efficiency. Essentially, the solar wind-magnetosphere
coupling is more efficient for certain dipole tilt orientations
(Russell and McPherron, 1973). For Cluster traversals of the
dusk side (October) the geo-efficiency is higher then for the
traversals in the dawn sector (July).

A further sub-filtering so that the spectra from the three
regions only included records with Dst in the range−30
to 0 nT (the average Dst values of this subset were−10 nT
in July, −13 nT in August–September and−13 nT in Octo-
ber, respectively), revealed very similar spectra, with spectral
slopesκ ' 3.9 for all three regions. The actual flux values are
still somewhat higher for the dusk sector though.

Due to the orbit of Cluster, we only have data from radial
distances between 16 to 20RE. Within this limited range, we
do not find any distinct correlations between spectral slope
and radial distance.

4 Summary and discussion

Based on proton measurements in the energy range 700 eV–
2 MeV from the Cluster RAPID and CIS instruments in the
Earth’s nightside plasma sheet at radial distances between
16–20RE, we have investigated the statistical behavior of the
energy spectra for various geomagnetic conditions, with a
special emphasis on the energetic part of the distribution.

As in many earlier studies, we also find a significant devi-
ation from a Maxwellian distribution for the higher energies.
Visual fits of the spectra reveal spectral slopes typically in
the rangeκ=6 to 3, primarily depending on geomagnetic ac-
tivity, thus corroborating earlier results from similar radial
distances presented in e.g.,Christon et al.(1991) andOno
et al.(2009).

In two individual case studies of geomagnetic storms, we
found evidence for hardening of the spectra during the main
phase the storms. The spectral slopes approached values
aroundκ ' 3 and lower, and for one case, a significant shift
in the characteristic energy towards higher energies were ob-
served. However, for the long term statistical studies, a sort-
ing according to the Dst index did not reveal any pronounced
change in the spectral slope. In this respect, our results are
in agreement with (̊Asnes et al., 2008), and also in line with
Sarafopoulos et al.(2001) who found very different spectral
response between two individual substorms.

For the lower energies, we sometimes see diversions from
a purely Maxwellian distribution. One possible explanation
for this is the influence of ions of ionospheric origin (e.g.,
Horwitz, 1982; Chappell et al., 2000): cold ions is a signifi-

cant source of plasma for the central plasma sheet where the
subsequent energization takes place (e.g.,Yau et al., 1985).
Some mechanisms, e.g., changes in the convection electric
field following rotations of the IMF, can dramatically change
the outflow and fluence at a given location almost instanta-
neously (e.g.Cully et al., 2003; Nośe et al., 2009). Subse-
quent acceleration in the plasma sheet takes more time. It
is therefore expected that the low energy part of the spec-
trum responds faster and is more variable than the high en-
ergy part.

External influences such as solar wind dynamic pressure
and/or IMF direction do not seem to have a direct influence
on the spectral slope. Theκ value remains in the range 3.5–4
for a broad range of solar wind dynamic pressures, and there
is no direct response in the spectral slope to IMF changes. A
shift towards higher characteristic energies are observed dur-
ing periods with higher solar wind pressure. Possibly except
from one case, we did not find any clear correlations between
interplanetary ion fluxes and corresponding fluxes measured
by Cluster in the plasma sheet.

The lack of direct response in the spectral slope of the en-
ergy spectra to IMF or solar wind changes suggests that the
high energy tail of the spectra are mainly caused by processes
internal to the magnetosphere. Penetration of interplanetary
fluxes may be important in some specific cases, but seems to
be insignificant for the spectral shape of plasma sheet protons
in general.

In contrast to the electron spectra reported byÅsnes et al.
(2008), we do not find any distinct difference in the spec-
tral slopes between different local time sectors, but our mea-
surements show higher average fluxes on the dawn side for
the energy range'10 keV–500 keV. Dawn-dusk asymme-
tries in flux levels were also found in IMP7 and IMP8 data
(Meng et al., 1981– although they studied radial distances
around 30–40RE). Sarafopoulos et al.(2001) used a series
of ≈8 h averages based on Interball energetic (27 to 857 keV)
ion measurements from radial distances between 15–28RE.
They found that during geomagnetically quiet times (low
Kp values) the ion fluxes in the duskside plasma sheet were
much higher than those in the dawn flank, and interpreted the
asymmetry as a result of energy dependent drift across the
tail that strongly altered the initial distribution. The asym-
metry was most pronounced outside|YGSM| beyond 13RE.
Our results, on the other hand, only contain few measure-
ments from this region (see Fig.1), which may explain the
lack of a clear dawn-dusk asymmetry.

Various mechanisms have been proposed to explain the
hardening and softening of spectra in the magnetosphere
(reconnection, wave-particle interaction, diffusion etc.), but
most of these mechanisms are still poorly understood. It is
also difficult to directly relate a specific mechanism to a re-
sponse in the energy spectra.

For the magnetotail, and in the tail current sheet in par-
ticular, most attempts to explain quiet time non-Maxwellian
distributions, focus on the relation between magnetic field
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curvature and gyro radius of the ions (e.g.,Büchner and Ze-
lenyi, 1989; Lyons and Speiser, 1982; Speiser and Lyons,
1984; Speiser, 1984; Sarafopoulos, 2008). When the mag-
netic curvature radius becomes smaller and the current sheet
becomes thin compared to the local Larmor radius of the
ions, particle motion becomes non-adiabatic. Ions with gyro
radius significantly larger than the current sheet thickness
would stream along the current sheet from dawn to dusk in a
serpentine like motion gaining energy for each half-gyration
cycle. This behavior was first discussed inSpeiser(1965),
and the serpentine like motion is sometimes referred to as
Speiser motion. Due to their larger gyro radii, energetic par-
ticles are more exposed to current sheet acceleration (Lyons
and Speiser, 1982; Speiser and Lyons, 1984), whereas parti-
cles with lower energies and thus smaller gyro radius remain
adiabatic.

A substantial acceleration is also expected to take place
during magnetic reconnection (e.g.Büchner and Kuska,
1998; Wygant et al., 2005; Grigorenko et al., 2009, and ref-
erences therein) where the ions are accelerated by the re-
connection induced electric field. The final energy of the
ions depends strongly on their initial position relative to the
reconnection site. In the magnetotail, reconnection events
are usually manifested as bursty bulk flow (BBF) events –
short periods with fast flow combined with dipolarization of
the magnetic field. The positive correlation between BBFs
and disturbance indices (in particular the AE index) sug-
gests that BBFs predominantly occur during geomagnetic
disturbed periods (Angelopoulos et al., 1994).

Particle acceleration can also be produced by dipolariza-
tion of the magnetic field (a dipolarization does not neces-
sarily mean reconnection, although the two phenomena are
intimately connected in the magnetotail) e.g., in connection
with substorms (e.g.,Nośe et al., 2000). The time scale of
typical dipolarization events are probably to long too directly
affect the energy spectrum (Ono et al., 2009), but fluctuations
on shorter time scale, comparable to the ion gyro periods can
lead to non-adiabatic accelerations (Delcourt et al., 1990).

The observed hardening of the spectra found during the
main phase of a storm can most likely be attributed to a com-
bination of all of the above effects. Since the tail current
sheet typically gets thinner during storms, additional ener-
gization due to Speiser motion can be expected. Accelera-
tion due to increased substorm activity and local reconnec-
tion events (e.g.,Delcourt, 2002; Mitchell et al., 2003) can
also be expected, since such activity is more frequent dur-
ing storm times. Since our observations are taken tailward of
the location where the most pronounced substorm associated
magnetic field dipolarizations occur, localized reconnection
in association with BBF activity probably plays a larger role
for the spectral shape in our cases.
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