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Pitch Angle •  Pitch angle tells us how a 
particle is moving with 
respect to the local 
magnetic field. 

 0 = parallel 
 90 = perpendicular 
 180 = antiparallel 

•  Different physical processes 
produce particles with 
different pitch angles. 

•  Comparing the flux of 
particles with different pitch 
angles we can learn about 
the processes that have 
acted on them. 



Plasma Sheet Electron Pitch Angle Distributions 

•  Are the electrons in the 
plasma sheet really 
isotropic? 

•  Survey of Cluster data. 
•  ~106 electron spectra. 

•  Examine average electron 
flux at different pitch angles 
as a function of distance 
from the centre of the 
plasma sheet. 

•  Examine ratio between 
average field-aligned flux 
and average perpendicular 
flux.  
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Electron Anisotropy 

β=0.7 β=17 

Field-Aligned electron fluxes are 
balanced almost everywhere. Instrument 

effect at high 
energy, low β: 
Sunlight 
entering the 
aperture. 

Net field-
aligned, 
tailward flux at 
low energy, 
low β: 
Mirrored polar 
rain & 
ionospheric 
outflow? Bidirectional electrons 

dominate at all energies, 
moderate β: An 
“electron PSBL”. 

Trapped, perpendicular 
population at high 
energies; bidirectional at 
low energies. 
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Walsh et al., GRL, 2011 



What is the source of the 
anisotropy? 

•  There is, on average, an excess flux of field-
aligned electrons at sub-KeV energies. 

•  Is it simply an aliasing effect? 
•  Is the electron plasma sheet sometimes colder and 

more strongly field-aligned? 
•  Is it sometimes hotter and more isotropic? 
•  Is this controlled by IMF BZ? 

•  Are there two coexisting components of plasma 
sheet electrons, similar to the two component 
proton plasma sheet? 
•  If so, what are the sources of these components? 



Northward vs Southward IMF 
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The Kappa Distribution 
1488 S. Haaland et al.: Spectral characteristics of protons in the Earth’s plasma sheet

Model
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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

0.1 1 10 100 1000

1E-2

1E+0

1E+2

1E+4

1E+6
Model spectra

Maxwellian

Kappa=2

Kappa=4

Power y=5/3

Energy [keV]

F
lu

x
 [

1
/c

m
^2

 s
r 

s
 k

e
V

]

Fig. 2. Functional forms of different spectra used to describe a par-
ticle population. The  distribution is essentially a Maxwellian for
low energies combined with a power law spectra for higher ener-
gies.

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

f (E) = AE


1+ E

E0

���1
(2)

where  is the spectral index (spectral slope) – a measure of
how quickly the spectrum falls off at higher energies. Large
values of of  indicate a Maxwellian like distribution (for
 ! 1 we have an Maxwellian distribution), whereas low 

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. Figure 2 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 (Nosé 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. Figure 3 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 plasma � 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. Table 3 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 (� � 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 model  spectrum with =5 and E0=3 keV

Ann. Geophys., 28, 1483–1498, 2010 www.ann-geophys.net/28/1483/2010/

•  Widely used in space 
plasmas in place of a 
Maxwellian. 

•  Models the suprathermal 
tails of observed particle 
distributions. 

•  Can simply sum n kappa 
functions with different 
parameters to represent 
an n component 
distribution.  (Haaland et al., 2010) 
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An Ionospheric Source? 

•  Using an empirical magnetic field model 
(Tsyganenko et al., 1989) we can estimate the 
location in the ionosphere magnetically conjugate to 
the Cluster spacecraft at any given time. 

•  We can then determine if there’s a pattern to the 
locations in the ionosphere conjugate to where the 
cold electrons are most often observed. 

(Adapted from Forsyth et al., 2012) 
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An Ionospheric Source? 

80o70o60o

0000MLT2200MLT 0200MLT

80o70o60o

0000MLT2200MLT 0200MLT

A

B

Currents into ionosphere 
 
Currents out of ionosphere Cold electrons more likely 

 
Cold electrons less likely (After Iijima & Potemra, 1978) 

Electrons are pulled from the ionosphere into the magnetosphere 
by the downward Birkeland currents that connect the two 
regimes. 



Conclusions 
•  The electron plasma sheet is not isotropic as 

commonly thought. 
•  The anisotropy is driven by the presence of an 

additional cold component of electrons. 
•  Evidence suggests that the cold electrons come 

from the ionosphere and are transported via field 
aligned currents. 

•  This has been postulated in the past and seen in 
case studies (e.g. Kletzing & Scudder, 1999; 
Wright et al., 2008), but we’ve shown it is 
persistent and significant. 

•  Walsh et al., GRL, 2011; Walsh et al., JGR, 2013 


