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Cluster observations of plasma sheet activity during
the September 14-28, 2003 corotating high speed
stream event
A. Korth, E. Echer, F. L. Guarnieri, M. Fränz, R. Friedel, W. D. Gonzalez, C. G. Mouikis,
and H. Rème

Abstract:
In recent years there has been renewed discussion on the nature of recurrent substorm activity in the magnetosphere
and their causative drivers. There is an active debate on periodic substorm versus sawtooth events, and triggered versus
non-triggered substorms. We perform here a cross-wavelet analysis between the solar wind drivers and the plasmasheet
at ∼ 20 RE and geosynchronous responses during the September 2003 high speed stream event, using ACE, Cluster and
LANL geosynchronous data. We show that the magnetospheric response with a periodicity of 2-4 hours is well correlated
with the Alfvén wave structure embedded in the fast streams. This indicates that the recurrent activity observed here is
directly driven in contrast to the periodic sawtooth events which occur under conditions of steady driving.
Key words: substorms, plasma sheet, geosynchronous orbit.

1. Introduction
The question of what external or internal events cause or
trigger recurring periodic substorms has been one of the fundamental issues of substorm research, and one on which there
is as yet no consensus.
Individual substorm occurrence has been linked to northward turnings of the interplanetary magnetic field (IMF) at
the end of intervals of southward IMF [10, 3]. While random
or isolated substorms form the largest class of events, periodic substorms are often observed with inter-substorm times
of around 3 hours [4].
Periodic activity, such as during sawtooth events, has been
directly correlated with corresponding solar wind dynamic pressure enhancements [9]. Others suggest that sawtooth events
can be viewed as a magnetospheric mode similar to Steady
Magnetospheric Convection intervals (SMCs) except that for
sawtooth events, the flow of energy from the solar wind into
the magnetosphere becomes too large to dissipate without the
periodic occurrence of substorms. They further suggest that the
quasi-periodicity arises because the magnetosphere may only
become susceptible to external or internal triggering after it
has been driven beyond a stability threshold. This can account
for the existence of more potential external triggers (in the interplanetary magnetic field or solar wind) than teeth, namely
that the magnetosphere may be selectively responsive to such
a structure [7].
During the descending and minimum phases of solar cycles,
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CMEs become less frequent and another type of solar structure
occur more often: coronal holes. Coronal holes are open magnetic field regions, from where high speed solar wind streams
emanate [15, 16, 17, 6]. High speed streams have velocities
much higher than the typical velocities observed in the solar
wind, forming an interface region between the slow and fast
streams. At large heliocentric distances (typically larger than
1 AU), these stream interface/interaction regions are bounded
by a pair of shocks [18].
Since coronal holes are long lived structures, they can persist
for more than one solar rotation, and the high speed streams
originated from the same region reappear at intervals of approximately 27 days [18]. This reappearance leads to the term
“recurrent stream”. The spiral-like structure formed by these
streams, distorted due to the solar rotation, and its interaction
regions with slower streams, is known as Corotating Interaction Region (CIR).
For this study, an important aspect of these fast streams is
that they are embedded with Alfvén waves [2]. These Alfvén
waves are believed to be remnants of heating processes in the
solar corona [8]. In the interplanetary data, these waves appear
as large amplitude oscillations in magnetic field components
with periods from a few minutes to a few hours, well correlated
with the oscillations of the velocity components in the same
direction [2, 21].
When these structures reach the Earth, they can lead to the
development of a geomagnetic storm, due to the compressed
plasma region in front of the high speed stream, the increase
in the velocity, and the presence of Alfvén waves. Relativistic
electron energization and flux enhancements occur in association with high-speed solar wind streams and the Alfvén waves
embedded in them [11]. These Alfvén waves, with intermittent negative IMF Bz and large IMF y-component | By |, may
lead to significantly enhanced magnetospheric convection and
thus substorm activity. We intend to show in this paper that
the periodic substorm activity observed during the September
2003 high speed stream event is directly correlated with the
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Fig. 1. Overview of the plasma sheet, the solar wind, and geomagnetic conditions for the September 14-28, 2003 period.

Alfvén wave periodicity observed in the solar wind.

2. Observations
This study uses particle and magnetic field measurements
from Cluster SC4 [5], velocity, density and magnetic field measurements from the Advanced Composition Explorer (ACE) [19],
and Los Alamos geosynchronous orbit data [14] during the
September 14-28, 2003 corotating high speed stream event.
The four Cluster satellites are in highly elliptical orbits, with
apogee at 19.8 RE and perigee of 4.0 RE . In the September period the Cluster tetrahedron shows small distances of
2000 km between the satellites, so that only data from one
spacecraft are used in the magnetospheric plasma sheet. The
four Cluster spacecraft crossed the tail from north to south in
the midnight sector between 23:00 and 24:00 LT.
We use particle data from the Cluster Ion Spectrometry (CIS)
plasma instrument [13], the Cluster energetic particle spectrometer RAPID (Research with Adaptive Particle Imaging Detectors) [22], and the Flux Gate Magnetometer FGM [1]. The

CIS data shown in this paper are from the COmposition and
DIstribution Function (CODIF) analyzer, which is one of the
sensors of the CIS instrument. CODIF measures the 3-dimensional distribution functions of the major ion species in the energy per charge range 0.03-40 keV/e. The RAPID spectrometer
performs species identification with a time-of-flight measurement in the energy range from 50 to 1500 keV for protons and
30 to 300 keV for electrons.

3. Results
In Figure 1 we present an overview of the magnetotail plasma
sheet, solar wind, and geomagnetic conditions for the September 14-28 period. In the first two panels the CIS/CODIF H+
energy spectrogram and the Bx -component of the magnetic
field in GSE coordinates are shown for Cluster SC4. The yellow high-lighted areas indicate time periods when Cluster SC4
crosses the plasma sheet in the magnetotail. Thick black horizontal bars are given in addition on the time axis for these
crossings. The positive Bx -component of the magnetic field is
c 2006 ICS-8 Canada
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directed towards the Sun and the negative towards the tail of the
magnetosphere. Therefore it is an excellent indicator to show
the magnetic equatorial crossings near perigee (large field) and
apogee (small field). The proton spectrogram in the first panel
shows during the first tail traversal (first high-lighted time interval) a cold plasma sheet. The plasma sheet is hotter after the
arrival of the fast solar wind in the second and third highlighted
period.
In the next panels solar wind plasma parameters and the interplanetary magnetic field are shown from the ACE spacecraft. In particular the density (Np ), the velocity (Vp ), and the
total magnetic field (Bt ) with its components in GSE coordinates are given. The bottom panels show the Kp, Sym, and Asy
geomagnetic activity indices. The Sym index is a 1-min version of the Dst index, and the Asy index indicates the level of
asymmetries in the ring current.
The solar wind behavior was dominated by the presence of
a large coronal hole which was just left of central meridian in
the beginning of the period. The signature of the interaction region and the high speed stream is observed from September 15,
2003 to September 28, 2003. The first signs of it were noted
as a slight increase in the solar wind velocity (from 355 to
380 km·s−1 ) and a large density enhancement in the solar wind
recorded by ACE on Sept 15, between 18:20 UT and midnight
due to the compression of the solar wind in front of the high
speed stream. Later a slow but steady increase of the solar
wind speed was noted peaking at 800 km·s−1 around noon
on September 18. The interplanetary magnetic field Bz was
mostly southward-directed during the beginning of the event
with its minimum at -15 nT on September 16 in the afternoon.
Later from September 17, large amplitude Alfvén waves were
observed in all three magnetic field components with amplitudes of plus/minus 10 nT especially in the Bz -component,
which is responsive not to reconnection on the front side of
the Earth and the energy input into the magnetosphere. The
Alfvén waves continued during the passage of the interaction
region until September 27, 2003.
The average speed and density of the slow solar wind, measured in the first yellow highlighted area were approximately
365 km·s−1 and 2.3 protons·cm−3. The He++ /H+ ratio (not
shown in the figure) was ∼ 0.1 and the total magnetic field
was approximately 4 nT. In the interaction region the observed
densities were 30 protons·cm−3 and the total magnetic field
20 nT. In the second yellow highlighted period - the beginning
of the first high speed stream - the average solar wind was approximately 720 km·s−1 and the density was 4 protons·cm−3.
A sharp decrease in the density to 2 protons·cm−3 were observed. The average total magnetic field showed the same behavior as the density, with a sharp decrease to approximately
5 nT. In the next two yellow highlighted periods (3 and 4) a decrease in the solar wind speed and density is seen and the magnetic field remained on the same level of ∼ 5 nT. In the last
highlighted period the solar wind speed, the density, and the
total magnetic field increased again resulting from the interaction of a second high speed stream with the first one. During
this period an increase in the He++ abundance was observed.
The geomagnetic field was initially at quiet levels (Kp < 3)
but switched to a major storm regime on September 16 and
even severe storm regime (Kp = 7) on September 17. The geomagnetic conditions persisted until September 27. During the
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first yellow highlighted period the average Kp index was approximately 1-, the average Dst index was slightly positive
(6.7 nT) and the average Asy index was ∼ 21 nT. The Dst
and the Asy index reached their peak values of -50 nT and
+100 nT, respectively, during the passage of the interaction region, indicating the occurrence of a moderate magnetic storm.
During the passage of the high speed stream the geomagnetic
indices indicated a constant level of activity, decreasing during the 4th highlighted period and increasing again in the 5th
highlighted period, when a second interaction region arrived.
Figure 2 shows the Cluster plasma sheet crossing during disturbed conditions on September 17 and 18, 2003, the second
highlighted period at the beginning of the first high speed stream.
From top to bottom we plotted an electron spectrogram in the
energy range from 30-300 keV, and a proton spectrogram in
the energy range from 50 to 1500 keV from the Cluster SC4
RAPID instrument, and a CIS proton spectrogram with its pitch
angle distribution in the energy range from 0.03 to 40 keV/e.
Further we present magnetic field data from Cluster in GSE coordinates, the theta angle (angle between the z-axis and the xyplane, +z-axis north), the total (magnetic plus kinetic) pressure
in nPa, and the plasma Beta parameter. The Bx -component
of the magnetic field indicates where Cluster SC4 crosses the
magnetic equator. The theta angle points out how much the
magnetic field is stretched. β = 1 implies that the spacecraft is
in the plasma sheet, and β = < 1 means that it is in the plasma
sheet boundary layer or even in the lobes.
We observe a hot and disturbed plasma sheet. The spacecraft during its traversal moves in and out of the plasma sheet.
In the time intervals A, C, and E the spacecraft is inside the
plasma sheet and in the intervals B and D outside of the plasma
sheet in the lobes. Inside the plasma sheet we observe electrons up to 300 keV and protons up to 1000 keV. The spacecraft crosses the magnetic equator three times between 11:00
and 14:00 UT (Bx = 0). Due to an intermittently large negative IMF Bz there is a continuous energy input into the magnetosphere and into the magnetotail. This can be observed in
the total pressure (kinetic and magnetic) which increases and
decreases three times on September 17, 2003 in the time interval from 14:00 to 24:00 UT. During the pressure increase,
the magnetic field stretches, and during the decrease the field
dipolarizes which can also be observed in the theta angle of B
in panel 6. These pressure changes are comparable to a loading and unloading process also called the growth and recovery phase of a substorm. During the growth phase, the total
pressure increases from 0.2 to 1 nPa, the tail magnetic field
stretches and the spacecraft moves out of the plasma sheet into
the tail lobe. In the lobe the total pressure is similar to the magnetic pressure while the kinetic pressure is almost zero. At the
end of the growth phase the tail field dipolarizes or thickens
and the spacecraft is back in the plasma sheet.
During quiet solar wind conditions on September 14 and 15,
2003 (not shown) we find a cold plasma sheet with an energy
of less than 40 keV and an isotropic H+ pitch angle distribution. We find a few counts in the electron and proton energy
channels at higher energies above 30 keV. The total pressure is
very low at 0.2 nPa.
In order to investigate the coupling power from the solar
wind into the magnetotail, we have calculated the cross-wavelet
power between ACE Bz and Cluster Bx data. We used the Morc 2006 ICS-8 Canada
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Fig. 2. Cluster plasma sheet crossing during a high speed stream and large IMF Bz amplitudes of more than ± 10 nT on September 17
and 18, 2003. From top to bottom: energy spectrograms of electrons and protons from RAPID, energy and pitch angle spectrograms of
protons from CIS, x-,y-,z-components and theta from FGM, total (kinetic and magnetic) pressure, and beta.

let wavelet analysis [20, 12], because it is the most adequate
to detect variations in the periodicities of geophysical signals
in a continuous way along time scales. The Morlet Wavelet
is a plane wave modulated by a gaussian. The cross-wavelet
power indicates the scales of higher covariance between two
time series. This analysis gives the correlation between two
time series as a function of the period of the signal and its time
evolution with a 95% confidence level contour.
Figure 3a and 3b show each from top to bottom, the in-

terplanetary magnetic field Bz -component measured by ACE,
shifted by 35 minutes taking into account a solar wind velocity
of 800 kms·s−1 , the sunward Bx -component in the magnetotail observed by Cluster, and the cross-wavelet power spectrum between them. Figure 3a shows data from the second
plasma sheet crossing and Figure 3b from the third (see Figure 1). We have used 16 second averages for the interplanetary and the magnetospheric field components. The Cluster
Bx -component was filtered with a polynomial fit (3rd order)
c 2006 ICS-8 Canada
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Fig. 3. Figure 3a: Cross-wavelet analysis of ACE interplanetary
Bz component and of Cluster dBx for September 17 (03:00 UT)
to 18 (08:00 UT), 2003.Figure 3b: Same as Figure 3a, but for
September 19 (10:00 UT) to September 20 (10:00 UT), 2003.

to remove the longest variations. The cross-wavelet spectrum
in the third panel covers the period range from 1 minute to
∼ 4 hours. We observe enhanced power around 2-3 hours for
the second plasma sheet crossing on September 17/18, 2003,
and enhanced power of about 2 hours during the third crossing
on September 19/20, 2003 period. For the crossing on September 17/18 the power is more concentrated around 12:00 UT,
because of the strong fluctuations in Bz and Bx . During the
September 19/20 crossing, a strong cross-power is seen around
2 hours during most of the interval. In this event we can see
the presence of quasi-periodical fluctuations in the Cluster Bx
data, of the same time. In ACE we see strong fluctuations around this time, but with presence of high frequency oscillations.
As seen from Figure 2 the fluctuations in the Bx -component are proportional to the pressure change which is again a
measure of the amount of substorms. In comparing the Bx component with substorms closer to Earth at geosynchronous
orbit the cross-power was calculated between the Cluster Bx component and the electron flux at geosynchronous orbit. Figure 4a and b show the cross-wavelet power of the Cluster dBx
and the LANL 1990-095 spacecraft electron flux data. Chan-
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Fig. 4. Figure 4a: Cross-wavelet power between Cluster dBx and
the first (75 - 105 keV) of five electron channels from spacecraft
LANL 1990-095, for September 17 (00:00 UT) to September
18 (08:00 UT), 2003. Figure 4b: Same as Figure 4a, but for
September 19 (10:00 UT) to September 20 (10:00 UT), 2003.

nels 0 to 4 (∼ 50 to 315 keV) are shown. The cross-wavelet
power was calculated between Cluster dBx and channel 1 (75105 keV). For September 17/18 a significant cross-power is observed around 2 hours during a short time (∼ 09:00-13:00 UT)
and an extended cross-power around 3-4 hours for most of the
interval. Figure 4b shows for September 19/20 a cross-power
at 2 hours which is significantly enhanced after ∼ 00:00 UT of
September 20.

4. Conclusions
We have shown here that the September 2003 fast solar wind
streams and their embedded large amplitude Alfvén waves have
a direct influence on the recurrent substorm activity observed.
In linking the recurrent 2-4 hour substorm activity directly to
the periodicities in the solar wind Alfvén waves we not only
confirm the results of Borovsky et al. [4], but show that the
causative driver in the solar wind are prolonged periods of intermittently large negative IMF Bz that can lead to heating of
the plasma sheet and to substorm activity.
We have demonstrated the direct link between the interplanc 2006 ICS-8 Canada

138

etary magnetic field (IMF) Bz and the sunward magnetic Bx component measured with Cluster in the plasma sheet, and the
subsequent injection signatures seen at geosynchronous orbit.
In the wavelet spectrum enhanced power is observed between
2-4 hours which means that a loading/unloading process takes
place every 2-4 hours. Bx is the largest magnetic field component in the plasma sheet (By and Bz are about zero) and
therefore it is proportional to the pressure. The change in pressure is related to substorms. In comparing this period with substorms at geosychronous orbit, the wavelet spectra show enhanced power also in the 2-4 hour period. The triggering of
this kind of substorms seems to be pressure driven and direct,
in contrast to the sawtooth events described by Henderson et
al. [7] where the magnetosphere is under SMC-like conditions
where triggering may be controlled more by internal stability
thresholds than distinct external triggers.
Further work remains to be done to establish the timing
(phase) relationship between the correlations (Solar wind to
plasma sheet, plasma sheet to geosynchronous), which we did
not attempt here.
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