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Abstract. This paper presents examples of magnetosheath
cavities in Cluster spacecraft observations. The cavities are
accompanied by high energy particles in the magnetosheath
and characterized by depressed magnetic fields and densi-
ties. Flow speeds decrease and temperatures increase within
the cavities. All magnetosheath parameters show increased
variability within the cavities when the energetic particle flux
is high. We predict outward motion of the magnetopause
boundary in response to the decreases in the magnetosheath
ram pressure caused by the high energy particles within the
magnetosheath cavities. For our events, the magnetopause
distance is predicted to be 30% larger during the times of
high energy particle flux in the magnetosheath than that pre-
dicted using concurrent upstream solar wind pressure obser-
vations. Our events show no preference to occur for a partic-
ular IMF direction or solar wind plasma condition.

Keywords. Magnetospheric physics (Energetic particles,
precipitating; Magnetosheath; Solar wind-magnetosphere in-
teractions)

1 Introduction

Energetic particles are important in the heliosphere and plan-
etary systems as they play an important role in mass, mo-
mentum, and energy transfer processes occurring within the
Sun-Earth system. The physical mechanisms governing their
energization help us to understand the nature of processes
operating in a wide variety of contexts, including solar wind-
planetary and heliospheric interactions. While the source of
the energetic particles in the magnetosheath remains con-
troversial, two of the most commonly expressed views in-
volve the transmission of particles accelerated at the bow
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shock into the magnetosheath (Gosling, 1983; Scholer, 1985;
Crooker et al., 1981; Fuselier et al., 1991; Chang et al., 2000;
Hayosh et al., 2004) and the leakage of the energetic parti-
cles from the magnetosphere (Scholar et al., 1981; Baker et
al., 1988; Sibeck et al., 1987a, b; Sibeck and McEntire, 1988;
Kudela et al., 1992). Many studies of energetic particles in
the magnetosheath have focus on determining their source
and the nature of the energization processes. The main pur-
pose of this paper is to study the effects of the high energy
particles on the ambient magnetosheath plasma and magnetic
field, and the possible consequences of the perturbations that
they generate for the magnetosphere.

One of the first studies of the energetic particles in the
magnetosheath was carried out by Formisano et al. (1973).
Using 63 HEOS 1 magnetosheath passes, they characterized
the state of the magnetosheath for several solar wind condi-
tions in the presence and absence of upstream particles. The
solar wind and IMF determine most of the magnetosheath’s
variability. When the solar wind has a low Mach number
and low plasma beta, the magnetosheath is magnetically less
turbulent, the plasma parameters fluctuate and the magne-
tosheath velocity distribution is Maxwellian without a high
energy tail. For a high Mach number and beta solar wind
in the absence of upstream waves, the velocity distribution
becomes non-Maxwellian with a high energy tail. The mag-
netic field shows irregular fluctuations in both magnitude and
direction across the bow shock in this case. In the presence of
upstream waves for any Mach number and beta, the velocity
distribution remains Maxwellian with a high-energy tail. The
oscillations in the magnetic field are caused by the upstream
waves convected through and modified at the bow shock.

Diamagnetic cavities in the foreshock are regions where
the magnetic field and density decrease from their ambi-
ent magnitudes (Sibeck et al., 2001). Sibeck et al. (2001)
found no correlation between the velocity within the cavi-
ties and the high energy particles while they see a decrease
in temperature. The foreshock cavities occur on bundles of
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interplanetary magnetic field (IMF) lines connected to the
bow shock. They are seen most frequently upstream from
the pre-noon bow shock during the high speed solar wind
streams and have durations that typically range from 1 to
10 min. Backstreaming suprathermal ions were thermalized
and energized at the bow shock. They supply the pressure
needed to inflate the cavities. As the cavities expand, the ex-
cavated densities and magnetic field strengths appear as en-
hancements bounding the foreshock cavities. Results from
these IMP-8 observations confirmed the predictions of ki-
netic simulations by Thomas and Brecht (1988).

In a later study employing Wind observations, Sibeck et
al. (2002) compared characteristics of the foreshock cavities
with those of hot flow anomalies. They found flow veloc-
ities within the foreshock cavities nearly identical to those
of ambient solar wind, large amplitude plasma and magnetic
field variations with increased fluxes of suprathermal ions, no
associations with abrupt IMF discontinuities and modest in-
creases in ion temperature. These distinguish foreshock cav-
ities from hot flow anomalies. Although the ion temperature
measured by the cold plasma portion of the plasma instru-
ment decreases in the cavity, presumably as a result of near-
adiabatic expansion, the overall temperature calculated by in-
corporating the suprathermal ions actually increases. This
helped explain the previous IMP-8 findings indicating tem-
perature decreases in foreshock cavities. The IMP 8 instru-
ment MIT plasma detector only measures ions with energies
below 7 keV and therefore misses the suprathermal ions that
can make a significant contribution to the temperature and
pressure within the cavities.

Omidi (personal communication) and Sibeck et al. (2008)
recently simulated the interaction of the energetic particles
with the ambient solar wind in the foreshock region using
2.5D global hybrid simulations and found events with fore-
shock cavity characteristics. Omidi (personal communica-
tion) inspected the response of the magnetosheath plasma
and magnetic field to the presence of energetic particles. He
predicted that the magnetic field decreases while the density
increases in the presence of energetic particles, a prediction
that has not yet been confirmed or denied by magnetosheath
observations, one of the purposes of this study.

Sibeck et al.’s study (2001) raises questions concerning
how foreshock cavities evolve and whether they are swept
antisunward into the magnetosheath with the solar wind flow.
Turk et al. (2003) used two years of Interball observations
at 2 min time resolution to address this question. They in-
spected magnetic field (MFI), plasma (CORALL), and pro-
ton energy flux (DOC) data in the energy range from 22 keV
to 28 keV. Their search did not reveal a clear relationship
between high energy particle fluxes and magnetosheath pa-
rameters. DOC frequently recorded prolonged particle flux
enhancements but not isolated particle flux bursts. Neverthe-
less, they identified three types of magnetosheath behavior
in response to energetic particles. Depressed magnetic field
strengths and densities accompanied enhanced energetic par-

ticle fluxes in one type, similar to foreshock cavities. How-
ever, a second type exhibited enhanced densities and de-
pressed magnetic fields. They concluded that a clear, definite
relationship between energetic particles and magnetosheath
parameters is hard to detect in Interball-1 data.

The present study employs Cluster observations in the
magnetosheath to demonstrate clear and repeatable magne-
tosheath magnetic field and density signatures in association
with ≥30 keV energetic ions. Section 2 describes the data
and the event selection procedure while Sect. 3 presents our
case examples and analysis. Section 4 compares our findings
with the results of the earlier studies, especially those of fore-
shock cavities, and gives a brief discussion. Finally, Sect. 5
summarizes the results of our study.

2 Data and event selection

The Cluster spacecraft are a tetragonal multi spacecraft sys-
tem designed to study micro-scale structures in the Earth’s
magnetic environment. The spacecraft have highly ellipti-
cal orbits with perigees of∼4RE and apogees of∼19.7RE .
RAPID (RAP) measures energetic electron and proton fluxes
from 28 to 1500 keV (Wilken et al., 1997). We use
RAPID observations of protons with energies≥30 keV and
>100 keV to search for particle flux bursts. We use Cluster
Ion Spectrometer (CIS) ion spectrometer (Rème et al., 2001)
and Fluxgate Magnetometer (FGM) (Balogh et al., 1997)
observations to study the concurrent magnetosheath plasma
(density, velocity and temperature) and magnetic field struc-
ture. To investigate the solar wind and IMF connection,
ACE magnetic field (MFI, Smith et al., 1998) and solar wind
plasma (SWE, McComas et al., 1998) data corresponding to
our magnetosheath events were used. All data sets were ob-
tained from CDAWeb.

We visually scanned Cluster energetic particle fluxes from
2002 to 2003. Here, we present selected cases that best de-
scribe the response of the magnetosheath to the presence
of high energetic particles. Figure 1a and b explains how
we select our cases. We search for intervals of high en-
ergy particles as seen in panels (a) and (b) and examine the
behavior of the magnetosheath parameters during these in-
tervals. Figure 1 presents a case on 11 March 2002. The
bottom two panels in Fig. 1 illustrate the state of the mag-
netic field in the magnetosheath and characterize its varia-
tions in the presence of the energetic particles seen in the top
two panels. From top to bottom, the panels in Fig. 1 show
1 min particle flux data for particles with energies above
30 keV (Particle Flux above 30 keV=PF30 hereafter), which
is used throughout this paper, 4 s PF30 in units of Particle
Flux Unit (PFU= #/cm2 s str), 4 s and 1 min magnetosheath
magnetic field. The red and green lines mark the magne-
topause (13:25 UT) and the bow shock (19:00 UT) as Cluster
moves out of the magnetosphere through the magnetosheath
and into the solar wind. In many of our events, the flux also
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Figure 1 

Fig. 1. Particle Flux (PF) and corresponding magnetic field varia-
tions in the magnetosheath for 11 March 2002 at different time res-
olutions. The panels give(a) 1 min PF30 (particle flux for particles
with energies≥30 keV), (b) 4 s PF30 in logarithmic scale,(c) 4 s
magnetosheath magnetic field in logarithmic scale, and(d) 1 min
magnetosheath magnetic field. Particle flux unit PFU stands for
the Particle Flux Unit in #/cm2 s str. Red and green lines show the
bow shock and the magnetopause boundaries as Cluster travels the
magnetosheath from the magnetosphere into the solar wind. The
dashed blue line is the flux threshold level used in selecting flux
burst events.

increases at energies above 100 keV (PF100). Since PF100
fluxes are usually much lower than those of PF30 and are
also a part of those in PF30, we used PF30 at 1 min time
resolution as our energetic particle flux indicator throughout
this study.

Figure 1 shows flux bursts with different flux levels. Some
of the flux bursts occur very close to or at the bow shock and
magnetopause, and some are well within the magnetosheath.
Based on our two year search, we established several criteria
to identify flux burst events. We select an event as a flux burst
event (FBE) if the flux increase within a time interval greater
than 10 min is above 40 000 PFU. We constrain our analysis
to flux bursts which are situated away from the bow shock
and magnetopause boundary. Whether a flux burst event is
near the bow shock or/and magnetopause was determined vi-
sually by scanning and examining the magnetosheath cross-
ings. The first in a series of flux bursts often occurs at the
bow shock or magnetopause, and is therefore excluded. In
panel (a), a dashed, black line at 40 000 PFU indicates the

Table 1. Statistics for Flux Burst Events (FBE) determined in two
years of Cluster Data. Expected Signal refers to either variability
and/or depressed regions corresponding to the times of high energy
particle flux. The “absence of FBE” refers to the times when FBE
were not observed well within the magnetosheath, excluding those
at the bow shock and magnetopause.

Description (on a Case Basis) N total
Group Magnetosheath Crossings 369

1 (“Case”) FBE Present and Expected Signal Present 182 49.32%
2 FBE Present and Expected Signal Absent 0 0%
3 FBE Absent and Expected Signal Absent 97 26.29%
4 Cases which do not fall in 1, 2 and 3 7 1.89%
5 Data Gaps 83 22.49%
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Figure 2 

Fig. 2. The expanded time interval from 14:20 UT to 15:10 in Fig. 1
for 11 March 2002 to illustrate large variations within the depressed
magnetic field region. Panels show 4 s PF30(a), and 4 s and 1 min
magnetosheath magnetic field(b, c).

threshold and we excluded the flux burst event observed just
at the magnetopause around 13:30 UT in this example. We
describe a “Case” as one of our magnetosheath crossings that
includes at least one flux burst event exhibiting correspond-
ing signatures in the magnetic field and/or plasma as seen in
the bottom two panels of Fig. 1. Table 1 summarizes statis-
tics from our event search. We investigated a total of 369
magnetosheath crossings in two years (2002 and 2003). Out
of these 369 magnetosheath crossings, we found 182 (49%)
cases that fit our criteria. There were data gaps in 22% of the
magnetosheath crossings, i.e. either the flux (mostly) and/or
the corresponding magnetosheath plasma and magnetic field
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Figure 3 
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Figure 3 

Fig. 3. Trajectory of the Cluster spacecraft in magnetosheath in(a) xy-, (b) xz-, (c) yz-, and(d) xR- planes for (1) 2 January 2002, (2) 11
March 2002, and (3) 4 February 2003. The magnetopause and bow shock was drawn for average solar wind conditions.

data were missing. In 97 (26%) of the magnetosheath cross-
ings, we saw neither a flux increase nor field or plasma sig-
natures, i.e. mainly depressions in the magnetic field. The
absence of flux bursts in Table 1 refers to the absence of flux
burst events well within the magnetosheath, excluding those
at the bow shock and/or magnetopause. Thus, this group also
includes crossings in which flux burst events occurred at the
bow shock and/or magnetopause if there was no flux burst
event well within the magnetosheath. Take note that we did
not find any flux burst event corresponding to group 2 in Ta-
ble 1. In two years of data search, we always see either a
depression and/or an increase in variability (especially in the
magnetosheath magnetic field) corresponding to the high en-
ergy particle bursts. One or the other, or both, of these sig-
natures was present during each of 182 magnetosheath flux
burst events.

Figure 2 illustrates the variability of the magnetic field is
illustrated in detail. This figure shows an expanded view of
the interval from 14:20 UT to 15:10 UT shown in Fig. 1. Fig-
ure 2 represents a typical case. Panels in the figure show 4 s
particle flux, 4 s and 1 min magnetic field data, Panels (b)

and (c) show highly variable magnetic field within a region
in which the magnetic field strength was greatly depressed.
Panel (a) shows that this region corresponds to enhanced en-
ergetic particle fluxes. This example will be analyzed exten-
sively in Sect. 3 along with two other cases but is briefly pre-
sented here as part of the data selection procedure. To sum-
marize, we identify two characteristic features in the mag-
netosheath when high energy particles are present: (1) de-
pressed magnetic field strengths and (2) the large amplitude
variations. We call the regions of depressed magnetosheath
magnetic field strength magnetosheath cavities.

3 Event description and analysis

This section presents three cases selected out of 182 mag-
netosheath crossings with flux bursts. These are 2 Jan-
uary 2002, 11 March 2002, and 4 February 2003. Figure 3
shows the trajectory of the Cluster spacecraft in the (a) XY-,
(b) XZ-, (c) YZ and (d) XR-planes for these three cases.
The predicted magnetopause and bow shock for average
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Figure 4 

Fig. 4. Plot of particle flux (PF30), magnetic field strength, density,
speed, and temperature data in the magnetosheath (from top to bot-
tom) versus time for 2 January 2002. Red and green lines mark the
bow shock, magnetopause and blue lines for the flux burst events
studied.

solar wind conditions were added for reference (Roelof and
Sibeck, 1993).

3.1 Case 1: 2 January 2002

Figure 4 presents observations for Case 1 on 2 January 2002.
Panels from top to bottom show the particle flux (PF30),
magnetic field, density, speed and temperature. For this
case, the spacecraft was located atx=9.3RE , y=13RE and
z=−6.8RE . Multiple bow shock crossings and brief magne-
tosheath intervals are observed. Two vertical lines at 21:00
and 08:45 UT mark the magnetosheath boundaries between
the last bow shock (red) and first magnetopause (green). One
can easily identify 8 high energy flux events lasting from
a few minutes (spikes) to several hours and with flux lev-
els above 2×104 PFU within the magnetosheath. Although
it varies from case to case, the background flux level in
this case is seen to be 1×104 PFU. In Fig. 4, we selected
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Figure 5 

Fig. 5. Plot of the expanded time interval for Burst 1 in Case 1.
Panels give(a) 4 s PF30, and(b, c) 4 s and 1 min magnetosheath
magnetic field.

the three events with flux levels above 4×104 PFU starting
at 00:20 UT, 01:48 UT and 04:00 UT as flux burst events.
Dashed blue vertical lines indicate the time intervals for these
flux burst events.

The first burst event from 00:20 UT to 01:10 UT is as-
sociated with a well defined depression in magnetic field
strength, density, and velocity and a slight increase in tem-
perature. In this event, the magnetic field strength decreases
by 70 % from its pre-event value. The density decreases by
50% and the speed decreases by 30%. The temperature rises
by about 40%.

Fluctuation levels within the depressed magnetic field re-
gion are another typical characteristic of magnetosheath cav-
ities. We detected variations with relatively large amplitudes
within all flux burst events. Figure 5 presents an expanded
view of the time interval corresponding to Burst 1. Large
amplitude fluctuations within the region of depressed mag-
netic field strengths correspond to enhanced particle flux in-
tervals. In this example, the magnetic field within the de-
pressed region in panel (c) fluctuates with periods shorter
than 10 s in panel (c). Although the fluctuations are smoothed
in panel (d), the region of depressed magnetic field strengths
and varying magnetic fields is still clear when compared with
the pre- and post event magnetosheath fields.

The region of depressed magnetic field strengths can be
weak sometimes. The duration and level of the PF30 en-
hancement and the presence of a PF100 enhancement in-
fluence the strength and duration of the magnetic field
depression. Depressions in the density are also common, but
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Figure 6 

Fig. 6. Scatter plots of magnetosheath parameters from 00:00 UT
to 07:00 UT covering only the intervals for Bursts 1, 2, and 3.
Horizontal axis is the energetic particle flux in PFU in logarithmic
scale while vertical axis is(a) magnetic field strength,(b) density,
(c) speed, and(d) temperature.

less pronounced that magnetic field strength depressions. We
have cases when we see the magnetic field depression with-
out any significant decrease in density. In most cases, the
density varies substantially within the event even if the den-
sity depression is not very pronounced. These signatures are
similar to those of foreshock cavity events reported by Sibeck
et al. (2001). We can therefore consider them to be the mag-
netosheath counterparts of foreshock cavities. Because of
their similarities, we define regions of depressed magnetic
field strength accompanied by high energetic particle flux
levels as magnetosheath cavities.

The second and third burst events in Case 1 occurred from
01:48–02:17 and 04:00–07:00 UT, respectively. We found
magnetic field and plasma signatures corresponding to these
events too. Burst 3 differs from the first two bursts in that it
lasts longer and contains several increases that can be con-
sidered collectively as one flux burst event. The correspond-
ing magnetic field depression is clear but not as sharp and
pronounced as those for Bursts 1 and 2. High fluctuation lev-
els again occur within the region of depressed magnetic field
strengths. The magnetic field varies between 3 nT and 15 nT
compared to the 20 nT pre-event magnetic field in the magne-
tosheath. The density varies between 6 and 10 cm−3 within
the magnetosheath cavity, which is lower than the pre-event
density of about 10 cm−3. The speed declines while temper-
ature does not show an obvious increase.
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Figure 7 

Fig. 7. Plot of particle flux (PF30) and magnetosheath magnetic
field components,Bx , By , andBz and magnetic latitude (B2) from
top to bottom versus time for 2 January 2002. The vertical lines
mark the bow shock (red) and magnetopause (green).

Figure 6 presents a scatter plot for the magnetic field, den-
sity, speed, temperature versus PF30 ion flow over the time
interval from 00:00 UT to 07:00 UT. The horizontal axis is
the energetic particle flux in PFU on a logarithmic scale
while the vertical axis is the magnetic field strength (a), den-
sity (b), speed (c), and temperature (d). The correlation coef-
ficients for these panels are found 0.56, 0.45, 0.56, and 0.38
for (a), (b), (c), and (d). The large scatter results from the
highly fluctuating fields within the cavities. These scatter
plots indicate that the magnetic field, density and speed de-
crease while the temperature increases as the energetic parti-
cle flux increases.

Figure 7 presents the magnetic field components and the
magnetic latitude in the magnetosheath to see if there is
any specific feature corresponding to the depressed regions.
PF30 is shown at the top of the figure for reference. Strong
Bx andBy components downstream from the bow shock in-
dicate magnetosheath magnetic field draping. On average, all
three components change considerably either by decreasing
or switching signs compared to their pre- or/and post- event
values. The magnetic latitude represents the inclination of
the magnetic field out of the xy-plane. When the angle lies
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Figure 8 

Fig. 8. Scatter plots of magnetic latitude versus magnetic longitude(a) within Bursts 1 and 2, and(b) in the ambient magnetosheath
surrounding Burst 1 and Burst 2 for 2 January 2002.

between 0◦ and 90◦, the field has a northward component and
when it lies between 0◦ and−90◦, the field has a southward
component. It is hard to derive a meaningful clear pattern
from these plots. Nevertheless, an examination of all burst
events in all cases shows that the Bz component of the mag-
netosheath field is predominantly northward within the de-
pressed regions with lesserBy andBx components on aver-
age. This is also clear in the magnetic latitude panel. Figure 8
is a scatter plot of magnetic longitude versus magnetic lati-
tude for (a) the burst intervals and (b) the background mag-
netosheath. Burst intervals include Bursts 1 and 2 while the
magnetosheath intervals are the regions immediate neighbor-
ing them. The plot shows that the magnetosheath field within
the cavities is highly scattered while the background magne-
tosheath appears to be more focused on specific directions.

Figure 9 presents ACE IMF and solar wind plasma ob-
servations for the interval from 23:30 UT to 07:30 UT corre-
sponding to Fig. 4. Cluster data have been shifted to ACE
times on a point-to-point basis using the ACE solar wind
speed to account for convections time. ACE was located at
(x, y, z)=(241, 5, 19.5)RE and the time delay between ACE
and Cluster in this example varies between 40 and 70 min. A
plot of Cluster energetic particle flux data (PF30) was added
to the top of each figure to guide inspection of features cor-
responding to Cluster events. Times on the horizontal axis
are those at ACE. From top to bottom, the panels in Fig. 9a
shows PF30, IMF Btot, IMFBx , IMF By , IMF Bz, and IMF
clock angle while those panels in Fig. 9b give PF30, IMF
Btot, solar wind density, speed, and radial temperature for
ions. The IMF clock angle in Fig. 9a was calculated using
2=tan−1(By/Bz) and 0◦ to +180◦ indicates northward while
0◦ to −180◦ southward IMF.

In the panels of Fig. 9a, IMF does not show any particular
feature that corresponds to the high energy particle flux in-
creases in the magnetosheath. Within Burst 1, the solar wind
speed, and density show a slight decrease. IMFBx and IMF

By do not change much at times corresponding to the cav-
ity intervals. IMFBz is either very close to zero or switches
to southward orientations. The IMFBx andBy components
corresponding to Burst 1 are about +5 nT and +2 nT, respec-
tively while IMF Bz decreases to zero. The solar wind den-
sity and speed are∼5 cm−3 and 360 km s−1. The solar wind
temperature is∼80 MK. Within Burst 2, IMFBx is ∼6 nT
and IMF By changes from−2 nT to +4 nT while IMF Bz
is southward with a maximum of 4 nT. Solar wind density,
speed and temperature do not change much. The clock angle
variation shows that the IMFBz is predominantly northward
within Burst 1 and southward in Burst 2. Within Burst 3, IMF
Bz switches from north to south, staying southward on aver-
age. The solar wind density, speed and temperature change
little at times corresponding to Burst 3. Considering that
magnetosheath phenomena are controlled by the IMF and so-
lar wind plasma, Fig. 9 does not reveal any particular feature
or change in the IMF or solar wind plasma corresponding to
the depressed regions in the magnetosheath. We have exam-
ined scatter plots of IMF clock angle versus IMF longitude
for (a) Bursts 1 and 2 excluding the magnetosheath intervals
and (b) the magnetosheath intervals just around them (not
shown here) but find that there is no specific field orienta-
tion for this event. The field orientation when particles are
present in (a) resembles that when they were absent.

To investigate the IMF dependence further, we calcu-
lated the angle between the IMF and the bow shock nor-
mal (2Bn) at the bow shock. To do this, we used the Kobel
and Fl̈uckiger (1994) model to trace magnetosheath magnetic
field lines from the spacecraft position back to the parabolic
bow shock location given by Cooling et al. (2001). We then
calculated2Bn at this location. Figure 10 compares (a) Clus-
ter high energy particle flux observations with (b)2Bn versus
time. 2Bn varies between 20◦ and 45◦, suggesting a quasi
parallel shock for Case 1.

www.ann-geophys.net/27/3765/2009/ Ann. Geophys., 27, 3765–3780, 2009
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Figure 9a 

Fig. 9a. ACE magnetic field data for 2 January 2002. From top
to bottom, panels give PF30, IMF strength, IMFBx , IMF By , IMF
Bz, and IMF clock angle versus time. PF30 was added to guide
the features in Cluster data. Cluster data were shifted to the ACE
times concurrently to account for the solar wind convection time
from ACE to Cluster. Horizontal axis indicates the time at ACE
spacecraft.

3.2 Case 2: 11 March 2002

Figure 11 presents Case 2, which occurred on 11 March
2002. The spacecraft crossed the magnetopause (green) at
13:25 UT and the bow shock (red) at 19:00 UT. As in Fig. 4,
from top to bottom, the panels show 1 min energetic particle
flux for PFU≥30 keV, the magnetic field, density, speed, and
temperature. High flux levels around 90 000 PFU in PF30
are noticeable in this case. We selected the events lasting
30 min from 14:30 UT to 15:00 and from about 17:00 UT to
17:30 UT as our flux burst events, and excluded the burst
event at 13:00 UT. This case was shown earlier in our dis-
cussion of data selection.

When energetic particles occur, magnetic field strengths
are depressed and variable. The magnetic field decreases
from about 38 nT in the magnetosheath to 10 nT within

 27

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9b 

Fig. 9b. ACE solar wind plasma data for 2 January 2002. From
top to bottom, panels give(a) PF30,(b) IMF strength,(c) density,
(d) speed, and(e) proton temperature (radial) versus time. PF30
was added to guide the features in Cluster data. IMF strength was
included for easy comparison. Cluster data were shifted to the ACE
times concurrently to account for the solar wind convection time
from ACE to Cluster. Horizontal axis indicates the time at ACE
spacecraft.

Burst 1 and from 30 nT in the magnetosheath to 10 nT within
Burst 2. Densities decrease from 5.5 to 2 cm−3 within
Burst 1 and from 5 to 2 cm−3 in Burst 2. The speed de-
creased from 150 to 70 km s−1 in Burst 1 and from about
150 to 100 km s−1 in Burst 2. The temperature increased
from 2.2 to 5.5 MK in Burst 1 and from 2.8 to 5.1 MK in
Burst 2. The magnetic field fluctuated greatly within the cav-
ities (Fig. 3). High fluctuation levels are also seen in high
resolution density, speed and temperature data (not shown).
Figure 11 presents 1 min time resolution observations that
also exhibit considerable variability. This is one of the clear-
est cases showing decreases in the magnetic field strength,
density, and speed, but increases in the temperature. The
temperature increases within the cavities are particularly no-
ticeable in Case 2.

The temperature increase seen in Case 2 corresponds to the
presence of high energy particles within the magnetosheath
cavities. CIS data (HIA instrument) ion distribution func-
tions provide evidence for heating. Figure 12 presents CIS
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F. T. Katırcıŏglu et al.: Magnetosheath cavities: case studies using Cluster observations 3773

 28

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 

Fig. 10.Theta Bn angle (2Bn ) for Case 1 (2 January 2002) includ-
ing intervals for Bursts 1 and 2.

energy spectra for the interval from 14:15 UT to 15:15 UT
covering Burst 1 in Fig. 11. From top to bottom, the pan-
els show the instrument mode, energy (eV) (scale on left)
– particle Flux (scale on right)-time ion spectrogram, den-
sity (cm−3), speed (km s−1, left) and velocity components
(right), and temperature (MK, in blue) versus time. At the
bottom of this plot, we added our 1 min RAPID energetic
particle, and 1 min and 4 s magnetic field data. The spec-
tra indicate that most particles in the distribution have en-
ergies from 40 to 2000 eV. Within the cavity from 14:38 to
14:52 UT, fluxes of suprathermal ions with energies above
10 keV are enhanced. We interpret this as the heating and the
formation of a broader distribution. In three Cases presented
in this study, we see temperature increases within the mag-
netosheath cavities. Examination of spectral plots and dis-
tribution functions for all our flux burst events shows some
level of heating. Based on these spectral plots, we associate
the slight temperature increases that occur within the cavities
with the presence of high energy particles.

Plots for the magnetic field components and magnetic lon-
gitude versus magnetic latitude angle provide no further en-
lightening results on the structure of the magnetosheath cav-
ities and are therefore not shown here. As in the previous
case, we can only note thatBx andBz decrease whileBy

exhibits a substantial magnitude within the flux burst events,
especially in Burst 2. Once again magnetic field directions
are more variable during flux burst events than outside them.

Figure 13 presents IMF and solar wind plasma variations
for Case 2. The IMF Bx and Bz components correspond-
ing to both bursts are negative while IMF By varies between
+5 nT and−5 nT. IMF Bz changes from +5 nT in the mag-
netosheath to−5 nT within Burst 1 and from +3 nT in the
magnetosheath to−5 nT in Burst 2. The solar wind den-
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Figure 11 

Fig. 11. From top to bottom, panels give particle flux (PF30), mag-
netosheath magnetic field strength, density, speed, and temperature
data versus time for 11 March 2002. Red and green lines denote the
bow shock and magnetopause while blue lines show intervals of the
burst events studied.

sity decreases from 11 to 8 cm−3 during Burst 1, the speed
from 375 to 300 km s−1, and the temperature rises from∼2
to ∼4 MK. A plot of the IMF clock angle versus the IMF
magnetic longitude (not shown) does not show any particu-
lar direction favored for the burst intervals. Calculations of
2Bn for Case 2 (not shown) give values between 40◦ and
60◦ for the event but∼20◦ outside the event intervals in the
magnetosheath.

3.3 Case 3: 4 February 2003

Figure 14 presents our third example, observed in 4 February
2003. This is a clear case in which each sharp, spiky increase
in the high energy ion flux elicits a corresponding variation
in the magnetic field strength and density. The bow shock
(red) and magnetopause (green) were observed 13:50 UT
and 19:20 UT, respectively. Two bursts delimited by vertical
dashed blue lines were selected as flux burst events. Burst 1
lasted 45 min from 16:30 UT to 17:15 UT and Burst 2 lasted
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Figure 12 Fig. 12. Spectral plot for Burst 1 from 14:15 to 15:15 UT in 11 March 2002 (Case 2). Panels from top to bottom are mode of the instrument,

energy in eV (left) and particle flux (right), density, speed (left) and velocity components (right), and temperature (blue) versus time. For
comparison, we added 1 min PF30, 1 min magnetic field and 4 s magnetic field in the figure.

85 min from 17:23 UT to 18:48 UT. Peak flux levels varied
between 90 000 PFU and 110 000 PFU. The corresponding
magnetic field and density data show large depressions and
enhanced variations within the cavity regions corresponding

to these burst events. The background level of the magne-
tosheath variations outside the events was low compared to
that within the depressed regions. The magnetic field de-
creased from 35 nT in the ambient magnetosheath to 5 nT in
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 Figure 13a 
Fig. 13a. ACE magnetic field data for Case 2, 11 March 2002.
From top to bottom PF30, IMF strength, IMFBx , IMF By , IMF
Bz, and IMF clock angle versus time. PF30 was added to guide
the features in Cluster data. Cluster data were shifted to the ACE
times concurrently to account for the solar wind convection time
from ACE to Cluster. Horizontal axis indicates the time at ACE
spacecraft.

Burst 1 and 22 nT in Burst 2. The density decreased from
11 cm−3 in the ambient magnetosheath to 7.5 cm−3 within
Burst 1 and 8.5 cm−3 within Burst 2. Despite depression sig-
nature evident in Burst 2, the large amplitude fluctuations
mark the boundaries of this event best. The temperature
shows a great and distinct increase and enhanced variability
within Burst 2. The intervals of high energy protons corre-
spond to slight decreases in the velocity and enhanced fluc-
tuations. Figure 15 presents observations of Burst 1 in the
same format as that of Figs. 3 and 6. The figure reveals the
highly variable magnetic field within the depressed region.
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Figure 13b 

Fig. 13b. ACE solar wind plasma data for Case 2, 11 March 2002.
From top to bottom, panels give(a) PF30,(b) IMF strength,(c) den-
sity, (d) speed, and(e) proton temperature (radial) versus time.
PF30 was added to guide the features in Cluster data. IMF strength
was included for easy comparison. Cluster data were shifted to the
ACE times concurrently to account for the solar wind convection
time from ACE to Cluster. Horizontal axis indicates the time at
ACE spacecraft.

While plots of the magnetic field components provide no
further details about the depressed regions, the plot of mag-
netic longitude versus latitude again indicates greater mag-
netic field variability in the depressed regions than in the sur-
rounding magnetosheath magnetic fields.

Figure 16 presents IMF dependence for Case 3. As in
previous Cases, the panels in Fig. 16a gives IMF compo-
nents and IMF Clock Angle, and Fig. 16b shows solar wind
plasma data for the time interval of 16:10 UT to 19:10 UT
in Fig. 14. IMF Bx is strong within both flux burst events,
but IMF By decreases. IMFBz decreased from 5-8 nT dur-
ing intervals corresponding to the magnetosheath proper to a
slightly southward average value in Burst 1 and 5 nT south-
ward in Burst 2. The solar wind density stays almost constant
near 3 cm−3 while the speed decreases within the bursts. The
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Figure 14 

Fig. 14.Plots of particle flux (PF30), magnetosheath magnetic field
strength, density, speed, and temperature data versus time for 4
February 2003 (from top to bottom). Red and green lines show bow
shock and magnetopause while blue lines indicate the burst events
studied.

temperature varies around 0.25 and 0.3 MK within Bursts 1
and 2, respectively.

4 Comparisons with foreshock cavities

The examples presented above demonstrate the existence of
magnetosheath cavities characterized by depressed magnetic
field strengths, densities and speeds, but enhanced temper-
atures. They occur in conjunction with bursts of≥30 keV
ions. We attribute the presence of the magnetosheath cavities
to pressure effects associated with the energetic particles.

The depressions in the magnetosheath magnetic field
strength and density within the magnetosheath cavities can
reach as much as 70% and 50% with respect to values in
the ambient magnetosheath. The speed decreases by about
40% and the temperature increases by about 60% within the
magnetosheath cavities. As a result, the total pressure cal-
culated by summing the gas, ram (dynamic) and magnetic
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Figure 15 

Fig. 15. Plot of the expanded time interval for Burst 1 in Case 3 (4
February 2003). As in Figs. 2 and 5, panels give(a) 4 s PF30, and
(b, c) 4 s and 1 min magnetosheath magnetic field.

pressures within the magnetosheath can drop by as much as
80% within the cavities. Figure 17 presents the time vari-
ation of the total pressure within Bursts 1 and 2 of Case 1.
The anticorrelation between the high energy particle flux (a)
and the total pressure (b) within the magnetosheath cavities
is evident. Variations in the dynamic pressure (not shown)
exceed those of the gas and magnetic pressures. Figure 18a
presents a scatter plot of energetic particle fluxes versus total
pressure. The best chi-square linear fit to the data in Fig. 18a
gives a correlation coefficient around 0.8.

The magnetopause moves in response to solar
wind/foreshock pressure pulses (Sibeck et al., 1989a,
b, 1990, 1995, 2001; Russell et al., 1997), the Kelvin-
Helmholtz instability (Ogilvie and Fitzenreiter, 1989;
Safrankova et al., 1997), and flux transfer events (Sibeck,
1995; Russell, 1997), but lies at rest where magnetosheath
and magnetospheric pressures balance. Since the magne-
tosheath pressure is proportional to the solar wind dynamic
pressure, observations from solar wind monitors far up-
stream from the bow shock are frequently used to predict the
location of the magnetopause. However, our results indicate
that the densities and pressures within magnetosheath
cavities are far less than those in the ambient magnetosheath
and therefore less than those that would be predicted on the
basis of solar wind observations. Depressed pressures should
permit the magnetopause to expand outward. Figure 17c
presents the ratio of the distance to the magnetopause deter-
mined from Cluster observations to the distance determined

Ann. Geophys., 27, 3765–3780, 2009 www.ann-geophys.net/27/3765/2009/
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Figure 16a 

Fig. 16a. ACE magnetic field data for Case 3, 4 February 2003.
From top to bottom PF30, IMF strength, IMFBx , IMF By , IMF
Bz, and IMF clock angle. PF30 was added to guide the features in
Cluster data. Cluster data were shifted to the ACE times concur-
rently to account for the solar wind convection time from ACE to
Cluster. Horizontal axis indicates the time at ACE spacecraft.

from lagged ACE measurements for Case 1. We use the
model of Shue et al. (1997) to calculate the distances to
the subsolar magnetopause as a function of the north/south
IMF orientation and the dynamic pressure. Values for
(Rmp)Ratio exceed 1 throughout the interval shown but reach
1.3 within the cavities. The scatter plots in Fig. 18b show
the relationship between the magnetopause ratio and the
high energy particle flux. The ratio is greater when the flux
of energetic particles is large. The correlation coefficient is
found to be about 0.8.

Some aspects of magnetosheath cavities resemble those of
foreshock cavities, while others do not. Both types of cavities
are associated with energetic particles. They both exhibit de-
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Figure 16b 

Fig. 16b.ACE solar wind plasma data for Case 3, 4 February 2003.
From top to bottom, panels give(a) PF30,(b) IMF strength,(c) den-
sity, (d) speed, and(e) proton temperature (radial) versus time.
PF30 was added to guide the features in Cluster data. IMF strength
was included for easy comparison. Cluster data were shifted to the
ACE times concurrently to account for the solar wind convection
time from ACE to Cluster. Horizontal axis indicates the time at
ACE spacecraft.

pressed magnetic field strengths and densities and large vari-
ations in these parameters. Although thermal plasma tem-
peratures decreases within foreshock cavities, suggesting an
expansion in response to the enhanced pressures associated
with the presence of suprathermal ions, inclusion of these
ions in moment calculations actually results in enhanced tem-
peratures within the cavities. Expanding cavities compress
neighboring plasmas, creating shoulders of enhanced density
and magnetic field strength on their edges. Magnetosheath
cavities do not exhibit these shoulders, indicating that they
are not expanding. Whereas foreshock cavity durations typ-
ically vary from 1 to 10 min, average durations for magne-
tosheath cavities range from 30 to 60 min.

In addition to depressions in the magnetic field strength
and density, magnetosheath cavities can be identified on
the basis of enhanced fluctuations in all parameters. The
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Figure 17 

Fig. 17.Time variation of total pressure and the magnetopause ratio
for Case 1 (2 January 2002). Panels from top to bottom give(a) par-
ticle flux (PF30),(b) total pressure in the magnetosheath, and(c) the
ratio of the magnetopause distances calculated using Cluster mag-
netosheath and Ace solar wind observations. Shue’s magnetopause
(1997) was used to calculate the magnetopause boundary. Time in-
terval covers Bursts 1 and 2 in Case 1 and horizontal axis shows the
time at ACE.

magnetic latitude versus longitude plots for all three cases
(e.g. Fig. 8) exhibit this scatter. Hayosh et al. (2004) sought
evidence for a relationship between high energy particle
fluxes and the total ion flux in 5 years of Interball nightside
flank observations. They found only a weak relationship. On
the other hand, they found a stronger relationship between
the flux levels of high energy particles and fluctuations in the
magnetosheath, particularly when either streamlines or field
lines connected the point of observation to the quasiparallel
shock. They concluded that most of the energetic particles
originated from the foreshock and were swept into the night-
side magnetosheath. Thus both the upstream solar wind and
foreshock regions contributed to the ion flux fluctuations of
the nightside magnetosheath. Our study also found a close
association between large amplitude fluctuations in the mag-
netosheath parameters and the presence of the energetic par-
ticles. In fact, we frequently used the fluctuations to identify
the magnetosheath cavities.

Sibeck et al. (2001) reported that the foreshock cavities
occur on magnetic field lines connected to the bow shock.
Sibeck et al. (2002) found that the cavities were not as-
sociated with sharp IMF discontinuities. We have found
no particular dependence on the IMF orientation or solar

wind plasma conditions. Within the majority of our flux
burst events, the corresponding IMF is predominantly south-
ward. Within long lasting flux burst events, IMF Bz usually
switches its direction from north to south or vice versa. The
ambient magnetosheath intervals appear to correspond to an
IMF with substantial equatorial components.2Bn varied be-
tween 20 and 45◦ within our events, suggesting they are also
associated with the quasi-parallel shock.

Recent results from global hybrid code simulations
(N. Omidi, personal communication, 2009) indicate that
foreshock cavities can be convected through bow shock and
into the magnetosheath. Within the magnetosheath struc-
tures, magnetic field strengths and temperatures were cor-
related, magnetic field strengths and densities anticorrelated,
and fluctuation levels high. By contrast, our case studies that
magnetic field strengths and densities diminish in response
to increasing temperatures. More work is need to understand
why this should be the case.

5 Summary and conclusions

In this study, we presented three case studies of Cluster ob-
servations to study the effects of energetic particles on the
magnetosheath plasma and magnetic field. We summarize
our findings below:

1. When enhanced fluxes of energetic particles are present
in the magnetosheath, magnetic field strengths, densi-
ties and velocities decrease, but temperatures increase.
We call these intervals magnetosheath cavities by anal-
ogy to foreshock cavities.

2. All magnetosheath parameters exhibit enhanced fluctu-
ations within magnetosheath cavities.

3. Decreases in the total pressure applied to the magneto-
sphere by the cavities should permit the magnetopause
to lie 30% further outward from the position that would
be predicted on the basis of solar wind observations
made far upstream.

4. We find no dependence of magnetosheath cavities on
IMF or solar wind plasma conditions, with the excep-
tion that preliminary2Bn calculations show that the
events correspond to quasiparallel shock conditions.

5. In contrast to preliminary results from global hybrid
simulations, we find antiphase relationships between the
magnetosheath magnetic field strength and densities or
temperatures.

6. Simultaneous multipoint observations are needed to
determine whether magnetosheath cavities result from
foreshock cavities transmitted into the magnetosheath.
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Figure 18 

Fig. 18. Scatter plots of(a) total pressure in the magnetosheath and(b) magnetopause ratio versus particle flux (PF30) for 2 January 2003.
The panels show how total magnetosheath pressure and the magnetopause ratio vary with increasing energetic particle flux.

7. Further studies are also needed to determine
how magnetosheath cavities may affect magne-
tosheath/magnetosphere coupling, including boundary
motion and reconnection.
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