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Response of the magnetic field and plasmas at the
geosynchronous orbit to interplanetary shock
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Institute of Space Physics and Applied Technology, Peking University, Beijing 100871, China

Interplanetary shock can greatly disturb the Earth’s magnetosphere and ionosphere, causing the
temporal and spatial changes of the magnetic field and plasmas at the geosynchronous orbit. In
this paper, we use the magnetic field data of GOES satellites from 1997 to 2007 and the plasma
data of MPA on the LANL satellites from 1997 to 2004 to study the properties of magnetic field and
plasma (0.03—45 keV) at the geosynchronous orbit (6.6 Rg) within 3 hours before and after the
arrival of shock front at the geosynchronous orbit through both case study and superposed
epoch analysis. It is found that following the arrival of shock front at the geosynchronous orbit,
the magnetic field magnitude, as well as GSM B; component increases significantly on the day-
side (8—16 LT), while the By component has almost no change before and after shock impacts. In
response to the interplanetary shock, the proton becomes much denser with a peak number den-
sity of 1.2 cm>, compared to the typical number density of 0.7 cm™. The proton temperature in-
creases sharply, predominantly on the dusk and night side. The electron, density increases dra-
matically on the night side with a peak nhumber density of 2.0 cm™. The inferred ionospheric O*
density after the interplanetary shock impact reaches the maximum value of 1.2 cm™ on the dusk
side and exhibits the clear dawn-dusk asymmetry. The peak of the anisotropy of proton’s tem-
perature is located at the noon sector, and the anisotropy decreases towards the dawn and dusk
side. The minimum of temperature anisotropy is on the night side. It is suggested that the elec-
tromagnetic ion cyclotron (EMIC) wave and whistler wave can be stimulated by the proton and
electron temperature anisotropy respectively. The computed electromagnetic ion cyclotron wave
(EMIC) intense on the day side (8—16 LT) with a frequency value of 0.8 Hz, and the wave intensity
decreases towards the dawn and dusk side, the minimum value can be found on the night side.
The computed electron whistler wave locates on the day side (8—16 LT) with a value of 2 kHz.
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The geosynchronous orbit normally connects the inner
boundary of the plasma sheet near the tail region and
outer boundary of the inner magnetosphere (including
the plasmasphere) and is an ideal location to study the
particle acceleration and plasma transport mechanisms
from the magnetotail into the inner magnetosphere.
Many satellites located at the geosynchronous orbit can
be used to monitor the temporal and spatial changes of
plasma and magnetic field, such as NOAA’s series of

GOES satellites and the LANL satellites. Until now,
many researchers have done a lot of work about the
geosynchronous orbit, such as the response of the mag-
netic field at the geosynchronous orbit to the solar wind
GOES 5, and GOES 6 spacecraft. They found that, for
the magnetic field variations observed by GOES 2, quiet
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dynamic pressure changes. Rufenach et al.l'l analyzed
conditions (4E<120 nT and |Dy<20 nT), the average
value of the magnetic field measured by the GOES sa-
tellites generally increases when the hourly-averaged
solar wind dynamic pressure increases. Wang et al.”*
statistically surveyed the responses of geosynchronous
magnetic fields to the solar wind dynamic pressure
pulses in geomagnetic quiet times with Dy>—50 nT and
used a global solar wind-magnetosphere-ionosphere
MHD code to reproduce the main observation characte-
ristics. Patel and Coleman” reported that sudden im-
pulses including 13 events in 1967 at the geosynchron-
ous orbit had smaller amplitude on the night side than
those on the day side. Lee and Lyons™ analyzed 35
sudden impulses events during 1997—2001 and con-
cluded that solar wind pressure enhancements generally
lead to a magnetospheric compression at all time sectors
with few exceptions on the night side. Borodkova et al."”
found that 147 out of 261 changes of the solar wind dy-
namic pressure (positive and negative; 1996—1998)
were associated with corresponding variations of the
magnetospheric field (GSM Bz component). They also
remarked that all the events without an explicit response
were located either before 7:30 LT or after 16:30 LT.
Lee et al.! examined the geosynchronous energetic par-
ticles’ response to solar wind dynamic pressure en-
hancements and suggested that, during northward IMF
conditions, simple compression effects were observed
on the day side and night side, whereas during south-
ward IMF conditions, a dipolarization of the geomag-
netic field associated with current wedge formation was
observed on the night side and a simple compression
was detected on the day side. Analysis of sudden im-
pulses (SI) including 55 events during 2000—2004 at
the geosynchronous orbit made by Villante and Piersan-
ti"! confirmed a general dependence of the SI amplitude
on the variation of the square root of the solar wind dy-
namic pressure, together with an explicit LT dependence,
with greater responses at satellites located closer to noon
meridian.

The interplanetary shock is an abrupt boundary
which formed at the front of a plasma cloud (e.g.
Coronal Mass Ejection, CME). At the upstream the
propagating speed is supersonic and at the downstream
the propagating speed is subsonic. Recently, Wang et
al.®™ performed a statistical survey of geospace mag-
netic field responses, including the geosynchronous
magnetic field and the sudden impulses on the ground,

to interplanetary shocks (IP shocks) between 1998 and
2005. They concluded that the magnitude of the geo-
synchronous magnetic field (dBz) responses to IP
shocks depends strongly on local time, which peaks
near the noon meridian. For a moderately compressed
magnetosphere, the amplitude of the geosynchronous
response dBz could be determined by the average value
of the background local magnetic field and the dBz at
the geosynchronous orbit near local noon was corre-
lated to the amplitude of sudden impulses (dSYM-H)
on the ground are highly.

Recently, many studies have been addressed on the
mechanism of energy particles injected into the geosyn-
chronous orbit. For example, Borovsky et al."” analyzed
the transport of plasma sheet material from the magne-
totail to the geosynchronous orbit and found that earth-
ward transport is stronger when the solar wind velocity
is relative lower. For the location of particles injected
into the geosynchronous orbit, Elphic et al.l'” showed
that the plasmaspheric density observed at the geosyn-
chronous orbit is peaked near 14 LT due to magnetos-
pheric compression and the increasing of the convection
electric field. This is greatly skewed from the average
plasmaspheric distribution at the geosynchronous orbit
which peaks close to 18 LT. Using a full year of data of
substorm times from spacecraft at the geosynchronous
orbit, Birn et al.'"" examined the behavior of the thermal
plasma (30 eV <E <40 keV) in the plasma sheet by
superposed epoch analysis. They found that the ion in-
jecting location is about 3 hours prior to local midnight,
while the electron injecting location is about 2 hours
after midnight. For the magnetosphere response to the
ICME shock, Dandouras et al." showed the observa-
tions by Cluster and Double Star during the 2005 and
2006 extreme solar events. They found that solar wind
velocities up to ~900 km.s ' during the ICME shock
arrival, accompanied by a sudden increase in the density
by a factor of ~5. In the magnetosheath ion density
reached the maximum value of 130 cm > and the plasma
flow velocity is much higher than the typical solar wind
velocity. These resulted in unusual dayside magnetos-
phere compression. The ring current enhanced following
several successive injections of energetic particles from
the magnetotail.

On the base of superposed epoch analysis method,
many important results have been obtained. Borovsky

[13

and Denton!'¥ have studied the relativistic electron

dropouts and recovery mechanism at the geosyn-
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chronous orbit during high-speed-stream-driven storms.

They found that the onset of dropout occurs after the
passage of the IMF sector reversal prior to the passage
of the corotating interaction region (CIR) stream inter-
face, and the recovery from dropout commences during
the passage of the compressed fast wind. Denton et
al.'" performed a superposed epoch analysis of 283
geomagnetic storms to present a comprehensive study
of plasma (0.001 —45 keV) properties at the geosyn-
chronous orbit during 1990 —2001. They found that the
electron and proton densities in the dawn region are the
highest for the periods of largest convection and ring
current strength. They also outline a method to esti-
mate the composition of the plasma sheet from MPA
measurements and calculate the O" and H' density
variations with solar cycle as a function of Kp and the
local time. They show that the O" and H' plasma sheet
densities increase with increasing solar activity, as does
the O'/H" density ratio. Denton and Borovsky''™! per-
formed a superposed epoch analysis to reveal the den-
sity, temperature and flow velocity behavior of the hot
ion plasma (0.1—45 keV), the hot electron plasma
(0.03—45 keV) and the cold ion plasma (1 —100 eV)
at the geosynchronous orbit following the arrival of
high speed solar wind streams at the dayside magneto-
pause.

On the other hand, we know that ions with energies
of a few tens of keV, are able to stimulate the EMIC

wave in frequency below @/Q <4, /(1+4,), where
A4, =T /T -1 1s the temperature anisotropy, Qis the
ion gyrofrequency of any ion species and 7, and T,

are the ion perpendicular and parallel temperature with
regard to the magnetic field direction respectively'®.
EMIC waves in the Pcl frequency range (0.2—5 Hz)
provide an important mechanism to transfer energy
between different particle populations and to transport
energy within the magnetospherem]. Kennel and Pet-
schek!"® and Cornwall et al.l'™ proved that large-
amplitude EMIC waves can cause rapid pitch angle
scattering and precipitation and thus contribute to the
loss of ring current ions. Thorne and Horne!" and
Cornwall et al.” found that the EMIC waves can heat
thermal electrons via electron Landau damping and thus
contribute to the source of an electron heat flux into the
ionosphere, which is responsible for the generation of

stable auroral red arcs. Bossen et al.?! reported that
outside the plasmapause, near the geostationary orbit,
strong EMIC waves (with wave amplitude of 1 —7 nT)
were often detected in the afternoon sector with fre-
quencies between 0.1 and 0.2 Qy-. Since natural space
plasmas are collisionless plasmas, the energy particles
can generally be well modeled by a generalized Lorent-
zian (kappa) distribution™®). The studies taken by
Xiao et al.**?% have shown that the instability thre-
shold condition for the EMIC waves and the whistler
mode waves for the kappa distribution is different from
those for the regular bi-Maxwellian distribution. The
instability threshold condition for the kappa distribution
generally decreases as the spectral index £ increases
and tends to the lowest limiting values of the
bi-Maxwellian as ¥ — oo . The instability threshold con-
dition for the whistler mode waves in the higher-density
(or a weakly magnetized) region is generally lower than
that in the lower-density (or a strongly magnetized)
region.

As mentioned previously, most studies focused on the
magnetic field or plasmas at geosynchronous orbit dur-
ing the increasing of solar wind dynamic pressure,
magnetic storms or substorms. Few statistical analyses
have been done with respect to interplanetary shock im-
pact of the plasma behavior at the geosynchronous orbit.
In this paper, we use both case study and the superposed
epoch analysis method to study the properties of mag-
netic field and plasma (0.03—45 keV) at the geosyn-
chronous orbit within 3 hours before and after the arrival
of shock front at the geosynchronous orbit, using the
data of the magnetic field from GOES satellites from
1997 to 2007 and the plasma from MPA on the LANL
satellites from 1997 to 2004.

1 Data sources and analysis methods

In this paper, we have studied a total of 144 shock
events (we take the published shock events on the
website of http://umtof.umd.edu/pm/Figs.html as ref-
erence). The arriving time of the interplanetary shock
is based on the observations of ACE or WIND satellite,
the onset of the arrival of shock front at the geosyn-
chronous orbit can be referred from the properties of
proton and electron fluxes which is plotted on the web-
site of http://leadbelly.lanl.gov/lanl_ep data/cgi-bin/
ep_plot_choose 3.cgi. We use 1-min resolution of
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GOES-8, GOES-9, GOES-10, GOES-11 and GOES-12
geosynchronous magnetic field data?’”! which cover an
entire 11 year solar cycle from 1997 to 2007. There
are only 135 events in which magnetic field data are
available and the details are shown in Table 1. The
plasma data are got from Magnetospheric Plasma
Analyzer (MPA)?* **! on the LANL satellites data set
at the geosynchronous orbit and cover from 1997 to
2004. In the current study we use the density, tempera-
ture and the temperature anisotropy for the hot electrons
(HE) in the energy range from 0.03 to 45 keV, the hot
protons (HP) in the energy range from 0.1 to 45 keV.
There are only 90 events in which the plasma data are
available and the details are shown in Table 1. The data
are extracted from all available LANL satellites and
GOES satellites during each of the 144 shock events
and rearranged on the base of the epoch of the arrival
of shock front at the geosynchronous orbit. The
magnetic field data are binned according to epoch
time (1 min resolution) and local time (2 h resolution)
from 3 hour prior to the onset to 3 hour following the
shock arrival. The MPA Data are binned according to
epoch time (5 min resolution) and local time (2 h res-
olution) from 3 hour prior to the onset to 3 hour fol-
lowing the shock arrival. The resulting data series re-
flect the magnetic field and plasmas properties with
the zero time epoch being the interplanetary shock
arrival time.

Table 1 The distribution of the 144 shock events

Number of available Number of available

Year ’s\l#or?:ltzeerv(;;ts gvents about magnetic  events about plas-
field ma

1997 7 7 7

1998 8 7 6

1999 12 11 4

2000 19 19 14

2001 28 27 16

2002 22 22 12

2003 21 21 21

2004 12 12 10

2005

2006 4

2007

2 Case study

The July 22, 2004 event is one of the best examples in
our data set to illustrate the events selected in this study.

Figure 1 shows the solar wind parameters observed by
ACE satellite at the L1 point. At 09:53 UT, the proton
number density increased from 3 cm™ to 15 cm°, the
radial temperature, the total magnetic field, the solar
wind speed and solar wind dynamic pressure (from 0.8
to 6 nPa) are significantly enhanced. The shock front
reached the geosynchronous orbit at 10:34 UT. The
plots about the magnetic field and plasma parameters
are shown in Figures 2—4.
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Figure 1 Interplanetary magnetic field and solar wind parameters
observed by ACE satellite. (a) The proton number density; (b) the
radial temperature; (c) the total magnetic field; (d) the solar wind
speed; (e) solar wind dynamic pressure. The dashed line marks the
arrival of interplanetary shocks.

Figure 2 shows that the magnetic field at the geosyn-
chronous orbit had a sudden increase when the shock
front reached the geosynchronous orbit. By linearly is
decreased prior to the onset, and suddenly increased
following the onset, then decreased with fluctuations. By
and Bz component and the magnetic field magnitude
increase steadily prior to the onset. When the shock
front arrived the geosynchronous orbit, By and Bz com-
ponents, as well as the total magnetic field increase by
around 10 nT in short time. Following the onset, B,
component and the total magnetic field increased
smoothly, the maximum of total magnetic field is close
to 140 nT.

Figure 3 shows the results of July 22, 2004 event for
proton density, the perpendicular and parallel tempera-
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Figure 2 The magnetic field of July 22, 2004 event observed by
GOES 12 at the geosynchronous orbit. (a) GSM Bx component; (b)
GSM By component; (c) GSM Bz component; (d) the magnetic field
magnitude. The dashed line marks the shock arrival at the geo-
synchronous orbit.
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tures and temperature anisotropy at the geosynchronous
orbit. Prior to the arrival of shock front at geosynchron-
ous orbit onset, proton density, the perpendicular and
parallel temperatures and temperature anisotropy were
stable, accompanied with small amplitude fluctuations.
Following the onset, the ion density increased rapidly
from 0.4 cm™ to 1.3 cm ™ in 40 min. The perpendicular
and parallel temperatures had a lagged response with
respect to the shock arrival. The lag effect may be
somehow related to the location of GOES satellite. As
can be seen from Figure 3, 20 min after the shock arrival
at the geosynchronous orbit, the proton perpendicular
and parallel temperatures increased by about 6000 eV
in short time, then became stable and accompanied
with small amplitude fluctuations. Proton temperature
was stable prior to the onset and fluctuated fiercely after
the onset. For electron, as shown in Figure 4, electron
density, temperature and temperature anisotropy almost
had no change prior to the arrival of shock front. Fol-
lowing the onset, the electron density, the perpendicular
and parallel temperatures increased dramatically, but the
temperature anisotropy sharply decreased, from 0.6
down to — 0.2 in 10 min.

It can be seen from the July 22, 2004 case that the
interplanetary shock has short-term impact on the
magnetic field and plasma at the geosynchronous
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Figure 3 Hot proton (HP) measurements at the event of July 22,

2004. (a) HP number density; (b) HP perpendicular temperature;

(c) HP parallel temperature; (d) HP temperature anisotropy. The
dashed line marks the shock arrival at the geosynchronous
orbit.
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Figure 4 Hot electron (HE) measurements at the event of July 22,
2004. (a) HE number density; (b) HE perpendicular temperature;
(c) HE parallel temperature; (d) HE temperature anisotropy. The
dashed line marks the shock arrival at the geosynchronous orbit.

orbit, the corresponding time scale is about 2 hours.
However, the temporal and spatial variation of the
magnetic field and plasma cannot be distinguished
from case study. Therefore, we will use the superposed
epoch analysis to study the temporal and spatial res-
ponses of the magnetic field and plasma at the geo-
synchronous orbit to the interplanetary shock in the
following section.
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3 Response of the magnetic field and
plasmas in the geosynchronous orbit to
the interplanetary shock

3.1 Interplanetary shock induced magnetic field
variations at the geosynchronous orbit

Figure 5 shows the results of superposed epoch analysis
for the magnetic field magnitude for all available shock
events. The magnetic field magnitude enhanced abruptly
on the day side following the zero epoch, from 120 nT
to 160 nT. This result is consistent with the study of
Wang et al.”®l. It is because that the magnetosphere is
compressed from the dayside magnetopause by the
shock, making the magnetic field magnitude enhanced.

Figure 6 shows the results of superposed epoch anal-
ysis for magnetic field in GSM for all available events.
Prior to the zero epoch, the local distribution of By and
By components are contrary to the distribution of Bz
component. By is stronger in the evening sector, By is
stronger at the local time location of 2—8 LT, while B,
is stronger on the day side (§8—16 LT) and gradually
decreases towards the night side. Following zero epoch,
By increased only on the day side (8— 16 LT) and
almost has no change on the night side before and after
the shock front arrival. By almost has no change before
and after the shock front arrival. B; component increases
on the day side with the maximum of 160 nT while de-
creases on the night side.

3.2 Density and temperature of proton response at
the geosynchronous orbit

Figure 7 shows the result of superposed epoch analysis

for the hot proton (0.1 —45 keV) number density for all
available events. Prior to the zero epoch, the proton has
typical density distribution which is higher on the night
side. Following the zero epoch, the proton density in-
creases at all local time. The proton density decreases in
the noon sector and significantly enhances in other sec-
tors half an hour after the shock front arrival. Two hours
after the zero epoch, the proton density reaches the
maximum value of 1.2 cm ™ on the night side.

Figure 8 shows the results of superposed epoch
analysis for the hot proton (0.1 —45 keV) perpendicu-
lar and parallel temperature for all available events.
Prior to zero epoch, proton perpendicular and parallel
temperature are higher from the afternoon to midnight
sector (12—24 LT). Following zero epoch, the tem-
perature increases sharply, predominantly on the af-
ternoon and night side with moderate enhancements at
all local time. After an hour of the shock front arrival,
both perpendicular and parallel temperature decrease
significantly in the noon sector. It can be seen from
Figures 7 and 8 that, following the shock front arrival,
the proton population become hot and dense with a
peak number density of 1.2 cm” compared to the typi-

cal number density of 0.7 cm ™.

3.3 Density and temperature of electron response at
the geosynchronous orbit

Figure 9 shows the results of superposed epoch analysis
for hot electron (0.03—45 keV) number density for all
available events. Prior to the zero epoch, the electron
number density is low, especially on the day side. Follow-
ing the zero epoch, the electron density shows a dramatic
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Figure 5 The UT-LT variation of the magnetic field magnitude for all available shock events at the geosynchronous orbit. The dashed line

marks the shock arrival at the geosynchronous orbit.
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increase, predominantly on the night side with the peak
number density of 2.0 cm .

Figure 10 shows the results of superposed epoch analy-
sis for hot electron (0.03—45 keV) temperature for all
available events. Prior to the zero epoch, the electron per-
pendicular and parallel temperatures are higher on
post-midnight sector (24—6 LT). Following the zero epoch,
the perpendicular and the parallel temperatures increase on
the night side while decrease on the dayside. It can be seen
from Figures 9 and 10 that, following the shock front ar-
rival, the electron population becomes hot and dense.

3.4 The calculated O" and H" density and the O"/H"
density ratio

In the paper, we used the method from Denton et al.!'*!

to calculate the O and H' density and O'/H" density
ratio at the geosynchronous orbit. Since the MPA in-
strument cannot directly distinguish ion composition,

the ion population is assumed to be entirely composed
of H'. However, under the following conditions the
MPA measurements may be used to estimate the con-
centration of O : (1) the hot plasma sheet populations
measured by MPA (0.03 to 45 keV for the electrons
and 100 eV to 45 keV for the ions) are much denser
than any lower-energy populations present and (2) the
contribution of higher-energy particles (>45 keV) to
the density of either species is negligible!'*. Having
considered the above assumptions, we choose the data
selection criterion to be 1< Nug/ Nyp <4, this criterion
makes sure that the H™ and O density is larger than
Zero.

The hot electrons density measured by MPA is the
sum of electrons from all ionized atoms. Thus during
periods when O" is present (and neglecting the contri-
bution of other ions) then, from charge neutrality, the
density of the hot electrons, Nyg, is given by
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Figure 9 The UT-LT variation of the hot electron (0.03 —45 keV) number density for all available events at the geosynchronous orbit. The

dashed line marks the shock arrival at the geosynchronous orbit.
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Figure 10 The UT-LT variation of the hot electron (HE) (0.03—45 keV) temperature for all available events at the geosynchronous orbit. (a)
HE perpendicular temperature; (b) HE parallel temperature. The dashed line marks the shock arrival at the geosynchronous orbit.
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Ny =N +N s M

where Ny is the H' density and No+ is O density.

The MPA instrument is an E/q analyzer and for nor-
mal operations the measured population is assumed to
consist entirely of protons. From calculation of the ve-
locity distribution function™™, the contribution to the

total ion density of an ion species of mass m; is given by

(m, /m.), )

where m,, is the proton mass. Thus assuming that the
total number of electrons and protons is equal, the no-
minal hot proton density, Nyp, is given by

Ny =N +N_ /4. 3)

Equations (1) and (3) can be rearranged and solved for
the hydrogen density and the oxygen density so we get

According to egs. (1)—(5), the O" and H" density
and O'/H" density ratio can be calculated with MPA
data at the geosynchronous orbit.

Figure 11 show the results of superposed epoch
analysis for the inferred O and H" number density and
the O'/H" density ratio. Prior to the zero epoch, the in-
ferred O number density is low, especially on the day
side. The inferred H' density has the typical number
density of 0.7 cm >, except on the afternoon sector. The
O'/H" density ratio is higher on the night side, predo-
minantly on the dusk sector. Following the zero epoch,
the inferred O" density increases at all local time. One
hour after the zero epoch, the inferred O density

reaches the maximum value of 1.2 cm > on the dusk side.

The inferred H™ density increases rapidly on the night
The
O'/H" density ratio increases at all local time, especially

side after half an hour of the shock front arrival.

Ny =4/3(Ny = Nyp) 4 on the dusk sector. Form figure 11, we know that the O
and density shows the clear dawn-dusk asymmetry after the
shock front arrival at the geosynchronous orbit. Sharp
N =@Nyp = Ny) /3. &) et al.B! used the statistical analysis showing significant
_Den?.ity:O_'
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Figure 11 The UT-LT variation of the inferred O" and H" number density at the geosynchronous orbit. (a)The inferred O" number density; (b)
the inferred O" and H" number density; (c) the O"/H" density ratio. The dashed line marks the shock arrival at the geosynchronous orbit.
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dawn-dusk asymmetries of low energy O’ beams
(energy typically 5 keV) in the near-earth plasma sheet
with a strong performance in the dusk side of the plasma
sheet. A strong dawn-dusk asymmetry in the occurrence
frequency of auroral ion acceleration events had been
pointed out by Ghielmetti et al.**| with the highest
probability on the dusk side. The statistical survey of
oxygen bursts performed by Zong™’ has shown the
dawn-dusk asymmetry in the distant tail could represent
a simple expansion of an asymmetry already existing in
the auroral oxygen extraction processes. Our results
show that the interplanetary shock could induce the O"
dawn-dusk asymmetry. However, it is necessary to take
account of the valid region of the assumptions used in the
calculation method. Denton et al.""* pointed out that in the
dusk sector, since electrons do not have access to the inner
magnetosphere, the assumptions may be violated and the
method may be less applicable. So, further studies with
other measurements are needed to validate our results.

3.5 The temperature anisotropy of proton and elec-
tron

As already shown in the introduction part, the electro-
magnetic ion cyclotron (EMIC) wave and whistler wave
may probably be stimulated by the proton and electron
temperature anisotropy. So it is interesting to analyze
the proton and electron temperature anisotropy and the
EMIC wave and whistler wave frequency from the
MPA data.

Here, we calculate the cutoff frequency of parallel
propagating non-relativistic EMIC mode wave instabil-
ity according to Horne and Thorne!' "' as below:

0=Q4 /(1+4), 6)
where 4, =T, /T, -1 is the proton temperature aniso-
tropy, Qis the proton gyrofrequency, and T,, and

T, are the proton perpendicular and parallel temperature

with regard to the magnetic field direction respectively.
We calculate the cutoff frequency of parallel propa-

gating non-relativistic whistler mode wave instability

according to Treumann and Baumjohann"*' as below:

0=QA4 /(1+4). )

where 4, =T, /7. —1 is the electron temperature ani-
sotropy, €, is the electron gyrofrequency, and 7,, and
T

lle

are the electron perpendicular and parallel temperature

with regard to the magnetic field direction respectively.

Figure 12 shows the results of superposed epoch
analysis for hot proton (0.1—45 keV) temperature ani-
sotropy and the EMIC wave intensity for all available
events. Prior to the zero epoch, the proton temperature
anisotropy and the EMIC wave are higher on the day
side. Following the zero epoch, the proton temperature
anisotropy peak locates in the noon sector, and decreas-
es towards dawn and dusk side. The EMIC wave intense
on the day side (8 —16 LT) with a frequency value of
0.8 Hz, and the wave intensity decreases towards the
dawn and dusk side, the minimum value can be found
on the night side. The electromagnetic ion cyclotron
(EMIC) wave may probably be stimulated by the proton
temperature anisotropy. The variation of the EMIC
wave intensity is basically in consistent with those of
magnetic field magnitude and proton temperature aniso-
tropy, which is apparent according to the above formula.

Figure 13 shows the results of superposed epoch
analysis for hot electron (0.03—45 keV) temperature
anisotropy and the whistler wave for all available events.
Prior to the zero epoch, the electron temperature aniso-
tropy and the electron whistler wave are higher on the
day side. Following the zero epoch, it’s clear that the
temperature anisotropy has almost no change on the day
side while decreases dramatically on the night side. The
electron whistler wave locates on the day side (8§—16
LT) with a value of 2 kHz. It decreases towards the
dawn and dusk side, minimizes on the night side.

4 Summary

(1) The arrival of shock front at the day side magneto-
pause induces a sharp enhancement in the magnetic field
and plasma density, temperature and temperature aniso-
tropies (electron and ions).

(2) The magnetic field magnitude enhances remarka-
bly on the day side with a peak value of 160 nT follow-
ing the shock front arrival. By increased only on the day
side (8—16 LT) and almost has no change on the night
side before and after the shock front arrival. By almost
has no change before and after the shock front arrival.
Bz component increases on the day side with the maxi-
mum of 160 nT while decreases on the night side.

(3) Following the shock front arrival, the proton
population becomes hot and dense with a peak number
density of 1.2 cm ™ compared to the typical number density
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Figure 13 The UT-LT variation of the hot electron (HE) (0.03 —45 keV) temperature anisotropy and the electron whistler wave frequency for
all available events at the geosynchronous orbit. (a) HE temperature anisotropy; (b) the whistler wave frequency. The dashed line marks the

shock arrival at the geosynchronous orbit.

of 0.7 cm . The proton temperature increases sharply,
predominantly on the afternoon and night side with
moderate enhancements at all local time. The electron
density shows a dramatic increase, predominantly on
the night side with the peak number density of 2.0
cm . One hour after shock front arrival, the inferred
O" density reaches the maximum value of 1.2 cm™ on
the dusk side and shows the clear dawn-dusk asymmetry.
(4) The peak of the anisotropy of proton’s tempera-

ture locates at the noon sector, and the anisotropy de-
creases towards the dawn and dusk side. The minimum
of temperature anisotropy is on the night side.

(5) The electromagnetic ion cyclotron (EMIC) wave
obtained from the temperature anisotropy intense on the
day side (8 —16 LT) with a frequency value of 0.8 Hz,
and the wave intensity decreases towards the dawn and
dusk side, the minimum value can be found on the night
side.
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(6) The electron whistler wave obtained from the
temperature anisotropy locates on the day side (8—16
LT) with a value of 2 kHz. It is suggested that the elec-
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