
1  Introduction

The space plasma environment surround-
ing the earth is known to fluctuate significant-
ly in conjunction with a variety of activities
induced on the sun’s surface and sometimes
causes satellite anomalies. The space plasma
environment is divided into two types: one
with energy of several to several hundreds of
keV (kilo electron volts) that causes satellite
charging due to electrostatic reaction, and one
(also called the space radiation environment)
with high energy of several hundreds of keV
or larger that causes anomalies in semiconduc-
tor elements due to the ionization effect.
About half of the satellite anomalies occurring
in orbits are reportedly caused by satellite
charging as described above and, together
with those caused by the ionization effect as
subsequently described above, about 80% is
due to the space plasma environment［1］［2］.
This paper describes the space plasma envi-
ronment that causes satellite charging. Specifi-
cally, since charging on the surface of a satel-

lite easily occurs in geostationary orbit, pre-
dicting plasma environment fluctuations in
geostationary orbit is a crucial issue for space
weather.

2  Geostationary orbit plasma
environment and satellite
charging

2.1  Space plasma environment
The sun irradiates solar wind — a super-

sonic stream of plasma containing a magnetic
field. The plasma environment surrounding
the earth fluctuates significantly due to the
interaction between solar wind and the geo-
magnetosphere produced by the earth’s intrin-
sic magnetic field. A portion of energy and
plasma flows into the magnetosphere through
the magnetopause and accumulates in the
magnetotail, depending on various conditions
such as solar wind density and velocity, and
the magnetic field’s direction and intensity. In
the process of suddenly releasing the energy
accumulated, plasma in the magnetotail is
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transferred while being accelerated and heated
to the inner magnetosphere, which includes
the geostationary orbit. The phenomenon
whereby energy is suddenly released called a
magnetospheric substorm. In this phenome-
non, satellite charging occurs in geostationary
orbit due to the inflow of high-temperature
plasma transferred from the tail (in what is
known as plasma injection).

2.2  Satellite charging and anomalies
An electric charge is accumulated in vari-

ous parts of a satellite due to the collision of
ions and electrons in space plasma, and the
inflow/outflow of charged particles such as in
the release of photoelectrons and secondary
photoelectrons, thereby generating an electric
potential in space. This phenomenon is called
satellite charging. The potential — an expres-
sion of satellite charging — is divided into
two types depending on how the standard of
measurement is used. First, assuming zero
potential in space at infinity, the potential of a
satellite (typically a structural body) is called
satellite potential and the charging is referred
to as absolute charging. Next, in case conduc-
tors or dielectrics are not grounded to the sur-
face or inside the satellite, the difference in
potential is formed between these components
and the satellite’s structural body. This differ-
ence in potential is known as the differential
charging voltage. The charging is also divided
into two types depending on the location of
charging: surface charging and internal charg-
ing.

In absolute charging on the satellite’s sur-
face, the following types of electric current
flow: ion current due to the inflow of ions
from the surrounding plasma, electron current
due to the inflow of electrons, photoelectron
current due to the ejection of photoelectrons
from a surface receiving sunlight, secondary
electron current due to secondary electron
ejection caused by the collision of plasma par-
ticles with the satellite, and backscattering
electron current. The satellite potential is
determined by the total sum of these currents
flowing through the satellite’s surface and

satellite capacitance with respect to cosmic
space. The currents flowing in the satellite are
governed by electron current, since electrons
are much lighter in mass than ions. In addition,
the secondary and backscattering electron cur-
rents are negligible, being much smaller than
the electron current. Since the photoelectron
current is generally larger than the electron
current and only has low energy of several eV,
a satellite has the potential of only several V
(volts) higher than that of the surrounding plas-
ma. If no photoelectron ejection occurs due to
a satellite in the shadow (eclipse) of the earth
or increased electron current due to more high-
temperature electrons generated by magnetos-
pheric substorms in the surrounding space, the
total sum of currents flowing into the satellite
becomes a negative value, sometimes causing
a satellite potential of minus 10,000 V［3］［4］.
Since the satellite capacitance relative to cos-
mic space is small, however, the electric
charge accumulated due to absolute charging
is fractional, and the risk to the satellite is con-
sidered low. Conversely, if a conductor or
dielectric body not grounded to the satellite’s
structural body exists on the satellite’s surface,
it functions as a capacitor with the satellite
capacitance and a differential charging voltage
develops with respect to the satellite’s struc-
tural body during the process of absolute
charging. This capacitance is larger than that
of the satellite’s structural body relative to
cosmic space, depending on location and the
large amount of electric charge accumulated.
A sudden electric discharge of this accumulat-
ed electric charge to the satellite’s structural
body may cause electromagnetic noise or such
physical damage as a broken insulator and the
dissolution or vaporization of materials, there-
by resulting in satellite anomalies. The elec-
trons in energy of several to more than a
dozen keV that are not reflected from the
satellite or which do not pass through the
satellite’s surface contribute to the develop-
ment of the satellite’s surface potential.

The internal charging is caused by the
electric charge accumulated in an ungrounded
conductor or dielectric body such as an elec-
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3  Magnetospheric simulation and
prediction of the plasma 
environment

3.1  Real-time magnetospheric 
simulation

NICT is conducting magnetospheric simu-
lation in real time by using the calculative
approach of three-dimensional magneto-
hydrodynamics (MHD)［5］［6］. Figure 1 illus-
trates an outline of the system. The ACE
(Advanced Composition Explorer) satellite is
located at Lagrange Point No. 1 (of sun-earth
gravitational equilibrium) at a distance of
about 1,500,000 km from the earth toward the
sun, transmitting observational data on solar
wind to the earth in real time. With successive
input parameters of solar wind density, tem-
perature, velocity and magnetic field being
transmitted by the ACE satellite, magnetos-
pheric simulation is conducted in real time by
using supercomputers. The solar wind has an
average velocity of about 400 km/s; the wind
passing the ACE satellite reaches the geomag-
netosphere in about an hour. Thus, the calcula-
tion results are used to predict magnetospheric
conditions an hour in advance. This informa-
tion is also disclosed on the website in real
time.

tronic substrate or cable coating. The charging
process of a satellite is complex, as plasma
particles reach deep inside the satellite from
various directions through the satellite’s sur-
face; the electrons in energy of about 100 keV
are considered a contributing factor. The inter-
nal charging may also cause satellite anom-
alies through electromagnetic noise or damage
to a circuit or substrate due to a broken insula-
tor.

2.3  Space weather
Space weather is used for predicting space

environmental fluctuations and various phe-
nomena occurring on the ground that originate
in the space environment. In particular, mag-
netospheric substorms and magnetic storms
can actually help prevent satellite anomalies
originating in the space plasma environment.
That is, predicting a deteriorated space plasma
environment can prevent the occurrence of
serious satellite anomalies by limiting mis-
sion-critical operations such as altering the
attitude of a satellite during such deterioration
and pinpointing possible causes of anomalies,
in order to take measures in case anomalies
occur.

Fig.1 Outline of the real-time magnetospheric simulation system at NICT
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3.2  Approach and calculation results
The MHD calculative approach is used for

magnetospheric simulation. This approach
approximately resolves an issue by assuming
plasma comprised of ions and electrons as one
fluid, and can practically calculate the fluid
movement of ions — accounting for a large
portion of the plasma mass — in high speed.
Figure 2 shows the calculation results
obtained at 09:28 UT on February 15, 2006. A
loop structure of magnetic lines is formed in
the magnetotail, where a high-pressure
domain of plasma is observed. This domain
(called plasmoid) is ejected toward the magne-
totail. A reverse flow is generated toward the
earth concurrently with occurrence of the plas-
moid, thereby increasing plasma pressure in
the inner magnetospheric domain. This corre-
sponds to plasma injection, indicating that the
simulation results qualitatively reproduce the
occurrence of magnetospheric substorms. The
figures are updated about every minute and
archived daily in the form of video images. 

As such, MHD calculation enables real-
time simulation of the magnetosphere. How-
ever, it cannot handle the particle aspects of

plasma due to the fluid approximation. Specif-
ically, MHD calculation cannot properly han-
dle particle heating and acceleration or drift
motion in the domain of the inner magnetos-
phere’s intense magnetic field caused by the
particle effect. There is also the issue regard-
ing the practical handling of only ion fluid
motion in MHD calculation, even though elec-
trons with energy of several to several tens of
keV are known to play a key role in the geo-
stationary orbit plasma environment, thereby
contributing to satellite surface charging［7］. 

3.3  Comparative study with 
observation

For a comparison of the calculation results
with observational data, we used the 5-minute
averages of ion and electron densities (0.13 to
45 keV/e and 0.03 to 45 keV/q, respectively)
and respective temperatures (averaged values
of parallel and vertical components of the
magnetic field) disclosed as key parameters of
the Magnetospheric Plasma Analyzer (MPA)
installed on the geostationary satellite of the
Los Alamos National Laboratory (LANL).
Figure 3 illustrates the calculation results and

Fig.2 Data provided by real-time magnetos-
pheric simulation at 09:28 UT on February
15, 2006: Magnetic lines (upper left),
plasma pressure distribution within the
meridian plane (upper right), equipoten-
tial lines and electric conductance distri-
bution of the polar ionosphere (lower
left), and solar wind used for calculation
6 hours immediately prior to simulation
time (lower right)

Fig.3 From top to bottom, shows 5-minute
averages of density, temperature, and
pressure of ions and electrons on the
night side (MLT: 21:00 to 3:00) for each
of four LANL geostationary satellites
(A2, A1, L4 and L7) observed on Febru-
ary 15, 2006, being superposed with
the density, temperature and pressure
provided at the midnight position of
geostationary orbit in the magnetos-
pheric simulation.  The increase in pres-
sure shown in the calculation results
precedes that in the observation by
about an hour, or equivalent to the
time it takes for solar wind to arrive.
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observational data for February 15, 2006.
Note that the calculation results shown are
those at the midnight position of geostationary
orbit and the observational data on the night
side during the period from 21:00 to 03:00 in
magnetic local time (MLT), as plasma injec-
tion due to magnetospheric substorms is
focused. Three counts of increases in pressure
were found on this day in each calculation
result and the observational data. When con-
sidering the calculation results indicating the
magnetosphere about an hour later, the results
are understood to predict the occurrence of
plasma injection an hour in advance. Howev-
er, for ions, it is understood from the figure
that the observational data on density, temper-
ature and pressure are not quantitatively con-
sistent with the calculation results. Converse-
ly, when focusing on pressure fluctuations in
the electrons, the calculation results and obser-
vational data are quantitatively and relatively
consistent with one another［8］. As the reason
for the quantitative consistency of electrons in
terms of pressure fluctuations provided by the
electromagnetic fluid calculation, the electrons
are presumably influenced by increased pres-
sure due to the fluid adiabatic process from
the magnetotail in the plasma injection
process. However, no quantitative consistency
was found in electron density and tempera-
ture; the density resulting from calculation is
much larger than that observed in most cases.
Since the electron temperature contributes sig-
nificantly to satellite charging, we estimated
the electron density based on observational
statistics, and then compared the temperature
estimated from the estimated density and cal-
culated pressure with the electron temperature
provided by observation. The timing of the
increase in temperature and the increased tem-
perature noted in observation were conse-
quently found to be a better estimation than
that of electron pressure［9］. Figure 4 illus-
trates a comparison of electron temperatures
estimated by this method and provided by
observation for the period from January to
April 2006. Almost all points are distributed
below the line drawn in the figure, where the

estimated electron temperature equals that
observed. That is, this line indicates the upper
limit of observed electron temperature. How-
ever, the electron temperature is understood as
being overestimated in most cases. The rea-
soning behind this understanding is as fol-
lows: magnetospheric disturbance tends to be
retained longer in the calculation than in
observation; there is a period where a higher
baseline is considered to exist due to the
numerical noise resulting from calculation
even during a quiet period; and an increase in
electron temperature or pressure is practically
considered a local phenomenon, and thus the
maximum electron temperature in geostation-
ary orbit is not necessarily observed by a
satellite. Further analysis and verification are
still required.

3.4  Prediction of satellite charging
The worst value of satellite potential is pre-

dictable by using the estimated electron tem-
perature. For calculating the satellite potential,
we used a correspondence table of the potential
and differential voltage for the plasma environ-
ment, and data observed by geostationary orbit
satellite KIKU No. 8 (ETS-Ⅷ) as provided by
past studies［10］. Note that determining the
satellite potential requires electron density and
ion temperature/density in addition to the elec-

Fig.4 Dispersion diagram for electron tem-
perature estimated by assuming
electron density of 0.5 electrons/cc
based on pressure resulting from
magnetospheric simulation from
January to April 2006, and for that
observed an hour later.
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tron temperature. In this study, we also esti-
mated ion temperature and density by using
statistical values from observation similarly to
electron density. Figure 5 shows the estimated
worst value of the differential charging volt-
age and satellite potential of geostationary
orbit satellite ETS-Ⅷ［11］. This figure reveals
that generation of the satellite potential can be
predicted about an hour in advance. However,
the value of the potential differs from the
satellite potential observed by the LANL
satellites. The reasoning for the difference is
considered the difference in satellite interac-
tions with the space plasma environment or
insufficient accuracy of the model used for the
estimation.

4  Summary

Satellites in geostationary orbit constitute
an essential part of the infrastructure for mod-

ern society, and the prediction of plasma envi-
ronment fluctuations causing satellite anom-
alies is an important issue for studies on space
weather. This report described a method of
estimating plasma environmental fluctuations
regarding geostationary orbit, particularly the
upper-limit electron temperature considered
most influential to satellite charging, by using
the results obtained from real-time magnetos-
pheric simulation conducted by NICT. The
worst value of geostationary orbit satellite
potential can be predicted by combining this
outcome with the relation between the plasma
environment and satellite potential resulting
from a separate calculation. Combining these
findings with real-time output from real-time
magnetospheric simulation enables the con-
struction of a satellite charging alarm system
and provides information about satellite opera-
tion organizations. In the current real-time
magnetospheric simulation, the increased value
in pressure resulting from the simulation and
observational electron pressure are relatively
consistent for many independent magnetos-
pheric substorms; conversely, in periods when
magnetospheric disturbances are retained or
the pressure baseline is considered increased
due to the numerical noise resulting from cal-
culation, the simulated pressure is larger than
the observational electron pressure, resulting in
electron temperature being overestimated. The
estimation is thus currently limited to deter-
mining the upper-limit electron temperature.
However, we expect that this issue to be
resolved by using next — generation, real-time
magnetospheric simulation with improved cal-
culation accuracy in predicting the geostation-
ary orbit plasma environment and thus
enabling a direct estimation of electron tem-
perature and satellite potential, but not the
upper limit or worst value.

Fig.5 From top to bottom, estimated differ-
ential charging voltage of KIKU No. 8
(ETS-Ⅷ) on February 15, 2006, estimat-
ed satellite potential, measured
satellite potential of four LANL geo-
stationary orbit satellites (A2, A1, L4
and L7) on the night side (21:00 to
3:00 at MLT), and the estimated and
observed electron temperatures.



99NAKAMURA Masao

References
01 H. C. Koons et al., “The Impact of the Space Environment on Space Systems,” Proceedings of the 6th

Spacecraft Charging Conference., pp. 7–11, 1998.

02 T. Goka, “UCHU KANKYOU RISUKU JITEN,” Maruzen, 2006. (in Japanese)

03 D. E. Hastings and H. Garrett, “Spacecraft Environment Interactions,” Cambridge University Press, New

York, 1996.

04 T. Ondo and K. Marubashi Ed., “Wave Summit Course Science of Space Environment,” Ohmsha, 2000.

(in Japanese)

05 T. Tanaka, “Finite Volume TVD Scheme on an unstructured Grid System for Three-Dimensional MHD

Simulations of Inhomogeneous Systems Including Strong Background Potential Fields,” J. Compt.

Phys., Vol. 111, pp. 381–389, 1994.

06 M. Den et al.; “Real-Time Earth’s Magnetosphere Simulator with 3-Dimensional MHD Code,” Space

Weather, Vol. 4, S06004, doi:10.1029/2004SW000100, 2006.

07 S. Fujita, “The Global MHD Magnetosphere Simulation and Prospect for the Space Weather Prediction,”

Special issue of this NICT Journal, 2-3-4, 2009.

08 M. Nakamura et al., “Prediction of the plasma environment in the geostationary orbit using the magne-

tosphere simulation,” Proceedings of the 3rd Space Environment Symposium, JAXA-SP-06-035, 2006.

(in Japanese)

09 M. Nakamura et al., “Statistical analysis for GEO plasma environment prediction using real-time magne-

tosphere simulation and observation,” Proceedings of the 5th Space Environment Symposium, JAXA-

SP-08-018, 2008. (in Japanese)

10 M. Cho, S. Kawakita, M. S. Nakamura, M. Takahashi, T. Sato, and Y. Nozaki, “Number of arcs estimated

on solar array of a geostationary satellite, J. Spacecraft and Rockets,” Vol. 42, pp. 740–748, 2005.

11 M. Nakamura et al., “Prediction of geosynchronous satellite surface charging using real-time magnetos-

phere simulation,” Proceedings of the 6th Space Environment Symposium, in press, 2009. (in Japanese)

NAKAMURA Masao, Ph.D.

Associate Professor, Department of
Aerospace Engineering, Osaka 
Prefecture University

Space Plasma Physics, Space 
Environment Enginieering


