
1  Introduction

The earth is a planet with an intrinsic mag-
netic field. Plasma bulk flows from the Sun
(solar wind) form a magnetosphere around the
earth, within which a characteristic plasma
region is shaped. In addition, the interaction
between the solar wind and the magnetosphere
induces various kinds of electromagnetic dis-
turbances inside the magnetosphere (source:
“Studies of Various Space Weather Phenome-
na”, “Special Issue on Space Weather Fore-
casting 1”, Journal of the Communications
Research Laboratory, Vol. 49, No. 3, 2002).
The term “space” broadly refers to all space
external to the earth’s upper atmosphere and is
associated in our minds with many different
concepts. Therefore, the term is inappropriate
in referring to the ionosphere and the magne-
tosphere. Instead, the term “geospace” has
recently come into common use to describe
the space surrounding the earth as a familiar

stage of human activity.
Variations in geospace environment (geo-

space disturbances) could immensely affect
artificial satellite and astronauts working in
space as well as ground-based social infra-
structures. Space weather forecasting is essen-
tial for enhancing the security and safety of
social infrastructures, such as telecommunica-
tions and broadcasting, and space activities.
The monitoring and predicting geospace dis-
turbances are parts of the essential role for
space weather forecasting. This paper intro-
duces the ongoing approaches being taken at
the National Institute of Information and
Communications Technology (NICT) toward
monitoring and forecasting of geospace distur-
bances, and also discusses the significance
thereof.
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2-2  Monitoring and Prediction of Geospace
Environment

2-2-1  Monitoring and Forecasting of Geospace Dis-
turbances, and its Importance

NAGATSUMA Tsutomu

Since human beings will expand their sphere of activity toward space environment, the
space surrounding the Earth, which we call “geospace”, is the unavoidable region for us. In geo-
space, various disturbances occur due to solar and solar wind activity. These geospace distur-
bances could affect not only artificial satellites but also ground-based social infrastructures.
Hence, it is important to monitor and predict such geospace disturbance. This paper introduces
the ongoing approaches being taken at the National Institute of Information and Communica-
tions Technology (NICT) toward monitoring and forecasting of geospace disturbances.
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2  Effects of geospace distur-
bances

This chapter discusses how space weather
disturbances occurring in geospace affect arti-
ficial satellites and ground-based social infra-
structures. The effects of satellite navigation
and positioning due to the variation of electron
density in the ionosphere have already been
discussed in another paper［1］.

2.1  Variations in radiation belt
particles 

The magnetosphere contains a region
called the radiation belt. The radiation belt is
divided into an inner belt (mainly composed
of high-energy protons) and an outer belt (pri-
marily based on high-energy electrons). The
high-energy electrons in the outer belt vary
significantly under the influence of geomag-
netic storms, the largest-scale disturbance phe-
nomena occurring in geospace through inter-
action of the solar wind-magnetosphere-ionos-
phere compound system［2］. Once lost in the
particle flux in the main phase of geomagnetic
storms, electron flux in the outer radiation belt
sometimes be regained upon acceleration and
heating in the inner magnetosphere during the
recovery phase of the storms. The high-energy
electrons that comprise the bulk of the outer
belt have energy of 1 MeV or higher and are
known to penetrate the airframes of typical
artificial satellites, thereby inducing deep
internal dielectric charging. The occurrence of
any consequential discharge could cause the
malfunctioning of internal electronics and
other electric circuit, leading to satellite fail-
ures or other problems. The successive failure
of Canada’s Anik1 and Anik2 communica-
tions satellites in January 1994 have been
associated with internal discharges resulting
from the flux enhancement of the relativistic
electrons in the outer radiation belt［3］.

2.2  Variations in substorm particles 
Substorms are among the fundamental dis-

turbance phenomena occurring in geospace
through interaction of the solar wind-magne-

tosphere-ionosphere compound system. This
phenomenon in which auroras suddenly
breaks up in the midnight region of the aurora
oval, and then expand to the north, south, east
and west, results in auroras varying dynami-
cally for 30 minutes to about two hours. Cor-
responding to this optical auroral activity, the
current flowing through the ionosphere grows
to cause sharp geomagnetic variations in the
auroral regions. Substorms inject high-temper-
ature plasma having energy on the order of
several tens of keV inside the magnetosphere.
Such high-temperature plasma arriving at geo-
stationary orbit is known to induce a surface
charge of an artificial satellite on the same
orbit［4］. Once the satellite’s surface becomes
charged with high voltage, there is a greater
risk of discharge that could interfere with
satellite operations. The accident involving the
ADEOS II satellite on October 25, 2003,
might be caused by the satellite’s surface
material having been charged by auroral elec-
trons that short-circuited its power cables［5］.
Moreover, analyses presume that 54% of
satellite failures have been caused by charging
phenomena, including deep dielectric
charging［6］.

2.3  Geomagnetic variations
As explained in the previous sections, the

current system in geospace is dynamically
developed during substorms, geomagnetic
storms, and other phenomena, and produces
geomagnetic variations on the ground. Large
magnetic field variations due to auroral activi-
ty observed particularly in the polar regions. If
sharp geomagnetic variations should occur in
a region where a conductor exists, a current
would be induced through the conductor. An
induction current consequently flowing
through a long-distance transmission line,
metallic pipeline or similar structure under the
influence of geomagnetic variations may lead
to power grid troubles, corroded pipes, and
other problems.

A technique called “magnetotellurics”
(MT) is also available whereby information on
geomagnetic variations is used to estimate
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in-situ observations are necessary. However, a
multi-point observation network must be built
using multi-satellites, since the coverage of
single in-situ observation is limited as single
point.

On the contrary, electromagnetic field
variations due to currents flowing within the
magnetosphere and ionosphere can be moni-
tored by remote sensing from the ground. As
monitoring of geospace disturbances, we have
not only constructed ground-based observa-
tion networks to monitor electromagnetic field
variations, but also used information of in-situ
plasma particle observation and of upstream
solar wind and interplanetary magnetic fields
via internet. For details about studies conduct-
ed on the monitoring, prediction and impact of
ionospheric disturbances among all geospace
disturbances, refer to other articles included in
this special issue.

3.1  INTERMAGNET
Prior to the mid-1990s when the Internet

began its widespread proliferation, collecting
observational data in quasi-real time had been
very difficult. Information accessible for
immediate exchange in those days was limited
to local geomagnetic indices or event informa-
tion expressed in “URSIGRAM codes”, such
that the work of deriving such indices of glob-
al-scale geomagnetic activity as the Kp, Dst
and AE indices using worldwide geomagnetic
data would take from days to months.

INTERMAGNET was established as a
solution to this problem, facilitating the imple-
mentation of a global network for collecting
geomagnetic data in quasi-real time. INTER-
MAGNET was started in the late 1980s with
primary organized by the U.K. and the U.S.
for maintaining the quality of observational
data, standardizing observations, exchanging
data promptly, and other related tasks. Among
the major Japanese participants were the
National Institute of Information and Commu-
nications Technology (then the Communica-
tions Research Laboratory), the World Data
Center for Geomagnetism at Kyoto Universi-
ty, and the Kakioka Magnetic Observatory of

subsurface structures. As a method of measur-
ing subsurface structures, there are two vari-
ants of magnetotellurics: measuring an under-
ground resistivity structure by exploiting the
skin effect of an AC magnetic field, and esti-
mating a subsurface structure by measuring
the local magnetic field anomalies. The first
method allows data with high S/N ratios to be
collected at times of geomagnetic disturbances
because geomagnetic variations are a source
of signals, whereas the second method yields
data with high S/N ratios in times of quiet
geomagnetic conditions because geomagnetic
disturbances are also a source of noise. Imple-
menting these methods needs information on
geomagnetic variations not for avoiding fail-
ures but for effectively conducting MT［7］［8］.

2.4  Ionospheric storms
Increased auroral activity and ionospheric

current in the polar regions following sub-
storms or geomagnetic storms increases the
large amount of energy flowing from the mag-
netosphere into the polar ionosphere by way
of particle precipitation, Joule heating, and
other processes. This energy heats up the ther-
mosphere to vary atmospheric composition
ratios or induce large-scale atmospheric
motion, possibly generating an ionospheric
storm to vary the critical frequency of the
ionosphere and thereby resulting in communi-
cation failures［9］. Geomagnetic storms and
other disturbances might also heat and expand
the thermosphere to significantly alter the atti-
tudes or orbits of artificial satellites at low-
earth orbits. The orbital control of low-altitude
satellites, satellite reentry control, and similar
tasks should therefore benefit from having
information about the prediction of geomag-
netic disturbances.

3  Monitoring geospace distur-
bances

Geospace disturbances are manifested as
variations of electromagnetic field, plasma
particles, and ion composition in geospace. To
monitor the particle environment in geospace,
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the Japan Meteorological Agency. INTER-
MAGNET linked geomagnetic observatories
at remote locations and data-collecting Global
Information Nodes (GINs) by meteorological
satellite links to transmit data every 12 min-
utes and collect one-minute values of the three
geomagnetic components in quasi-real time a
technological breakthrough at a time when
only limited geomagnetic disturbance infor-
mation as expressed by URSIGRAM codes
had been available. In Japan, the Hiraiso
Solar-Terrestrial Research Center (now the
Hiraiso Solar Observatory) served as a GIN to
monitor geomagnetic disturbances and made
data derived from INTERMAGNET available
for real-time public disclosure［10］［11］.

In line with the subsequent proliferation of
the Internet, geomagnetic data has been made
easier to exchange since the early days when
INTERMAGNET was inaugurated, with more
than 100 observatories now participating in
the INTERMAGNET global network (Fig. 1).
Despite the occasional coordination with
observatory-specific data disclosure policies
needed to implement real-time data usage, the
formation of a global network capable of
observing and monitoring geomagnetic distur-
bance phenomena, and offering its data for
shared use should be of great significance.

Moreover, the scheme of exchanging real-time
one-second data has been widely discussed in
recent years. Such data should prove benefi-
cial in understanding the current conditions of
ULF wave activities that offer clues to esti-
mating the acceleration and loss of radiation
belt particles.

3.2  PURAES/RapidMAG
Auroras are a variation of the discharge

phenomenon occurring in the solar wind-mag-
netosphere-ionosphere compound system. The
flow of intense ionospheric current driven by
auroral activity is known to invoke marked
geomagnetic variations in the polar regions.
The AE index uses those geomagnetic varia-
tions as an indicator of geomagnetic activity in
the auroral zone. This index had been worked
out by Davis and Sugiura [1966] as an indica-
tor of the intensity of electrojets in the auroral
zone［12］. The sum of the amplitudes of the
+ envelope (AU index) associated with inten-
sity of the eastward ionospheric current and
the － envelope (AU index) associated with
intensity of the westward ionospheric current,
along with geomagnetic data collected at the
geomagnetic observation points (AE observa-
tories) being overlaid in reference to the quiet
level, is called the Auroral Electrojet (AE)

Fig.1 Worldwide distribution of INTERMAGNET observatories
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index. This index is used as an input parame-
ter for models designed to grasp the status of
geomagnetic activity in the auroral zone and
predict the effects of heating and other condi-
tions of the upper atmosphere as pertaining to
auroral activity. For these reasons, the prompt
calculation and publication of the AE index
has been widely pursued.

Among the AE observatories located in
the auroral zone, however, those in the Russ-
ian region had used outdated magnetometers

until the mid-1990s that not only yielded data
of poor quality but also inhibited the prompt
exchange of data (Fig. 2). Therefore, Japan
(NICT, World Data Center for Geomagnetism,
Kyoto University), the U.S. (Applied Physics
Laboratory, Geophysical Institute), and Russia
(Arctic and Antarctic Research Institute, Insti-
tute of Geospheres Dynamics) worked togeth-
er to launch a project known as PURAES
(Project for Upgrading Russian AE Stations)
and its successor RapidMAG (Russian auroral
and polar ionospheric disturbance MAGne-
tometers), in order to promptly collect and dis-
seminate geomagnetic data collected at the AE
observatories. NICT is responsible for the por-
tion of the project handling the transmission of
data by using geostationary satellites［9］. Geo-
magnetic data collected at the AE observato-
ries is forwarded to the World Data Center for
Geomagnetism at Kyoto University, where AE
indices are calculated in quasi-real time from
the data before the index data is made public
through the Web. Our group’s website (URL:
http//kogma.nct.go.jp/cgi-bin/qlae.cgi/) offers
clues to viewing and using real-time AE index
data by interactively customizing its time
width and scale (Fig. 3).

3.3  NICT_MAG
NICT has deployed its own geomagnetic

observation network (NICT_MAG) centering
on Japan’s longitudinal region as part of its
space environment monitoring program
(NICT_SWM). Figure 4 shows the sites of the
observatories. Complementary to INTER-

Fig.2 Worldwide distribution of AE obser-
vatories
Each red circle denotes the site of an observa-
tory where RapidMAG collects data.

Fig.3 Real-time AE/Dst indices (Web
page entry window (left) and plot-
ting window (right)

Fig.4 Distribution of observatories in
NICT’s geomagnetic observation
network
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MAGNET and RapidMAG, this network col-
lects one-minute, quasi-real-time values the
same way. The practical application using the
one-minute real-time data are also being stud-
ied.

Geomagnetic data collected in quasi-real
time can not only be displayed in real time in
the form of an online database but may also be
plotted to meet interactively customized con-
ditions for date and time, period, scale and
other factors［13］. Table 1 lists the observato-
ries where NICT is collecting data in quasi-
real time.

3.4  SuperDARN HF radar network
Because geomagnetic variations are pro-

duced from variations in the current system in
geospace, relevant information aids in estimat-
ing current variations in the ionosphere and
magnetosphere. Geomagnetic information
alone, however, is inadequate for accurately
estimating the amount of energy flowing into
the polar regions via the current system. Elec-
tric field or ionospheric conductivity informa-
tion is also needed. HF radars provide a tool
for measuring a broad range of electric fields.
HF radars transmit radio waves in the HF

Table 1 Observatories where NICT collects data in quasi-real time
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band in an oblique upward direction from the
ground, and then receive echoes returning
from field-aligned ionospheric irregularities as
the object of scattering or elsewhere, thereby
estimating the velocity of plasma in the ionos-
phere from the amount of Doppler shift. Once
the plasma velocity is estimated, then the
amount of electric fields (electric charge) can
be estimated from an E×B drift. Whether
echoes are returned depend on whether irregu-
larities meeting the reflecting conditions have
occurred in the ionosphere, but HF radars still
offer the key advantage of allowing the plas-
ma velocity and electric fields to be derived in
the line-of-sight direction in two dimensions,
as compared to one-dimensional geomagnetic
observations. Under these circumstances,
research institutions in various countries
including the U.K., France, the U.S., Japan

and South Africa have teamed up to build a
network of HF radars called SuperDARN
(Super Dual Auroral Radar Network) in the
Arctic and Antarctic regions. SuperDARN
allows us to gain a two-dimensional insight
into the status of plasma convection and elec-
tric field distributions in the polar regions. It
should be noted, however, that the availability
or non-availability of electric field information
depends on whether irregularities occurred in
the ionosphere satisfy the orthogonal condi-
tion for reflecting HF radio waves. NICT
maintains an HF radar in King Salmon, Alas-
ka, in order to monitor the status of ionospher-
ic convection flow and electric fields in
Japan’s longitudinal polar region of eastern
Siberia［14］(Figs. 5 and 6).

4  Approaches to predicting
geospace disturbances

To predict space weather phenomena, vari-
ous kinds of methods are considered so far.
These methods can be broadly grouped into
numeric prediction models (numeric simula-
tions) and empirical models. Numeric predic-
tion models calculate and predict a phenome-
non according to physical primitive equations,
and promise objective and reliable results
based on initial values, given all the physical
process and parameters relevant to such pre-
diction, and necessary computer capabilities.
Numerical prediction models, however, have a
long way to go before reaching a state of prac-
tical usefulness due to their ongoing develop-
ment, with their physical processes yet to be
elucidated. For information about the
approaches being taken to realize numeric
simulations at NICT, refer to another
paper［15］.

There are many diverse empirical models,
ranging from those built to reflect a contextual
physical process at the hypothetical level to
those that simply build on correlations. These
models vary in reliability, but may be better
suited for practical use because they derive
results with relative ease from input parame-
ters. We have been working on an empirical

Fig.5 Field observations of SuperDARN in
the Northern Hemisphere. The
region marked red is the field of
view of the King Salmon radar.

Fig.6 Picture of the radar site
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prediction model for a geomagnetic index to
predict geomagnetic disturbances for use in
implementing forecasting services. Since geo-
magnetic disturbances are the most fundamen-
tal of all geospace disturbances, this geomag-
netic index should also offer high universal
value due to its adaptability as an input para-
meter to other empirical models (such as those
for variations in radiation belt particles). 

Various coupling equations using solar
wind input parameters have been conceived to
date in order to suit a model for predicting
geomagnetic indices. Most of these equations
assume constant solar wind-magnetosphere
coupling efficiency. However, a model that
builds on assumed constant coupling efficien-
cy does not explain the seasonal dependence
(Equatorial/McIntosh Effect) of geomagnetic
variations associated with changes in the incli-
nation of the earth’s rotational axis. It has been
pointed out that the consideration of seasonal
changes in coupling efficiency is a key to
solve this problem. However, we did not have
enough physical explanations of what causes
this effect.

In the meantime, studies conducted over
the past 10 years have revealed that plasma
convection (polar cap potential) in the magne-
tosphere peaks without growing at a linear
rate［16］. According to one explanation of this
characteristic, the regional current system that
drives plasma convection grows so that the
magnetic field forged by the regional current
system deforms the geometry of the magne-
tosphere by itself, and thus adversely affects
the efficiency of interaction between the solar
wind and magnetosphere［17］. Relational
expressions between the solar wind electric
field and the polar cap potential based on this
concept are given below.

ΦPC＝57.6 EmPSW1/3/（PSW1/2＋0.0125ζΣPEm）
（1）

ζ＝4.45－1.08 logΣP （2）

where, ΦPC denotes the polar cap poten-
tial, Em the “merging electric field” expressed
by Em = VSWBTsin2 (θ/2)［18］, VSW the solar
wind velocity, BT the magnetic field magni-

tude of the YZ plane (with the line intercon-
necting the sun and earth taken as X), θ the
angle relative to north as being 0 degrees, PSW

the dynamic pressure, ξ a geometric factor,
and Σp the Pedersen conductivity.

Because the intensity of the region 1 cur-
rent system equals the product of the polar cap
potential multiplied by the polar cap ionos-
pheric conductivity, the region 1 current sys-
tem is boosted by increased conductivity, as
well as the growing electric field, resulting in
the suppressed growth of plasma convection.
Given the fact that one region 1 current sys-
tem exists in the Northern Hemisphere and
one in the Southern Hemisphere, previous
studies have shown that the degree of growth
of the polar cap potential depends on the polar
cap ionospheric conductivity (i.e., sum of con-
ductivities in the polar regions above the
North and South collected geomagnetic
poles［19］. This means that the interaction effi-
ciency of the solar wind-magnetosphere-
ionosphere compound system varies as a func-
tion of the sum of polar cap conductivity in
both hemisphere. We used the am index (an
indicator of global geomagnetic activity) and
the Km index (an indicator of its logarithmic
scale) to probe into the characteristic changes
in the interaction efficiency of the solar wind-
magnetosphere-ionosphere compound system,
and then developed an empirical model that
relies on this concept. The use of the am and
Km indices offers the advantage of eliminat-
ing artificial seasonal changes by reducing
biased distributions of the observatories used
to derive those indices. Care should be exer-
cised in using the Kp index for statistical pur-
poses, because it is subject to artificial daily
and seasonal depedences due to the biased dis-
tributions of observatories used to work out
the index. 

Figure 7 plots the relation between geo-
magnetic activity and the solar wind electric
field as a NetSZA function for each value of
the Km index. NetSZA is the sum of the solar
zenith angles of the North and South collected
geomagnetic poles (cosχNP + cosχSP), and a
parameter proportional to the sum of conduc-
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tivities in the polar regions above the North
and South collected geomagnetic poles as
described later. The value of NetSZA is mini-
mized during the spring and autumn equinox-
es, and maximized during the summer and
winter solstices. The left panel shows the solar
minimum (F10.7 index greater than or equal
to 75, but less than 125); the right panel shows
the solar maximum (F10.7 index greater than
or equal to 175, but not more than 225).

In the left panel, the Km index rises to 3 or
4 even in the presence of a weak interplane-
tary magnetic field when the value of NetSZA
is small, but a stronger interplanetary magnet-
ic field would be needed to boost the Km
index to 3 or 4 when the value of NetSZA is
large. These basic characteristics also hold
true in the right panel. A comparison of the
left and right panels shows that a stronger
electric field is needed to attain the same level
of geomagnetic activity during the solar maxi-
mum. It has thus been determined that the
lower or higher the polar cap potential, the
higher or lower the interaction efficiency of
the solar wind-magnetosphere-ionosphere
compound system. Moreover, the sum of con-
ductivities in the polar regions above the
North and South collected geomagnetic poles
are minimized during spring and autumn
equinoxes and maximized during the summer
and winter solstices. This concept may be
extended to give a physical explanation of the
equinoctial effect. Electrical conductivity also

varies as a parameter of solar activity, such
that the interaction efficiency is adversely
affected during intense solar activity and ele-
vated during periods of quiet solar activity.
These effects are in agreement with the results
shown in Figure 7. Figure 8 represents the
magnitude of the solar wind electric field
needed for geomagnetic activity as the sum of
conductivities in the polar regions above the
North and South collected geomagnetic poles
during the solar maximum and solar mini-
mum. Conductivities are expressed in the fol-
lowing equations that were worked out by mak-
ing unique modifications to a past model［20］
that uses the solar zenith angle and F10.7
index as input parameters to calculate conduc-
tivity:

ΣP＝Sa0.5（1.2 cosχ＋0.1736） （3）
ΣPtotal＝ΣPN＋ΣPS＝Sa0.5（1.2（cosχNP＋cosχSP）

＋0.3472） （4）

Each background line denotes the value of
a polar cap potential predicted from Siscoe.
The trends in variations show good agreement,
suggesting that variations in the Km and am
indices can be represented as a function of
polar cap potential.

Based on these findings, an empirical
model for predicting the am index has been
developed. As stated earlier, the am index

Fig.7 Magnitude of the solar wind elec-
tric field needed for geomagnetic
activity plotted as a NetSZA func-
tion for each value of the Km index
(left: solar minimum, right: solar
maximum)

Fig.8 Dependence on conductivity for
interaction between the solar wind
and magnetosphere
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characteristically depends not only on polar
cap potential but also on solar wind dynamic
pressure and magnetospheric convection
attributed to viscous effects. The solar wind
parameters and the am index were analyzed
for each of these factors to derive the follow-
ing three empirical equations:

am（ΦPC）＝－7.47－0.097ΦPC＋0.0079ΦPC2 （5）
am（PSW）＝－1.48＋7.51（PSW）0.5 （6）
am（VSW）＝－0.88＋0.55（VSW/100）2 （7）

The resultant empirical equation of the am
index is as follows:

am＝－9.83－0.097ΦPC＋0.0079ΦPC2＋
7.51（PSW）0.5＋0.55（VSW/100）2 （8）

Solving Equation (8), along with Equa-
tions (1), (2) and (4) given earlier, allow us to
calculate the am index from the solar wind
velocity, density, magnetic field, F10.7 index,
and sum of the solar zenith angles of the North
and South collected geomagnetic poles. This

empirical equation makes it possible to repro-
duce daily and seasonal geomagnetic changes
and solar cycle variations.

Figure 9 compares changes in solar activi-
ty and the am geomagnetic index over solar
cycles, with the prediction results being
derived from our empirical model. Despite
variations in solar activity, variations in the
am index and its predictions were in good
agreement, demonstrating the utility of this
empirical model as a tool for the long-term
and consistent prediction of geomagnetic
activity.

5  Conclusions

Since human beings will expand their
sphere of activity toward space environment,
the space surrounding the Earth, which we call
“geospace”, is the unavoidable region for us.
Disturbance phenomena occurring in geospace
could affect the thermosphere, upper atmos-
phere, and ground-based social infrastructures.
We must therefore monitor geospace distur-
bances and invest our efforts to predict such
phenomena by using models. The scope of
prediction should also be expanded from geo-
magnetic disturbances, the source of other dis-
turbance phenomena, to cover radiation belt
disturbances, ionospheric storms, and other
disturbances.
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