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Our dependence on sophisticated space based technological systems is increasing rapidly not only in communications,
but also in a number of critical applications. All of these space based systems are vulnerable to changing conditions
in our space environment. It is essential for us to understand and if possible to predict the rapid changes in
these conditions presently known as ‘Space Weather’. We need to know both on long term and short term
scales the limitations imposed by space weather fluctuations on the efficacy of operation of satellites and satellite
based systems. While there has been a significant understanding of solar origin of such events as CMEs, magnetic
storms and Solar particle events; the coupling between the solar induced events and various terrestrial atmospheric
regions is little understood. Such ignorance is exemplified by the recent discovery of very large O* ion content
in the ring current during intense magnetic storms where acceleration mechanisms of eV range ionospheric
ions to MeV range challenges the existing theories. This review briefly outlines the development of this subject

during the recent decades.
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Introduction

‘Space Weather’ being a relatively new term requires
general introduction. The word weather traditionally
includes such parameters as temperature, humidity,
precipitation, winds etc. at a given place and has
been the realm of meteorologists who usually depend
on the tropospheric processes for understanding and
predicting the weather. As our dependence on
technological systems operating in and through the
far reaches of our terrestrial environment is
continuously increasing we are now concerned more
than ever before on conditions in the upper atmosphere,
the ionosphere, the magnetosphere, the interplanetary
space and the sun itself which is the primary source
that drives not only our terrestrial system but also
the entire interplanetary domain.

As the sophistication of our space technological
systems increases rapidly, their vulnerability to
disturbances in space weather also increases. Our
competence in not only understanding but also in
predicting space weather should be built up to protect
our space systems and also to design robust systems
that will be less susceptible to hazards from space
weather conditions. Performance of modern satellites
used in global communications, weather predictions,

remote sensing, defense systems and a variety of
other ground-based scientific and operational
systems depends on the information we have on our
space weather.

This paper will briefly review the existing knowledge
in some of the major areas of space weather mentioned
above with special reference to Indian conditions where
ever applicable because of the spectrum of user
community for space weather predictions is a function
of the developed status of the country and also its
geographic location.

Solar Activity Variations

The Solar Spectral Irradiance

The sun in addition to its electromagnetic radiation
also continuously emits energetic charged particles
known as solar wind and both exhibit periodic
variations. While the total solar irradiance varies over
a 11-year solar cycle by only about 0.1 %, the solar
X-ray and EUV emissions which account for a
negligible percentage (less than 0.1%) of total solar
irradiance show very large solar cycle variations’. In
addition to these long term periodic variatiens, solar
X-ray and EUV flux also undergo sudden and dramatic
increases during solar events like flares which can
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last from a few minutes to an hour. Increase in back
ground X-rays (<lnm) from solar minimum to the
maximum can be by as much as 600 times.
Flare time enhancement in X-rays can be by several
orders of magnitude. The effects of these sudden
enhancements in X-rays on terrestrial systems can
be severe and will be discussed separately in a later
section.

Fig. 1 shows ratio of the spectral irradiance from
solar maximum (January 1979) to the irradiance near
the minimum (July 1986) for cycle 21, plotted for
25A wavelength intervals?. However, the ratios can
be very high for emissions at a discrete line with
in an interval as compared to the average for the
entire wavelength interval. The variation of solar
irradiance with solar activity depends on the region
in the solar atmosphere from where it is produced’.
The variation of H Lyman o line produced in the
upper chromosphere is approximately 2:3 times,
while it is 8.0 times for Fe X V(284 A) line produced
in the corona. The photospheric variations in the
wavelength interval 1700-1750 A are only by
1.16. This number approaches 1.0 as we move to
wavelengths greater than 2200 A.

Solar Particle Emissions

The solar wind or the interplanetary medium is
a fully ionized and electrically neutral plasma that
streams out continuously from the inner corona
carrying the magnetic field. The solar wind consists
of electrons, protons and Helium nuclei. Typically
solar wind traverses with an average speed of
400 km/sec and has a mean plasma density of
8.0 p/cm®. During solar phenomena like flares
and Coronal Mass Ejections (CME) when large
amounts of solar material is ejected the wind speeds
attain higher values of 700 km/sec or even more
depending on the intensity of the solar event and
densities can also increase to values of 30 p/cm? and
more during these events. While the total energy in
the solar particles is less than 0.01% of the total
solar irradiance, its importance arises from two
points. Firstly the upper atmospheric domain where
these particles deposit their energy is extremely
tenuous and thus is vulnerable to even very small
energy inputs. Secondly, the short term and solar
epoch variability in the particle emissions can be
orders of magnitude and hence is important to
space weather forecast.
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Fig.1 The ratio of solar spectral irradiance near solar maximum during January 1979 to the irradiance near solar minimum during
July 1976 for solar cycle 21. The ratios are plotted for 25 A intervals of wavelength?
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Information on solar wind parameters has been
collected from experiments flown on a number of
satellites. These include observations from ISEE-3,
Helios 1 and 2, OMNI, IMP-8, Ulysses and the recent
WIND, ACE satellites. The WIND and ACE satellites
have been providing real-time information on solar
wind, inter planetary magnetic field and energetic
particles. They measure solar wind parameters from
the L1 vantage (Sun-Earth equilibrium point) and
provide approximately 1-hour advance warnings of
changes in the magnetosphere before it arrives at
earth’s magnetosphere boundary*>.

These solar wind particles will be travelling in
a complex interplanetary medium with not-yet-
understood hydro magnetic and plasma perturbations
accelerating their passage towards earth. The
interplanetary shocks and geomagnetic storms that
often follow these particle events can cause a variety
of terrestrial effects such as disruptions to radio
systems operating in a wide range of frequencies and
also can create electric currents that affect systems
on the ground. These particle effects at terrestrial
levels occur with a delay ranging from less than an

hour incase of proton events to more than a day in
case of geomagnetic storms. Fig. 2 gives a schematic
description of the time delays involved in energy
transfer to near-earth environment during different
phenomena®. Some of the effects due to these
phenomena on our technological systems are discussed
in later sections.

To estimate the terrestrial effects of these solar
phenomena we need to know about the energy spectra
of the particles produced during solar events and also
about hot plasma injected into the inner magnetosphere
during magnetic storms and sub storms. Hence, the
two main concerns of space weather are solar events
like CMEs and magnetic storms.

Until 1980s the large solar flares with interplanetary
shock waves are considered to be the main cause
for magnetic storms of Sudden Commencement type
and the recurrence or gradual commencement types
are found to be associated with the coronal holes
which are sources of intense but steady solar wind.
In addition isolated filament eruptions are also found
to be associated with magnetic storms. However,
discovery of CMEs has lead to a major change in
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the thinking regarding flare-associated storms. CMEs
are now considered to be mainly responsible for
geomagnetic storms” 8. There are also studies to show
a one-to-one correspondence between CMEs and
interplanetary shock waves® !°. Though solar flares
and CMEs are two different phenomena, which can
occur independently, they have also been observed
to occur often in association!!*12, It is now considered
that flares associated with CMEs are a secondary
consequence rather than a cause of CMEs!3. However,
this cause - effect relationship is still being debated.
Many physical processes are also found to be common
to both these phenomena which produce
electromagnetic radiation and particle fluxes in a
similar manner.

Coronal Mass Ejections (CMEs)

The Solar energy is expelled only in two forms;
one in the form of electromagnetic radiation
appropriately represented by solar ‘spectral irradiance’
and the other in the form of solar plasma which under
normal conditions is called the solar Wind. It is well
known that changes in the total solar spectral irradiance
are insignificant (less than one part in a thousand)
even during a major solar event. It is because the
fraction of electromagnetic energy in the very short
wave lengths (<100A) is insignificant and it is only
in these very short wavelengths that the energy
explodes by orders of magnitude during a major event.
However, the total energy output from solar plasma
can jump by orders of magnitude during an event
and it is this variability that basically constitutes the
space weather. It is in this context that the Coronal
Mass Ejections (CMEs) which represent the largest
mass expulsions from the sun are of primary concern
to space weather watchers.

The classical view of a solar flare (usually detected
by a sudden brightening in the chromospheric lines
such as Ho) being the sole progenitor of an
interplanetary disturbance resulting in a geomagnetic
storm was challenged in 1970s and by late eighties,
CME had emerged as the dominant solar event
responsible for geomagnetic storms?.

CMEs are large expulsions of plasma along with
the magnetic field from the sun. It is sometimes found
that the leading edges of CMEs are moving outward
away from the sun at much higher speeds than normal
solar wind. Thus, the fast CMEs can represent plasma
blobs or plasmoids moving rapidly outward in the

heliosphere. Their outward motion can lead to a great
distortion of the ambient interplanetary medium and
give sufficiently high relative speed. CMEs can be
drivers of strong interplanetary shock waves. The field
compression and draping of the magnetic flux around
the CME would lead to stronger than normal magnetic
fields at the leading edge, and the associated plasma
flow velocity would be high. This leads to large
compression and distortion of magnetosphere as
the CME associated shock wave impacts the
magnetosphere! 15, CMEs are important in space
weather forecast because of the perturbations they
produce in the solar wind and consequently the
terrestrial environment.

The experimental data sets from spacecraft such
as Skylab, SMM, Helios have greatly contributed to
the understanding of CMEs. In general, CMEs are
more frequently associated with near-surface activity
in the form of erupting filaments and long duration
X-ray events than with optical flares, although the
fastest, most energetic CMEs are usually flare-
associated’. Sheeley et al.!® found that the probability
of associating a CME with a soft X-ray flare increased
linearly with the flare duration, reaching 100% for
flare events of duration > 6 hours. Studies have also
shown that the latitude distributions of CMEs more
closely match those of filaments than of active regions,
flares or sunspots’.

Some of the major CMEs can throw out as much
mass as 10 billion tonnes (10'® gms) with energies
upto 103 ergs'”. While we are beginning to understand
the CME phenomena, thanks to data from recently
launched satellites including YOKOH, Space weather
predictive capability is much more demanding. The
precursor phase of a flare associated CME is hardly
20 or 30 minutes when weak enhancements in
microwave, EUV and X ray intensities are recorded
along with Ha brightenings. The problem is that
such signatures of pre-flare heating do not seem to
be unique and the data sets available as of now are
not statistically adequate to formulate a prediction
programme.

Solar Wind - Magnetosphere Interaction

The solar wind plasma as it streams past the earth
interacts with the earth’s magnetic field and confines
the magnetic field to a cavity called the magnetosphere.
At the magnetosphere boundary the pressure exerted
by the solar wind plasma is equal to the pressure
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exerted by the field with in the magnetosphere. While

the day side magnetosphere remains in a suppressed:

state due to contirtuous pressure exerted bv the solar
wind, the night side magnetosphere has a tail like
structure with elongated field lines swept back from
the day side. Since, solar wind flow is almost © lk;ivays
supersonic (super-Alfvenic), a shock called bow
shock, forms sun ward of the magnetospheric cavity.
The magnetopause separates the magnetosphere (a
region dominated by earth’s magnetic field) and the
region of shocked solar wind. The region between
the shock surface and the surface of magnetosphere
is called magnetosheath!®. Fig. 3 is a schematic
representation of magnetosphere showing the various
features described above.

The normal quiet time boundary of the
magnetosphere is around 10 Re and moves inward
during magnetic storms. Geostationary satellites (GOES
6 and 7) have observed magnetopause crossings at
6.6 Re during a large number of magnetic disturbances
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that occurred during 1989-1991!92%. In case of severe
storm of August 4, 1972 storm magnetopause
crossings at as low as 5.2 Re have been reported
by Cahilt Jr. and Skillman?'.

The earth’s strong magnetic field also traps the
solar wind particles in a limited region (L=2-7) with
in the magnetosphere. These trapped particles
experience varying magnetic field strength as they
gyrate along the earth’s magnetic field lines and as
a result drift across the magnetic field. The direction
and magnitude of the drift depends on the polarity
of the charge; electrons drifting to the east and protons
to the west. These drifting charged particles, thus
form a belt- like configuration or a ring current around
the globe. Two such configurations are formed one
around L = 2 (inner belt) and the other beyond it
(outer belt) and are popularly known as Van Allen
belts, named after their discoverer. There have been
a number of satellite experiments to measure the
particles in radiation belts since their discovery by
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Fig. 3 A schematic portrayal of magnetosphere showing important regions
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Van Allen including the recent satellite missions such
as CRRES (Combined Release and Radiation Effects
Satellite) and SAMPEX (Solar and Magnetospheric
Particle Explorer)?>?*, CRRES with a perigee of 350
km and apogee 3000 km carrying highly sensitive
particle detectors covering the full energy range of
both electrons and ions from eV to MeV launched
on July 3,1992 has yielded valuable information on
radiation belt particles, structure and dynamics. An
important observation has been about the formation
of a second peak in the inner proton radiation belt
(L=2.55 Re), associated with the Sudden
" Commencement storm of 24 March 1991. One of
the objectives of CRRES was also to assess the effects
of trapped particles on electronic components in space.

To explain how the energy is extracted from the
solar wind by the magnetosphere two mechanisms
have been proposed namely the ‘viscous interactions’
by Axford and Hines®* and the other ‘magnetic
merging’ by Dungey?. It has been found that both
these mechanisms are operative. We will not be going
into the details of these mechanisms in this paper.
However, it is now well established that there is a
good correlation between southward component
(-Bz) of the Interplanetary Magnetic Field (IMF) and
the geomagnetic activity which is in agreement with
the concept of magnetic reconnection of Dungey®.
In this ‘magnetic field reconnection or merging model’
the direction of the IMF is crucial to transfer of energy
from solar wind to the magnetosphere. IMF originating
from the sun can be directed either south ward or
north ward in the ecliptic plane. When the IMF is
north ward same as Earth’s field then there is no
interaction between these fields; however when IMF
is southwards the two fields can merge easily near
the sub solar point of magnetopause and consequently
the energy is transported to the night side and into
the magneto tail.

There have been a number of studies’®?% on
geomagnetic activity in relation to IMF direction (B,)
and the results show that the occurrence of long-
duration, large magnitude south component intervals
(-B, events) is the major interplanetary cause of intense
magnetic storms(Dst <-100nT). Hence, information
on orientation, intensity and duration of -B, (or B‘z
events) becomes crucial to predicting geomagnetic
storms. It now appears that CMEs and IMF(B,) are
the two most important factors in geomagnetic
forecasting. The solar wind - magnetosphere interaction

uncertainties do pose a major problem in space weather
predictions.

Geomagnetic Storms

Intense world wide transient variations in the
earth’s magnetic field are called magnetic storms.
Magnetic storms are intervals of enhanced geomagnetic
activity lasting some tens of hours that are caused
by an unusually intense interaction between the solar
wind and the magnetosphere. The magnetosphere can
trap but a small fraction of the incident energy flux,
perhaps a few percent at the most. However, the tail
can store this energy for over an hour. This allows
the tail to store and release energy of the order of
a billion mega watts. This process of storage and
release of energy in the tail and its consequences
on the magnetosphere are called sub-storms?-3!,

When a transient plasma stream arrives at the
boundary of the magnetosphere with a speed
substantially greater than the steady solar wind, the
outer region of the magnetosphere experiences a strong
impact. As a result a sudden compression of the
magnetic field and the plasma occurs in that region.
This compression is transmitted inward as a
hydromagnetic perturbation, which arriving at earth,
is observed as a sudden increase in the magnetic field
that is called Sudden Commencement (SC).

The initial phase of the magnetic storm is defined
as the time period of the magnetic fluctuations between
the SC and the main phase decrease. A geomagnetic
storm is identified in general by the existence of a
main phase during which the horizontal magnetic field
(H field) on the Earth’s surface is depressed. This
depression is caused by the flow of an enhanced
westward ring current at about 3-4 earth radii. The
enhanced ring current is simply an intensification of
the quiescent ring current. The ring current also
represents a large storage of energy, in contrast to
magneto tail it does not release its energy quickly.
Ring current energy decays slowly over hours to days.
The main phase is followed by a gradual return towards
the normal level of H-field and is called recovery
phase. As an example, the geomagnetic storm recorded
at New Delhi on 17 November 1989 is shown in
Fig. 4 depicting the various phases.

Details of overall geo space energy budget
and typical dissipation powers during storms and
sub storms given by Baker'* can be summarized
as follows:
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NOVEMBER 17, 1989 MAGNETIC STORM
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Fig. 4 Magnetic storm of 17 November 1989 recorded at New Delhi showing different phases of the storm

Only 1% of incident solar wind (103 - 10* Watts)
is coupled to the magnetosphere, a part of which
is stored in the ring current. The transport and loss
mechanisms include ring current injection,
ionospheric joule heating, auroral precipitation,
auroral luminosity, auroral kilometric radiation.
The total power involved in sub storms is a few
times 10'! Watts while major storms can exceed
10'2 watts.

The quiescent ring current is carried mainly by
protons of solar wind origin and there has
been conclusive evidence from recent satellite
experiments to show also the presence of O* ions
(about 10%) of ionospheric origin. It has also been
found that percentage of O* increases dramatically
during geomagnetic storms. Fig. 5 shows the
overwhelming increase in the O* contribution (more
than 70%) to the total ion energy density during the
storm maximum of severe storm of March 24, 1991
in the ring current region at L=5-6 as measured by
CRRES-MICS*,

As geomagnetic storms present a major concern
in space weather, their prediction even a few hours
in advance assume great significance in safe guarding
our technological systems. If a CME is associated
with a flare (which can be observed in Ha, X rays
or in microwave bursts) it is possible to predict the
onset of a storm. The other technique is to have a
satellite or a space probe between the Earth and the
Sun which can monitor the plasma characteristics and
send a radio message. But the geo-effective character
of an event depends on how the ejecta can manipulate
the IMF to be oriented in the southward direction.
Some of the mechanisms include shocked southward
fields proposed by Tsurutani e al.?® and also Tsurutani
and Gonzalez*®*, and Field dropping by Mc Comas
et al.. The energy injection mechanism in to the
magnetosphere, in its simplest terms, is now well
understood. IMF is interconnected to the dayside
magnetospheric field leading to enhanced
reconnection of night side fields with the resulting
injection of plasma sheet particles in the night side.
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Fig. 5 The great magnetic storm of March 24, 1991; time profiles of (top) the H* and O* contributions to the total ion energy density
in the ring current region at L= 5-6 (as measured by CRRES-MICS), and (bottom) the 5 minute Dst index™



A REVIEW OF SPACE WEATHER ISSUES RELEVANT TO INDIA 9

The earth’s magnetopause can also absorb solar
wind energy on the dayside through a viscous
interaction originally proposed by Axford and
Hines in 1961. This energy coupling which is
independent of IMF direction is now supposed
to be very small compared to the input through
nocturnal field line reconnection process.

Solar Induced Disturbances and their Effects on
Terrestrial Systems

Solar X-Ray Events

During a solar flare, X rays (<lnm) increase in
strength so as to produce increased ionization in
ionospheric ‘D’ region. This increase in ionization
leads to several phenomena collectively called Sudden
Ionospheric Disturbances (SID). X-ray events last
from a few minutes to an hour and occur more often
during high solar activity years. During a typical high
solar activity year there will be several hundreds of
C-class X-ray flares a few tens of M-class flares and
several X-class flares. The X-ray flare classification
is based on the peak flux @ (watts/m?) in 0.1-0.8
nm spectral range measured by satellites and is as
follows:

Class C 10% < @ <10 (watts/m?)
Class M 10° < @ < 10 (watts/m?)
Class X 10 < @ (watts/m?).

During a very large X-class flare there will be
total communication blackout for a few 10s of minutes
through out the sunlit hemisphere at all frequencies
in the HF band. However, during lower classes of
X-ray flares it is only the lower bands of HF that
will be affected and for shorter duration. These
disruptions / total fade outs are due to increased
absorption in the ionospheric D-region consequent
to increased flare time D region ionization. These
events which occur suddenly are known as Short Wave
Fadeouts and are particularly severe at low latitudes.

In addition, VLF radio systems using earth-
ionosphere wave guide mode may also experience
problems in communication and navigation as phase
and amplitude of VLF signals may change due to
variations in lower ionospheric heights during X ray
events. Simultaneous with the X-ray emissions solar
flares also emit increased radio noise in a wide band,
which can interfere with communication and radar
systems.

Prediction of this segment of space weather events
is nearly impossible though valiant efforts are on in

flare forecasting for some decades now. Fortunately,
all contemporary high reliability communication
systems now have alternatives to HF and to VLF
navigation systems which are impervious to these
SID events. But for disruptions to HF communications
and VLF navigation systems X-ray flares are not
known to cause any damage to satellites or satellite
based radio systems.

Solar Proton Events

Extremely energetic protons can be emitted during
a flare with energies on occasions having values
greater than 1GeV. The arrival times for extremely
high energy particles can be with in a few minutes
of X-rays and radio emissions. However, most of
the proton events are associated with particles having
energies in the range of 10 - 50 MeV and have onset
times in the order of an hour after their acceleration
and release into the interplanetary media®>-3¢.

The proton events are relevant to polar latitudes
where energetic particles have an easy access due
to open magnetic field line topology at these latitudes.
The initial effect of a proton event on the earth is
the Polar Cap Absorption (PCA) event leading
to total communication disruption in HF
communications. VLF propagation in duct mode also
will be affected due to these events in polar regions.
These protons also effect satellite systems in a
different way as discussed in the following section.

Particle Effects on Satellite Systems

In case of high energy particle events the protons
or the heavier nuclei may bombard space craft in
geosynchronous orbits and penetrate into the system
and excite the charge carriers in the active volume
of sensitive electronic chips causing serious damage.
These events are known as Single Event Upsets (SEU).
For example a major solar event can easily penetrate
40 mm of aluminum while even a 3MeV electron
can pierce through 6 mm. This also demonstrates
the danger astronauts face during their extra vehicular
activities. There have also been instances when satellite
systems are affected due to enhanced flux of high
energy electrons (>2 MeV) at geosynchronous orbits.
When the impacting eléctrons generate an electric
field that exceeds the break down strength of the
material, then a pulsed discharge may occur. When
these extraneous signals resulting from the plasma
discharge are injected into the system, very serious
system damages may occur. The charge storage and
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pulsed discharge is called ‘deep dielectric charging’
or * bulk charging’*’. Coronal holes which are sources
of high speed solar wind can also generate large fluxes
of high energy electrons and increase the possibility
of excessive bulk charging in geosynchronous
satellites.

Some examples of deleterious effects due to such
Single Event Upsets and Bulk charging events on
satellite systems have been reported by Baker!*3%
Shea and Smart®. The solar cycle 22 has been
exceptionally active producing some of the most
intense and spectrally hard particle events causing
havoc to satellite as well as ground based technological
systems. Fig. 6 shows an example of such an event
observed from integral proton flux measurements from
geostationary satellite GOES -7 during the period
29 September to 5 October 1989. Sudden increase
in the energetic particles by several orders of
magnitude on 29 September 1989 may be noticed'“.
A recent detailed study by Prof. H Koskinen and
his group at the Finnish meteorological Institute,
Helsinki*® discusses more than 30 satellite system
failures due to space weather disturbances. These
include Canadian communication satellites Anik E1
and Anik E2 on 20-21 January 1994 and Telstar 401
of AT&T on 11 January 1997 during very modest
solar activity. The momentum wheel control circuitry
of Anik satellites suffered operational anomalies
causing loss of altitude control. Anik E2 satellite whose
control could not be gained with the help of back
up circuitry played havoc with telephone, television
and computer data transmission services in Canada.
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Fig. 6 GOES 7integral proton flux measurements at geostationary
orbit for the period 29 September - 5 October 1989. A large
solar energetic particle enhancement began suddenly on
29 September'*.

About two years later on 26 March 1996 Anik El
again suffered a set back due to space weather
problems, this time permanently. The satellite suffered
a major power loss when its lowe- solar panel was
electrically severed from the satellite pay load and
as aresult the communication capability of the satellite
was severely degraded. A major storm occurred on
10 January 1997 when several satellites reported larger
induced voltages and Hawai and Colorado stations
recorded high particle fluxes at ground level. The
SOHO satellite of USA reported a sharp increase
in the CME induced solar wind velocity around 0400
UT on 10 January 1997.

Galactic cosmic rays (GCR) can also interfere
with the performance of satellite based systems. Low
altitude polar orbiting satellites are in particular
vulnerable because of easy and direct access of GCR
to polar regions. However, at equatorial latitudes they
are shielded by the terrestrial magnetic field and aiso
by the dense neutral atmosphere from reaching the
terrestrial levels. GCR mostly consists of protons and
alpha particles and significant levels of carbon,
nitrogen, oxygen and other medium-mass nuclei. In
addition, it also has considerable levels of heavy ion
population (including iron nuclei). The main problem
is due to heavy Fe (iron) nuclei which can cause
severe tissue damage in humans and major
single event upsets. The GCR energy spectrum near
Earth’s orbit peaks in the energy per mass range
1-10 Gev/nucleon. The intensity of GCR in general
varies over a 11-year period but is anti- correlated
with sunspot cycle.

Geomagnetic-Storm Induced Effects

Ionospheric Storms

High Frequency (HF) radio wave communications
are affected globally but more seriously at high and
mid latitudes during magnetic storms because the
ionospheric F layer responsible for reflecting the HF
signals is disturbed from its average behaviour during
magnetic storms. During these periods, alternate
frequencies may have to be employed for the HF
links as the predicted optimum working frequencies
may not be suitable. The ionospheric response to
magnetic storms is latitude dependent and also varies
with the intensity of the storm and its time of
occurrence. While F layer critical frequencies (foF2)
decrease remarkably at high and mid latitudes they
tend to increase marginally at low and equatorial
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latitudes especially during day time*°. During night
time the variations at low latitudes can be complex
with both negative and positive responses*!. The F
layer peak heights in general increase at all latitudes.

HF communication failures are more serious at
high latitudes and radio operators may have to
necessarily change the operating frequencies to suit
the disturbed ionospheric conditions. At equatorial
and low latitudes the problem is not generally serious
except during severe storms particularly during night
time, because the F region electron densities undergo
sudden and sharp decreases in response to storm
induced variations in electro dynamical drifts as well
as in the magnitude and direction of neutral winds.

Ionospheric models for predicting magnetic storm
-time departures in Maximum Useable Frequencies
(MUF) for HF links are available to suit the needs
of different countries and are being routinely used
for providing frequency updates to HF operators. For
Indian region such ionospheric prediction models have
been developed both for quiet and disturbed ionospheric
conditions, at National Physical Laboratory, New
Delhj*24,

Fig.7 shows the percentage deviations in Maximum
Useable Frequencies (MUF) from their monthly
medians for Kodaikanal an equatorial station for severe
storms of 26 August 1990 and 24 March 1991. The
large negative departures by as much as 60% from
the monthly medians during night time when the main
phase of the storm is in progress can cause severe
disruptions to radio communications in HF bands and
advance warnings of these situations are of particular
interest to radio communicators.

Effects Due to Induced Currents

As the solar wind sweeps past the magnetospheric
cavity, large scale electric fields are induced in the
magnetosphere and ionosphere. In addition, the
nocturnal plasma entry accelerates the particles as
they hurtle towards high latitudes causing intense
currents in the ionosphere-magnetosphere system
which creates a magnetic field which in turn induces
electric fields in the vicinity. These electric fields
especially at mid and high latitudes produce currents
in the earth below. These currents are known as
geomagnetically induced currents (GIC). Serious
problems have been recorded for many years now
in electric power transmission at mid and high
latitudes. The voltage induced between the earthing

points of two transformers by GIC can drive large
DC currents through the transformers blowing up the
system. As in power supply grids, GIC can damage
telecommunication cables through high potential
differences. Oil and gas pipe lines suffer from corrosion
and irreversible damage when electric current flows
from the metal into surrounding grid. However, these
problems are extremely rare for Indian latitudes and
do not merit any detailed discussion here.

Satellite Orbit Perturbations

Neutral atmospheric densities can vary greatly due
to changes in solar EUV flux and geomagnetic activity.
These variations in density can affect the trajectories
of low earth orbit satellites because the drag force
responsible for orbital perturbations is linearly
dependent on the atmospheric density in addition to
other factors like atmospheric wind etc.

In the present era of increasing space based
activities, studies on neutral density variation are of
great practical interest because of their importance
in prediction of spacecraft life times, on-board fuel
requirement, control, tracking, propulsion and reentry.
The EUV radiations that are absorbed in the
thermosphere show large solar cycle variations and
these variations can cause changes in the thermospheric
temperatures from 600 K at solar minimum to
1500 K at solar maximum. Changes in thermospheric
temperatures lead to density variations and neutral
densities can change by three orders of magnitude
at 500 km over a solar cycle*. During geomagnetic
storms density variations occur due to impulsive
thermospheric forcing associated with the storm and
these perturbations tend to propagate away from the
region of energy injection that is from high latitudes
to low latitudes. Storm-time density variations have
a complex latitudinal and local time morphology.
Bumns and Killeen*” using the data from Dynamic
Explorer 2 (DE-2) pertaining to a large number of
storms have shown that in general perturbations of
several 10s of percent can occur in response to
geomagnetic storm-time forcing even at equatorial
latitudes and for upto 12 hours after the storm
on-set.

The neutral densities also vary in response to
variations in tides, gravity waves etc., by as much
as 20% a discussion of which is beyond the scope
of this paper.
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Ionospheric Time-Delay Effects

Global Positioning System (GPS) operates by
transmitting radio waves from satellites to receivers
on the ground, aircraft or other satellites. These signals
are used to calculate location very accurately. However,
a significant error in position fixing can result because
of the group delay the radio wave undergoes as it
propagates through the ionosphere. The time delay
is proportional to the Total Electron Content (TEC)
and inversely proportional to the square of the
operating frequency. Even at 1GHz, the time delay
can result in a range error exceeding 40 meters in
satellite based ranging systems.

Future high resolution applications of GPS
technology will require better space weather support
to compensate for these induced errors. Accurate
specification and prediction of ionospheric conditions
for both quiet and disturbed periods will aid in the
design and operation of these systems. In addition,
the electron content models for low latitudes have
to take care of large extents of day to-day variation
in electron content. TEC and Time delay estimates
have been made for the Indian region based on satellite
beacon as well as group delay measurements*49,

Ionospheric Scintillation Effects on Trans-
Ionospheric Radio Sys_tems

Ionospheric scintillations which are caused by
irregularities of F region in different scale sizes pose
significant problems to satellite communications
atleast up to frequency of about 6-8 GHz. The
ionospheric problem decreases rapidly as the
frequency increases above 4 GHz and beyond 10 GHz
tropospheric problems such as rain and water vapour
attenuation dominate the degradation in satellite
based radio system performance. While the spread
F related irregularities specially in the equatorial
region cause very serious problems in the VHEF, their
significance today is very limited because we have
practically no satellite system operating in VHF for
public at large. However, several satellites including
the Indian geostationary satellites are operating with
a frequency of 4 GHz in the down leg and the
scintillation indices have been large especially in the
equatorial anomaly region because the F region
electron densities here are very high.

The present day understanding of the definition
of equatorial spread F irregularities is reasonably good

about their causative mechanisms and morphology
though the predictive capability still leaves much to
be desired®®. Indian contributions in the area of
equatorial spread F, its origin and its effects have
been extensive!-8,

The two regions on the globe one around the

‘aurora and the other around geomagnetic equator are

known for intense ionospheric scintillation activity
arising due to presence of moving irregularities of
varied scale sizes in the ionosphere. When a radio
wave passes through these moving irregularities it
undergoes fluctuations in amplitude, phase, polarization
and angle of arrival and produce scintillations at the
receiver. Scintillation effects are comparatively more

‘severe in VHF and L-bands, but severe effects have

been also observed in C-band in the Indian region’®.

In view of the various deleterious effects of
ionospheric scintillations, it has become important
for a system engineer to account for these effects
while predicting the system performance. For this,
two kinds of information are required, one on the
morphology of scintillation occurrences and other
on the signal statistics. Based on this information
the necessary fade margins, data transmissions
rates depending on the type of modulation cun be
determined for different solar activity levels and
seasons®. Scintillation activity is mainly a night time
phenomena in Indian region and is observed more
frequently during high solar activity equinoctial
months as compared to other periods.

Fig. 8 shows scintillations recorded at
Sikanderabad (28.5N,77.7E) on 12 March 1991
simultaneously at 1.5 GHz (L.-Band) and at 4 GHz
(C-Band). While 1.5 GHz signals are from VOLNA
satellite at 85E, 4 GHz signals are from INSAT-1D
at 83E. The frequency dependence of severity of
scintillation activity is obvious from the figure. The
important point to be noticed is the peak-to-peak
fluctuations of more than 8 dB even at 4 GHz. These
scintillations in C - band can pose problems in VSAT
where allocated fade margins are only a few dB.

Space Weather Forecasts

Space environmental prediction service formally
started in 1965 by International Ursigram and World
Day Service (IUWDS) as a permanent service of
International Union of Radio Science (URSI) in
association with International Astronomical Union
(IAU) and International Union of Geodesy and
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Fig. 8 Shows scintillation activity recorded simuitaneously at 1.5 GHz (VOLNA) and 4GHz (INSAT 1D) on 12 March 1991 at

Sikanderabad

Geophysics (IUGG). This service now known as
International Space Environment Service (ISES)
established a chain of Regional Warning Centres
(RWC) spread over the globe to facilitate rapid and
efficient exchange of recent observational data on
solar and geophysical conditions between the
various centres. This service provides short term

forecasts on solar and magnetic activities including
alerts on solar and magnetic events several days in

advance®!.

The RWC (New Delhi) being operated from
National Physical Laboratory, New Delhi as a

part of the ISES chain caters to the needs of Indian
region. A daily message containing information on



A REVIEW OF SPACE WEATHER ISSUES RELEVANT TO INDIA 15

solar and geophysical parameters, energetic events
and short term forecasts on solar and geomagnetic
activity is issued by RWC (New Delhi) based on
a variety of observational information received at
the centre.

The need for accurate forecasts on space weather
has been increasing in the recent years as our
dependence on advanced technological systems is
growing in an exponential way. Many of these systems
are susceptible to failure or unreliable performance
because of extreme space weather conditions. The
immediate need is for reliable and quantitative models
so that space weather forecasts are made with sufficient
lead times to aid in mitigation or avoiding the problem.
An effective space weather program is closely linked
to the basic research in many space-related areas.
One needs to collect observational data using state-
of-the art experiments, understand the physical
processes and develop predictive models to provide
system designers with necessary inputs®2-%3,

To have a complete picture of the environment
from the present to future, forecasters need
observations from key locations beginning with the
origin of the disturbance at the sun and continuing
along their propagation paths into the near-earth
environment. For example, incase of geomagnetic
storms its prediction can be attempted in view of
the delay of 24 hours or more between the occurrence
of the solar event and the consequent magnetic
disturbance, soon after a solar flare or CME (a long
duration X-ray event or an eruptive filament may
be used as proxies) or a coronal hole is observed.
Proton events can serve as useful precursors to the
onset of a geomagnetic disturbance. Information on
radio noise bursts accompanying the flare, solar wind
speed, IMF direction and magnitude can be useful
in assessing the geo effectiveness of a solar event.
However, the situation is replete with problems. We
do not yet understand how some severe storms
have occurred for which no source could be
identified nor do we know why under similar set
of conditions a storm fails to occur. It is of great
interest and education to go through a list of such
difficult situations faced by space weather forecasters
given by Hruska et al.%.

Geomagnetic Storm Predictions

Progress in the prediction of geomagnetic storms is
a good example to demonstrate the very rapid

strides taken in this area in the last two decades.
Two or three decades ago, it was assumed that all
major geomagnetic storms are necessarily solar flare
associated. The flare ejecta and/or shocks were
interpreted as resulting from a pressure pulse caused
by flare energy deposition into the dense solar
chromosphere. Simultaneously, a remarkable
enhancement occurs in solar X-ray and radio emissions.
The old technique of predicting a magnetic storm
depended on recording the location and brightness
of an optical flare and the peak fluxes at several
radio frequency emissions and information on PCA’s
and proton events. Such predictions were provided
to various users in the country by the authors as a
part of the activities of the Regional Warning Center
(RWC) located at National Physical Laboratory, New
Delhi. An example being the prediction provided to
aid rocket studies of the ionosphere during storm
conditions on February 21, 1979. The context was
the execution of an Indo-Bulgarian project by the
Physical Research Laboratory, Ahmedabad. As rocket
launch preparations require at least a 24-hour
advance notice, the prediction was required at
least one day in advance and the prediction was
successful. But during the last two decades, such a
simple view of flare-induced storms has been
challenged. The latest thinking is that the massive
coronal mass ejections, CMEs, which can be
independent of flares are responsible for geomagnetic
storms. This “Solar flare myth” has been a subject
of intense debate in the space weather community
for some time®®”. Latest measurements with “WIND”
and “ACE” satellites tend to confirm the CME-based
theory. Some of the more recent techniques of
predicting storms are described by Joselyn®® and
Lundsted®. The techniques used are statistical
methods, linear filtering methods and artificial
intelligence systems and neural networks. The data
used are the complete characteristics of the solar wind,
the magnitude and direction of the IMF and coronal
Hole and CME occurrences. The largest magnetic
storms are as a rule associated with intense CMEs
embedded in fast solar wind streams. Obviously, the
fast solar wind manipulates and maintains the IMF
southwards and when CMEs arrive, the geo-
effectiveness of the event is remarkable. The
association between CMEs, shocks and geomagnetic
storms has been statistically demonstrated by
Gosling et al.,'® using data from ISEE -3 for the
period 1978 - 1982 and their results are shown in
Fig. 9.
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Conclusion

Space weather as a discipline is a subject of intense
international investigation presently. While there is
some significant progress in understanding the
various processes involved, the prediction of space
weather disturbances is still in its infancy. There are
two approaches to cope with the problem. One can
try to understand the mechanism and estimate the
effects on our technological systems and build
components and systems that are robust enough to
withstand the onslaught of the disturbances.
Alternatively, one can try to predict and take evasive
actions (such as switching off satellite based systems/

N cMEs ONLY
B SHOCKS & CMEs

MAJOR STORMS (14)

p.
N

MEDIUM STORMS (84)

establish back up systems) during the predicted
intervals of trouble. As prediction of solar events is
as hopeless as prediction of earthquakes, the only
possibility is a short term prediction by using data
from an adequate number of satellites far away from
Earth to conduct in situ measurements and radio the
information. Some of the key satellites which yielded/
are yielding valuable information are listed in the
appendix. Special mention may be made of the
ULYSSES satellite (launched in Oct. 1990) which
created history by completing a revolution around
the Sun in 1998. As it had an inclination of 80° (with
respect to solar equator), it provided the first results
of CMEs near the polar region. It unleashed rather

SHOCKS
[] NEITHER

LARGE STORMS (23)

SMALL STORMS(206)

Fig. 9 Shows association of CMEs and shocks with major, large, medium and small geomagnetic storms from 1978-1982",
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startling information (Fig. 10) that the solar wind
speed increases with latitude rapidly upto 35° and
modestly beyond’®. ULYSSES also confirmed that
the high speed flows from polar coronal holes spread
out to lower latitudes rather than flowing radially
outward from the Sun. The implications of the recent
discovery of enrichment of ring current with heavy
O* ions are also obvious and significant. The single
event upsets perhaps now can be explained as caused
by these O* ions without bringing in any extra
terrestrial heavy ions. Many more satellites are on
the anvil and an exiting period is ahead in solar
terrestrial physics.

Appendix

Geomagnetic Storms - Some Major Mile Stones

1806 : “Magnetisches Ungewitter” meaning Magnetic
storms - Alexander Van Humboldt by observing
Magnetic needle deflections during Aurora.

1931 : Chapman & Ferraro suggest a transient blast of

flare plasma and current.
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