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Abstract : This paper presents the physics of the magnetosphere in relation to geo-
magnetic micropulsations and summarises the significant results of the studies conducted
and work in progress on geomagnetic micropulsations in Sri Lanka. “

1. Introduction

About twenty five years ago, it was generally thought that interplanetary space was
empty apart from sporadic gusts of wind composed of clouds of gas ejected from the
sun and travelling outwards from the sun. Magnetic disturbances and auroral
displays observed on the earth were explained in terms of these gusts of wind.

However, in the early 1950s, it came to be realised that the tails of comets
could not be explained in terms of the pressure of light radiation from. the sun as
as the view then held. Calculations and certain experimental observations indi-

cated that there must exist a continuous stream of ionised hydrogen atoms and

electrons streaming out of the sun — a sort ol solar wind. It was this wind blowing
on the comets which formed their tail. Tt also becanic apparent that this solar
wind must bs continuously blowing on theearth system with its atimnosphere and mag-
netic field. The actuality of the solar wind was directly verified in 1962 through
observations from space probes. It was also observed that the earth’s magnetic field
was distorted in a most remarkable way by the solar wind (Figure 5) and that the
earth’s maguectic field occupied a clear-cut comet shaped region of space with the
solar wind flowing round it like a high speed wind flowing round an obstacle.
The comet shaped region occupied by the carth’s magaetic field is called the
magnetosphere (although it is not a sphere).

The magnetosphere is shaken by irregularities and gusts in the solar wind
and this gives rise to the small fluctuations in the earth’s magnetic field observed
at ground stations. These fluctuations which often have a definite periodicity are
called geomagnetic micropulsations.

'
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2. The plasma state

Matter in space is largely in th,e state of an tonised gas, called the plasma state.

-The plasma state of matter is very different from the solid, lnquxd and gaseous
states that we are more familiar with. An understanding of the plasma state,
especially its behaviour in a magnetic field, is a prerequisite for understanding
the magnetosphere. '

One of the basic propertics of an ionised gas isifs tendency towards electrical
neuatrality.!t If over a large volume, the number deusity of electrons deviates appre-
ciably from the number density of positive ions, then comparatively large electro-
static forces result which yield a potential energy per particle that is very much larger
than the mean random thermal kinetic energy. The principle of cquipartition
of energy does notallowsuch a deviation to exist and consequently any deviation
from ¢lectrical neutrality would usually die down quickly.

A simple calculation helps to give a working definition of a plasma. Suppose the
number density of electrons and positive lons ina gas arc ne and n; respectively,
and that each ion carries a chargec. The charge density in the gas would be
(n; - ne)e. For simplicity let it be assumed that the charge distribution gives an
electric field only in the x direction and that the associated electrical potential

¢ is given by Poisson’s equation according to 9*¢/0x* = —~(n;-ne) ¢feo where the
usual notation of SI units has been used. If the electric field (i.c. -8¢/ox) is con-
sidered to be zero at a centre of symmetry at x = Oand if we fix¢ = 0 at x =

then assuming that n; and ne do not vary with distance, the expression for(,) is :
¢ = (n; ~ng)ex?2¢,. This means that if a particle with charge ¢ moves in fhe X
direction through a distance d fromw the centre its potential energy will-change
by an amount AW = | n;- n, | ed?/2¢,. The value of d which makes AW == JKT,
where T is the temperature of the gas in degrees Kelvin and k is Bolt/manns

constant would be d == [kKT/ | n; - ne | e*}t. When the relevant values of fthe constants

are put in, oneobtains d = 6.9 (T/ [ n; - ne [ )* cm where n; and ne are expressed in
particles per cm3. This value of d is called the * Debye shielding distance”
Physically, d would be the distance over. which a given deviation from electrical
neutrality can be maintained. The principle of equipartition of energy will not
“allow such a deviation to exist over a greater distance without it dying down
almost immediately. 1f d is inuch smaller than other characteristic lengths of
the problem then the tonised gas is called a plasma.

3. Disturbances in a plasma i in the presence of a magnetic field
From. the definition of a plasma, it is clear that for phenomena varying slowly
compared with the decay time of any charge density that may develop in the
madium, it can be stipulated that the charge density is zero and hence also the rate
of change of charge density. - Then, since in basic electromagnetic theory the
displacement current D comes from a rate of change of charge density, it follows

Lo
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that in slowh varying phenomena in pl asms, D can be neglected.  When
considering the behaviour of a plasma 31( a magnetic field, if atteation is limited to
slow variations where D can be neglected, the subject iw;l ed mnagnetohydrodynamics
or MHD. If fast variations are considered where [ cannot be neglected, such as
for radiowayas passing through the onosphere, the subject 15 ¢alled magnero-ionic
ifreory.

4, Elements of magnetshydrodysamics (MED)

[n MHD, the plasma bu sves essentially like an electrically conducting  fluid
moving in the pi‘escncc of & magnetic field.  As ult of thz motion, electric
currents are induczd in "’hc fluid and these electric carrents produce magnetic fields
of their own which modify the ambicnt field. At the same time, electiic charges
travelling in a magaetic ficld are subjected to the Lorentz foree, and this modifies the
motion of the plasma.  Thus one visualises constant interaction between field and
motion. Tt would be clear th:lt the interaction must become unimportant for very
rapid field variations because of murt,a, and hence, once again, it must be stressed
that the subject of MHED is restricted to relatively slowly varying phenomena.

The fundamieatal equations governing MHD are -

Zf o div (py) == )
e o[ E-bugl v p HY) (2)
Curl Ho=—j (3)
Curl Foe= - ualf “
divH =0 : &)
divD =0 (6)

e ¢ 15 the masy density of the medium, v the veloaty of the medicm, J the
‘uucnt d\,nniy, o the electiical conductivity aad £, H and D are the field vectors
which have their usual sig nen. Bquation (1) s merely the law of conservation
of mass. Equation (2) incorporates the Lorentz foree on charged particles moving
in a magnetic field. Tquaticns (3) to (0) are Maxwell’s equations neglecting the
displacement current. Combining (2) and (4) and thea substituting for j from
{31t is easy to show that -

. 1
Howx Curl (v, H) + — V24,
P97
H is seen to be s sum of two parts.  Leb us consider them separately. If
H = Curl (v  H), then from (4) and (2} it follows that j = 0, which wculd inean
that there is no relative motion between the conducting uneuiral medium and  the
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magnetic lines of force. " In other words, the magnetic lines of force are frozen
into the mediun and carried with the mediom. IfL isa typical livear dimension
of the mediwm a typical relaxation time for the transport of H lines by this process
would be L/v. On the other hand, if we consider the second part separately and
put H = (1/u,0)72H we have a typical diffusion equation witha diffusion coefficient
o= 1/uye which tells us that any applied magnetic field inhomogeneity will tend to
become homogeneous by lines of force slipping through the medium with a time

constant of the order of L2 0. In the general situation, both these effects are

present; that is, lines of force are partially carried with the medium, but there is
also some slipping of the lines of force through the wmediun,

There is an analogous situation in hydrodynamics in the viscous flow of Huids.
We distinguish between streamline flow and turbulent flow. Tn streamline flow, the
streamlines are stationary and the fluid slips through the streamlines easily. In
turbulent motion, the strecamlines tend to be carried with the Auid. A characteristic
number called Reynolds number given by R = Lvon~! determines when turbulent
motion is important. -

In MHD, there is a similar number which could be culled the magnetic
Reynolds number, given by Ry == Ly, which determines whether transport
of magnetic lines with the medium dominates or whether the slipping of lines
through the medium dominates. If Ry> > 1, then transport dominates and the
magaetic lines are effectively frozen into the medium ; if Ry < < | then agnetic
lines diffuse ewsily through the mediem. The rondition Ry>> 1 is very rare
under laboratory conditions. Fowever, in space, on a cosmic seale, L can be very
large and the condition Ryy > > 1 is easily satisfied, and in tact this is the situation
that is usually met.

The freezing in of magnetic linss of force into a plasma introduces stresses within
the plasma .medium. Since the magaetic enaroy per unit volume in a magaetic
field is po H?/2 (81 units), the principle of virtual work leads to the result that a
magnetic field subjects the plasma to  tensional stress of vo/H? 1n the direction of
the lines of force and simultaneously to o hydrostatic pressure of meH?/2 in addition
to the normal gas kinetic pressure produced by the random thermal motion of the
gas particles. In other words, one looks on the lines of magnetic ferce as tant-strings
embedded in the plasma medium which subject the mecivm to a tension, whilst at
the same time, they also cause an incréase in the hydrostatic pressure of the

edium. This picture is most helpful in understanding qualitatively the various
typss of low frequency mechanical waves that can travel through a piasma in a
magnetic field.

Agu
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5. Waves in a plasma in a uniform magnetic field

When parts of a plasma medium are displaced, restoring forces of two types can
come into play. There is the normal type of pressure force involved through
compressions and rarefactions of the medium. If this is the only type of restoring
force involved, then we have pure sonic waves. On the other hand, any movement
of the plasma medium at right angles to a line of magnetic force will carry the line of
force with it and cause a magnetic restoring force to act. If the restoring forces
operating are purely magnetic in origin, they are called hydro-magnetic waves. Often,
both types of restoring force are involved and the resulting wave is then called a
magneto-sonic wave.

If the movements of the medium are in the same direction as the lines of force, then
there is no distortion of the magnetic field. Only gas kinetic pressure forces
arising out of the compressions and rarefactions of the medium are involved and
we have pure sonic waves propagated parallel to the lines of force with the usual
velocity of sound, given by C;= (yP/p)¥ where v, P and p have their usual
significance. If the movements of the medium are at right angles to the lines of
force, we can have two situations. In one, there are no pressure fluctuations invol-
ved, for example, when there is a twist of a bundle of lines of force. The restoring
forces involved are then purely magnetic in origin and are due to lines of force acting
like stretched strings. The velocity of these twist waves travelling along lines of force
would by analogy with the velocity of transverse waves along a stretched string, be
given by Vo= (p H%p)* where H_ is the strength of the ambient magnetic field.
These are the pure hydromagnetic waves, which are also called Alfvén waves,
after Alfvén who first visualised their existence. In the second situation, the
movement of the medium at right angles to the lines of force causes pressure
fluctuations in the medium caused both by gas kinetic compressions and rare-
factions and by magoetic field strength variations produced by lines of force
moving towards and away from each other. It can be shown easily that the velocity
of such pure longitudinal magueto-sonic waves travelling at right angles to the
lines of force is (Cy2+V,42)3,  These are the simplest cases. When the direction
of propagation is not along lines of force or at right angles, the situation is compli-
cated but, as' will be explained below, two basic modes could be distinguished.

Three basic vectors characterise the type of wave that is propagated through the
plasma. Theyare H_ the ambient magnetic field vector ; k the propagation vector
of the wave, which is in the direction of propagation of the wave ; and v the particle
velocity in the medium associated with the wave. Now, any v can be resolved
perpendicular to the plane (H, , k) and parallel to it, and this enables us to recog-
nise two basic modes : (a) v perpendicular to the plane (H,, k) called the transverse
mode and (b) v coplanar with (A, k). Suppose the angle between the direction
of propagation of the wave front (i.e. k) and Hyis ¢. The phase velocity in case ()
3—13346
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is V == Va cos ¢ and the wave is essentially a transverse Alfvén wave largely
guided by the field lines bat with its wave front inclined to the field lines. The
phase velocity V in case (b) can be shown to be the roots of the equation
V4 V2 (VA2 + Cs?) 4 Va2 Cs? cos 2 ¢ = 0 which foragiven ¢ gives two real roots
for V2 which correspond to a fast wave and a slower wave. In the magnetosphere,
conditions are such that VA>>>>Cs and thefaster mode corresponds to the magneto-
sonic wave described earlier, with V = (Va2 4 Cs?)* when ¢ = 90° and which dege-
nerates into the pure Alfvén mode with V = V4 when ¢ = 0. For intermediate
values of ¢, V takes on values between these two extremes. This mode 15 only
weakly guided by the field lines when Va >> Cg and is more or less isotropic. The
slow wave corresponds to the pure sonic wave with phase velocity V == Cs when ¢ ==
0°. In this mode, the phase velocity rapidly reduces to 0 as ¢ increases from
0 to 90°. Hence the slow wave is strongly guided by the field lines. Thus for a
given ¢, in general there would be three types of waves: (1) the transverse Alfvén
mode (2) the fast magnetosonic mode and (3) the slow sonic mode. A polar diagram
of the phase velocities of these three types ol waves takes the form shown in
Figure 1.

—~—

Fioure 1. A polar diagram of the phase velocities of the three modes of propagation.
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Type (3) waves are largely controlled by gas kinetic pressure fluctuations and
would therefore be unimportant where ion collisions in the plasma are rare like
in the magnetosphere. They. are likely to become important only in the lower
ionosphere. Hence in the main magnetosphere we need distinguish only two
main types of waves : the transverse Alfvén mode, guided along field lines and the
fast magnetosonic mode, which is more or less isotropic. In a uniform plasma
which is uniformly magnetised, these two modes arc independent. But non-unifor-
mity causes coupling between the two modes and this gives rise to elliptically
polatised waves, because in one mode v is- perpendicular to the plane (H,, k) and
in the other mode it is parallel to this plane. This elliptical polarisation of the
wave could be left handed or right handed with respect to the field lines. The
heavy positive tons in the plasma would gyrate round the field linesin a left handed
sense, thus qualitatively one would expect that the field lines would exert a bigger
control on the mode with a left handed polarisation. Hence since it is the transverse
Alfvén mode that is strongly controlled by the field lines, in the magnetospherc
where the maguetic field is not uniform, the coupling of the two modes would make
the Alfvén mode show left handed polarisation with respect to the field lines
whereas the magneto-souic mode which is only weakly controlled by the field iines
would show signs of right handed polarisation.

6. A plasma in 2 dipole field
Lt us consider an idsalised situation where the earth is associated with a dipole
magnetic field and is surrounded by a spherically symmetric plasma. Certain basic
types of waves can be visualised in such 4 plasma. Consider a magnetic shell, that
is, a family of field lines dropping into a particular latitude and having all longitudes.
In the earth model, it could be considered that the lines of force are effectively
anchored to the base of the icnosphere. One can visualise standing waves set up
on these field lines such that the particle velocities are always on the surface of
the shell (Figure 2). If all the field lines of a shell move togeiher, then these
movements constitute o twisting of the entire shell. The waves will be of the
Alfvén type and be confined to a torroid. Hence Alfvén type wavesin a dipole
field are often called torroidal waves. As in the case of a stretched sonometer wire,
the period of the fundamental mode of these torroidal waves ina magnetic shell
‘would be twice the travel timie of an Alfvén wave moving along the field line from
the conjugate points A and B of a field line. The period of the second harmonic
would bs half this pariod. These sigen periods would clearly depend on the length
of the field line and the actual plasma density distributien aleng the line, and hence
they would vary with the latitude of intersection of the shell with the earth’s surface.,

One can also visuzlise oscillations where the particle movements are at right
angles to the surface of a shell (Figure 3). Here, the magnetic lines move in the
meridian plane and move closer or away from lines in neighbouring shells, giving
rise to magaeto-sonic type waves. These are also called poloidal waves because the
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particle movements are essentially towards or away from a pole. These poloidal
waves move across the field lines and spread to fill the entire plasma rather than
being selectively guided by the field lines as in the torroidal mode. The fundament:!
period for standing waves of this type in the idealised earth model would be like that
of a resonance tube closed at-one end ; that is, four times the time taken for the
magueto-sonic wave in the fast mode fo travel from the ionosphere to the upper
boundary of the plasma.

It will be appreciated that in the poloidal mode, the entire plasma resonates and
the same period should be seen at all points. Oscillations in this mode should
therefore not be latitude dependent.

Fundamental 2nd Harmonic
Torroidal Mode

Freure 2. Standing wave patterns in the torroidal mode.

'g',,.<

,.
,
,
i
('\‘(M_ 2
|
N

Fundamental Znd Harmonic
Poloidal Mode

Trigyme 3. Standing wave patterns in the poloidal made.
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These are the simplest modes. More complicated types of standing wave modes
can be visualised where, for example, waves could be guided along field lines and
yet be localised in longitude giving rise to what are called guided poloidal type
oscillations. Obviously. very complex situations could arise. However, the
simple picture presented above suffices to obtain a basic understanding of some of
the oscillations that occur in the actual earth’s magnetosphere.

7. The atmosphere above the earth’s surface

Up to an altitude of about a 100 km, the atmosphere could be regarded as an
unionised gas. From 100 kin upwards, the atmosphere is appreciably ionised and
we enter the region called the ionosphere. Collisions of ions with neutral molecules
is frequent in the lower region of the lonosphere, but are less frequent in the upper
regions. Beyond an altitude of about 600 km, the mean collision interval is larger
than 600 s and the medium begins to behave like a plasma with geomagnetic field
lines frozen into it and supporting hydromagnetic and magneto-sonic waves of the
type described in the foregoing sections.

A uniform atmosphere seitling under gravity does so with its mass density p
decreasing exponentially with height. On' the other hand, the earth’s dipole field
H, decreases with altitude as the inverse third power of the distance from the earth’s
centre.  Under such circumstances, the Alfvén wave velocity Vi = ( woH,2/p )}
would decrease with altitude.

In the actual atmosphere, however, there are two regions where p decreases much
tmore rapidly than exponentially, causing V4 to increase with altitude. The first
of these regions is between an altitude of 1,500 km and 3,000 km. In this region
there is a very rapid decrease in p because the proportion of heavy ions compared
with hydrogen decreases rapidly with height due to differential settling under gravity,
At a height of about 3,000 km the plasma virtually consists entirely of hydrogen
and there is again an exponential decrease in ¢, causing VA to decrease with altitude
again.

The second region begins at an altitude of about 12,000 km, which is about 2
earth radii above the earth’s surface and extends up to an altitude of about §
earth radii above the earth’s surface. In this region, collisions are so rare that ions
spiralling round lines of force and mirroring between coijugate points begin to build
up the great radiation belts called the Van Allen radiation belts. As these particles
spiral and mirror along lines of force, they also drift laterally because the earth’s
magnetic field decreases with altitude. This gives rise to an effective ring current”’
which flows round the earth. The centre of gravity of this ring current is at an
altitude of about 20,000 km which is about 3 -earth radii above the surface of
the earth. By Lenz’s law, this ring current flows in a direction which would pro-
duce a magnetic field which opposes the cause that gave rise to it, namely the
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decrease in H, with altitude. Hence, the magseiic field of the ring current would
decrease the earth’s field within it and enhance the earth’s field outside it. The
total pressure in the plasma is, as was shown earlier, P-+u,Hg%2. This means that
for pressure balance, an increase in H, can occur only at the cxpense of P and
hence of p the density of the plasma. Thus, as one crosses the region of the radiaticn
belts there is a sudden drop in z.  This boundary region is called the plasmapaize.
Typically, the density within the plasmapause is some 20 times higher than the
density outside. Hence there is an increase in the Alfvén wave velocity VA with
altitude in this region. The region within the plasmapause is sometimes called the
plasmasphere, and the plasmapause marks the outerbeundary of the relatively dense
plasma which rotates with the earih.

The Alfvén wave velocity VA varies with altitude roughly as indicated in
Figure 4.

i L}
1 I,.
T g 4
[ 1
et
» S
toconl p— =
' B g
§ g N g
M )
g 5
Saac &
] ~
; !
v o
& Aavoy
&
> /\
..'
R L1 S i \
-~ e ’
= \
3 ~
L v
= Sae S
®
i
>
>
3
2 e
e
e AN
N
Lin
5 5 a N : .. .
foe enn  bewa tizoe  igocon 3o oon B4 pog

Aitiwwde K

FIGURE 4. Variation of Alfvén wave velocity with allitude.

8. The actual maguetic field of the earth

The dipole magnetic field of the earth has an internsl ovigin, Tt is distorted by
three main external sources which are : (1) ionospheric currents, (2) ving currents,
and (3) the solar wind.

At the earth’s surface, ionospheric currents are much closer than the other
disturbing sources, and variations in the earth’s magastic field detected at the
earth’s surface are ultimately due to ionospheric currents.  Outside the ionosphere
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in the region of the plasmapause, ring currents dominate. Beyond the plasmapause,
rocket and satellite observations have revesled that the earth’s fieid 3s distorted in a
most remarkable way, due to the interaction of the solar wind with the earth’s
magnetosphere. '

The solar wind is a stream of plasma which flows radially out of the sun through
the solar system. Its existence was directly verified in 1962 by the Mariner 2
probe to Venus, and was shown fo consist of protons and electrons. It has a quies-
cent bulk velocity of about 275 km/s near the carth’s orbit. The sonic velocity in
the solar wind is only about 20 km/s, which means that the solar wind is highly
supersonic with a mach number of over 10. This supersonic wind hits the earth
system.

As described earlier, the earth’s magnetic field traps a plasmaround it in the great
radiation belts. If there was no solar wind, the earth’s magnetic field would be
largely dipolar, with a small disiortion due to the ring currents of the radiation belts.
By Lenz’s Law, the supersounic highly conducting solar wind cannot penetrate into
this earth plasma which contains the earth’s magnetic field. It must flow round
it. In other words, the solar wind sees the earth plasma as an obstacle in its path.

When a supersonic wind mects an obstacle, a shiock pressure front must develop.
Such a shock frout does exist where the solar wind meets the magnetosphere.
[t was discovered by the IMP-1 satellite in 1963/64. The outer boundary of the

~-maguoetosphere is called the magnefopause. Satellite. observations have revealed
that there is a turbulent region beiween the shock front and the magnetopause to
which the name magnetosheath has been given.

The total pressure in a plasma is P -+ p,H?/2. Just ouiside the maguetopause,
conditions are such that P > >y H%?2 and the magnetic ficld has little contro]
over the mechanical motion of the solar wind. However, within the magneto-
pause ,H3/2 > > P and the motion of the plasma is completely conirolled by
the magnetic field.1? '

Satellite observations have also reveuled a most extraordinary situation,
behind the earth, in o direction away from the sun. It was found that the
geomagnetic field siretches to form a long comet-like tail which extends well
beyond the orbit of the moon.® The existence of the tail indicates that the
solar wind catches geomagnetic lines of force at the magnetopause and blows
them out behind the carth. This stretching of the lines would be resisted by the
tensional stress poH? in them. In the tail, the field is divected towards the sun
in the northern half and away from the sun in the southern half. 1t has also been
found that there is a well defined neutral sheet between the two halves, where
as expected from the requirements of the P-+-p,H%/2 pressure balance, the plasma
density 1is relatively large.

A schematic drawing of the magnetosphere is shown in Figure S.
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Ficure 5. A séhematic drawing of the magnetosphere,

9. Hydromagnetic waves in the magnetospherc

Observations from interplanctary space probes and satellites have revealed that
there are variations in the solar wind velocity and particle density. These varia-
tions must give rise to fluctuations in pressure at the magnetopause.  Also, just
as much as waves are generated on the surface of a sheet of water when a wind
plays on it, due to a process arising out of a phenomenon called the Kelvin-Helm-
holtz instability, there is an analogous instability at the magnetopause due to the
solar wind flowing round it, which should generate surface hydromagnetic waves
at the magnetopause. . Processes such as these cause the magnetosphere to vibrate
like a jelly. Complicated modes of standing waves can be set up, and these
are only being gradually understood. After about ten years of research, a basic
understanding is emerging although a lot more work remains to be done. This

article presents only a qualitative description of some of the basic modes that
could occur. '

Let us first consider the surface waves generated on the magnetopause by the
solar wind playingonit. From the stagnation point at the nose of the magneto-
sphere, the solar wind branches out towards the dawn and dusk meridians, Due
to the earth’s orbital velocity relative to the radial solar wind, the axis of sym-
metry of the magnetosphere is on an average tilted about 10 to 25° from the earth-
sun line (Figure 6).9 : '
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. /7 . . The Earth
- L E 3 \»

Apparent Directios
Of ane Suar Wind

Ficure 6. The solar wind playing on the surface of the magnetosphere.

The turbulent magneztic field in the magnetosphere carried by the solar wind,
is preferentially directed towards the dawn and dusk meridians. Surface waves
on the magnetopause will, like waves on the sea, have an approximately elliptical
motion, the rotation being in the opposite sense on the dawn side and, the dusk
side from the stagnation point. The earth’s magnetic field lines, which would
come out of the plane of the paper in the diagram of Figure 6, being frozen into
the magnstospheric plasma, will participate in this elliptical motion of the plasma
on the magnetopause, and hence generate elliptically polarised Alfvén waves along
the field lines which are near the magnetopause. Looking in the direction of the
magnetic lines, the polarisation would be left handed on the dawn side and right
handed on the dusk side, with the line of change being at about the 11.00 h
meridian. Observations made from the Explorer 33 satellite in 1970 support
this picture. The ficld lines excited by this mechanism are on the outermost
magnetic shell. The eigen period of the fundamental mode for standing waves
(Figure 2) on these lines is about 10 to 15 min. These field lines dip into the
carth at high latitudes and large, long period oscillations of the earth’s magnetic
field (called Pc 5 type miicropulsations) observed at ground stations in high
latitudes (68 to 70°) would appear to correspond to these oscillations.

The variations in pressure on the magnetopause caused by variations in velo-
city and density in the solar wind, shouid generate poloidal oscillations especially
in the central regions of the sunlit magaetopause. The Alfvén wave velocity
413346
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variation with - altitude show two maxima (Figure 4). In these regions, the
gradient of the refractive index for these waves change rapidly. Such regions
form boundaries for hydromagnetic waves, where a fraction of any incident
energy will be reflected. Thus, for hydromagnetic waves the magnetosphere gets
divided up into a number of cavities in which the waves could form standing
wave patierns. For example, the region between the plasmapause and the mag-
netopause would bzhave like a resonance tube closed at one end. The region
between the Alfvén velocity maximum at about 2,000 km and the plasmapause
would behave like a resonance tube with nodes at both ends. Eigen periods
~ corresponding to standing waves in these work out to be between 20 and 150 s
and these would appear to correspond to Pc2, Pc3 and Ped type geomagnetic
micropulsations which are observed at ground stations, mostly during day-light
hours (Section 10).

This is a very simplified picture. There is strong coupling between the poloidal
and torroidal modes in the inhomogencous field of the earth in the magnetos-
phere and hence oscillations of cne type will generate the other and vice versa. The
actual situation is therefore complicated. '

At night-time, especially towards midnight, sharp pulses of damped oscillations
called Pi2 type micropulsations are observed in the geomagnetic field. These
oscillations would appear to be connected with an impulsive type of phenome-
non in the geomagnetic tail. A possibility that has been suggested isthe reconnection
of oppasitely directed field lines across the neutral sheet. This forms a situation like
that of a stretched catapult. The reconnected lines snap back like the strings of a
catapult and in doing so catapult the plasma in the neutral sheet between them
towards the earth giving rise to, amongst other things, an impulsive stimulation
of the resonating cavities on the night side of the magnetosphere.

So far, only standing waves in the magnetosphere have been considered. These
have slow periods and wavelengths of the order of the linear dimensions of the
‘magnetosphere. When the wavelength of hydromagnetic waves is very small
compared with magnetospheric dimensions there is the possibility of travelling
hydromagnetic waves in the .magnetospherc. These waves have periodicities of
the order of 0.2 to 5s. Such periodicities are detected in geomagnetic micropul-
sations and are called Pcl type oscillations. Itis interestingto note that in the outer
magnetosphere the magnetic field strengths are such that the period of gyration of
protons in these fields is also of the same order of magnitude as these oscillations.
One can then imagine a resonance interaction between Alfyén waves with these
periods travelling along the outermost field lines and showing a left handed elliptical
polarisation, as explained earlier, and the gyrating protons. By a process called
“ Landan Damping” the hydromagnetic wave can lose energy to the resonant
particles, and the reverse can also happen through a mechanism called the cyclotron
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resonance mechanism. These processes could cause pulses of oscillations to run
up and down the field lines after being repeatedly reflected at conjugate points (e.g.
A and B in Figures 2 and 3), where a ficld line dips into the ionosphere. At each
reflection, a part of the wave will get reflected and a part will get transmitted to the
earth. Pcl micropulsations are indeed observed at conjugate points at high latitudes
where the outermost field lines dip into the ionosphere. Further, the repetitive time
of pulses of oscillations corresponds to the expected time taken for an Alfvén type
oscillation to travel up and down the appropriate field line. These Pcl oscillations
are also observed at other latitudes because a part of the energy gets conducted to
these latitudes by means of current patterns induced in the ionosphere by the
oscillation of the field lines.

10. Geomagnetic micrepulsations observed at the earth’s surface

Geomagnetic micropulsations are small fluctuations with periods between about 0.2 s
and 600 s that are observed to occur in the earth’s magnetic field recorded at the
earth’s surface. The amplitude of these fluctuations vary from a fraction of a v.to
about 10 y where a y is equivalent to 10—5 oersted. The quiescent strength of the
earth’s magnetic field in equatorial regions like Sri Lanka is about 0.4 oersted or
40,000 y. Hence it will be realised that these fluctuations are relatively small and
that special sensitive techniques have to be used to record them.

These geomagnetic micropulsations are sometimes continuous in character and
are called Pc type oscillations (P for pulsation, ¢ for continuous). Pc type oscilla-
tions occur largely during day-time. Night-time micropulsations are, more often
than not, impulsive in character and are like heavily damped oscillations. Such
oscillations are called P;. type oscillations (i for impulsive). By international
agreement, geomagnetic micropulsations are classified according to period as
follows :-

Type of oscillation Period range seconds

Pcl 0.2—5

Pc2 5—10

Pc3 10—45

Pc4 45150

Pcs 150—600

Pil 1—40

Pi2 40--150

The need for electrical neutrality in a plasma requires that, for slowly varying
phenomena like geomagnetic micropulsations, the electrical charge density in a
plasma be taken as zero. As pointed out earlier, this also requires that the dis-
placement current D in the plasma be taken as zero, and the fundamentalequations
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governing plasma oscillations would be as stated in equations (1) to (6) in Section 4.
It will be seen from equation (3) of Section 4 that the magnetic field variations in a
plasma corresponding to the periods considered here must originate through fluc-
tuating current densities only, and not through changes in the displacement current
D as well, as is the case in the usual electromagnetic wave theory.

In the magnetospheric plasma, four main regions where current densities are
likely to be generated can be identified. = They are : (1) the magnetopause where
surface currents would be induced due to interaction with the solar wind, (2) the
plasmapaunse which is the region of the ring current produced by the great radi-
ation belts, (3) the neutral sheet in the geomagnetic tail of the magnetosphere and
(4) the ionosphere. The magnetic effects of these currents would drop off roughly
in inverse proportion to the distance from the current sheet. The ncarest current
sheet to the earth’s surface is the ionosphere which is at least a few hundred times
nearer than the next nearest current sheet at the plasmapause.
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Froure 7. Tonospheric current pattern giving rise to geomagnetic micropulsations.

Hydromaguetic waves in the magnetosphere impinging on ihe ionesphere must
produce fluctuating current systems in the ionosphere like the wall currents in a
wave guide. In equatorial regions and mid-latitudes at least, it should be the
induction effects of these current systems in the ionosphere, together with the
image currents they induce in the earth, that are observed as geomagnetic micro-
pulsations. It can be concluded, therefore, that hydromagnetic waves with the
same petiodicities as observed in geomagnetic micropulsatioris must be present in
the magnetosphere. It is, however, not easy to infer the nature of the hydromag-
netic waves incident on the ionosphere from a study of the geomagnetic micropul-
sations recorded at the earth’s surface. Various attemipts have been made with
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model ionospheres to evaluate transmission coefficients for hydromagnetic waves
falling on them. These calculations are, as yet, not very convincing. Furthermore,
the induced earth currents could vary drastically depending on the locality where
observations are being made, and these earth currents could seriously distort the
observed micropulsations, especially their polarisation.  These factors indicate
that geomagnetic micropulsations must be interpreted with caution.

By analysing the distribution pattern ol simultanecus signals from recorders
distributed at various points on the earth's surface, Jacobs and Sinno* suggested as
early as 1960 that an ionospheric current pattern of the type indicated in Figure 7
seemed to be the agency responsible for at least the long period micropulsations
observed at the carth’s surface.

The current pattern induced in the fonosplere due to the tidal motior of the
atwosphere, called the Sq. curreni patiern is also similar® This sort of pattern,
where there are big loops of current on either side of the geomagnetic equator
which join up over the equator to produce a sort of equatorial jet current seems to
be a natural pattern for the lonosphere.  In the case of the Sq. current pattern
caused by tidal motios, the current jet over the equator is very marked ut midday
longitudes, and is called the equatorial electrojet.

11. Research on geomagaetic micropulsations in Sri Lanka

Geomagnetic micropulsations can be studied by measuring the small currents or
¢lectromotive forees induced by them in suitably designed coils, or by measuring the
currents induced by them in the carth’s crust near the surface (telluric currents).

[nvestigations on geomagnetic micropulsations using the first technique were initi-
ated at the Physics Department of the University of Ceylon, Colombo in 1963 (on
the author’s suggestion) by P. C. B. Fernando and the author® Measurements of
telluric currents were initiated at the Vidyodaya University of Ceylon by P. C. B.
Fernando and A. Perera in 19683

Experimental details are given in the relevant papers ; this paper briefly indicates
the significant results of investigations conducted in Sri Lanka. When thesc
investigations were begun in 1963, the mapgnetosphere was little understood.  The
solar wind had only been recently discovered and there was virtually no information
on geomagnetic micropulsations from equaterial regions.  Records from high and
middle latitudes had indicated that the dominant period of micropulsations in high
(auroral) latitudes was about 35 to 60 s and that this dominant period decreased
as the latitude decreased.
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Fernando and Kannangara? showed that the main characteristics of Pc3 and Pc4
type micropulsations recorded in Colembo during the period 20 April to 23 May
1964 were :-

(i) The total micropuisationactivity hasa mean diurnal variation that builds
up to a maximum just before local noon. There also occurs a slight
snhancement of activity around local midnight.

(i) The total activity shows a strong positive correlation with Kp (a world
wide magnetic disturbance index).

(iii) - The observed activity in the Pc3 and Pc4 band micropulsations is mainly
confined to periods lying between 30 and 60 s with peak activities at
(38 + 5) s and (60 * 5)s.

(iv) The 60 s peak is the dominant one and is highly stable, occurring both in
day and night signals. It is also composed of the larger amplitude signals.

- (v) The 38 s peak is constituted from smaller amplitude signals and 18
enhanced under day-time conditionsand particularly under magnetic storm
conditions. '

(vi) The midnight pulsations form: a rather broad spectrum with no pronoun-
ced peaks at 38 or 60 s buta broad peak at (55 + 10) s. These are found
to consist mainly of damped oscillations of the Pi type. o

(vii) Apart from perhaps some sporadic bursts of activity, there is no indica-
tion of a general resonance at a period of the order of 20 s as had becn
reported by many mid-latitude stations.

The dominant period and some other characteristics of the micropulsations
recorded by Fernando and Kannangara were in fact more similar to the micropul-
sations found in auroral latitudes rather than in middle latitudes. This observation
lent support to the view put forward by Jacobs and Sinno described previously
(Section 10). The ionospheric current loop which flows over equatorial regions
would continue round tc auroral latitudes and hence similar micropulsations
should be seen both at equatorial and auroral latitudes.

Kannangara and Fernando,” made a detailed analysis of night-time Pi2 micro-
pulsations from continuous records of micropulsations taken over a whole year in
Colombo from 17 October 1964 to 16 October 1965. The main characteristics of
these night-time Pi2 pulsations were :- :

(i) Pi2 events are most prominent, especially about midnight, during the
equinoxes.

(i) The rate of occurrence of Pi2 events increases almost linearly with Kp up
to a Kp level of at least 5.
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(iii)

(iv)

The dominant periodicity of Pi2 events shows a definite Kp dependence,
the median shifting smoothly from a value of about 100 s at the Kp=20
level to about 45 s at the Kp = 35 level.

Pi2 oscillations tend to have longer periods when they occur at, or
immediately before, midnight and to have shorter periods when they
occur at predawn. ‘

Perhaps the most interesting result of this analysis was the spectacular increase
shown in Pi2 activity at the equinoxes. It was pointed out that the neutral sheet
of the magnetosphere points directly at the earth. only at the equinoxes. This
can be deduced easily if it is realised that the schematic picture of the mag-

-netosphere shown in Figure 5 corresponds to summer in the northern hemisphere.
A convincing mechanism which would cause an enhanced Pi2 activity at the
equinoXes has not yet been worked out.

Polarisation studies of micropulsations were made by the author in Colombo
from records taken during the period April to December 1971.6 The following
polarisation characteristics were observed -

(i)
(ii)

(iii)

(iv)

(v)
(v

{vii)

The magnctic vector of the micropulsations lies almost entirely in the
plane of the magnetic meridian.

The magnetic vector is almost horizontal for signals with periods <60 s
at all times.

As the period increases, the magnetic vector becomes more inclined to
the horizontal. This increase in inclination as the period increases
is very gradual at night-time and AZ/AHis still ~ 0.2 at a period of
600 s. During the day-time, AZ/AH increases much more as the period
increases and has a value of about 0.6 at a period of 600 s. (AZ = ver-
tical compodent, AH = horizontal component).

The building of AZ/AH for long period signals during day-time seems
to follow the build-up and decay of the E region of icnisation in the
ionosphere.

The equatorial electrojet current does not have a first-order effect on
the polarisation of micropulsations.

The polarisation characteristics do not show a first-order scasonal
dependence. '

In a periodic signal with both H and Z components, when H increases
in a S—>N sense, Z increases ina vertically downward sense and vice versa.
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The author has shown that all these polarization characteristics observed in
Colombo could bz explained in terms of & current pattern in the ivnosphere of the type
shown in Figure 7 as bzing the agency responsible for the micropulsations observed
at the earth’s surface. For cquatorial stations like Colombo, the ionospheric currerits
inducing the micropulsations would be currents flowing in the E = W direction
over the region of the geomagnetic equator.  During day-time these currents would
be in the E region and at night-time when the E region disappears the carrent would
rise to the F region. The magnetic disturbance recorded at the cartiv's surface would
be the resultant magnetic effect of this ionospheric current and its image current in
the conduciing earth. If the earth was a perfect conductor, the image currsit would
be a current of the same strength as the ionospheric curreng and situated as fur below
the surface of the earth s the ionospheric current is above it. However, the carth is
not o perfect conductor, and from considerations of skin depth of peunstration of
electromagnete signals into a surface with finite conductivity, it was deduced that the
effective image current would bs situated deeper in the earth than the mirror image
position, and also the depth of the image in the earth would increase as the
periodic time of the signal incraases. A surface observer then becomes asymmetri-
cally placed with respect to the jonospheric current and its image, and hence
depending on the degree of asymimetry, a Z component must appear it the
micropulsation signal when the observing station is not directly on the geomagnetic
equator. The bigger the asymmetry, the bigger would be the Z component. Thus,
the increase in AZ/AH as the period increases and the reason for the increase
being not so maked at night-time is understandable, because a shift of the
ionospheric current to the much higher altitudes of the F region would reduce the
asymmetry. Hence a very satisfactory explanation of th: polarisation characteristics
observed in Colombo could possibly be made. Incidentaly, the sensc of polarisation
of the signals indicated that the icnospheric current sheet was north of Colombo,
and indeed the geomaguetic equator passes through Sri Lanka in the region o
Vavuniya, which is about 150 miles north of Colombo.

An obvious check on these results would be to make polarisation studies nosth of
the geomagnetic equator and on it. This is being done presently by K. Kunaratiain
of the University of Sri Lanka, Colombo Campus. He is taking recordings in
Jaffna and Vavuniya; the former is located north of the geomagnetic equator, and
the latter is more or less on the geomagnetic equator. Proliminary results reported
by Kunaratnam give st
sznsz of polarisation of the signals recorded in Jaffma is opposite to that of
the signals recorded in Colombo, and the signals recorded in Vavuniya have no
vertical component at all. Mathematical support for the model used by the author
has been given by Park.1o

It was not possible to record the fast Pcl micropulsations at the Colombo
Campus. However, the telluric current recorder set up at the Vidyodaya University,
Nugegoda was capable of recording fhese signals.  Fernandol presented an

king confirmation of the interpretation given above. The.
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analysis of 117 Pc 1 events recorded at Nugegoda. Pcl oscillations often appear as
short emissions which repeat themselves at regular intervals, giving the appearance
of a string of pearls on the recorder chart. Hence these events are often called
pe arl events. The main features of the pearl events observed by Fernando were:

(i) Pearls occur in the day-time with peak occurrences between 1030 and
1100, 1230 and 1300 and 1530 and 1630 h local time.

(i) The most probable: (a)y duration of a pearl event is about 10 min,
(b) number of emissions (bursts) per event is between 5 and 10, (c) dura-
tion of an emission is between 40 and 50 s, (d) time interval between
two successive events is 10 min to 1h.

(iliy During the day-light hours the mean wave period t;, remains substan-
tially constant while the mean repetition period between successive
emissions Ty reaches a minimum at 1230 local time.

(iv) The most probable mean wave pzriod ty, is between 1.0 and 1.5's.

(v) The most probable Tn/tm ratio is 40 4+ 10 for all events, 50 + 10 for
events with tm < 2's and 35 -+ 10 for events with ty > 2s. The Tpy/tm
ratio of noon signals is almost half that of the afternoon and morning
signals.

Fernando interprets this last observation of the halving of Ty, (tm is substantially
constant) for noon signals as being due to the feeding in of energy from Pcl signals
to both the northern and southern loops of the equatorial electrojet current system
in the ionosphere through conjugate points in the northern and southern zones.

Normally, the repetition period Ty, between two successive Pcl emissions would
correspond to the time taken for a packet of hydromagnetic waves to travel along
the outer field lines of the magnetosphere from one conjugate point to the other
and back again. When the equatorial electroject current system which is created
by the tidal motion of the ionosphere is fully developed, Fernando considers that
at each “bounce” of the hydromagnetic wave packet at a conjugate point in the

. northern hemisphere and in the southern hemisphere respectively, energy is fed into
the appropriate current loop in the ionosphere and gets carried into the equatorial
regions. Hence in equatorial regions Ty becomes halved at noon when the
equatorial electroject current system is fully developed. The Vidyodaya results thus
appeér to be another pointer to the important role played by ionospheric current
systems in the generation and propagation of geomagnetic micropulsations of all
periods from Pcl pulsations to Pc5 pulsations observed at the earth’s surface.

This account reveals that with very modest equipment and very meagre resources,
Sri Lanka has made a small but significant contribution to this fascinating field of
research. ) '
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