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The source of the semi-annual variation in geomagnetic indices is investigated with
regard to its possible. origins in the solar wind and within the
magnetosphere/ionosphere system. To further this investigation, the patterns of annual
and diurnal variations of the existing long-running aa and am indices are modelled and
the stability of the semi-annual variation over the last 150 years confirmed. The
connection between these range indices and the solar wind is evaluated at a wide
variety of timescales, varying from 3 hours to 1 year, in order to determine which of the
solar wind parameters are responsible for their variations. In this respect, the
importance of considering discontinuities in the in-situ data from spacecraft in the solar
wind is highlighted.

The asymmetry of the two equinox pe’aks’in geomagnetic activity is used to investigate
the axial hypothesis which links the semi-annual variation seen at the Earth to a
proposed latitudinally-symmetrical structure of the Sun. it is demonstrated that during
the spacecraft era the assumptions underpinning this model are false and that the
Earth's sampling of the solar wind has been strongly influenced by solar structure
asymrhetries and variations on timescales shorter than Earth’s annual orbit. The results
strongly suggest that these asymmetries arose by chance and so little information about
s " the Sun can be gained from the asymmetries seen in the ga index over the past century
and a half.

A new geomagnetic index is constructed to characterise more fully the semi-annual
variation of the terrestrial current systems. Using this index it is confirmed that the
equinoctial hypothesis which best characterises the semi-annual variation of activity is a
process internal to the magnetosphere (specifically the substorm current wedge) and
not a product of annual and diurnal modulations of energy extraction from the solar

wind.
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Terminology

In many places in this thesis use is made of self-normalised parameters (or combinations
of parameters). A data series is self-normalised when each element of the data series is

divided by the average of that series, i.e. x;/X, where X = %Z?lei. This is generally

done to emphasise the variation within a data series or the relative variation between

two data series.




1 Introducfion

1.1  Current Systems

Almost all reliable observations of current systems in space plasma come from
magnetometer data. The equivalent of ammeters do not work in space as the current
simply flows around the spacecraft in the surrounding plasma. Attempts to measure the
current by sampling all the moving charged particles have met with limited success,
largely because a key part of the ion or electron flux is usually missing. This is
particularly true for particles with energies below the spacecraft potential: if the
potential is positive the lowest-energy ions are repelled, whereas if it is negative it is the
lowest-energy electrons that remain undetected. In addition, the electron
measurements at these energies are usually contaminated by copious fluxes of
photoelectrons generated by the spacecraft itself.

Fluctuations in the magnetic field at Earth’s surface (“geomagnetic activity”) were first
noted by the London watchmaker, George Graham in 1741. In 1744, Celsius’ student in
Uppsala, Olav Hiorter, noted that these fluctuations were associated with local auroral
displays. This large disturbance was also observed by Graham in London, making it the
first multipoint multi-technique detection of what is now known to be a solar-terrestrial
event. The study of geomagnetic activity was then put on a firm footing by the work of
Gauss who established a number of reliable and well-calibrated magnetometer stations.

The detection of currents by magnetometers depends on Ampere's law (of in more
specific form by the Biot-Savart law) which is discussed in the context of a plasma in the
next subsection. A recent refinement of this measurement method, which gives a full 3-
D vector current without assumptions, is the “curfometer” based on the differential
form of Ampeére’s law applied to the curl of B taken from the ‘4 Cluster spacecraft
[Dunlop et al., 2002, 2005; Haaland et al., 2004). However, for either a single craft or a
pair assumptions must usually be made about the motion and orientation of the current
in order to interpret the magnetometer data.

1.1.1 Ampére's Law
For a plasma, the displacement current is negligible. One of Maxwell’s equations relates
the curl of H to the current } carried by free charges and the displacement current

oD/ot:
VxH =]+ 0dD/ot

where D=¢g,E +P =¢g.E (for a linear “classical” dielectric). By definition of the

cohductivity, o, = 6E and the ratio (9D/dt) /) is called the “Q” of the medium
Q={0let E)/ot}/{oE} = (e.£./0) {E/dt }/E
For a wave of angular frequency o (= 2rtf), E = E, cos(wt). Hence

J0E/dt = W E, sin{mt) = o E tan(wt),




so taking average values tan(wt) = 1 and JE/ot = ®E
 Thus Q'= WELE [/ O.

For a good conductor like a plasma €,~1 , 0~ 10" mhos m™ and as €,= 8.5 X 102 Fm*,
this gives Q ~ ®x8.9x 10" ~0.5 fx 10"

Thus Q << 1 for f < 10" Hz and it is possible to neglect the displacement current because
in a terrestrial plasma no such high frequency phenomena arise (for which Q would not
be negligibly small). Since the material is non-magnetised M=0and u, = 1-

In general H={B/l,}-M and B=p,u H, soina plasma this becomes H = {B/p.}
Thus Maxwell’s equation Vx H =)+ dD/dt reduces for a plasfna to
VXB = ol

This is Ampére’s Law. The above differential form is the basis of the curlometer
discussed above. In integral form it is

§C .Eﬂ:fA ﬂol-% .

To understand the implications consider the current sheet shown in Figure 1.
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Figure 1: A simple current layer with uniform current density J over a width w in the z direction
Ampeére’s law can be applied in integral form to the loop C (dl is an element of length of
C) surrounding an area A (element dA). If the boundary tangentlal magnetic field is B,
and the boundary-normal field is B, this gives

By dx + By w + (-Bp)dx-Baw= o) dxw

(Bu—Bu) =HoJW

This equates the shear in the magnetic field to the current in unit length of the sheet.
Note that this is not a matter of cause-and-effect: Ampére’s law tells us that shear in the
mégnetic field and a current sheet are the same thing, not that the shear causes the
current, nor vice-versa.

P Current layer with uniform (free)




A current layer is considered “thin” if its extent, L, greatly exceeds its width, w (L>>w).
This also means it can be considered planar locally.

Note that if the current sheet in the above figure is stati¢c in-some frame, a satellite
moving in the +z direction in that frame would see a changé from By, to By, as it moved
through the current sheet. However, for a single craft the data would be identical if the
change from B, to By; were caused by a current sheet of the opposite polarity moving
over the spacecraft because it has a higher velocity in the +z direction than the satellite.
In this case, wrongly assuming the current sheet is stationary would give a current in the
wrong direction! This illustrates the importance of the assumptions about the current
sheet to the interpretation of magnetometer data. '

1.1.2  Chapman Ferraro Currents

Because there is, in general, a difference between the field inside the magnetosphere
and that in the shocked solar wind of the magnetosheath, there is a magnetic shear
across the magnetopause and so current must flow within it. These currents are called
the Chapman-Ferraro (C-F) currents and were first postulated in the paper which
effectively also introduced the concept of the magnetosphere [Chapman and Ferraro,
1931b]. The form of these currents varies with the magnetosheath field but generally
has the form given by the dashed lines in Figure 2(a). The C-F currents circulate around
two null points, one in each hemisphere, which are called the magnetic cusps.

b)

In YX plane

:_\ In XZ plane
(shows cusp

indentation)

PO EPEIPEE T PP

Figure 2: Chapman-Ferraro currents at Earth. Left, (a), The magnetopause surface with magnetic field
lines in black and the dashed lines marking the direction of current on the boundaries. (After Midgely
and Davis [1963).) Right, (b), The shape of the magnetopause. The upper curve presents the shape at the
the equator, with lower curves showing the shape at progressively higher latitudes. The lowest curve is
the noon-midnight meridian and shows the shape of the cusp. (After Mead and Beard [1964].)

The view on the left of Figure 2 shows surface field lines (for a fully closed
magnetosphere, solid lines) and Chapman-Ferraro currents in 3-D. On the right are the
“cross sections of the shape of the magnetopause at different latitudinal angles between
the GSM XY plane to the GSM XZ plane (shows the strongest indentation in the cusp).

Note that these C-F currents run. from dawn-to-dusk. across the nose of the
magnetosphere (between the cusps) but from dusk-to-dawn along the high-latitude tail
magnetopause, anti-sunward of the cusps.




1.1.3 The Cross Tail Current Sheet and the Substorm Current Wedge

Further down the tail, the dusk-to-dawn magnetopause currents are closed by currents
that flow across the tail between the two tail lobes {rather than across the nose as in
the dayside currents). (Seen in Figure 3 in the noon-midnight cross section on the left
and the tail cross sections on the right). These currents must flow because of the -
magnetic shear between the two oppositely-directed open tail lobe field lines that are
swept into the tail after reconnection at the dayside magnetopause. Note that at the
inner (Earthward) edge of this sheet the current peters out because the field lines are
dipolar rather than stretched into the tail. '
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Figure 3: The connection between the Chapman-Ferraro and the cross-tail currents in the magnetotail.
The left-hand figure shows a section in the noon-midnight (XZ) plane, viewed from dusk (so the Sun is
to the left), the right hand figure shows a cross section of the tail parallel to the YZ plane at X ~ -50
Earth Radii (R¢) , viewed from further down the tail (i.e. towards the Sun).

The location of this inner edge of the cross tail current shows important variations
during substorms. This is illustrated in Figure 4. The left hand diagram shows the
situation during the growth phase of a substorm: at this time the IMF has a southward
component in the GSM frame so that the draped interplanetary field line i has a
southward component and can reconnect with the northward-pointing closed dayside
field line cd at the reconnection site X, in the dayside magnetopause, near the nose of
the magnetosphere. This generates open field lines (such as os and on shown here for
the southern and northern hemispheres respectively) which thread the magnetopause
and are swept back into the tail, firstly by the magnetic curvature force but later by the
shocked solar wind flow in the magnetosheath. These subsequently meet at a tail
reconnection site X, in the cross-tail current sheet where they form a closed field line on
the nightside ¢n (and a field line which is disconnected from the Earth and returns to
interplanetary space). The newly re-closed field line cn subsequently convects sunward
(to either the dawn or dusk side of the Earth) to complete this “convection” cycle.’In a
growth phase the rate at which open field lines are produced at X, exceeds that at
which they are destroyed at X; and so open field lines accumulate in the tail lobes. This
. has the effect of intensifying the near-Earth cross-tail current and making it extend
towards the Earth as the plasma sheet field lines like cd take on a more stretched tail
form. In the expansion phase of the substorm cycle a new, fast, near-Earth, _
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Figure 4: The evolution of current systems during the substorm cycle. (a), The growth phase in which the
reconnection voltage along the X-line X, in the dayside magnetopause is greater than that along the X-
Iing X, in the cross tail current sheet. Field lines labelled cd, i, os, on, and cn are, respectively, closed
(dayside), (draped) interplanetary, open (south), open (north), and closed (nightside). (b). Onset of the
expansion phase when the inner edge of the cross-tail current has been disrupted and the field line
dipolarised (relative to its prior stretched configuration shown by the dotted line} in a burst of sunward
flow (block arrow).

reconnection site appears which removes the excess open flux built up during the
growth phase. The most successful theories of substorms disagree only in what causes
the last feature of the substorm, namely the current wedge. In the (modified) Near-
Earth Neutral Line (NENL) model this current system is caused by the reconnection,
whilst in the “current disruption” (CD) model the causality is the other way around. In
both cases the current on the inner edge of the cross-tail current sheet is disrupted,
which is equivalent to saying that the field lines there dipolarise, as shown in the right

hand panel of Figure 4.

Figure 5 shows this current wedge in three dimensions by illustrating, for clarity, the
current flowing around the northern tail lobe only. A similar, if not necessarily identical,
feature is generally expected simultaneously in the southern hemisphere but note that
although the sum of the two hemisphere auroral electrojet currents must equal the
total current deflected from the cross-tail current sheet, the ratio of the two can vary.
The shaded area in the lower panel shows the inner part of the cross-tail current sheet
where the current is disrupted. The disrupted current flows down the field lines into the
auroral ionosphere and then flows westward along the auroral oval (this segment is
called the auroral electrojet) before returning to the tail by flowing up the field lines.
This is called the substorm current-wedge and was first described by McPherron et al.
[1973]. It explains why the onset of an interval of strongly southward IMF (in the GSM
frame) results, after a delay of 40 minutes or so (the duration of the growth phase), in
' _strong westward current appearing in the nightside auroral ovals. As mentioned ébove,
the north and south electrojet currents can differ in magnitude but the effects of
dipolarising the field lines (as opposed to those of the current wedge itself) will be seen
in both hemispheres.
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1.1.4 The Ring Current
In the presence of a magnetic field B and electric field E a particle of charge g will
experience the Lorentz force:

F=qE+quXxB

Charged particles in the magnetosphere/ionosphere system that are above the vast
majority of the atmosphere are essentially collisionless. Those particles with a velocity
component which is not parallel to the magnetic field will experience the Lorentz force
acting perpendicular to both the field and its velocity, causing them to gyrate around
the field line in cyclotron motion. The (angular) frequency of this gyration (the

gyrofrequency) is w, = eB/m and its radius (the gyroradius) isr;, = vl/wc, where v, is
the 'velocity perpendicular to the magnetic field. Furthermore the magnetic moment

2
associated with the current loop caused by this gyration is u =";—:;*. Any velocity

component parallel to the field will remain unchanged and thus the particle motion will -
be helical in form. The direction of motion, clockwise or anticlockwise, along the helix is
dependent on the charge of the particle. (Clockwise/anticlockwise rotation as seen
looking in the field aligned direction of motion, for negative/positive charges,
respectively.) The position of the centre of the helix is called the guiding-centre and will
follow a field line in a uniform field.

_Ina non-uniform magnetic field, with a field strength gradient perpendicular to B, a
charged particle in helical motion about a field line will experience a varying Lorentz

.




force during its motion as it gyrates because the field strength B changes along its
helical path. The effect of this is to distort the helix, contracting the gyroradius (r) in
regions of high B and expanding it in regions of low B. This will cause the particle to drift
perpendicular to both the magnetic field and the field gradient, i.e. across the field lines.
It can be shown that this gradient drift velocity, v,, has the form:

_1mviBXVB
=292 B

Again the direction of motion will be dependent on the charge of the particle. Unlike the
cyclotron motion, however, this will cause different charges to move in opposite
directions and consequently a current to flow.

Any curvature of the magnetic field lines will introduce an additional drift; as the guiding
centre moves along a curved field line it experiences a centrifugal force. The
instantaneous radius of the cyclotron motion will increase away from the centre of
curvature of the field line, since the particle will effectively be further from the field line,
and so will drift perpendicular to B. The curvature drift velocity takes the form: ‘

mufTeXB
= qB* ¢

where 7, is the radius of field line curvature, and 7, is the vector of the same magnitude

pointing towards the centre of curvature. Like the gradient drift, the curvature drift will
cause opposite charges to move in opposite directions and thus a current to flow.

The magnetic moment, y, of the particle is also called the first adiabatic invariant. If the
- magnetic field does not change significantly during the period of one “orbit” of the
gyrating particle around the guiding centre then it remains constant.

Consider next a gradient in the field strength along the magnetic field lines, i.e. a
convergence or divergence of the field lines. The equation for the force on a dipole
magnetic moment applies equally to the magnetic moment. of the particle motion and
so

F = E . V_Q = —[ld—z
where z is the direction along the field line. This force always acts along the field line
and away from the direction of increasing field strength. The effect will thus be to slow
the particle as it approaches the strengthened field. if the field strength is sufficient it
will decrease v until it reaches zero at which point the particle will circle around the
field line. Assumihg that there is no parallel electric field this will occur when the field

strength reaches B = %mvzu. Note that, as v decreases, v, increases and no net work
is done (the total kinetic energy of the particle is conserved). Once v, = 0 the force
-acting along that direction will cause the particle to begin accelerating away from the
region of high B; the result is that the particle will bounce at what is called a “mirror
point” in the converging magnetic field.




In the region of the terrestrial field where the field is dipolar particles will mirror at high
latitudes as the field lines converge. Since this occurs at both ends of the field lines
particles can become trapped. These trapped particles form the Van Allen radiation
discovered by the Explorer | spacecraft in 1958, but they also form a more extensive
region beyond the outer Van Allen belt (effectively the inner edge of the tail plasma
sheet). The gradient and curvature drifts act on these particles (as they bounce between
mirror points in opposite hemispheres) to produce a current;, known as the ring clrrent
[Frank, 1967]. Both drifts cause the positively charged particles to drift westward in the
terrestrial field, and negative particles to drift eastward. The ring current therefore
forms a belt of westward current which circles the Earth at geocentric distances of
about 2-7R;. Since the Earth’s magnetic field is basically northward, enhanced ring
current acts to decrease the observed field at lower-latitude ground-based
magnetometers.

1.1.5 Ilonospheric and Field-aligned Currents

in the E-region ionosphere (100-130 km) ‘collisions between ions and neutrals and

between electrons and neutrals mean that, when an electric field is applied, currents

perpendicular to the magnetic field can flow (see Section 1.1.7). There are 2 types of

these field-perpendicular currents: those parailel to the applied electric field, E , are
called the “Pedersen Currents”, J,; those perpendicular to the applied electric field are

called the “Hall Currents”, Jy

In the F-region ionosphere (above about 210 km) the ions and electrons drift together
(with velocity V = ExB/B?, i.e. 'perpendicular to both E and B) so.that no field-
perpendicular current flows at these heights. Note that for Hall currents the Ohmic
heating term Jy ® E in Poynting’s theorem is zero and so Hall currents cause no
dissipation of energy. By definition, Pedersen currents flow in the direction of the
applied electric field and so J, ® E > 0 and hence Pedersen currents cause dissipation of
energy (i.e. they are a sink of Poynting flux). This heats both the plasma and the neutral
atmosphere (with which the plasma collides to generate the coniauctivities). The
direction of the fields, flow currents and ion drifts are illustrated in Figure 6, looking
down from above in the northern- and southern-hemisphere ionospheres.

Note that Hall currents in the E-region are in the opposite direction to the convection
velocity in the F-region above it.

Figure 6: Directions of Pedersen and Hall currents (J, and J, ), Electric field (E), F-region plasma velocity
(V), looking down on (left) the northern and (right) the southern hemisphere ionospheres.




The ionosphere is “incompressible” in the sense that the total field magnitude is close to
being constant (being dominated by the dynamo currents within the Earth), and so flow.
streamlines (carrying the frozen-in magnetic flux at F-region altitudes) are closed loops.
Thus, if the Hall conductivity is uniform in space, the Hall currents are also closed loops
(with J,; in the opposite direction to V). In such cases the Hall currents cannot connect to
field-parallel currents. In the ionosphere, there is no accumulation of space charge and \
so there is continuity of current V e J = 0. Thus converging/diverging Pedersen currents
are needed at an upward/downward field-aligned current as shown in Figure 7. This is
associated with vortical F-region flow and Hall currents, as shown. To simplify the
discussion and illustrate the principles of the current systems, this section will continue
to consider only the idealised case of a uniform spatial distribution of ionospheric
conductivity. |

Upward f.a.c Downward f.a.b

Figure 7: Pedersen and Hall currents, F-region flows and Electric fields around up (left) and down (right)
filamentary field-aligned currents (f.a.c.s) in the northern (top) and southern (bottom) hemispheres.

The currents that flow in the ionosphere are detectable by ground-based
magnetometers. The magnetic perturbation of an ionospheric current in the Y’ direction
is AB which (by the right hand corkscrew) is in the =X’ direction on the ground (where‘
the Z’ axis is vertically down). It can be shown that for a uniform spatial distribution of
ionospheric conductivities, the effect of Pedersen currents at the ground is exactly
cancelled by that due to the connecting field-aligned currents - this is known as
Fukushima’s theorem [Fukushima, 1969; 1976]. It means that the only effect seen on
the ground is due to the Hall currents and will be perpendicular to the Hall currents. So,
looking down from above in the (for example) northern hemisphere, we see that AB at
the ground is in the same direction as both the electric field and the Pedersen current in
the ionosphere (N.B. above the ionosphere AB will be antiparallel to E and J,). Using the
Biot-Savart law, the deflection seen at a distance r from a thin current filament element

9 .




falls off as r~2 which means the magnetometer can sense ionospheric currents over an
extended region around the observing station. The size of this region depends on the
magnitude of the current and the sensitivity of the magnetometer but is typically of the
order 150 km. '

Figure 8 illustrates the relationship of F-region convection flow and E-region Hall and
Pedersen currents for dayside convection. This current/flow pattern is driven directly by
the reconnection at the magnetopause generating open field lines. The corresponding
currents are therefore often called the ”directly-driven” system, also referred to as DP2,
and respond within 1-2 minutes to changes in the reconnection rate induced by IMF
orientation changes [N{shida, 1968; Etemadi et al., 1988].

Panel (a) of the figure shows an open field line moving over the pole (reconnection-
driven convection) and, for comparison, a closed field line moving around the flank
under some unspecified viscous-like interaction. Aiso considered here is the “Svalgaard-

Figure 8: The link between magnetopause magnetic reconnection and dayside ionospheric E-region
currents and F-region flows at high latitudes. {a) shows an open and a closed field line being moved in the
anti-sunward direction by, respectively, reconnection and viscous-like interaction with the solar
wind/IMF. (b) and {c) are two different views of a newly-reconnected field line for IMF B, <0 and B, > 0.
The components of the motion under the consequent curvature force are also shown. {d) shows the F-
region flows, E-region Pedersen currents and field aligned currents at the feet of such field lines for
spatiallv uniform ionospheric conductivities. ’
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Mansurov” effect which takes place on newly-opened field lines {Svalgaard, 1968;
Mansurov, 1969].

Panel (b) of the figure shows a southward IMF field line (B, < 0) with a duskward IMF Y-
component {By > 0). The open field lines produced have a curvature, such that the
curvature force (which the MHD equations show acts to straighten any curved field line)
has a poleward component in both hemispheres. The poleward component is in the +Y
direction in the southern hemisphere, and in the -Y direction in the northern
~hemisphere. This can also be seen in panel (c) which is a view from the Sun towards
Earth. These components in the dawn-dusk direction drive westward flows on newly-
opened field lines in the northern hemisphere (toward dawn), but eastward flows
(toward dusk) in the southern hemisphere. Panel (d) shows the pattern of flows and
currents in the northern hemisphere ionosphere (viewed from above). The flow
streamlines (solid lines) reveal westward flow on the newly-opened field lines.

Panel (d) also shows the corresponding Pedersen currents (dashed lines and open
arrows) and field aligned currents (up and down) in the northern hemisphere for this
case with IMF B, < 0 and B, > 0. The field-aligned currents can be broken down into a
collection of matched pairs because of current continuity and these matched pairs
transfer flow from the solar wind down to the ionosphere by causing additional tilt to
the magnetospheric field lines between them. '

If the sense of the IMF B,component is reversed (to By < 0) with B; < 0, the open field
lines produced have a curvature, such that the curvature force still has a poleward
component in both hemispheres, but the Y corhponents are reversed - i.e. a component
in the -Y direction in the southern hemisphere with a component in the +Y direction in
the northern hemisphere. Thus the east-west flows observed reverse in sense and are
eastward in the northern hemisphere and westward in the southern hemisphere.

Current continuity in the ionosphere demands the pattern of field aligned (or
“Birkeland” currents shown in Figure 8. Figure 9 shows where these field-aligned
currents (f.a.c.s) close in the magnetosphere and how they relate to several of the other
current systems discussed in this section.

There are two main currents required — at the polar cap boundary (called the region 1
currents) and at the equatorward-edge of the convection pattern (called the region 2
currents). At the dawn region 1 current, the Pedersen currents diverge and a downward
f.a.c. is required. At the dusk region 1 there are converging Pedersen currents and an

upward f.a.c. is needed.




Chapman-Ferraro current ‘Chapman-Ferraro current
region 1 f.a.c.

auroral Pedersen current

o transpolar .
.a. asymmetric rin rren
region 1 f.a.c Pedersen _ 23; g current
current region 2 f.a.c

The Auroral Oval -

Th@ Polar Cap Circuit Ring Current Circuit

Figure 9: Field-aligned Region 1 and Region 2 currents connect the polar cap and auroral oval Pedersen
currents to the Chapman-Ferraro and the ring currents.

Region 1 and Region 2 field-aligned currents close through two circuits: the polar cap
circuit and the auroral oval-ring current circuit. In the polar cap circuit, shown in the
left-hand panel of Figure 9, Pedersen current flows from dawn-to-dusk across the
ionospheric polar cap and from dusk-to-dawn in the Chapman Ferraro currents in the
magnetopause. These are connected by the field-aligned currents that flow near the
polar cap boundary and that are down at dawn and up at dusk. (These current
directions are the same in both hemispheres - only the currents for the northern
hemisphere are shown in Figure 9).

" The currents in the auroral oval - ring current circuit (right hand panel of Figure 9) follow
much of the path descr‘ibed above for the polar cap circuit, but do not pass over the
ionospheric polar cap. Instead, they flow across the auroral oval as Pedersen currents,
and link to the region-2 field-aligned currents on the equatorward side of the auroral
oval. These have the opposite polarity to the region 1 currents (i.e. they are up at dawn
and down at dusk). The dawn and dusk region 2 currents are connected by the ring
current and as a consequence of the ring current circuit, this is stronger at midnight
than at midday (in Figure 9 only the enhanced, nightside, part of the ring current is
shown). The Region 2 f.a.c.s contain only the auroral-oval/RC currents whereas the
Region 1 f.a.c.s contain both the auroral-oval/RC circuit currents and the polar cap
circuit currents. ' '

There is also a paired set of near-noon f.a.c.s (the near noon region 1 currents with the
cusp/mantle currents on open field lines) associated with the east-west flows of the

Svalgaard-Mansurov effect.




1.1.6  Directly driven and storage currents ' .
It is important to note that the ionospheric current systems discussed above have two

inherently different response times to changes in the rate at which open field lines are -

generated by reconnection at the dayside magnetopause. The directly-driven (or DP2)
system is associated with the production. of open field lines and responds within a few
minutes to changes in the IMF direction at the nose of the magnetosphere [Nishida,
1968; Etemadi et al., 1988]. This current system-is often well sensed by the AU index of
the AE family.

The second system is the DP1 which is effectiveI;/ the substorm current wedge and
~ auroral electrojet [Baker et al., 1983]. Because this only responds at the end of the
substorm growth phase it has a response lag of order 40min-1 hour. It is very well
quantified by the AL index of the AE family of indices. Because the energy extracted
from the solar wirid has been stored in the tail lobes (in the form of magnetic energy)
‘and only released later during explosive bursts (substorm expansion phase) this is often
referred to as the “storage-release” system. The relation of dayside and nightside
reconnection to ionospheric convection and the DP2 and DP1 current systems was
discussed in detail by Lockwood and Cowley [1992].,

+1.1.7  Ionospheric Currents and Conductivities

" The motion of a charged particle in a collisionless environment was discussed in Section
1.1.4. It was shown that in the presence of a magnetic field, but in the absence of any
other force, the particle would execute helical motion about a guiding centre which, for
a uniform or slowly-varying field, moves along magnetic field lines. In the additional
presence of a force perpendicular to the magnetic field, _F_'L_, for example due to a field-

perpendicular electric field (i.e.ﬁ = q E;), a charged particle will not move in the

direction of the force but instead will gyrate around a guiding centre that has a constant
drift velocity perpendicular to both the magnetic field and the force perpendicular to it.
The drift velocity is V = (E x B)/B and is the same for all charged particles, independent
~of both gand m. ’

In the ionosphere (in particular, the lower ionosphere), charged particles are not free to
move in the presence of electric and magnetic fields but will undergo collisions with the
neutral atmosphere. This means that charged particles drifting in response to an applied
electric field will collide at random times. The simplest case to envisage is when each
collision brings the charged particle to rest: after each such collision the particle
resumes its motion by moving off in the direction of the applied electric field and only as
its velocity increases does the Lorentz force induce motion perpendicular to the applied
force. Thus the effect of the collisions is to introduce a component of steady drift in the
direction of the applied force and reduce the drift in the direction perpendicular to the
applied electric field. After each collision, the motion under the influence of E is in
opposite directions for ions and electrons. In addition, at a given height, the collision
frequency of ions and électrons is different. These two factors mean both Hall and

Pedersen currents flow.




Let us here define the magnetic field (B) to be along the z-axis and the electric field (E)
to lie in the the xz plane (i.e. the field perpendicular electric field is in the x direction but
there may also, in general, be a field-paralle! electric field, E,). For a single species of
charged particle the average velocities, when undergoing collisions with an average
frequency of v, will be: '

qu

¥y = e E
T T mvi+ w2 *
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=21(—— g
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If we now consider that in the ionosphere the charge carriers have equal concentrations,
n,, (by charge-neutrality) with negatively charged (of charge —q and drifting with velocity
Vo) and singly-charged positive (of charge +q and drifting with velocity v;) ions it is
possible to calculate the current densities § = ng(v; - v.) and thus conductivities (c =J /
E) associated with these velocities:
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where the scalars are now subscripted with the species to which they refer (i for ions
and e for electrons) and v, and v,,, are the ion-neutral and electron-neutral collision
frequencies respectively.

The conductivity; op is called the Pedersen conductivity and sets the Pedersen current -
that will flow (in the direction of the electric field and transverse to the magnetic field)
for a given applied'electric field. Typical patterns of the Pedersen currents were
discussed in Section 1.1.5. The conductivity oy is called the Hall conductivity and
controls the Hall current which flows in the direction perpendicular to both the
magnetic field and the electric field. Finally the parallel (to the magnetic field)
conductivity line, gy, controls the field-aligned-currents caused by any parallel electric
field. :

Generalising the case to the situation where the magnetic field is still along the z-axis, as
before, but the electric field has components E,, E, and E, (that is not necessarily aligned
with the xz plane) yields the tensor relation:

. E, op —oy O
‘]y = Ey X [JH Op 0]
z] - Ez Y 0 g i
The preceding discussion assumes that the ionosphere is unbounded. An interesting

situation arises when the current flow is effectively bounded. Consider the auroral
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electrojet segment of the substorm current wedge, discussed in section 1.1.3. Here -
auroral particles precipitate and enhance the plésma concentration ne in the E-region to
such an extent that the electrojet is effectively bounded to the high-conductivity band
where the particles precipitate. If an electric field, E,,, is applied in the direction parallel
to the bouhdary planes but perpendicular to the magnetic field a current will flow.
Charged particles will accumulate at the boundary planes until they produce an
additional polarisation electric field, E,, just sufficient to prevent any further current, J,,.
The situation is then:

Je = GPE,F + oyE,
| Jy = —oyEy + 0pE, =0
and therefore
E, = (on/0p)Ey
Jx = (0p + 04%/0p)E, = 0¢Ey

The Cowling conductivity, g, defines the conductivity when current in the
perpendicular direction is inhibited. ‘ '

1.1.8  Equatorial Electrojet

Consider the case at the equator (as described by Sugiura and Cain [1966]) where the
magnetic field lies horizontal to the Earth’s surface and thus parallel to the upper and
lower ionospheric boundaries. At the equator the eastward Pedersen current produced
by the ionospheric dynamo flows parallel to the primary field caused by ion-neutral
collisions. This field produces a Hall current which carries negative charge to the upper
boundary of the ionosphere and positive charge to the lower boundary, é’reating the
previously described polarisation electric field, which in this case is vertical and drives an
opposing and balancing Pedersen current. The equilibrium condition thus has no vertical
current.

However, the total current in the eastward direction now includes the primary Pedersen
current and the secondary Hall current - in other words, it is set by the Cowling
conductivity. In the lower ionosphere the ratio ¢y /0p is typically 3 — 4 so the equatorial
conductivity is an order of magnitude greater than at less favourable magnetic
alignments. The result is a strong current band at the equator, called the equatorial
electrojet, which weakens the terrestrial magnetic field observed at Earth’s surface in
that region.

1.1.9  Sources of Ionospheric Conductivity .

In Section 1.1.7 a number of conductivity equations were derived, each with a
dependence on the concentration of charge carriers (generally the concentration of
electrons, n., equals that of singly charged ions), but the sources of these charged
particles were not discussed. At all latitudes photoionisation by EUV solar radiation is
important in raising n, and enhancing conductivities. The amount of this photoionisation
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is directly linked to the solar zenith angle, x, as solar radiation of intensity / will be
absorbed as it passes through the atmosphere with altitude h as:

1

dl _ opn,l
dh = cosx

where n, is the number density of the neutral atmosphere (itself often approximated as
an exponential function decreasing with altitude) and g, is the radiation absorption
cross section. Hence, x will have a controlling influence on conductivity. Rishbeth and
Garriott [1969] note that while the empirical form retains the form cosx it is generally
found to best-fit with an exponent of the order 0.2 to 0.35.

At auroral latitudes particle precipitation, either directly from the cusp, auroral oval or
from losses from the ring current, deposits ionising energy into the atmosphere. There
is thus a persistent source of ionisation, though the rate is dependent on solar wind and
substorm conditions.

1.2  The Inner Heliosphere

The magnetospheric current'systems discussed in the previous section are all driven by
the solar wind flow. In addition, as will be demonstrated in Chapter 4 of this thesis, the
size and orientation of the interplanetary magnetic field {IMF) plays a key role in
applying the voltage to the magnetosphere which drives the currents. The solar wind,
and its embedded frozen-in magnetic field, the IMF, form a cavity in the interstellar
medium called the heliosphere that has a boundary (the heliopause) which is of order
100. AU from the Sun (1AU = the mean radius of Earth’s orbit) in the direction
antiparallel to the prevailing interstellar wind and has a much longer tail in the direction
of that wind.

During its orbit of the Sun each year, Earth moves in heliographic latitude between £7°.
Thus Earth samples the inner heliosphere close to the solar equatorial plane.

The IMF originates from the magnetic field generated by the solar dynamo (thought to
be situated at the base of the convection zone). Some of this field erupts up through the
convection zone and emerges through the photosphere (the visible surface of the Sun).
Large flux tubes threading the photosphere inhibit the upflow of energy from below and -
give rise to sunspots (which appear dark because their temperature is of order 4000K
instead of the undisturbed photospheric temperature of close to 5800K). A small
fraction of the field that emerges through the photosphere rises up through the solar
atmosphere (the “corona”) and, as the solar wind is accelerated away from the Sun, this
frozen-in field is dragged into the heliosphere to give “open” solar flux. The near-Earth
part of that heliospheric field is what we call the IMF.

Looking down on the solar equatorial plane, the IMF has a spiral configuration, first
predicted by Parker [1958] by applying the frozen-in flux theorem. The solar wind flow is
(to a very good approximation) radial and it carries the frozen-in open solar flux out with
it.'At the same time, the poinfs where those field lines thread the photosp'here rotate so
that the field is wound up into a spiral field as it emerges, as shown in Figure 10. The
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theory shows that the angle that the field
makes with the radial in the solar equatorial
plane is O = tan{-[Bylese/[Bxlese} =
tan(rw/vsw), where r is the heliocentric
distance, w is the annular rotation velocity
of the Sun (with respect to the fixed stars)
and vsy is the solar wind velocity. At Earth (r
= 1AU) a typical solar wind speed of near
400 km s™ gives a value of this “garden hose”
angle ¢ of near 45°. If the solar wind
velocity Vsw increases then ¢ decreases and
the spiral unwinds somewhat. Because of
distorting features such as Coronal Mass
Ejections (CMEs: transient ejections of
coronal material into the heliosphere) and
Corotating Interaction Regions (CIRs: where
fast solar wind catches up with slower solar
wind ahead of it) the Parker spiral
configuration is often distorted. The success
of the Parker theory in explaining the
average observed field orientation, both in
and out of the ecliptic plane, has been
reviewed by Lockwood [2004].

The latitudinal structure of the inner
heliosphere has been revealed by Ulysses,
the first spacecraft to sample the high-
latitude heliosphere, and illustrated in

Figure 10: Schematic of the Parker spiral, Figure 11 (after McComas et al. [2003]).
viewed from over the Sun’s north
rotational pole The solar wind velocity and heliospheric

field polarity observed by Ulysses (as it moves between aphelion at 5.4 AU to perihelion
at 1.4 AU and back to perihelion in orbital periods of 6.2 years) as a function of
heliographic latitude are shown. For the first orbit, shown in the left hand plot, the Sun
was in the declining phase of cycle 22 and the subsequent solar minimum. During this
interval, the flow is seen to be ordered into three distinct latitudinal regions. Fast solar
wind flow (vsy~700 km s?) is seen in extended regions over the solar poles. This is
where solar field lines are “open”, which means that they extend out into the outer
heliosphere, creating the fast solar wind which depletes the solar atmosphere leaving a
low density “coronal hole”. The polar vsy plot is also colour-coded by the polarity of the
observed magnetic field. Over the northern polar coronal hole the field is outward
(called “Away” or “A” field as it points away from the Sun) and over the southern it is
inward polarity (called “Toward” or “T”). The third region lies between these two polar
coronal holes and is characterised by slow solar wind (~250 km s™) and by a mixture of
toward and away IMF. The plasma density remains high on these field lines, as seen by
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McComas et al., Geophys. Res. Lett., 2003.

Figure 11: The inner heliosphere observed by Ulysses during its first (left) and second (right) solar orbits.
The bottom panel gives the sunspot number variation. The polar plots show the solar wind velocity as a
function of heliographic latitude and have been colour coded for inward or "Toward” IMF (in blue) and
outward “Away” IMF (in red). The background in each case shows illustrative examples of images of the
Sun and solar corona taken by the EIT and LASCO instruments on the SOHO spacecraft. (After McComas et

al. [2003].)
the strong intensity of Thompson-scattered light from the underlying photosphere in

the typical image. This region is called the streamer belt. The EIT image of the Sun in the
left-hand panel of Figure 11 also shows the polar coronal holes as dark regions in the
lower solar atmosphere at each pole. Because it separates the two polarity field sectors,
the streamer belt contains a sheet current called the Heliospheric Current Sheet (HCS)
and under sunspot minimum conditions this is close to planar in form and near the

heliographic equator.

This clear and simple picture of two polar coronal holes separated by a streamer belt
does not apply to the orbit shown in the right of the figure, which was during the rising
and maximum phases of cycle 23. At this point a mixture of streamers and coronal holes
is seen at all latitudes. The flow is very structured and variable. Some regions show slow
and fast solar wind speeds that are typical of the sunspot minimum situation, but many
observations show an intermediate speed. The field polarity flips from Toward to Away
— this is because the HCS has become highly warped and in some cases multiple current
sheets may exist. The typical EIT image used in this case reveals a coronal hole
extending across the solar equator but the large polar coronal holes can no longer be

Seefn.
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Figure 12 gives
another combined
image of the solar
atmosphere made
using the EIT and
LASCO instruments
on the SOHO
spacecraft at the
Earth-Sun L1 point.
This image was
taken when Earth
(and hence SOHO)
was in the northern
solar hemisphere.
This makes the
northern polar
coronal hole clearly
visible but the
corresponding southern one is out of sight. A strong and hot active region (lying above a
photospheric sunspot group) is seen to the left of the disc. Extending from this active
region to the northern polar coronal hole is a polar coronal hole extension known as the
“elephant trunk event”. Such features are most clearly seen during the declining phase
of the solar cycle. Because coronal hole extensions are long-lived (lasting several solar
rotations), the fast solar wind beamed at Earth from the near equatorial segment of
these structures impacts on Earth every 27 days, causing “recurrent” geomagnetic
storms. The leading (right hand) edge of this feature is particularly significant as the fast
solar wind from the coronal hole will catch up with the slow solar wind emitted radially
by the streamer belt ahead (i.e. to the right) of that edge. The stream-stream
interaction that occurs on this leading edge acts to slow the fast solar wind and
accelerate the slow solar wind giving intermediate speeds. These interaction regions
also compress the plasma and magnetic field and also deflect the IMF orientation.
Because they co-rotate every 27 days (as seen from the Earth) they are called corotating

Figure 12: Combined SOHO EIT/LASCO images of the solar atmosphere in the
declining phase of the solar cycle showing the northern polar coronal hole
extension known as the “elephant trunk event”.

interaction regions (CIRs).

1.3  Extracting Energy from the Solar Wind

1.3.1  Coupling Functions

The solar wind brings energy from the solar corona to the Earth. The dominant energy
density in the solar wind is provided by the kinetic energy of the bulk flow of its charged
particles. For large-scale plasma like the solar wind, the equations of
magnetohydrodynamics (MHD) show that the plasma and the magnetic field move
together (called the “frozen-in” theorem). The weak remnant solar field frozen-in to the
solar wind is called the interplanetary magnetic field (IMF). Under optimum conditions,
about 2% of the energy impinging on Earth’s magnetosphere is extracted by the
magnetosphere. Because the dominant mechanism responsible for this transfer is
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magnetic reconnection it depends critically on the orientation of the IMF. Reviews of
energy flow into and through the magnetosphere (using Poynting’s theorem) have been
given by Cowley [1991] and Lockwood [in Haigh, Lockwood and Giampapa, 2004].

Studies of correlations between geomagnetic activity indices and individual parameters
(and combinations of parameters called coupling functions) describing the solar wind
and its embedded IMF have been conducted since in-situ measurements of the solar
wind first became available. An early study was conducted by Snyder et al. [1963] who
found a correlation between solar wind velocity and the Kp index at daily timescales.
Further correlation studies have been conducted at a number of timescales, from
minutes [Meng et al., 1973; Burton et al., 1975; Baker et al., 1981} to years [Crooker et
al., 1977; Stamper et al., 1999]. Studies have used a variety of geomagnetic indices to
quantify geemagnetic activity, the previously mentioned studies using AE, Dst, AE, Ap
and aa, respectively. Most of these indices are described in more detail in Chapter 2.

A review of the coupling functions that have been previously investigated was given by
Baker [1986], while a more detailed analysis of the relationship between many of these
functions was presented by Gonzalez [1990]. In the study presented in Chapter 4 of this
thesis, approximately the same set as that selected by Stamper et al. [1999] is used,

with the addition of the coupling functions, |B| and vsw2|B| (where |B] is the IMF

magnitude and v, is the solar wind speed). The origin and physical meanings, if any, of
these coupling functions are examined in more detail in Chapters 4 and 5 of this thesis. .

Baker [1986] discusses the types of phenomena that are revealed by correlation studies
at a given timescale. According to his survey the highest temporal resolution considered
here (3 hours) will give access to storm timescales and, although this temrporaI
resolution can reveal gross coupling relationships, it is insufficient to study directly the
physical mechanisms producing that coupling. (Section 1.1.3 described how the DP2
currents respond to IMF changes on timescales of 1-2 minutes and the DP1 currents
respond after a lag of 40-60 minutes). Note that some important timescales, such as
ring current growth and decay and radiation belt diffusion were not included in Baker’s
analysis but are within the range of timescales studied here. '

1.3.2  Response Patterns

It is well-known that average geomagnetic activity, as reported by planetary
geomagnetic indices such as aa and am [e.g. Chapman, 1941; Mcintosh, 1959; Mayaud,
1980; Clilverd et al., 1998] and the occurrence rate of large geomagnetic storms [e.g.,
Broun, 1848; Sabine, 1856], peaks around the time of the equinoxes and minimises near
the times of the solstices. A number of hypotheses have been advanced to explain this
seasonal variation in geomagnetic activity.

Each of the major hypotheses is intimately connected to the geometry of the Earth’s
orbit around the Sun. Over the course of the year, the Earth-Sun distance undergoes a
regular variation as do the three angles shown in Figure 13. Although the distance has
not been found to be an important factor in the annual variation of geomagnetic activity,
the three angles have been invoked, as discussed in the section below.
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Figure 13: The three angles A, W and © that appear to produce seasonal variations in geomagnetic
activity. (After O’Brien and McPherron [2002])

The Axial Hypothesis
Amongst the earliest explanations of the semi-annual variation was the “axial effect”,

which makes use of the fact that that the Earth makes its greatest excursions in
heliographic latitude, A, just prior to the equinoxes [Cortie, 1912].

The ecliptic plane (the plane of the Earth’s mean orbit) and the solar rotational plane
(defined as the plane perpendicular to the solar rotational axis) are not aligned, but are
tilted with respect to one another by 7.25°. This means that over the course of a year
the Earth makes excursions in heliographic latitude, reaching its maximum southward
excursion on 6 March and its maximum northward excursion on the 7 September. The
angle A, shown in Figure 13, the heliographic latitude of the Earth, therefore varies over
the course of the year but not significantly over a single day.

The annual oscillation of the Earth’s orbital excursions in heliographic latitude, A, causes
a variation in the solar wind speed (vsy) and interplanetary magnetic field (IMF) polarity
measured at Earth during the course of a year. The IMF polarity changes are due to the
presence of a polarity inversion sheet which is warped (to a degree that varies
considerably) around the heliocentric equatorial plane [Svalgaard et al., 1975], i.e. the
Heliospheric Current Sheet (HCS). The latitudinal excursions also increase the chance
that the Earth will intersect streams of fast solar wind emanating from low-latitude
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extensions to the polar
coronal holes [Whang et al.,
2005], which will have
opposing field orientations in
the two solar hemispheres.
This is particularly true during
solar minimum conditions
when large coronal holes form
in the polar regions of the
Sun; fast wind is emitted at
high A, while slower wind is
emitted in the Streamer Belt

(SB) at the lower latitudes in RS By g SNEge e e e
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At equinox the Earth should Figure 14: Predicted annual and diurnal variations of geomagnetic
activity caused by the axial mechanism. The panel at bottom

preferentlally sample the solar shows the average over the day. Units are arbitrary.

polar coronal hole in the same

hemisphere. The Ulysses satellite has demonstrated how this simple organisation of the
heliosphere into two clear hemispheres that are separated by a relatively unwarped HCS
breaks down with increasing sunspot number to give a much more complex latitudinal
structure (see Figure 11).

Since both solar wind speed and IMF field strength magnitude and orientation are
known to affect geomagnetic activity, the semi-annual variation in |A| should cause a
similar semi-annual modulation in geomagnetic activity. The predicted annual and
diurnal variation (here referred to as the “response pattern”) characteristic of the axial
effect is illustrated in Figure 14.

The Equinoctial Hypothesis

The equinoctial hypothesis was developed by Bartels [1925, 1932] and Mcintosh [1959],
and recently re-explored by de La Sayette and Bertelier [1996] and Cliver et al. [2000]. It
is based on the varying angle — W - between the Earth-Sun line and Earth’s magnetic
dipole axis. The angle is shown in Figure 15. As the Earth travels along in its orbit about
the Sun the angle between the geographic rotational axis and the Earth-Sun line
changes, the well-known cause of the seasons at any point on the Earth. The Earth’s
magnetic dipole axis is offset approximately 11° from the geographic axis (the exact
offset changes slowly, on the timescale of centuries) and will thus rotate around the
geographic axis during each day. The combination of these two effects means that W
varies both over the course of the year and during a day, as shown in Figure 15. The
equinoctial effect assumes that geomagnetic activity is controlled by the angle y and
Figure 16 shows the response pattern for the equinoctial effect in the same format as
Figure 14. The latter figure is included to emphasise the daily average behaviour and to
aid comparison with later figures using the same colour scheme.
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Figure 15: Annual and UT variations of the angle W (After Cliver et al. [2000])

Baker et al. [2001] propose that the im
axis with respect to the Earth-Sun line

portant parameter is not the angle of the dipole
but instead with the solar wind direction in the

Earth’s frame of reference, implying a correction of tan™! (i)) ~ 4° or shifting the

overall effect later by 4 days, where V¢
Figure 15 or 16.

The physical relationship between the
angle W and geomagnetic activity is
not well understood and a number of
competing theories attempt to explain
its appearance in geomagnetic data
series. The major hypotheses are listed
below (adapted, with additions, from
O’Brien and McPherron [2002]):

1. Boller and Stolov [1970] propose
that W causes a modulation of the
stability of the flanks of the
magnetopause to the Kelvin-
Helmholtz (K-H) instability. In their

model K-H instabilities (a possible

(Vsw
is the velocity of the Earth. This is not shown in
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Figure 16: Predicted annual and diurnal variations of
geomagnetic activity caused by the equinoctial
mechanism. In the same format as Figure 14.
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viscous-like driver of convection and currents) can only grow in regions where v,,’is
larger than a factor proportional to cos? W. The instabilities would thus grow for the
largest range of solar wind speed values when cos? ¥ = 0 and would be restricted
to higher solar wind speeds when cos? ¥ was larger such as at solstices. Such an
effect would be amplified by the axial effect on vy, if present. "

2. Svalgaard [1977] suggested that the tilted dipole presents a stronger magnetic field
to the solar wind, thereby increasing the magnetopause standoff distance and
enlarging the magnetospheric cavity. The enlarged cavity could result in decreased
magnetic gradients as field lines moved apart and would thus diminish magnetic
activity. o

3. Crooker and Siscoe [1986] propose that the sheath field available to reconnect at
the dayside magnetopause varies strongly with W, causing as much as a factor of 2
peak-to-peak variation in reconnection efficiency. This model provides its strongest
reconnection for W = 90°. The model also implies that magnetopause currents
would be dramatically affected by the tilt angle W, although the details of that
dependence have yet to be calculated.

4. Alexeev et al. [1996] suggest that the Dst index contains a large contribution from.
the tail current. Since the tail current is reconfigured for a tilting dipole, the W angle
would control the contribution of the tail current to Dst.

5. Lyatsky et al. [2001] (further developed by Newell et al. [2002]) posit that the
equinoctial effect is due to changes in the total ionospheric conductivity in the
nightside auroral oval, maximising geomagnetic activity when both nightside auroral
ovals are in darkness, which occurs at the equinoxes. Minima in geomagnetic
activity would then occur when one or other of the nightside ovals is illuminated,
giving strong minima in June at 18UT (when both the annual and diurnal effects of
the rotational and geomagnetic axes, respectively, act to move the nightside auroral

~oval in the northern hemisphere into sunlight) and in December at 6UT (when the

~ same is true for the southern hemisphere); Nagatsuma [2006] showed further
evidence for this explanation by demohstrating a connection between solar radio
flux (F10.7, often taken to be a proxy indicator of the solar EUV flux which enhances
conductivity), total solar zenith angle and geomagnetic activity.

6. Russell et al. [2003] propose that the equinoctial effect is due to changes in the
length of the magnetosphere antiparallel reconnection line and of the sheath field
clock angle which maximises it with changes in dipole tilt, which would affect

coupling efficiency.

The Russell-McPherron Hypothesis
Section 1.2 describes how the combined effects of solar rotation, radial solar wind flows

and the frozen-in flux theorem result in the IMF being wound into a Parker spiral
configuration both in (see review by Lockwood et al. [2004]) and out of the ecliptic
plane [Forsyth et al., 1995].

Early spacecraft data [Coleman, 1966] showed that the. IMF is ordered in the Geocentric
Solar Equatorial Coordinate (GSEQ) system. In this frame the x-axis is formed by the
Earth-Sun line and points towards the Sun from the Earth. The y-axis is parallel to the
Sun’s equatorial plane (the rotational plane described above) and directed in the
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