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ON THE CAUSES OF GEOMAGNETIC ACTIVITY

Leif Svelgaard
Institute for Plasma Research
Stanford University
Stanford, California
94305

Abstract

The causes of geomagnetic activity are studied both theoretically
in terms of the reconnection model and empirically using the am-index
and interplanetary solar wind parameters, It 1s found that two separate
mechanisms supply energy to the magnetosphere, One mechanism depends
critically on the magnitude and direction of the interplanetary mag-
netic field, Beoth depend strongly on solar wind speed. The energy
input is modulated by the tilt of the dipole axis being maximum for 90°
tilt against the solar wind flow direction. The energy input due to re-
connection has no significant seasonal or UT variations for equal amount

of both sector polarities,
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ON THE CAUSES OF GEOMAGNETIC ACTIVITY

Leif Svalgaard
Institute for Plasma Research
Stanford University
Stanford, California
94305

Intreduction

Geomagnetic activity ecould - following J. Bartels - bhe defined
as the short-term effects on the geomagnetic field of the variable solar
wind, Desplte the difference between our present understanding and

Bartels' original ideas when the K-index was introduced {(Bartelset al.,, 1939)

the K-index and derived indlces are generally appreciated and widely

used by researchers in a variety of fielda, By combining loecal K~-indices
from a network of stations into the planetary index Kp, Bartels strived

at devising a quantitative measure for the intensity of the "Partikelstrah-
lung" from the sun, We now know that the interplanetary magnetic field

is an important property of the solar wind in generating geomagnetic

activity (Schatten and Wilcox, 1967), This means that the geomagnetic

indices also reflect properties of the interplanetary magretic field and
of the solar magnetic field.

The imbedded magnetic [ield gives the solar wind plasma fluid
properties so that f£rictional or viscous-like interactions can take
place between the streaming solar wind and the magnetosphere. Further-
more, the amount of magnetic flux in the magnetotail has been found to
depend on the direction of the interplanetary magnetic field (see review
by Burch, 1974), If the interplanetary magnetic field has a component
that is antiparallel to the geomagnetic field lines on the sunward side
ot the magnetosphere, it can readily connect with the terrestrial field
and is then swept back into the tail by the streaming of the solar wind,
The magnetic energy in the stretched-out field lines is then stored in

the magnetotail for later release as geomagnetic mctivity., The energy

release - often manifested as substorms - may be triggered by instabil-

.
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ities of the tail configuration, Such instab lities may have causes

internal to the tail as well as being excited by external events in the

ever changing solar wind, The Kelvin-Helmholtz instability of the bound-

ary between two magnetodynamic fluids has often been proposed (e,g. Boller and
Stolov (1970) to be responsible for at least some geomagnetic disturb-

ances, Conmpression of the magnetosphere by increased solar wind pressure

may also play a role in triggering the energy releases,

Because the rotation axiw of the Earth is inclined by 23?5 to the
Ecliptic and the geomagnetic dipole axis in turn is inclined 11?4 to the
rotation axis, the angles between the average interplanetary magnetic field
and between the solar wind direction and the geomagnetic field both wvary
seasonally and daily, These variations should give rise to both seasonal
and diurnal variations of the geomagnetic activity, BSuch variations exist,
of course, and have heen extensively discussed in the literature,

The semiannual variation was discovered by Broun (1874) from observations

of the Declination at Trivandrum. Recent discussions include Mayaud (1970),

Wilcox (1968), Boller and Stolov (1970), Siebert (1971), Saito (1972),

Russell and McPherron (1273), and Meyer (1974).

The importance cf these regular variations lies in the possibility to dis-
criminate between several theories or models of the modes of interaction
between the solar wind and the magnetosphere., Furthermore, if the correct
model (or models) can be singled out, the more than century-long monitoring
of the geomagnetic field could provide insight into the long-term fcatures
of the source of geomagnetic activity: the magnetic field of the sun,

In spite or the rich literature on the subject there appears to
be some confusion in regard to the precise nature of the seasonal and

diurnal variations of geomagnetic activity (Russell and McPherron, 1974),

Part of this confusion arises from the fact that the variations predicted

by specific models do not agree with observations thus making interpretation
of the data difficult. It is the purpose of the present study teo clarify
the situation and to show that the observed variations may be interpreted

in a way that is consistent with our present understanding of magneto-

spheric processes,

Data Description

As a measure of geomagnetic activity we shall use the am index

introduced by Mayaud (1967). This index is a three-hour index character-

2
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izing the world wide level of activiiy on a linear scale, gilving essen-
tially the amplitude in nanoTesla (InT=1 gamme) of the irregular devia-
tions during that three-hour interval of the horizontal component from
the regular daily variation, Several peomagnetic observatories are
grouped into groups that have uniform distribution in longitude, There
are five groups in the northern hemisphere and three in the southern, By
averaging the deviations first for each group separately and then averaging
the group means for each hgmisphere, indices an and as result, The am in~
dex i1s then defined as am = (an + as}/2, This procedure largely removes
local time effects ~ in particular the uneven illumination of the guroral
zZones, The resulting index, am, can therefore be considered to be a
close approximation to a true planetary index, 1In the present analysis

we utilize the am indices derived for the interval 1962-70,

The interplanetary magnetic field has been monitored extensively
since the Mariner-2 flight in 1962, The magnetic field i35 carried out
from the sun by the radially cxpanding solar wind and is curved by solar
rotation into a spiral on a conie surface with the focal line along the
solar rotation axis, The field is organized into sectors where the
field points predominantly either toward the sun or away from the sun
along the spiral (Wilcox, 1968), During most three-hour intervals it is
possible to assign a definite polarity to the field., In addition we com-
pute the average field latitude angle and magnitude for these three-hour
intervals, By using three-hour averages we get quantities that may be
compared directly with the am index, A disadvantage of the averaging is
that the variability of the field is somewhat suppressed, The inter-
planetary data was obiained from compilations by Wilcox and Colburn (1972)

and from the National Space Sclence Data Center,
The use of planetary indices for studying the Universal Time

variation of geomagnetiec activity has been questioned by Russell and Mc-

Pherron (1974) on the basis that these diurnal variations are sensitive
to the definition of the index and that different indices show different
diurnal variations, Such differences arise from uneven station distri-
butions and imperfect weighting factors when many stations are combined
into a planetary index. Such complications are largely avoided in the

construction of the am-iﬁdex, which Mayaud claims to be a fair approxi-
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mation to a true planetary index, It is possible to verify this claim by
comparing the UT variations on days with opposite polarity of the inter-
planetary magnetic field, As we shall discuss at length in later sections
of the paper, we would expect UT variations thet are roughly sinusoidal but
in antiphase for the two opposite polarities, away from or towards the sun,
Such UT variations are indeed exhibited by the am-index as shown in Figure 1,
Even the an- and as-~indices separately show the same UT variation as
the am-index, A minor distortion of the curves for the twoe separate hemi-
spheres results from the antipodal character of the polar caps, but may be
removed by computing the differences between the variation during away
polarity and the variation during toward polarity. These difference
curves are virtually identical for all three indices as shown in the right-
hand panel of Figure 1. In this connection it should be pointed out that
the an~ and the as-indices are completely independent, They are derived
from different sets of stations with different longitudinal dis-
tributions, Yet the difference curves have the same phase and

amplitude for each index, This result leaves no doubt that real UT

variations exist and that the am-index does indeed exhibit these variations,
These UT variations have - as we shall show - the correet phase and ampli-
tude to be explained by diurnal changes in the amount of interplanetary
magnetic flux reconnecting to the magnetosphere but are distinctly different
from the UT variations described by Mayaud (1970) cobtained by not separating
the data according to sector polarity. Both systems of variations exist,
however, and a similar co-existence of two separate systems of semiannual
variations will also be demonstrated; In fact we shall show that there
co—~exist two different systems of geomagnetic variations. One system de-
pends on the direction of the interplanetary magnetic field whereas the
other system depends on the angle hetween the solar wind direction and

the earth's dipole axis. The first system has no significant semi-
annual or diurnal variations when about the same number of days with each
polarity are averaged together, The second system, that is independent

of the direction of the interplanetary magnetic field, shows the well

known classical semiannual variation and the diurnal variations so aptly

described by MeIntosh (1959) and Mayaud (1970),

Analysis of am—variations

A property of the classical UT variaticon of geomagnetic activity

{(MeIntosh, 1859) is that the phase of the variation chaﬁges with season,




At the two solstices the variations are precisely in antiphase, while

at the equinoxes the UT varilations are very much sSmaller having two
maxima and two minima, Averaged over all seasons the resulting UT
variations are very small and hardly detectable. These are all well
known results and make the division of the data into two groups with
opposite sector polarity meaningful in the sense that any differences
between the geomapnetic response to different polarity will hardly be
distorted if averapges are taken over all seasons, Any such distortion
may also be eliminated 4if the difference between the UT variations on
days with opposite polarities is computed, We saw a nice example of this
in the right-hand panel of Figure 1, Because the UT variations havs
opposite phase for opposite polarity, theso variations will cancel out
when all days are averaged without repard of the sector polarity. Proper
selection of averaging parameters may thus isolate differeuni components
of geomagnetic activity that may be excited by or modulated by different
processes,

Thus, if the difference between the variations of activity for
the two opposite sector polarities is computed, we isolate variations de~
pending critically on just the sector polarity, and if the average
variation for all days (strictly: the same number of days of each
polarity) is computed we isolate variations essentially independent of
the polarity. TFigure 2 shows this program carried out for different
seasons, We note that the polarity dependent UT variation is essentially
independent of seasotns, waiile thes polarity independent variations display
the well known McIntosh-effect with & reversal of the phase between the
two solstices, - The amplitudes of the two variations are comparable; t{he
polarity dependent variation being about 70% of the polarity independent
variation averaged over the four months intervals of Figure 2,

Figure 3 demonstrates that the classical semiannual variation is
independent of pelarity but that the differences hetween activity on
away days and on toward days has an annual variation, Again we are find-
ing that geomagnetic activity responds to the sector polarity with two
variations that are in antiphase for the two polarities. Such wariations

have already been noticed by Burch (1973) and by Siscoe and Otaela, and

have been used by Russell and McPherron (1973) as support for their notion
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that the semiannual variation arises from the superposition of two annual
activity wavos: one for toward polarity with maximum in April and one for
away polarity with maximum in October., At first sight such superposition
of two variationgin antiphase should lead to a cancellation of the vari-

ations resulting in no semiannual variation at all, Russell and McPherron

(1973) avoid this by assuming that there is no interaction between the
interplanetary magnetic field and the geomagnetic field when the inter-
planetary field has a northward component asg seen by the magnetosphere,
This assumption leads to a model that predicts that activity is confined
to only one polarity at each equinox, namely toward polarity in March-
April and away polarity in September-October, thus assuring a semiannual
variation, However, Figure 4 shows that such behavior is not observed
for the UT variations where the variations are always present with almost
constant amplitude and phase throughout the year. In Figure 4 we compare
the UT variations for the two polarities at times of the year where they
should both be large (left~hand panel) and at times where, according to
Russell and McPherron (l973), the variations should both be absent or at

least very weak (right-hand panel}, In fact, the UT variations are equally
well present in both panels with no significant difference between them,
Thus we find that the variations of geomagnetic activity that depend solely
on sector polarity are almost equal in amplitude but opposito in phase Tor
the two polarities, In the following section we show theoretically that
such behavior is just what might be predicted from a simple treatment of

the geometry of the reconnection process at the dayside of the magnetosphere,

At this point it is worth mentioning that the finding of opposite
UT variation for different sector polarity can be used as a sensitive
vehicle for testing the accuracy of polarities inferred from polar geo-
magnetic records (e.g. Svalgaard, 1972; Wilcox, 1972), The amplitude of
the UT variation for a given inferred polarity is presumably less than -
say a fraction f of ~ the amplitude of the variation we would find had
the polarities been measured by spacecraft, Thié is due to the fact that
only a fraction p of the days are inferred correctly, where

p = (1+£)/2 (1)

Actually p would be a lower limit for the success rate depending on the
time resolution of the inferred polarities because of short—period fluc-

tuations of the sector polarity,




Dayside reconnection model

The discussion will be focused on the process of magnetic merging
or field line reconnection, Tt is now widely accepted that this process
plays a crucial role in determining the topology of magnetic fields and
plasmas and provides the most plausible way of releasing energy stored
in a magnetic field in order to produce large dissipative events, A cri-
tical review of the fundamental physics of magnetic field line merging
has recently been given by Vasyliunas (1975),

For the megnetic field configuration in and around the earth's
magnetosphere we distinguish three classes of fileld lines: (1) closed
field lines that connect to the earth in both direections, (2) open field
lines that connect to the earth at one end and to interplanetary space
at the other end, and (3) interplanetary field lines that do not connect
to the earth at all. The regions of space traversed by the different
classes of field lines are bounded by & surface called the separatrix.
The intersection of the separatrix with the noon-midnight meridian plane
i5 shown in Figure 5 as a heavy line, The separatrix could be visualized,
topologically, as a doughnut touching the inside of a cylinder, Thus,
the separatrix has two branches (the doughnut and the cylinder) inter.-
secting along a line commonly called the X line, In general there is
a megnetic field component along the X line.

Any change of the amount of magnetic flux connecting the earth
with interplanetary space (i.e. the sun!) will require magnetic flux

transport across the separatrix which in turn also implies

a plasma flow across the separatrix, This plasma flow is the essential

element in the definition of the merging concept as applied to large-

scale plasma systems: "Magnetic field line merging, or reconnection, is

the process whereby plasma flows across a surface that separates regions

containing topologically different magnetic field lines” (Vasyliunas, 1875).
The coupling between the plasma flow and the transport of magnetic

fiux is provided by an electric field E given by

E+VxB™=>0
~T LA (2)




vhere E'is the magnetic induction field and ¥V is the bulk flow velocity

of the plasma. Equation (1) states that there be no electric field in the
frame moving with the plasma (x = 0), and also implies that any plasma

flow across magnetic field lines (fFuch as the ones making up the separatrix
surface) is associated with an electric field lying in the separatrix sur-
face at right angles to B. The existence of such an eleciric field is thus
an alternative way of stating that magnetic merging is occurring.

The geomagnetic field presents an obstacle to the solar wind flow
and introduces field lines with different topologies in the region sur-
rounding the carth, Magnetic merging at the magnetopause is one pro-=
cess by which the solar wind can pass through the magnetosphere obstacle.
Merging is associated with an electriec field across the magnetosphere
along the X-line, perpendicular to the geomagnetic field earthward of the
X-line and hence pointing from the dawn side to the dusk side of the mag-
netosphere, The field lines that reconnect on the dayside magnetos phere
are stretched back by the solar wind into the magnetotail of Length T
until the two branches of tail field lines (one from each hemisphere)
meet and connect again, In this way the interplanetary magnetic field
lines pass through the magnetosphere and the geomagnetic field lines
gain tensional energy. The total amount of tensional energy gained by
these field lines represents an effective energy transfer to the mag-
netosphere owing to merging at the magnetopause,

The power transferred to the magnetosphere is the integral of the

Poynting vector E x‘g over the doughnut-part of the separatrix surface §:

P:ﬁﬁ-(ﬁxﬂ) (3)

or approximately (ignoring the dayside part):
P = gﬁ‘jaXdYE B 4
Ko YEX (4)

where k is of the order of unity. We consider the tail to be a cylinder
with its axis in the X-direction and having a width 2R in the Y-direction
in the ecliptic. E_ is the cross-tail electric field due to reconnection

Y

and BX = MOHX is the magnetic induction field in the tail, The potential

difference between the dusk side and the dawn side of the magnetosphere
is § = j&YEy, and we may write:

j&XBX = BT (5)




where B;, is an appropriate average field strength in the tadl. Obseor-
vationally By is of the order of 10 nT and 1s found to be very nearly
parallel to the tail axis, We can therefor express the power supplied
to the magnetosphere by thglsolar wilnd as

<

P = — 3
o $BpT (G6)

A similar result can be obtained by treating each tail lobe as a
solenoid. A surface current must flow around each lobe to maintain the
magnetic configuration, especially to keep the two lobes apart, The
solenoidal currect density required is j = BT/uo per lobe, or 2j+T for
the total current across the tail, The amount of enorgy drawn from the

solar wind by this current over a potential difference & is

2 '
P = (2_‘]-'])@ = W‘I’BTP

Again s geometrical faoctor liko k may bo applied to account for the de-

tails of the circuit geometry,.

If magnetic merging takes place predominantly in a region of width
D around the noge of the magnetosphere where the solar wind flow is nearly
normal to the magnetopause, the electric field associated with the merging
is then of the order E =z VB and the potential drop acress the reconnection
region is & = E«D = VBD, This potential difference can be thought of as
the number of field lines approaching the merging region per unit time,
We assume that there is no restriction on the merging rate, i.e, that all
field lines frozen into plasma flowing through the separatrix do indeed
reconnect, Otherwise we would encounter a topologically unpleasing field
configuration, We can therefore state that the potential drop across the
merging region is equal to the number of interplanecary field lines re-
connecting per unit time on the dayside,

It takes the solar wind the time T/V to pass the mapgnetosphere
(because T>> dayside stand-off distance). The total number of field
lines reconnected during that time is then &T/V., In a steady state this
will be the amount of open magnetic flux in each tail lobé. The field
strength in the tail lobe is then &T/V divided by the cross-sectional
arvea of the high latitude region of the lobe taken to be %nﬁz giving

9

BTN . _:._.__L




obT

I = R7V (7)
Combining (3) and (1) we get an expression for the power input
. 2k + T 9 (8)
P M Mo 2y ¢

So far in our discussion we have assumed that the interplanetary magnetic
field By was antiparallel with the geomagnetic field Bg near the dayside
X-line, If the two fields make an arbitrary angle g with each other, the
antiparallel components of the two f£ields (if they exist) now determine how
many fileld lines can reconnect, From the geometry of Figure 6 1t follows
that the nntiparallel component of By is given by

B = By sin u

B1~ Bgcos o

= By
(Bé + B% - 2B1Bgcos Q)%

- B 5 ~ COS o (9

(1 + s2 - 2scos a)é
where s = B1/Bg, provided that cos o<s, If cos o2s, no antiparallel com-
ponents exist and merging becomes geometrically impossible, Similar ideas
have been developed previously by Gonzalez and Mozer(1974)and by Sonnerup
(1974), Using (9) we get:

5= Ccos¢
¢ = DVBg , S>cosa (10)

(1+ 82 - 2scosa)?

By using the concept of a plane merging region of width D instead of the
(unknown) real three-dimensional configuration, we are hiding our ignorance
about the actual magnetosheath flow pattern behind a geometrical factor f,
such that D = fR, The main reason tha* we expect I to be rather small is
that the magnetoshesth plasma flow rapidly becomes tangeutial to the magneto-
pause when we move away from the solar wind stagnation point at the nose of
the magnetosphere, When this happens, the solar wind has in a sense alreddy
passed the geomagnetic obstacle,

Up to now, we have ignored the presence of the bow shock upstream
of the magnetosphere, The solar wind is slowed down at the shock front

to magnetoshenth values VM and the field strength is increased to By The
magnetic flux transport is largely unaltered so that VBr™ VyBy, and we will

continue to use VBy in lieu of VyBy, But in defining s.as the ratio between

10




the megnetic field strongths just outside and just inside of the magneto-
pause we should use By rother than By, i,e,
s = Bn/Bg

Observationally s is found to be near } rather independent of By,
The explanation may be that increased B, leads to "erosion" of the dayside
magnetosphere due to enhanced reconnection. The magnetopause thus moves

closer to the earth so that Bg also increases, keeping s nearly constant,

An estimate of the geometrical factor I determining tha size
of the merging region may be obtained by equating & determined from (7)

to & as gilven by (10), Assuming o = 90° the result becomes

B 2.3
P = T R (L") ~ 0,17 (11)
BI Uy s2

We have used BT=11nT,BI=5nT,R=25nE, T=1000RE and 5=0.6,

With the definition

0 1  SEcosy

qla,s)= (12)

2
{s-cosa) s>cosy

2 !
14 5 - 2scosy

and using (8) and (10} we obtain the follewiny expression for the energy
transferred to the magnetospherc per unit time:

v e
kf 2 2
P = ﬁl_ T V)BI({(Q’,S) a3

0

With k =1, f =0,17 and V = 400 km/s we obtain the following numerical

estimate

P=1,2x 1011B?q(a,s) watts {(14)
Where BI is expressed in nanoTesla. For average values of BI’ o and s we
find P = 0,8 x 1012 watts = 0.8 TW, Thus in a qulet steady state re-
connecticn constitutes a power transfer from the solar wind to the mag-

netosphere of the order of 1 terawatt.
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We shall now consierconsequences of the tendency of the interplane-
tary field to be organized in large-scale sectors of alternating polarity -
toward the sun or away from the sun along the basic field line spiral,
Walters (1964) first suggested that the interplanetary magnetic field
would be "draped" (Fig, 7) around the sunward part of the magnetosphere,
Fairfield (1967 presented observatimns of the magnetosheath magnetic field,
confirming the draping concept. It was further found that the latitude
angle of the field is not changed significantly by the draping. The re-
sult is then that the magnetic field just outside the magnetopause is
tangentinl to the magnetopause - directed from dawn to dusk in case of
an ideal away polarity and from duzk to dawn in case of toward polarity,

In addition the field may make a non-zero angle, B, with the ecliptie,
Figure 8 shows the orientations of a geomagnetic field line and a inter-
planetary field line for the two sector polarities, The circles delimit

the merging region at the nose of ‘the magnetosphere as seen from the

sun. A pgeomaghetic field line 1s indicated by the arrow SN having a

tilt A to the ecliptic EE, The angles aA and aT between the field dir-

ections are given by

QA=AHB , o, = 180 - (A+f) (15)
where B is the ecliptic latitude angle of the interplanetary magnetic

field,

Using (14) we can express the power input during the times of

away polarity as

2
= (
?A = pBIq.aA,s) (16)
4kf2 2
where p = —(T°V) (17)
TH o

Similarly we pget for toward polarity
2
PT = pBI q(@ ,s) (18)
The difference between the power input on away days, (i.e. extended in-
tervals where the earth is immersed in an away sector) and on towards days

2
is then proportional to (assuming pBI

6AT= q(aA)S) - chTrs) (19)

The averages in (12) are to be extended over the duration of the intervals

to be independent of polarity)

in question, The average value of the latitude angle B is =~ 00; this means

12




that
cos @, = c¢os (A-B) = cos A
cos uT ==-c03 (A+p) =-cos A

so that (using (13), followed by some algebraic manipulation):

6AT = ~45Q(A,s8)cos A (20)
where the auxilliary function Q(A,s) is defined by
1 - cuszA
Q{A,s) = 5
(1 + 52)2 —452cos A
n-1
@ 2
._1._ 1 - (1_52)2 -g}f-...)._._ cosznA (21)
(1482)2 g 40
n=1 (l+s )

In deriving (20)we have made use of the identity (sicosA)2 = (1+s%t2$cosA)—
(1-0052A). If, during an extended period (e.g, weeks), away polarity and
toward pelerity occur with equal probability we can meaningfully define

the average power input which is proportional to

Opp = (e, ,8) + qA(@y,5))/2

AT
=1 - (Les?)  QeA,s) (22)
For s=0.6 (a value discussed later) the first 4 terms in the expansion

for @ are
2 4 6
G(A,s) = 0,541 - 0,120 cos A = 0,093 cos A - ¢.073 cos A ~...(23)

Because cosA&0.5, the series converges rapldly and we can ignore the comp-

lications caused by sScosw. Corresponding series for EAT and for UAT are

5 7
6ATEJ,298 cosA + 0,287 cosBA 4+ 0,223 cos A + 0,174 cos A + ...
2 4 5] (24)
UAT=0.265 + 0.183 cos A + 0,127 cos A + 0,099 cos A 4+ ...

The first term in each of these expansions always dominates, so that to
first order

& =-1,298 cos A
AT (25)

UAT = 0,265 (= constant)

13




We are thus led to the interesting conclusion that the average power

input o to the magnetosphere is nearly constant and thus does not de-

AT
pend on A, The angle A is the angle between geomagnetic field lines in
the merging region and the dusk-dawn direction or what is the same the
direction opposite the Earth's orbital motion, This angle varies both

daily and seasonally but since © does not depend on it to first order,

the theory presented here prediﬁzs that there be no significant diurnal

or seasonal variation of the average power input to the magnetosphere,

On the other hand, 6AT or the difference between the power input during away
polarity and the input during towards polarity, does depend considerably

on A,

To determine the diurnal and seasonal variation of the angle A,
reference is made to the spherical geometry in Figure 9, From the spherical
triangle SMT we get

cos A = cos y/siny (26)
where | is the tilt of the dipole axis to the solar wind direction
{(ignoring for the moment the 4° gbberation due to the mntion of the Earth),

The angle )\ is the ecliptic longitude of the mean sun given by
A (@)=279%69 + 360°(d-0.5)/365,24 (27)

where d is the day of the year (Jan. 1 =1) and A refers to thUT of the
day, The dipole axis MO rotates once around 0G in the course of one
siderial day so that the angle h becomes

h = 360° (£~10.65)/24 + A | (28)
where t is Universal Time in hours (mean solar time). The constant 10P65
is determined by the geographical longitude of the magnetic pole,

Using the cosine-relation for the spherical triangle SUM we get

cos =sinlcosg + cosjsingcosu
and similarly

cosX, =cosicos{ - sinAsinfcos u
The auxillary arc { can be determined from AMUG:

cos{f =cos i sin€ - sini cos€ cosh (29)
where ¢-23545 is the obliquity of the ecliptic and i= 11?44 is the geo-
graphical co-latitude of the magnetic pole., Using the sine-relations for
AMUG we pget
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[ A,

sinfcosu = sini sinh

leading to the final expressions for cosy and cosX:

sinicos isim.
sin i (sin)lcos€ cosh - cosisinh ) (30)

cosy

1

cosA = cos)h cosi sine

sini (cos)cos¢ cosh 4 sinAisinh ) {3L)

The Tirst term in each expression gives the purely seasonal variation of
the angles while the second term determines the diurnal modulation.

We note that cosy and cosX are the components of a unit vector along
OM (opposite the dipole axis) on the X- and the Y- directions respectively.
The Z~- component is easily found to be

cosT = coSg co51 + sineg sini cosh (32}

Comparing the model with observations

Having derived expressions for the energy transferred to the mag-

netosphere by the solar wind we now make the assumption that some of the
energy transferred to the magnetosphere is dissipated as geomagnetic activity.

It is not clear a priori what functional relationship to expect between the
power input and any of the many geomagnetic activity indices., However, it
turns out from examination of available data the the am-index inecreases
linearly with the power input given by (14), At our disposal we have 8741
three-hour averages of interplanetary magnetic field data during the in-
terval 1865-1970. For each such three-hour interval we determine the angle
o between the merging field lines using (15) and (26) through (31), and can
then compute the corresponding value of q(&,s) using (13) and assuming a
value for s, We now want to see how the am-index depends on q(e,s). Figure
10 shows that a linear relationship results for s=0,6, Other values of s

do not result in a linear reletionship as shown by dashed curves for s5=0.5
and for s=0,7, These curves were constructed by assuming that the straight
line for s=z0,6 represents a functional relationship between am and o through
the function q(w,s) and then applying that relation for the other values

of s,
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In constructing Figure 10 the data were divided into 16 classes of
intervals of q such that all classes contain about the same number of data
values, The average am-index and q-value for each class are then computed
and plotted, This procedure tends to result in comparable statistical
significance of each point plotted on the fipgure, Applying a similar
procedure we also investigate how the am-index depends on the magnitude,
BI, of the interplanetary field, We f£ind a linear relationship with the
square of BI as shown in Figure 11, Since such a dependence would follow
if the am~index had & linear dependence on the power input given by (14),
we are led +to assume that a linear dependence on d{x,s) is the functional
relation we are seeking, This implies that s should be chosen to be near
0.6,

Noting that the power input also depends on the seclar wind speed,
we should ascertain that the field magnitude and the solar wind speed
are uncorrelated. An insert in Figure 1l shows the average field magnitude
in 50km/sec bins of the solar wind speed, Only for the 2% of the data where
the speed is less than 300km/sec do we find a field strength significantly
different from the average value., Iif therefore seems reasonable to take
Figures 10 and 11 as supporting the following relationship between the

interplanetary magnetic field and geomtgnetic activity measured by the

am-index

am = am, + mB?qu,S) (33)
where s=0,6, m=0,89 and amlﬁﬁ2. Taking the most probable values for BI
and qlw,s) to be BI = 4,5 nT and q{x,s) = 0,2647 (li.e. o = 90? s=0.6) we
get

am = am1 4+ 18.02 q{e¢,0,6) (343

am = am1 + 0,236 Bi (35)

both of which are wvery close to the best fit lines on Fipgures 10 and 11,
The term am, could be interpreted as an indication of a component of
activity that does not depend directly on the interplanetary magnetic

field,
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We now consider an ideal average interplanetary magnetic field and
determine the expected diurnal and seasonal variations of geomagnetic
activity that should result, We use our theory, which apparently does
reasonably well in describing how the am~index depends in detail
on the interplanetary magnetic field as we have just seen, In deriving
eq. (20) we asserted that the average ecliptic latitude angle B of the
interplanetary field is approximately zero, Because of the 7?25 angle
bhetween the solar equator and the ecliptic, the ecliptic latitude angle
of the average or ideal interplanetary field will have an annual variation

hetween -7?25 and +7?25 approximately given by
B = 7725 sin (360°(d-66)/365.24) (36)

The angle § will be zerc near March 7 and near September 7, With reference
to Figure 7 we should reinterpret the angle A as heing the angle between
the geomagnetic field in the merging region and the solar equatorial plane
rather than the ecliptiec plane, If we do this we may still set B=0 in the
derivation of eq.(20) in order to arrive at the useful expressions (20) -
{(25). This is equivalent to rotating the f£ield lines through the angle
B8, transforming the angle ¥ according to

cosX' = cosXcosB + cosTsinp (37)
and computing A from cosA = cosX'/siny (cf,eq.(26)).

We may now compute the funetion 6AT for any given time of year and

time of day by utilizing eq.(24), According to eq.(34) we can convert

SAT into units of the am-~index by multiplying by 18 and then compare the

results with the variations shown in Figure 2 and 3, Table 1 gives the
average 6AT for each three-hour interval of the UT day for each month,
Using this table,average diurnal variations of BAT x 1B were computed for
each of the three seasons used in Figure 2 and are shown in Figure 12 as
solid curves. Also shown in Figure 12 are the observed diurnal variation
of the difference between the activity for away polarity and for toward ’
polarity, The theocretical curves are in close agreement with the obser-
ved differences both in regard to phase and to amplitude, even including
the systematic difference between the two solstices of the level of the
difference values, A similar comparison of the annual variations as
shown in the lower panel of Figure 12 alsc produces satisfactory agree-~

ment,
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The influence of solar wind speed

The power input to the magnetcsphere has been discussed in terms
of field line reconnection, The detailed agrecement between the expected
UT variations and observation indicates that receonnection is important in
raising the magnetosphere to a more energoetic state, It is less clear
what happens when very unfavorable conditions for reconnection occur for
extended periods, The non-zero term aml in the empirical relation (33)
suggests that energy is always being transferred to the magnetosphere -
even if reconnection has ceased or subsided to insignificance, The mag-
netotail is a permanent feature and the auroral oval never shrinks below
a certain minimum size thus indicatilng Lhat energy is being transferred
to the magnetosphere by other processes in addition to reconnection, maybe
the viscous or frietional interactions advocated several years ago (e.g.,
Axford, 19264}, These interactions transfer momentum to the magnetosphere
and influence the stand-off distance RM for the suhsolar point of the mag-
netopause, viz: . _
2\ 1/6 Co "
R (44)

w oV

where BE is the strength of the geomagnetic field at the subsolar point

on the earth's surface, The factor ¥ is experimentally determined to be
1,4 (Fairfield, 1971) and is determined through the details of the solar
wind deflection by the geomagnetic field, Schield (1969) obtained F=2,637/K
where the parameter X is 1 for inelastic collision and 2 for total elastic
reflection where the solar wind particles do not give up any kinetic energy.
We now have K=2,37/1,4=1.69, indicating some energy transfer, About (1.69—1)2=
0.5 of the solar wind kinetic energy is transferred to the magnetosphere at
the subsolar point, TFor an angle of incidence v that is not zero a cor- .
respondingly smaller fraction, namely % coszv, of the kinetic energy is
transferred to the magnetosphere. The total amount of solar wind kinetic

energy absorbed by the magnetosphere per second is then

3

2 2
3002 . (3pv?yv = TRy (45)

K=2’4R
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20kg/m3, v=400 km/s, we pet

For quict conditions with R=25Ry, p=1.0 x10~
K=3,2 x 1012 watts=3,2 TW, By comparing this with the power input due to
reconnection under quiet conditions, P=0.8 TW we would expect the term am,
in eq.(34) to be about 4 times larger than the reconnection term 18q. The
.observed values amiw 12 and 186 = 4,76 are in reasonable agreement with this
estimate, possibly indicating a slightly lower rate of kinetic energy trans-
fer than derived above,

Using (44) and assuming that R scales as R, we may interpret eq, (45)

M
as implying that

2
~ B /3v7/3

or

2.1
K ~ (o203
2.
The quantity p V is experimentally found to be rather censtant on the average,
This inverse statistical relationship between density and solar wind speed

(e,g. Hundhausen et al,, 1970) may be understood in terms of the occurrence

of an extended rarefaction region follewing the leading edge of high-speed
solar wind streams, In this low-density region the streaming speed generally
attains its maximum value, Over the range of V from 300 km/s to 760 km/s
the quantity (pzv)l/3 changes only by a few percent, The net result is that
we would expect the amount of kinetic energy transferred to the magnetosphere
to vary as the square of the solar wind speed,

The power input owing to reconnection {eq.(13)) contains the factor
T2V thus depending on the length of T of the magnetotail and on the solar
wind speed V, If we assume that Tguv, P will depend on Vz Jjust
as K, and geomagnetic activity as such would then depend on the square of
the solar wind speed. Such a dependence is indeed found empirically (cf,
Figure 13), The data is consistent with the relation
(47)

am = am3V
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where am, = 9.2 x II.O'-5 if V is expressed in km/s. Similar results were

found by Murayama and Hakamada (1975) and noted in the very earliest

studies of the relation between the solar wind speed and Kp (Snyder et
al,, 1863), At this point it should be emphasized that the relation (47)
holds for the average activity levels, Because the relesse of magneto-
spheric enerpgy has a sporadic character there may well be (and are, of
course) intervals where the am-index is zero without requiring v = O,
Agreement with the empirical relation (47) requires that the
length of the magnetotall increases as Vé. This is reasonable as we
would expect on general grounds that a higher solar wind speed should
exert an increased drag on the tail resulting in a more extended tail,
The reason for the specific relation T ~ V% is not clear at the present,
The detailed quantitative description of at least one component of
geomagnetic activity using the reconnection model is encouraging in spite
of the fact that it forces us to accept that at least one other component
exists, The component we have discussed in detail already - depending
critically on the magnitude and direction of the interplanetary mag-
netie field - does not have significant seasonal or diurnal variations
when & large number of days are considered without regard to the sector
polarity, What is observed in this case is the well-known variations
that depend on the angle ¥ between the solar wind flow direction and the
earth's dipole axis., As pointed out by Boller and Stolov (1970) these

variations depend on cos2¢. Using solar -~ wind plasma data for the
interval 1965-1970 ( a total of 6410 three-hour intervals) we divided the
data into two groups such that the first group had a solar wind speed less
than average and the second group had a higher than average speed. For
each group the average am-index was computed for each three~hour interval
of the UT-day for each month, The mean speed for each group is 371 km/s
and 511 km/s respectively. According to eg. (47), the quantity v 2/am
should be independent of V. Figure 14 shows a plot of vz/am as function
of coszﬁ for each group., The best-fit straight line corresponds to the

relation

am = 1.09x10_4V2/(1+1.7lc052\{:) (48)
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and confirms the inverse relation with cosz¢,

The mechanism responsible for the coszw dependence is not clear,
The Kelvin-Helmholtz instability of the boundary between two magneto-
hydrodynamic fluids in relative motion has been suggested as a possible
cause of instability of the magnetopause leading to release of some ol

the energy stored in the magnetotail (e,g. Boller and Stolov, 1870), An

approximate instability criterion developed by Chandrasekhar (19Gl) has

been applied to the magnetopause by Boller and Stolov in the form

, n'fq .
U o (B

2
cos ¥.) (49)
2P G

0052¢M+B§
where subscript M denotes magnetosheath values and G stands for magneto-
spherie values (just inside the magnetopause), U is the streaming velocity
of the solar wind at the magnetopause and ¥ is the angle between the local
streaming velocity vector and the magnetic induction field B, The symbol p
refers to the mass density, Following Boller and Stolov we note that the
flanks of the magnetosphere (dawn and dusk regions) are the most likely
places for instability to occur hecause wG is close to 900, thereby mini-
mizing the righthand side of ineq. (49), At the flanks the geometry is
such that § = -wG is the angle between the solar wind direction and the
dipole axis, Let us now assume that pﬁ“pd“p and introduce s = BM/BG and
the Alfven speed V, = BM/VE;E, Hence we can rewrite the instability

A
criterion as

ME = U2/V§ > (1+(%)2cos2¢) (50)

1f the Alfvenic MNach-number MA exceeds some value depending on c052¢
the magnetopause may be unstable against the growth of the Kelvin-Helmholtz
instability maybe resulting in a greater stress on the magnetosphere,
No further mechanism is available and it remains possible that other basic
processes than the instability may be operative in producing the observed
coszw modulation, If we identify the coefficient of coszw in eqg. (48) with
the quantity (é 2 we find s = 0.76, Although s=0.6 at the sunward side of
the magnetosphere it is not unreasonable to find a somewhat larger value

at the flanks as s should approach unity as we go downstreams along the
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tail, Whatever the mechanism for generating the cosgw depondence is,
there is no doubt that such an additional process must he invoked to
account for the obseved variations, The reconnection model, while
accounting nicely for some part of pgeomagnetic activity, fail to explain

the classical semi-annual and diurnal variations of the activity,

Nudneva and Feldshsteyn (1973) have shown that the stand-off dis-

tance RM depends on the peomagnetic activity index Kp. When Kp was large,
RM was small, Conceivably the causal relation is reversed, Because the
Rm—values used by Rudneva and Feldshsteyn were corrected for changes in
solar wind pressure, they interpreted their results in terms of erosion
of the day-side magnetosphere due to reconnection with southward inter-
planetary field, subsequently associated with increases in geomagnetic
activity, According to the data presented by Rudneva and Feldshsteyn,
the am-index weuld depend linearly upon 1/R;. It is interesting to note
that the size of the magnetosphere {as given by RM) depends on the dipole
tilt and thus has seasonal and diurnal variations of the order of 10%.
One could speculate that some unknown process modulates geomagnetic
activity depending on the size of the magnetosphere. Maybe the internal
stability decreases if the megnetosphere is compressed, In any case,

the strength BE of the geomagnetic field at the subsolar point on the

earth's surface is given by

2
BE = Bo(l + 3cos”Y)

which combined with eq.(44) yields

Rﬁ ~ (1 + 30052¢)2/3

The ripghthand side i within 1 percent identical to the denominator of
eq, (48) over the range of possible values of ¥, The observations are
thus also consistent with the assumption that geomagnetic activity de-
pends inversely on the square of the size of the magnetosphere., No pro-
cesses are yet identified ns bheing responsible for such a relationship but

may be found if soupght after,
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Functional description of geomapgnetlc activity

The separation of the two mechanisms responsible for geomapgnetic
activity in connection with the theoretical considerations laild out in
the previous seccions suggest the following functional deseription of the
an~index

a 4+ hB?q(a,s) 9
am = 3 \ (51)
l+c cos ¢

where a,b, and c are constants or nearly so, The various empirical re-
lations eqs, (34), (35), (47), and (48) suggest the following values for
the coefficients:

a = 0,523 x 1074

0.0556 x 2071
1.71

]
it

if V is expressed in km/s and BI in nT., These coefficients are obtained
from spacecraft data covering the interval 1965-1970 assuming a uniform
coverage, DMore detailed and extensive data analysis will probably re-

sult in improved values for a,b, and e, Using yearly average values of

q = 0,2647 and cosz¢ = 0,0943, eq. (51) hecomes
am = (0.45 + 0,0127 B?) v2 x 107% (52)

It is of interest to verifly that the coefficients a,b, and c are
the same for a wide range of v and BI. The available data with simultaneous

measurements of V and B, was divided into three ranges of V and three ranges

I
of BI forming a total of 3 x 3 = 9 groups in such & way that each group con-
tains approximately the same number of three-hour averages (about 500), The
average observed am-index was then computed for each group. The result is

shown in Table 2a. Using eq. (562) and the average values of V and B_ for

each group the calculated values of am are shown in Table 2b, The r;s error
is only about 4% and the agreement is uniform over the table verifying the
constancy of the coefficients of (52), A graphical representation of this
result is shown in Tigure 15, The quantity am/V2 should depend linearly on
B? with the same slope and intercept for each range of V. The straight line,

depicting the relationship (52), 1s seen to be an excellent fit to the data
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points for each group, again verifying the constancy of the coelflcients
of aq. (51),

The importance of & precise functional relationship between solar
wind parameters and geomagnetic activity such as eq. (51), lies in tho
possibility of utilizing the more than century-long monitoring of geo-
magnetic disturbances to investigate solar-cycle variations and cven
secular variations of the properties of the solar wind, This problem
has recently been discussed by Russell (1975) but has long been a driving
force behind the tedious work of recording and deriving magnetic activity

indices,
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Conclusion

Wo have shown that two different mechanisms transfer energy to the
magnetosphere, One mochanism depends eriticeally on the direction and mag-
nitude of the interplanetary magnotic field and can be quantitativoly ox-
plained in terms of recomnnection at the dayside magnetopatise, The other
mechanism may be related to viscous or frictional interactions exerting
tangential stresses on the magnototail but does not depend on the inter-
planetary magnetic field maybe except in a passive role of being a nec-
essary element in giving the solar wind fluild properties, Both mechanisms
depend sirongly on the solar wind speed, Under normal conditions both
mechanisms supply comparable amounts of energy to the magnetosphere, A
strong southward directed interplanetary magnetic field results in a
large increoase of the energy gained by reconncction making this mechanism
dominant, Large Universal Time and seasonal variations are found in the
efficiency of the reconnection process depending on the sign of the azi-
muthal component of the interplanetary magnetic field, TFor intervals of
time having the same number of days of both sector polarities, these UT
and seasonal variations practicelly even out to an almest uniform level
of activity. The energy trensferred to the magnetosphere by the
two mechanisms is modulated by the tilt of the geomagnetie dipole axis
to the direction of the scolar wind velocity vector, being at a maximum
for a 900 tilt, The Kelvin-Helmholtz instability at the flanks of the

magnotopause could be responsible for an inecreased drag on the tail,

A functional description of geoomagnetic activity is given that is
understandable in terms of physical mechanisms, The relationship (51)
expresses explicitly the influence of the two energy input mechanisms

and of the coszw—modulation,

We realize that the unified description of geomagnetic activity
presented here may not be unique and indeed that much more study is
needed to clarify finer points of the theory, Nevertheless, we feel

that the observational evidence presenied are strong enough that the

present paper may become 2 starting point for further investipations of
the causos of geomagnetic anctivity., As is often the case, the separation

of a complex phenomenon into several distinctiy different but simpler
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components could lead to rapid progress in our understanding of the

problem,
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TABLE 2a

BI<4.0 nT 4,0 B,<6.2 B126.2
V<385 km/s 6.5 9.6 15.4 V = 346
3855V<465 10,4 14,2 25,3 YV = 424
V=465 17.1 22,2 42 .2 V = 536
B. = B = 5,04 B_ = 8,59
B 3.15 B .

Average observed am-index for 9 different

groupings of interplanetary parameters Vv

(solar wind speed) and B

1 (magnetic field

strength),

TABLE 2b
6.9 9.2 16,6
10,4 13.9 24,9
16.5 22,2 39.9

Computed values of am-index for the

same groups as in Table 2a using eq, (52),




Fipure Captions.

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1

4

Universal time variations of geomagnetic indices an, am, and
as, Interplanetary magnetic field polarity (measured by space-
craft during 1962-1970) was used to divide the data into two
groups Away polarity (open ecircles) and Toward polarity
(solid dots), In the righthand panel the difference between

the universal time variations (away-toward) is shown,

Universal time variations of the difference between the am-
index on away-days (A) and on toward-days (T) are shown in the
lefthand panel, while the average variations [(A+T)/2] are
shown in the righthand panel, The variations are shown for

different seasons as indicated on the fisure,

Seasonal variation of the difference in activity between away
and toward polarity (A-T) and of the average activity level
[(A+T)/2]. The difference shows an annual variation while

the average shows a semiannual wvariation,

Universal time variations of am for different polaritiies and

seasons,

Topology of magnetic field lines near the earth, The thick
lines mark the separatrix, Various regions as discussed in
the text are indicated, The dipole axis is in the plane of the

paper and the sun is to the left,

Geomagnetic field vector §G and interplanetary magnetic field
BI at the reconnection line (X line)., The antiparallel com-

ponent B of the interplanetary field is indicated,

Equatorial plane view of the draping of the interplanetary
magnetic field around the nose of the magnetosphere, The

situatioen is shown here for away polarity.
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Tipgure 8

Figure 9

Figure 10

Figure 11

Field line gecometry at the nose of the magnetosphere as seen
from the sun for different orientations of the interplanciary
magnetie field (dashed arrow) and the geomagnetle field (solid
arrow marked NS), The ecliptic is indicated by EE, Definition

of the angles A, f and ¢ are shown,

Geometrical relations between rotation axis, dipole axis and
orbital parameters:

0G

rotation axis of the earth,

OM = geomagnetic dipole axis,

S = stagnation point at nose of magnetosphere
0 = center of earth,

—_ — U — o
i = MG, ¢ = PG, A = TU, ST = 90,

¢=§ﬁ,x=ﬁ,g=ﬁj,ﬁ=90?
h = LPGM, A = LTSM, u = LSUM, LUGM = 180°-h,
(UG = 90%-u, BU = 90° - A, LmUT = 180° -u,

GU = 90%, 7T = M.

Relation between the am-index and the q-parameter (defined

as shown) for s = 0.6, The data points fit the solid s=0,6
line. For other valuss of s, the data points should fall
along the curved, dashed lines, The data has been divided
into 16 bins with about the same number of measurements in
each, The angle ¢ is derived from the measured solar-ecliptic

latitude B as shown on TFigure 8,

Relation between the am—index and the corresponding three-

hour average of the magnitude BI of the interplanetary mag-
netic field, The straight line represents the linear fit

shown on the figure. An insert shows that for most of the

data the solar wind speed V and BI are almost uncorrelated.

The exception is the very lowest field strengths that seem to
be observed together with low solar wind speed values, The
data points corresponding to these low fields are shown as open
circles, Again the data has been divided into bins o1 ~bout

equal number of measurements.

33




Figure 12

Figure 13

Figure 14

Figure 15

Comparison of computed (solid curves) and ohserved (dots)

universal time (upper panel) and seasonal (lower panel) vari-
ations of the geomagnetic activity index am, The differences
between the variations during away polarity and during toward

polarity are shown,

Relation between solar wind speed V and the am-index, Due
to the quadratic form of the relation the square-root of am
is plotted, The dashed line (forced to go through the origin)

is given by the relation shown in the figure,

Dependence of the am—index on the tilt of the dipole axis v,

The quantities plotted are Gz/am and coszw Tor the two groups
of data with different solar wind speed V. See text for de-

tails., The straight line is given by the relation shown and

is the least squares besi fit tn the combined set of data

points,

Graphical verification of the functional relation between
gpeomagnetic activity am and interplanetary field strength

BI for three groups of solar wind speed V (sece text),
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DRAPING OF IMF AROUND NOSE OF
MAGNETOSPHERE

Figure 7
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