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Auroral oval dynamics in relation to
solar wind-magnetosphere interaction

P. E. SANDHOLT

Institute of Physics, University of Oslo, Blindern, Oslo, Norway

PREFACE

Sandholt, P. E. Auroral oval dynamics in relation to solar wind-magnetosphere =

_ Interaction. Geophysica Norwegica, Vol. 32, No. 4, pp. 77-163, 1982.

Photometric observations of dayside auroras are compared with simult_ancous measure-

ments of geomagnetic disturbances from meridian chains of observatories on the
dayside and on the nightside, to document the dynamics of dayside auroras in relation
to local and global disturbances. These observations are related to measurements of
the interplanetary magnetic field (IMF) from the satellites ISEE-1 and 3.

It is shown that dayside auroras shift equatorward and poleward with the growth
and decay of circum-oval/polar cap geomagnetic disturbance and with negative and
positive changes in the north-south component of the interplanetary magnetic field.
The geomagnetic disturbance associated with auroral shift is identified as the DP2
mode. In the post-noon sector the horizontal disturbance vector of the geomagnctic

- field changes from southward to northward with decreasing latitude, thereby changing

sign near the center of the oval precipitation region. Discrete auroral forms are
observed close to or equatorward of the AH = § line which separates positive and
negative H-component deflections, thus in the region of sunward-convecting field lines.
The reversal moves in latitude with the éurora, and it probably reflects a transition
of the electric field direction at the polar cap boundary, ' o

A model is proposed to explain the equatorward and poleward movements of the
dayside oval in terms of a dayside current system which is intensified by a southward
movement of the IMF vector. According to this mbdel, the Pedersen component of
the ionospheric current is connected with the magnetopause boundary layer. via
field-aligned current (FAC) sheets. Enhanced current intensity, corresponding to
southward auroral shift, is consistent with increased energy extraction from the solar
wind, ‘ o

In this way the observed association of DP2 current system variations and auroral
oval expansion/contraction are explained as an effect of a global, ‘direct’ response of
the electromagnetic state of the magnetosphere due to the influence of the solar wind.
The functional dependence on solar wind parameters of the transfer of electromagnetic
energy to the magnetosphere is derived from a dimensional analysis. Similarly, esti-
mates of electric field, current, and the rate of Joule heat dissipation in the polar cap -
ionosphere are obtained. - '

P. E. Sandholt, Institute of Physics, University of Oslo, P.O. Box 1048 Blindern, Oslo
3, Norway '

The report that follows is a result of my atmosphere. The experimental basis for the
participation in an international project to  work was provided when I took part in the
make optical observations of the polar upper data collection from the field station in
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1. INTRODUCTION

The dayside aurora has received increasing
attention during the last decade. This is pri-
marily due to its association with the cusp
in the magnetic field configuration of the
magnetosphere. The location, extent,
dynamics, and energy distribution of mag-
netosheath particles entering the upper
atmosphere along the magnetospheric cusp
can be determined by monitoring the optical
signatures of the interaction between these
particles and atmospheric constituents. The
same optical emissions also yield information
on the F-region dynamics and the charac-
-teristics of atmospheric species. _
Studies of the cusp region relate to fun-
damental questions concerning the interac-

. tion between the solar wind and the mag-

netosphere. Some important topics are:
Effects of the interplanetary magnetic field
(IMF) on the topology and stability of mag-
netospheric boundary layers and the mech-
anisms of transfer of plasma and electro-
magnetic energy from the solar wind to the
magnetosphere. Furthermore, how much of
the energy released during magnetospheric
substorms comes from energy previously
stored in the magnetotail and how much is
directly extracted from the solar wind?
Related to the above questions is the
response of the dayside aurora to magne-
tospheric substorms and to IMF variations.
In this report primary attention is focused
on latitudinal shifts of the dayside aurora in
relation to substorm perturbations and IMF
variations. -

The experimental part of the report is
based on photometric observations of day-
side auroras from Svalbard, Norway. These
observations are compared with simulta-
neous measurements of geomagnetic dis-
turbances, to document the auroral
dynamics in relation to local and globat dis-

turbances. This is based on a close exami-
nation of geomagnetic records.from merid-
ian chains of observatories on the dayside
and on the nightside. The auroral and geo-
magnetic variations are related to measure-
ments of the interplanetary magnetic field
from the satellites ISEE-1.and 3. '
Equatorward movements of the dayside
aurora can be regarded as indicating a trans-
fer of geomagnetic flux from the dayside to
the nightside. Customarily, this erosion of
the dayside magnetosphere is seen as a
consequence of increased merging of inter-
planetary and magnetospheric field lines.
The dual description is in terms of day and
nightside current systems that are partly on
the magnetopause and in part internal to the
magnetosphere. An alternative interpret-
ation of the shift of the dayside aurora is in
terms of a reconfiguration of the magnetotail
current circuit associated with magneto-
spheric substorms (cf. Eather et al. 1979).
According to this model the substorm is a
driven process, resulting directly from an
enhanced efficiency of the solar wind-mag-
netosphere dynamo. This theory is at vari-
ance with the widely accepted substorm pic-
ture that describes the mechanism as an
unloading process, whereby excess magnetic
field energy that has accumulated in the
magnetotail is rapidly released, with some
of the energy transferred to particle kinetic
energy (i.e. the ‘growth phase’ model). The
understanding of details of the time-
sequence and phemomenology of the mag-
netospheric substorm is still one of the most
important and urgent tasks of magneto-
spheric physics (Roederer, 1977). Only data
from a worldwide network of geophysical
observatories and onboard the satellites can
provide a consideration of the substorm as
a global phenomenon. This is one of the

“main objectives of the extended geophysical

investigations during the period of Interna-
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tional Magnetospheric Study (Roederer,
1977).

It has been questioned whether it is pos-
sible to determine the separate roles played
by IMF variations and substorms as they
cannot be regarded as independent phenom-
ena. Nevertheless, there have been claims
of separating the dependence of cusp and
dayside aurora location on IMF and sub-

‘storm perturbations. Burch (1973) found

that he could predict the latitude of the pole-
ward and equatorward sides of the cusp with
rms errors of 1.34° and 1.16°, respectively
from a knowledge of the average Z-com-
ponent of IMF for the previous 45 min.,
independent of the substorm activity. Eather
et al. (1979) claimed to show that the equa-
torward motion of midday auroras is directly
connected with substorm activity and not
with the north-south component of the IMF.
They specifically noted that a southward
turning of the IMF, without concurrent sub-

storm activity, does not cause equatorward -

motion of the dayside aurora.

A synthesis between these two opposite
positions is represented by Kamide et al.
(1976). They concluded, on the basis of a
statistical study of polar satellite data, that
both IMF and substorms have about the
same amount of influence in terms of the
latitudinal shift of the dayside aurora.

For the purpose of separating the IMF and
substorm effects on the dayside aurora we
fry to separate the directly IMF related and
the substorm related components of geo-
magnetic disturbances. In order to do this,
simultaneous observations from different
meridian chains of observatories are necess-
ary. Special attention is placed on the local
geomagnetic disturbances observed to be
associated with latitudinal movements of the
dayside aurora. As far as the author knows,
the temporal and spatial relationships
between dayside auroral dynamics and day-

side geomagnetic disturbances are not docu-
mented in earlier studies.

Observations by satellite-borne magnet-
ometers (Sugiura and Potemra 1976; lijima
and Potemra 1976a, b) showed the overall
field-aligned current system of the cusp
region. From combined satellite- and
ground-based observations Wilhjelm et al. )
(1978) investigated the relationship between
ionospheric and field-aligned currents in the
dayside cusp.

Studies of dayside currents inéluding

" satellite-data on convection electric fields

and energetic particles are reported by
Saflekos et al. (1979) and Bythrow et al.

(1981). Thus, measurements from polar
orbiting spacecrafts have provided valuable
information on the gross features of electric
fields and currents in and above the dayside
polar ionosphere. However, the spatial

-extent, the dynamics, and the relationship

to the dayside aurora are not well known.

As this study is part of a multinational
project for optical observations of the day-
side cusp atmosphere, the presentation starts
with a brief overview of the observation pro-
gram and the experimental techmques which
are used (Chapter 2).

‘As a background for the presentation of
the experimental data in Chapter 4, theor-
etical and experimental information on the
more general aspects of the electrodynamics
of solar wind-magnetosphere interactions
are given in Chapter 3. Chapter 5 contains
areview of later work with special relevance
to the discussion of the experimental data
in Chapter 6. Summary and conclusions are
found in Chapter 7.

2. THE OBSERVATION PROGRAM AND
EXPERIMENTAL TECHNIQUES

2.1 Introduction :
Owing to the inaccessibility of suitable
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ground observatories, the morphology of the
dayside aurora has been documented almost
exclusively by satellite and aircraft measure-
ments. Optical observations of midday
auroras from the ground set requirements
both to the geographic latitude to avoid scat-
-tered sunlight and to the geomagnetic lati-
tude to be under the dayside auroral oval.
The only accessible stations in the northern
hemisphere which satisfy these requirements

are seen in Fig, 2.1 to be on Svalbard, at the
edge of the polar sea north of Norwar (near
latitude 79° N, longitude 15° E). ,
During the winter of 1978-79 a multina-

tional, cooperative project for optical obser-
vations of the dayside upper atmosphere was
undertaken at Svalbard. The observation-
program/technics were up-dated during the
following three winters. Researchers from
the Universities of Tromsg and Oslo (Nor-
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Fig. 2.1. Map showing the northern polar cap where the

sun is more than 10° below horizon during midwinter

(shaded). The 75° invariant latitude circle indicates the typical location of the midday aurora.
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way), the University of Alaska (United
‘States), Ulster Polytechnic and the Univer-
sity of Southampton (United Kingdom), and
the University of Saskatchewan (Canada)

(Sect. 2.4) and F-region neutral winds (S;ct.
2.5) will not be further discussed in this

report. For more information on these sub=

jects, cf. Deehr et al. (1980), Sivjee et al.

participated in this project.

"The observatory buildings and larger pie-
ces of equipment were assembled in Lon-
gyearbyen, on the island group West Spits-
bergen. The major instruments deployed for
the program are listed in Table 2.1. A short
description of four major objectives of the
project and the related experimental tech-
nics are given in the following subsections.
The finer spectroscopy of dayside emissions

(1982), and Smith and Sweeney (1980).

2.2 Latitude and local time variations of day-
side auroral emissions - '
The location, altitude and brightness of day-
side auroral forms as function of time were
monitored by using two sets of muitichannel
meridian-scanning photometers (MSP), one
at Longycarbyen and the other at Ny
- Alesund. Longyearbyen and Ny Alesund are

TABLE 2.1

Instrument Type, Deployment, and Purpose for the Svalbard Expedition 1975-1979

instrument Institution Location Purpose

All-sky camera {35 mm, black and white) Gl LYR - Location and orientation of auroral arcs and bands.
All-sky camera (16 mm, color) Ut NYA : '
Meridian-scann@ng photometer ' GI CLYR Mapping of ocal time position of red (6300 A} cusp and '
Mer_ldfan-scanngng photometer us LYR discrete bands and associated characteristic energy of 6
Meridian-scanning photometer NIKF NYA precipitating particles.
Meridian-scanning photometer Gl PKR, FYU - ]
Zenith LLLTV NIKF - LYR Morphology of fast-moving bands . !
Fabry-Perot interferometer (6300 A) Up LYR Doppler wind and temperature of neutral Fregion.” ?
1-m spectrophaiometer (3000-8700 A) Gl LYR Spectroscopic studies of various atmospheric émissions. ]
i-m spectrophotometer Gi LYR : H
Magnetometer uT NYA Determination of substorn-related effects. ' <
Magnetometer uT BJO : ;
Magnetometer - -uT TOS
Magnetometer chain (seven instruments in Gl AK

Alaskan Chain)

Symbol

Geophysical Institute Gl
Norwegian Institute of Cosmic Physics NIKF
Ulster Polytechnic uUp
University Saskatchewan Us
University of Tromsg uUT - ) :
Ny Alesund NYA |
Longyearbyen LYR -
Bigrngya B
Tromsg ) ’ TOS :
Alaskan Chain ~AK
Poker Flat PKR
Fort Yukon FYU :

All meridian-scanning photometers include 4278-A N,*. 6300-A O I, 5577-A O I, and 4861-A H beta.
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located approximately along the same mer-
idian with a separation of 117 km (cf. Table
4.3). The Ny Alesund equipment consisted
of a six-channel, rotating-filter-wheel pho-
tometer with a single photomultiplier while
the former had four independent pho-
tometers. Both systems employed a single
rotating mirror and a 1° field of view for each
channel. The photometers were equipped
with ~20 A filters. The complete magnetic
meridian scan took about 20s. The pho-
tometer system at Longyearbyen was cou-
pled to a real-time digital data handling sys-
tem consisting of a 64 k byte mini-computer,
a 9-track, digital magnetic tape recorder-
reproducer, an interactive graphics unit and
an electrostatic copier.

One example of typical noon-time
single-photometer scans obtained simulta-
neously from Longyearbyen and Ny
Alesund, on Dec. 19, 1979, is shown in Fig.
2.2. No corrections have been applied to
these data. Peak intensities above back-
ground are given on the ILongyearbyen
traces. This type of data will be presented
and analysed in Chapters 4 and 6.

The MSP systems were placed at both
stations for the purpose of extending the
latitude coverage and to determine the spa-
tial extent of auroral emissions by
triangulation.

An example illustrating the triangulation
technic used to estimate the altitude and
latitude position of luminosity is shown in
Fig. 2.2b. Assuming that the auroral form
is aligned along the magnetic field (indicated
by the dashed line in the Figure), the zenith

angles at which the emission reaches max-

imum intensity, half max. intensity, and
background level were used to draw paral-
lelogram boundaries for the cross-section of
the auroral arc. This is considered a first
approximation to the spatial extent of light
emission. '

It is known that the luminosity across the
width of the arc increases gradually from the
edges to the center (cf. Romick and Belon
1967a, b). In order to determine the profile
of the volume emission rate within the arc,
a more refined analysis is needed. The pro-
cedure used by Romick and Belon was as
follows: Starting with approximate assump-
tions of horizontal (H) and vertical (V) dis-
tributions of luminosity (trial functions) the
functional form of the volume emission
p(h, A) was obtained. From p(h, ) intensity
versus zenith angle curves for both stations
could be generated. Then the various par-
ameters in the H and V functions were
adjusted until agreement with the observed
data was reached at both stations.

The latitude position of auroral forms is
a key parameter for the main discussion of
this report. To obtain that information, the
graphical technic shown in Fig. 2.2b was
used. When information from both stations
was not available, maximum emissions
heights were estimated from absolute inten-
sities and intensity ratios of auroral emissions
(cf. Rees and Luckey 1974).

2.3 Dayside emissions in relation to substorm
perturbations and interplanetary magnetic
field '

The prime objective of this part of the
observation program and of this report is to
document the nature of the response of day-
side emissions to substorm perturbations and
to changes in the interplanetary magnetic
field (IMF). -

The study is based on photometric obser-
vations of auroras in the midday and post-
noon sectors of the auroral oval from the
two stations on Svalbard. The observed
emission height and zenith angle were used
to calculate the geographical position of the
dayside aurora in the meridian as a function
of local time {cf. Sect. 2.2). By this method
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the Iocation of the aurora can be determined
within the range ~69-80° geomagnetic lati-
tude (cf. Fig. 4.18). During midwinter sun-
light is no problem.

Local magnetic activity was monitored at
six stations along the Norway—-Kola meridian
chain covering the range of geomagnetic lati-
tude 62.8-75.4° (from Apatity to Ny
Alesund). '

Along this chain of observatories local
magnetic noon corresponds to ~09 UT.
Observations of simultaneous nightside
activity were obtained from the Alaska IMS
chain of stations as well as a net of observ-
atories in Canada operated by University of
Alberta. Together the Alaskan/Canadian
and Norway/Kola observatories constitute
a transpolar net of stations which is well
suited as a basis for study of day-nightside
relationships in magnetic/auroral behavior.
The simultaneous evening sector of the
auroral oval is covered by the Russian arctic
stations Dixon Island and Tixie Bay. The
location of the geomagnetic observatories
used is shown in Fig. 2.3.

Professor Leiv Harang based his pioneer-
ing work on polar geomagnetic storms on
observations from a Scandinavian net of
observatories. But he was aware of the lim-
itations of this data base. As Harang (1946)
states:

‘For a closer examination along the entire
auroral zone, especially of the discontinuities
and the “positive” and “negative” sections,
the material is not sufficient. In order to
solve this question one ought to have a sim-
ilar dense net of recording stations along a

meridian lying on the American side of the

polar region, say along geomagnetic longi-
tude 260°, similar to the line from Spitzber-
gen over Bear Island and the Scandinavian
peninsula.’ Thus, for a close investigation of
substorm behavior, separating space and
time variations, simultancous observations

from different wmeridian chains are
necessary. _

Information on the interplanetary mag-
netic field was obtained from the two sat-
ellites ISEE (International Sun-Earth
Explorer) 1 and 3. ISEE-3 was launched into
a halo orbit about the libration point more

than 200 earth radii upstream of the earth.

The orbit of ISEE-1 had an apogee of 23

carth radil and a perigee of 280 km with a
period of ~58 hours.

2.4 Spectrophotometric observations

To reveal the finer details of the spectrum
of atmospheric emissions associated with
dayside auroras, two Ebert-Fastie spectro-
photometers were operated from Longyear-

byen. One of the spectrometers has a focal .

length of 1 meter and employs a
25.6 X 15.4cm® grating and 15cm long
curved slits. The second spectrometer has a
focal length of 3 meter and is fitted with a
12 X 7 cm? grating and curved slits, each
7 cm long. Both spectrometers are mounted
in an insulated spherical shell and alignedto
view the same region of the sky. Remotely
controlled elevation-azimuth drive of the
housing facilitates the pointing of the spec-
trometers in any desired direction. Spectro-
scopic measurements are made in the second
or third order using broad-band, glass filters
to isolate the desired wavelength region.

Examples of ultraviolet spectrograms from

the 1 meter spectrometer which was pointing
into different auroral forms near zenith in
the noon and post-noon sectors, respec-
tively, are shown in Fig. 2.4.

2.5 Neutral F-region winds from optical inter-
ferrometric observations of the 6300 A Of
emission

High-resolution interferometric measure-
ments of the OI 6300 A line were made with
a Fabry-Perot interferometer using 127-mm
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diameter plates spaced 8,9 mm apart and
modulated piezoelectrically. The long-term
stability of this instrument was such that it
was possible to make relative measurements
of wavelength to a precision of 4 x 107* A
with a typical integration time of 6-12 min-

utes. The instrument was used to measure -

the Doppler-shift of the 6300 A line in the
auroral spectrum and hence to obtain deter-
minations of the neutral air velocity at the

height of emission, to find its diurnal vari- -

ation and its response to individual auroral
events (cf. Fig. 2.5). A continuous record of
winds to be used in the study of neutral
atmospheric dynamics was obtained (cf.
Smith and Sweeney 1980).

JAN. 27th, 1979

POSITION QF
POLAR CLEFT.

18 MLT— Y

=100 mrs

Fig. 2.5. A 24 h plot of the thermospheric wind for 27
January 1979 drawn with the geomagnetic pole at the
center and the path of the observing site shown as a
circle. The wind vector interpolated measurements are
shown in azimuth and magnitude by light lines. The
thick black lines show the kind of wind patern which
is consistent with these measurements. Magnetic local
time, used in this figure, is 3 h ahead of universal time
(Smith and Sweeney 1980).

netospheric substorm.

3. ELECTRODYNAMICS OF SOLAR WIND-MAG-
NETOSPHERE INTERACTIONS

3.1 Introduction

The description of solar wind-magneto-
sphere interactions can be grouped into
essentially  different approaches. One
approach is based on the magnetic flux tube
description, another on the electric current
description. Dungey (1961) and others
describe the interaction in terms of a cutting
and ‘re’ connection of geomagnetic field lines
when they make contact with the interpla-

‘netary magnetic field. According to Alfvén
(1977) the coupling between the solar wind ‘_
and the magnetosphere is mediated by cur-

rent systems on the interface between the
two media, the magnetopause. A third
approach was put forward by Axford and
Hines (1961). The energy transfer to the
magnetosphere was explained by viscous
interactions along the magnetopause. .

In Sect. 3.2. the solar wind-magneto-

sphere energy coupling is illustrated by the ~

application of Poynting’s theorem to an
idealised, open model of the magnetosphere.
The functional dependence of the energy
transfer on solar wind parameters is derived
on the basis of a dimensional analysis.
Implications of the reconnection hypothesis
are discussed. Viscous- and diffusion models
of the low-latitude magnetopause boundary
layer are reported in Sect. 3.3. Sect. 3.4 is
a review of the main features of the mag-

-

3.2 The open magnetosphere

3.2.1 Thesolar wind-magnetosphere dynamo
When geomagnetic field (GMF) lines, ema-
nating from the earth’s polar cap, are directly
inter-connected with interplanetary field
(IMF) lines, the magnetosphere is said to be
‘open’. Interconnected field lines will give
the solar wind an easy means to transfer flow
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momentum to the magnetospheric plasma.

The solar wind exerts a magnetic shear
stress on the lateral surface of the magne-
totail. The work done by this surface stress
constitutes an energy iriput to the magne-
tosphere. The interaction along the mag-
netopause is a dynamo process which con-
verts kinetic energy from the solar wind to
electrical energy which is dissipated inside
the magnetosphere This energy transfer to
the magnetosphere can be expressed by the
application of Poynting’s theorem.

The conservation of energy within a finite
volume V of a medium with current density
j and electromagnetic fields E and B reads:

- - - 6
—V-Sd3x:f['-E-+———
J;f v J St

B? 2 3
— 41 .
X (2 igE )]dx (3.1)

where S = 45'E X B is the Poynting vector.
The energy influx through the surface of the
volume equals the time rate of change of
electromagnetic energy plus the total work
done by the E-field on the sources within the
volume {cf. Jackson 1962 p. 190).

An idealized model of the magnetospheric
tail is a cylinder with ledgth Ly and radius
Rr as is shown in Fig. 3.1. Applied to this
geometry Eq. 3.1 is reduced to: '

”§-ﬁda=2p51LT E X Brdl
A abc
+ 2 S
xLTH(]-E)dydzuLT” 0
P/S : abeda 6t _
B

where A represents the surface area of the
magnetotail of the length Lt, n is a unit

DAYSHIDE
BOUNDARY

/////

TAIL
BOUNDARY
LAYER

MAGNETOTAL

,,,,,,

Fig. 3.1. (a) A sketch of magnetotail topology. (b) A cross-section of the magnetotail showing the current system
and the geometry used in the Poynting thcorem analyses. () Showing the principal magnetospheric plasma regions
and how they are connected via magnetic field lines with the upper atmosphere.
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vector normal to the magnetopause and By
is the magnetotail field. The electromagnetic
energy transferred to the magnetosphere is
converted to magnetic field energy and/or
dissipated as particle heating and fluid accel-
eration within the plasma sheet (PS).
Faraday’s law of electromagnetic induc-
tion applied to our system, is expressed by

f Etdlzf EPS dy
abe adc

SB, .
— —-nda
sz;bcda 6t

During steady state conditions (no macro-
scopic changes of the magnetic field) the
energy transfer to the magnetosphere is
expressed by = o '

Q = 2u; 'LBrocr;
bor=| Eodi ='fd Eps dy
adc

(3.3)

(3.4)
abe
In the absence of magnetic energy changes
‘the energy influx can be totally dissipated in
the plasmasheet. The dissipation rate is con-
trolled by the induced potential difference
¢cr across the magnetotail which is deter-
mined by the solar wind parameters uy and
B; (see Fig. 3.1):

¢CT:_f ﬁIXﬁnd1=u1J’ Bndl
abe abc

= UIBH . J'L’RT

and

(3.6)/(3.7)

where It is the magnetotail dynamo current
induced on the magnetopause by a polari-
zation of the solar wind driven by the Lorentz
force q{il x EI . )

The amount of open flux emanating from
the earth’s polar cap is expressed by the

Q =Ir¢cr; It = 2us 'BoLy

_TIJ:%JTR%'BT

(3.5) -

magnetotail parameters Ry and By,

'(3.8)7

By is assumed to be rather homogeneous
across the tail. -
Combining Eqs (3.7) and (3.8) we have
the following relationship between the mag-
netotail dynamo current It and the amount

of open geomagnetic flux :

N~ ©9)
We notice the direct proportionality between
Irand yat the time of a steady state magnetic
field configuration in the magnetosphere.
Intending to express the power input to
the magnetosphere (Q) in térms of solar
wind parameters u; and B;, we use the fol-

lowing Egs:
UIBH . ﬁRT(:ﬁbCI‘)

.28, .
- = 1gu;B; Slﬁ2§(=¢pc) (310) ~

$nR3Br = aR;L1B, (3.11)
where ¢, is the polar cap potential drop and
@ is the polar angle of the component of the
interplanetary field perpendicular to the
sun-earth line measured from the northward
geomagnetic axis (cf. Eq. 3.22 and Fig. 3.6)
and Ig is the length of the reconnection line
on the frontside magnetopause (cf. Sect.
3.2.2). -

Equation 3.10 relates the tangential elec-
tric field as being mapped from the voltage
across the polar cap (¢cr = ¢,c). Equation
3.11 expresses the conservation of open flux
as it is swept from the polar cap into a tail
lobe and eventually goes across the mag-
netopause in receding to the interplanetary
space (Yeh et al. 1981). From Egs 3.5, 3.6,
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3.10, 3.11 we have:

.48
= ———uB}sin‘=1&

o 7RG > (3.12)

expressed in watts. According to Perrault
and Akasofu (1978) an empirical expression
for the total energy coupling between the
solar wind and the magnetosphere is:

4 9
£(t) = —!guIB% sin® =13, (3.13)

2
where 1y is a length parameter which is
related to the size of the magnetosphere and
set equal to 7Rg. &£(t) has the physical unit
of watts. We note that the expression for
the energy transfer given in Eq. 3.12 cor-
responds to the empirical relation 3.13 if Iy
can be expressed by

Lt

l=——"Ir

3.14
R, (3.14)

Here Ly is the effective length of the tail

current sheet.

The solar wind values wup= 500km/s,
B; = 5nT and &= 180° (southward directed
IMF) give for the total power of the solar
wind-magnetosphere dynamo:

£=2.5x 10! W.

This is .~0.01% of the energy flux in the
solar plasma flow over the cross-sectional
area of the magnetosphere in a plane per-
pendicular to the sun-earth line.

In analogy to (3.1) the conservation of
linear momentum within the volume reads

(cf. Jackson 1962 p. 193):

d - > -
a (Pmcch + Pﬁeld) = j (pE + ] X B)
A"

d he.d >
xd3x+e‘0af E x Bdx
v

=jfﬁ-Tda,

where g E X B is the linear momentum of
the electromagnetic field and T is the Max-

(3.15)

well’s stress tensor. The elements of the ten-
SOr are

Tij = H{Tl[EiEJ‘ + B;B]‘ — % ij(Ez + Bz)] -

The product @i - T in (3.15) represents the
normal flow of momentum per unit area into
the volume V through the surface A.
Applied to our system fi - T is the force per
unit area transmitted across the surface A
of the magnetotail, i.e. the magnetopause.
It can be shown that -

i-Tda=w'BB,'A - (3.16)

where B, and B, are the tangential and nor-
mal componerts of the magnetic field on the
magnetopause. Equation (3.16) expresses
the transfer of flow momentum of the solar
wind to the magnetospheric plasma by mag-
netic shear stresses exerted on the magne-
totail surface. ' :

For a recent theoretical discussion of the
solar wind-magnetosphere energy transfer,
considering the magnetopause as a rotational
discontinuity (B, # 0), cf. Lee and Roederer
(1982). : -
3.2.2  Reconnection at the
magnetopause :
Reconnection in the sub-solar region. In the
following we will describe the coupling
between the interplanetary medium and the
magnetosphere in terms of reconnection
models, applied to the dayside mag-
netopause.

When they make contact with interpla-
netary field lines-on the dayside magneto-
pause geomagnetic field lines (having both
feet on the earth) are cut and ‘re’ connected.
The locus of points where the reconnection
occurs are considered to form a line, called
the reconnection line {cf. Figs 3.2 and 3.3).

The interplanetary electric field (Ep=
—i; X B)) can penetrate into the magnetos-
phere via connected field lines. The potential

dayside
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(b}

Fig. 3.2. Schematic drawing illustrating the reconnection line (—-) passing the
nose of the magnetopause. IMF is supposed to be oriented south-west in (a) and
north-cast in (b). The polarity of the electric field is indicated by + and — signs

(Nishida and Maezawa 1971).

difference thus introduced into the magne-
-tosphere is proportional to the lateral width
(L) of the reconnecting IMF field lines, and
it will vanish if the reconnection line is
reduced to a point. '

The magnetic fields on interplanetary and
geomagnetic sides of the magnetopause are
denoted by B, and B,. If the ratio B/B, and
the angle « between B, and B, do not vary
much on the entire magnetopause, the elec-
tric potential drop along the reconnection

line is estimated by

¢ = E;sin(a— B) Iz
‘B
= wyBIgF; (ﬁi, )

or equivalently

- (3.17)

¢ = E; sin Bl = u;B,IxF, (%, a') (3.18)
. 2. :

where Iy is the length of the reconnection
line and B is the angle characterizing the

/y

Fig. 3.3. The orientation of the reconnection lines with respect to magnetic fields
(]§1 and ]§z) and electric fields (ﬁ; and ]:Zz). Subscript 1 and 2 refer to different sides
of the interface. The reconnection occurs in (a) but not in (b), and (c) illustrates
the electric fields for (a) (Gonzales and Mozer 1974). '
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local direction of the reconnection line rela-
tive to the local GMF B; (cf. Nishida 1978
p. 69).

Making the required corrections to Eqgs
(3.17) and (3.18) by | taking into account the
spatial variations of B, and B;, Gonzales and

Mozer (1974) derived the following
expression:
KB;: .
2UIB1,tRF1( B(:t’ %)
= 3.19
T (e 19

where By, is the tangential component of the
IMF, R is the radius of the dayside mag-

_netopause, KB;,./Bg is the ratio of interpla-
netary and geomagnetic fields at the nose of
the magnetopause (K being the amplification
factor of the field at the bow shock), and
ap is the value of the « angle at the nose of
the magnetopause.

Figure 3.4 is a comparison of the electric
field calculated from formula (3.19) with that
observed in the polar cap. The measured
field is the dawn-dusk component of the
electric field observed by balloons at the
polar cap stations Resolute Bay and Thule.
The calculation of ¢ is made by using the
following parameters and simultaneous IMF
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Fig. 3.4. Comparison of electric fields measured by

balloons in the polar cap (top) and calculated (see text)
(Gonzales and Mozer 1974). :

i0®

L L

@ KILOVOLTS
o

R

10
-0 8 -6 -4

I
2 0 2 4 6 8 I0
B;,GAMMAS

Fig. 3.5. A model calculation of electric potential dif-
ference produced along the reconnection-line. By and
B are components of IMF (Gonzales and Mozer 1974).

observations: B =70y, R=15Rg, K=35,
w; = 300 km/s and the diameter of the polar
cap is estimated to be 3000 km.

The factor ~1/3 between the measured
E-field and the model field is interpreted to
represent the fraction of the interplanetary
field lines that can reach the reconnection
line. Only 1/3 can make it, the remaining are
deflected and pushed aside to the flanks of
the magnetosphere without even touching
the reconnection line.

Equation (3.19) can be rewritten in terms
of the components of By

2 ﬂuIBi tR(KB%,t — BsB1,2)

(BI t BI z)%
X (KZBI T+ BG - ZKB(:,BI z)i

(3.20)

where Br. = (Bf, + B?,)f and By cos ap =
By.. ¢ is plotted in Fig. 3.5 versus B, (=
By,) using B, (=By;y) as a parameter. From
Fig. 3.5 it seems possible that the observed
correlations between southward B, and the
DP2 mode of geomagnetic activity (cf. Sect.
5.2) are reflections of the IMF-¢ relationship
expressed by Eq. (3.20). .

~ For two magnetic fields of equal magni-
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tude ([B1| = |By|), the reconnection electric
field can be written as

ER =,uIBI sin 59 (321)
where 8 is the angle between the two fields
(see Fig. 3.6a) (cf. Sonnerups 1974). This
means that only the field components per-
pendicular to the X-line are allowed to
reconnect. The electric field Eg, parallel to

- magnetosheath electric field to penetrate
into the open magnetosphere (Kan and Lee
- 1979). The potential difference across the

polar cap, ¢, is due to the perpendicular
component of ER, i.e. Ersin 62 as shown -
in Fig. 3.6b. The polar cap potential can

%
\\ %
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-

” = ”
- - 1 -
. -
- | .
B \

e
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{b)

Fig. 3.6. A schematic illustration of the field line recon-
nection geometry for equal magnitude of the fields

~ inside and outside the interface (ﬁm and ﬁs). (b)isan

illustration of the equipotentials (dashed lines) of the
reconnection electric field (Kan and Lee 1979).

S | P-‘qb*?;c—uszsn
the X-line, is the only component of the

then be written

., 0 -
Ppe = Wi By sin? > Iz (3.22)
where Ig is the effective length of the recon-
nection line. - ;
‘The Joule heat dissipation in the polar cap
ionosphere is given by

814
R 2R

where R is the ionospheric resistance.
Recently, Reiff et al. (1981) have com-
puted the convection potential drop across
the polar cap from data obtained on low -
altitude satellites and correlated with par-
ameters measured simultaneously in the

(3.23)

| upstream solar wmd They found that the

bulk of the potential drop and its variations

- with IMF parameters are successfully pre-

dicted by merging theory. A significant
‘background’ drop (~35kV) does not
depend on IMF parameters and was tenta-
tively attributed to closed model processes -
such as viscosity and pressure gradient forces
(cf. Sect. 3.3). The potential drop was found
to be better correlated with IMF parameters
than with geomagnetic activity indices. This
was found reasonable because the latter are
affected by non-linear responses of the mag-
netosphere to the polar cap input (cf. Sect.
3.4).

Concerning the spatial distribution of the
potential inside the polar cap, the IMF By
component is considezed an important par-
ameter. When By differs from .zero the
reconnection-line is inclined with respect to
the equatorial plane. Thus the Lorentz force
acting on the open field lines (F =17 x By,
where J is the Surface current flowing on the
magnetopause and By is the component of
the magnetic field normal to the magneto-
pause) has a longitudinal component which
will produce zonal flow of field lines on the
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Fig. 3.7. Sketch illustrating the E-W forces F exerted
on open flux tubes in the presence of an IMF By field,
resulting in a torque being exerted on the magneto-
sphere about the earth—sun line. The view is from the
direction of the sun. Also illustrated is the resulting
azimuthal flow in the dayside cusp region (Svalgaard—
Mansurov effect) which implies asymmetric addition of

“flux tubes to the tail lobes under the action of the
torque. The dashed line is the open field line boundary
{Cowley 1981).

dayside edge of the polar cap (cf. Fig. 3.7).
Reconnection with eastward IMF (By > 0)
causes field lines to be convected toward the
west. Westward (eastward) convection will
drive an eastward (westward) Hall current
- producing geomagnetic signatures denoted
DPY (cf. Friis-Christensen and Wilhjelm
1975). When By > 0 (By < 0) the size of the
convection vortex (and equally the equipo-
tential vortex and the equivalent current vor-
tex) is expected to be enlarged (reduced) on
the dusk side, but reduced (enlarged) on the
dawn side. Ionospheric convection should be
stronger on the afternoon side in the north-
ern polar cap for By <0.

An important property of the open model
of the magnetosphere is that the radius of
the dayside magnetosphere (R) and the size
of the polar cap will vary with IMFE. Accord-
ing to observations (Aubry et al. 1970) the
magnetopause shrinks without a significant

RECONNECTED TNTERPLANETARY
FIELD LINES

SOLAR WIND FLOW

Fig. 3.8. Schematic illustration of the current system of
the time of southward interplanetary magnetic field.
When the reconnection of magnetic field lines occurs
on the dayside magnetopausé, magnetosheath plasma
adjacent to the magnetopause is decelerated as its
momentum . is transferred to the ionospheric plasma.
The corresponding polarization current flows along the
magnetopause, which closes its circuit in the ionosphere
via reconnected field lines. The resultant current circuit
reduces the dayside magnetic flux as shown by a curved
white arrow (Maezawa 1974).

change in the magnetic field jump (AB)
across it. Consequently, the reduction of the
total magnetopause current, 6Ly, stems from
a change in the meridional length of the

magnetopause:
oy = AB oR - (3.24)
240

where 6R is the change in the nose radius,
Coroniti and Kennel (1973) take Oly as an
estimate of the decrement of the
Chapman-Ferraro current (depicted as jin
Fig. 3.8). It is suggested that this current
diminution provides the dominant current
feeding the ionospheric Pedersen current.
The magnetic field produced by this current
system acts to reduce the geomagnetic field
in the vicinity of the dayside magnetopause.
The circuit may be regarded as a shunt intro-
duced into the interplanetary electric field
due to the contact with the ionosphere
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through open field lines. The dissipation of
the electric field energy by the shunting cir-
cuit is to be compensated by the deceleration
of the solar wind flow. In the region where
the deceleration occurs there exists an inertia
current density given by:

i=LBx@E -V

. (3.25)

During slightly disturbed conditions the total
current intensity is about 10° A. Since the
scale of the dayside current loop is approx-
imately 10 Rg, the magnetic flux produced
by the circuit is estimated to be of the order
of 10°Wb. An erosion of magnetic flux of
the order of 108 Wb taking place with con-
stant efficiency over the sunward half of a
circular belt of the dayside magnetosphere
- corresponds to inward/equatorward dis-
placements of the magnetopause/cusp by
- ~2.5Rg/S degrees.

- Response-times of the magnetosphere to
variations of the IMF condition are briefly
copsidered (cf. Nishida 1978, p. 79). The
time in which the change of state of the
dayside reconnection line is communicated
to the ground, 7, is given roughly by s/va,
where s is the length of the geomagnetic field
line reaching the reconnection line and v,
is the Alfvén speed. 7; is thus comparable
to the transmission time of SI signals from
the magnetopause to the ground, and is
estimated to be around 1min. A second
characteristic time, 7, arises from the
motion of the magnetopause in response to
IMF variations. The interplanetary electric
field seen by the reconnection line is (G —
{iy) X B; where i, is the velocity of the mag-
netopause. Thus the electric field applied on
the reconnection line differs from F;= ~
—ti; X By until the magnetopause current
reaches the equilibrium intensity and the
- motion of the dayside magnetopause stops.
According to Coroniti and Kennel (1973)

7, ~ 400X, where 3, is the Pedersen con-
ductivity (in mhos), and is estimated to be
around ten minutes. This is comparable to—

the delay-time of ~15min. found between

IMF and its geomagnetic effects.

In recent years data from the frontside of
the magnetopause which allow quantitative
checks of the predictions of the macroscopic
theory of reconnection have become avail-
able. The International Sun-Earth Explor--
ers, ISEE-1 and -2, were the first satellites
with the right orbits and instruments to
observe effects of reconnection at the day-
side magnetopause. Paschmann et al. (1979)
have reported an event in which changes of
flow momentum at the magnetopause near -
noon was consistent with a rotational dis-
continuity. According to this model the mag-
netic field changes direction by a large angle
and has a finite component normal to the
discontinuity. This is illustrated in Fig. 3.9

MP AL

S2

TO EARTH ——-eem

Fig. 3.9. Reconnection situation at the dayside mag-
netopause with southward pointing interplanetary field.
The shaded area shows a layer of accelerated plasma
flow after transition of the solar wind through the
rotational discontinuity (Paschmann et al. 1979).
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for the simple case of almost antiparallel
fields. The plasma that transits through the
discontinuity should be accelerated by an
amount that is related to the balance of mag-
netic and mechanical stresses which (in an
isotropic plasma) reads:

[oevs] = - [BiB,] (3:26)
Ho

Index n and t refer to the normal and tan-

gential components, respectively. Square

brackets indicate the jump across the dis-

continuity. Since B, = const. and p = const.,

we have the simple relations:
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Fig. 3.10. Plasma and magnetic field data from a tran-
sition of ISEE 1 through the magnetopause near local
noon. Np, V3, Bz, P, B, and Pr are plasma density, flow
speed, component of B normal to the ecliptic, gas and
magnetic pressures and the total pressure, respectively.
The units are cm™, km/fs, nT, and 1077 Nm™2. The
symbols RC, BL, MP, MS designate the different
plasma regimes encountered, namely ring current,
boundary layer, magnetopause layer, magnetosheath
(i.e. shocked solar wind) (Paschmann et al. 1979).

In several studies of plasma flow at the mag-
netopause (Heikkila 1975; Paschmann et al.
1976, Haerendel et al. 1978) it was quite
disturbing that the predictions of Eq. (3.27)
were not encountered even when the mag-
netic fields inside and outside the magne-
topause were almost oppositely directed. It
became evident that if reconnection
occurred at all in the explored regions it must
be transient and small-scale in nature and
thus escape detection. The measurement of
Paschmann et al. (1979) was sufficiently fast
to cope with this difficulty. Figure 3.10 shows
a set of data on three subsequent transitions
through the magnetopause along a pass as
sketched by the dashed line in Fig, 3.9. The
most important feature is the large increase
of plasma flow velocity by several 100 km/s’
just inside the magnetopause. Via density
measurements and the magnetometer data,
Eq. (3.27) was checked. Agreement was
found within 10%, which was considered
rather good in view of several sources of
experimental error. About 10 events of this
kind have been identified, which is ~30%
of the total number of cases in which the
orientation of the IMF was favorable for
reconnection. Thus, strong antiparallel field
components are apparently not suificient for

“the process to occur. What a sufficient con-

dition could be, is not known yet (Haerendel
1980). '

Reconnection near the cusps. Geometrical
considerations presented by Crooker (1979)
show that dayside magnetic merging, when
constrained to regions where the fields are
antiparallel, results in two separate recon-
nection lines that converge at the polar cusps
(cf. Fig. 3.11a). From Fig. 3.11a we also
note that for IMF By # 0, closed field lines
constitute the subsolar region of the mag-
netopause. Reconnection in this region is
restricted to IMF due south. For all other
cases, no reconnection occurs in a lune-like
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area centred on the noon-midnight meridian,

A The width of the region not subject to
erosion increases with increasing deviation™
of the IMF from due south (Fig. 3.11).
According to this model the cusp region
seems to be the primary site of the recon-
nection process. This is consistent with the
referred lack of observations of accelerated
flow along the dayside magnetopause - (as
predicted for merging near the subsolar
point). The dayside merging configurations
proposed by Crooker (1979) predict polar
cap convection patterns (cf. Fig. 3.12) which
are confirmed by observations. Among these
are the asymmetric double cells where the
strongest convection occurs on the side of”
the polar cap opposite to the direction of the
IMF By component (Heppner 1972; Mozer
et al. 1974; Berthelier et al. 1974). The con-
vection gaps shaded in Fig. 3.11 are con-
sistent with the sense of field-aligned cusp
currents observed by Iijima and. Potemra
(1976).

3.3 The closed magnetosphere—the low-
latitude boundary layer :
A different mode of solar wind-magneto-
sphere interaction, based on a closed model
of the magnetosphere, is discussed by Heik-
kila (1978). A closed magnetosphere means
that there is no direct interconnection
between the interplanetary and the earth’s |
magnetic field. In such a situation the mag-

Fig. 3.11. Schematic view_from the sun of the dayside
magnetopause. (a) Earth field lines (solid) converge in
a cusp-like configuration. Merging lines (heavy solid)
are the locus of points where the interplanetary field
lines (dashed) are antiparallel to the earth field lines.
The shaded area contains no points where the inter-
planetary and earth fields are antiparallel. (b) Merging
lines (solid} for various orientations of the interplane-
tary magnetic field (dashed lines). Merging lines are
constructed according to the method illustrated in (a)
(Crooker 1979). '
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NOON

Fig. 3.12. Predicted polar cap convection patterns in the dayside northern hemi-
sphere, viewed from above, for various orientations of the interplanetary magnetic
field (IMF) in the Y-Z plane, perpendicular to the earth-sun line. The short heavy
arrows represent the direction of flow initiated by dayside merging near the cusp.
Note the pattern of rotation of the arrows around the figure in response to the
rotation of the IMF. The heavy streamlines in each pattern indicate the position
of maximum convection. Those streamlines which cross the polar cap boundary
(the heavy dashed line) effect a transfer of flux from closed dayside field lines to
open tail lobe field lines. The shaded regions are convection gaps (Crooker 1979),

netopause will be an equipotential surface.
Observations from satellite-crossings of the
magnetopause indicate that the low-latitude
region of the magnetopause often is a nearly
equipotential surface. Electric field compo-
nents tangential to the dayside magneto-
pause are seldom observed (cf. Heikkila
1978).

For the magnetopause to be an equipo-
tential surface in the presence of an external
electric field, within the magnetosheath, a
surface charge distribution as shown in Fig.
'3.13a, for a southward IMF, is necessary.
Negative charges are needed on the dawn-
side to provide terminations for the mag-
netosheath field, and similarly, positive
changes are needed on the duskside as
sources for the continuation of the external
field..

Inside an equipotential surface there can
be no electric field unless there exist separate

sources for the internal field. Thus, the
dawn-dusk magnetosphere field must be due
to positive charges somewhere near, but
inside the magnetopause on the morning side
and negative charges toward the dusk side.
The resulting polarized boundary-layer can
transfer the external magnetosheath electric
field into the magnetosphere. As indicated
in Fig. 3.13, the flow of plasma inside the
boundary layer is tangential to the frontside
magnetopause. This requires a J X B-force
pointing inward on both the dawnside and
the duskside, and thus a westward current.
Near the throat region on the dayside this
current flows against the electric field owing
to the inner charge layer; this region there-
fore has a negative E - T and acts as a gen-
erator (cf. Heikkila 1978).

Since field-aligned currents (J)) are
required along any boundary where the hor-
izontal ionospheric current diverges, the
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Fig. 3.13. (a) With an equipotential magnetopause an electric field inside the magnetosphere can exist only if
separate sources exist owing to charges placed as shown. The sheet densities need not all be the same; thus the
boundary layer and magnetopause region can be viewed as a combination of a charge sheet and a dipole sheet,
(b) Geometry and circuit aspects of important magnetospheric currents. Flow of the boundary layer plasma around
the curved magnetopause implies a westward current. In the dayside region this current opposes the electric field

and thus acts as a generator (Heikkila 1978).

polarized layer has been suggested as a
source of J; (e.g. Bostrgm 1977):

n=v-J,
=3, V-E, +E, - Vg, (3.29)
+I§XEVEH

According to Eastman et al. (1976) some
of the forward momentum of the boundary
layer plasma flow is converted to the elec-
trical load in the ionosphere when the polar-
ization charge is drained by depolarizing cur-

rent flow along field lines. Thus, the

boundary layer constitutes a magneto-hydro-
dynamic generator (see Fig. 3.14).

When traversing the boundary layer from
the magnetosheath to the magnetosphere,
the bulk plasma velocity decreases from the
antisunward solar wind velocity at the mag-
netopause to zero at the inner edge and
reverses to sunward flow in the magneto-
sphere. If we assume frozen-in field lines,
we can map this flow to the ionosphere,

resulting in the familiar two-cell convection
pattern. The ion convection reversal in the
ionosphere then maps to the inner surface
of the equatorial boundary layer.

An idealistic model description of the low
latitude boundary layer (LLBL) is given by
Sonnerup (1980). A one-dimensional ver-
sion of the law of conservation of x-momen-
tum in the boundary layer can be written
(see Fig. 3.15):

oI oy I

Pay = P% dy
+ dv :

=(j U= .30
(J XBh+u e (3.30)

where y and p are the viscosity and density,
respectively. The term on the left represents
convective momentum transfer caused by a
mass diffusion flux pv, across the layer:

d
pvy = — ?1'5 (3.31)

where D is the diffusion coefficient and p is
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@® Magnetopause boundary layer dynamo (E-J<0)
¢Z> Polar cusp “midday gap"

—> Electric currents

—> Plasma flow

Fig. 3.14. Sketch view of a proposed current system based on models by Heikkila (1978) and Eastman et al.
(1976). It consists of Pedersen (J;) and Hall (Ju) components in the polar ionosphere as well as field-aligned
currents (I;) connecting the ionosphere with currents flowing along the inner and outer edges of the magnetopause
boundary layer (Ju, Jeg). For simplicity the ring current and the ‘Region 2’ field aligned current are not included.
The figure is not in scale. '
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the density of diffusing magnetosheath-like
plasma. The first term in the right side of
(3.30) is given by —ov,B? where o is an
effective electrical conductivity. The last
term represents the viscous force per unit
volume.

Viscous model of the low-latitude boundary
layer

A simple, purely viscous model with no mass
diffusion (vanished left-hand side of (3 30))
glves the veloczty—proﬁle

VX = —VO e_Y/av

where vy is the maximum boundary iag'er
speed (y = 0) and &, is a characteristic vis-

cous length defined by &, = (y/oB?). -

Jer (a)

MAGNETOPAUSE

- i kaV
—_— CR  _ELECTRON
Eg  CR E THRESHOLD
CR
I VBL : . (b)
+ Tt
- i
CHARGE CHARGE
LAYER LAYER
T !
1
Jpx8 i
© |
| -
i |
JD 1
Eay, o E
Detail "A"

Fig. 3.15. (a) A schematic diagram of the dayside magnetosphere showing ‘Region
1’ currents flowing to and from the boundary layer. The dashed line locates the
plasma convection reversal in the ionosphere and the magnetosphere. The poleward
solid line indicates the 1-keV electron limit in the ionosphere and is mapped to the
outer edge of the boundary layer. (b) An expanded view of the boundary layer

region in Fig. a (Bythrow et al. 1981).

With a kinematic viscosity vy = /g,
=10°m?s, a boundary layer density p
=10 protonsecm™, vo=200km/s, o=
5.96 x 10® mho/m, and B = 30 y, one finds
O, =558 km. This value is a few times
smaller than observed boundary layer thick-
nesses on the magnetospheric flanks (East-
man and Hones 1979). The velocity profile
is a decaying exponential in which the flow
speed falls to 14% of v in a distance of 24,.
The total voltage across the boundary layer
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is:
Aggr = vyBd, = 3.3 k_\{ ]

In this numerical example only 10-15%
of the total potential drop across the mag-
netosphere occurs in the boundary layers;
the remainder occurs across the open polar
cap field lines.

Diffusion model of the boundary layers
Published equatorial boundary layer profiles
(Eastman et al. 1976; Haerendel et al. 1978)
indicate that the plasma density usually tends
to fall off to the background level at approx-
imately the same place as that where the
plasma flow speed becomes insignificant. A
purely viscous model does not produce such
a result. Secondly, there is direct evidence
of a certain amount of interpenetration of
boundary layer plasma and hot low-density
‘ring current’ plasma (Haerendel et al. 1978).

Mass conservation in a two-dimensional
model leads to the following formulas when
combined with Eq (3.31) (cf. Sonnerup
1980):

p

ploa= (1 - y/8)™ "%
vyo = (2Do/8,)/(m + 1)

where it has been assumed that the diffusion
coefficient depends on density as follows:

D = Do(p/po)™

Dy is the value of D at y =0, where p=
po. The quantity &, is referred to as the
‘precipitation length’ because on this scale
length particles are removed from the equa-
torial regions by flow-along field lines toward
higher Iatitudes.

Omitting the viscous term and w1th pvy
replaced by '

(3.34)

pVy = povyo(1 — Y/‘Sp) - (3.35)

Equation (3.30) is integrated to yield:
vifvo = —(1 =~ y/8,)* (3.36)
where 7

a= (0B*8y/povy)t
_s (UBZ/(I‘H + 1))%= (ﬁ)
P ngDg - 5,:1

The quantity dq41s called the ‘diffusive length’
and is defined by '

8y = ( 2 pUDU)
T Am+1 oB?

From (3.33) and (3.36) it is seen that p and
Vx drop to zero at the same place (y = §,).
Theoretical information concerning thé m
value can be obtained only by a study of the
microprocesses responsible for the diffusion,
but on the basis of observed density profiles

a value of m near unity appears reasonable
(Sonnerup 1980).

On the IMF control of electric coupling
through the low-latitude boundary layer
The boundary layer processes described
above are generally thought to be indepen-
dent of IMF and thus may constitute the
principal transfer mechanism during north-
ward IMF when magnetic reconnection does
not exist. According to Eastman et al. (1976)
it is not clear. how LLBL processes are
affected by a southward IMF. .
Piddington (1979) has a qualitative expla-
nation for the IMF control of geomagnetic
activity in terms of the boundary layer
model. According to him, the region of tran-
sition from the IMF to the magnetosphere
has very different properties for parallel and
antiparallel magnetic fields. In the latter case
there is a layer of non-magnetic plasma
whose particles are not trapped in either of
the two magnetic structures, but bounce
back and forth, penetrating each in turn.
These motions are likely to provide momen-
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tum transfer and hence frictional interaction.
A southward interplanetary magnetic field,
with its associated dawn-to-dusk electric
field, means that the interplanetary medium
is electrically connected to the magneto-
sphere through magnetic neutral sheets. In
the case of parallel IMF and magnetosphere
magnetic fields their respective plasma par-

ticles are trapped and isolated from one:

another. There is little frictional interaction
and a poor electrical connection. Thus, when
the external electrical field is reversed
(northward IMF), it is simultaneously dis-
connected from the magnetosphere.
Following these arguments of Piddington
(1979), it seems reasonable that both the
diffusion- and viscosity terms of Eq. (3.30)
are enhanced by a southward tarning of the
IMF. Consequently, the momentum-trans-
fer to the boundary layer is increased
(Alvx] >0) and so is the efficiency of the
boundary layer dynamo. This means an

increased electrical energy input to the polar’

ionosphere with associated geomagnetic
effects.

As described in Sect. 3.2, the enhanced
solar wind-magnetosphere coupling due to
magnetic reconnection is another very
important mechanism for transfer of plasma,
momentum and energy for southward IMF.

The boundary layer and field aligned currents
According to the model of Eastman et al.

(1976), any point near the outer edge of the

boundary layer projects along field lines to
the polar ionosphere near noon. Points
deeper within the boundary layer project to
nearly the same latitude, but to positions
that are displaced increasingly from local
noon with increasing inward penetration into
the boundary layer (see Fig. 3.14). The
energies of the particles producing these
field-aligned currents should be character-

istic of the boundary layer and should

increase with increasing distance from local
noon (corresponding to the observations of

increasing thermal energy during inbound

satellite-crossings of the layer) (cf. Eastman
and Hones 1979—their Figs. 2 and 6). The
cusp precipitation region is regarded to be
the ionospheric projection of the outer part
of the boundary layer. This conclusion is
supported by the similarity of boundary layer

-and low altitude cusp electron spectra (cf.

Eastman et al. 1976).

Field-aligned currents (FAC’S) are con--

sidered an important channel of energy-
transfer between the boundary layers and
the high-latitude ionosphere. The global

morphology of the two major high-latitude

field-aligned current systems, ‘Region 1’ and
‘Region 2’, is now well established (Iijima
and Potemra 1976a). The field aligned cur-
rent system associated to the low-latitude
boundary layer dynamo should lie along the
auroral oval sunward of the Birkeland-cur-
rent associated with the magnetotail dynamo
(Roederer 1980). '

Bythrow et al. (1981) observed ‘Region

I’ currents to span the convection reversal
associated with the polar cap boundary and
to extend approximately 0.5 degrees pole-
ward of the reversal. The poleward edge of
the ‘Region 1’ currents are observed to be
nearly coincident with the 1keV threshold
level in the satellite particle spectrograms.
It has been argued that this marks a low-
latitude limit of open field lines; hence the
‘Region 1’ currents flow along closed field

lines and extend about 0.5° into a region of

antisunward plasmaflow (see Fig. 3.15). The
observations reported by Bythrow et al.
(1981) are consistent with a model in which
the dayside ‘Region 1’ currents have a source
that is at least partially due to ‘viscous-like’
interaction in the low-latitude boundary

layer.

The total ‘Region 1° FAC between

B e e w e e T S T 0 L e S T L A e o e
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1200 MLT and 1800 MLT (Ij) must be equal
to the total polarization current across the
corresponding section of the boundary layer.
Observations of the ionosphere show that Iy
is of the order of 10° A, which requires elec-
trons to flow out of the boundary layer or
be replaced at its surface at the rate of
10% s7%. This is only 1% of the flow rate of
particles through a cross-section of the
boundary layer. Therefore, no significant
reduction in the bulk flow velocity in the
boundary layer would result if it were the
source of ‘Region 1’ currents (Bythrow et al.
1981).

The ‘Region 2° FAC’s are entirely equa-
torward of the convection reversal and are
thus associated with sunward convecting
plasma on closed ficld lines.

3.4 Non-linear responses of the magneto-
sphere to solar wind energy input-magneto-
spheric substorms
The stationary and quasi-stationary pro-
cesses discussed in Sects. 3.2 and 3.3 describe
a rather continuous energy dissipation pro-
viding the quiet time auroral oval and the
associated ionospheric current system S§.
The quiet time oval is caused by precipitating
particles with a total power of ~5 X 10° W
(Murphree and Anger 1978). A typical value
of the energy dissipated in the polar iono-
sphere by the SE current {cf. Sect. 5.2) is
~5 x 10" W corresponding to the current
intensity 5 x 10° A, the polar cap electric
field 20 mv/m and 3000 km as the diameter
of the polar cap (cf. Akasofu 1977 p. 52).
The amount of transfer of energy and
momentum to the magnetosphere is con-
trolled by solar wind conditions (cf. Sect.
3.2). Increased efficiency of the solar
wind-magneiosphere dynamo results in
increased intensity in the magnetosphere-
ionosphere current circuits. Akasofu (1980)
summarizes the following responses of the

magnetosphere to the so-called ‘sharp south-
ward turning’ of the IMF vector:

a) Inward shift of the dayside magneto-
pause,

b) Equatorward shift of the cusp,

c) Changes of the radius of the magnetotaii
cross-section,

d) Changes of the thickness of the plasma
mantle, ‘

e) Changes of the high latitude lobe ficld,

f} Changes of the thickness of the plasma
sheet, '

g) Equatorward expansion of the auroral
oval,

h) Increase of the electric field across the
polar cap, o

i) Enhancement of the S variations,

j} Enhancement of plasma convection,

k) Occurrence of a magnetospheric sub-
storm,

1} Occurrence of a magnetospheric storm.

In spite of these magnetospheric
responses, the correlation coefficient
between the IMF Bz and the auroral eiec-
trojet index AE is only of the order of
0.4-0.5 (Akasofu 1980). This indicates that
the geomagnetic activity as reflected by the
AE index does not respond linearly to IMF
variations.

When the solar wind-magnetosphere
dynamo efficiency increases above a certain
critical value, the quasi-stationary mechan-
isms for the energy-transfer cannot dissipate
the increased power fast enough. As a result,
the magnetosphere develops suddenly an
efficient mode of energy dissipation which
is identified as the magnetospheric substorm.
One way of increasing the energy-dissipation
is to bring the cross-tail current to the ionos-
phere, where Joule-heat dissipation can take
place.

A schematic illustration of a postulated
topological magnetotail development during
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substorms is shown in Fig. 3.16. The for-
mation of a new X-line at some place in the
magnetotail and the related transition from
a tail-like to a more dipole-like field con-
figuration are associated with a reduction of
the cross-tail electric current.

This is seen if one coasiders the Ampérean
integral ¢B di around a rectangular loop
‘enclosing the X-line (cf. Fig. 3.16) and note
that the formation of the X-line produces

./__\\ \
[/ pol- o\
| kalott ! |
\ / |

T1~40 min. ; To~20 min,

non-zero By and thus negative contributions
from both side segments, while to first order
it has little effect on the positive contribii-
tions from the top and bottom segments,
To maintain continuity as the current
across the magnetotail is reduced, it is widely
assumed that the_curfent has been diverted
along field lines and flow through the iono-
sphere, most likely as the westward auroral
electrojet (Vasyliunas 1980). To drive the

B3

Fig. 3.16. Magnetotail magnetic field topologies. The stretching towards more
tail-like field lines (a) corresponds io the expansion of the auroral oval (b). The
transition to more dipolar field (c} corresponds to the poleward expansion of

nightside auroral forms (d).
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current through the ionospheric resistance,

an electric field is needed, which may in turn -

be mapped out along field lines—the iono-
sphere becomes a voltage source for the
magnetotail. This electric field has a dawn-
to-dusk component and is therefore associ-
ated with plasma flow toward the X-line from
above and below, as shown in Fig. 3.16c.

The possibility of a positive feedback
mechanism thus becomes apparent, whereby
the diversion of current from the plasma
sheet to the ionosphere enhanced the plasma
flow, leading to larger Bz and a further
reduction of cross-tail current (Vasyliunas
1980). A threshold value of the solar wind-
magnetosphere dynamo (cf. Sect. 3.2) of the
order of 10! watt has been related to the
onset of this chain of positive feedback pro-
cesses (i.e. the magnetospheric substorm)
(cf. Akasofu 1980).

A magnetospheric substorm is defined as
‘a transient process, initiated on the night-
side of the earth in which a significant
amount of energy derived from the solar
wind-magnetosphere interaction is depos-
ited in the auroral ionosphere and in the
magnetosphere’ (Rostoker et al. 1980). The
onset of this process is most clearly signalled
by explosive increases in auroral luminosity
in the midnight sector. The level of energy
dissipation is determined by the combination
of auroral luminosity/ionization and electric
fields (both primary and polarization fields).

The magnetotail development (Fig. 3.16)
accounts qualitatively for several observed
properties of auroral and geomagnetic
activity during substorms (cf. Vasyliunas
1980). However, a main controversy still
exists concerning the substorm. Is it initiated
primarily by a local instability in the mag-
netotail or is it driven directly by an external
solar wind variation?

According to McPherron (1979) a regular
magnetospheric substorm appears to have

three phases: a ‘growth phase’ in which
energy is extracted from the solar wind and
eventually stored in the magnetotail; an
expansion phase in which energy is explo-
sively released; and a recovery phase in
which the magnetosphere relaxes to a quiet
state. Presently there is general agreement
on the sequence of events, but not the name.
The primary objection is that it has not been
conclusively demonstrated that the expan-
sion phase is a causal consequence of the
‘growth phase’ processes. Thus, Akasofu
(1975a) and Kamide and Matsushita (1978)
refer to these processes as the ‘IMF effect’
not to be included in the description of the

“cyclic evolution of the substorm.

In this report we will use the substorm
concept as it was defined by Rostoker et al.
(1980), which ‘represents a consensus

reached by nine magnetospheric physicists

active in the field of substorm research’. Fol-
lowing that definition, neither the so-called
‘convection bay’ nor the ‘growth phase’, both
characterized by enhanced quiet-time pro-
cesses with no impulsive activity in the mid-
night sector, is to be included in the substorm
concept. For details on the geomagnetic sig-
natures of magnetospheric substorms, cf.
Sect. 5.2.

4. EXPERIMENTAL RESULTS

4.1 Morphology and spectral characteristics
of dayside auroral emissions '

The photometer observations of midday -
aurora shown in.Fig. 2.2 differ considerably
from those taken on the nightside (e.g. Rom-
ich and Belon 1967a, b), where the 4278 A
traces follow almost exactly those of the
5577 A emission. In Fig. 2.2 we observe that
the 6300 A and the 4278 A traces peak
towards the zenith from the 5577 A peak.
The observed separation between the dif- -
ferent photometer traces indicate different
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emission altitudes. Since the geometric
shadow height in the direction of maximum
luminosity at 6300 and 4278 A is 210 km for
the event shown in Fig. 2.2, both these emis-
sions come from the sunlit part of the iono-
sphere. Thus, most of the 200R of the
4278 A emission is sunlight resonantly scat-
tered from N7 ions. Other examples of com-
pletely and partly sunlit midday auroras are
shown in Fig. 4.1.

Table 4.1 gives an overview of 20 trian-
gulated auroral forms observed in Dec. 1979
with information on position, geometrical
shadow height, absolute intensities, and
intensity ratios. The events are arranged
from 1 to 20 according to the local time of
observation, extending from the morning to
the post-noon sector covering an interval of
+4 hours around local magnetic noon
(09 UT). The solar depression angle varies
between —11.7° and —21.4°. The geomet-
rical shadow height corresponding to the

Table 4.2

direction of maximum luminosity at 6300 A
varies between 142 and 1063 km with the
darkness extending to larger altitudes at
smaller elevations from the north horizon in
the morning sector. Local solar noon is at
11 UT.

The wuncertainty of the measured
emission-altitudes, which depends on the
altitude and the position of the auroral form
relative to the observing sites, is estimated
to be generally within =20 km. We notice
that the maximum -emisston rate of the red
line changes between 165 and 510 km. Dur-
ing sunlit conditions the altitude of the
4278 A emission follows the red line fairly
well. In cases of discrete forms in a dark
atmosphere the nitrogen band as well as the
green line are emitted lower down than the
red line. Typical altitudes of maximum emis-
sion are between 140 and 160 km. The listed
intensity ratios correspond to peak intensi-
ties uncorrected for atmospheric extinction.

Characteristics of dayside auroras

Dayside Observations| Local time [ I (6300)] 1 (5577) { R = 6300 Characteristic
. max max 3 5577
auroral (events) |{geomagnetic) (kR) (R) energy
category EO'(keV)
1 1 -6 pre-noon 2 =3 300 - 1000 ‘1 -5 G,5
11 7 - 16 midday 2,5 — 8 |<100 - 900 Z 10 20,1
ITY 18 - 2¢ post-noon 3,5 - 6 4000 - 7500 0,5-1 0,2< E0< 0,7
H (6300) Width of 6300 & | Sunlight condition
D% (em) emission (km)
1 180 - 260 60 - 70 dark
IT 300 - 510 75 - 330 sunlit
111 165 - 200 70 - 120 partly sunlit
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We note a large increase of the ratio R; =
6300 A/5577 A at high altitudes.

The essential information in Table 4.1 is
extracted and given in Table 4.2. Estimates
of characteristic energy levels of the precip-
itating particles, assumed to be Mazxwellian,
are included. This is based on the intensity
ratio Ry combined with absolute intensities
and applied to the model of Rees and Luckey
(1974).

We are aware that general conclusions
concerning the local time variation of spec-
tral characteristics cannot be drawn from
only 20 selected events. However, we have
the general impression that the presented

data illustrate some typical variations of the -

auroral condition at 75° latitude when the
observing site rotates with the earth from
the morning through midday and into the
post-noon sector.

The highest altitude of auroral emissions
- corresponding to the softest particle spec-
trum (low Eg) is observed around geomag-
netic noon. In this period the light emission
takes the form of a quiet ~100-300 km broad
belt of subvisual intensity (category II in
Table 4.2). The auroral spectrum is domi-
nated by the red oxygen lines at 6300/6364 A.
In the morning and afternoon hours more
-short-lived narrower discrete arcs and bands
of visual intensity (mainly the green line) are
superimposed on the red belt (categories I°
and II in Table 4.2).

It should be noted that, occasionally,
individual or sequences of transient inten-
sifications also appear within the midday
period (cf. Fig. 4.1b and event 11 in Table '
4.1). Hence, the term ‘midday gap’ (cf. Cog- |
ger ct al. 1977), frequently used to express |
the general low intensity of the green line ;
near midday, is not absolute, but of statistical
nature. As an atypical event, case 11 of Table
4.1 is not included in.category II of Table
4.2.

The events listed in Table 4.1 are selected
according to certain criteria such as stable
position and distinct form. These are
requirements set by the triangulation tech-
nique (cf. Sect. 2.2). In consequence, the
selected forms are more intense than the
average intensity of dayside auroras. Thus,
the emission altitudes given in Tables 4.1
and 4.2 are generally somewhat lower than
the altitude of the most common dayside
auroras.

4.2 Dynamics of dayside aurora in relation
to solar wind variations and geomagnetic
disturbances

In the following we will concentrate on
coordinated observations of dayside auroras
and geomagnetic disturbances. Primary
emphass is placed on the latitudinal position
of auroral luminosity. These observations
will be related to information on the orien-
tation and intensity of the interplanetary
magnetic field (IMF). The physical interpret-
ation of the experimental findings is given

in Chapter 6. -

The orientation of the IMF vector is
expressed in the geocentric sun—earth (GSE)
coordinate system with positive X, Y, and
Z-axes pointing towards the sun, the dusk
side and the north, respectively. IMF vari-
ations were- detected by’ the satellites

. ISEE-1 and 3 (International Sun—Earth

Explorer 1 and 3). ISEE-3 was near the
libration point to monitor the condition at
about 250 Ry, upstream from the earth. The
position of ISEE-1 is shown in Fig. 4.2 for
different auroral events which will be dis-
cussed in the following presentation. For
| information on the correlation between
ISEE-1 and 3 IMF measurements cf. Russell
et al. (1980) and Crooker et al. (1982).

December 25, 1978
On Dec. 25, 1978 similar main features of

IMF variations are observed from both
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Fig. 4.1. Meridian scanning photometer (MSP) records of different, sunlit midday auroras. An illustration showing
the location of parallelogram boundaries for the auroral emissions and the geometric shadow line is inserted. The
time of the scan from north to south horizon was 12 sec.
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spacecrafts ISEE-1 and 3. The time delay
between onset at each satellite is around
1 hour. Plasmaprobe data from ISEE-3 show
that the solar wind speed at the spacecraft
was nearly constant at ~370 km/s between
08 and 11 UT. At 11.20 UT, jumps occurred
~ both in plasma speed and ion density sim-
ultaneously with a sharp B-field increase.
The solar wind speed increased to
~420km/s. These observations are con-
firmed by similar changes at ISEE-1. This
indicates that the main feature of the mag-
netic structure is kept invariable during the
expansion of the solar wind from ISEE-3 to
ISEE-1. A solar wind speed of 400 km/s cor-
responds to a time delay between the two
satellites of ~65 min. -

Near the bowshock (ISEE-1 location) By

was negative from 0730 UT. Between ~1030
and 1130 UT the Z-component decreased
smoothly from —4y to —7y before the IMF
again turned northward. A new southward
shift started around 1220 UT. Notice the
close correlation between variations of IMF
By, dayside auroral location and local geo-
magnetic activity (see Figs-4.4b and 4.5).
From Fig. 4.4A we observe sharp jumps
in the B-field amplitude detected by ISEE-
1 at ~0630 and 14 UT with no counterpart
in the ISEE-3 magnetograms. In both cases
the amplitude changed by a factor of three;
at.0630 UT it decreased from ~20 to ~5 y;
at 14 UT Br increased from ~15 yto ~45 y.
Both these shifts are accompanied by cor-
responding jumps in the plasma density.

- They are probably due to satellite-crossings

X
ISEE-1 positions
16 - Average location of the bow shock —x
14 -
12 \x _
10— \X
8+ \ =
7 uTe Sx ®12 UT}DEC.24,1979 (AGSE —0)
6'_
4 - R
2 X1 UT }090.25,1978(7\6515 =17,5°)
Y <@ I O R R N s ek A O N
| -2 -4 -6 -8 <10 -12 14 16 18 -20 22 R4 26
2 e11UT Y
-4 |- —— \ _
Jan.6,1879 (AGSE 14°)

Fig. 4.2. Location of the ISEE-1 satellite at the time of different auroral events discussed in the text. The average
shape of the bow shock (in GSE coordinates) is shown for a solar wind density of 10cm™ and speed
Uy =450km/s as given by the equation 0.45 X%+ Y2+ 1.11Z% + 0.18 XY + 46.6 X — 416Y — 618 =0 (from
Formisano 1981). The latitude of the satellite position (Acse = tg {Z/(X? + Y?)H) is given in parentheses.
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TABLE 3.3

List of Geomagnetic Observatories

, Computed UT of
Station Station Geographic Geomagnetic mag. dip Magnetic
Name Code Lat. Long. [east) Lat. Long. angle L-Value midday (12 MLT)
Norway-Kola
chain
Ny-ATesund NYA 79.00 12.00 75.44 131.45 8l.5 16.5 08.30
Longyearbyen LYR -78.20 - 15,70 74.36 130.94 14.4 08.30
Hornsund HSD 77.0 15.6 73.54 127.8 81.3 13.1 08.30
Bidrndya BJA 74.50 19.20 71.08 124.55 79.6 9.5 08.40
Tromsg TRO 69.20 19.00 67.14 116.80 77.6 6.3 09.10
Loparskaya Lop 68.25 33.08 63.47 125.78 77.3% 5.3 09.30
Apatity APY 67.55 33.30 62.80 125.28 77.2 5.0 098.20
Ut of
Magnetic

midnight (24 MLT:

Alaska Chain . .

Sachs Harbor SHH 72.00 234.70 {75.96) (28.82) 10.29
Cape Parry cey 70.20 235.30 {74.37) (263.37} 10.11
Inuvik INK 68.35 226.20 70.41 264.63 8l.2 9.32 10.38
Arctic '
¥illage AVI 68.13 214.43 ' 11,28
Fort Yukon Fru 66.57 214.75 66.63 256.84 78.2 6.41 11.19
College oL 64.9 212.2 64.6 256.5 76.6 5.4 11,23
Talkeetna TLK 62.30 209.90 61.88 257.00 74.5 4.39 11.25
Alberta ;
Fort i
Providence  PROV 67.5 292.0 09.08 UT ;
Uranium
City URAN 59.50 251.40 67.4 304.3  8l.8 7.25 08.18 -
Hay River HAYR 67.3 294.3 08.58
Ft. Smith SMIT 67.3 300.¢C 08.36
Ft. Chipewayan FTCH 66.3 302.1 08.27
Ft. McMurray FCMU 64.2  303.5 08.22
Ledug LEDU 60.6 302.9 08.24
Great Khale
River GWR 55.28 282.17 66.54 347.29 81.00 6.93 05.00
Tixie Bay TIXIE 71.60 128.90 60.45 191.35 82.9 5.64 15.50
Dixon Island OIXON 73.50 80.40 62.98 161.40 83.6 6.95 16.30
Godhavn GH 69.3 306.5 79.9 32.6 81.6 20.62 02.26
Churchili CHUR 58.80 265.8 68.69 322.6 83.4 8.59 06.40

of the bow-shock. At the bow-shock thesolar ords in Fig. 4.5, a significant substorm
wind is compressed so that the plasma den- occurred on the nightside with a maximum
sity and the magnetic field intensity is higher  disturbance around 09UT. A distinct
on the downstream side of the discontinuity. auroral breakup was seen at 0847 UT on all
Thus, the 0630 UT transition is consistent sky camera film from the Alaskan sector.
with an outbound pass of the satellite. The The maximum of the H-component deflec-
satellite is estimated to be near the apogee tion at Inuvik was more than 500 y. Signa-
of the orbit at 14 UT. tures of the substorm are also seen from the

As observed from the geomagnetic rec- Canadian array of stations (midnight sector)
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Fig. 4.3. Interplanetary/magnetosheath magnetic fields
as observed from the satellites ISEE 1 and 3 for Dec.
25, 1978. The field components are shown in the geo-
centric sun—earth (ecliptic) (GSE) coordinate system.

and at Godhavn, Greenland; at that time in
the dawn sector of the polar cap.
From Svalbard we observed a character-

istic quiet midday period from 0750 to 09 UT
with auroral luminosity moving slowly south-
ward towards the zenith of Longyearbyen.
At 0902 UT discrete auroral forms appeared-
(Fig. 4.6). From 09 to 11 UT a sequence of
discrete arcs was observed in a rather stable
position near zenith. The steady, slow equa-
torward movement of about 1.5° (lat.) of the
cusp aurora between 08 and 09 UT, as well
as a slow change in the H-component, may
be more closely related to a smooth south-
ward turning of the IMF vector between 0730

and 0830 UT (Fig. 4.4B) rather than the

isolated substorm on the nightside. How-
ever, the nightside activity sometimes cor-
relates with the dayside motion, as may be
seen from the Alberta array or the Alaskan
chain of stations, where a maximum of the
magnetic disturbance field of 370y at
~1150 UT was observed at College. The cor-
responding local magnetic disturbance on
the dayside amounted to 70 y at Hornsund
station (HSD), near the poleward edge of
the belt of luminosity. As can be seen from
the photometer traces in Fig. 4.6 and from
the all sky camera pictures in Fig. 4.7 an
enhanced equatorward shift of the auroral
arc started around 11 UT associated with the
growth of the magnetic. disturbance field.
The position of maximum auroral intensity
moved from 74° at 1100 UT to ~71° geom.
lat. at 1140 UT.

From 1210 to 1235 the dayside aurora

* moved poleward at the time of decreasing

disturbance field at many stations around the
oval. These auroral and geomagnetic vari-
ations followed distinct changes of the direc-
tion of the IMF vector as reported above,
The movement towards southeast of the IMF
vector after-1220 UT (ISEE-1) was followed
by a new equatorward expansion of auroral
luminosity and another increase of magnetic
activity. From 1315 UT the aurora was com-
pletely beyond the southern horizon at
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Fig. 4.4. (a) Showing the total magnetic field as detected by the two satellites ISEE
1 and 3. (b) Showing correlated variations of ISEE-1 IMF B, component and the
horizontal component of the geomagnetic field at Hornsund, when Hornsund was
to the north of the main auroral form in the post-noon sector (see Fig. 4.5). {c)
Showing correlated variations of ISEE-1 IMF By component and the horizontal
and vertical components of the geomagnetic field at Godhavn, when Godhavn was
in the noon sector of the polar cap.
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Longyearbyen. Between ~1330 and 1530
UT a strong red aurora was observed from
Loparskaya, USSR (geom. lat. 63.5°)
{(Fedorova, 1982).

We notice that, during the poleward shift
of the aurora, AH at Hornsund changed
from negative to positive value when it
~ passed the latitude of the station. When the
aurora returned to lower latitudes, AH
shifted back to negative value. The H-com-
ponent deflections at Hornsund were —70 y
and —130 y at 1150 and 1310 UT. The cor-

responding values of the IMF Z-component -

were —7 y and —13 y at 1130 and 1300 UT,
respectively. The correlations between IMF
Bz variations and latitude shifts of auroral
location and H-component deflections at
Hornsund are illustrated in Figs 4.4B and
4.5. A similar good correlation is observed
between variations of the east-west com-
ponent of IMF (By) and H-component vari-
ations at the polar cap station Godhaven,
when Godhaven is near the noon meridian
(12-16 UT) (cf. Fig. 4.4C). Local magnetic
noon at Godhaven is at 14 UT.

The crescent-shaped curves in Fig. 4.5 are

deduced on the basis of the magnetograms.

to illustrate the main feature of the equiv-
alent overhead current system at 12 UT.
Lack of data in the central polar cap prevents
more detailed analysis in this region.

January 15, 1979

The main event occurred between 10 and
14 UT. An overview of the geomagnetic con-
ditions for this event is presented in Fig. 4.8.
The Kp index was 4™ and 37, respectively,
during the periods 09-12 and 12-15 UT. In
Fig. 4.8 the time interval 10~11 UT is marked
by vertical lines in the magnetograms. The
period is characterized by a smooth enhance-
ment of the geomagnetic disturbance field,
coherent on global scale. Magnetograms
from the auroral zone, in the late evening

to morning sector, show a negative trend in
the .H-component. A similar signature,
although weaker, occurs at high latitudes in

~the early post-noon sector (Ny Alesund-

Hornsund, Svaibard), but at lower latitudes
significant perturbations were not observed.
In the evening sector of the auroral zone the
H-component variations were positive, cor-
responding to an eastward equivalent cur-
rent. During this period a subvisual, broad
arc-like auroral form, dominated by the red -
oxygen line at 6300 A, moved equatorward
from 75 to 71 degr. geom. latitude (see lower
right panel of Fig. 4.8). -

ISEE-3 IMF data were available from
0940 UT. From 0940 to 1030 UT Bz was

- between —8.5 and —6.5y. A steady north- -

ward movement occurred between 1030 and
1120 UT; Bz was positive from 1100 UT.
Assuming the magnetic structure to prevail
during the expansion of the solar wind from
ISEE-3 to the earth (the solar wind speed
measured by ISEE-3 was 365 km/s) the time
delay should be ~75 min. ISEE-1 (within
the magnetosheat in the dawn sector) meas-

~ured a steady By, decrease from +8 y to —

4y between 10 and 11 UT. From 1120 to |
1250 UT Bz (ISEE-1) fluctuated around
zero. | -

The Jevel of geomagnetic disturbance
steadily increased until ~12 UT. Between 12
and 14 UT the activity recovered to the
pre-disturbance level. The aurora, observed

from Svalbard, was beyond or near the

southern horizon until the start of the recov-
ery of geomagnetic activity. Then it returned
poleward (Fig. 4.8). We notice an impulsive
intensification of the geomagnetic pertur-
bation in the midnight sector at 11 UT,
covering the latitude range from 65 to 71
degrees. At auroral zone latitudes in the
post-noon sector an increasing positive dis-
turbance (AH > 0) occurred from ~12 UT.
From that time a reversal exists in the H-
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component disturbhnce recorded along the
Norway-Kola meridian chain of stations.
This reversal (AH = 0) in the post-noon sec-
tor coincides fairly well with the poleward
edge of the main belt of auroral luminosity.
It moves in latitude with the aurora—equa-
torward and poleward at the time of growth
and decay of geomagnetic activity. A rela-
tionship between auroral shift and the local
geomagnetic disturbance is illustrated by this
event. When the aurora had moved to the
south of Bjgrngya (BJA), after 11 UT, a
negative H-component appeared in the local
magnetogram (BJA) (Fig. 4.9). During the
poleward return of auroral luminosity, a
transition from negative to positive H-com-
ponent deflection occurred at Bjgrngya
when the arc passed over the station (at
12.45UT). From 1315UT discrete forms
were seen on the photometer recordings at
6300 A and 4278 A (N3 1 NG), moving pole-
ward, out from the belt of more diffuse
luminosity. One of these forms reached the
zenith of Longyearbyen at 1345 UT, which
was the instantaneous location of the geo-
magnetic reversal (AH =0, AZ max.
negative—see Fig. 4.9).

The latitudinal variation of the H- and
Z-components of the magnetic disturbance
field along the Norway—Kola meridian is pre-
sented in Fig. 4.10. At the time of maximum
activity (12UT-15SMLT) H-component
deflections were increasing from 40 y at 63°
to 85 y at 67°. To the north of the peak of
auroral luminosity, AH was negative,
decreasing with latitude from -85y at 71°
to —120 y at 75°. AZ was zero at 67° and at
75° with negative values in between. South
of 67° AZ was positive. It is noticed that the
location of AZ =0 corresponds approxi-
mately to the location of maximum in H-
component deflection, both in the positive
and the negative regimes. A similar pattern
is seen at 1245 UT (~16 MLT). By that time
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Fig. 4.9. Illustrating the latitudinal movements of day-
side aurora (lower panel) in relation to night- (upper
panel) and daytime (middle panel) magnetic activity.
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of Jan. 15, 1979.

the transition region (AH = 0) had shifted
northward, to the latitude of Bjgrngya. The

relative amplitude of deflection in the posi-

tive and negative zones had changed. Max-

imum positive AH had increased from +85 y
to 130 y (66°) while peak negative AH had
changed from —120 y to —70 v. In Figs 4.8
and 4.9 the latitude position of the AH =0
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transition is marked for different times. It Figures 4.8 and 4.11 show that the ampli-
is interesting to note the coincidence of tude variations of the H- and D-components
AH = 0 transition and the poleward edge of follow each other. At the time of maximum
auroral luminosity. disturbance around 12 UT, AD is positive

D-COMPONENT TRACES

NORWAY-KOLA CHAIN
JAN.15,1979

NYA Jo" ~ |
NSRS S S9N .'.V.."h'n/’ V\'\1"\ | L |
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Fig. 4.11. D-component records from the Norway-Kola chain of observatories for
- Jan. 15, 1979. An eastward deflection is shown upward in the diagram,
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(eastward deflection) at Ny Alesund, Horn-
sund and Bjgrngya where AH is negative.
Thus, the horizontal disturbance vector
points in the south-east quadrant and the
corresponding equivalent current vector in
the south-west direction. Further south, at
Tromsg and Loparskaya, AD is negative and
AH positive, which means that AB is in the
north-west quadrant, and the equivalent cur-
rent vector points towards north-east.

The simultaneous H- and I records from

Dixon Island show a similar pattern of vari- -

ation as those from the Norway—Kola chain.
The H-component transition between nega-
tive and positive values at Bjgrngya occurred
at the time of similar variations at Dixon
- Island. At both stations, AH went from pos-
itive to negative value when AD changed
from negative to positive. Thus, both sta-
tions are located near the geomagnetic tran-
sition line. Small shifts in latitude of the
equivalent current system mean that the sta-
tions are transferred from one regime to the
other.

January 6, 1979
IMF observations for Jan. 6, 1979 are shown
in Fig. 4.12. The interval of interest for the
following discussion is between 09 and
14 UT. At ISEE-3 the IMF vector turned
from north-east towards south-west at
~09.40 UT. Between 10 and 11 UT, Bz fluc-
tuated around a mean value of —5 y. From
1100-1110 UT, Bz increased towards zero,
where it remained for more than two hours.
In the ISEE-1 recordings a data gap occurred
between 0930 and 1030 UT. From 1030 to
~1215 we observe Bz to be negative. A shift
is observed in the B-field amplitude at
~11 UT. This is probably due to a crossing
of the bow-shock (cf. Fig. 4.2).
Geomagnetically, this was a moderately
disturbed day with ZKp = 25. As observed
from several stations around the auroral

JANUARY 61979

ISEE-3 IMF DATA
20~ Bx{v) 7
0
_20 -
201 By{y) .
0
0l "
or Bzy) 1
0 —*hmﬁ\fmwl“—'ﬁ\kaﬂé%
...20 | - ' —
20 |- Brlvy) _
0L LM T e Ty

04 06 08 10 12 14
TIME (UT)
T T T T T
ISEE-1 IMF DATA —
20} Bx(Y) -
A T T R I . 074 W
-20} Yy §
B ( ) . I —
20— Y Y A -
0 F\\I [ 1
] e 4
20 -
Bz(v) 7
20 Y -
0 PalE :
oL A i
Br(y) i
40— -
201 Ve ﬂ.""f N
0 oo f o R I St Al
04 06 08 10 12 14
TIME (UT)

Fig. 4.12. Interplanetary/magnetosheath magnetic field
components for Jan, 6, 1979 (¢f. Fig. 4.3 for the location
of the site of measurement).
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oval, a geomagnetic disturbance was in slow
progress during the time interval 10-12 UT
(Kp = 2; see Fig. 4.13). This is a similar
signature as was observed from 10 to 11 UT
on Jan. 15 (cf. Fig. 4.8). Near the midnight
meridian, in the Alaskan sector, a clear sub-
storm intensification occurred at ~1110 UT
within the range of latitudes 61-67°. At
12UT a similar activity was initiated at
higher latitudes (68-76°) (Figs 4.13 and
4.14). | |

On the dayside, a weak negative H-com-
ponent disturbance was in progress from
10 UT (cf. Ny Alesund magnetogram in Fig.
4.13). This activity occurred on the poleward
side (AZ < 0) of a characteristic red (sub-
visual), diffuse, arc-like auroral structure.
Between 10 and 12 UT the center of the
auroral luminosity moves from 76° to 71°
geom. lat. This auroral shift was strongly
correlated to the growth of local magnetic
activity (Fig. 4.13). At Horansund (HSD),
1.9° south of Ny Alesund, AH was first pos-

itive before it turned to negative values from

11 UT. According to the auroral plot in the
‘lower right panel of Fig. 4.13, the center of
‘luminosity was just passing above the station

(HSD —73.5°) at 11 UT. At lower latitudes

(Tromsg—Loparskaya) no magnetic activity

occurred before the maximum epoch of the

nightside substorm, then weak positive dis-
turbances were detected in the H-compo-

nent. At 12 UT we observe signatures of a

‘reversal line’, separating zones of positive

and negative H-component disturbances

(AH = 0, AZ maximum negative) within the

auroral oval extending from Tixie

{(~20 MLT) through Dixon (~18 MLT) to

Bj#rngya (~15MLT) (see Fig. 4.13). The

records from these Russian arctic stations
show signatures of the Harang discontinuity.
The latitudinal movement of the reversal
(AH =0), as observed from the Norway
. chain of stations, was well correlated to the
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auroral shift with AH =0 cdrresponding to
the location of maximum light intensity.

December 24, 1979
On Dec. 24, 1979 similar variations of the
interplanetary magnetic field were again
measured from both spacecrafts. The time
delay was between 1.5 and 2 hours. The solar
wind velocity was ~530 km/s. The ISEE-3
location in GSE coordinates (X, Y, Z) was
(214.6 Rg, 102Rg, 1.5Rg). Sharp, short
southward and northward transitions of the
IMF were observed from ISEE-3 at 10.20
and 1500 UT (see Fig. 4.15A). During the
interval in between, the IMF vector was
nearly stationary, with Bz near —5 y. From
the ISEE-1 traces (cf. Fig. 4.15B) we observe
sharp southward and northward transitions
at ~12.15 and ~1630 UT, respectively. The
observed shift of the By level at ~1650 UT
has no correspondence in the ISEE-3 traces.
It is interpreted as the effect of an inbound

crossing of the bow-shock (cf. Fig. 4.2).
~ The interval between 1217 and 1630 is
characterized by an increased level of the
. geomagnetic disturbance field all around the
auroral oval. The response of geomagnetic
activity and the dayside aurora to the sharp
IMF By variations were nearly instantaneous
in this case (see Figs 4.15 and 4.16).

Between 1050 and 1130 UT magnetic sub-
storm signatures were detected along the
Alaskan chain of observatories, near the
midnight meridian and from the Alberta
array of stations farther east. At that time,
the geomagnetic conditions in the post-noon
sector (Norwegian and Russian stations)
were completely quiet. IMF Bz (ISEE-1)
was zero. Kp for the interval 09-12 UT was
27, ZKp for Dec. 24 was 14.

During the first 23 hours of the post-noon
period (09-1130) the emission of auroral
light above Svalbard was dominated by the

ISEE-3 IMF DATA, Dec.24,1979.
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Fig. 4.15. Interplanetary/magnetosheath magnetic field
components for Dec. 24, 1979 (see text).

-red oxygen doublet at 6300/6364 A, i.e.

16300/15577 > 1, in the form of a quiet, dif-
fuse arc to the north of zenith (Fig. 4.17).
From 1130 UT bursts of more discrete forms
appearcd as transient enhancements in the
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MSP RECORDS LONGYE ARBYEN, CEC. 24, 1979
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Fig. 4.17. Stacked Longyearbyen MSP records for Dec. 24, 1979. The intensity

calibration factor is 0.9 R/C (6300 A OI).

photometer channels at 4278 A (N5 1 NG),
5577 A (OI), and 6704 A (N, 1PG). This
increased activity marks an often observed
transition from a quiet auroral condition
around local magnetic noon to more active
after-noon auroras. At 1215 UT the main
auroral arc was observed near zenith of Lon-
gyearbyen extending from south-east to
north-west. The angle of alignment relative
to the geomagnetic east-west direction was
~30°,

At ~1220UT a marked southward shift
of the aurora started simultaneously with the
slow growth of the magnetic disturbance
field as observed in the time sector 13-
I8 MLT (Figs 4.16 and 4.17). The local geo-
magnetic disturbance shows a characteristic
pattern. Along the Norway-Kola meridian
chain we observe a transition in the hori-

zontal component, from southward (nega-
tive) perturbation in the north (Ny Alesund) -
to northward (positive) perturbation further
south (Hornsund, Bjgrngya). Between
13UT and 15 UT the location of the geo-.
magnetic reversal (AH = 0) shifted from
Hornsund (73.5°) to Bjgrnaya (71.1°). '

The spatial location of the main auroral
form is shown for different times in Fig. 4.18.
The altitude of maximum emission was
estimated from the spectral ratio 6300/5577
and the absolute intensities by comparing
with the triangulated forms listed in Table
4.1. The spectral information used in the
altitude estimates is listed in Table 4.4. The
parallelogram boundaries of auroral lumi-
nosity were determined from photometer
traces as shown in Fig. 4.17 (cf. Sect. 2.2).
The center of the main auroral form moved
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DEC. 24,1979
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Fig. 4.19. H- and Z-component disturbance fields versus geomagnetic latitude along the Norway—Kola chain of
observatories. The instantaneous location of the main auroral form is indicated (see Fig. 4.18).

from ~75° to ~72.5° between 12 and 13 UT
(Fig. 4.18). We notice that in this case the
auroral form is well to the south of the geo-
magnetic reversal (near 73.5° at 13 UT). At
14 UT the aurora, a clearly visible homo-
geneous arc extending from horizon to hor-
izon, was located near 70°. From Fig. 4.19
this is seen to be near the center of the
eastward (AH > 0) equivalent current. At
~1445 (~18 MLT) substantial growth of
positive H-component deflection started at
lower latitudes (Tromsg-Loparskaya—Apat-
ity). At 15 UT the signature of the ‘reversal
line’ (AH = 0) is observed both at Bjgrngya
(~ I8 MLT) and Dixon Island (~21 MLT).

Summary of observations

Based on 10 events (mainly from the post-
noon sector) the following characteristics of
daytime auroral morphology are observed:

Motion of the aurora in relation to geomag-

netic activity .

a) Significant latitudinal shifts (from a few
to more than five degrees) of the dayside
aurora are observed to be associated with
a rather smoothly varying geomagnetic
disturbance recorded at stations all
around the instantaneous oval and within
the polar cap. This differs from the

~ impulsive disturbances associated with
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TABLE 4.4

Some Maximum Intensities of Auroral Emissions

Observed on Dec. 24, 1979 from Longyearbyen

1{6300) 1(5577) 1{6300) -Max I(6300)
Time (UT) {R) (R} T(5577) on MSP trace
(elev. from N. horizon)

1000 2000 ~ 300 6.7 48°
1100 3420 . 1050 3.2 58°
1201 4100 4200 ~1 75;
1233 8700 12200 0.7 132°
1300 4100 4450 0.9 142°
1303 6130 11050 0.6 150°
1401 - 4920 6650 0.7 160°
1500 4140 2830 1.5 164°
1660 3100 1400 2.2 169°
1700 - 5200 12200 0.4 167°

the substorms expansion which is usually
observed at only a few stations in one
portion of the oval.

b) In the cases of equatorward shift involving

substorms, the shift of dayside auroras
and the related geomagnetic activity
sometimes starts ~1 hour before the onset
of the poleward expansive phase on the
nightside (see Fig. 4.13).

¢} On December 24, 1979 (onset ~ 1050 UT)

and December 25, 1978 (onset
~0847 UT) significant geomagnetic sub-
storms were observed to occur on the
nightside with little effect on the position
of the dayside aurora. Furthermore, geo-
magnetic activity was not observed on the
dayside.

d) When the dayside aurora moves equator-

ward in latitude over a particular station,
a reversal in the direction of the local

disturbance magnetic field is observed:”
the horizontal perturbation vector
changes from southward (negative defiec-
tion} to northward (positive deflection).
On the poleward side of AH = 0 the H-
component disturbance is negative. The
positive and negative deflections are of
similar intensity.

e) The peak of the auroral luminosity occurs
close to the region of AH =0 or just to
the equatorward of it. This region moves
in latitude with thre optical aurora: equa-
torward at the time of increasing geo-
magnetic disturbance and back to higher
latitudes during the recovery of activity.

Relation to interplanetary magnetic field

variations

Ciose correlation is observed between

changes in the direction of the interplanetary
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magnetic field vector, dayside auroral shifts
and circum-oval geomagnetic variations.
This correlation was observed on several

days when distinct IMF variations we
detected from both satellites ISEE-1 and

a) The equatorward shift of dayside auroral

forms and the growth of associated ge

planetary magnetic field vector (Decem-
ber 25, 1978 is a good example).
) The response of dayside auroras and the
re associated geomagnetic disturbance to
3. IMF variations impinging at the bow-
shock (ISEE-1 location) is observed to
occur typically within 10-20 minutes.
o- d) On Dec. 25, 1978 we observed from both

magnetic activity are directly related to
southward movement of the IMF vector
(increasing negative B;). The amplitude
of perturbations in the post-noon sector
of the polar cap is observed to change
linearly with IMF Bz (see Table 4.5):
AH, = 10 B2 ().

b) The poleward return of auroral forms

accompanied by decreasing amplitude of
the associated magnetic activity corre-
sponds to a northward shift of the inter-

spacecrafts ISEE-1 and 3 distinct varia-
tions of the Y-component of the IMF vec-
tor to be highly correlated to substantial
variations of the horizontal and vertical
components of the geomagnetic disturb-
ance at the polar cap station Godhavn,
near local magnetic noon. A turning of
the IMF-By from positive to negative
value is followed by negative H-compo-
nent deflection (westward equivalent cur-
rent) in the midday polar cap.

Solar Wind Data for the Pari

TABLE 4.5

ods of Interest to this Study _

IMF-8,(v)

AHpe; H-component magnetic disturbance at

Date v Alpe (y) Polar Cap h
(Time. UT) kmi's Time, UT) Station (km)

‘Dec. 25, 1978 -7 (1130)* 390 -70 {1150) HSD 115
. -13 (1300)* 410*  -130 (1310) HSD

Jan. 6, 1979 -7 (10-11) 470 -75 (1200) NYA

Jan. 15, 1979 -8 (1030) 360 -120 (1200) " 105

Dec. 22, 1979 -11 (0850-0920) -100 (1050) u

Dec. 24, 1979 -5 (1300) 530  -50 (1400) E 185

Vs; solar wind velocity

polar cap station listed in column 5

h; geometrical shadow height at polar cap station listed in column 5 at the time

of AH measurement (given in column 4)

* ISEE-1 measurement, others are from ISEE-3 with time delay indicated.
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5. MAGNETOSPHERIC/IONOSPHERIC DIS-
TURBANCES WITH POSSIBLE INFLUENCE ON
DAYSIDE AURORAL DYNAMICS—A REVIEW

5.1 Introduction

Section 5.2 contains a general overview of
the different modes of geomagnetic varia-
tions. The geomagnetic detection of mag-
netospheric substorm phases is also dis-
cussed. Observations and theoretical models
on the relationship between electric
currents/convection patterns and dayside
auroras are presented in Sect. 5.3. An
overview of different magnetospheric cusp
signatures is found in Sect. 5.4. Attention
is focused on some recent observations and
theories of latitudinal shifts of the cusp and
the dayside aurora.

5.2 High latitude geomagnetic disturbances
When discussing geomagnetic perturbations,
it is important to be aware that magnetic
variations detected on the earth’s surface are
not only effects of electric currents confined
to the ionosphere. Field-aligned currents
flowing between the ionosphere and the
magnetosphere, the magnetospheric ring
current, magnetopause currents as well as
currents induced within the earth contribute
to the observed deflection. However, as a

continuous indicator of magnetospheric-

ionospheric activity including substorm per-
turbations, ground-based observations of
geomagnetic disturbances are considered
highly relevant information. This is particu-
larly true for the polar regions where larger
scientific instruments are very expensive to

install and maintain. In fact, recent progress -

in elucidating the three-dimensional current
system by using magnetic field data acquired
from the International Magnetosphere Study
(IMS) Alaska meridian chain of observa-

tories has made it possible to obtain the -

average global distribution of the Pedersen

current, the Hall currents and field-aligned
currents (cf. Akasofu et al. 1981b and Fig.
5.6). This was accomplished by mapping the
geomagnetic variations in local time from
observations in one meridian chain of mag-
netometer stations operated as an azimuth-
scan radar when rotating with the earth. To
include substorm variations in time and
space on a time scale less than 24 hours,
simultaneous observations from different
meridian chains are necessary. -

A recent critical review of the use of geo-
magnetic data in the study of time devel-
opment of substorms and substorm related
phenomena is found in Rostoker et al.
(1980). Figure 5.1 is a schematic illustration
of the signatures found in magnetograms
from various sites placed at different pos-
itions with respect to the high-latitude sub-
storm current systems. Magnetograms from
such an array of recording stations can be
used to define (1) the time of onset, (2) the
location of the disturbed region, and (3) the
recovery time of the substorm.

During the time between onset and the ™
beginning of the recovery phase several
quasiperiodic intensifications are shown.
This emphasizes that a substorm can encom- -
pass many electrojet intensifications (with
their associated auroral surge forms) that
occur over a time span of several minutes to
more than an hour, Aécording to Rostoker
et al. (1980) the following perturbation
trends should be used as indicators of the
position of the substorm-disturbed region.
1. At auroral oval stations, positive (nega-

tive) Z indicates an observatory to the

north (south) of the centre of the west-

ward electrojet. A positive spike in D

indicates the presence of surge forms close

to the observatory. Observations of sig-
nificant negative H and negative D with
no discernible positive D spike indicate
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Fig. 5.1. Schematic representation of magnetograms from various sites placed at
 different positions with respect to the high-latitude substorm current systems. These -
synthetic records can be compared with real data to establish the position and time
sequence of events for an interval of substorm activity. Typical deflections at
high-latitude observatories range from ~100 to 1000 nT, while typical deflections
at Jow-latitude stations range from a few nanoteslas to a few tens of nanoteslas

(Rostoker et al. 1980).

that the substorm onset took place just to
the west of the observatory. A significant
negative H with little response in D indi-
cates that the substorm onset took place
well to the west of the observatory.

. At low latitudes a positive (negative)
excursion in H indicates that the observ-
atory is near, but to the east (west) of,
the ficld-aligned currents associated with
the western edge of the substorm-dis-

turbed region. Positive (negative) D
indicates that the observatory is to the
west (east) of the western edge of the
substorm-disturbed region. As regards
the determination of the onset time of the
substorm from auroral zone magneto-
grams, it should only be pointed out that
at stations to the west of the initial position
of the surges, the substorm onset cannot
usually be unambiguously defined given
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the present array of observatories. How-
ever, one can be reasonably sure that an
auroral oval observatory is observing the
true substorm onset if the sharp positive
D spike is not preceded by a slowly
‘developing negative H bay (see Fig. 5.1).
Otherwise great care must be exercised
to ensure that sharp negative H bays (pre-

sently used to define substorm onsets) do

not simply reflect local intensifications of
the substorm westward electrojet rather
than the onset of the substorm. Insofar
as identification of substorm onsets from
low-latitude magnetograms is concerned,
the D component generally provides the
best indicator of the earliest detectable
onset time. The H component signature
depends on the position of the observa-
tory with respect to the meridian to which
the westward edge of the westward elec-
trojet extends; one can detect the passage
of the western edge of the westward elec-
trojet from east to west across the mer-
idian of the observatory by the transition
from a negative-going to a positive-going
H component signature.

Finally, we note that it is presently cus-
tomary to use the AE index (synthesized
from auroral zone magnetograms) to
determine onsets and identify recovery of
substorm activity. While AE is useful to
establish the gross level of magneto-
spheric activity, it should not be used for
the study of the time development of sub-
storms. This is because the distribution of
stations used to derive AE has too many
gaps to permit accurate identifications of
the substorm onset and the end of the
expansion phase and because much useful
information is lost through ignoring the
D and Z components and considering the
H component only. We recommend that
researchers studying the time develop-
ment of substorms and substorm-related

phenomena utilize the original magneto-
grams from as many relevant observa-
tories as possible for obtaining informa--
tion on the development of the substorm
(Rostoker et al. 1980).

Below we will mention some character-

istics of current systems which do not necess-

- arily vary in concert with the electrojets.

Analysis of the polar cap current system

has been performed extensively by several
groups. Nagata and Kokubun (1962) derived
an equivalent overhead current system in the
polar region. After making a subtraction of
the Sq current system, believed to arise from
the dynamo action associated with solar’
heating, they deduced the so-called Sq* cur-

_rent system (Fig. 5.2). This equivalent cur-

rent system consists of two vortex-like cur-
rents centered about 75° dipole latitude, the
cell on the evening side reaching lower lati-
tudes than the morning side cell. The current
pattern across the polar cap is, according to
this system, a relatively uniform sunward

gh

X i
N
(&

Y

i!,r i

2h

Fig. 5.2. The S§ current system in the dipole latitude-
time coordinates, showing a well developed two vortices
system centered on the dawn-dusk meridian (Nagata
and Kokubun 1962).
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current. Unlike the current in the atmos-

pheric dynamo, it is thought to be driven by

the convection electric field arising in the
magnetosphere (Ratcliffe 1972 p. 88).
When assuming a uniform conductivity
distribution across the polar cap region, and
that the magnetic fluctuations are caused by
Hall currents only (cf. Sect. 6.4), the ionos-
pheric plasma convection will then be
opposite to the current flow direction. Thus,
the equivalent overhead current pattern
would correspond to a uniform antisunward
flow of plasma across the polar cap, and a
return flow in the sunward direction at lower
latitudes, in good agreement with the con-
vection model of Axford and Hines (1961).
Obayashi (1967) proposed a classification
of high latitude disturbances into two

groups—DP1 and DP2. DP1 refers to

auroral electrojet fluctuations while DP2

(S

S

involves an equivalent current which is
global in character. Nishida (1968a} carried
out a detailed study of DP2 variations and
reported that they were coherent on a global
scale and involved a twin vortex equivalent
current at high latitudes and a zonal current
component at low latitudes. A typical equiv-
alent current system for DP2 is shown in Fig.
5.3. Nishida (1968b) and Nishida and Mae-
zawa (1971) have shown that DP2 variations
show a high degree of correlation with the
Bz component of the IMF. On the other
hand, Nishida and Maezawa found that DP2
did not correlate well with the dynamic pres-
sure of the solar wind. In this respect DP2
does have something in common with DP1,
although their equivalent current systems as
well as the character of their time variations
are quite dissimilar. '

Since Nishida proposed the DP2 disturb-

06
TA

é.—-—‘m.

May 29, 1958

Fig. 5.3. Typical equivalent current pattern for DP2 disturbances (Nishida 1968a).
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ance characteristics, there has been some
controversy as to whether or not these vari-
ations are merely a variant of the existing
known currents or whether they stem from
an independent current system. Akasofu et
al. (1973) and Leont’yev and Lyatskiy (1974)
claimed to show that a significant part, if not
all, of the DP2 variation can reasonably be
explained by the combined effect of the
enhancement and equatorward expansion of
the permanent current system Sq*. They con-
cluded that the DP2 variation arises from a
modulation of the Sq¥ system by the IMF,
rather than by an intermittent growth of a
new type of current system (Akasofu 1977
p. 245).

‘The By-component of the interplanetary
magnetic field is shown to regulate a separate
component of the polar cap current system,
named the DPY current (cf. Friis-Christen-
sen and Wilhjelm 1975). The origin of this
current was discussed in Sect. 3.2.2.

5.3 Dayside auroras and the ionospheric con-
vection pattern

Akasofu and Kan (1980) report a discussion |

of day- and nightside auroral arc systems and
their relation to the two different dynamo-
processes in the magnetosphere which were
discussed in Sects. 3.2 and 3.3. Auroral pho-
tographs taken from satellites indicate that
discrete auroral arcs in the afternoon and
evening sectors are not connected. An after-
noon arc which extends from the midday
sector to the early evening sector is fre-
quently observed to be separated by a dis-
tinct gap from an evening arc extending from
the midnight sector to the late afternoon
sector (cf. Akasofu 1976). The brightness of
both arc systems is related to the level of
geomagnetic activity, but the dayside arc
“system is a little less sensitive to it (Lassen
1970; 1972 and 1973).

In this connection it is interesting to note
that the low-latitude boundary layer is

expected to be less sensitive to the orienta—

tion of the interplanetary magnetic field com-
pared to the magnetotail dynamo (cf. Sect.
3.3). The referred observations support the
hypothesis that the two arc systems are fed
by different dynamos.

Two other striking features from dayside
satellite-observations of auroral forms are
lack of visible arcs near noon, and occasional

-fan shaped arcs radiating away from noon

on both the morning and afternoon sides of
the auroral oval. A simple model which

includes these two features as a consequence

of a dayside convection pattern is presented
by Reiff et al. (1978).

At the afternoon polar cap boundary the
electric field points toward the boundary.
Current continuity requires a net upward
Birkeland current at the boundary where the

'E x B-drift velocity undergoes a simple

shear reversal. The remaining step of logic

is to associate sheets of Birkeland currents ~
with auroral arcs. This association has been
demonstrated both on small scale (~km)

(e.g. Casserly and Cloutier 1975) and on
larger scale (tens of km) (Kamide and Aka-
sofu 1976). It is further assumed that the
brightness of the arc increases with increas-
ing current intensity.

On the morning side the electric field
points away from the convection
boundary—hence the current is downward
and should therefore not necessarily be
associated with visible arcs. Two important
results predicted by this model are listed
below:

a) No arcs, or only weak sun-aligned arcs in
the throat of the convection pattern near
-noon, This feature is confirmed by sat-
ellite (DMSP) photographs (Snyder and
Akasofu 1976; Dandekar and Pike 1977),
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and in the 5577 A data of the ISIS scan-

ning auroral photometer (Cogger et al.
1977); all these showed a minimum of
auroral emission near noon. Shepherd et
al. (1976) reported a noon time enhance-
ment in the 6300 A emission. Taken
together, this implies that the 6300/5577
ratio is higher in the throat than in the
neighboring auroral oval; thus, the aver-
age energy of the electrons (Rees and
Luckey 1974} precipitating near noon 1s
lower. This is confirmed by McDiarmid
et al. (1976) and Potemra et al. (1977),
who showed from particle data that the
~near-noon cusp electrons are considerably
cooler than those on the morning and
afternoon sides.

'b) The most intense upward currents, and
therefore the brightest arcs, should occur
on the convection reversal in the after-

noon. It is noted that Potemra etal. (1977)

associated the afternoon energetic elec-
tron precipitation with the ‘Region 1’
- field-aligned current region.

5.4 Equatorward shift of the magnetospheric

cusp related to solar wind variations and
magnetospheric substorms

Extensive studies of the influence of mag-
" netospheric substorms and related current
systems as well as IMF variations on the cusp
location, have been carried out during the
last decade. The location of the cusp has
been identified or inferred from various
phenomena. Akasofu (1977 p. 583) lists the
following signatures:

a) The location of the region where the
magnetosheath-like plasma is found by
polar orbiting satellites.

b) The location of the auroral oval in the
midday sector, that is, of midday auroras.

c¢) The location of the F-layer irregularity
zone (FLI1Z).

d) The equatorward boundary of the oval
area in the polar cap where solar electrons
impinge. : -

e) The location where the daytime magnetic
agitation is intense.

Kamide et al. (1976) concluded, from a
statistical study of polar satellite data, that
the interplanetary magnetic field (IMF) and
the substorm activity (AE index) have the
same influence in terms of the latitudinal
shift of the dayside aurora. The cusp location
was observed to be shifted southward by
substorm effects. Similar results are pre-
sented by Horwitz and Akasofu (1977).
Burch (1973) found that he could predict the
latitude of the poleward and the equator-
ward side of the cusp with r.m.s. errors of
1.34° and 1.16° respectively, from a knowl-
edge of the average Z-component of IMF
for the previous 45 minutes, independent of
substorm activity. -

Based on photometric observations made
at South Pole station, Antarctica Eather et
al. (1979) investigated the response of day-
side auroras to substorm activity as moni-
tored by H-component magnetograms from
auroral zone stations in the northern hemi-
sphere. For the purpose of detecting local
dayside geomagnetic disturbances the only
recording site was South Pole station.

An excellent correlation was found
between displacements of the dayside aurora
from the position of the quiet time oval
(Q =0) and substorm activity. Sometimes
individual H-Component magnetograms
gave closer agreement with South Pole
auroral movements than did the auroral elec-
trojet (AE) index. However, statistical
results did show that on short time scale
(~5min), dayside auroral position was
related much more closely to AE than to the
Z-~component of the interplanetary magnetic
field (Bz). Some of their main results are
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Fig. 5.4. Schematic representation of a model of the substorm current circuit (Eather et al. 1979). J

listed below:

a) All southward turning Bz events result in
substorms provided the average By
remains southward for a long enough

-period, ~1 hour (two years of published

IMF and AE-data was scanned and no
event contradicting this statement was
found).

b) All substorms result in equatorial shifts
of dayside aurora and the magnitude of
the shift is quantitatively related to sub-
storm strength.

c¢) No dayside auroral shifts were observed
in association with southward-turning
IMF  without simultaneous substorm
activity, :

d) During the cusp movements associated
with substorms, magnetic perturbations
at South Pole station were of the order
of 25 y or less as the aurora passed over-
head, compared to ~500 y fluctuations in
the midnight sector. Thus, compared to
the night-time electrojet, there was no
significant enhancement of any dayside
auroral electrojet current associated with
substorms.

These observations lead Eather and his
co-workers to the conclusion that dayside
auroral movements result directly from sub-
storm processes within the magnetosphere,
and that any connection between IMF B
changes and dayside auroral shifts is not
direct, but occurs via the substorm process.”

They postulated a magnetospheric current
system accounting for the high degree™ of
correlation between nightside -electrojet
intensity and dayside auroral movements
(see Fig. 5.4). Due to the lack of observa-
tions of dayside magnetic signatures, no cur-
rent system is included on the dayside of the
magnetosphere in their model. As a physical
basis for their model current system it is
suggested that increased ionospheric con-
ductivity resulting from auroral substorm
precipitations could create a new least-resist-
ance return path for the near-earth magne-
topause currents closing through the west-
ward electrojet in the morning sector. It is
argued that the near-earth magnetopause
current will distort the magnetospheric shape
consistent with southward cusp movements.

Akasofu (1977 p. 583} pointed out that
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the equatorward shift of the cusp during the
expansive phase of magnetopheric sub-
storms contradicts the idea that substorm
expansive phase is a manifestation of
enhanced reconnection of magnetic field
lines in the magnetotail and of subsequent
transfer to the dayside magnetosphere; if
this was the case the cusp region should shift
poleward during the expansive phase,
Yasuhara et al. (1975) demonstrated that
the growth of a particular three-dimensional
loop current in the dayside magnetosphere
during the magnetospheric substorm can
account for the equatorward shift of the
cusp, but they could not offer the generation
mechanism of such a current system.
Akasofu et al. (1981a) showed by semi-
quantitative model calculations that the mag-
netic field of an enhanced dynamo current
m the dayside low-latitude boundary layer
and the connected circuit can account for the

observed equatorward shift of the cusp

region. The position of the cusp, as defined
by their model of the magnetic field con-
figuration, shifted equatorward by 1.8° in
latitude, from 77.2° to 75.4°, when a dayside
current system of 6 X 10° A total current

Fig. 5.5. Schematic illustration of the dayside current
system associated with the dynamo process in the day-
side boundary layer. Only one loop in the northern
hemisphere is shown for simplicity. It shows the
night-side current system when the crosstail current is
totally disrupted and diverted to the nightside auroral
oval (Akasofu et al. 1981a).

intensity was added to their previous model
without the dayside currents.

When the total current was increased to
1.8 X 10°A, the cusp location shifted to
72.0°, i.e. by more than 5°. The dayside
current system was represented by 6 current
loops separated by 15° in longitude. Each
current loop consists of the dynamo region
(the boundary layer) of thickness of 1.0 Rg
in the equatorial plane (see Fig. 5.5).
Field-aligned currents are generated at the
inner boundary of the boundary layer in the
morning sector and flow to the polar ionos-
phere. After flowing through the dayside
ionosphere, the currents leave the ionos-
phere to the inner boundary of the dynamo
region in the afternoon sector. The closure
of the current system along the dayside mag-
netopause represents a reduction of the
Chapman-Ferraro current. The presence of
such a dayside current system was demon-
strated by Akasofu et al. (1981b) by using
magnetic records from the IMS Alaska mer-
idian chain of observatories. Their Fig. 1 is
reproduced here as Fig. 5.6A which shows
the distribution of the Pedersen current in -
the entire polar region. The distribution of
Hall currernts is shown in Fig. 5.6B (their
Fig. 2).

Akasofu et al. (1981a) also investigated
the effect on the cusp location of an increased
intensity of the nightside magnetotail
dynamo currents and found this to be much
smaller than that of the dayside current sys-
tem. In fact, an increased magnetotail
dynamo-current-from 0.01 to 0.15 Am™2
effected a poleward shift of the cusp by 0.2°.
Finally we note that in their interpretation
of their model calculations Akasofu et al.
(1981) still related the intensification of the
dayside current system and the consequent
shift of the cusp to the substorm expansive
phase. '

One event of observations of the F-region
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Fig. 5.6. (a) The distribution of Pedersen current over the entire polar region.
(b) The distribution of the Hall current. Coordinates are magnetic latitude—M.L.T.
{(Akasofu et al. 1981b), :
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ionospheric density and temperature signa-
tures of the cleft (cusp) by the incoherent
back-scatter radar technic is reported by Fos-
ter et al. (1980). The Chatanika Radar
detected a rapid equatorward excursion of
the cleft signature (~4°/\Vhour) in response
to a southward turning of the IMF well
before the occurrence of a major substorm
intensification at Tromsg, Norway (late eve-
ning sector). The cusp location was observed
to be steady at low magnetic latitude

Foster et al

(~70°/\) during substorm expansion and
retreated poleward to ~73.5° A\ during sub-
storm recovery in response to northward
turning of the IMF (see Fig. 5.7). We note
a good correlation between the equatorward
cusp movement and the smooth enhance-
ment of local geomagnetic activity. The
reported event occurred when Chatanika
was in the late pre-noon sector. .

In a recent paper by Brown et al. (1981)
equatorward cusp movement in response to
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Fig. 5.7. (Top) Latitudinal spread and center position (heavy curve) of the cleft-
enhanced ionospheric density perturbation observed by the Chatanika radar.
(Middle) Interplanetary magnetic field parameters in solar ecliptic coordinates
observed up-stream from the magnetosphere by Imp-J. (Bottom) Noon sector
(College) and midnight sector (Tromsg) magnetograms. Local magnetic noon

occurs at ~23 UT (Foster et al. 1980).
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a sharp southward turning of the IMF vector
is inferred from X-ray observations from &
balloon-borne detector above Sgndre
Strgmfjord, Greenland (N\=74.8). At
about 1635UT on August 20, 1979 the
radiation began to rise accompanied by a
marked softening of the photon spectrum
(see Fig. 5.8A). This change was interpreted
to be caused by a reduction of the cutoff
energy for the entry of solar protons due to
a change of the detectors position from a
region of the dayside (~14MLT) of the
magnetosphere to one within the polar cap.

Such a shift would result from an equator-
ward displacement of the polar cusp past the
balloon-borne detector. The magnetometer
data from the spacecraft ISEE-3 located at
a distance 265 Rg upstream from the earth
showed a strong southward turning, starting
around 1540 UT, remaining southward for
almost 2 hours. The solar wind speed at the
spacecraft was about 650 km/s. The south-
ward turning of the IMF would thus have
been expected to begin at the front of the
magnetosphere at 1625 UT, assuming that
the magnetic regime remained intact and
continued to advance at the rate recorded
by the plasma probe on ISEE-3. Using a
45-min travel time to the front of the mag-
netosphere the time variations in the vertical
component Bz are shown in Fig. 5.8A. The
magnetograms from the dayside show that
the response to the IMF change was quite
prompt (see Fig. 5.8B), starting at 1630 UT
all the way from the dawn sector
(~0500 MLT) at College, through the mid-
day region (~1420 MLT) at Narssarssuagq,

to the dusk sector (~1930 MLT) at Abisko.

The magnetograms from the midnight sector
(Dixon Island, Cape Chelyuskin, and Tixie
Bay) indicate that the response of the mag-
netotail to the IMF change was delayed, first

showing the omset of weak negative bay

activity around 1710 UT, followed by strong

negative surges around 1750-1830 UT.

From this review it is understood that the
latitudinal variation of the polar cusp and
the dayside aurora is not a simple process.
No general agreement exists on the relative
influence of substorm perturbations and IMF
variations. In addition to the mechanisms
discussed above, the possible influence of
the magnetospheric ring current should also
be considered (cf. Meng 1982).

6. DISCUSSION OF EXPERIMENTAL RESULTS

6.1 Optical szgnatures of magnetospheric
boundary layers

Some morphological and spectroscopic
characteristics of dayside auroras were pre-
sented in Sect. 4.1. Their implications con-

cerning the precipitating particles are bneﬂy ,

discussed below.

The high I(6300)/1(5577) ratio in the mid-
day period implies a source of low energy
electrons, presumably the magnetospheric
cusp where particles can penetrate directly
from the magnetosheath (cf. Heikkila and

Winningham 1971). The omset of 5577 A

emission on either side of the ‘gap’ suggests
an onset of acceleration, or the entry of more
energetic particles from another source
region in the magnetosphere. According to
the model of Eastman et al. 1976 (see Sect.
3.3), the cusp precipitation region was
regarded to be the ionospheric projection of
the outer part of the magnetopause bound-
ary layer. Points deeper within the boundary
layer were projected to ionospheric positions
displaced increasingly from local noon with
increasing inward penetration. This model
was based on observations of increasing ther-
mal energy of plasma particles during
inbound satellite-crossings of the layer. It
could explain the increasing energy of the
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precipitating particles with increasing dis-
tance from magnetic noon.

From examination of the HEOS-2 low
energy electron data, Formisano (1980)
could identify a separate boundary layer
electron population with most particles hav-
ing energies 100-300 eV. The boundary layer
was observed to extend along the magne-
topause up to 5-7 Rg above equator; at
higher latitudes it folowed the magnetic
lines of force down to the ionosphere.

Another theory did explain some mor-
phological features of dayside auroras in

terms of plasma convection patterns (cf. .

Reiff et al. 1978; see Sect. 5.3). Discrete
auroras in the post-noon sector were related
‘to the ‘Region 1’ upward field-aligned cur-
rents with a postulated maximum on the
convection-reversal. No arcs or only weak
arcs were predicted in the throat of the con-
‘vection pattern.

According to our observations the center

of the dominating auroral forms in the
post-noon sector was cither located very near
the geomagnetic reversal or to the south of
it. On Dec. 24, 1979 (see Fig. 4.19) the
auroral form was observed near the center
of the eastward overhead equivalent current.,
Consequently, this visual aurora should be
located in the region of sunward convection.
This indicates that the plasma sheet could
be the source region for the auroral particles.
In other cases, when the auroral form is
located close to the magnetic reversal (see
Fig. 4.14), the low-latitude boundary layer
is an actual source region. Ratios of auroral
emission Intensities for the post-noon
sector (see Tables 4.1-4.2) indicate particle
spectra comparable with those of the
low-latitude boundary layer. For further
details on  morphological/spectroscopic
structures of dayside auroras and related
magnetospheric processes, cf. Sivjee et al.
(1982).

6.2 The separation of DPI and DP2 com-

ponents of geomagnetic disturbances

Introduction -
As a background for the following presen-
tation we refer to the general review of dif-
ferent components of geomagnetic pertur-
bations and the discussion of physical
mechanisms involved, which.-were given in
Sect. 5.2. _ .
To investigate the separate roles of IMF.
variations and substorm perturbations on the
latitudinal shift of dayside auroras, we will
distinguish between the directly IMF-related
and substorm-related components of geo-
magnetic disturbances. The disturbances of
main interest in this respect are the DP1 and -
DP2 components, where DP1 is the impul-
sive nightside activity during substorms and
DP2 is the coherent, more slow and large
scale variations regulated by the southward
component of the IMF. Despite these dif-
ferent characteristics, the problem of sep-
arating the two contributions from magne-
tograms alone is not a trivial one. This is
partly due to the fact that the two modes of -

- disturbance do not change quite indepen-

dently. It is known that the occurrence and
the intensity of substorm perturbations are
modulated by the north-south component of
the IMF. '

Another factor of concern is the spatial
evolution of substorms at ionospheric level.
As detected from an observing site on the
ground, the main intensification occurs when
the activated area is passing overhead or
very near the observatory. If the onset of
the substorm is localized some hundred kil-
ometers away and expands further from the
observatory, the geomagnetic signature is
smoothed out as illustrated schematically in
Fig. 5.1. Thus a main problem is to define
the onset of the expansive phase from a
limited set of geomagnetic records. In order
to distinguish between DP1 and DP2 dis-
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turbances, a large array of geomagnectic
observatories is needed. In fact, the most
unambiguous signatures of substorm onset
are the optical auroral break up and Pi2
geomagnetic pulsations.

Case study

If we compare the H-component signatures
from the Alberta array of stations with that
from Great Whale River (GWR) for the
time interval 10~11 UT on Jan. 15, 1979 (Fig.
4.8), we would, according to the schematic
representation in Fig. 5.1 say that the onset
occurred at ~10 UT somewhere between
Alberta and GWR with the arrival of the
surge at the Alberta meridian close to 11 UT.
According to this interpretation, the main
intensification should be further delayed
~ when observed from the Alaska sector. But

this is not the case. The major intensification

is observed just before 11 UT, in fact AVI
indicates an onset closer to 1030 UT. The
inspection of Z- and D-component records
from the respective stations adds nothing to
clarify the situation.

According to Rostoker et al. (1980), a
positive spike in D indicates the presence of

surge forms close to the observatory. This

signature is not observed. Thus, we may
conclude that we have not enough stations
to clearly and unambiguously assign the
onset time. However, the disturbance

between 10-11 UT has the typical character

of the DP2 mode, i.e. coherent slowly
growth of activity on ‘global’ scale. Unfor-

tunately, ISEE-3 IMF data were not avail-.

able until 0940 UT (remember ~1-1.5 hour

time delay from ISEE-3 to earth). From

0940 to 1030 UT IMF B, was between —
8.5-—6.5y. A tentative interpretation is:
Between 10 and 11 UT the geomagnetic dis-
turbance was mainly DP2. From 11-13 UT
a superposition of DP1 and DP2 contribu-
tions occurred, also in the post-noon sector.

This is supported by the unusual high
AH,/IMF By ratio observed at 12 UT (see
Table 4.5).

On Jan 6, 1979 (Fig. 4.13) a slowly increas-
ing DP2 disturbance was observed between
10 and 1130 UT. From ~11 to 1250 UT DP1
activity was also present. The interpretation
in terms of DP2 is supported by satellite
observations of the IMF (see ISEE-3 data
on IMF By in Fig. 4.12).

On Dec. 25, 1978 a very clean 51gnature of
DP2 disturbance was observed between 11
13 UT (Figs. 4.4B and 4.5). The geomagnetic
perturbation was clearly regulated by the
IMF Bz component with a time delay in the

~range 10-20 min. (related to IMF just outside -

the earth’s bow shock, i.e. ISEE-1 location).
Notice the coherent oscillation of the geo-
magnetic perturbation all around the oval.

A clear DP1 event occurred around 09 UT
on the nightside (AE = 600 y). This was a
substorm with its center on rather high lati-
tude (max. AH within Alaska chain was at
Inuvik). A delayed and smoothed signature
of this substorm perturbation. was detected
at Godhavn, then in the dawn sector of the
polar cap. Negligible geomagnetic effect was
observed near noon (Norway chain).

On Dec. 24, 1979 a substorm ‘with the

onset near 1050 UT occurred on the night-

side when the DP2 disturbance was zero
(IMF Bz stable at zero level).

At 1217 UT the IMF shifted southward
(Bz = —6 y) with an instantaneous response
in the geomagnetic disturbance field. The
activity did not recover until IMF Bz turned
positive at ~1630 UT. Thus, the main dis-
turbance in the period 1220-1630UT is a
clear DP2 mode, although a transient event
(DP1) is seen close to 16 UT.

Positive geomagnetic bays in the post-noon
sector
To clarify the physical meaning of the pos-
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itive H-component deflections observed to
the south of or close to the center of auroral
forms in the post-noon sector, some general

~ characteristics of positive bays are discussed

below.

Several types of positive H-disturbances
are identified in the auroral zone. Not all the
positive bays are necessarily attributable to
a concentrated eastward electrojet. The
physical mechanism involved can be quite
different from case to case depending on
local time, geomagnetic latitude and also on
the substorm stage. Three main categories
are (cf. Kamide and Fukushima 1972):

i) A return current from an extended west-
ward electrojet along the auroral oval.
ii) An ionospheric Hall current under the
electric field originating from magneto-
spheric convection.
ili} An eastward electrojet connected with
the partial ring current.

- Types ii) and iii) are the most relevant to

“explain the observed positive bays in the

post-noon sector (see Figs 4.8, 4.13, 4.16).

The growth and decay of the positive bays

are not synchronized with the westward elec-

- trojet in night hours. The maximum devia-

tion of category (ii) bays appear during the

recovery stage of the westward electrojet in
the midnight region. The current center of
~ the positive bay in the developing stage of

a substorm shifts equatorward with a speed

of 100-150 m/sec. This equatorward shift is

explained by an inward diffusion of the ring
current belt in the magnetosphere. The east-
ward electrojet is attributable mainly to pro-
tons drifting westward from the nightside

region. Some characteristics of category ii)

bays are:

a) Broad positive bays producing a gradual
augmentation of the H-component
related to the vortex-mode current system
in the polar cap. -

b) The intensity and the time evolution is

highly correlated with that of the polar

cap current.

From these characteristics we observe that
the positive H-disturbance seen from
~1220 UT on Dec. 24, 1979 (see Fig. 4.16)
is a typical example of a category ii) event.
The increasing delay of the maximum dis-
turbance towards lower latitudes illustrates
the strong dependence of the electric con-
ductivity of the ionosphere along the auroral
region.

The positive bays observed in the after-
noon sector of the auroral zone (Tromsg and

Loparskaya) during the recovery phase of

nightside electrojet activity on Jan. 6 and 15,
1979 show signatures of type iii) events. On
the other hand, the gradual increasing pos-

itive deflections at Tixie and Dixon between

10and 11 UT (~16-19 MLT sector) are iden-
tified as category ii) events. The sharp
increase of positive H-deflection observed
at Tixie ~11.40 UT on Jan. 15, 1979 is inter-

preted as a signature of a westward expand- _

ing substorm perturbation.

6.3 Response of dayside auroras to substorm
perturbations

On Jan. 15, 1979 an equatorward shift of
the dayside aurora by more than 4° was
observed within 1 hour. As was concluded
in the preceding Section, in this case we
cannot distinguish between the relative
importance of the IMF related influence and
the substorm perturbation.

On Jan. 6, 1979 the first signature of a
main substorm intensification, detected by
the available array of stations, occurred at
1110 UT. By that time the aurora above Sval-
bard had already moved 3° southward, in
response to IMF variation, from a stable
position near 76° latitude. This aurora was
observed to continue equatorward with
nearly constant velocity until after 12 UT.
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The onset of the substorm intensifications on
the nightside seemed to have negligible
effect on the drift velocity of the aurora.

Further events showing negligible shift of
dayside auroras during substorm perturba-
tions were observed on Dec. 24, 1979—
11 UT. A steady slow equatorward move-
ment by about 1.5° of a typical cusp aurora
(high I(6300 A)/1(5577 A) ratio) between 08
and 09 UT (Dec. 25, 1978) is more likely an
effect of a smooth southward turning of the
IMF vector between 0730 and 0830 UT (see
ISEE-1 data in Fig. 4.4B). According to
Eather et al. (1979), a typical response of
dayside auroras is 1° southward shift per
150 y electrojet intensity on the nightside.
Applied to the actual case this would imply
a shift of ~3-4° which is definitely not
observed (see Figs 4.5 and 4.6). The only
change of the midday auroral condition that
could be related to the substorm was an
increase in the incidence of discrete auroras
at Longyearbyen from 09 UT. This activity
continued for a few hours after the substorm
first began on the nightside.

The equatorward shift between 11 and
1140 UT on Dec. 25, 1978 can be explained
as an IMF effect due to the close correlation
with a southward turning of the IMF (cf.
Sect. 6.4). After allowance for expected
diurnal variation of auroral location, the
southward shift is 2-2.5°. In this case the
previous association of the rate of southward
shift and nightside substorm activity is sat-
isfied. A maximum disturbance field of 370 y
was observed at College at 1150 UT. But this
does not imply a causal relationship between
these phenomena. The driving mechanism
for the southward auroral shift could as well
be the IMF as the substorm perturbation.
The hypothesis that equatorward auroral
shift is mainly an IMF effect is strengthened
by the Dec. 24, 1979—11 UT event. A clear
DP1 disturbance with no DP2 activity

occurred. No dayside auroral shift was
observed.

From these observations the following cor-
rections to Eather et al. (1979) (cf. Sect. 5.4)
are necessary:

a) Not all substorms result in the equator-
ward shift of dayside auroras. _

b) Dayside auroral shift in association with
southward turning IMF without simulta-
neous substorm activity is observed.

6.4 Geomagnetic and auroral dynamics in

relation to solar wind—magnetosphere
coupling—A dimensional analysis

From the characteristics of that geomagnetic
disturbance observed to be associated with
equatorward shifts of dayside auroras, listed

in the summary of Sect. 4.2, it is identified

as the DP2 (or DPZ) mode of geomagnetic

activity. The physical interpretation of the
DP2 disturbance (cf. Sect. 5.2) given below
is based on discussions found in Bostrgm
(1977 p. 257) and Nishida (1978 p. 38).
According to Nishida DP2 disturbances
result from ionospheric currents driven by
an electric field which has penetrated from
interplanetary space. This electric field is

directed from dawn to dusk across the polar

cap with a sharp reversal at the polar cap
boundary. By the Hall effect the electric
field will give rise to two cells of circulating
currents as shown in Fig. 3.14, In a homo-
geneously conducting ionosphere these cur-
rents will produced most of the magnetic
perturbation seen on the ground (the two
cell DP2 type). Theoretical reasons for this
are found in a theorem by Fukushima (1969)
which shows that the magnetic effects pro-
duced by the ionospheric Pedersen currents
flowing across the polar cap are cancelled by
the distant effect of field aligned currents,
provided the ionospheric conductivity is
homogeneous. Experimental evidence for
the theorem is provided by Maezawa 1976,
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Troshichev et al. (1979), and Primdahl et al.
(1979). The Pedersen current is connected
to Birkeland current sheets directed into the
ionosphere in the morning sector and out
from the evening sector (Fig. 3.14).

In models of Heikkela (1978) and Coroniti
and Kennel (1973), the driving circuit is a
westward dynamo current on the frontside
magnetopause {cf. Sect. 3.2.2). Intensifica-
tion of this current system is considered an
effect of enhanced electrodynamic coupling
between the solar wind and
magnetosphere-ionosphere system associ-
ated with southward movement of the IMF
vector. Different models for the coupling are
discussed in Sections 3.2.2 and 3.3. The
interplanetary  electric field (E;= —
— Uy X By) can be communicated to the mag-
netosphere/ionosphere via connected field
lines (open model) or transferred by the
low-latitude boundary layer (closed model).
It is argued by Piddington (1979) that the
low latitude boundary layer has very differ-
ent properties for northward and southward
directed IMF. However, the observed close

response of the DP2 disturbance on IMF -

' variations (see Fig. 4.4B) may be more easily
explained by the reconnection hypothesis
involving interconnected field lines.

‘The influence of solar wind velocity and
IMF By on dayside polar cap (Resolute Bay,
Canada) H-component disturbances in the
summer hemisphere has been investigated
quantitatively by Sergeev and Kuznetsov
(1980). A linear regression analysis was used
to calculate the response to IMF Bz under
different ranges of solar wind velocity. Their
result was:

AH,(y) = 19(Uy/300)?

— 36 Bz(y) +13 {6.1)

The two separated contributions are related
to two components of the geomagnetic dis-

the

turbance field, called DPg and DPZ, respec-
tively. We notice that this geomagnetic

“ response to IMF Bz is stronger by a factor-

~3.5 compared to the reported observations
from the winter polar cap (listed in Table
4.5).

If we assume that AH,. stems from an
ionospheric Hall current related to the polar
cap electric field (Eyc), the relation between
Epc and AHj, is

E,(mV/m) = J/Zy
10

= k/d ) EHE’J‘_‘; AHpc(V)

where k ~ (0.5 — 1) and d are the coeffi-
cients taking into account the influence of -
the induced currents in the earth and the
finite width of the current region, and 37 is
the integrated Hall conductivity of the polar-
cap ionosphere in mho. For d = 0.9 (Kamide
and Brekke 1975) and the typical value of
k = 2/3 we have '

- (6.2)

1,2
Ep(mV/m) =2

Hpe

(6.2)
which gives the relation between E,c and the
solar wind parameters Us and IMF Bz when
combined with a relation like (6.1). That
response is a strong indication for the sim-
ultaneous operation of two E-field genera-
tion mechanisms in the magnetosphere,
related to boundary layer processes and mag-
netic field reconnection.

A typical value of the local Hall conduc-
tivity (70-75° geom. iat.} for the DP2 events
discussed here is~ estimated to be
2y = 2 mho. This estimate is obtained from
relation (6.2") applied to several events of
coordinated E-field measurements from the
satellite DE-II above Svalbard (Maynard
1982 priv. com.) and ground-based obser-
vations of AH in December 1981. For gen-
eral information on conductivities of the
winter hemisphere high latitude ionosphere
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(including the polar cap) see Wallis and Bud-
zinski (1981).

Using £ = 2 mho and 3000km as the dis-
tance across the polar cap (Ipc), we have for
the IMF-related part of the dawn-dusk polar
cap electric field and the associated potential
drop:

EMF(mV/m)

= 0.6 AHe(y) = ~6Bz(y) (6.3)
PM(kV) = [ ERF = —18By(y)  (6.4)
having used the observed relation

AHp. = 10 Bz(y). For the local time varia-
tion of this relation, cf. Maezawa 1976—his
Fig. 2. Typically, a southward shift of IMF
Bz by 5 y was observed to be associated with

a polar cap magnetic disturbance (AH),. of -

~50 y and ~2° equatorward movement of
auroras in the post-noon sector. These values
correspond to ERF = 30mV/m and ¢™F =
90kV. The electnc resistance of an
infinite-plane ionosphere of uniform con-
ductivity is given by 1/27%, irrespective of
the distance between the points of in- and
outflow of electric current along the mag-
netic field lines, where %, is the height-inte-
grated Pedersen conductivity of the iono-
sphere (Fukushima 1969). If X, = 1mho,
according to Wallis and Budzinski (1981) a
typical value for the central polar cap of the
winter hemisphere, the electric resistance of
the infinite-plane ionosphere is about
0.15 Q. If the potential difference is 90kV,
an electric current of about 6 X 10° A flows
along magnetic field-lines and spreads over
the polar cap ionosphere (cf. Fig. 5.6A). The
corresponding Joule heat dissipation
amounts to ~5 x 10 W. The above esti-
- mate of polar cap current intensity (associ-
ated with the observed auroral shift) is in

perfect agreement with the model calcula-

tions of the response of the cusp location to

a dayside current system as was presented
by Akasofu et al. (1981a) (see Sect. 5.4).

According to Akasofu (1980a) a Joule heat
dissipation of 5x 10®W corresponds to
AE =500 y. This value is in reasonable
agreement with the dayside polar cap ampli-
tude of 50 y. On Dec. 25, 1978—11.30 UT,
AH,,. reached a minimum of —70 y (Horn-
sund station). The corresponding value of
the AE index was 700 y. -

The solar wind parameters BMF = -5y,
U; = 500 km/s correspond to an interplane-
tary electric field (as observed from the
magnetospheric  frame of reference)
E; ~ 2.5mV/m (E; = —U; x By). If the mag-
netosheat electric field is set equal to its solar
wind value (cf. Yeh et al. 1981), we have for
the polar cap potentlal drop
(.bpc = Epc : Ipc = EI ' IR : (65)
where Iy is the effective length of the recon-
nection line (cf. Sect. 3.2ii) and l, is the
diameter of the polar cap. The estimated
values ¢pc =90kV, E,=30mV/m and
lpe = 3000 km then give Ig =7 Rg.

In Section 3.2 we derived an expression
for the power of the solar wind-magneto-
sphere dynamo 1 terms of the cross-tail
potential drop (¢cr) and the magnetotail
current amplitude (Iy). This expression was
related to an empirically determined energy
coupling function through the relation (3.14)
which gives Lt (length of tail current sheet)
in terms of Ry (radius of magnetotail), Iy =
7 Rg (magnetospheric length parameter) and
Ir (just estimated in case of the given solar
wind parameters). Thus, we have:

lg
.TERT — = .TCRT
I

=30Rg (fOI' Rr=10 RE)

Lp=

The insertion of By = 15nT (cf. Semenov
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and Sergeev 1981) and Ly = 30 Rg into Eq.
3.7 gives

I; =3 X 10%A.

Taking the cross-tail potential (¢cr) to be
equal to the polar cap potential (¢ =
90 kV) (Eq. 3.10) we have
Q= ¢CT Ir=2.5 X‘].UHW

We note that, according to Reiff et al.
(1981) a background potential drop across
the polar cap of ~35kV (not depending on
IMF-related processes) should be added to
the above estimate. Thus, the corrected val-
ues for the potential drop, the Pedersen cur-

rent and the Joule heat dissipation should
be 125kV, ~8 x 10° A and ~1 x 10"'W,

respectively. Other energy sinks besides the

 Joule heat dissipation are the magneto-
spheric ring current, the auroral particles
and magnetospheric plasma convection.

Energetics of a stationary convection event

The notation stationary convection describes
the situation in which the electromagnetic
influx to the magnetosphere is significant,
but there are no macroscopic changes of the
magnetic field in the magnetosphere. Thus,
the energy dissipation is directly driven by
“the solar wind-magnetosphere dynamo with-
out accumulation and subsequent impulsive
release of energy. The energy influx is totally
dissipated in the plasmasheet and the poten-
tial difference across the magnetotail con-
trols the dissipation rate in there (cf. Sect.
3.2). During prolonged (several hours) sta-
tionary convection periods, when the IMF
Bz component is stable and southward-
oriented, the energy flux of precipitated
auroral electrons can be similar to that duz-
ing the preceding expansion phase. Char-
acteristic features of such periods are the
twin-vortices equivalent current system with
developed eastward- and westward currents,

both partial and ring current parts of DR-
current, the large scale system of sheet-like
field aligned currents, the equatorward drift
of discrete auroras etc. (Semenov and Ser-
geev 1981).

On Dec. 24, 1979, from 1220 to 1630 UT,
the IMF vector was stable with component
values Bx=-4y, By=2y, Bz= -5y,
Br =7 v (in GSE coordinates). In order to

compute the value of the energy coupling
function (&), given in Eq. 3.13, we had to-

transform to GSM coordinates.

The resulting value of £ was 4.3 X 108" W,
In the actual period, equatorward drifting
visible auroral arcs were observed from Lon-

gyearbyen, Svalbard (post-noon sector). The -

geomagnetic field signatures were typical for
a stationary convection event (cf. Fig. 4.16).
The Dst hourly mean values from 12 to
17 UT were 14, 15,11, 8, 3, —1. No substorm

- activity was observed between 12 and 15 UT.

According to Akasofu (1980) the rate of
energy consumption in the form of auroral
particles and ring current injection rate can
be expressed by the following empirical
relations: : '

Ua = 1.5 x 107 AE(y) [W]

.UR =40X 1013
« {aDst(y) N Dst(y)} (Wi
ot R

r; the lifetime of the ring current particles
[s]. Burton et al. (1975) reported an empir-
ical relation between the ring current injec-
tion rate and the interplanetary electric field.

dDst

Thus, in our case is ~—10 y/hr. Insert-

ing the following observed or estimated
values:

AE = 400 v, Dst = 10 y, 7 = 3 hr,

we have for Upx~6x10°W and

Ur~13x101W.
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The rate of Joule heat dissipation in the -

polar cap ionosphere UJ° was estimated in
the preceding Section to be ~1 X 101'W.
The Joule heat dissipation in the auroral oval
ionosphere is estimated as follows (cf. Aka-
sofu 1977 p. 274):

UY=Ew-T-8

where Ew is the westward electric field, J is
the height-integrated current density and S
is the horizontal area over which the current
flows. The following values are used:

J(A/km) = AE(y) =400
$ ~ 600 km X 6000 km (cf. Fig. 4.16)
=3.6 X 10"m% Ey ~ 10 mV/m

Then U ~ 1010w, The energy consump-

tion rate in the form of auroral particles,

ring current and Joule heat then adds to
~3.5 X 10" W, This is somewhat less than
the estimated rate of energy transfer from
the solar wind to the magnetosphere (the

value of the energy coupling function). If

our numbers are correct scme 80% of the
energy extracted from the solar wind is dis-
sipated in the ring current and polar iono-
sphere. This is in agreement with similar
calculations by Pellinen et al. (1981). How-
ever, we should be careful to draw concly-
sions from the numerical values since they
are obtained from rough estimates.

The event discussed above showed a con-
tinuous level of energy dissipation, illus-
trated by the DP2 mode of geomagnetic
activity during an interval of steady south-
ward solar wind magnetic field, and thus
favors the ‘direct’ model of magnetospheric
response to IME variations. The ‘growth
phase’ model suggests that a sequence of
substorms would occur. This is not observed.
The observations indicate that during this
event a global, steady state magnetic recon-
nection was in operation (Yahnin, 1982).

Comments on polar cap conductivity and
electric field

Two critical assumptions which were used
in the estimate of the configuration and the
amplitude of the polar cap currents are:

a) The magnetic H-component fluctuations
which were interpreted as due to Hall
currents. This assumption is satisfied only
if the ionospheric conductivity is
homogencous. ' .

b) Values of Pedersen and Hall conductivi-
ties of the polar cap ionosphere.

Since no measurements of ionospheric
plasma parameters or E-fields are available
for the events studied, earlier observations
are considered of some importance. Prim-
dahl et al. (1979) have investigated sunlit
cleft and polar cap ionospheric currents from
rocket-borne B-field, plasma and E-field
observations during an event of large south-
ward IMF (K, was between 6- and 5). The
rocket was . launched from Se¢ndre
Strgmfjord (/\ = 75°) during a ~ 300 nT(y)
perturbation. The inferred values of 2y and
2y, for the polar cap ionosphere, just to the
north of the cleft, were 14 and 7.6 (Sy/
2, =1.8). The corresponding height inte-
grated Hall and Pedersen current intensities
were 0.92 A/m and 0.52 A/m, respectively.
Assuming a latitudinal width of the polar
cap Pedersen current flow of ~2000 km, we
get for the total current intensity ~10°A.
The authors concluded that only the Hall
current was reflected in the ground-based
magnetic disturbance and assumed that the
magnetic effect of the Pedersen current was
canceiled by the effect of the field-aligned
currents.

Heppner et al. (1971) investigated the
relationship between electric field and Jocal
magnetic disturbances within the polar cap.
Twelve Ba™ clouds were released at invariant
iatitude 76° 10 78° under conditions charac-
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terized by Kp = 3. E was typically between
20 and 40 mV/m (volts/km), directed roughly
from dawn to dusk, and was more uniform
in space and time than E-field observed in
the auroral belt. The measurements showed
a large angular difference between the direc-
tions of E and the horizontal polar cap mag-
netic disturbance (AH) indicating that AH

could not be caused solely by ionospheric’

Hall currents in the form of a sheet current
across the polar cap.

Observed relationships between iono-
spheric conductivities and magnetic disturb-
ances are .found in Van’yan and Osipova
(1976) (their Fig. 3). The conductivity was
observed to increase with disturbance, but
its growth slowed down for large AH.
AH = 50 y corresponded to Xy ~ 5 mho and
2p ~ 3mbho.

In summary, we recognize that the differ-
ent measurements do not point to a unique
source for the polar cap H-component per-
turbations. However, usually a considerable

part of it can be related to ionospheric Hall'

currents. This is confirmed by the earlier
mentioned coordinated satellite (DE-II) and
ground measurements from December 1981.

Information on the character of ionization
in the polar cap in the dark hemisphere is
very scant. Our assumptions in the above
calculations are based on the available rel-
evant information (cf. postscript).

7. SUMMARY AND CONCLUSIONS

In the present study we have investigated
the separate roles of IMF and substorm vari-
ations in relation to dayside auroral
dynamics. We were motivated by the fun-
damental importance to understand whether
movements of the dayside aurora, and its
intensity variations, are direct consequences
of interaction between the interplanetary

and geomagnetic fields or whether the meas-
ured effects are caused less directly via the
substorm process (Eather et al. 1979).

According to spectral and morphological
characteristics, we have distinguished
between different categories of dayside
auroras. The diffuse, subvisual midday
aurora 1s considered one manifestation of
particles penetrating from the magneto- -
sheath through the magnetospheric cusp.
The more discrete, visual forms in the pre-
and post-noon sectors can be ionospheric
projections of the low-latitude boundary
layer or the plasma sheet. Since the two
categories of auroras show similar responses
to the IMF variations, we use the term day-
side aurora with no further specification.

In order to separate the influences played
by the IMF and substorm perturbations we
have distinguished between the directly IMF
related and substorm related components of
geomagnetic perturbations. This is based on
a close examination of geomagnetic records
from meridian chains of observatories on the
dayside and the nightside as well as IMF

| data from two satellites.

The observations show that the relation=
ship between dayside auroral shift and sub-
storm perturbation is not that direct as was
earlier assumed (Eather et al. 1979; Sandholt
et al. 1980). The main points are:

a) Not all substorms result in an equator-
ward shift of dayside auroras.

b) Dayside auroral shifts are observed in
association with vartations in the north~
south component of the IMF without sim-
ultaneous substorm activity.

¢) Dayside auroras are observed to shift
equatorward and poleward with the
growth and decay of the DP2 mode of
geomagnetic activity. During these events

- the amplitude of the polar cap H-com-
ponent deflection is linearly related to
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variations of the IMF north-south
component.

d) In the postnoon sector the horizontal dis-
turbance vector of the geomagnetic field
changes from southward to northward
with decreasing latitude, thereby chang-
ing sign near the center of the oval pre-
cipitation region. The northward and
southward components are of similar
intensity. Discrete auroral forms are

observed close to or equatorward of the

AH = 0 line. One reason for the failure
of previous studies of the dayside auroral

motion to recognize the character of the

associated circum-oval geomagnetic dis-
~turbance (DP2 mode) is the paucity of

observatories at high latitudes.

e) On Dec. 24, 1979, during an interval of
steady southward solar wind magnetic
ficld, bright discrete auroral arcs and mag-
netic disturbances (on a global scale) were
observed for several hours without sub-
storm expansion signatures on the

- ground. These observations can be
explained as the manifestation of global,
steady state magnetic reconnection.

A model is proposed to explain the equa-
torward and poleward movement of the day-
side oval and the associated geomagnetic
disturbances following variations of the IMF
north—south component. The model consists
of a dayside current system which is partly
on the magnetopause and in part internal to
the magnetosphere. The current amplitude
is sensitive to the orientation of the IMF
vector. Anincrease in the current amplitude,
corresponding to the southward shift of the
dayside cusp, means an enhancement of the
energy extraction from the solar wind.
According to the model, a magnetopause
boundary layer current (the generator part
of the circuit) is connected with Pedersen
current flowing in the polar cap ionosphere

(the dissipative part of the circuit) via
field-aligned current (FAC) sheets. When
the ionospheric conductivity is homo-
geneous, the magnetic effect produced by.
Pedersen currents is mainly cancelled by the
FAC’s distant effect in accordance with
Fukushima’s theorem. When this condition
is satisfied, the magnetic disturbance
detected on the ground inside the dayside
polar cap is mainly due to primary Hall cur-
rents (the DP2 component).

Thus, the characteristic reversal of the
H-component of the geomagnetic deflection
at high latitudes is explained as the convec-
tion reversal associated with the transition
of the tonospheric electric field at the bound-
ary of the polar cap. o

The position of the convection reversal is
observed by Bythrow et al. (1981) to overlap
with the location of ‘Region 1’ field aligned
currents (cf. Fig. 3.15). According to their
data, the BPS precipitation and ‘Region 1’
current poleward of the convection reversal
are ionospheric signatures of the low-latitude
boundary layer. On December 24, 1979-dis-
crete auroras were observed equatorward of

- the convection reversal (cf. Fig. 4.19) and

thus located within the region of sunward
convecting plasma.

It is suggested that the observed slowly-
varying global scale dynamics in auroral and
geomagnetic signatures are directly pro-
duced by an electrodynamic coupling
between the solar wind and the magneto-
sphere, along interconnected field lines
(open magnetosphere) and/or via the low-
latitude boundary layer dynamo (closed
magnetosphere). Both coupling mechanisms
can operate at separate times over the entire
magnetosphere or simultaneously in differ-
ent regions. The more explosive substorm
activity restricted to the nightside is probably
triggered by some local instabilities within
the plasma sheet.
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The substorm intensity depends on the
efficiency of the energy transfer between the
solar wind and the magnetosphere. The
equatorward shift of the dayside aurora is
also controlled by the solar wind conditions.
However, in the reported observations,
there is no evidence for a causal relationship
between the magnetospheric substorm and
the IMF-related equatorward shift of the
dayside aurora. They are independent pro-
cesses, but dependent in a different manner
on the same solar wind conditions.

. Nightside impulsive phenomena such as
the auroral breakup and the associated DP1
magnetic disturbance are manifestations of =
the localized nonlinear response of the mag-
netosphere and ionosphere system to solar
wind modification of the electromagnetic
conditions across the plasma sheet and tail
lobes. The equatorward expansion of the
auroral oval associated with the DP2 com-
ponent disturbance exemplifies a response’
to the solar wind of the electromagnetic state
of the whole magnetosphere (cf. Fig. 7.1).

Principal electromagnetic coupling channels -

Solar wind > Boundary —»—@—4—»— ionosphere > Ground
Q| plasma [—<——{Q| auroral > Q| DP2
LLBL > _
D{ sheet | —«—»—{D0| oval > D} DP1
tail tail -
- mantle lobes
solar wind olar
plasma P »—{DP2 + DPY
IMF — cap
r-ea near - pole
mantle ’ | magnetosphere
dayside - polar R dayside
b.layers v cusp " oval > DP2 + DPY
dynamo load

Fig. 7.1. Showing the principal channels of electromagnetic coupling between the solar wind and the
magnetosphere/ionosphere system. The geometry and amplitude of current systems transferring energy from the
magnetopause boundary layers to the ionosphere are strongly dependent upon the interplanetary magnetic field
and the topology of its interaction with the terrestrial field. Two different modes of coupling between the plasma
sheet and the nightside auroral ionosphere are indicated. The substorm mode is marked by D (disturbed
conditions). Three modes of geomagnetic variations detected on the ground, with their relation to the different
coupling channels are shown. LLBL represents the low-latitude boundary layer of the tail magnetosphere.




160 P. E. Sandholt
POSTSCRIPT

In the present work observations and dis-
cussions of phenomena related to the
dynamics of the dayside aurora have been
presented. The experimental part of the
report was concentrated on four events
showing latitudinal shifts of the dayside
aurora associated with variations in the
amplitude of circum-oval/polar cap geomag-

netic deflections, independent of substorm

processes.

Among the earlier reported observations
on daystde auroral phenomena those in
Eather et al. (1979) are of most relevance
to the present work (cf. Sect. 5.4). Their
observations are partly deviating from ours
and in part show different aspects. Both
Eather ct al.’s and the present interpretation
of the equatorward shift of the dayside
aurora agree that this phenomenon is
accompanied by enhanced extraction of
energy from the solar wind. However, dif-
ferent current systems are suggested as pro-
viding the auroral shift and the energy dis-
sipation in the ionosphere. The presentation
of Eather et al. (1979) has attained the status
of high authority among many leading
auroral physicists/geomagnetists. According
to Samson and Rostoker (1981), Eather et
al. ‘have shown definitely that the equator-
ward motion of the midday auroras is directly
connected with substorm activity and not
with the north-south component of the
IMF’. The observations reported in this work
are considered as clear evidence against the
above statement as well as Eather et al.’s
own statements on the influence of sub-
storms and IMF variations on the dayside
aurora.

With this background, it could be of
some interest to refer some passages by
a few leading representatives of today’s
philosophy of science on the nature of

scientific work, its motives and practice.

According to Karl R. Popper (1963)
‘scientists aim at a true description of the
world, or of some of its aspects’. But ‘the-
ories cannot be logically verified”. ‘Scientists
can never know for certain whether their
findings are true. The actual procedure of
science is to operate with conjectures (i.e.
tentative  hypotheses): to jump  to
conclusions—often after one single obser-
vation. Repeated observation and experi-
ments function in science as tests of our
conjectures, i.e. as attempted refutations’.
But ‘our tests can never be exhaustive’.

To illustrate from geophysics: A lack of
geomagnetic effects on the dayside, as
detected by one single magnetometer placed
at South Pole Station, Antarctica was used
by Eather et al. (1979) as evidence against
the existence of a dayside current system
related to dayside auroral shifts. But this

- observation does not satisfy the require-

ments for a severe test. It is highly
inexhaustive. _
According to Thomas R. Kuhn (1962) and

Paul K. Feyerabend (1975), the process of

refutation is not logically certain. Feyera-
bend describes the position of Popper on this
point as naive falsificationism. That attitude
‘takes it for granted that the laws of nature
are manifest and not hidden beneath dis-
turbances of considerable magnitude’. On
the practice of science, Kuhn says: “When
confronted by anomaly scientists devise
numerous articulations and ad hoc modifi-
cations of their theory in order to eliminate
any apparent conflict’. Thus, puzzle-solving
is considered to constitute the progress of
normal science because ‘no paradigm ever
completely resolves all its problems’. ‘Nor-
mal science does not aim at novelties of fact
or theory and, when successful, finds none.
New and unsuspected phenomena are, how-
ever, repeatedly uncovered by scientific
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research and radical new theories have again

and again been invented by scientists’. Thus

‘research under a paradigm must be a par-
ticularly effective way of inducing paradigm
change’. Kuhn portrays scientific develop-
ment as a ‘succession of tradition-bound
periods punctuated by non-cumulative
breaks’. Examples of breaks are the Cop-
ernican revolution in astronomy, the tran-
sitions in physics from Newtonian mechanics
to the theories of relativity and quantum
mechanics. ‘Copernicus saw as counterinst-
ances what most of Ptolemy’s other succes-
sors had seen as puzzles in the match
‘between observation and theory. And Ein-
stein saw as counterinstances what Lorentz,
Fitzgerald, and others had seen as puzzles
in the articulation of Newton’s and Max-
well’s theories’.

From Feyerabend (1975) is quoted: ‘A
scientist who wishes to maximise the empir-
ical content of the views he holds and who
wants to understand them as clearly as he
possibly can must introduce other views; that
is he must adopt a pluralistic methodology.

'He must compare ideas with other ideas
rather than with “experience” and he must
try to improve rather than discard the views
that have failed in the competition.....
Neither blatant internal inconsistencies, nor
obvious lack of empirical content, nor mas-
sive conflict with experimental results should
prevent us from retaining and elaborating a
point of view that pleases us for some reason
or other. It is the evolution of a theory over
long periods of time and not its shape at a
particular moment that counts in our meth-
odological appraisals’.

Turning back to the present work, it is
evident that the model current system that
was suggested in Sect. 6.4 {(as well as that
presented by Eather et al. (1979)) must be
tentative (an informative conjecture in Pop-
per’s terminology). When their preliminary

status 1s recognized hypotheses like these are
considered legitimate steps along the path ~
of scientific progress.

In order to obtain a better understanding
of the polar cap current system, more exact
knowledge on conductivity and electric field
distributions of the polar cap ionosphere is
needed. These are crucial parameters to
which one should focus a future research ™
(Brekke 1982). With better models of these
parameters, the global network of ground-
based magnetometers could be used more
effectively in order to deduce a realistic cur-
rent system and further articulate the para-
digms of magnetosphere-ionosphere coup-
ling. Thus, it is with great interest we now
enter the beginning of the EISCAT era and
witness the move of the Chatanika inco-
herent scatter radar to Sgndre Strgmfjord,
Greenland (/\ = 75). When these two instal-
lations are in full operation, the ability to
study the polar cap ionospheric dynamics
and thus to test the models described above
should be considerably improved. The pos-
sibility of coordinated observations from
Svalbard further adds to the expectation of
new findings which will contribute to the
solution of still existing fundamental prob-
lems concerning the electrodynamics of solar
wind-magnetosphere interactions and their
manifestations in the dynamics of the dayside
aurora.

REFERENCES -

Akasofu, S.-I., Yasuhara, F. & Kawasaki, K. 1973.
Planet. Space Sci. 21, 2232,

Akasofu, 8.-1. 1975. Planet. Space Sci. 23, 817.

Akasofu, S.-I. 1976. Space Sci. Rev. 19, 169.

Akasofu, S.-I. 1997. Physics of Magnetospheric Sub-
storms. Reidel Publishing Company.

Akasofu, S.-1. 1980. Planet. Space Sci. 28, 495.

Akasofu, S.-I. & Kan, J. R. 1g,§o. Geophys. Res. Lett.
7, 753. 3

Akasofu, S.-I., Roederer, M._,éorrick, G. K., &Covey,
D. N. 1981a. Planet. Space §ci. 29, 317,

S

b




Instructions to Authors

GEOPHYSICA NORVEGICA

publishes papers in Dnglish. When preparing
manuscripts for submission, authors should consult
current copies of the journal and follow its style as
closely as possible.

MANUSCRIPTS

Manuscripts must be typewritten, double spaced
throughout, on one side of the paper, with a wide
margin. Authors should submit the origing/ manu-
script (preferably with one copy) to the editor, whose
address is shown on page 2 of the cover. '
Separate sheets should be used for the following: 1)
title page, with the author’s name and institution, and,
if the title 1s longer than 40 letters and spaces, a short
title not exceeding this limit for use in the running
heads; 2) an abstract not exceeding 12 linés (910
letters and spaces) with the name and full postal

address underneath of the author to whom commu--

nications, proofs, and reprints are to be sent;
3) references; 4) Tables with their headings; 5) legends
to Figures. .
Brief Acknowledgements of grants and other assist-
ance, if any, wiil be printed at the end of the text.

FIGURES, TABLES AND MATHEMATICAL
SYMBOLS

All illustrations are to be considered as Figures. Each
graph, drawing, or photograph should be numbered
in sequence with arabic numerals, and should be
identified on the back by the name of the journal, the
author’s pame, and the Figure number. The top
should be indicated. The Figures should be the
original drawing. The columns of Gesphysica Norvegica
are 67 mm broad, and the size of the original drawings
should be in proportion. Lines must be thick enough to

allow for reduction. Letters and numbers should not-

be less than 2 mm high in the printed Hlustration.
Photographs should be submitted as unmounted
glossy enlargements showing good details.

Tables are to be numbered consecutively, Each
Table should be typed on a separate sheet, with a
descriptive heading that makes the Table self-
explanatory.

All Figures and Tables should be referred to in the
text by their number. Their approximate position
should be indicated in the margin of the manuscript.

All numbered equations and all unnumbered but,

complicated equations should be typed on separate
lines. Equations should be punctuated.

All text material will be set in roman type unless
otherwise marked. Hence, all variables and other
characters to be set in italic type should be underiined
once with a straight line. Vectors and other characters
in boldface type should be indicated by underlining
with a single wavy line.

No footnotes should be used.

REFERENCES TO LITERATURE .
In the text, Brown (1957, p. 9), Brown & White (E961).

- If more than two authors, Brown et al. (1963).

Muitiple references: ‘As several authors have reported
(Brown 1967, Brown & White 1961, Green et al.
1963)°, i.e. chronological order, no commas betwee
names and year. :

Lists of References are to be unnumbered and in
aiphabetical order. The international alphabetical
order of Scandinavian and German vowels should be
observed: A= AA, Eand A= AE,@and 0= OE, U
= UE. Indicate lst, 2nd, 3rd, etc. works by the same
author in the same year by a, b, ¢, etc. (White 1966a).
No ditto marks should be used. Titles of journals
should be abbreviated according to World List of
Scientific Periodicals.

Examples:

Cadle, R. D. 1966. p. 83 in Particles in the Aimosphere and
Space. Reinhold Publishing Corporation, New York.

Craig, R. A. 1965. p. 161 in The Upper Atmosphere.
Meteorology and Physics. International Geophysics
Series, Vol. 8. Academic Press, New York and
London.

Eliassen, A. & Kleinschmidt,” E. 1957, p. 66 In
Handbuch der Physik. Vol. 48, Part 2, edited by S.
_Fliigge. Springer-Verlag, Berlin.

Junge, C. 1972, Quart. J. R. Met. Soc. 98, 711.

PROOFS

Two copies of the first prool will be sent (page proofs).
One copy, duly corrected, should be returned to the
editor with the least possible delay. All technical parts
of the article, including references, names, figures
{(numbers, formulae), iflustrations, etc. are the
responsibility of the authors. Authors will be required
to pay for any major alterations they may make,

REPRINTS

Fifty reprints of each article will be supplied free.
Additional reprints can be ordered at a charge.









