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Foreword

This Scientific Status Report for the Swedish Viking program was prepared for an invited
review talk given at a Royal Society Discussion Meetingon "The Magnetosphere, the High-
Latitude Ionosphere, and their Interactions" held at the Royal Society in London on 11-12
May 1988. Because of the length of the report and the many color pictures it contains, only
an abbreviated form of it could be published in the proceedings of the meeting. It is therefore
published in full as a scientific report of the Swedish Institute of Space Physics.

The results presented in this status report have been achieved by many different members
of the Viking Scientific Team. The author is grateful to many members of the Team who
have provided him with their "latest", still unpublished, results. The author alone is
responsible for the selection of the scientific results presented and for possible mistakes.

TV uccess of the Viking project is due to the combined efforts of the Scientific Team,
' >• t

; ish Space Corporation, Saab Space Corporation and the Swedish Board for Space
.b ities. The members of the Scientific Team are as follows: K. Fredga (Project Scientist),

i i/r.A, Solna), L. Björn (Project Manager), (SSC, Solna). Electric Field Experiment (VI):
• i lock (PI), C-G. Fälthamnvir, P-A. Lindquist, G. Marklund (RIT, Stockholm), F. Mozer,
d11 Berkeley), A. Pedersen, (ESTEC, Noordwijk). Magnetic Field Experiment (V2): T.A.
Viemra (PI), L.J. Zanetti, P.F. Bythrow, R.E. Erlandson, (APL, Laurel), M. Acuna,

.v joddard SFC,Greenbelt), R. Boström,G. Gustafsson (IRF,Uppsala), M. Sugiura, (Kyoto
Univ., Kyoto), Hot Plasma Experiment (V3): R. Lundin (PI), B. Hultqvist, L. Eliasson, I.
Sandahl (IRF, Kiruna), F. Söraas (Univ. of Bergen), W. Stiidemann*, B. Wilken, A. Korth
(MPI, Lindau), J.B. Blake, and J. Fennell (The Aerospace Corporation, Los Angeles), D.
Bryant (RAL, Chilton), T. Fritz (LANL, Los Alamos), D.J. Williams (APL, Laurel), J.B.
Reagan, R.D. Sharp (Lockheed, Palo Alto), High-Frequency Waves CV4H): A. Bahnsen
(PI), M. Jespersen, E. Ungstrup (DSRI, Lyngby), R. Pottelette (CRPE, Saint Maur), R.
Boström, B. Holback (IRF Uppsala), R. Gendrin (CRPE/CNET, Issy-les-Moulineaux),
Low-Frequency Waves (V4L): G. Gustafsson (PI), B. Holback, R. Boström, G. Holmgren,
(IRF, Uppsala), H. Koskinen (FMI, Helsinki), A. Bahnsen, M. Jespersen, E. Ungstrup,
(DSRI, Lyngby), M.C. Kelley, P.M. Kintner (Cornell University, Ithaka), A. Pedersen
(ESTEC, Noordwijk), Ultraviolet Auroral Imager (V5): J.S. Murpnree (PI), (Univ. of
Calgary), A. Vallance Jones, G. Creutzberg, R.L. Gattinger, F.R. Harris (National Research
Council of Canada, Ottawa), G.G. Shepherd, J.C. McConnell (York University, Toronto),
A.L.Broadfoot (Univ. of Southern California, Tucson), G. Gustafsson (IRF, Uppsala), CD.
Anger, L.L. Cogger, J.W. Haslett, D. Venkatesan (Univ. of Calgary), E.J. Llewellyn and
D.J. McEwen (Univ. of Saskatchewan, Saskatoon), fi.II. Richardson (National Research



Council of Canada, Victoria), G. Rostoker (Univ. of Alberta, Edmonton), G. Witt (Univ. of
Stockholm), Ground-Based Experiments: R. Pellinen (FMI, Helsinki), H. Opgenoorth
(IRF, Uppsala).

The author wrote this report as a visitor to the Physics Department of the University of
Calgary. He expresses his thanks to Professor Ventkatesan and other members of the group
for their hospitality.

Kiruna in May 1988
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Scientific Results from the Swedish Viking Satellite:

A 1988 Status Report

by

Bengt Hultqvist

Swedish Institute of Space Physics
Box 812, S-981 28 Kiruna. Sweden

Abstract

The coniributions of the Viking mission to space physics up to the early spring of 1988 arc summarized.

Global Distribution of Magnetosphere-Ionosphere Interaction:

The relative importance of the daysidc auroral oval for the magnctosphcrc-ionosphcre interaction is larger
than previously appreciated.

• The dayside oval is the most active part at solar minimum conditions, except during
large substorms and storms.
The complex cusp-cleft region has been investigated in certain respects in greater detail than before.

Auroral Morphology and Substorm Dynamics:

• Polar cap arcs may be related to bifurcation of the magnctosphcric lobes.
• Velocity shear and the Kclvin-Hclmholtz instability work also on the daysidc

aurora.
• This instability appears to play a major role also in the polar cap where sometimes

the auroral arcs are aligned along the flow lines of the convection lobes.
The substorm expansion is primarily cast-west.

• There is generally no westward motion of auroral forms associated with westward
travelling surges.

• The most common motion is eastward in the prc-rnidnight sector.
• The aurora often contains "hot spots" which come and go within minutes. They

sometimes appear as pearls on a string with distances of order 1-1.5 hrs on the
daysidc and less than an hour on the nightsidc The spots arc probably spiral-
shaped folds which cannot be resolved by Viking and arc thus most likely related to
local Kclvin-Hclmholtz instability.

Healing and Expulsion of Ionospheric Plasma into the Magnetosphere:

Non-resonant low-frequency fluctuations of the electric fick! of quite large amplitudes
play a major role for the expulsion of heated plastv» into the magnctosphcrc.

• These fluctuations accelerate both electrons and ions out ol !uc ionosphere.

Field-aliened Acceleration inlo the Ionosphere:

• The existence of U-shaped potential distributions is c ;r<u ;icd.
Rarcfactivc solitary waves arc likely to be the weA ••JouMr layers. In large numbers they may
produce large potential differences along field lines.



Wave Generation:

Electron waves

• There is a close correlation, on a scale of tens of kilometers, between AKR
generation and upgoing ion beams of keV energies and strong quasistatic electric
fields.

• AKR is generated in one and the same place for tens of minutes or more; thus the
generation process is highly stationary.

• No clear relation between electron density depletions and AKR generation has been
found.
Auroral hiss, occurring in the region of AKR generation, is frequently more intense
than the AKR. Probably trapped in smale scale structures of enhanced electron
density.

Ion waves

The efficiency of generation of electrostatic hydrogen waves by ion beams depends
strongly on cold electron density.

• Ion Bernstein waves seem to be caused by ion loss cone distributions.
Intense electrostatic waves with harmonics of the fundamental frequency (different
from ftll) appear to be produced in a nonlinear process.



1. Introduction

Viking was launched in February 1986 and provided data until May 1987. A large
international group of scientists has been analysing data from it since March 1986, when the
first real time campaign was conducted, and is continuing to do so with great enthusiasm.
The members of the Viking scientific team were brought closely together by the stimulating
real-time data-taking campaigns, which not only helped very much in identifying intere-
sting subjects for joint investigations but also brought the members of the various
participating groups together at ESRANGE and created personal contacts and personal
attachement to the joint enterprise.

The purpose of this report is to provide a brief summary of the more important new space
physics results that the Viking project has given rise to up to early ^ring of 1988. The report
is organized in terms of physics. A limited ^umberof space physics fields are discussed with
regard to new contributions based on data from Viking.

Some contributions are not included here mainly because they have not fitted into what the
author has seen as the fields of the most important contributions from Viking. No doubt
others can have slightly different views. However, most of what is included would certainly
have been included by any other reviewer.

For information about the Viking satellite, the payload, orbit, operations etc. the reader is
referred to e.g. Hultqvist (1987a).

2. Viking Results Related to the Global Distribution
of Magnetosphere-Ionosphere Interactions

The nightside part of the auroral oval has generally dominated the discussion of how and
where the main magnetosphere-ionosphere interaction, showing up as precipitation of
energetic electrons and ions into the atmosphere, takes place. This has certainly, at least
partly, been due to the fact that the aurora has until recently been observable only on the
nightside and that the aurora and associated phenomena reach to lowest latitudes in the
middle of the night. The Viking imaging experiment (see Anger et al. 1987a) made the
dayside aurora almost as accessible to us as the nightside one.

From the Viking images we have obtained a rather different view than we had before of the
importance of the dayside auroral regions for the interaction between the magnetosphere
and the ionosphere. In this section we will first pre>>ent some examples of the intensity of
the interaction on the dayside and nightside as shown by Viking, then we will discuss some
characteristics of the cusp and cleft regions, thereafter we will summarize some Viking
results related to the topology of the geomagnetic field over the polar cap, and finally a new
method of obtaining a global view of the polar cap convection pattern will be presented.

At solar minimum, i.e. when Viking was operated, the auroral intensity, and thus the
precipitation into the atmosphere of energetic electrons is frequently most intense in the
dayside part of the auroral oval. Examples of such situations are shown in Figure 1 (courtesy



CD. Anger and J.S. Murphree). Most of the intense aurora is on the sunlit part of the Earth
in these figures. Fig. 1 represents a situation with Kp= 2o, Bz= 2 nT and B = -2 nT. The
disturbance level was thus low. Even so, part of the dayside aurora was rather intense.

Figure I. A sequence of four Viking auroral images of the northern hemisphere auroral oval on May 4,1986.
The images illustrate the high and persistent auroral activity in the dayside oval during almost quiet
conditions (K =2o) with a northward directed IMF (Bi - +2 nT). Dawn is up (courtesy of C Anger and. I. S.
Murphree).

An important difference between the dayside and nightside aurora is that, especially around
solar minimum, the nightside aurora intensifies mainly during substorms and storms,
whereas the dayside auroral oval is always somewhat active and shows larger particle fluxes
under quiet conditions. Participants in the Viking "real time" campaigns had these matters
very clearly demonstrated to them in practically all measured variables that the payload
could provide. Even the dayside auroral activity is, however, very variable as seen by
Viking. The reasons for this variability are not known. The passbands of the UV cameras
on Viking covered the bands 1235-1600 Å and 1340-1800 Å. They did not record the effects
in the atmosphere of the lowest energy plasma populations, which mainly give rise to 6300
Å emission, but only the effects of the high energy tail of the magnetosheath electrons. The
variability seen in the dayside auroral oval by Viking is therefore likely to be due to
variations in the degrees of acceleration that affect the magnetosheath and boundary layer



plasmas before they interact with the atmosphere. The variability in the total energy input
is probably less than that shown in the Viking images.

The dayside auroral oval is an important generator for large scale ionospheric and
thermospheric phenomena even under quiet magnetospheric conditions. That the cusp is
always feeding magnetosheath plasma into the magnetosphere - although with variable
efficiency - is of course nothing new. We believe, however, that the Viking auroral imager
has demonstrated that the effects of hot magnetospheric plasma on the ionosphere in the
dayside part of the auroral oval are stronger than previously generally appreciated.

That the cusp/cleft region is not simple to define has been clear since the First particle
measurements were made in it by Heikkila and Winningham (1971). It has been the object
of numerous investigations. With Viking we have been able to measure structures in space
and time of various particle and field variables with a higher resolution in some respects than
in earlier missions. This offers some new possibilities in defining boundaries between
various sub-regions. An example of the variation of electron and ion spectra in passing
through the cusp region is shown in Figure 2. In this case Viking passed through the "cusp
proper," i.e. that central part of the cusp region where the magnetosheath plasma penetrates
fairly freely all the way down to the ionosphere. Viking was in the "cusp proper" from ~ 1026
to -1046 UT. It moved azimuthally with only little variation in latitude, as can be seen from
the data below the spectrograms. Plasma is not only coming down from the magnetosheath
(the most intense V-shaped features in the spectrogram) but ionospheric ions of energies
down to the lower energy limit of the spectrometer (40 eV) are also flowing out through the
cusp ("upwelling" ions). The individual V patterns are due to the spatially limited injection
region at the magnetopause (Burch et al., 1982; Menietti and Burch, 1988).
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Figure 2. Viking energy-lime, spectrogram/or electrons and ions measured during the traversal of the polar
cusp proper. Each spectrogram displays counts accumulated versus energy in 32 energy steps within -0.6 s
corresponding to a pitch angle resolution of-5°. The lower panel displays the pitch angle versus lime.



The so called polar cusp Birkeland current system, identified by Iijima and Potemra (1976)
poleward of the region 1 current system, has been shown to be located poleward of the cusp
by comparing magnetic field and plasma data from Viking (Erlandson et al., 1988). The
magnetosheath-like plasma in the cusp proper was found to be colocated with the region 1
current system rather than with the polar cusp Birkeland current. The latter current is
therefore inferred to be associated with field lines which extend to the plasma mantle. The
flow direction of the region 1 current system near noon has been found to depend on the B
component of IMF in such a way that the meridian which separates the dawnside and
duskside region 1 Birkeland currents is shifted to magnetic local times before noon when
B < 0 and to the aftermxm when Bv> 0. The extent of the shift away from noon depends
on ihe magnitude of the B component.

Outside the narrow local time and latitude ranges of the polar cusp proper the particle
properties are different (see Lundin, 198S, and Kremseret al., 1988). Figure 13 in section
4 shows particle data taken with Viking in a pass over the dayside auroral oval at a magnetic
local time of 9 h. This part of the dayside auroral oval is generally called the cleft (Heikkila
and Winningham, 1971) and shows signatures of injection of magnetosheath-like plasma
such as are found in the magnetopause boundary layer. The cleft region is therefore believed
to be magnetically connected with the low latitude boundary layer (LLBL) (Eastman et al.,
1976; Vasyliunas, 1979).

The electron and ion fluxes are lower in the dayside oval outside the cusp than in the cusp
proper. On the other hand the plasma is more structured in space and time outside the cusp
due to acceleration processes of various kinds. Pronounced dispersion effects can be seen
as in Figure 13 from UT -1731 on. The physical information that is contained in the data
in Figure 13 will not be discussed here, but we will only conclude that new questions are
raised by it and new possibilities to analyse the physical mechanisms involved are offered.
Some new mechanisms derived on the basis of the data set in this figure are discussed in
Section 4.

The Viking imaging experiment provided exceptional possibilities to investigate the shape
of the polar cap and its variations with various parameters. An important question which has
been attacked alsoon the basis of Viking data is whether the so called polar cap arcs of aurora
(0-aurora according to Craven and Frank, 1985) represent the boundary between open and
closed magnetic field lines or are due to a so called bifurcation of the magnetospheric lobes,
with a narrow region with closed field lines reaching all the way to the plasma mantle in
those cases when the polar cap arc extends all the way from the tiightside to the cusp. A
simple choice between these two alternatives seems not to be possible. Some polar cap arcs
and their neigbouring regions have properties that clearly demonstrate that they are at the
boundary between an expanded region with clo jd field lines on the low latitude side and
one with open field lines (the polar cap) on the other (Eliasson et al., 1987). There are,
however, other cases where the bifurcation alternative appears as most likely (Murphree,
1988). An example of this latter kind is shown in Figure 3. The strongest indication for a
bifurcation is the more or less perpendicular connection of the polar cap arc with the oval
aurora on both day- andnightside(Murphree 1988). Such events appear to occuronly when
the IMF points away from the sun and Bz > 0.

The Viking imager data are the basis for a method to determine snapshot pictures of the
electrodynamics of the entire auroral oval (Marklund et al., 1987, 1988). In particular, an
"instantaneous" global equipotential (or convection) pattern is calculated, using field
aligned current and conductivity distributions that arc qualitatively consistent with the
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Viking auroral imager data and quantitatively consistent with magnetic field and particle
data from Viking and other sources. The model and the observations agTee well along the
Viking orbit. This model offers possibilities of determining from the Viking images a
number of parameters over the whole auroral and polar cap region which are not known in
any other way, such as the ionospheric current system. Joule power dissipation and
magnetospheric convection.

Figure 3. Viking image showing a polar cap arc. thai connects with the day side oval aurora roughly
perpendicularly {courtesy ofJ.S. Murphree).

3. Auroral Morphology and Substorm Dynamics

The Viking imaging experiment (Anger et al., 1987), having a better temporal resolution
than previous imagers, has made it possible to explore the temporal development of global
auroral displays with improved resolution in both time and space. Being able to provide
images of the dayside auroral distribution with good contrast under almost all observational
conditions, it has opened up new possibilities of studying the dayside aurora and its
dynamics. The investigations hitherto published, or well on the way to being published,
show that the dayside aurora is a persistant phenomenon with large variations. It generally
becomes structured when the intensity grows.
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Bright spots appear and disapp: ar within minutes in the dayside oval. Lui et al. (1987) found
in one case that sever?! spots were separated on the dayside by about 1.5 hours in MLT, but
smaller separations have also been seen. The spots may occur in both hemispheres in
magnetically conjugate places (Vo and Ventkatesan, f 988).

The spots may very well be spirals, although the Vik: g imager generally cannot resolve
them. Sometimes curling and distortion occurs not on in individual spots but in the entire
auroral distribution on the dayside (as it frequently does on the nightside). An example of
this is shown in Figure 4. It appears that the Kelv in-Helmholtz instability - fed with velocity
shear - plays a major role for the auroral dynamics on the dayside, as it does on the nightside
of the Earth.

Figure 4. Large scale distortion in dayside aurora (courtesy ofJ.S. Murphree).

Velocity shear in the convecting magnetospheric plasma is most likely an important
contributor to electron precipitation ar ' turora generation. This is indicated by Figure 5,
which shows an auroral arc in ihf for ;»"a loop extending from the dayside oval over the
polarcap. It looks very much hke t »w lines in the convection pattern on the polar cap.
Viking recorded how this loop grew out of the dayside oval, reaching finally the extension
shown in Figure 5. Such a form seems not to have been reported before.
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Figure 5. Polar cap auroral arc with the shape of the flow lines of the polar cap convection. The auroral loop
grew out into the polar cap from the dayside auroral oval (courtesy ofJ.S. Murphree).

That the auroral oval is especially active around 14 MLT, with dynamical auroral forms very
often occurring there, has been reported on the basis of data from ISIS-2 and DMSP
satellites before Viking (Snyder and Akasofu, 1976; Shepherd et al., 1976; Cogger et al.,
1977; Murphree et al., 1981; Lundin and Evans, 1985; Meng and Lundin, 1986). Lui et al.
(1987) found from Viking data that the dynamic range and rapidity of intensity variations
of auroras in the 13-15 h MLT sector are quite comparable to the equivalent characteristics
of nightside aurora during substorms. The arcs often contain bright spots which may be folds
or surges unresolved by the imager. According to Lui et al. (1987) the dayside bright spots
are magnetically connected with the velocity shear zone between the low-latitude boundary
layer and the central plasma sheet.

Lui et al. (1987) also reported that in the event studied by them the intensity of the 14 h aurora
varied in coincidence with intensity variations of the aurora in the midnight sector. This
indicates that there is a strong coupling between the auroral generation processes on the day
and nightsides. A fairly weak general relationship of this kind is not difficult to understand
but a strong coupling remains to be explained.
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Finally we refer the reader once more to Figure 3 in the previous section, which shows an
example of a polar cap arc which extends all the way up to the dayside oval and connects
with the aurora in the oval more or less perpendicularly. Perpendicularity between two
different auroral forms is certainly something most of us in the "auroral community" had
difficulties to believe in only a few years ago. Plasma convection is the most likely source
of the connecting polar cap arc, but how it works to produce the result shown remains to be
understood.

The Viking data obtained at the minimum of the solar cycle have demonstrated that the
nightside auroras, which have been investigated with ground based instruments for many
decades, also have morphological and dynamical properties which are new to us and
sometimes different from what we have believed. The special advantages that the satellite
platform and the Canadian imaging experiment offer for observation of the aurora on a
global scale are the reasons for this situation.

Starting the discussion of nightside aurora with auroral substorms, we note that the initial
intensification first spreads east and west along the poleward arc of the quiet oval in the
midnight sector. An example of eastward expansion is shown in Figur*- 6. An expanding

Figure 6. This series of Viking images shows significant eastward motion accompanying substorm expansion
(courtesy ofJ.S. Murphree).

14



sye-shaped bulge may develop either immediately or later, as a result of further intensifi-
cations (Anger et al., 1987b; Rostoker et al., 1987). The bulge is often filled with bright
patchy forms with a general north-south alignment. The so called Westward Travelling
Surge has been found not to travel westward in most cases (Anger et al., 1987b). Each
individual surge is generally fixed in space but the aforementioned "eye" region containing
surges may expand westward (and eastward) (Anger et al., 1987b; Rostoker et al., 1987).
An exampel of such a stationary WTS is shown in Figure 7.

The most frequent nightside auroral events are not substorms starting near midnight but
sudden evening intensifications which occur in the absence of simultaneous midnight
activity (Shepherd et al., 1987). These intensifications propagate primarily eastward,
stopping at the midnight meridian, and they are accompanied by a modest poleward
expansion. Ifthey are small substormsorjust onsets of substorms not followed by expansion
is unknown.

Figure 7. Westward pointing surge that did not move westward (courtesy ofJ.S. Murphree).
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The resolution and global coverage of the Viking imaging experiment has made it possible
to recognize new dynamical features in the nightside aurora. One such feature is the bright
spots mentioned above for the dayside aurora and illustrated in Figure 8a, b. The intense
spots look like pearls on a string, separated by less than an hour in local time on the nightside
(o) and by about an hour and a half on the dayside (a). Each spot varies in intensity with time
but is fairly fixed in location. On the nightside as on the dayside the spots are most likely
folds or surges, unresolved by the imagen and presumably produced by velocity shear
which gives rise to Kelvin-Helmholtz instability and increased electron precipitation (Lui
et al., 1987; Murphree, 1988).

As mentioned earlier, temporal variations in the auroral intensity in the midnight sector may
appear in coincidence with intensity variations in the dayside aurora (Lui et al., 1987; Vo
and Venkatesan, 1988).

Figure 8a. Auroral "hot spots" like a string of pearls along the dayside auroral oval {courtesy ofll.B. Vo
and J.S. Murphree).
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Figure 8b. Auroral "hot spots" along the nightside auroral oval (courtesy ofJ.S. Murphree).

The polar cap auroral arcs have, as mentioned above, been found sometimes to connect
more or less perpendicularly with the auroral forms in both the day- and nightsides of the
auroral oval (see Figure 3). Frequently they connect, however, tangentially with the forms
in the oval. Whether this has to do with the polar cap arc being the border arc of an expanded
oval or a "real" polar cap arc associated with a bifurcation of the lobe, remains to be
determined (Murphree, 1988). The regions at and near the points of connection between
polar cap arcs and aurora in the oval frequently show intensifications, which are highly
dynamic with time scales of minutes. The polar cap arcs sometimes move in response to the
dynamics of the intensification, sometimes not (Murphree et al., 1987).

Several of the examples of new morphological and dynamical phenomena presented above
raise questions about fundamental physical processes within the magnetosphere: How can
auroral forms "cross" in the way indicated above? What characteristics of the magnetosp-
heric system determine the sizes of and the distances between the auroral spots along {he
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oval? Can velocity shear in the large scale convection of the plasma explain the polar cap
auroral arcs and what role does it play in the auroral oval? What processes can couple local
auroral intensity variations in the dayside and nightside auroras? How can "bifurcation" of
the lobes occur (if it does occur) etc. etc.?

4. Fluctuations in the Electric Field and Their Effects on the Plasma

The electrostatic field in the magnetosphere has played an important role in the attempts to
understand the transport and energization of plasma within the magnetosphere from the
time of Alfven's first "electric field theory" (1939,1940) up to the present. The field has
generally been modelled as static and pointing mainly from dawn to dusk within the
magnetosphere (e.g. the model of Volland, 1973). The first direct measurements of the
electric field in the magnetosphere showed that the field is far from a static field (e.g.
Pedersen et al., 1984). The DC component of it is generally to be found by averaging a
strongly varying field with periods from those characterizing geomagnetic micropulsations
up to frequencies where the field is clearly experienced as a wave field by the plasma
particles in the relevant processes.

The existence of acceleration of charged particles along the magnetic field lines by an
electric field component, E(, is generally accepted. The evidence is primarily the very
narrow field aligned particle beams that are frequently observed in the auroral regions of
the upper ionosphere/magnetosphere. A stationary E, or a travelling wave with El( moving
with the particles appear to be the only alternatives for explanation.

The importance of electric waves with frequencies of the order of the characteristic
frequencies of the ions for accelerating ions perpendicularly to the magnetic field lines into
so called conical distributions was demonstrated very well with the S3-3 satellite (Sharp et
al., 1977).

The Viking measurements have more clearly than before shown the importance of even
lower frequency electric field fluctuations for energization of both ions and electrons in the
upper ionosphere and thereby for their expulsion into the magnetosphere. Let me first
describe briefly these Viking data.

Figure 9 shows a power density spectrum obtained by Viking in the dayside cleft region
(MLT ~9 hrs). As can be seen the spectrum peaks at or below 1 Hz. The spectrum in Figure
9 is one of the time series of spectrograms in Figure 10, where the power density is greyscale
coded. The time series of two components of the electric field, as recorded with the
electrostatic field experiment on Viking, in the same time period as covered in Figure 10
is shown in Figure 11. The electric field components are given in a coordinate system where
component E, is along the projection of the magnetic field lines on the satellite spin plane
and component E2 is also in the spin plane but perpendicular to E,. The angle between the
magnetic field lines and the satellite spin plane was only 6° when the data in Figures 9-11
were taken. As can be seen in Figure 11 the amplitude of the perpendicular component of
the low-frequency fluctuations of the field reached several hundred mV/m.

Figures 9-11 show a strong low-frequency turbulence. The power level per Hz at the low
frequency end is at least three orders of magnitude above that of auroral kilometric radiation.
High field intensities appear to be important for at least one of the new processes to be
discussed here. We use the data in Figures 9-11 for illustration in the discussion below.
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POWER SPECTRAL DENSITY (ras) OF VIKING WAVEFORM DATA
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Figure 9. Power spectral density of one electric wave field component in a region with strong low frequency
electric, field turbulence during Viking orbit 186 (courtesy ofG. Gustafsson and II. Koskinen).

VIKING WF DATA ORBIT 186 27 MARCH 1986

1723 1724 1725 1726 1727 1728 1729 UT

Figure 10. Power spectra of'the electric wave fieldfora)'0min periodon March!', 1986 (orbit 186) covering
the frequency range 1-428 Ih. One spectrum per second is included (courtesy of G. Gustafsson and II.
Koskinen).
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Figure 11. Two components of the electric field, Et and E2, in the bsp coordinate system, which has axis 1
along the projection of the magnetic field on the spin plane and axis 2 also in the spin plane but perpendicular
to the magnetic field projection (positive towards dusk), for the same 10 min period in orbit 186 that is shown
in Figure 10. The lowest frame shows the "floating ground" potential, V., which is approximately equal in
magnitude to the satellite potential relative to the plasma and opposite in sign. It shows mainly density
vai iations (decreasing density corresponds to more negative Vfg). Only every 32nd data point is included
(courtesy ofL.P. Block and P.A. Lindqvist).

There are some arguments against the E-field variations being due to Doppler shifted
variations from satellite motion through stationary structures (Temerin and Kintner, 1987).
Fluctuating electric fields of 100 mV/m amplitude, which are typical at 13500 km altitude
in the auroral zone, as obse;. ed by the Viking satellite, correspond to convective velocities
of about 100 km/s. Such velocities are much larger than the satellite velocity, so it is unlikely
that the Doppler shift from the satellite velocity is the dominant cause of the frequency
spread of the power spectra. This implies that nonlinear convective terms are dominant and
frequencies that one would infer from linear dispersion relations are no longer applicable
in describing the power spectrum of the low frequency turbulence. The fluctuations may be
due to fast temporal variations of propagating waves, as indicated by the flickering aurora
(e.g. Temerin et al., 1986).

Any acceleration of particles perpendicularly to the magnetic field lines, which increases
the speed of the particles in their gyromotion around the magnetic field lines, increases the
magnetic moment of the particles and thereby <nve<; it a velocity component upward along
the field lines in the direction of decreasing magnetic field intensity. That is the reason why
resonant perpendicular acceleration of electrons and ions by waves drives the particles away
from the Earth (e.g. Ungstrup et al., 1979). But also "non-resonant" interactions, like the sto-
chastically distributed "kicks" used by Temerin (1986), increase the perpendicular velocity
for some of the particles and thereby their magnetic moments with a similar end result: ions
move upward in a conical distribution. André et al. (1988) have discussed the generation
of conies by broadband low frequency wave spectra of the kind we are dealing with here.
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Detailed studies of the ion conies measured wiih S3-3, Prognoz-7, DE-1 and Viking have
shown that the heavier oxygen ions generally obtain a larger energy in this process than the
lighter protons (Collin et al., 1981; Lundin et al., 1982). Lundin (1988) has demonstrated
that these observations can be understood in terms of this low-frequency electric field tur-
bulence observed with Viking, in combination with some E, acceleration.

The basic idea in Lundin's explanation can be described in ihe following oversimplified
way: The very low frequency fluctuations of the perpendicular electric field component, Ex,
have periods of the order of the gyroperiod of the ions, or longer. They therefore set up an
ÉxB drift of the entire plasma. In such a drift all particles have the same velocity in the
stationary situation and therefore O* ions have 16 times more energy than H+ ions. The
heavy ions are, thus, "favoured" by the process. When EL suddenly disappears, the drift
velocity is transformed to gyration velocity and the magnetic moment has increased much
more for O* than for H \ In the optimum case, every such pulse in E± with suitable duration
and fall time adds a new increment to the magnetic moment of the ions, 16 times larger for
the O+ th:>.n for the H+ ions.

Lundin's observations show, however, that the energy of the outward flowing O* ions is
about twice the H* energy rather than 16 times. This is illustrated in Figure 12, where the

VIKING Ionospheric Ion Beams
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• • • • • • !

10C 101

H+ Peak Energy (keV)

Figure 12. Scatter plot of 0* peak energy versus II* peak energy for upward flowing ion beam.'! observed
during a number of Viking passes through the. auroral oval. For an explanation of the various curves, see text
(after Lundin, 1988).
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diagonal straight line shows the relationship to be expected if the ions are accelerated along
the field lines by a parallel electrostatic field (equal energies). The curved lines show the
expected relationship between the peak energies of O* and H* for a combination of a field-
aligned acceleration and a perpendicular acceleration to a perpendicular energy of the
protons of 10 eV and 50 eV, respectively (O* energies 16 times larger). The figure
demonstrates rather well that Lundin's model explains the observations in a quantitative
way. Also the ratio of thermal energies of O* and H* ions, observed to be - 4 , can be
understood in terms of the model.

The low-frequency electric field turbulence described and discussed above, or rather the
magnetic field aligned component of it, also appears to be able to accelerate both ions and
electrons upward along the field lines with similar energies in the 0.1 to 1 keV range
(Hultqvist et al., 1987; Hultqvist, 1987).

Such field aligned ions and electrons, both moving upwards, can be seen in the panicle
spectrogram in Figure 13 around UT1725. The ion conies are "elevated" in this part of the
diagram; that means that all ions, including those of minimum energy, have a velocity
component along the magnetic field lines. At the same time as the data in Figure 13 were
obtained Viking saw strongly field-aligned intense upward electron beams of low energies
(besides wider bidirectional electron beams of higher energies). This time interval in Figure
13, in which the ion conies were elevated, coincides closely with the period of strong
fluctuating electric fields shown in Figures 11 and 10.

The simultaneous observation of upward moving field-aligned ions and electrons of similar
energies may be due to the ions being accelerated by the upward directed DC component
of E,, and the electrons by the larger fluctuating parallel component, when this component

Figure 13. Energy-time spectrogram for ions and electrons obtained in the cleft region of the dayside oval

(orbit 186), The format is the same as in Figure 2.

22



is pointing downward (Hultqvist, 1987). Most of the upward accelerated electrons leave the
limited acceleration region in an effective half period of the fluctuating field when it points
downward. The ions experience the fluctuating field as a wave field, which has only a small
effect on them. They mainly feel the upward DC component. How the fluctuations in the
electric field are produced is not known. The free energy they draw on is located outside of
Viking's range. Most likely they are generated in some region at or near the magnetopause.

In conclusion, the Viking measurements have emphasized the importance of non-resonant
fluctuations in the electric field for acceleration and heating of both ions and electrons in
the upper ionosphere and thereby for their expulsion into the magnetosphere. As such
fluctuating fields are common in disturbed regions they may play a major role in feeding
the magnetosphere with ionospheric plasma.

5. Generation Mechanisms for Magnetic Field-Aligned Electric
Potential Drops

The acceleration regions associated with electron precipitation in inverted V events are
observable as U-shaped structures in the potential distribution over the polar cap and the
auroral regions that can be derived from the electrostatic field experiment on Viking (Block,
1987). They seem to be made up of several similar small scale structures, possibly in a
hierarchy of scales. It appears that the U-shaped equipotential surfaces are "shaky, trem-
bling, or oscillatory" on a small scale, but rather steady on a large scale (Block, 1987). A
good example of a U-shaped potential distribution of intermediate scale, with a reversal of
the direction of the horizontal component (E2) and a parallel upward pointing field
component in the reversal region (E,), is shown in Figure 14 (after Block, 1987). The
measurements were in this case made only 4° from the direction of the magnetic field lines.
The magnitude of E(| was of the order of 10 mV/m. The total potential drop along the field
lines associated with the structure was roughly 1 kV. The size of the structure was some 30-
40 km at the altitude of Viking and about 10 km in the ionosphere.

We can thus conclude that Viking has provided very strong evidence for the importance of
field aligned potential drops as sources of acceleration of auroral particles along the
magnetic field lines.

It has also cast some new light on the problem of how these field-aligned electric potential
differences are produced. The most discussed alternatives for the potential generation are
generally called "double layers", "magnetic mirror effect" and "anomalous resistivity" (see
e.g. Fälthammar, 1983 or Block, 1987, for definition and description of the processes). It
is not clear which one of these processes is most important for the production of the observed
field aligned potential differences in the magnetosphere under various conditions.

One of the most interesting results from Viking is the determination by means of the first
satellite-born electric field interferometer, carried on Viking, of some new characteristics
of solitary rarefactive structures at altitudes of the order of one to two Earth radii. These
structures appear to be identical with the so called weak double layers, first observed with
the S3-3 satellite (Temerin et al., 1982; Mozer et al., 1983). Figure 15 shows examples of
such rarefactive solitary waves as observed with An/n probes on Viking (after Boström et
al., 1987). Note the time delay between the signals on probe 1 above the spacecraft and on
probe 2 below it.
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With the Viking wave experiment it has been possible for the first time to obtain information
about size (of the order of 100 m both along and perpendicular to B), velocity (upward, 5
to more than 50 km/s), plasma density depletion (up to 50%) and potential change (of order
1V) of these solitary waves. They are frequently observed in regions of upward propagating
ion beams and downward accelerated electrons, i.e. within the acceleration region. They are
also highly variable; not all have a potential difference. No simple relationship between
velocity and amplitude has been seen. Such a relation is expected from the nonlinear
Korteweg-de Vries equation generally used to describe solitons.

Structures of the kind shown in Figure 15 are seen in about 10% of the Viking recordings.
It therefore appears reasonable to assume that many such weak double layers may occur
along a ppjiicular magnetic field line so that the total potential drop may amount to hundreds
or even thousands of volts and be relevant for particle acceleration (Boström et al., 1987).

Plasma simulations indicate that rarefactions in ion phase space with nc jative potential
(ion-hole modes) may grow out of ion acoustic turbulence and evolve into double layers
even for subthermal electron drift velocities (Barnes et al., 1985). The ratio between
electron cyclotron and electron plasma frequencies has to be in the range 1-9 for a double
layer to develop according to these simulations.

In spite of the recent progress described, the basic understanding of solitary waves and weak
double layers in the high latitude magnetosphere is still rudimentary.

Viking has also provided some evidence indicating the need for some modification of the
dominant model (Evans, 1974) for production of peaked auroral electron spectra in field
aligned potential drops (Stasiewicz et al., 1987). Viking observed at an altitude of about
5500 km a peaked energy spectrum of electrons, of the kind frequently observed over
auroral arcs and other auroral forms, and it measured at the same time an upward moving
ion beam at an energy of about one keV. This ion beam clearly demonstrates the existence
below the satellite of an upward potential drop of one kV.In the Elt model for explaining the
shape of the peaked energy spectrum the population of electrons of energies below the peak
is thought to be composed of degraded primaries and secondary electrons of ionospheric
origin (Evans, 1974). The existing upward directed potential drop of~lkV would obviously
prohibit these lower energy electrons from propagating from the ionosphere to the satellite.
Moreover, the angular characteristics of the low energy electron population indicate that it
was moving downward. The shape of the electron energy spectrum below the peak was
about the same as normally observed over auroral arcs. It had a power law form of the kind
expected from wave particle interactions in the acceleration region, according to Stasiewicz
(1984, 1985).

6. Other Wave-Particle Interactions

The electric field and wave experiments on Viking have provided new observational data
on a large number of wave modes. Here we shall not attempt to present any complete
overview of the waves that have been observed but only summarize mainly physical results
which have hitherto been derived from the Viking wave measurements and some new
observations. We start at the high-frequency end.



Auroral Kilometrk Radiation (AKR)

New information has been obtained from Viking about the conditions under which Auroral
Kilometric Radiation (AKR), the most intense terrestrial radiation into space, with a total
power of emission from the Earth estimated to reach as high as 10*W, is produced. AKR
is generated in the frequency band from roughly the local electron gyro frequency (several
tens of kHz) up to about SOO kHz. It has been known for many years that the generation of
AKR is caused by energetic auroral electrons in regions with upgoing field-aligned
currents. Viking passed through the AKR generation region in some 36 of approximately
1400 passes and could show that there is a close correlation, on a scale of tens of kilometers,
between AKR sources and upgoing ion beams of keV energies and strong quasistatic
electric fields. Figure 16 shows an example of measurements during such a passage. It
appears that large magnetic field aligned upward electric potential drops have to exist below
the source for AKR to be generated (Bahnsen, 1988).

Figure 16. Color coded spectrograms of auroral kilomeiric radiation (^KR). Top panel shows magnetic, field
amplitude and lower panel the electric field amplitude (courtesy A. Bqhnscn).



Viking has also demonstrated that AKR-generation, like generation of aurora, is basically
a stationary process, occurring in one and the same limited region for periods of order tens
of minutes (Bahnsen, 1988). It is also a very common process, often being present almost
continuously for days or even weeks (Bahnsen, 1988).

The strong right hand polarized extraordinary mode of the AKR, which makes up for most
of the intensity, has been found not to fill up the whole 2n space angle. The estimated total
emission from the Earth mentioned above (109 W) is therefore too high, as it was based on
the assumption of isotropic radiation (Bahnsen et al., 1987).

An important question in connection with the theories of AKR generation is that of the
phi;, la density in the generation region. Some of the more favoured theories (see e.g. Wu,
1985) require a low plasma density in the source regien. Viking has not found any clear
relationship in this respect. Sometimes there is a definite plasma density depletion, in other
cases data show constant density or are inconsistent (Bahnsen, 1988). So we are still far from
a clear understanding of AKR.

Broadband Electrostatic Noise (BEN)

Below the frequency band of AKR, i.e. below f.e, Viking has observed a kind of emission
that has not been very well studied before: Broadband Electrostatic Noise (BEN) covering
the frequency band between the plasma frequency, f , and the cyclotron frequency, fce. This
kind of radiation seems not to be propagating (electrostatic) and it usually occurs in, or close
to, AKR sources.

Erlandson et al. (1987) have found that broadband electrostatic noise in the frequency band
between the electron plasma and cyclotron frequencies observed with Viking occurs
together with electron beams. They have .suggested that electron acoustic waves may couple
nonlinearly with other electron plasma waves, resulting in the observed distribution of wave
power over a wide range of frequencies. A strong correlation exists between large-scale
downward-flowing region 1 Birkeland currents and this broad band electrostatic noise.

Auroral Hiss

Below the plasma frequency (f ), and the quite sharp cut off at that frequency, auroral hiss
is observed. This is an electromagnetic radiation propagating in the whistler mode, but
sometimes the electron acoustic mode is also present. Hiss also generally occurs in close
connection with auroral kilometric radiation.

What is particularly interesting in the Viking measurements of hiss is that its intensity has
been found to be extremely high, even higher than that of the AKR. The electric field
amplitude may amount to a few hundred mV/m (Bahnsen et al., 1987,1988; Pottelette et
al., 1988).

The hiss occurs in bursts of short duration, typically a few seconds, corresponding to a
spatial width at the satellite of the order of 10 km. The energetic auroral electrons are most
likely responsible for the wave generation, but in order to reach the high observed intensities
the waves probably have to be trapped inside small-scale-size enhanced density structures
(Pottelette et al., 1988).
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The above waves are "electron waves" in the sense that they are related to the characteristic
frequencies of the electrons (f̂ , f , etc.). There exists an at least as rich flora of "ion waves".
We will briefly summarize below some Viking results on waves with frequencies of the
order of the characteristic ion waves or below, which have not been dealt with in earlier
sections.

Electrostatic Hydrogen Cyclotron Waves (EHC)

Narrowband emissions at a frequency just above the proton gyrofrequency and around its
first few harmonics were observed with S3-3 in association with upward moving ion beams
(Kintner et al., 1979). The Viking measurements have demonstrated that there is no one-to-
one relation between the ion beams and the EHC waves. The characteristics of the beams
may be quite stable during periods of tens of minutes whereas the waves may appear, and
disappear, within seconds (André et al., 1987). The EHC waves do not show any phase
difference over the distance between the Viking probes (80 m), so their wavelength is much
larger than 80 m. The electric field vector is generally a few degrees off perpendicularity.
A n example of the power spectrum is shown in Figure 17 with a strong peak near the proton
gyro frequency.

The variability of the waves relative to the ion beams, the latter of which most likely
represent the free energy in the wave generation process, (indicated also by the absence of
any relation between electron flow, i.e. Birkeland current density, and EHC wave occurren-
ce, Boström et al., 1987) may be due to a varying content of low energy ("cold") electrons
in the plasma. André et al. (1987) have shown that with no cold electrons present wave

Orbit : 343 1986-04-25 05:27:48.
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Figure 17. Electric field power density spectrum showing an electrostatic hydrogen cyclotron emission line

and the first harmonic (after André et al., 1987).
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growth can occur over a wide frequency range. For only 6% cold (10 eV) electrons, growth
is restricted by Landau damping to a narrow frequency band above the gyro-frequency and
to an angle of 85° with respect to the field lines, in accordance with the Viking observations.
For larger cold electron content (12%) only an ion acoustic wave can grow, at a frequency
below the cyclotron frequency, according to André et al. (1987).

Ion Cyclotron Harmonic Waves (ICH)

These waves, which sometimes are called ion Bernstein waves, occur near higher harmo-
nics of the proton cyclotron frequency, f.u+. Figure 18 shows an example of a spectrogram
with ICH waves (after Koskinen et al., 1987). Only a few examples of such wave emissions
have been known before Viking (from S3-3) and they seem to have had somewhat different
characteristics than those observed with Viking. The ICH waves are characterized by
appearing mainly near higher harmonics and at several harmonics at the same time. The
harmonic numbers may vary rapidly, even within a fraction of a second. The emission
frequency is generally slightly above the proton gyro frequency, fcII+, but it has also been
seen to be below f,,.+ (André et al. 1987). The amplitude is low, ~1 mV/m or lower. These
waves are not associated with ion beams or conies, but free energy appears generally to be
available in the loss cone of the hot ion population (Koskinen et al., 1987).

400

Power spectra of V4L waveform data

Orbit 159 March 22, 1986 6 n/n

19.39:00 19.39:30
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Figure 18. lon Bernstein waves at high harmonics measured by Viking (after Koskinen et at., 1987).
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Intense Ion Waves in Regions of Depleted Plasma Density

Ion waves with frequencies slightly above the proton gyrofrequency, fcH+, and with
amplitudes as high as 50 mV/m have occasionally been observed with Viking in the region
of the evening auroral oval, where the plasma density is frequently depleted compared with
the surroundings by as much as an order of magnitude.

These waves are not normal EHC waves. They differ in amplitude, as mentioned above, and
also in that the harmonics appear at multiples of the fundamental frequency (larger than f,,+)
and are thus not separated by fc]I+ (Gustafsson et al., 1988). An example is shown in Figure
19. On this occasion fcII+ had the value 50.7 Hz. The fundamental emission was centered
at 68 Hz and the two first harmonics at 136 Hz and 204 Hz.
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Figure 19. Spectrum of strong electrostatic waves showing multiples of the fundamental frequency (different
fromfcll+) (after Gustafsson et al., 1988).

Another difference between these waves and normal EHC waves is that the electric field
vector is strictly perpendicular to the magnetic field lines, whereas for the EHC waves the
field vector deviates by several degrees from 90°.

The generation mechanism for these waves is likely to be dependent on the inhomogeneity
of the plasma in the depleted region where cavities and/or ducts may exist (Gustafsson et
al. 1988). The mechanism is likely to be nonlinear because of the high field intensities.
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Waves Below the Proton Gyrofrequency

Waves at frequencies below the proton gyrofrequency recorded with Viking have been
investigated by Erlandson et al. (1988). Contrary to earlier observations of such waves those
reported on by Erlandson et al. were associated with so high density of the hot anisotropic
plasma that not only the growth rate but the real part of the wave frequency was affected.
The plasma density was so high that a clear diamagnetic depression of the magnetic field
strength could be seen at the altitude of 13000 km, which observation appears to be rather
unique. The free energy for the waves was most likely in the observed anisotropies of the
electron and ion distributions.

At even much lower frequencies Potemra et al. (1988) have been able to demonstrate by
means of Viking data the existence of resonant geomagnetic field line oscillations on the
same field lines that guide the region 2 Birkeland currents in the morning sector. These field
line oscillations are excited by various features in the solar wind and the IMF direction.

There are many other wave modes possibly present in the Viking data, such as Alfvén waves
and narrow band emissions at about half the proton gyrofrequency, and there is also the
broadband very low frequency electric field turbulence described in an earlier section. We
are still in the early phase of analysis of the large, unique data base on wave particle
interactions that Viking has produced. We may look forward to a continued improvement
over several years of our understanding of the very complicated roles of waves in the physics
of the magnetosphere, as the analysis of the Viking data continues.

Concluding Remarks

As so many times before we have found, when penetrating a little deeper than before into
the mysteries of the complex magnetospheric fields and plasma system, that the magnetosp-
here is even more complicated than we had been able to imagine. New structures in space
and time of various variables have been found and in some cases it has been possible to
interpret them in terms of physical mechanisms.

That some of the results are new is not unexpected, simply because we had very limited
information before Viking. In particular this is true for the new results on the morphology
and dynamics of the dayside aurora, which are based on the fact that Viking offered
possibilities of observing the entire oval with higher spatial and temporal resolution than
any earlier mission. Somewhat unexpected are perhaps some of the results concerning the
motion of nightside auroral forms, which one would think might have been possible to
observe even from the ground.

Unlike the auroral morphology results, most other new results reviewed in this report have
required the use of data from several of the experiments in the payload. This is for instance
true for the recognition of the importance of very low frequency fluctuating electric fields
for energization of ionospheric plasma and its expulsion, both ions and electrons, into the
magnetosphere. It is also true for the unique investigations of rarefactive solitary waves,
which are weak double layers, that in large numbers may build up largepotential drops along
the magnetic field lines.



The scientific analysis of the unique data base from Viking will probably peak in 1988 or
1989, but it will continue for many years. Space physics is still a young research field,
characterized by important unexpected results ("surprises"). We may therefore see comp-
letely new results in the next few years, but there is also need of widening and deepening
of many of those investigations which have already given rise to preliminary new results,
published or unpublished. A fairly complete review of the scientific outcome of the Viking
project will therefore have to wait several years. Already now it seems, however, possible
to conclude that Viking has delivered at least as much as we had expected from it.
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