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Abstract. Ground-based observations of locally confined, very intense, drifting current systems by the EISCAT magnetometer cross in correlation with GEOS-2
measurements will be explained in terms of kinetic
Alfven waves. Particle and magnetic flux measurements
on GEOS-2 indicate an excitation of the waves at the
inner edge of the earthward-drifting plasma sheet by
resonance mode conversion from hydromagnetic surface waves. The collapsing tail-like field configuration
itself is identified as the surface wave. The comparison
of theoretically deduced quantities with observational
results reveals a satisfactory agreement between observations and theory.
Key words: Kinetic Alfven waves - Resonance mode
conversion - Expanding plasma sheet - Magnetosphere-ionosphere coupling

Introduction
Recent ground observations of very intense magnetic
pulsations with periods near the lower border of the
Pi 2 frequency spectrum, in combination with riometer
and STARE data, suggest the interpretation as ionospheric reflections of kinetic Alfven waves. A detailed
description of the event is published by Liihr et al.
(1984) which will be referred to in the following as
Paper 1.
The proof of kinetic Alfven waves is of special interest in the actual discussion about high-latitude Pi 2
pulsations (Samson, 1982; Pashin et al., 1982; Baumjohann and GlaBmeier, 1984). Kinetic Alfven waves are
a special type of shear mode Alfven waves, which always play an important role in the transmission of
information along magnetic field lines. Shear mode Alfven waves are generated by any change of the electric
potential distribution in the magnetosphere-ionosphere
system (i.e. any change in the magnetospheric convection pattern) and are always accompanied by fieldaligned currents (Mallinckrodt and Carlson, 1978). The
characteristic features of kinetic Alfven waves are their
large perpendicular wavenumber and their parallel elecOffprint requests to: N. KlOcker, lnstitut fiir Geophysik und
Meteorologie der T.U. Braunschweig, Mandelssohnstr. 3,
D-3300 Braunschweig, Federal Republic of Germany

tric field. Electrons can be accelerated by the electric
field up to energies of a few keV. Narrow auroral
structures and intense particle precipitation, which can
be produced by these waves, are typical for the substorm breakup phase and Pi 2 pulsations, which occur
in conjunction with breakup phenomena (see Samson,
1982 and references therein).
The propagation of shear mode Alfven waves was
theoretically studied by Fejer and Lee (1967) and Fejer
and Kan (1969). On this basis and on Hasegawa's
(1977) treatment of kinetic Alfven waves, several attempts have been made to study the dynamics of coupling processes between the magnetosphere and the
ionosphere. Goertz and Boswell (1979) analysed the
effects of propagation and reflection of kinetic Alfven
waves at the ionosphere. Lysak and Carlson (1981) and
Lysak and Dum (1983) extended this work by including
the effect of turbulence, leading to a partial decoupling
of the ionosphere from the magnetosphere. A possible
source for kinetic Alfven waves was provided by Hasegawa (1976) and further discussed by Goertz (1983).
Hasegawa has shown that a large-scale incompressible
MHD surface wave can be converted to small-scale
Alfven waves.
During the first mentioned pulsation event the
European Geostationary Satellite GEOS-2 was in a
position magnetically conjugate to the EISCAT magnetometer chain (Paper 1). Particle and magnetic field
fluctuations measured on GEOS in conjunction with
the ground-based observations will be presented in this
paper. They can satisfactorily be explained in terms of
the theoretical frame outlined by Hasegawa (1976) and
Goertz (1983). At first the GEOS-2 observations will be
introduced followed by a detailed comparison of observed and theoretically deduced parameters.
Observations on GEOS-2
Energetic particle flux

On the day of interest - 2 November 1982 - the geostationary satellite GEOS-2 was located at a geographic
longitude of 32.2° E and a geomagnetic latitude of
about 3° S.
The particle measurements onboard GEOS-2 were
made with the MPAe charged-particle spectrometer
(Korth and Wilken, 1978; Korth et al., 1978) which
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Fig. 1 a-d. Synchronous observations made
onboard the geostationary satellite GEOS-2 and
on ground in northern Scandinavia in the same
local time sector.
a Differential electron intensities in 13 energy
channels. The data were averaged over 2.5 min.
The band widths in keV of the different labelled
channels are as follows: 1: 24-30; 2: 30-38; 3: 3845; 4 : 45- 52; 5: 52- 61; 6: 61 - 71; 7: 71-83; 8:
83-96; 9: 96- 114; 10: 114-133; JI: 133-154; 12:
154- 180 ; 13: 180-214. Around 1710UT these
channels can be identified in the given sequence
with the highest intensity for the lowest energy
band.
b The equatorial component of the magnetic field
Dx measured on board GEOS-2 with the search
coil magnetometer and the integrated power in
the ULF range from 0.1- 1.5 Hz in BR, the righthanded polarized component in the equatorial
plane.
c and d Ground-based observations of the cosmic
radio noise absorption at the Finnish station
Rovaniemi (c), indicating an unusual enhancement
of the ionospheric plasma density at 1656 UT, and
the geographic north component of the EISCAT
magnetometer station Muonio (d).
Simultaneously with the onset of the very strong
magnetic pulsation, all other observations show
rapid variations
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detected ions and electrons. For this study only electron data are shown. Electrons were measured simultaneously at energies > 22 keV as well as in 13 energy
channels between 24 and 213 keV.
The electron intensities in the 13 energy channels
are presented in Fig. 1 a. The electrons were detected
perpendicular (90° ± 5°) to the S/C spin axis (pitch
angle calculations could not be carried out because the
fluxgate magnetometer failed in 1979). From 1500 UT
we observe a steady decrease of the intensities in all
energy channels. At 1654 UT a sudden energy dispersionless increase by 2-3 orders of magnitude is record ed. About 10 min later the maximum intensity is
reached.
The decrease in the electron intensity can be explained by a change in the local magnetic field topology at geostationary orbit. From Fig. 1 b it can be
demonstrated that after 1500 UT the magnetic field
(measured by the search coil magnetometer) becomes
more and more tail-like until substorm onset at
1654 UT. The onset is associated with a strong injection
of energetic electrons and ions (Fig. 2) at the geostationary orbit and with a rapid return to a dipole-like
magnetic field configuration. This behaviour is well

known from the work of Baker and co-workers (e.g.
Baker et al., 1982). In addition, Fig. 3 shows count rates
of electrons with energies > 22 keV for a longer time
period than in Fig. 2. Fluctuations in the period range
between 250 and 500 s can clearly be identified.
Magnetic flux variations

Figure 1 b shows the equatorial projection Dx of the
magnetic field and the integrated power in the frequency range 0.1 - 1.5 Hz in BR, the right-handed polarized component in the equatorial plane. The ULF fluxmeter and the deconvolution method used to obtain an
equivalent de magnetic measurement are described by
Robert et al. (1984). Around 1500 UT the increasing Dx
indicates a developing tail-like magnetic field configuration in the same way as discussed by Shepherd et al.
(1980) and Baker et al. (1982). During this time GEOS2 entered the nightside magnetosphere where, during
the growth phase of a substorm, cross-tail currents have
often been observed in the near earth region. At
1654 UT this configuration starts collapsing, lasting until 1703 UT when the undisturbed dipolar configuration
was reached again. The additional field value in this
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Fig. 2. This shows the detected electrons as well as the ions in
the spin plane of GEOS-2 integrated over all energy channels,
i.e. from 24 to 214 keV for the electrons and from 35 to
403 keV for the ions. The data were averaged over 11 s yielding a much better time resolution than in Fig. 1a. The rise
time for ions is about 30 s. The electrons increase stepwise
with peak intensities after 75 s, 150 s, and 350 s
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component amounted to 80 nT. At the beginning of the
collapse the field changed by - 0.2 nT /s.
During the transition from a tail-like towards a
dipolar configuration, strong ULF emissions with short
irregular pulsations (SIPs) occurred which are typical of
the substorm onset (Shepherd et al., 1980). The SIPs
are interpreted by Robert et al. (1984) as the signature
of current structures parallel to the magnetic field passing by the spacecraft with a high velocity. In their
analysis they obtain an average drift velocity of
70 km/s, an average current density of 8 x 10- 8 A/m 2
and an average dimension of 200 km. In our case, pulsations are observed in the Dx component with a
period of 265 ± 60 s (Fig. 1 b).
For completeness, £-field measurements would be
highly desirable. Unfortunately, the electron beam experiment on GEOS-2 failed around June 1979 and
since the data received from the electric field experiment (Pedersen et al., 1978) need such serious corrections due to photo-electrons and the wake effect (0.
Bauer, personal communication), we decided not to
include them.
Summary of ground observations
Figure 1 shows the simultaneously recorded ground observations of the cosmic radio noise absorption
(Fig. 1 c) at the station Rovaniemi and the geographic
north component of the magnetic field at Muonio
(Fig. 1 d). A detailed description of these observations is
contained in Paper 1. For completeness, the main characteristics are listed in the following:
- The amplitudes of the magnetic pulsations reached
values of up to 1000 nT in the horizontal component.
- The period of the pulsations was 340 ± 50 s.
- The magnetic perturbations on the ground originated
from almost two-dimensional ionospheric current systems with a width of the order of 20 km.
- The current bands drifted like parallel wavefronts in
a southwest direction with a velocity vd=2.3 ±0.3 km/s.
They have been observed down to latitudes corresponding to L < 3.3.
- The distance between the wavefronts was more than
a factor 10 larger than the width of the current bands,
so that the magnetic perturbations could be observed
on the ground.
- There was a nearly one-to-one correspondence between the drifting wavefronts and the locally confined
enhancement in ionization .
- The simultaneous onset of a substorm was indicated
by mid-latitude Pi 2 activity.
- The current bands we observed were on the poleward side of the well-developed Harang discontinuity.
Excitation of kinetic Alfven waves

16:30
17:00
17:30
18:00
Fig. 3. Count rates of electrons in the spin plane integrated
above an energy level of 22 keV. The data were averaged over
45 s. Pulsations in the period range 250-500 s before and after
substorm onset are present
UT:

A theory by which most of the observed features can
be explained coherently has been provided by Hasegawa (1976) and was further discussed by Goertz
(1983). This theory combines the creation of narrow
structures like auroral arcs and small-scale ionospheric
current bands by kinetic Alfven waves with the possible

68

dicular electric field derived by Hasegawa [his Eq. (31)]
is given by
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Fig. 4. Profile of the surface wave, the density variation and
the kinetic Alfven wave (after Hasegawa, 1976)

source of these waves in the magnetosphere. The basic
mechanism is the resonant mode conversion of largescale MHD surface waves to kinetic Alfven waves.
At boundaries within the magnetosphere like the
plasmapause, the inner edge of the plasma sheet and
the plasma sheet boundary layer, surface waves can be
excited by macroscopic MHD instabilities, e.g. the Kelvin-Helmholtz instability. The dispersion relation for a
surface wave along the plasma-vacuum interface is
given by (Hasegawa, 1976):
Ws=Vlkll

VA,

N

where vA= B 0 µ 0 n; m; is the Alfven velocity and k 11 is
the wavenumber parallel to the ambient magnetic field.
The index s denotes surface wave parameters.
If the plasma density varies smoothly between zero
at x--+ - oo and n0 at x--+ oo (Fig. 4) the eigenmode of
local shear Alfven waves can be in resonance with the
surface wave and, therefore, can extract energy from the
surface wave. The coupling occurs where the local Alfven velocity vA (x) is equal to
vA (x--+ oo ).
The sharp density gradient in the ke V electrons and
ions (Fig. 2) observed on GEOS is regarded as the
inner edge of the expanding plasma sheet. The ratio of
magnetic to kinetic energy density f3 is of the order of
0.3 ~ me/m;. We are therefore dealing with the warm
plasma case. Then the ion gyroradius P; becomes a
critical length for small-scale perturbations. Under simplified conditions, i.e. the plasma density is taken locally constant, near the resonance point the dispersion
relation of the Alfven waves has the form [Hasegawa,
1976; Eq. (23)]:

{· [~ (~)3/2 +~]}
4

exp l 3

for x>O.

KX

,

(~)1/4

(Kp)213 x

Eo
+-

Ex of kinetic Alfv~n waves

,

= _ n112 Eo

(>

(3)

In this equation E 0 is the amplitude of the surface
electric wave, K is the inverse scale length of the plasma
gradient, which is taken to be linear. p is similar to p in
Eq. (2), but differs by a factor multiplied to the temperature ratio. This factor has a value between 0 and 1
depending on the plasma density fraction n(x)/n(x--+ oo)
at the resonance point. (> = ({5 2 /K) 113 is also a scale
length.
The first term in Eq. (3) represents the kinetic Alfven wave and the second term the MHD surface wave.
The wave equation solution for the low-density side of
the surface (x < 0) contains only the surface wave, i.e.
under given conditions of a warm plasma the Alfven
wave propagates only into the higher-density side of
the resonance point. The perpendicular wavelength of
the kinetic Alfven wave is given by the exponent of Eq.
(3)
(4)

A sketch of the spatial distribution of the plasma density, the surface wave fields and Ex of the kinetic Alfven
wave is shown in Fig. 4.
The amplitude Ex of the kinetic Alfven wave near
the resonance point can be expressed in terms of the y
component of the surface wave magnetic field Bsy if we
replace E 0 in Eq. (3) by vA B. 1 and consider the region
where K · x is of the order 1. Tnen we get
(5)

i/2

w2 = k1II v2A (1 + k1x p2).•

(1)

and hence the magnitude of the perpendicular potential
drop <P becomes
VA

x

V Kp

l_/!_ ~2 rKp (~+Te)
@' 12/3.

This expression implies a propagation of the wave
across the ambient magnetic field. (Te, I; are the temperatures of the electron and ion gas, respectively, and
P; is the ion gyroradius.)
The solution of the wave equation for the perpen-

(7)

'

4

(2)

(6)

Goertz (1983) derived the ratio of the parallel potential
drop l/I to <P in the case of warm plasma

</J

with

1

1</Jl=k , 1-Bsy·

I;

Finally, the equation for the parallel current density jz,
given by Hasegawa (1976), has the form
(8)

The results from these equations will now be confronted with observational results.

69

Comparison of observational
and theoretical results

First of all we have to identify the MHD surface wave
to which the Alfven waves can couple and which can
provide enough energy. The properties of the surface
wave are not too restricted by the theory. Hasegawa
(1976) has emphasized that the coupling does not depend on the frequency of the surface wave. We only
have to look for a large-scale 8B/8t. This is given by
the reconfiguration of the dipole field occurring simultaneously with the crossing of the plasma sheet boundary.
The excess magnetic field energy near the inner
edge of the plasma sheet, which has partly been converted to kinetic Alfven waves, can be estimated by the
equation
(AB} 2
EB=dj_ ·d11-2--·
µo
E 8 is magnetic energy per length along the plasma

sheet boundary. d J_ is the thickness of the boundary in
x taken roughly as lRe (earth radius), which can be
considered as a lower limit derived from the decrease in
Dx (Fig. 1 b), and an assumed drift velocity of the convecting plasma sheet of about 70 km/s. d 11 is the extent
of the tail-like field configuration perpendicular to the
equatorial plane. With d 11 ~5Re and AB=80nT we get:
E 8 ~5x10 5 J/m.

This value has to be compared with the energy density
of the excited waves.
For mode conversion we have to consider the y
component of the large-scale magnetic field perturbation. This component is generated either by the crosstail currents themselves which are responsible for the
tail-like field distortion or by the field-aligned currents
in the plasma sheet boundary layer, by which the interrupted equatorial currents are closed via the ionosphere. In both cases we have to take the field component along the plasma sheet boundary. For the following computations we assume Bsy = 10 nT, which
seems to be a conservative estimate.
The temperatures Te, r; are taken to be equal,
hence we get p = 1.3 P; in Eq. (2). The uncertainties in
the actual values justify the assumption P~P;· A 20keV proton has a P;~200km in a magnetic field of flux
density B = 100 nT.
For the estimation of the scale length 1/K of the
plasma gradient we need the earthward-directed drift
velocity of the expanding plasma sheet. On the ground
we have observed equatorward-directed velocities
around 2.3 km/s. Projected on the equatorial plane, taking into account the divergence of the field lines in the
meridional plane by a factor of 30 for a L= 6.6 field
line, we get vd= 70 km/s. Together with the rise time of
the warm plasma density on GEOS (see Fig. 2) of
about 30 s for the ions and 130 s for the stepwise increasing electron flux, we achieve a scale length l/K
= lRe as a mean value (l/K=0.3Re, if we regard only
the warm ions). Hence from Eq. (4) we get the perpendicular wavelength of the kinetic Alfven wave in the
equatorial plane, .A.x~430km (~300km). If we project

these values down along the field lines, we have
.A.x~15km

(~lOkm)

at the ionospheric altitude. This is in good agreement
with the observational result of 20 km for the width of
the ionospheric current band.
Next we compare the amplitude of the wave electric
field, given by Eq. (5), with our observations. With the
above values for K, p and Bsy• and taking vA
= 1,000 km/s, as a typical value for the equatorial
plane, we get IExl~60mV/m near the source region of
the Alfven waves. Fields of this order of magnitude
have been published by Aggson et al. (1983). Again,
projected down to the ionospheric level, the electric
field of the downward-travelling Alfven wave has an
amplitude

From ground observations we deduced Ex~ 2 V/m (see
Paper 1). The potential <P is then easily computed in
accordance with Eq. (6) by multiplying Ex with .A.xf2n
= 1/kx~3 x 10 3 m:
</J~SkV.

And hence, from Eq. (7), we have for the parallel potential drop over the wavelength of the guided Alfven
waves
t/J~lkV.

The surface wave, which is mode converted to the
kinetic Alfven wave, does not change in time harmonically but varies with nearly constant 8B/8t. For an
observer moving with the inner edge of the plasma
sheet nothing happens in time. For this reason, trapping by the wave and direct acceleration by the parallel
potential may account for the energization and precipitation of electrons. The estimated value of t/I is
somewhat small but of the right order of magnitude.
Typical energy values for auroral electrons are between
2 and 3keV.
Landau damping may also be considered as a possible wave-particle interaction for electrons which move
with nearly the phase velocity of the Alfven wave. Since
vA grows from about 1,000 km/s near the equator up to
a maximum of 10000 km/s at a height of 1-2Re, thermal electrons can be accelerated up to a few ten keV.
The efficiency of this mechanism depends on the fraction of resonant electrons in the plasma sheet and a
detrapping of the electrons when the wave approaches
the ionosphere with decreasing phase speed.
The field-aligned current density associated with the
kinetic Alfven wave can be estimated by Eq. (8). Near
the equator we obtain jz~0.6 µA/m 2 • At the ionospheric altitude the projected value comes out as
jz~200 µA/m 2 •

This agrees with the observational result.
Finally, we compare the energy carried by the kinetic Alfven wave with the released magnetic energy E 8 .
The integrated energy flux per length along the wavefront is approximately given by:
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L1 t is the time period of the wave to travel along the
ambient magnetic field over one wavelength. L1 t = A.z/v A
=Ax/vd~ 10 s. We obtain
Ew~ 1.5

X

104 J/m

near the equatorial plane. Hence the wave energy in a
wavefront in one hemisphere makes up 3 % of the total
available free magnetic energy.
Discussion

The agreement between observational and theoretical
results is striking. It is even so good that one may
forget the estimative character of the theoretical quantities. Therefore, we wish to point out that only the
order of magnitude of the quantities is relevant for
their comparison.
The good agreement confirms our opinion that the
pulsation event of 2 November 1982 can be explained
in terms of kinetic Alfven waves generated along the
inner edge of the plasma sheet. This explanation is also
supported by the fact that the pulsation occurred only
on the poleward side of the plasma sheet boundary
layer (see Paper 1). According to Eq. (3), the kinetic
Alfven waves propagate into the dense region when the
warm plasma case applies. The observed drift velocity
on ground then results from the difference between the
earthward-directed drift of the warm plasma sheet plasma and the roughly oppositely directed propagation of
the kinetic Alfven waves. The direction of the drift
velocity on the ground is determined by the relative
magnitude of both velocities concerned. For similar
events during that winter (not discussed here), poleward-directed drifts of the wavefronts have also been
observed.
After the studies of Lysak and Carlson (1981) and
Lysak and Dum (1983) the question arises whether our
interpretation of the observations may be in conflict
with their theoretical results, i.e. that damping processes must be taken into account. They would cause a
reflection of the Alfven waves at heights above the
ionosphere. Up to an altitude of about 4Re, where the
cold plasma approximation is valid, kinetic Alfven
waves can be affected by anomalous resistivity due to
microscopic turbulences (Lysak and Carlson, 1981). The
turbulence is generated when the drift velocity, Vn
= jz/ne, exceeds vc, the critical drift for instability.
Hence, the reflection of Alfven waves at turbulent regions in the model of Lysak and Dum (1983) becomes
more effective with increasing current or decreasing
scale size. At altitudes around 6,000 km where Vn reaches its maximum, we get, for a plasma density n = 5
xl0 7 m- 3 and jz=30µA/m 2 , Vn~4,000km/s. For 7;
= 100 eV we have vc~2,000 km/s. These calculated values do not allow a clear decision as to whether we have
to expect a partial decoupling of the ionosphere from
the magnetosphere or not. In situ measurements in this
region would allow for more precise statements. The
existence of a turbulent region would also cause a
broadening of the wavefront by a factor of two or

more. But this effect is too small to lead to significant
discrepancies in our comparison.
In the same altitude region wave energy can be
converted to particle energy by Landau damping (Fejer
and Kan, 1969; Kloeker, 1982). For this wave-particle
interaction a sufficient amount of resonating electrons
has to be present in the magnetic flux tube. The resonant growth rate also depends on the scale size of the
Alfven waves perpendicular to the magnetic field. The
existence of precipitated electrons during the event of 2
November can be interpreted as an indication for such
a coupling process. But for final conclusions we would
need more information, such as the spectral energy
distribution of the auroral electrons.
The next step in this study of kinetic Alfven waves
will be to look for more pulsation events in the evening
sector occurring concurrently with the onset of substorms in order to identify general characteristics of
these phenomena and in order to get more reliable
quantities for a comparison with theory.
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