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On Systematic Errors in Phase-Velocity Analysis"
E. Wielandt and H. Schenk

Institute of GeOphysics, Swiss Federal Institute of Technology, 8093 Zürich, Switzerland

Abstract. We investigate the systematic error that is
introduced into the phase and amplitude of a dispersed
signal by the application of a gaussian time window.
The most significant contribution to the phase error is
proportional to the slope of the group delay (vs. fre-
quency) curve and inversely proportional to the square
of the window width. This error is normally negligible
in the 15—1005 long—period seismic band, but can be
significant at periods longer than 2405 for fundamen-
tal—mode Rayleigh waves. To first order, no phase error
is associated with a slope of the amplitude spectrum.
We derive a simple nonlinear formula that predicts the
bias in the phase velocity to a few parts in ten thou-
sand; it applies both to the moving-window and to the
multiple-filter method.
Key words: Surface waves — Phase—velocity analysis

The Problem

Two methods are widely used in phase velocity analysis
of seismic surface waves. The moving-window method
consists in isolating parts of the wavetrain from other
seismic arrivals or noise with a set of time windows,
and determining the Fourier phase at each frequency in
the appropriate window. As stated by the convolution
theorem of the inverse Fourier transform, this pro-
cedure is (for a given window) equivalent to convolving
the signal spectrum with (270—1 times the Fourier
transform of the window function. The resulting Fou—
rier phases are in general different from the original
ones whose spatial dependence defines the phase ve-
locity. Phase velocities obtained with the moving-win-
dow method are therefore biased, and while the bias is
small when the window is wide compared to the signal
period, substantial errors can arise at very long periods
where windows no more than a few periods wide must
be used to separate subsequent surface-wave arrivals.

An alternative method for phase velocity analysis is
the multiple-filter method. It consists in transmitting
the seismic signal through a set of zero—phase bandpass
filters, and evaluating the instantaneous phase of the
filtered signals at or near the group arrival time. No
time windowing is applied explicitly, but it is implied in

* Publication No. 396, Institute of Geophysics, Swiss Federal
Institute of Technology

the duration of the transient response of the filters.
There are some problems, both theoretical and practi-
cal, associated with this method. The instantaneous
phase is in general different from the Fourier phase,
and no simple relationship exists between them unless
simplifying assumptions are made (such as constant
amplitude and a linear group delay “curve”). It is

“therefore not quite obvious how the phase velocity is
related to the instantaneous phase, and in fact the
instantaneous phase of an unfiltered signal gives only a
poor estimate of the phase velocity. Nevertheless the
multiple-filter method is equivalent to the moving-win-
dow method provided that the time at which the phase
is read, and the frequency to which it is associated, are
correctly identified. This follows from the identity
(Eq. (1) of Kodera et al., 1976):

s(to,w0)=—21?§F(a))H(w—w0)exp(iwt0)dw

=exp(iœ0t0)jf(t)h(t0—t)exp(—iœ0t)dt. (1)

Here f(t) is the seismic signal, F(w) its Fourier trans-
form, h(t) is a window function which we assume to be
real and symmetric with respect to the origin, and H(w)
is its Fourier transform that has the same property.
5(t0,co0) is an estimate for the complex signal ampli-
tude at time t0 and frequency coo; its computation is
known as a frequency-time analysis (FTAN), and a
two-dimensional display of its modulus is known as a
Gabor matrix.

The time—domain integral represents the Fourier
amplitude, at frequency coo, of the signal f(t) in a time
window centered at time t0. The frequency-domain in-
tegral is an inverse Fourier transform; it represents the
instantaneous complex amplitude, at time to, of the
signal that was passed through a zero-phase bandpass
filter centered at coo. Equation (1) states that the two
complex amplitudes are equal when the phases are
referred to a common time origin. Thus, the moving-
window and multiple—filter methods of frequency—time
analysis are mathematically equivalent, and the phase
corrections which we are going to derive apply to both
methods.

Apart from a phase factor that refers the phase to t0
as the time origin, the estimate 5(t0, coo) mathematically
approaches the complex Fourier amplitude F(coo) when
we increase the window width to infinity so that H(co)



|00000008||

2

in Eq. (1) becomes 27: times a delta function. Vice versa,
s(t0,a)0) becomes the instantaneous value f(t0) when
the time window h(t) is reduced to a delta function. In
the analysis of real signals, the presence of noise would
prevent us from reaching these limits; the integrals
would diverge away from the desired values when the
window width, or the bandwidth, are unreasonably in-
creased. We therefore need methods to convert FTAN
phase estimates obtained with a limited set of windows
or filters into Fourier phases (for a phase velocity
measurement) or into instantaneous amplitudes and
phases (for a group velocity measurement).

Dziewonski et al. (1972) and Denny and Chin (1976)
have proposed methods to measure group velocities of
dispersed seismic signals without bias. The residual—
dispersion method of Dziewonski et a1. eliminates the
phase bias as well, without determining it explicitly.
Still, an independent investigation of the bias remains
desirable, whether for the purpose of determining its
magnitude, to derive criteria for the selection of win-
dows, or for correcting phase velocities obtained with
different methods. We have not found any useful for—
mula for the difference between FTAN phase estimates
and Fourier phases in the seismological literature. Such
formulae were however developed in unpublished in-
vestigations by Nyman (1977) and Cara (1978) for gaus-
sian multiple filters. Nyman takes into account third—
order derivatives of the signal spectrum with respect to
frequency, but assumes that the instantaneous phase is
evaluated at the exact group arrival time, which is in
general unknown. Cara solves the problem to second
order in the phase and to arbitrary order in the ampli-
tude spectrum with an infinite series. Their results can-
not be compared to ours term by term due to their
different mathematical form, except for the leading
first-order term which agrees with our Eq.(13) in each
case. The inclusion of derivatives higher than the sec-
ond appears unrealistic from a practical point of view.
We therefore restrict our investigation to derivatives of
second order of the logarithmic signal spectrum. The
resulting error formula (10) has a comparatively simple
structure and permits us to discuss in some detail the
functional dependences involved, especially the influ-
ence of the position and width of the window on the
FTAN phase. The second-order formula is sufficiently
accurate for practical applications in surface-wave seis-
mology. Accuracy is however not our main point. As
will be discussed later, the “systematic error” consists
of one desired and one undesired component; only the
latter needs be removed, but the distinction is to some
degree subjective. A discussion of the “accuracy” of a
method for bias correction is therefore not meaningful
without reference to a specific problem.

Prediction of the Systematic Error

Consider a plane dispersed wave that is recorded at a
distance A from the source:

f(t‚10:51;5A(w)exp[i(m—kA)]dw

zâjflonexpüwûdw. (2)

Assuming that the amplitude has no zeroes, we write
the Fourier spectrum F(w) in the form

F(a))=A(co)exp(—ikA)

=exp[a(w)—im.,,(w)] (3)
where a(co)=logA(co) and tq,(a))=kA/w=A/c(w). C is
the phase velocity and ”Ca, the phase delay time. The
signal (2) is analyzed in the time window

WU)=h(t—to)=€Xp[—(t—to)2/82] (4)
of width 8. This is equivalent to convolving F(a)) with

1 1 .
2—7:— W(a))=§;H(co)

exp(—za)t0)

2
=—8——exp[—8Îœ2—iœt0]. (5)

1/ 47:

The result at frequency coo is

8s(t0, 600)
Z—VZT—I—

j exp [a(w) —iw 10(0))

82

—Î(œ0 —a))2 —-i(a)0 —a)) to] da). (6)

To solve the integral, we replace the logarithmic ampli-
tude a(a)) and the phase cog/Aw) by their second-order
Taylor expansions around œzwo. This is the only ap-
proximation in the derivation of Eq.(10). Our result
will therefore be exact to that degree to which a(cu) and
Men) can be represented by second-order polynomials
in the effective bandwidth of integration. Observing

d . .that
1(a)):21—(co

r0) 1s the group delay time, we have
a)

51(0)) È a(œ0) + (a) _‘ C00) a/(wo) + flu) — C00)2 a”(w0), (7)

wr(p(w);w0 rq,(w0)

+(w—w0>r(wo>+%<w—wo>2m0). (8)
The constant term, exp [a(a)0)+iw0 r¢(a)0)] can now be
extracted from the integral; it represents the original
Fourier coefficient F(coo). The remaining integral repre-
sents the error that was introduced by time—windowing.

53:22:30) = 8 j exp [(0) — coo) (a’ + m0 — r»m
+,(w_w0)2 (wg—„H da). <9)
From now on a, r and their derivatives are to be taken
at wzwo. We will assume that a(a)) is real; the genera-
lization to complex amplitudes (i.e., the inclusion of an
initial phase at A =0) affects the definition of the group
arrival time but does not change our subsequent de-
rivations. to—T is the offset of the center of the window
against the group arrival time I. The integral can be
evaluated with standard methods provided that a”, if
positive, is less than 82/2. The result is

Ï
ll l ——1/2

MZOJCITHQ) ex
F(a)0) 8 8

(a’+i(t0—I))2
82 —2a”+2ir" (10)
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The error depends only on the four dimensionless
quantities

06:;9 ß:_—a yz—z—a 62—2— (11)

These normally have, in seismological applications, ab-
solute values smaller than one, but are not always
small enough to allow a linear expansion of Eq.(10).
For a qualitative discussion, let us first assume that oc
and y are negligible, i.e. the amplitude spectrum is flat
in the vicinity of coo. The remaining two variables, ‚ß
and ô, measure how well the window is centered at the
group arrival time, and how strongly the signal is dis-
persed in the window. For small dispersion, 620, the
right-hand side of Eq.(10) reduces to the original win-
dow function

5(t0a500)„v 2 2
—F(—w0)—:exp[—(r—t0) /€] (12)

as expected for an impulsive input signal. When ö is
not negligible but the window is centered, we have

5(t09C00)
F(CÜ0)

The behaviour of the systematic error now depends on
the magnitude of ô. This quantity determines whether a
change of the signal frequency can be resolved in the
window or not. The resolving power of a gaussian time
window of l/e-width 8 for angular frequencies is 8“
and the variance of the angular frequency of the signal
in it is 8(2II’I)‘1; the latter can be resolved when
e’l <82, i.e. 15| < 1. When lôl is small, the phase error is
proportional to ô and the amplitude error to 62. ((3)21
defines the width of an “optimum window” in which
the signal has the smallest bandwidth. This is easily
seen from Eq.(10) if we put a’=a”=0: the value a
=1/2lt’l minimizes the real part of the exponent, and
thus the modulus of s(to,w0), at any frequency coo for
which the window is not centered. The Fourier trans-
form of the optimum window defines an optimum filter
of bandwidth 1/2lr’l‘1 for which the filtered signal has
the shortest duration (lnston et al., 1971; Cara, 1973).
With this optimum width, we obtain a phase bias of
$7t/8, depending on the sign of 1’. When (5| is much
larger than one, the signal is practically sinusoidal in
the window; the amplitude becomes proportional to
the window width, and the phase error approaches the
limit Tut/4. This is the well-known relationship be-
tween the instantaneous phase and the Fourier phase
in the case of linear dispersion (compare Fig. 7.4 of Aki
and Richards, 1980 and our Fig. 5).

A linear expansion of Eq.(10) is possible when all
four quantities in Eq.(11) are small, i.e. when the win-
dow is sufficiently wide:

=(1+2iz’/82)~1/2. (13)

s(t0, wo)
F(w0)

21+8’2(a”+a’2 —(tO —’C)2 +2ia’(tO —t)—it’). (14)

This equation indicates that for 8 large and t0=r the
phase error depends only on the window width and on

3

the slope of the group delay curve; an eventual slope in
the amplitude spectrum (Cl/#0) would not cause a
phase error. This is in agreement with Nyman’s (1977)
and Cara’s (1978) formulae. Considerations of sym-
metry suggest that this result is not restricted to gaus-
sian windows; any centered symmetric window should
provide a phase estimate independent of the amplitude
spectrum to first order. However, phase errors related
to a’ have occasionally been observed (Dziewonski et
al., 1972; Souriau-Thevenard, 1978). Since both our
Eq.(10) and Nyman’s formulae predict a phase error
proportional to ado/84 when nonlinear terms are re-
tained, such errors are likely to occur when the window
is narrow. An alternative explanation would be that the
error is not directly related to the measurement of the
instantaneous phase at time to, but comes in when its
time derivative (the instantaneous frequency) is evaluat-
ed and taken for coo.

Equation (14) also has an application to free mode
analysis. Time—variable filtering is sometimes used to
separate different modes of oscillation prior to spectral
analysis. It is then essential that the window width is
chosen proportional to the optimum width (i.e. to the
square root of the group delay time) so that the system—
atic error is constant. Otherwise, the error would enter
into the eigenfrequencies and the amplitude decay
rates. A window of increasing width can however be
realized only for the first few Rayleigh arrivals.

When the window is offset from the arrival time,
Eq. (14) predicts an additional phase error proportional
to the window offset and to the slope of the amplitude
spectrum. Amplitude equalization, as recommended by
Cara and Hatzfeld (1976) for group velocity analysis,
would eliminate this part of the error, but at the same
time deteriorate the signal-to-noise ratio by spectral
leakage from those frequencies where the noise pre-
dominates. It is probably better to leave the amplitudes
unchanged, giving automatically less weight to those
frequencies where the signal-to—noise ratio is in-
adequate.

In practice, the width of the window must often be
chosen such that none of the Eqs.(12), (13) or (14) is
applicable. By splitting the logarithm of the right-hand
side of Eq.(10) into its real and imaginary parts, we
find that the dependence of the phase error on the
window offset is quadratic, and its dependence on the
window width is characterized by an arctangent func-
tion. We shall however postpone the discussion until
we have presented the results of a numerical test.

As indicated above, our results apply without any
change to a multiple-filter analysis with the gaussian
filters

2

H(co—co0)=—8—exp [-âîm—œoÿ]. (15)W
We have then to interpret (no as the center frequency of
the filter, and t0 as the time at which amplitude and
phase are read from the filtered seismogram.

A Numerical Test

As a test seismogram we have used a synthetic wave-
train (Fig. 1) representing a Rayleigh wave that has trav-
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Fig. 2. Phase and group delayr (lefthand scale), and log ampli-
tude (righthand scale) of the test signal

elled over a distance of A=40,030 km on a flat earth.
Group velocities were fitted to those of the observed
free spheroidal oscillations of the earth at periods lon-
ger than 150 s, and to those of model 1066B at shorter
periods (both after Gilbert and Dziewonski, 1975). The
use of cubic splines in the fit makes it possible to
calculate the derivatives in Eq.(10) analytically as con-
tinuous functions. For the amplitude spectrum a sim—
ple mathematical form was specified, A(o))*~-ro)2
exp(—t0A/20Q), with a phase velocity c=4km/s and a
Q factor of 100 (both being relevant only at the short-
period end of the spectrum). Figure2 shows the phase
and group travel times and the amplitude spectrum.

Our program for dispersion analysis evaluates
Eq.(6), replacing the integral with a sum over the coef-
ficients of the Fast Fourier Transform of the signal.
This is a very efficient method that requires only one
Fourier transform for any number of frequencies and
windows. The sample frequencies (:00 and the window
parameters ti, and e at each frequency can be chosen
arbitrarily. Normally we set the window width equal to
2005+2T at period 7, a value that was found satisfac-
tory in a practical application (Wielandt and KnOpoff,
1982) at periods up to 4005. At longer periods, one
would probably have to use narrower windows in order

l3 A11,
25‘

15'

5-
O

-..

-5 T_' 1005 200 500 400 5005 000
Fig. 3. Predicted and experimental errors of the phase delay
time. Errors are positive when the windowed signal is de»
layed. Window width .9 (liq. 4) is 200s+2T at period T. The
window centers are offset by —50 %, 0% and +50% of the
width against the theoretical group arrival time. In this figure
and all following, solid lines represent experimental values
and symbols predicted values

(t.-'El/E.
-

—100 -5'0 0 '0'0 v.
Fig. 4. Error of the phase delay at 4005 period versus window
offset. 100% is an offset equal to the window width 5 which is
1,000 3. The vertical scale gives the error in seconds and as a
fraction of the total phase delay; with a minus sign, this is
also the relative error of the phase velocity

to separate subsequent Rayleigh arrivals, but we have
no practical experience in this.

Observed and predicted errors of the phase delay
time are compared in Fig. 3 for three sets of windows:
one centered at the theoretical group arrival time and
one each offset by + and —50% of the width. The
agreement is satisfactory, considering that the obser-
vational error per circuit is expected to be about 33
rms for free modes (where several passes of the same
wavetrain are averaged), and about twice as much for
individual great-circle circuits. The systematic error is,
in this example, negligible at periods shorter than 100 s,
and becomes substantial only beyond 240s. Even for
window offsets as large as $50 %, the term with .—::1"(rÜ
—r) in Eqs. (10) and (14) does not produce a significant
error at the short-period end of the spectrum where the
amplitude decays rapidly (Fig.2). Experiments with less
regular amplitude Spectra confirm that the influence of
the amplitude on the phase error is in fact very small.
Since in practice amplitude and phase Spectra are not
independent of each other, it appears unrealistic to
study their influences separately in much detail.

An unexpected result is that at long periods the
systematic error is close to a maximum when the win-
dow is centered, and decreases when the window is
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Fig. 6. Amplitude error versus period, for the same windows
as in Fig. 3

offset. This is more clearly seen from Fig.4 where the
error at 400s period is plotted versus the relative offset,
(to—rye. For offsets of approximately —90% and
+70 %, the systematic error vanishes in this example.
We do not recommend this as a method to eliminate
the bias. One might however consider adjusting the
window so that the maximum of the error curve at
about — 10% offset, rather than the center of the win-
dow, coincides with the expected group arrival time; a
small error in the latter would then not cause an un-
controlled bias.

The error in phase delay time at 400s period as a
function of the window width is plotted in Fig. 5. In
order to be able to display the limiting behaviour for
wide windows, we have chosen a reciprocal scale for
the width, i.e. the scale is linear with respect to the
bandwidth. The error increases in proportion to 8—2
when 8 is large, but approaches a limit when the width
is reduced below the normal value, as predicted by
Eq.(13). The normal window width lies just between
two regions of asymptotic behaviour, a fact that makes
a general discussion of Eq. (10) difficult.

Figure6 shows the relative amplitude error as a
function of period for the same three sets of windows
as in Fig. 3. As expected, the Fourier amplitude of the
windowed signal is normally smaller than that of the
original one, and reduces further when the windows are
offset. Discrepancies between experimental and pre-
dicted values are somewhat larger than for the phase
velocity; they are apparently related to the neglected
second derivative of the group delay time.

Application to Real Signals

In contrast to the synthetic signal used to test Eq. (10),
real signals often exhibit rapid oscillations in the ampli—
tude and phase spectra for which the expansions (7)
and (8) may not be accurate. One might try to include
higher derivatives in the Taylor expansions; however
one would then have the problem of extracting the
values of these derivatives from the experimental data.
Even a” and r’ in Eq. (10) may be difficult to evaluate
when the signal is noisy. For a practical application of
Eq. (10), one has normally to use synthetic or smoothed
experimental spectra where higher- order terms in the
Taylor expansions are not very significant.

Fortunately, it turns out that the bias correction
derived from a smooth spectrum is all we need. Time-
windowing a dispersed signal has at the same time a
desired and an undesired effect. The desired effect is the
elimination of signal components and noise outside the
time window; the undesired effect is the phase bias that
results from spectral smoothing when the phase spec-
trum does not have a constant SIOpe (i.e. the group
delay is not constant). The two effects are in principle
undistinguishable from each other. Only by referring to
our a priori knowledge of what a dispersed seismic
signal should look like are we able to define which
degree of spectral smoothing is appropriate. Removing
completely the phase distortion introduced by the
frequency-time analysis would defeat the very purpose
of this method. In general, the application of a second-
order correction formula is probably a good compro-
mise. For a more careful investigation, a scheme in-
corporating a differential analysis between observed
and synthetic wavetrains would permit the a priori defi-
nition of the desired smoothness of the spectrum, and
then the complete elimination of the systematic error
for that spectrum. Remaining differences between
the observed and synthetic signals would be considered
as random noise whose suppression does not constitute
a systematic error. The residual-dispersion method of
Dziewonski et al. (1972) can be used in this way, but
other methods are conceivable. It does not make much
difference whether we first subtract the synthetic phase
from the observed one and then analyze the resulting
“residual-phase” seismogram, or first analyze the two
signals separately and then form the phase difference.
The effects of spectral leakage may be somewhat dif-
ferent, but numerical tests indicate that there is no
significant difference between the two schemes with re-
spect to their sensitivity to noise.

The systematic error can be studied directly with
experimental data when a program for dispersion anal-
ysis is available that puts out a complete filtered ver-
sion of the experimental seismogram. Using the latter
as an input signal in the next step, we may pass the
same signal through the filter repeatedly, and observe
the small changes in amplitude and phase it undergoes
every time. This is a very instructive experiment be-
cause it provides at the same time information on the
magnitude of the systematic error and on the quality of
the data (which can be judged from the stability of the
error). Moreover, extrapolating backward from the
phase after n=1,2,3... passes to n=0, we obtain an
unbiased estimate for the unfiltered signal. The experi-
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ment (with seismograms from Wielandt and Knopoff,
1982) confirms what we have discussed above: a syn-
thetic signal provides a valid estimate of the experimen-
tal phase bias at frequencies where the signal is good;
the scatter in the phase is undesirably enhanced by re-
moving the experimental bias at frequencies where the
signal-to-noise ratio is bad.

Other Systematic Effects

While phase delays measured with plane surface waves
on a stratified halfspace can be interpreted directly in
terms of the velocity-depth structure, this is not so
simple on a sphere. Even in the case of a laterally
homogeneous, non-rotating sphere, a correction for the
incomplete polar phase shift must be applied to the
observed phase delay before the latter can be converted
into a phase velocity (Schwab and Kausel, 1976; Wie-
landt, 1980). The correction depends on the source-
receiver geometry and on the radiation pattern of the
source, and can amount to 1% of the phase velocity at
400s period. This correction normally has the same
sign as that investigated in the present paper, so a
substantial bias (in the sense of an apparent negative
anomaly of the velocity) can accumulate when both are
neglected. Another, although minor correction must be
considered for the ellipticity and rotation of the earth
(Dahlen, 1976). The purpose of all these corrections is
to make phase velocities observed in different regions
of the earth and with different methods comparable to
each other. Their interpretation in terms of regional
elastic properties of the earth is of course another,
largely unsolved problem. Nevertheless, it is clear that
lateral variations of the phase velocity are very small at
periods between 200 and 400s, possibly of the order of
1%. Evidence for such anomalies should not be ac-
cepted before the corrections in question have been ap-
plied, or demonstrated to be insignificant.
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The Upper Mantle Structure Under South-East EurOpe Derived
from GRF Broadband Records of Greek Earthquakes
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Federal Republic of Germany

Abstract. Broadband recordings from the GRF (Griifen—
berg) Array of the strongest earthquakes from Greece are
examined. A P-wave seismogram section of a number of
events in the range between 1,300 and 2,100 km epicentral
distance is constructed. The dominant feature in this section
is the second arrival, which is the reflection from the 400 km
discontinuity. Characteristic amplitude changes of this
phase across the array are observed. The apparent velocity
across the array of the first arriving P phase is very slow,
indicating a slower upper mantle in SE Europe than in
other regions. There is also a very weak indication of a
third phase. The resulting model of the upper mantle, which
was derived with the aid of theoretical seismograms, shows
a pronounced discontinuity at a depth of 400 km. The time
difference between the observed first two phases can be
used for a fast estimation of the epicentral distance.

Key words: Greek earthquakes — Upper mantle structure
— Broadband seismograms — Synthetic seismograms

Introduction

The GRF-Broadband Array in the southeastern part of
the Federal Republic of Germany has provided digital seis—
mic recordings since 1976 from the first subarray, and from
the complete array of 13 vertical and 6 horizontal Wielandt
seismometers since March 1980. See Harjes and Seidl (1978)
and Seidl and Kind (1982) for a description of the array
and its instrumental and seismological concept. Figurel
shows the geographical distribution of the 13 seismometer
sites. The existing data base of the GRF Array opens new
possibilities for investigations of local (Kind, 1979b), re-
gional (Miiller et al., 1978; Riikers and Miiller, 1982; Stoll,
1980) and teleseismic (Kind and Seidl, 1982; Hanks, 1982;
Upadhyay and Duda, 1980) events. The purpose of this
paper is to examine the GRF data base of the strongest
Greek earthquakes. Greece is the most active seismic area
in Europe. The distance from Greece to the GRF Array
ranges from about 1,200 to 2,100 km, which is very suitable
for studies of the upper mantle. The north-south extension
of the array, however is less than 100 km. Therefore the
GRF records of one Greek earthquake provide a seismo-
gram section of only a relatively small distance interval.
* Present address: Department of Geological and Geophysical

Sciences Princeton University, Princeton, New Jersey 08540,
USA
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Fig. l. Map of the GRF array stations. All stations have vertical
Wielandt seismometers. In addition the stations A1, Bl and C1
have two horizontal instruments. The site of station A1 is also
the site of the SRO station GRFO

We have attempted to construct a more extended seismo-
gram section by combining GRF records of different earth-
quakes into one seismogram section. Such an attempt can
only be successful if the localization of the events is good
enough and if the earthquakes are similar enough.

The Data

Besides several other authors McKenzie (1972) investigated
the tectonic setting of the eastern Mediterranean region.
Following his interpretation the region between 36Ü and
43Ü N and between 18Ü and 33” E is dominated by the
Aegean Plate, with plate boundaries to the Eurasian Plate
in the North, the African Plate in the South and the West,
and the Turkish and the Black—Sea Plate in the East and
in the Northeast. The dominant seismically active areas in
that region are the Hellenic Arc, the normal-faulting zone
on the west coast of Asia Minor, a NE—striking zone cross-
ing the Greek mainland and an extension zone in northern
Greece where the Thessaloniki events of June 1978 oc—
curred. The main tectonic features are plotted after McKen-
zie (1972) in Fig. 2 together with the locations of the earth-



quakes examined in this paper. The basic data of the earth-
quakes are given in Table 1. In most GRF recordings of
Greek earthquakes two onsets are clearly visible during the
first 20 s of the seismogram. The signal shape of the second
onset shows a clear dependence on the azimuth, while the
time difference between the first and the second onset is
distance dependent. An example of the azimuth dependence
is shown in Fig. 3 in which events 12 and 36 are plotted
with the same time scale and with the same configuration
of array stations. The traces in Figs. 3 and 4 are time shifted
so that a plane wave arriving with a slowness of 11.5 s/0
from an azimuth of 140Ü would line up. The time marks
apply to the bottom trace A3. It can be seen that for event
12, located in the Gulf of Corinth, the signal shape of the
second onset (marked P4) changes dramatically south of
station B3. For event 36 no such change could be detected.
Although event 36 has longer periods than event 12, the
observation of the change of the signal shape remains true

he
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Fig. 2. Tectonic map of Greece and western Turkey after McKenzie
(1972) with the locations of the earthquakes used in this study.
The numbers refer to the event numbers in Table 1
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for other events with a higher frequency content. The epi-
central distance for both earthquakes is around 1,600 km.
The time difference of 12 s between the onsets of the two
phases at station A3 in Fig. 3 is also the same for both
earthquakes. Another example is shown in Fig. 4, where
the events 35 and 3 are plotted. Earthquake 35 was located
south of Crete, which is roughly the same azimuth as for
event 12. As in event 12 the signal shape changes abruptly
south of station B3. This could not be seen in the seismo-
grams of event 3, which is located off the south coast of
Asia Minor. The two phases in Fig. 3 cannot be found
in Fig. 4. They have already merged into one signal. This
point is discussed in the next section. We have looked at
many more events from Greece and found that all records
of events following the Hellenic Arc from the border of
Albania to the region east of Crete, including the Gulf of
Corinth events, have a distinct decay of the amplitudes of
the second phase at the southern part of the GRF array.
Events from the eastern part of the Aegean Sea and the
coast of Asia Minor, however, do not show such a pattern.
The reason for this peculiar behaviour of the signal shape
remains unknown, it could be focusing or defocusing
effects. In most cases, the second phase has strong ampli-
tudes. Only events from western Greece show the described
decay in the southern part of the array. Therefore we con-
sider this as an anomaly. It seems likely, however, that
lateral inhomogeneities relatively close to the receivers are
the cause, rather than inhomogeneities in the source region.
It could possibly be connected to the roots of the Alps,
because the Alps are the largest tectonic inhomogeneity
along the ray path.

Construction of a Seismogram Section

The examples in Figs. 3 and 4 are not unique. It was ob-
served in the routine data analysis at the GRF observatory,
that most events from Greece have a similar strong second
onset, and that the time difference between the first two
onsets varies. Also the slowness across the array of these
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Fig. 3. GRF Array broadband
records of the events 12 and 36. All

P4 traces are shifted according to a
l slowness of 11.4 s/0 and an azimuth
l of 140°. The time scale applies to

station A3. The phase P4 is strongly
distorted in the southern part of the
array for event 12, whereas P4 of
event 36 is coherent across the whole
array. One amplitude scale is used for
all seismograms
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Table 1. List of earthquakes used in this study (after PDE)

No. Date Origin time Location Depth Distance nib
km to

HH MM SS Deg N Deg E A1 in km

1 06 14 79 11 44 45.9 38.81 26.53 23 1,712 5.8
3 05 02 80 05 30 58.1 36.65 29.80 32 2,168 5.1
4 05 '16 80 00 37 29.7 39.96 27.37 65 2,008 5.0
5 07 09 80 02 10 16.5 39.23 22.93 10 1,487 5.1

12 03 04 81 21 58 05.9 38.21 23.29 29 1,597 6.0
18 05 23 78 23 34 11.4 40.76 23.27 33 1,368 5.7
31 09 11 77 23 19 23.7 35.05 23.03 33 1,889 5.8
32 06 15 79 11 34 15.6 34.96 24.24 33 1,950 5.6
34 06 22 82 03 04 28.8 37.18 21.19 30 1,603 5.0
35 02 10 81 08 01 59.6 34.38 23.78 38 1,986 4.6
36 12 19 81 14 10 50.7 39.24 25.23 10 1,603 6.2

two phases is different. Therefore it seemed promising to
assemble a number of records from different earthquakes
into one figure. As we discussed in the previous section,
the signal shape varies across the array for some events,
but the amplitude decay is restricted to the southern part
of the array. To avoid problems with the amplitudes in
the construction of the seismogram section, it seems reason-
able to use only recordings from the undisturbed subarray
A for the compilation. The required origin times and epi—
center locations have been taken from the PDE bulletin
(see Table 1). The resulting seismogram section is shown
in Fig. 5. Events 35 and 36 have not been included, for
aesthetic reasons; other earthquakes used in this study have
the same distances. The long-period signal in front of the
first onset of event 5 is due to surface waves of another
earthquake. Nevertheless this event was used, because it
is the only earthquake at that distance. The maximum am—
plitude of each event is normalized to the same size. The
slownesses, averaged over many events, of the two first
arrivals across the array are 13.6 and 11.5 sf“, respectively
(corresponding to 8.1 and 9.6 km/s). One should expect,

that the two phases in Fig. 5 should, at least approximately,
line up along these apparent velocities. However this ob-
viously does not occur in Fig. 5. There are at least three
reasons for the deviations: insufficient accuracy in the de-
termination of the epicenters, errors in the source time, and
errors in the source depth. Differences in the source depths
of the events have not been taken into account in the con-
struction of Fig. 5, since most events are shallow. The possi-
ble errors are of course not independent from one another.
No decision could be made, as to which of them is demi—
nant, because there is no dense network of local stations
in the epicentral region. Most seismologists would probably
think, that the errors in source time and source depths have
the strongest influence. We have tried to rearrange the seis-
mogram section in Fig. 5 in order to line up the phases
along travel time curves with the measured array velocities.
Event 1 was used as our master event, because origin time
and epicenter determination by PDE and ISC agreed very
well. Also the determined source depths vary only within
a few kilometers in both bulletins. In a first attempt to
rearrange the seismograms in Fig. 5, we kept event 1 fixed,



10

lB-Fll 5—03
H1

l—Fll

3‘5-1

30%
725-J

20 v l . 1 . I
1200 1400 1600 1800

X [KM]
Fig. 5. Seismogram section of the vertical components of GRF
broadband records from nine Greek earthquakes. The numbers
on the upper border refer to Table 1. Compression is in the direc-
tion of increasing distance. The signs of the events 4 and 34 are
reversed. Origin times and epicenters are taken from the PDE bulle-
tin. The onsets of the first two phases do not line up at all

2000 2200

1-01
HI HI -FI -F|

r.“

IB-F'II

i

35-1-x”
if“30-— —

25—- ~
2 Û I" I I

l
I

l
I l

l

1200 1400 1000 1000 2000 2200x [KM]
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kept the distances of all other events fixed too, and lined
up the P-wave arrivals along a velocity of 8.1 km/s. As a
result of that shift, the second phase lined up approximate-
ly along a straight line with a velocity of 9.5 km/s. The
resulting time shifts reached up to 10 s. In a second attempt
we kept event 1 fixed again and lined up the first two phases
along the velocities of 8.1 and 9.6 km/s reSpectively, allow-
ing the time and distance to vary. As a result, the two
phases line up exactly along the two velocities, but we had
to shift the distances up to 90 km (event 12) and the times
up to 5 s. The corrections applied in both cases seemed
surprisingly large, but it is not the purpose of this paper
to discuss the accuracy of the hypocentral data. The cor-
rected seismogram sections obtained with both methods are
very similar. Therefore we think that the existing uncertain-
ties do not significantly effect the inversion of the data.
The seismogram section corrected with the second method
is shown in Fig. 6. The first two phases are marked P and
P4. There is a weak indication of a third phase (marked
P6) in Fig.6, which will be discussed later. Although we
reversed the sign of events 4 and 34 the general similarity
of the different events in Fig. 6 seems suprising if one keeps
in mind that essential source parameters are different for
the individual events and that they originate in different
tectonic settings.

Although our rearrangement seems somewhat uncon-
ventional, Fig. 6 shows a clear improvement compared with
Fig. 5. A conclusion from that is, that the time difference
of the first two onsets of Greek events can be used for
a rough estimation of the epicentral distance, similar
perhaps to the use of S minus P times for local events.
Of course the azimuth cannot be determined this way. How-
ever the pattern of the signal shape across the array (dis-
cussed in the previous section) may indicate whether the
event occurred in the eastern or western part of Greece.
Therefore a preliminary determination of the region within
Greece, where an earthquake originates, seems to be possi—
ble, using GRF data only. This may have advantages for
a fast estimation of the epicenter. The seismogram section
in Fig. 6 also provides the basis for the investigation of
the structure of the upper mantle underneath southeastern
Europe.

Interpretation of the Upper Mantle Phases

In many papers dealing with the structure of the upper
mantle the existence of a strong discontinuity at a depth
of about 400 km has been shown. Reflections from that
boundary should lead to a more or less clear change in
the slepe of the travel time curve at approximately 20°.
Hales (1972) gives an overview of several models derived
for the USA. He showed models without any jump in the
velocity-depth curve around 400 km. On the other hand
he reviewed models with rather sharp discontinuities. King
and Calcagnile (1976) investigated Soviet nuclear explo-
sions with NORSAR data. In their model KCA they de-
rived a discontinuity in a depth of 420 km with a jump
in the P-wave velocity from 8.66 km/s to 9.27 km/s. Eng-
land et al. (1977) looked at seismograms from earthquakes
in SE-Europe recorded at NORSAR and Eskdalemuir.
They found only a slight increase at 480 km depth. Mayer-
Rosa and Mueller (1973) derived a model for the upper
mantle under Europe, using body and surface waves. In
their investigation they found a gradient zone only, between
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310 km (8.8 km/s) and 540 km (9.5 km/s). On the other
hand Baer (1979) found a very steep gradient between
405 km (8.82 km/s) and 420 km (9.55 km/s) in his investiga-
tion of earthquakes in SE—Europe with recordings of the
Swiss Earthquake Service. Burdick and Helmberger (1978)
derived an upper mantle model for the Western United
States basically from long—period earthquake records. Their
model has two first order discontinuities at 400 and 670 km
depth. They used amplitude and signal shape information
in their investigation. In more recent studies Given and
Helmberger (1980) have re-examined the upper mantle
structure underneath NW—Eurasia by means of WWSSN
recordings of Soviet nuclear explosions. In contrast to KCA
they found a low velocity zone between 150 and 200 km
in their model K8. On the other hand the velocity jump
at 420 km was not as strong as in KCA. Burdick (1981)
derived two models, one for a stable continent (S8), for
which he used WWSSN recordings at stations in the eastern
USA of events in California, Idaho and on Bermuda. In
his other model (T9) he used two Greek earthquakes of
1967 and recordings from WWSSN stations in Europe.
Both models show a velocity jump at around 400 km. T9
has a low velocity channel, S8 has no such structure.

With the method described by Kind (1978; 1979 a) theo-
retical seismograms have been computed for several models
of the upper mantle. The following parameters have been
set for the computation of the theoretical seismograms for
all models: The source depth was set equal to zero, in order
to avoid problems with depth phases like [JP The earth-
quakes in Fig. 6 have different source depths, which makes
the recognition of pP difficult. The same applies for the
source orientations, they are also different for each event.
We have assumed a strike slip dislocation source (strike
NW-SE) for all computations. This source orientation is
similar to the orientation of the source of event 36, accord—
ing to the PDE. A ramp function with sine smoothed
corners (see Kind, 1978 for details) was chosen as the dis-
placement source time function. This ramp seems to be
sufficient for our purpose, since we do not intend to study
the signal shape in detail.

There are essentially two phases visible in Fig. 6, which
are labelled P and P4. P is certainly the direct P wave.
P4 is reflected energy from the 400 km discontinuity. This
phase is the dominant feature in the observed data. This
indicates, that the 400 km discontinuity must also dominate
the model. The very weak indication of a third phase
(marked P6) could be — at first sight _ interpreted as energy
coming from a discontinuity below 400 km. In many other
models of the upper mantle (i.e. KCA, K8, T9, and S9)
a second velocity jump is assumed between 600 and 700 km.
Trying to fit a travel time curve to P6, we had to lift that
discontinuity to 560 km. To get enough energy back to dis—
tances of 1,500 km or less, the velocity jump has to be
around 10% (from 8.9 to 9.8 km/s). The signal of a reflec-
tion from that discontinuity dominates the synthetics at
distances of more than 200, but there are no data available
at GRF from that distance range and at southeastern azi-
muths. Because we think that the evidence in our data for
a reflection from a second velocity jump in the lower part
of the upper mantle is too weak, we will concentrate our
modelling to depths not deeper than 400 km.

The comparison between observed and theoretical seis—
mograms will not be done on a quantitative base. We will
only compare relative amplitudes of different phases in one
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seismogram qualitatively. This is common practice in explo-
sion seismology, and we will adopt this technique. Each
seismogram in the observed and computed sections is nor-
malized to its maximum, so we are compensating for the
different magnitudes of the recorded seismograms.

Figure 7 shows a seismogram section with synthetics
computed with the model of Baer (1979). A comparison
with Fig. 6 shows that this model does not fit our data
well. In particular there is too much energy between P and
P4 at small distances. This is probably due to reflections
from the many sharp discontinuities above 400 km in Baer’s
model. The absence of clear phases between P and P4 in
Fig. 6 indicates that the upper mantle in the investigated
region has only smooth gradients above the 400 km discon—
tinuity. Synthetics computed for KCA are shown in Fig. 8.
This model, which is much simpler than the model of Baer,
shows some similarity with our data, although their data
came from another tectonic region. Synthetics computed
with the model T9 from Burdick (1981) are shown in Fig. 9.
As in KCA there is much more similarity with our data
in this section than for Baers model, but there are also
some features, that cannot be seen in the data. In contrast
to Fig. 6 the direct P-wave is dominating the section. The
velocity of that phase is somewhat higher than in our data,
but the slowness of the second phase is nearly the same.
Also the two phases at about 60s reduced travel time
cannot be detected in our data. The best agreement with
our data can be achieved with the model ROK shown in
Fig. 10. The models KCA and T9 are also included in that
figure. The velocity-depth data of ROK are listed in Ta—
ble 2. The theoretical seismograms for this model are shown
in Fig. 11. A qualitative comparison between the observed
section in Fig. 6 and the computed section in Fig. 11 reveals
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a large amount of similarity. The phase P4 dominates in
both sections, P is clearly smaller than P4.

When comparing the models KCA, T9 and ROK, one
can see that only ROK brings enough energy for the second
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Fig. 10. Different velocity-depth functions for upper mantle mod-
els. The model ROK (solid line) is derived in this paper. KCA
is the dashed line. The model T9 is represented by the dotted
line

Table 2. List of the velocity-depth
model ROK derived in this paper

Depth P-Velocity
(km) (1010/S)

0 6.3
24 6.3
24 6.8
35 7.1
40 7.9

160 7.9
400 8.5
400 8.9

phase to small distances. KCA is the fastest model; it has
the largest apparent velocities for both phases. Because
KCA was derived from data collected in an old shield
region, that result can be expected. The slowness of the
phase P4 aggrees very well in T9 and in ROK. There is
however a big difference in the direct waves of T9 and
ROK. The velocity of that phase in T9 is much higher
than in our data, but the arrival time is later than ovserved.
The second phenomenon is due to the low velocity channel
in T9. We do not find any hint of such a channel in our
data because the multiple reflections from that channel,
which can be seen in Fig. 9 at about 60 8 reduced travel
time, do not occur in Fig. 6. The difference in the slowness
of the P phase, however, has to remain unexplained for
the moment. Further studies of earthquakes at smaller dis-
tances have to be carried out in future to solve that problem,
but the GRF data base for that region is still too small
in the moment. It should be mentioned that the absolute
travel times of the observed data in Fig. 6 and the theoreti-
cal data in Fig. 11 (model ROK) do not agree exactly. This
follows from the problems mentioned earlier with the accu-
racy of the hypocentral data, and it does not influence the
results of this paper significantly.
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Conclusions

We have attempted to develop a method for upper mantle
studies, which utilizes GRF array observations of a number
of earthquakes from Greece and assembles them into one
record section. The main sources of errors of the method
are the errors of the localization of the hypocenters and
of the origin times. We have attempted to improve the local-
izations and source times of the events, but a more detailed
study of this problem is required, preferably using local
Greek data. We have observed reflections from one upper
mantle discontinuity in our data. With the aid of theoretical
seismograms, we derived an upper mantle model which ex-
plains the main features of the data very well. The localiza-
tion errors of the events influence the depths of the disconti-
nuities only. The velocities are not influenced by these
errors, because they follow from apparent velocities, mea-
sured for many events across the array. Inhomogeneities
close to the array, which influence these apparent velocities,
have been noticed, but they are believed to be small in
the northern part of the array. A comparison of our upper
mantle model with a model for a stable platform region
(King and Calcagnile, 1976) reveals that the model under-
neath the younger tectonic area of south-eastern Europe
is considerably slower in general.
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Abstract. Compressional and shear wave velocities have
been measured in the laboratory at up to 1.0 GPa effective
pressure on a suite of granulite facies rocks from the Seiland
Petrographic Province. The suite may be of Precambrian
age and the measurements were made to test a proposal
that the suite represents lower continental crust. Compres-
sional wave velocities at 0.4 GPa effective pressure range
from 6.41—6.97 km s‘1 with a mean of 6.71 km s’l. Mea-
surements of the parameter 66—;— suggest a value of

—0.8 >< 10—3 km s’1 OC”, and the temperature corrected
mean velocity of about 6.5 km s’ 1 at 20 km depth is compa-
rable to that found in parts of the lower crust in Scandina—
via. The mean Poisson’s ratio of 0.29 at 0.4 GPa is slightly
higher than that found (0.276), but could be reduced if
heterogeneity in the suite and the effect of higher pressures
are taken into account. The occurrence of lower continental
crust as a thrust slice in the Province is consistent with
current ideas on the geological evolution of this area.

Key words: Norway — Seiland — Laboratory measurements
— Seismic velocities — Granulites — Lower continental crust

Introduction

Broad constraints for the interpretation of the lower conti-
nental crust have been provided by general geological con-
siderations, and by experimental studies on the petrology
and physical prOperties of rocks. It is recognized, for
example, that the average compressional wave velocity
through the lower crust lies mainly in the range 6.5—7.5 km
s’ 1 (Christensen and Fountain, 1975), and that it is likely
to be composed of granulites with lesser amounts of igneous
rocks ranging in composition from granite (charnockite)
to gabbro (pyroxene granulite) (Smithson, 1978). Further,
the variability of seismic velocities in refraction studies and
the results from deep reflection sounding experiments indi-
cate a heterogeneous lower crustal structure (Smithson
et al., 1980).

These constraints have been used by a number of
workers in an attempt to interpret suites of exposed rock
as lower crust, or even as complete crustal sections. In
Britain, for example, Hall and Haddad (1976) and Hall
and Simmons (1979) have compared the seismic velocities
of the high grade Lewisian gneisses of the N.W. Highlands

with the velocities of the lower crustal layer revealed on
the LISPB (Bamford et al., 1978) and NASP seismic profiles
(Smith and Bott, 1975). Evans (1980) has also compared
the properties of the Ox Mountain granulites with the lower
crustal velocities of the Midland Valley (Assumpcao and
Bamford, 1978). In the Alps, a section across the Ivrea
zone has been proposed as a section through the crust
(Fountain, 1976), and the seismic velocity structure based
on laboratory measurements compared favourably with
that obtained from seismic experiments (Choudhury et al.,
1971)

In Scandinavia, granulite facies terrains are found both
in the Fennoscandian shield and in the Caledonides. The
high-grade gneisses of Lofoten-Vesteralen (see e.g. Griffin
et al., 1978) are an example of the former, whilst the latter
include the granulites of the Jotun nappe (Strand, 1972)
and of the Seiland Petrographic Province (Hooper, 1971).
So far, however, there has been no systematic study of the
physical properties, particularly seismic velocities, of these
or other granulite terrains in Scandinavia to enable a com-
parison with lower crustal properties. In this paper, we de-
scribe the results of measurements of the seismic velocities
of granulites from the Seiland Petrographic Province, and
discuss their implications in the light of a proposal that
part of the Province may represent lower continental crust
of Precambrian age.

The Seiland Petrographic Province

In order to compare a surface suite of rocks with the deep
crust a number of geological constraints have to be satisfied.
These include the appropriate metamorphic grade for a
deep crustal level, a comparable stratigraphic age, and an
adequate explanation for their present (surface) disposition.

The Seiland Petrographic Province (Barth, 1953) shows
a complex history of deformation, metamorphism, and
igneous intrusive activity. The Province covers the islands
of Stjernoy, Seiland, and Sonny, and much of the Loppen
District (Fig. 1), and is believed to be entirely contained
within the Kalak nappe complex (Sturt and Roberts, 1978)
in the north Norwegian Caledonides. The nappe tectoni-
cally overlies the autochthonous Precambrian rocks of the
Fennoscandian Shield, which are exposed in tectonic
windows in the Caledonides to the south-east of the area.
Metasediments (psammites, pelites, marbles and garnet
bearing gneisses) of Lower Palaeozoic age (Holland and
Sturt, 1970) occur mainly in the west of the Province and
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on Serey, and in the rest of the area as minor intercalations.
Igneous and meta-igneous rocks, however, dominate the
area. Gabbros, anorthosites and peridotites with clear
igneous textures are found throughout and on Sonny,
Seiland and Stjerney they were intruded under amphibolite
facies conditions, reaching the peak of the metamorphism
at about 530 m.y. ago (Pringle, 1971).

The Palaeozoic age of the bulk of the rocks of the Prov-
ince clearly precludes them from comparison with deep
crustal rocks of the Precambrian Shield. However, the ex-
tensive area of malic rock covering the east side of the
Loppen District and Stjernoy displays a suite which was
clearly metamorphised under granulite facies conditions
(Oosterom, 1963; Hooper, 1971; Brueckner, 1973). These
rocks have not so far been studied in detail but are believed
to consist primarily of a gabbro gneiss complex with some
syenite gneiss. The gabbro gneiss complex is dominantly
an augite-labradorite gabbro granulite but also includes in-
terlayered olivine gabbro, norite, anorthosite gabbro with
garnet biotite gneiss, and amphibolite. In addition, the com-
plex includes smaller unfoliated bodies of gabbro syenite,
anorthosite, hornblendite and peridotite (KrauskOpf, 1954).
An important feature of these rocks is that dating of the
foliated mafic granulites (Brueckner, 1973) suggests that
some of these gneissic rocks may be of Precambrian age

ay, with sampling sites and location of the seismic line

(ca. 1,065 m.y.). Although the results were questioned by
Pringle (1975), there is little doubt that at least part of
the meta-igneous province may be much older than the
Caledonian intrusives, and is more comparable with parts
of the Precambrian Shield.

The origin of the Province has been the subject of some
controversy. Following the discovery of the positive 100
mgal gravity anomaly associated with it, Brooks (1970) sug~
gested that the rocks of Seiland and Stjernoy represented
the top of a mafic-ultramafic culmination under Sonar}! and
which had been transported by thrusting to the south-east.
An alternative suggestion, using the granulite facies meta-
morphism as evidence, was that the anomaly is essentially
due to an upward bulge of the “Conrad" discontinuity,
and that the mafic complex may represent lower crust.
Many ideas have, however, been based on principles of
plate tectonics. Harland and Gayer (1972) suggested that
the complex could represent a Caledonian suture, though
this was dispelled by Brooks (1971). Ramsay (1973) believed
that the vast volumes of mafic and ultramafic rocks indi-
cated an attempt at producing a constructive plate margin
and proposed a “stillborn marginal ocean”. More conven-
tionally, perhaps, the sedimentation, deformation, meta-
morphism and igneous intrusions can all be explained as
a deep section above an eastward dipping subduction zone
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Fig. 2. Diagrammatic profile depicting the tectonic structure of the
area of the Seiland Province, northern Norway (after Sturt et al.,
1928) (OSE: Ordovician-Silurian sediments; PCs: Precambrian sed-
iments; Cir: Caledonian intrusive rocks; cb: crystalline basement;
gg: gabbro gneiss)

at an Andean type continental margin (Robins and Gard-
ner, 1974). Thus, although the province is recognized as
one of the most distinctive features of the Caledonian geol-
ogy of northern Norway, its origin is somewhat uncertain.

The high-grade gabbro gneisses of Loppen and Stjernoy
are, however, clearly an integral part of the Province. Their
present upper crustal position is essentially due to major
(late Caledonian) thrusting (see Fig. 2) and they might,
therefore, represent an excellent exposure of lower crustal
rocks, perhaps typical of at least part of the Fennoscandian
Shield. The prime objective of this paper is to compare

Table l. Mineralogy and texture of the samples studied. (Key: PF, plagioclase feldspar; Opx, orthopyroxene; Cpx, clinopyroxene;
Amp, amphibole; Bio, biotite; Op, opaques; apat, apatite; qtz, quartz; sph, sphene; o1, olivine; serp, serpentine; tr, trivial; gs, grain
size)

Sample No. PF Opx Cpx Amp Bio Op Other Texture

Gabbro gneisses (grooufires)
0K1 26 2 68 4 tr, apat gs 0.5 mm, granoblastic but weak foliation, mortar texture

on grain boundaries

0K2 59 24 17 gs 0.25—1 mm, granoblastic but moderate foliation defined
by mica

0K3 60 tr 23 16 1 gs 0.541 mm, granoblastic but moderate foliation defined
by mica and amphibole or feldspar rich bands. Plag shows
bent twinning, extensive mortar texture on grain boundaries

0K4 16 26 39 11 8 tr, qtz gs 0.1—1 mm, rounded porphyoclasts of plag, amp and pyx
in fine grained mortar texture. Moderate foliation defined
by amphibole. Bent twinning in plag

0K5 63 16 13 1 1 6 gs 0.5—2 mm, granoblastic but partially mylonizecl to give
thin strings of mortar texture. Plag deformed, weak foliation

0K6 30 23 45 1 1 gs 0.5 mm. Virtually undeformed granoblastic rock, some
bent twinning in plag

0K? 66 6 11 6 1 10 tr, sph Relict coarse porphyroclasts of plag, in polygonal grano-
blastic texture. No foliation.

0K8 42 12 23 11 tr 11 ap. 1 gs 0.1 mm but relict porphyroclasts of pyx up to 2 mm.
Strong foliation defined by feldSpar and pyx rich bands
with granoblastic texture

OKIÜ 33 12 46 9 Intensely mylonized rock. Strong foliation defined by plag
lenses in granoblastic amp. rich material (0.2 mm) highly
altered, some relict porphycroclasts of cpx (3 mm)

BAZ 38 28 1 19 10 gs 0.25—1 mm, granoblastic, unfoliated
BB1 43 9 24 15 7 gs 0.25—1 mm, granoblastic with weak foliation defined by

feldspar and pyx rich bands, trace of mortar texture
BB3 44 3 24 10 15 4 0.25 mm granoblastic aggregate of pyroxene, foliation

defined by mica and amp. orientation and by feld. and pyx.
rich bands

BB4 50 10 14 13 11 2 gs 0.25 mm, granoblastic aggregate of pyroxene, weak folia—
tion defined by mica and amp. orientation

Gabbros
HAS4 53 16 25 tr gs 0.5—1 mm, no foliation, igneous texture
SANl 49 11 30 2 Chl 4 gs 0.5—1 mm, igneous texture, some alteration with chlorite

veins.

SAN2 52 10 33 2 2 Ch] 1 gs 0.5—1 mm, igneous texture, minor alteration

Ufrromofics
RN? 1 32 57 1 01 7 Serp 2 Large crystals pyx (1—3 mm) with minor plag (0.1 mm),

igneous texture, no foliation
OK12 2 1 67 6 5 O] 14 sph 5 Large crystal pyx and 01 (2—3 mm), no foliation, igneous

texture, little alteration
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the seismic properties of this mafic suite with the lower
crust of the Shield.

Selection of Samples

Samples have been collected from both the gabbro gneiss
complex, and for comparative purposes, from the Caledon-
ian intrusives (Fig. 1). For the latter, samples were taken
from the Hasvik gabbro on Soroy, from the Sandlands-
Middagsfiell gabbro, and from ultramafic intrusions in
kfiord and Reinfiord (Fig. 1). Within the mafic gneiss
complex, nearly all of the samples collected were of gabbro-
granulites which dominate the complex. The samples were
taken from the pyroxene granulite on the east side of
Bergsfiord (Hooper, 1971) from Krauskopf’s (1954)
“gabbro gneiss I” complex on the east side of kfjord
(gabbro gneiss in Fig. 1) and from his “gabbro gneiss III”
complex (syenite gabbro in Fig. 1). The “gabbro gneiss I
complex” is chiefly composed of augite-labradorite gabbro
granulite. It is probably comparable with the two-pyroxene
granulite found on the east side of Bergsfjord and with
similar rocks on Stjernoy, and appears from the geological
map (Norges Geologiske Undersokelse, 1974) to dominate
the whole mafic gneiss complex. The “gabbro gneiss III”
complex occurs down the east side of @ksfiorden and here,
the gabbro gneiss is interlayered with garnet biotite gneiss,
amphibolite and pyroxene-plagioclase-hornfels (Kraus-
kopf, 1954). The gabbro gneiss complex is clearly heteroge—
neous and a full representative collection could not be
taken, and the samples selected represent essentially varie-
ties of the dominant pyroxene—granulite lithology. The min-
eralogy of the samples is shown in Table 1. All of the
samples from the gabbro-gneiss complex show a primary
granulite-facies mineralogy and granoblastic texture, and
most show varying degrees of retrogressive metamorphism.
Sample OK-5, for example, shows small amounts of amphi-
bole and sample OK-1 is now effectively an amphibolite,
with no primary pyroxene present. In addition most
samples show signs of secondary deformation, with de-
formed plagioclase and some cataclasis, perhaps due to its
uplift end emplacement during the evolution of the Seiland
Province.

Method

Cores of 25 mm diameter were taken from the samples and
were cut with smooth perpendicular ends to a length of
approximately 25 mm. Two cores were taken from most
rocks, one parallel to the foliation and one perpendicular
to it. In some cases, a 25 mm core was redrilled to give
a 16 mm diameter core at right angles to the larger core.
Compressional and shear wave velocities were measured
at the University of East Angia (UEA) and the University
of Washington (UW) using a pulse transmission method
similar to that of Birch (1960). At the University of East
Anglia, lithium niobate compressional and shear wave
transducers were used, operating at a frequency of 1 MHz.
The latter transducers give a good shear wave arrival with
a smaller compressional wave forerunner. Transit times
were measured using a Hewlett-Packard timer-counter
(linked to an oscilloscope) and after corrections for sample
compressibility and transducer delay compressional wave
velocities could be measured to an absolute accuracy of
better than 2% and shear wave velocities to better than.
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5%. Plexol oil was used for the confining pressure medium
and a maximum pressure of 0.4 GPa could be attained.
All the samples were saturated in 0.5 M NaCl solution and
pore water pressure equal to atmospheric pressure was used
throughout. Measurements at the University of Washing-
ton used a similar system, but separate measurements of
compressional and shear wave velocities were made using
PZT-5 transducers for the compressional wave measure—
ments and AC-cut quartz transducers for the shear wave
measurements. The samples were screened in copper mesh
to allow any pore fluid under pressure to escape. Both com-
pressional and shear wave velocities could be measured to
an accuracy of 2%.

On the UEA system, velocities were measured with in-
creasing confining pressure at intervals of 0.025 GPa up
to the maximum confining pressure (0.4 GPa) and then
with decreasing pressure to (virtually) atmospheric pressure.
On the UW system, velocities were measured at 0.02 GPa
intervals at up to 0.1 GPA and then at 0.1 GPa intervals
up to 1 GPa confining pressure. There was nearly always
close agreement ($0.05 km S”) between velocities on the
increasing and decreasing part of the cycle at pressures
above 0.2 GPa.

Seismic Velocities Across the Mafic Complex
and Comparison with Lower Crustal Velocities

The potentially complex nature of the lower continental
crust (Smithson, 1978) makes the seismic velocity of a par-
ticular rock type of only limited value, and in order to
make a meaningful comparison with the field seismic veloci—
ties, an effective mean velocity for the complex needs to
be calculated. This mean velocity can be calculated from
in situ velocity measurements or from estimating the pro-
portions of the different rock types involved and whose
individual velocities are known from laboratory measure-
ments.

There are, however, difficulties with the former method.
In particular, short seismic lines (a few hundred metres
long) on complexes at or near the surface may give low
velocities because the low confining pressures may leave
cracks open, although Smithson and Shrive (1975) found
a good comparison between laboratory velocities and those
measured from seismic lines some 1,150 m long. Ideally,
much longer lines are required to acquire velocities from
rocks at greater depth where the influence of cracks on
the seismic velocities is small. In 1972, a simple seismic
refraction line some 200 km long was made across the west-
ern part of the Province to investigate the upper crustal
structure of this area. Shots were fired from Donnesfjord
(on the northern side of Soroy) and from Lyngenfjord,
about 100 km to the south-west of the Province (Chroston
et al., 1976). The shots from Donnesfiord were also re-
corded on the east and south-east side of the mafic com-
plexes of Stjernoy and Seiland. However, interpretation of
the arrivals appeared to show no increased velocity through
these areas compared to the velocity of the metasediments
(6.18 km s— 1). Such a result is consistent with the interpre-
tation (Brooks, 1970; Chroston, 1974) that the mafic rock
extends only to shallow depth, being truncated by the major
thrust which outcrops to the south—east. The analysis in
this paper therefore is based only on the laboratory mea-
sured velocities.

The results of the laboratory measurements are shown
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in Table 2 and Table 3 summarizes the velocities and elastic
properties at a confining pressure of 0.4 GPa and 1.0 GPa.
The “gabbro—gneisses” show a wide range of velocities at
0.4 GPa, from 6.41—6.97 km s71 (mean 6.71 km S”), and
with Poisson’s ratios from 0.24 to 0.33 (mean 0.29). Some
of the samples are significantly anisotropic. The sample
OK-1, for example, shows a difference between the two
cores of 0.43 km s‘1 at 0.4 GPa. This can, however, be
entirely explained by the difference in density between the
cores. Anisotropy in other samples is not so strong, but
in some cases is slightly greater than differences due to
possible measurement error, and the velocities from field
seismic experiments over this rock suite could vary signifi-
cantly with propagation direction.

The few gabbros measured also give a wide range of
velocities 6.56—7.22 km s”. Shear wave velocities could
only be measured on samples from the Sandlands-Mid-
dagsfgell gabbro. The high Poisson’s ratios (ca. 0.30) are
consistent with other workers’ measurements on gabbroic
rock (e.g. Birch, 1961). As might be expected, ultramafic
rocks give the highest velocities (up to 7.96 km 8—1) and

the mean of these samples would be expected to be higher
for fresh samples.

The data show that in nearly all cases the increase in
compressional and shear wave velocities is less than 0.1
km s‘ 1 between 0.4 GPa and 1.0 GPa, and that the change
in Poisson’s ratio is not more than 0.02. This increase in
velocity due to pressure is likely to be counteracted by tem—
perature effects. Temperature effects on compressional
wave velocities have been measured by a number of workers
(Hughes and Maurette, 1957; Kroenke et al., 1978; Stewart
and Peselnick, 1977; Kern, 1978) and a study of their results

shows a considerable divergence of the parameter (S; .
P

A systematic study by Christensen (1979) suggested a value
of about —0.59 ><10_3 km s‘1 0C“. We have also mea—
sured the effect on some of the Seiland Province rocks, and
the results are shown in Fig. 2. The confining pressure was
held at 0.4 GPa and the temperature increased (over a peri-
od of 12 h) to 2500 C and then reduced, with velocity mea-
surements made at 250 C intervals. Only the decreasing part
of the thermal cycle is shown in the diagram as transient

Table 2. Compressional and shear wave velocities (km 571), corrected for dimension changes

Sample Core Propo- Bulk 0.04 GPa 0.1 GPa 0.2 GPa 0.4 GPa 0.6 GPa 0.8 GPa 1.0 GPa
gation* Density

( >< 103 kgm—3) VP Vs Vp VS Vp Vs Vp Vs Vp Vs Vp VS Vp Vs

Gabbro gneisses
OK1 1 X 3.01 6.05 — 6.36 —— 6.60 — 6.75 —— — — — — — —

2 Z 2.87 6.01 — 6.07 — 6.16 — 6.32 — — — —— — — —

OK2 1 X 3.05 6.39 3.60 6.52 3.67 6.61 3.72 6.68 3.75 6.71 3.77 6.74 3.79 6.74 3.79
2 Z 3.08 6.27 3.33 6.36 3.42 6.44 3.48 6.52 3.54 6.54 3.58 6.56 3.61 6.56 3.62

0K3 1 X 2.88 6.21 3.12 6.34 3.21 6.45 3.28 6.60 3.45 — — — — — —

OK4 1 X 2.95 6.56 3.39 6.64 3.47 6.74 3.55 6.82 3.65 6.85 3.70 6.90 3.73 6.90 3.74
0K5 1 Z 3.01 6.37 3.41 6.54 3.53 6.62 3.55 6.68 3.63 6.71 3.74 6.74 3.89 6.73 3.93

2 X 2.80 6.25 3.37 6.33 3.45 6.38 3.52 6.34 3.55 6.47 3.60 6.50 3.62 6.41 3.62
OK6 1 X 3.03 6.69 3.62 6.80 3.75 6.89 3.84 6.97 3.92 7.01 3.98 7.03 4.01 7.04 4.01
OK7 1 Z 2.99 6.70 3.43 6.79 3.49 6.87 3.54 6.91 3.59 6.93 3.61 6.93 3.62 6.94 3.64

2 X 2.91 ‚6'75 3.55 6.82 3.60 6.86 3.63 6.89 3.66 6.90 3.69 6.92 3.71 6.93 3.72
OK8 1 X 3.16 6.41 3.56 6.62 3.71 6.76 3.75 6.91 3.79 — ~ —— — — —

OK10 1 Z 3.11 6.65 3.61 6.86 3.67 6.94 3.72 7.01 3.79 7.44 3.82 7.33 3.84 7.18 3.85
2 X 3.11 6.52 3.44 6.61 3.52 6.69 3.58 6.77 3.66 6.84 3.71 6.86 3.74 6.87 3.76
3 Z 3.03 6.82 3.69 6.88 3.74 6.95 3.78 7.00 3.81 7.05 3.33 7.07 3.84 7.10 3.85

BA2 1 Z 3.03 6.17 3.67 6.24 3.46 6.40 3.53 6.45 3.58 6.45 3.63 6.47 3.65 6.46 3.65
2 X 3.04 6.16 3.65 6.30 3.71 6.37 3.75 6.45 3.78 6.48 3.80 6.50 3.83 6.52 3.84
3 X 3.01 6.23 3.36 6.33 3.48 6.45 3.53 6.59 3.60 — —— — — — —

BB1 1 X 3.05 6.10 3.52 6.22 3.67 6.35 3.73 6.41 3.75 —— —— — —— — —

BB3 1 Z 3.04 6.31 3.36 6.54 3.47 6.73 3.50 6.95 3.53 — — — — — —

BB4 1 X 3.13 6.55 3.42 6.64 3.50 6.71 3.56 6.87 3.58 — — — — — —

Gabbros
HAS4 1 2.89 7.02 — 7.08 — 7.16 — 7.22 — — — — —— — —

SAN1 1 3.04 6.79 3.56 6.86 3.61 6.92 3.62 6.95 3.63 —— — — — —— —

SAN2 1 3.02 6.21 3.10 6.37 3.40 6.45 3.48 6.56 3.50 — — — — — —

Ultramafics
RN7 1 3.29 7.65 4.57 7.78 4.57 7.81 4.57 7.96 4.57 — — — — — —

OK12 1 3.27 7.33 3.58 7.42 3.68 7.51 3.70 7.70 3.74 —— — — — — —

* X: Parallel to foliation, Z: perpendicular to foliation
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Table 3. Elastic constants calculated from mean Vp, Vs and p
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Sample Pressure P Mean VI, Mean VS Vp/V a Q K u E Â.
GPa ><103 kg m‘3 km s‘1 km s’1 (Km s‘ 1)2 GPa GPa GPa GPa

OK2 0.4 3.08 6.60 3.65 1.81 0.28 28.50 79.5 41.0 105.1 52.1
1.0 3.10 6.67 3.71 1.80 0.28 26.14 81.0 42.7 108.9 52.6

OK3 0.4 2.88 6.60 3.45 1.91 0.31 27.69 79.8 34.3 89.8 56.9
OK4 0.4 2.96 6.82 3.65 1.87 0.30 28.75 85.1 39.4 102.5 58.8

1.0 2.98 6.90 3.74 1.84 0.29 28.96 86.3 41.7 107.7 58.5
OK5 0.4 2.92 6.51 3.59 1.81 0.28 25.20 73.6 37.6 96.5 48.5

1.0 2.94 6.57 3.78 1.74 0.25 24.11 70.9 42.0 105.2 42.9
OK6 0.4 3.04 6.97 3.92 1.78 0.27 28.09 85.4 46.7 118.5 54.3

1.0 3.07 7.04 4.01 1.76 0.26 28.12 86.3 49.4 124.4 53.4
OK7 0.4 2.96 6.90 3.63 1.90 0.31 30.04 88.9 39.0 102.1 62.9

1.0 2.98 6.94 3.68 1.89 0.31 30.10 89.7 40.4 105.3 62.8
OK8 0.4 3.17 6.91 3.79 1.82 0.28 28.60 90.6 45.5 117.0 60.3
OK10 0.4 3.10 6.93 3.75 1.85 0.29 29.27 90.8 43.6 112.7 61.7

1.0 3.12 7.05 3.82 1.85 0.29 30.25 94.4 45.5 117.6 64.0
BA2 0.4 3.05 6.50 3.65 1.78 0.27 24.49 74.7 40.6 103.2 47.6

1.0 3.08 6.49 3.75 1.73 0.25 23.37 72.0 43.3 108.2 43.1
BB1 0.4 3.07 6.41 3.75 1.71 0.24 22.34 68.6 43.2 107.0 39.8
BB3 0.4 3.05 6.95 3.53 1.97 0.33 31.69 96.7 38.0 100.8 71.3
BB4 0.4 3.14 6.87 3.58 1.92 0.31 30.12 94.5 40.2 105.8 67.7
SAN1 0.4 3.05 6.95 3.63 1.91 0.31 30.73 93.7 40.2 105.5 66.9
SAN2 0.4 3.03 6.56 3.50 1.87 0.30 26.70 80.9 37.1 96.6 56.2
RN7 0.4 3.30 7.96 4.57 1.74 0.25 35.51 117.2 68.9 172.9 71.3
OK12 0.4 3.28 7.70 3.74 2.06 0.35 40.64 133.4 45.8 123.3 102.9

a, Poisson’s ratio; Q, seismic parameter; K, bulk modulus; u, shear modulus; E, Young’s modulus; Â Lamé’s constant

effects are likely to be negligible (Evans et al., 1978). The
average gradients of —0.8 >< 10’3 km s‘1 oC‘1 are higher
than those found by Christensen (1979). Assuming a
thermal gradient of about 100 C km‘ 1, a reduction in veloc-
ity of about 0.12 km s‘ 1 at 15 km depth (0.26 GPa effective
pressure) and about 0.24 km s—1 at 30 km depth would
be expected. The effect of temperature on shear wave veloci-
ties is uncertain, and the assumption is made that Poisson’s
ratio is not significantly effected.

All of the velocities of the samples from the “gabbro
gneiss complexes” are within the range of velocities ob-
served for the lower continental crust (Christensen and
Fountain, 1975). In Scandinavia, earlier seismic refraction
experiments suggest a simple two-layer crust (Sellevoll,
1973). Upper crustal velocities range from 6.0—6.3 km s‘ 1,
and lower crustal velocities from 65—68 km s‘ 1. In some
areas, a higher velocity of about 7.1 km s‘1 has also been
determined at the base of the crust. In northern Norway,
the one seismic line across the Province obtained uncertain
P* arrivals giving a crudely estimated lower crustal velocity
of 6.9 km s‘ 1 (Chroston et al., 1976).

Some caution should, however, be applied in using these
velocities. The quality of the seismic experiments varies con-
siderably, with only more recent ones producing detailed
recording with multiple coverage of the line. In addition,
modern interpretation techniques, when applied to older
data, may modify the crustal model. The results of the Blue
Road Project (Lund, 1979) suggest low velocity layers in
the upper crust in the vicinity of the Caledonides with,

over the Precambrian Shield, a gradational change in veloci-
ty across the “ Conrad discontinuity” and significant veloci-
ty gradients in the upper and lower crust. A comparison
of one of the Blue Road profiles and an interpretation of
Lofoten-Vesteralen data (Sellevoll and Thanvarachorn,
1977) and with the laboratory results is shown in Fig. 3.
Here the laboratory variations with pressure have been
translated into velocity-depth functions assuming the effec—
tive pressure law (effective pressurezconfining pressure —
pore water pressure) and also assuming an average crustal
density of 2,800 kg m—3 and that the pore water pressure
is hydrostatic. The Blue Road lower crustal velocities are
significantly higher than the mean of laboratory velocities,
especially when temperature is taken into account, and in
this case the lower crust would have to be significantly
more mafic on average than the Seiland rocks to explain
the discrepancy. The lower crustal velocity from Lofoten-
Vesteralen, however, compares favourably with the mean
of the Seiland suite. In general the estimated velocity of
the mafic gneisses is in accord with lower crustal velocities
on the Shield.

All of the velocities discussed above are compressional
wave velocities and it is unfortunate that good shear wave
velocity estimates have not generally been obtained for the
Scandinavian refraction lines. An estimate of the average
shear wave velocities for the upper and lower crust has,
however, been made in Sweden for earthquake epicentre
determinations (Bath, 1971). For the upper crust, a shear
wave velocity of about 3.58 km s“1 and a Poisson’s ratio
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velocity depth profile. Possible temperature effects on the labora-
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of 0.256 has been calculated. For the lower crust, the aver-
age shear wave velocity was 3.69 km s’ 1 and the Poisson’s
ratio 0.276.

This latter value is smaller than the mean of the Pois-
son’s ratio of the granulites, though it is within the range
of the calculated values. Two other factors, however, would
result in a lower mean Poisson’s ratio for the complex.
Firstly, the Poisson’s ratio decreases with increased pres-
sure, and calculations on the velocity data show that a re-
duction of the ratio up to 0.03 is found between the effec-

tive pressures of 0.4 GPa and 1.0 GPa. Secondly, the litho-
logies sampled do not include the quartz rich layers which
were reported by Krauskopf (1954), both of which would
reduce the overall Poisson’s ratio. The proportion of these
rocks is believed to be minor, however, and their effect
may be offset by the presence of anorthosite (with a Pois-
son’s ratio of about 0.30). Taking these factors into
account, the overall Poisson’s ratio of the granulite samples
is very similar to that found for the lower crust.

Discussion

The geology, petrology and physical properties of the mafic
gneiss complex as displayed in the Loppen District appear
to satisfy well the constraints established for the identifica-
tion of lower continental crust, and the complex has many
similarities to the model proposed by Smithson and Brown
(1977). The rocks are dominantly pyroxene granulites, but
minor amounts of syenite gneiss, syenite, garnet syenite,
amphibolite, and anorthosite are present, as well as garnet-
biotite gneiss. The heterogeneous geology is in accord with
the results of deep reflection experiments (Smithson et al.,
1980). In the area the rocks have crystallized in the granulite
facies (Hooper, 1971; Brueckner, 1973) and the estimated
mean compressional wave velocity across the mafic gneisses
based on laboratory measurements is comparable with the
lower crustal velocities from Scandinavia.

The principal problem, however, concerns the tectonic
emplacement of the proposed crustal suite, particularly in
the light of the varying hypotheses on the origin of the
Province. Assuming the suite is of Precambrian age, then
one might expect to find a tectonic discountunity between
it and the surrounding Palaeozoic sediments and Caledon-
ian intrusions. Such a structure may exist in the Loppen
District, where west of Langfjord, metasediments and
gabbro are thrust over pyroxene granulites (Hooper, 1971
and pers. comm), but we are not aware if a comparable
structure has been revealed to the east of the mafic suite.

In his interpretation of the 100 mgal gravity anomaly
over the Province, Brooks (1970) provided two basic model
interpretations of the anomaly. In the first, described above,
it could be explained by an upward bulge of the “Conrad”
discontinuity and/or a Moho bulge, and the mafic/ultra—
mafic complex represents the sliced-off top of the bulge.
In the second, one could also model the anomaly by extend-
ing the surface complex down to the NW so that effectively
it represents a major thrust wedge of mafic rock. Detailed
gravity surveys over the Loppen District (Chroston, 1974)
lends some support for the former model, but the emplace-
ment of the complex may be explained reasonably by either.
Indeed, the latter model has some similarities to that sug-
gested for the lower crustal rocks of the Jotun nappe
(Smithson et al., 1974). It is emphasised, however, that al-
though this suite appears to satisfy both the geological and
geophysical constraints for deep crustal rocks, they may
not be representative of the lower crust of the entire shield
area. The variation in velocities found on refraction lines
suggests a significant lithological variation, and measure-
ments of velocities of suites from Lofoten-Vesteralen and
from the Jotun nappe, which are currently in progress,
should provide further information on this problem.
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Inductive Coupling Between Idealized Conductors
and Its Significance for the Geomagnetic Coast Effect

Detlef Wolf
Department of Physics, University of Toronto, Toronto, Ontario, Canada, MSS 1A7

Abstract. A problem of current interest is the inductive
coupling between an ocean, a solid earth conductor
and a conductosphere. The anomaly of this configu-
ration is modelled by (i) the inductive response of a
system consisting of two thin half planes and an under-
lying thin whole plane and (ii) the superposition of the
responses of two related systems, each consisting of
only one of the two half plane and the whole plane. The
configuration is two-dimensional, and the planes are
perfectly conducting. These two assumptions allow the
derivation of rigorous solutions for the induced mag-
netic fields by conformal mapping methods. A compar—
ison between the anomalies (i) and (ii) permits the
determination of the degree of inductive coupling be-
tween the idealized conductors. This establishes a refer-
ence for estimating the inductive coupling between
more realistic conductors and may therefore assist in
the interpretation of complicated magnetic variation
anomalies in coastal regions. Our substitute configu-
rations can also be used directly for the rapid model-
ling of the inductive response of the earth in the vicinity
of coastlines. This is demonstrated by analyzing some
field data from the recent literature.

Key words: Electromagnetic induction — Inductive
coupling — Geomagnetic coast effect — Conformal
mapping

Introduction

The behaviour of the geomagnetic variation vector in
the vicinity of coastlines is characterized by the fact
that it is closely confined to a certain plane, which has
been called the preferred plane. This plane often strikes
approximately parallel to the continental margin, and
its orientation is nearly independent of the polarization
and frequency characteristics of the inducing field. The
whole phenomenon has been coined the geomagnetic
coast effect and was first described by Parkinson (1959).
Clearly, this effect is related to the sharp conductivity
contrast between sea-water and adjacent rocks. Howev-
er, there is evidence for the interference by other con-
ductivity anomalies in coastal regions. These have some-
times been correlated with temperature anomalies in
the upper mantle along recent subduction zones due to
a cold, descending lithospheric slab or partial melting

(Schmucker et al., 1966; Greenhouse et al., 1973; Hon-
kura, 1978). In other cases they are believed to be
signatures of mineralogical or petrological changes in
the lower crust, such as hydrous minerals or ancient
plate boundaries (Hyndman and Hyndman, 1968; Ed—
wards and Greenhouse, 1975).

The exact determination of the inductive response
of a real (three-dimensional) ocean is a difficult task.
Reliable solutions may be obtained from scale model
experiments (Dosso, 1973). Alternatively, analytical or
numerical solutions can be used, such as for three-
dimensional induction in a thin layer of finite con—
ductivity, overlying a homogeneous or layered half
space (Vasseur and Weidelt, 1977; Dawson and Wea-
ver, 1979). This raises the question as to how to “de-
duct” the response of the model ocean from the ac-
tually observed coastal anomaly in a realistic manner.
Such a reduction is necessary, if an interpretation of
the observed anomaly in terms of the conductivity
structure of the lower crust or upper mantle alone is
required. An obvious way to allow for the influence of
the ocean is to subtract its anomaly. But this simple
procedure neglects any inductive coupling existing even
between insulated conductors, which may be signifi-
cant. This has already been emphasized by Price (1964)
and Rikitake (1966).

To shed some light on this problem, two deli-
berately simple classes of models (in the following de-
noted as cases A and B), which are nevertheless charac-
teristic for actual conductivity structures near coast-
lines, are considered here. They involve only perfectly
conducting half and whole planes of two—dimensional
configuration. It is shown that the extent of inductive
coupling is different for the two cases, which leads us to
distinguish between what we call an additive case A
and a coupled case B. These ideal configurations can
serve as useful standards, as they establish an upper li-
mit on the inductive coupling to be expected for more
realistic models.

Application of Conformal Mapping
to Electromagnetic Induction

Conformal mapping methods have been applied to
problems of geomagnetic induction by Schmucker
(1964; 1970a), Greenhouse et al. (1973), Weidelt (1981)
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Fig.1. Co—ordinate system used: 5 designates the direction
tangential to strike, whereas x and y designate the horizontal
and vertical directions, respectively, in a plane normal to
strike (also see text)

and others. The mathematical principles are given in
Morse and Feshbach (1953) and Koppenfels and Stall-
mann (1959). For our purposes, we adopt the following
assumptions.

(i) The geometry of the induction problem is two-
dimensional, i.e. an arbitrary function f of the Car-
tesian space co—ordinates, can be written as f=f(x, y)
(Fig. 1).

(ii) The E polarization case applies (Fig. 1).
(iii) The conductors are perfect, and the non-con-

ducting region of the (x, y) plane is a simply connected
domain.

Since the interior of the perfect conductors is as-
sumed to be source-free, the boundary conditions at
any interfaces between perfectly conducting and non-
conducting regions are

ê -B=0, (1)n

êazK, (7—)
where K is the surface current density and H the mag-
netic field, with B:‚uOH as the magnetic induction. ên
designates the unit vector normal to the interface. As
displacement currents are neglected, we can write the
magnetic induction in terms of a vector or scalar po-
tential, respectively

B=V><il1, (3)

B:V(/). (4)

But since we consider E polarization, we have Iliztpés.
Here as denotes the unit vector in the strike direction
(Fig. 1). wzltlil is a magnetic stream function. Consider-
ing the component forms of Eqs. (3) and (4), it can also
be shown that (b(x, y) and t//(x, y) satisfy the Cauchy-
Riemann conditions and are therefore harmonic func—
tions. As this opens the possibility of using conformal
mapping methods, we introduce complex quantities
and define an analytical magnetic potential by

Q(z)=Q(x + i y) = (pu, y) + um, y). (5)
But as dQ/dz=d¢/dx+idtb/dx, the analytic magnetic
field is then given by

B@%=BUHJy%=BJXJO-iBA&)% (û
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where the component forms of Eqs. (3) and (4) have
been used. The concept of solving two-dimensional
boundary-value problems of potential theory by confor-
mal mapping can now be stated as follows. As a start,
a trivial boundary-value problem is formulated in a
complex auxiliary plane, the w plane. This auxiliary
plane is then “deformed” as necessary, such that the
solution of the actual boundary-value problem in the
complex 2 plane is obtained. Mathematically, this
transformation is represented by a conformal mapping
w(z), where w=u+iv and z=x+iy. If {2(w) is the so-
lution for the potential in the w plane, the required
solution in the z plane can then be written as {2(2)
=Q(w(z)), where w(z) must be known. That Q(z) in fact
constitutes the solution for the actual boundary-value
problem can be proven if the mathematical properties
of the functions Q(w) and w(z) are exploited.

Solutions for some Perfectly
Conducting Thin Sheet Configurations

Significance of Perfect Conductors
In this section, some induction problems are formu-
lated in terms of perfectly conducting half and whole
planes in a non-conducting environment. In view of the
conductivity distribution of the real earth, this is ob-
viously a highly idealized model. However, there are
important facts that justify this choice.

For electromagnetic induction phenomena, a distri-
bution of perfectly conducting and non—conducting re—
gions constitutes the inductive limit, i.e. inductive ef-
fects completely dominate resistive effects. Since we are
going to estimate the degree of electromagnetic in-
teraction between galvanically insulated conductors, a
distribution of perfect conductors is a useful limit to
consider.

On the other hand, a particular geophysical in—
terpretation can be attached to our induction problem.
It is the situation in which a laterally discontinuous
solid earth conductor is adjacent to an ocean and both
are underlain by a highly conducting region at some
depth. Even though there is evidence for such situations
in several coastal regions (e.g. Bailey et al., 1974; Ed-
wards and Greenhouse, 1975), no systematic investi-
gation of the electromagnetic interaction between such
conductors has been attempted so far. Lines et al.
(1973) solved a related problem numerically, but the
emphasis was on the detectability of an anomalous
upper mantle beneath an ocean. Their formulation of
the coupling problem was not rigorous, and only a
special and complicated model was examined. For in-
vestigating inductive coupling, simple but versatile
combinations of thin sheets are more promising, be-
cause the number of free parameters remains small. If
only the inductive limit is considered, we thus have
distributions of perfectly conducting half and whole
planes, which are discussed here.

However, the representation of real conductors by
ideal models of this kind has some notable impli-
cations. lf, for example, a perfectly conducting half
plane is considered, the conductor it replaces must be
thick relative to its own skin depth, but also thin rel-
ative to the skin depth of its host. According to Bailey
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(1977), for oceans and earth conductors of a regional
scale, there is no frequency such that this condition
applies strictly. On the other hand, if we confine our-
selves to the interpretation of the iii-phase part of the
observed response, we are led to the concept of perfect
substitute conductors. The general relation between a
distribution of perfect substitute conductors and the
corresponding imperfect conductivity distribution of
the real earth cannot be expressed in simple terms. But
considering results obtained for a layered earth
(Schmucker, 1970b; Weidelt, 1972), the top interface
of a perfectly conducting substitute region ought to
mark approximately the mean depth of the induced
in-phase currents in the real earth.

V4}

Fig. 2. Schwarz-Christoffel transformation (also see text)

Construction of Conformal Moppings

We consider some elementary two-dimensional con-
figurations which involve only parallel and perfectly
conducting half and whole planes. To derive the so—
lutions for these configurations, conformal mapping
theory is applied using the Schwarz-Christoffel transfor-
mation. An alternative approach based on the Cauchy
integral formula has been outlined by Wolf (1982a).

The Schwarz-Christoffel transformation (Morse and
Feshbach, 1953; Koppenfels and Stallmann, 1959) de-
scribes the mapping of the upper half of the w plane
onto the interior of an arbitrary polygon of the z plane.
Figure 2 illustrates the situation for a polygon with live
vertices. In general we have z#=z(uu), where
‚u: 1, ...,,m for the co-ordinates of the vertices.

Here the surfaces of all (two-dimensional) conduc-
tors are assumed to coincide with the contours of in-
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Fig. 3. Conductor configurations (degenerate polygons) for
case A. Three distinct combinations of one or two conducting
half planes and one conducting whole plane are possible
(conductors are hatched): Model A.L.1: Half planel (x4:
—L/2, y=h1) and whole plane (y=0). Model A.R.2: I-Ialf
plane2 (x::=~+L/2, y=hz) and whole plane (y=0). Model
A.L.1/R.2: Half plane 1 (xv: —L/2, y=h1L half plane 2 (x3:
+L/2, yzhz) and whole plane (y=0)
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Fig. 4. Ordinary polygons corresponding to the three degen-
erate cases of Fig.3. Three distinct polygons are shown:
Model A.L.1: Vertices at 2,, 22, 23, 2’4, 2,. Model A.R.2:
Vertices at 2’3, 24, 25, 2,5, 2.,. Model A.L.l/R.2: Vertices at 21,
22! 23! 24! 25’ 26: Z7

tegration in the w or z planes (see the hatching in Figs.
2—6, especially the cross-sections of perfectly conducting
half and whole planes in Figs. 3 and 5). In particular,
we consider two basic cases, which are designated as
case A (Figs. 3 and 4) and case B (Figs. 5 and 6). In
this section, the transformation formulae 2(w) for the
different models included in cases A and B are sum-
marized. The origin and orientation of the co-ordinate
system adepted is evident from Figs. 3—6, which also
show the meaning of the geometrical parameters 11„ h2
and L appearing in the formulae. More details on the
mathematical aspects can be found in Wolf (1982a).

Case A comprises the models of three distinct po-
lygons, certain parts of which are congruent. If the
vertices approach infinity as indicated in Fig. 4, three
corresponding degenerate polygons (combinations of
half and whole planes) result (Fig. 3).
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Fig.5. Conductor configurations (degenerate polygons) for
case B. Three distinct combinations of one or two conducting
half planes and one conducting whole plane are possible
(conductors are hatched): Model B.L.l: Half plane] (xii:
—L/2, y=h1) and whole plane (y=0). Model B.L.2: Half
plane 2 (x:<:+L/2, yzhz) and whole plane (y=0). Model
B.L.1/L.2: Half plane l (xi—L/Z, y=h1), half plane 2 (xx:
+L/2, y=h2) and whole plane (y=0)
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Fig. 6. Ordinary polygons corresponding to the three degen-
erate cases of Fig. 5. Three distinct polygons are shown:
Model B.L.l: Vertices at 21, 2:3, 2’5, zù, 2.,. Model B.L.2:
Vertices at 2’3, 24, 25, 26, 2,. Model B.L.1/L.2: Vertices at 2„
22: 23: Z4: 35: 262 Z?

Model A.L.1: Half plane 1 has its edge at 22: —L/2
+t and extends towards xz—oo (L=“left”). The
whole plane is at y=0. The transformation formula is

i l L
z(w)=w+a+ll[ln(w+a)—lnL+I]——. (7)

n TC 2

Parameter a is defined by z3=z(u3)=2(—a), where H3
is arbitrary. This model has been considered by
Schmucker (197021) in his attempt to explain the
Californian coastal anomaly.

Model A.R.2: Half plane 2 has its edge at 25=+L/2
+1112 and extends towards x: +00 (R=“right”). The
whole plane is at y=0. The transformation formula is

l h L
z(w)=w—a——?—2[ln(w—a)—ln—2+l—in]+—. (8)

TL" rt 2
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Parameter a is defined by z4=z(u4)=z[a), and H4 may
be chosen at will.

Model ALI/R2: Half planes 1 and 2 and the whole
plane are located as before. Now we have the transfor-
mation

z(w)-w+h—‘ln w+a
71' |/2hla/:Œ

h. ‚_ ...
"—zln u a ill

h2+ih2‚ (9)n |/2112a/n 27E

Hara parameter a is not arbitrary but implicitly given
by

[mt—wthL: k J4
zî/Î-I-n'

n 2hlo/n'
I —l 2[Maw 12)]+Ën1 2” um

”II 2112:1/7:

Hail—I12):
where k1_

411:2 a
and M4 by 23:2(u3)=z(—a) and z4=z(a4)=z(a). The
special symmetrical configuration 11,2112 of this model
has already been discussed by Schmucker (1964, 19î0a)
with reference to the anomaly caused by a (two-dimen-
sional) island structure. The responses of models A.L.l
and A.R.2 can be superimposed and compared with the
response of model A.L.1/’R.2.

Case B also consists of three distinct polygons, cer-
tain parts of which are congruent. Referring to Figs. 5
and 6, we distinguish the following models.

h +f’I a *+( 1 3) +a2. It is related to H3

Model B.L.l: I-Ialf plane 1 has its edge at z: "AL/2
+t and extends towards x=—oo (L=“left”). The
whole plane is at y=0. This model is identical with
model A.L.1 and Eq. (7) represents the proper transfor-
mation. But now parameter a is defined by z’5=z(u’5)
:z(—a), where u’5 is arbitrary.

Model B.L.2: Half plane 2 has its edge at 24: +L/2
+1112 and extends towards .x=—oo {L=“left”). The
whole plane is at y=0. This model is closely related to
models A.L.1 and B.L.l. The transformation formula is

u I LdM=w—u+:[mW—M—MLLH]+< un
71' It 2

Parameter a is again arbitrary and related to “5 by :5
=z(us):z(a).

Model B.L.1/L.2: Half planes 1 and 2 and the whole
plane are located as before. We have the transfor*
mation formula

[il-"1’121 w+onz(w)=w+
775 2U!l —l12)a/7t

+h—21n—W‘“ +”—‘ (I2)n |/2l12a/1t 23”:-
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Parameter a is not arbitrary but given by

[ma—galh —h
L: 1/k 1 212 2+ n n 2(111—h2)a/7t

h1
2

_Îr—21n
[1/];

ïhÉa/rnznfl (13)

With
k25[hz+(î1;h2)]2

_ [hz —(h1—h2)]
71' 7C

interrelation between a, u3 and a5 is evident from a
consideration of z3=z(a3)=z(—a) and 25:2(u5)=z(a).
Eqs. (7), (11) and (12) allow us again to compare the
sum of the responses of models B.L.1 and B.L.2 with
the response of model B.L.1/L.2.

a
+ a2. The

Inversions 0f Mappings and Solutions
for Magnetic Potential

As was emphasized above, the problem of obtaining
solutions for the models of cases A and B reduces to
deriving the solutions Q(w) for the boundary—value
problem in the w plane and obtain the transformations
w(z). The corresponding inverse functions z(w) for the
various models have been presented above. Thus, if
Q(w) is known, it remains to calculate w(z) from z(w).

In the w plane we assumed a perfectly conducting
whole plane at 0:0 (see Fig. 2). A simple solution for
this configuration is a potential that yields a homo—
geneous magnetic field of unit strength in the a direc-
tion. Thus

Q(w) = w, (14)

B(w)= 1. (15)

Transformation to the z plane yields

Q(Z)=W(Z), (16)
dB(z):d—‘:—. (17)

If we consider the different mappings 2(w), we realize
that, for z—mo, we again have a homogeneous and
horizontal field of unit strength. Our different con-
ductor configurations in the Z plane are therefore sub-
ject to a uniform inducing field. This is the magnetic
source field most widely assumed. A discussion of the
limitations of this assumption has been given by several
authors, e.g. Price (1964).

However, to obtain solutions {2(2) or B(z) at any
point in the z plane, our solutions z(w) must be in-
verted numerically. Here we have used the Newton-
Raphson iteration scheme. This algorithm has also
been employed to calculate parameter a by inverting
Eqs. (10) and (13). With w(z) thus determined, we can
then calculate 9(2) and B(z) according to Eqs. (16) and
(17). But due to Eqs. (5) and (6), the quantities (f), w, Bx,
By are also determined, and we can consider various
transfer functions as necessary.

Inductive Coupling Between Ocean,
Earth Conductor and Conductosphere

General Remarks

Now we present some results for the models described
above. To facilitate our discussion, a common normal—
ization of the magnetic field components is adopt—
ed. We define as normal the field at a point far away
from the lateral discontinuity, where the conductivity
structure is effectively one-dimensional.

The following decompositions of the total field
components can then be performed (Schmucker, 1964;
1970a)

sa—l—Bxa? (18)

By=Byn+Bya. (19)
Here Byn=0, because the source fields are uniform.
Due to the linearity of the Maxwell equations and in
the limit of perfect conductivity we can then write in
terms of two quantities, Sxx and Syx,

Bxa(t) = Sxx a(t), (20)

Bya(t) =Syx a(t). (21)

Sxx and Syx are the (real) horizontal and vertical
Schmucker transfer functions, respectively. Other re—
sponse parameters, such as the Parkinson transfer func-
tion, i.e. By/Bx, could also be used. But for our purposes,
the Schmucker transfer functions are more useful, as their
common normalization gives a true representation of
the degree of the inductive coupling. The interrelation
between several real transfer functions (induction vec-
tors) has recently been discussed by Wolf (1982b).

All lengths are normalized relative to the separation
h1 between half plane 1 and the whole plane, and the
inductive response for several values of the ratios hZ/h1
and L/h1 is investigated. However, to gain some basic
insight first, the normalized field distribution for two
characteristic configurations of models A.L.1/R.2 and
B.L.1/L.2 are shown in Figs. 7 and 8, respectively. The
forcing of the field vectors about the edges of the half
planes is very conspicuous. This behaviour is related to
the fact that the magnetic field must be tangential to
the surfaces of the perfect conductors. The screening
effect of the half planes is also displayed, but some
magnetic flux “leaks” into the region between the half
planes and the whole plane.

When interpreting our results below, emphasis is
placed on the inductive coupling between the conduc-
tors. More specifically, we compare the sum of the
responses of two models, each one involving only one
half plane parallel to a whole plane, with the response
of the corresponding complete model consisting of both
half planes and the whole plane. Theoretically, the lat-
ter response is not identical to the sum of the two
individual responses, because of a redistribution of the
current systems in all three conductors due to their
interaction.

To give our results some geophysical relevance, we
let half plane 1 represent an ocean and half plane 2 a
laterally discontinuous earth conductor. The underlying
whole plane is associated with the conductorsphere, i.e.
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with the depth range of the sharp downward increase
of conductivity, for the particular frequency being con-
sidered. We have calculated the Schmucker transfer
functions along a horizontal profile close to the level of
the ocean. The separation h3 between this profile and

i
LO 2.0 3.0 4.0

x/h‚

the conductosphere has always been chosen to be
105‘70 of the separation hl between the ocean and the
conductosphere (lg/h1 : 1.05). Although this choice
may appear arbitrary, it takes into account the fact that
the centre of the (in-phase) current distribution must be
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below the surface of a real ocean and no singularities
are observed along ocean-continent boundaries.

Case A: Numerical Results and Discussion

The configurations considered belong to models A.L.1,
A.R.2 0r ALI/R2. Here the perturbation of the edge
anomaly of a laterally discontinuous earth conductor
[model A.R.2) by an adjacent ocean (model A.L.1) is of
most interest to us. A different interpretation would be
to consider the perturbation of the “ordinary” ocean
anomaly (model A.L.1) by including an earth conduc—
tor (model A.R.2) at some distance from the coast. In
either case, the resulting response (model ALI/R2) is
a combination of the effects of both the linear super-
position of the individual current systems and their
redistribution due to their mutual interaction.

The responses of many conductor configurations
have been calculated during these investigations. How—
ever, a limited number of geometries suffices for a
demonstration of the general behaviour, and only comb
binations of the following ratios are considered: L/h1
=0.5, 2.0 and 112/1":1 =0.25, 0.75, which gives a total of
four configurations.

xfh,

Let us first discuss the characteristics of the
Schmucker vertical transfer function, i.e. the normal-
ized (anomalous) vertical field. Then the ocean anomaly
is negative throughout, whereas the edge anomaly of the
earth conductor is always positive (Figs. 9a—d). If linear
superposition holds, the magnitude of the latter anom-
aly therefore decreases by the magnitude of the ocean
anomaly. The t0p panels of Figs. 9a-d allow us to
compare the normalized vertical field of the four con“
figurations of model ALI/R2 (solid line) with that of
the corresponding four configurations without an ocean
(model A.R.2, dot-dashed line). If we focus on the s00—
ti0n of the profile above the edge of the earth con-
ductor, we can observe the following. Usually, the verti-
cal field of the complete configuration (solid) appro-
ximates the sum of the vertical fields of the two in-
dividual configurations very closely, i.e. the edge anom-
aly of the earth conductor (dot—dashed) is in fact
diminished by the magnitude of the anomaly of the
ocean (dashed). The response of a deep earth conductor
{112/111 20.25) close to the edge of the ocean (‚L/11120.5)
is therefore completely masked by the comparatively
strong response of the latter (Fig. 9b). On the other
hand, for a shallow earth conductor (112/11l =0.75) close
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to the edge of the ocean (IV/1120.5), some electromag«
netic interaction can be identified (Fig. 9d). This is not
surprising, because the distance between the edges of
half planes l and 2 is now comparable with or less
than either half plane’s separation from the conducting
whole plane underneath.

We have also calculated the Schmucker horizontal
transfer functions, which are equal to normalized
anomalous horizontal fields, for the same configu-
rations (Figs. 9a—d, centre panels, respectively). Since
the ocean anomaly is negative in the region above the
earth conductor, linear superposition causes a down-
ward shift of the edge anomaly of the earth conductor
by the magnitude of the ocean anomaly. From the
individual figures it is obvious that, for a deep con-
tinental conductor (hz/h12025), additivity of the
anomalies holds to a very good approximation (Figs.
9a and 1)). But again its response is almost completely
masked by the comparatively strong response of the
ocean. However, if the earth conductor is shallow
(hz/hl=0.75)‚ its edge anomaly becomes very con-
spieuous (Figs. 90 and d). The anomalous horizontal
fields are roughly additive, except when the edges of
half planes 1 and 2 are very close (L/h1 =05).

L’hl :053, hafh‘ :075

B.L.l/L.2 (solid). Center: As top
but for Schmucker horizontal
transfer functions. Bottom .-
Corresponding conductor
configurations (solid) and
position of measuring profile
(dotted). For further explanations
see text

I.0 2 0 3.0 4 0

x/h,

T0 distinguish the effect of interaction more clearly,
the sum of the magnetic fields according to models
A.L.1 and A.R.2 (dashed lines) has been calculated and
compared with the magnetic field of model A.L.l/R.2
(solid lines). The results are shown in Figs. 10a-d for
the four configurations, for vertical (t0p panels) and
horizontal transfer functions (centre panels). The nearly
complete additivity of the anomalies for a deep earth
conductor (hz/h,=0.25) is corroborated by Figs. 10a
and b. But, if it is shallow (fez/hl =0.75), some inductive
coupling can be identified. It mainly causes an attenua-
tion of the peak values of the anomalies, as compared
with the corresponding peaks of the superimposed
anomalies (Figs. 10c and d).

Case B: Numerical Results and Discussion

Now the configurations are those of models B.L.l,
B.L.2 or B.L.l/L.2. The earth conductor (half plane 2)
extends from below the ocean (half plane 1) towards
the land. In interpreting the following model curves, we
again concentrate on the perturbation of the inductive
response of a laterally discontinuous earth conductor
(model B.L.2) by an ocean (model B.L.l), which leads
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to the complete model B.L.1/L.2. A different interpre—
tation is, as before, to consider the perturbation of the
undisturbed ocean response (model B.L.l) by an ad-
ditional earth conductor (model B.L.2). This causes an
attenuation of the ocean response due to the decrease
of the ocean’s separation from the coupling surface
below. Our discussion is again limited to configurations
with the following geometrical parameters: L/h1=0.5‚
2.0 and fig/h1=0.25, 0.75, which yields a total of four
configurations.

Normalized vertical fields are presented in the top
panels of Figs. Ila-d, respectively. When interpreting
the individual figures, the following points should be
borne in mind. Both ocean and earth conductor cause
negative vertical fields. Thus, for linear superposition,
the magnitude of the edge anomaly of the earth con-
ductor increases by the magnitude of the ocean anom-
aly. We may, near the edge of the earth conductor,
compare the complete response (model B.L.1/L.2, solid
line) with the response of the corresponding configu—
ration without an ocean (model B.L.2, dot-dashed line).
Then we realize that linear superposition does not hold
as accurately as for case A, particularly if the earth

model B.L.l/L.2 (solid). Center:
As top but for Schmucker
horizontal transfer functions.
Bottom: Corresponding
conductor configurations (solid)
and position of measuring

“2"“: 4175 profile (dotted). For further
explanations see text

l.0 2.0

x/hl
3.0 4.0

conductor is shallow (hg/[41:03) Here, its “pure”
edge anomaly according to model B.L.2 remains vir-
tually unchanged after the ocean has been included in
the solution (model B.L.1/L.2). This is to be expected,
because the inductive coupling between half plane 1
and the whole plane corresponding to model B.L.1 has
now been replaced by the stronger coupling between
half planes 1 and 2. This in turn leads to a pronounced
attenuation of the anomaly associated with the ocean,
such that it has almost faded away near the edge of the
earth conductor (see particularly Fig. 11c). If the edges
of half planes 1 and 2 are very close (L/h1=0.5), ad-
ditional interactions arise between them (Fig. 11d).

The Schmucker horizontal transfer functions are
displayed in the centre panels of Figs. lIa—d, respec-
tively. If linear superposition holds, the ocean anomaly
causes a downward shift of the edge anomaly of the
earth conductor by the magnitude of the ocean anom-
aly. The calculated shift (solid line) is always less, and
a closer inspection of Figs. llc—d again shows that for
shallow earth conductors (hz/hl=0.75) the anomaly
due to the ocean must be strongly attenuated. Deep
conductors 022/1112025) are difficult to detect also on
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the basis of their associated horizontal transfer func-
tions, but linear superposition now becomes a better
approximation (Figs. 11a and b).

These conclusions are also supported by Figs. 12a—d,
which compare the sum of the magnetic fields of
models B.L.l and B.L.2 with the magnetic field of mod-
el B.L.1/L.2.

Rapid Modelling of Geomagnetic Coast Effects

The solutions presented above have primarily been de-
rived to investigate the degree of inductive coupling
between two conducting half planes and an underlying
whole plane. However, they may also be used for the
direct modelling of measured magnetic variations, as
long as the observed response is close to the inductive
limit. More general modelling techniques do exist, but
the following two examples demonstrate that simple
configurations consisting of two half planes and a
whole plane often suffice for a representation of the
fundamental character of the subsurface conductivity
structure. As only three model parameters are involved,
trial and error modelling is very rapid, and the final
configuration can serve as a useful guide when con-
sidering more complicated models of the subsurface
conductivity distribution.

Coast Eflect in South—Western Australia
As one example, real Parkinson transfer functions, as
measured by Everett and Hyndman (1967) in south-
western Australia, have been analyzed. Strictly speak-
ing, the authors regarded their transfer functions as
vectors (Parkinson arrows) and decomposed them into
components perpendicular to two straight lines, which
served as crude representations of the edges of the
continental shelves west and south of the survey area.

Figure 13 shows the modelling results for the ob-
served transfer function components perpendicular to
the west coast for one-hour periods, by a specific con—
ductor configuration of model B.L.1/L.2. The edge of
half plane 1 has been taken to coincide with the edge
of the continental shelf. The exact height of the measur—
ing profile above this half plane is only crucial for the
behaviour of the model response very close to the
singular edge of this half plane, where our model be-
comes inappropriate and no field observations exist
anyway. The most interesting aspect is that a second
half plane is required to reconcile the observed attenua-
tion of the coast effect close to the continental margin
with the large depth of the conductosphere for one-
hour periods far away from the ocean, as established by
Lilley et al. (1981). Whether this second conductor ac-
tually extends below the real ocean, cannot be inferred
from our results because the model ocean has been
assumed opaque for electromagnetic fields.

To explain the subdued vertical variation at their
westernmost station, Everett and Hyndman (1967) pro-
posed that the Australian shield might terminate along
the Darling fault, which separates the sedimentary
Perth basin to the west from the shield area to the east.
In our model, the non-shield region is represented by
half plane 2 at a depth of 45 km below the surface,
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whereas the conductosphere is more than 200 km deep.
This is similar to the configuration of Fig. 12d, which
has been discussed above.

Coast Effect in the Eastern United States

As a second example, the coast effect observed by
Edwards and Greenhouse (1975) in the eastern United
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States is considered. In contrast to Everett and Hynd-
man (1967), the former interpreted the anomalies
quantitatively and concluded that a region of enhanced
conductivity lay in the lower crust or uppermost man-
tle at some distance from the ocean. This conductive
zone shows an increase in conductivity with increasing
distance from the coast.

The general character of their assumed conductivity
distribution together with the smallness of the observed
out-of—phase response suggest an explanation of the
anomaly by model A.L.1/R.2. Since transfer function
estimates for the periods of 16 min and 1h are avail-
able, both data sets have been interpreted. Again, the
edge of half plane1 coincides with the edge of the
continental shelf. Comparing Fig. 14 (1 h) with Fig. 15
(16 min), their main difference is that, for the shorter
period, the earth conductor (half plane 2) extends closer
to the ocean, whereas its depth is not affected at all.
This is consistent with the model conductor proposed
by Edwards and Greenhouse (1975), which has resistiv-
ities close to 19m at some distance from the coast,
with a slight rise to about 20 Qm towards the ocean. In
contrast with the Australian results, the conductosphere
must now be assumed to begin at a shallow depth. In
other words, the lower crust or upper mantle are highly
conductive in the eastern United States.

Finer details in the observed response cannot be
explained by our simple models. Furthermore, other
anomalies may require models that are different. The
main aspect to be emphasized here is, however, that
our fast modelling technique does have the capability
of furnishing basic quantitative information on the con-
ductivity distribution in the ground.

Conclusions and Suggestions for Future Work

It has become obvious that our distinction between
cases A and B was not only a matter of mathematical
convenience. The conductor configurations correspond—
ing to these two cases also had essentially different
response characteristics. This is summarized here.

If we first review the behaviour of model A.L.1/R.2,
we realize that its inductive response was almost the
sum of the responses of models A.L.1 and A.R.2. This
approximation was particularly good if the earth con-
ductor had a large depth (hz/h1 20.25). If it was shallow
(lb/12120.75), the extent of inductive coupling still re-
mained small and only became more significant for
L/h1=0.50. We therefore call case A the additive case.

For bodies of finite conductivity, additivity should
be a still better approximation, because the relative
importance of interaction between conductors decreases
with decreasing conductivity. And even if the assump-
tion of a two-dimensional conductivity configuration is
violated, the basic behaviour ought to be very similar.
A problem of current interest is the interpretation of
the combined anomaly of a two-dimensional earth con-
ductor extending away from a three-dimensional ocean.
Here the ocean anomaly can simply be subtracted and
the residual can be interpreted in terms of the earth
conductor alone.

Case B was designed to simulate an earth conductor
extending towards the ocean. The corresponding model

B.L.1/L.2 incorporates two strongly coupled half planes.
Therefore, essentially different response characteris-
tics were to be expected, and the edge effect of the
earth conductor was found to be almost unaffected by
the ocean. This behaviour was closely followed when
the former conductor was shallow (hZ/h1 =0.75). It was
interpreted as being due to the strong attenuation of
the response of the ocean caused by its interaction with
the earth conductor. CaseB is therefore called the
coupled case. This emphasizes the fact that the re—
sponse of the earth conductor at large distances from
the ocean was found to be very nearly identical with
the anomaly that it causes in close proximity to this
ocean.

If bodies of finite conductivity are considered, the
interaction between ocean and earth conductor be—
comes weaker. But it can be expected that the in-phase
portion of the earth conductor anomaly still displays
this persistency to a high degree. On the other hand,
the out-of—phase portion of the ocean anomaly ought
not to be attenuated significantly and is probably
superimposed on the out-of—phase portion of the anom-
aly due to the earth conductor.

If the earth conductor of case B was deeper (hZ/h1
=0.25), its edge effect decreased, whereas the ocean
effect increased. The latter was explained by the weaker
interaction between both conductors and hence the
ocean could not be disregarded. Here the main prob-
lem is clearly the separation of the minute signature of
the earth conductor from the much stronger ocean
anomaly. Any further considerations, such as the ques-
tion of interaction, are only of minor practical impor-
tance by comparison.

We may, however, wish to make explicit allowance
for the finite conductivity of the ocean. The numerical
method of Greenhouse et al. (1973) appears to be a
useful way of doing so. It allows the calculation of the
total response of a thin sheet of variable conductivity
above a perfectly conducting undulating surface, where
the whole configuration is two-dimensional. Various
shapes can be assumed for these undulations, e.g. com-
binations of half planes and steps or elliptical bulges.
Also, the response of (i) a finitely conducting sheet
above a horizontal conductosphere or (ii) an undulated
conductosphere alone, can be calculated separately and
then superimposed. This again allows the coupling of
the thin sheet and the undulating perfect conductor to
be investigated. But, the number of free parameters
tends to become larger for such a model. This hinders
the task of extracting useful general trends from the
results.

Another possible extension of our work is to define
a useful inverse problem, which is based on the anom-
alous response, as observed in the vicinity of a coast—
line. Weidelt (1981) considered configurations without
an ocean and constructed extremal models that maxi—
mize the depth below the surface of the top of a perfect
conductor. In Weidelt’s analysis, the measured response
at one or two observation points had to be satisfied.
The general approach is a problem of constrained max-
imization of a forward solution, which is based on the
Cauchy integral formula. The inclusion of an ocean
into Weidelt’s approach results in an additional con—
straint, because the observation points then become
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fixed relative to the edge of a perfectly conducting half
plane. Nevertheless, if the response at only one obser-
vation point is to be satisfied, the solution is
straightforward. It leads to a system of equations that
must be solved numerically, and which provides an
upper limit for the depth of the top of an earth con-
ductor near an ocean.
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Abstract. Further measurements carried out in December
1980 and January 1981 with the SOUSY-VHF-Radar at
the Arecibo Observatory in Puerto Rico are presented. An
example of mesospheric turbulence echoes recorded during
a solar flare is described, and it is concluded that the echo
detectability strongly depends on the background electron
density profile. The resulting limitations to measure winds
in the mesosphere are outlined. Average profiles of zonal
and meridional wind velocities indicate signatures of the
diurnal tide in the height region 60—80 km. A long-period
oscillation of 6 days, found in the zonal but not in the
meridional winds in the mesosphere, can presumably be
explained by a Kelvin wave.

Key words: Mesosphere — Stratosphere — Troposphere _
Tides — Planetary waves — Winds — VHF radar

Introduction

The SOUSY-VHF-Radar was operated with the Arecibo
Observatory antenna dish during a common project
“Radar Studies of the Middle Atmosphere at 50 and
430 MHz” of the Max-Planck-Institut fiir Aeronomie and
the Arecibo Observatory/National Astronomy and Iono-
sphere Centre. Four campaigns of several weeks duration
were carried out in 1980 and 1981 at the Arecibo Observa-
tory (18.3O N, 66.8O W) in Puerto Rico. First results ob-
tained in April/May 1980 with a low-power VHF radar
transmitter (4 kW), and a description of the equipment were
published by Rottger et a1. (1981). During a campaign in
December 1980/January 1981 a higher power transmitter
was used as well as an upgraded computer control was
partly applied. The transmitter was operated at 30 kW pulse
peak power and 4% duty cycle. Using the Arecibo dish,
the antenna gain was 40 dB. This yielded an average power
aperture product of 5-107 W m2. Some longer term mea—
surements were carried out in order to investigate tides and
planetary waves in the lower and middle atmosphere. In
this paper some typical results are selected and briefly de-
scribed, such as indications of the diurnal tide and signa-
tures of a Kelvin wave in the mesosphere.

* On leave from Max-Planck-Institut für Aeronomie, 3411 Katlen-
burg-Lindau, Federal Republic of Germany

General Signal Characteristics
Power Profiles and Interference

The altitude range of reliable VHF radar echoes normally
covered the upper troposphere and lower stratosphere
(8—25 km) and the mesosphere between about 60 and
85 km. At ranges larger than about 20 km strong scatter
from ocean surface waves (sea-clutter) occurred which nor-
mally extended to ranges of 50—60 km. Occasionally sea-
clutter was also observed out to ranges of 100 km when
tropospheric ducting caused propagation beyond the hori-
zon. The sea-clutter sometimes complicates the evaluation
of signals from the middle stratosphere and mesosphere,
whereas ground-clutter is a minor problem. Man-made in—
terference occasionally was strong in the morning hours
(09-12 AST) when ionospheric propagation from the US
mainland was possible (R'o'ttger, 1980).

Variation of Stratospheric and Mesospheric Echoes

It is known that stratospheric echoes are due to turbulence
causing refractivity changes by temperature variations, but
mesospheric echoes are additionally strongly influenced by
the electron density profile of the ionospheric D region (e. g.
Ecklund and Balsley, 1981) and exhibit typical seasonal
variations (Czechowsky et al., 1979). The latter echoes
therefore are only observed during daylight hours, which
complicates for instance the analysis of tidal variations.
Another limitation exists since the turbulence occurs in
layers, which often confines the radar echoes to rather thin
regions of several 100m vertical extent, although layers
as thick as several kilometers were also observed. However,
it never was found that evaluable echoes were observed
through the entire altitude region between 60 and 85 km
for the given power aperture product 5-107 W m2. Addi-
tionally the echoes indicate quite some temporal variation.

The layered structure of intermittent turbulence as well
as the varying electron density profile do not allow the
determination of high resolution (<1 km) wind profiles
throughout the entire mesosphere. To illustrate the evident
temporal and spatial variation, a contour plot of signal
strength is presented in Fig. 1. It is recognized that strong
signals were almost continuously observed in the low alti-
tudes up to some 20 km. Two stronger layers occurred at
about 14 km and 17—18 km where the upper tropospheric
winds showed the strongest shear. Some spurious contour
lines in Fig. 1 at ranges between 20 and 50 km are due
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to sea-clutter signals. In the meSOSphere four separated
regions of turbulence scatter were detected after 1200 AST
between 65 and 78 km altitude. At 1215 AST a noise burst
was observed, followed by an abrupt increase of signal
strength of turbulence scatter. The noise burst was due to
enhanced solar radio emission during an H,IL solar flare
(Solar-Geophysical Data Prompt Reports, 1981). The en-
hanced noise level must have been picked up through an
antenna sidelobe pointing to the sun. The simultaneously
increased flux of UV and X-ray radiation also resulted in
an enhancement of the D region electron density which
caused sudden increase of turbulence scatter strength by
some ten dB. Simultaneous incoherent scatter observations
with the 430—MH2 radar showed an increase of the mean
D region electron density by a factor of 5—8 (personal com-
munication from J. Mathews and M. Sulzer, 1981). How-
ever, even the abnormally high electron density still did
not yield a continuous power profile of turbulence scatter.
The reason is that the mesosphere was not totally turbulent,
but the turbulence was confined to intermittent layers. Be-
cause of lack of scatter from “ non-turbulent” regions, con-
tinuous, high~resolution wind profiles cannot be obtained
with a VHF radar with a given power-aperture product
of 5- 107 W m3. These observations also show that a sudden
increase or even moderate variation of signal strength
cannot at all be attributed to an increase of turbulence
strength, but rather an enhancement of electron density
or electron density gradient.

Wind Observations

To obtain indications on tidal and planetary wave varia-
tions, a longer observation period evidently is necessary
to smooth the short-term fluctuations. A long-term opera—
tion was performed at the Arecibo Observatory from 10
December 1980 until 18 January 1981. Since the observa-
tory schedule did not allow continuous radar operation dur-
ing such a long time period, two hours were only allotted

almost every day around noon hours. Continuous runs were
carried out during a couple of days only.

Although the VHF radar observations do not yield con-
tinuous wind profiles during 24 h a day, they extend the
lowest height range which is normally covered by meteor
or partial reflection measurements at low latitudes (cg.
Bernard et al., 1981; Vincent and Ball, 1981). Incoherent
scatter measurements of velocities in the middle mesosphere
need a very high power—aperture product (e.g. Mathews
et al., 1981). VHF radar measurements with comparatively
low power normally have sufficient signal-to-noise ratios
in the height region 65—80 km (occasionally up to 90 km),
which is not covered by meteor radars. The lowest heights
between 65 and 70 km are mostly not reached by partial
reflection measurements. We therefore regard our VHF
radar observations as a useful complementary information
on winds in these lower heights.

The prevailing wind due to the global circulation, plane-
tary waves, tides as well as gravity waves contribute to
the observed wind velocities. It is likely that short-period
gravity wave oscillations are smoothed out when averaging
the data over 1 h. When measuring at. the same time of
every day, velocities caused by the tides should be rather
similar if their forcing or propagation does not change from
day to day. Any variations of the wind velocity, e.g. mea-
sured every day around noon time, can therefore be re-
garded as being due to air motions introduced by planetary
waves since the prevailing wind changes at periods much
longer than those of planetary waves. Because the forcing
and propagation of tides are also influenced by temperature
and wind variations due to planetary waves, the day-to-day
variations of velocity at a given height level have to be
caused anyhow by planetary wave disturbances. The sepa-
ration of tides from the background wind can either be
done by recording the diurnal variation (1), or by averaging
many sample profiles taken at a constant time to deduce
the vertical profile of tidal winds. We essentially report here
results obtained with the latter approach (2), the analysis
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of continuous radar operations to obtain diurnal variations
(1) is still in progress.

Search for Tidal Variations

Horizontal velocities were determined from the Doppler
Spectra if the signal-to—noise ratio (SNR) exceeded a suffi—
cient level. The velocity data were averaged over time inter-
vals of 18 min or longer. An example of height profiles
of the meridional velocity in the mesosphere is presented
in Fig. 2. It shows an average southward wind component
of about 10ms‘1, decreasing to zero velocity around
65 km altitude. The velocity variability from profile to
profile is most likely caused by non-properly smoothed
gravity wave oscillations which often had a substantial ve-
locity amplitude of several m 5”. During the course of
the day the average wind profiles indicate quite a per-
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Fig. 3b. Meridional velocity v as function of height z

sistency, and tidal wind variations cannot readily be recog-
nized.

During the observations in December 1980 and January
1981 two dominating regions of echoes existed: region 1
between 65 and 73 km, and region 2 between ”17 and 82 km,
which are also found in the longer-term statistical analysis
(ref. Fig. 4). The lower boundary of region 1 increased in
height during the afternoon hours, which presumably was
due to the diurnal variation of electron density. The upper
boundary of region 1 as well as the lower boundary of
region 2 kept the same altitude, whereas the upper bound-
ary of region 2 had a tendency of downward progression.
Some Sporadic echoes were also detected in the upper height
region between 85 and 90 km. Turbulence layers generated
by wind shear due to the dominating diurnal tide should
move downwards by several kilometers during 5 h. Since
there is no clear indication on this expectation, it must be
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assumed that other factors such as electron density gra-
dients, lapse rate changes due to the tide or planetary waves,
or gravity waves superimposed on tidal or planetary wave
shear also play a role in generating these echo structures.

In Figs. 3a and 3b zonal and meridional velocities are
shown for four consecutive days in December 1980. These
diagrams show velocities deduced from hourly averages of
Doppler spectra; the antenna pointed at 50 zenith angle.
The zonal velocity was obtained from 13—14 AST and the
meridional from 14—15 AST. During these times sufficient
signal power was mostly found in the two height regions
around z: 70 km and 78 km, which was mentioned earlier.
The zonal velocity u had peak values of 70 m s‘ 1 around
2:70 km and exhibited strong shears of about 0.01 s—1
below 70 km. The day-to-day variation of the zonal compo-
nent was smaller than that of the meridional component.
The latter one changed from southerly to northerly direc-
tion within one day. It is assumed that the consistent wester-
ly velocity u is due to a pronounced prevailing wind, on
which tidal and planetary wave disturbances were superim—
posed. This assumption can be checked by the following
evaluations.

When averaging height profiles of wind velocities over
several weeks, one expects to smooth out variations due
to transient planetary waves. The averaged height profiles
should consist of a superposition of the prevailing wind
and tidal variations if all the observations are performed
during the same time of the day, and it can be assumed
that stationary planetary waves have a small amplitude.
A result of average wind profiles, obtained for the period
10 December 1980 to 18 January 1981, is shown in Fig. 4.
This period of 40 days appears to be sufficiently longer
than typical periods of observed waves which were at about
6 days and 20 days. It therefore can be assumed that the
averaging over 40 days attenuated these planetary wave
oscillations. The height profiles of average velocity in Fig. 4
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indicate a quasi-wavelike pattern superimposed on a steady
change'of background wind with height. This wavelike
pattern has a vertical wavelength of about 12 km and indi-
cates that the velocity vector superimposed on the back-
ground wind rotated clockwise with increasing height. The
amplitude of the wave increased from about 5 m s-1 at
66 km to 8 m s‘1 at 72 km and 10 m s‘1 at 78 km. These
values are slightly smaller than tidal amplitudes in these
height regions, measured by Groves (1975) with grenade
experiments at 5.90 S. We presume that our observations
are consistent with the propagating diurnal tide, but more
detailed investigations of these data have to be carried out.
Our presumption, however, is supported by continuous
measurements during four days in November 1981 which
clearly indicate a diurnal variation. These observations,
which simultaneously were carried out with measurements
by Aso and colleagues at the Jicamarca Observatory in
Peru on the opposite side of the equator, and at other loca-
tions of the globe, will be described elsewhere. Incoherent
scatter observations also showed the diurnal tide over
Arecibo (e.g. Mathews, 1976; Fukuyama, 1981).

On the left-hand side of Fig. 4 also the number N of
days is plotted at which the received echo power exceeded
a given level sufficient for estimating velocity data. One
again surmises the two echo maxima around 70 km and
78 km. It is not discernible that these regions coincide with
regions of maximum wind shear, which supports our earlier
suggestion that other factors, such as electron density or
temperature variations or shears by gravity waves, have
to be regarded as well to explain the mesospheric radar
echoes.

Our analyses of the tidal structure were performed
under the assumption that the prevailing wind, i.e. the
meanfiow due to global circulation, changed linearly. with
height and can be described by the straight lines in Fig. 4.
This may not generally be justified (e.g. Groves, 1980), but
it is the only approach we can take since continuous wind
observations during 24 h a day during the full campaign
could not be achieved at all.

Fig. 5 shows that the prevailing wind in the mesosphere
had a rather persistent component to the east. The arrows
in this diagram represent speed and direction of the 2-hour
averages of the mesospheric winds. At some heights and
times only one wind component could be deduced because
of too low signal-to-noise ratios or restricted radar opera-
tion. These instances are identified by single dots in Fig. 5.
It is seen that the westerly winds were strongest during
the first part but seem to reverse towards the end of the
campaign. The day-to—day variability indicates some oscil-
lating pattern over periods of several days (particularly dur-
ing the first part of the campaign). The echo minimum
around 74 km seems to change slightly its height during
the observation period, which will be discussed further in
subsequent reports.

Search for Planetary Waves (Tropical Wave Disturbances)
To obtain a clearer picture of the day-to-day variations
depicted in the previous section we have plotted in Fig. 6
the time series of velocity deviations u’ and v’ from the
mean velocities ü und v. The profiles of mean velocities,
which are averages over the entire campaign from 10 De-
cember 1980 to ‘18 January 1981, are plotted in Fig. 7. Since
it was not possible to operate the radar on every day be—
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cause of restrictions due to the observatory schedule, a con-
tinuous time series of velocities was not achieved. The inter-
ruptions, however, were not longer than 2 days, and these
gaps were filled by linear interpolation, followed by
smoothing the data series with a 3-point Hamming filter.
This procedure is adequate when investigating time changes
which are longer than 3—4 days. The mesospheric velocities
still had some gaps because of insufficient SNR (Chap. 2.b)
and therefore were height averaged over 68—75 km, which
is roughly the centre height range from which mesospherie
echoes were received. Tropospheric velocities, which could
be deduced up to heights around the tr0popause, are also
included in Fig. 6 to search for tropical disturbances in the
lower atmoSphere. The average velocities have pronounced
maxima in the troposphere around z: 13.5 km, which are
due to the subtropical jetstream. The velocity deviations
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u’ and V’ show some quasi-wavelike disturbances with peri-
ods between 5 and 20 days. These, however, are mostly
confined to height ranges of a couple of kilometers, i.e.
they do not appear to propagate vertically. The spectral
analysis of the zonal (u’) and meridional (v’) component
does not indicate significant amplitudes at the same period
over more than a few kilometers altitude range.

In the mesosphere the zonal component has a significant
maximum of 4m 5‘1 amplitude at a period of about 6
days, as can clearly be seen in the spectra shown in Fig. 8.
This period of 6 days was also found by earlier meteor
radar observations in Puerto Rico (Massebeuf et a1., 1981).
The 6-days period may point to mixed Rossby gravity
waves. However, this oscillation is not at all found in the
meridional component, which is a signature of a Kelvin
wave (e.g. Wallace, 1973). On the other hand, a 6-days
period is not a typical feature of a Kelvin wave. A longer
period, such as 15—20 days, is more typical for Kelvin
waves, and one may assume that this period is also present
in the observed zonal component (see Fig. 8). Hirota (1978)
suggested that tropical wave disturbances, such as Kelvin
waves, can propagate into the mesosphere where they
supply westerly momentum to the zonal mean flow. It
cannot be concluded from our presented preliminary obser-
vations if the wave disturbances we observed had propa-
gated from the lower atmosphere to the mesosphere. Al-
though the energy source of tropical wave disturbances lies
in the troposphere, they most prominently can be detected
in the stratosphere. Since our depicted VHF radar observa—
tions do not yet cover the stratosphere (due to moderate
radar power and sea-clutter problems), analyses of radio-
sonde data of stratospheric winds have to be included for
following investigations. Oscillations with 5—6 and 12—18
days period are also prominent in the stratosphere and me-
sosphere at middle latitudes and could well generate wind
oscillations with small meridional amplitudes at low lati-
tudes (Madden, 1979). We consequently cannot clearly
decide from our single-location observations which type of
wave we had observed.

Summary

We have described some features of VHF radar observa-
tions which were carried out at the Arecibo Observatory
during December 1980 and January 1981. We conclude
from our preliminary data interpretation that mesospheric
signals are strongly controlled by the background electron
density profile. This evidence leads to some limitations for
continuous recordings of turbulence and winds in the me-
sosphere. During daylight hours mesospheric winds could
essentially be determined in the height range between 65
and 80 km. Average profiles measured during a nearly
6-weeks campaign from 10 December 1980 until 18 January
1981 indicate velocity variations due to the diurnal tide.
Wind oscillations with a period of 6 days showing a typical
feature of a Kelvin wave, namely a negligible meridional
velocity component, are found in the mesospheric wind pro-
files.
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Abstract. The dependence of auroral backscatter amplitude
on different ionospheric parameters (conductivity, current
density, electric field) is studied by means of data recorded
by STARE (Scandinavian Twin Auroral Radar Experi—
ment), the two-dimensional Scandinavian Magnetometer
Array (SMA), and auroral all—sky cameras. The observa—
tions were made on 16 March 1978 during pre-substorm
conditions in the region of the eastward polar electrojet.
The paper shows that in this event the auroral backscatter
amplitudes in the 140 MHz frequency band were controlled
mainly by spatial variations in the electron density or con-
ductivity inside the back—scatter volume. To a certain extent
also a linear relationship between backscatter amplitude
and ionospheric current density was found but it is regarded
as a special case of a more general relationship between
electron density and backscatter amplitude. A stable discon-
tinuity in the Hall conductivity over the most equatorward
auroral arc was deduced from the data: On the equator-
ward side the conductivity was 3—5 times higher than on
the nearby poleward side. Our conclusions are discussed
in the light of some previously published results on the
same subject.

Key words: Radar aurora _ Eastward electrojet — Substorm
growth phase — Hall conductivity — Backseatter amplitude

Introduction

During recent years the possibilities for ionospheric diag-
nostics by means of auroral radars have been improved
considerably. A linear relationship between radar auroral
amplitude and horizontal ionospheric current density was
first found by Greenwald et al. (1973) and later confirmed
by Greenwald et al. (1975), Siren et al. (1977), Baumjohann
et al. (1978) and Mareschal et al. (1979). By means of
Doppler techniques, radars have been used to record radial
and two-dimensional horizontal ionospheric electric fields
(see Greenwald et al., 1978; Cahill et al., 1978; Greenwald,
1979 and references therein). By investigating the different
types of auroral backscatter much has been inferred on
currents associated with auroras, different phases of mag-
netic storms or substorm activations, and the spatial loca-
tion of radar auroral activity (Greenwald et al., 1973, 1975;

Unwin and Keys, 1975; Tsunoda et al., 1974, 1976a, b;
Tsunoda and Presnell, 1976; Uspensky, 1977; Kustov et al.,
1979)

Powerful new tools like STARE (Scandinavian Twin
Auroral Radar Experiment, Greenwald et al., 1978) have
facilitated simultaneous temporal and spatial studies of
electric fields. There are still several open questions in this
field but at present the key problem seems to be to resolve
the exact nature of factors affecting the amplitude of radar
aurora. This is not a simple problem: the radar auroral
amplitude depends on the aspect angle, frequency band
(Chestnut 1968; Pyatsi, 1974) and on the azimuth angle
between the line-of—sight and the mean irregularity drift
velocity (Andre, 1980).

The data presented in this paper were obtained during
a substorm growth phase in the evening sector of 16 March
1978. We have found that there exists a distinct “jump”
in the Hall conductivity across the most equatorward dis—
crete auroral are. In some cases the conductivity “jump”
is separated from the auroral are by a gap in diffuse lumino-
sity on the equatorward side of the arc. The picture that
we obtain by means of auroral radars seems to be in agree—
ment with the morphology of diffuse auroral luminosity
(Lui and Anger, 1973; Lui et al., 1973; Lui et al., 1977;
Val’chuk et al., 1979).

According to our findings the 140 MHz backscatter am-
plitude may not always be linearly related to the ionospheric
current density. Instead, in our case a better linear relation
appears to exist between the backscatter amplitude and the
mean electron density in the backscatter volume. This is
especially valid for electric fields exceeding 1.5—2 times the
threshold value for irregularity excitation.

Experimental Description

This paper is based on ground-based data obtained during
the “Auroral Breakup Campaign (ABC)” in 1978 at a
number of Scandinavian and Soviet (Kola peninsula) sta-
tions (Fig. 1). Auroras were recorded by all-sky cameras
at Kilpisjarvi (KIL), Kevo (KEV), Muonio (MUO), and
Ivalo (IVA) in Finland and at Loparskaya (LOP) in the
USSR. The dashed line in Fig. 1 marks the border of the
field of view at 750 zenith angle at 100 km height for all
cameras.



|00000047||

Fig.1. Map of Northern Scandinavia and the Kola peninsula
showing the geographical coverage by the STARE and Essoyla
radars and the location of other instruments. The dashed line gives
the field of view of the four all—sky cameras at 100 km for 150
elevation angle, KIL — Kilpisjarvi, MUO — Muonio, KEV — Kevo,
FMI, Finland and LOP — Loparskaya, PGI, USSR. The near rect—
angular area on the left hand side is the STARE field of View
and on the right hand side is the Essoyla 93 MHZ antenna beam.
The black points give the sites of the SMA magnetometers used
in this study

The nearly rectangular region on the left hand side in
Fig. 1 is the area covered by STARE measurements of irre-
gularity drift velocities (Greenwald et al., 1978). The mea-
surements are made in the 140 MHZ band. The grey vertical
strip inside the STARE region is the longitudinal interval
of integration for the latitude-time pictures used in the pres—
ent study (cf. Fig. 4). The intensity data are not corrected
for range, antenna radiation pattern and aspect angle. If
we do not take into account the aspect angles (for 110 km
height in the vertical strip in Fig. 1 they are in the interval
89—910), the correction factor, D‘3 (D is the slant range),
increases with increasing latitude. Inside the vertical strip
it is 1.5 dB per 100 km, approximately.

The narrow beam on the right hand side is the antenna
lobe of the 93 MHZ Essoyla radar, the grey area denoting
the highest sensitivity range interval of the radar. It uses
a line cable antenna (Balsley and Ecklund, 1972) with the
beam directed towards Loparskaya. The azimuthal width
of the antenna lobe is around 1.50. The temporal and spatial
resolutions for the radars are 20 s and about 20x 20 km
for the STARE system and 2—5 s and 3 x25 km for the
Essoyla radar.

The irregularity drift velocity vectors were obtained
from the Doppler shifts of the radar auroral backseatter
recorded simultaneously by the STARE radars in Norway
and Finland. The directions and magnitudes of the vectors
were calculated by assuming that there exists the so-called
“cosine—dependence” (Greenwald, 1979) of the Doppler
shift magnitude on the angle between the mean irregularity
drift direction and the radar wave vector k. Sudan et al.
(1973), for example, have presented some theoretical evi-
dence that the irregularity drift velocity is equal to the elec-
tron drift velocity, v.., and hence the drift vectors are op—
positely directed to the Hall component of the ionospheric
current. Simultaneous STARE and in situ rocket measure—
ments of the ionospheric electric field (Cahill et al., 1978)
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tend to confirm this relationship. This implies that the iono-
spheric electric field, E, can be determined from the radar
measurements, because in the E-layer E= —v. x B holds,
where B is the geomagnetic field vector.

The black dots in Fig. 1 indicate the sites of the Scandin-
avian Magnetometer Array (SMA) stations used in this
study. Most of the stations are located along roughly paral—
lel north-south profiles. The spacing between magnet—
ometers along these profiles and between the profiles them-
selves varies from 100 to 150 km. All magnetometers
observe the magnetic field with a temporal resolution of
10 s. A detailed description of the SMA stations used in
the present study has been given by Kuppers et al. (1979).

Observations

On the evening of 16 March 1978 at about 1830 UT a
substorm onset was observed at the Scandinavian and Kola
peninsula stations. Details of the substorm have been de-
scribed earlier by Kustov et al. (1979) and Starkov et al.
(1979), who observed that the substorm began at 1827 UT
to the east of the area under observation. The sharp sub—
storm initiation was preceeded by a continuous joint equa—
torward motion of discrete auroral arcs and radar aurora.
During the entire period intense radar aurora was located
on the equatorward side of the most equatorward arc of
the discrete auroral oval. The whole equatorward shift was
about 2.50 in latitude. The equatorward motion began at
1756 UT and continued for about 30 min with a mean speed
of about 150 ms‘ 1. The period prior to the substorm onset
was relatively quiet, resembling an interval between two
moderate substorms.

The SMA observations (displayed in Fig. 2 in the equiv-
alent current arrow representation) show that between
about 1800 and 1830 UT an eastward electrojet was flowing
over Scandinavia. The latitudinal center of the current was
located over Kiruna (67.80 N) at the beginning of this inter—
val and about 150 km south of Kiruna at 1824 UT. Hence,
the equatorward speed of the current density maximum
(about 90 ms‘ 1) was less than that of the most equatorward
discrete arc. Moreover, throughout the whole interval the
current density was higher to the south of the are which
was located north of Kiruna.

The coordinate system indicated in the upper left
corners of the diagrams in Fig. 2 has been introduced by
Kuppers et al. (1979) and has been named the Kiruna sys-
tem. It is a Cartesian system obtained by a stereographic
projection of the globe onto a tangential plane centred at
Kiruna, Sweden (67.80 N, 20.4O E). The yK, axis of the sys—
tem, whose origin is situated at Kiruna, has been chosen
as the tangent to the projection of the revised corrected
geomagnetic latitude circle (Gustafsson, 1970) through
Kiruna (64.80 N). The xK, axis points approximately 12“
west from geographic north at Kiruna.

During the period of equatorward expansion the most
equatorward arc was located for an unusually long period
within the STARE field—of—view. The equatorward move-
ment of the auroral arc was observed simultaneously in
both the Finnish and the Soviet sectors. The observations
of aurora and radar aurora are shown in Fig. 3 in a geo—
graphical coordinate system. The solid and dashed curves
indicate the location of the lower border of the auroral
arc. The intensity of radar aurora on the STARE system
is given by a grey scale. The radar auroras recorded by
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the STARE and Essoyla radars move equatorward simulta-
neously. The figure shows that the Essoyla radar aurora
is bordered by optical aurora on the poleward side while
the STARE system (Finnish radar) detected radar aurora
on both sides of the are. From the STARE frame an ampli-
tude difference of 10—15 dB can be seen between the equa-
torward and poleward radar aurora, with more intense
radar aurora equatorward of the arc. Since the Essoyla
radar is not as sensitive as the STARE radars, the observed
amplitude difference in the STARE data may be sufficient
to explain the absence of radar aurora poleward of the
arc in the Soviet data.

Figure 4 shows latitude—time diagrams of the STARE
electric field data and radar auroral amplitudes recorded
in Norway (N) and in Finland (F). The solid curves show
the arc locations. The time interval of main interest to us
is bounded by two arrows at 1800 and 1824 UT. In this
period one observes an equatorward motion prior to sub—
storm activation. As in the case of Fig. 3 above, the arc
shown and discussed is the most equatorward are that was

observed. There are other arcs poleward of this arc that
move approximately in accordance with it. Equatorward
of the most equatorward arc, the northward electric field
is sufficiently strong (25—35 mV/m) to exceed the threshold
for excitation of the plasma waves which produce the radar
back-scatter. Poleward thereof, there are somewhat higher
electric field values. The east-west component of the electric
field (not shown) is considerably less than the northward
one, and remains at approximately the same strength on
both the equatorward and poleward sides of the arc. The
latitudinal electric field distribution shown in the top panel
of Fig. 4 is in remarkable contrast to the radar auroral
amplitude distribution shown both in the lower panels of
Fig. 4 and in Fig. 3. Indeed, the radar aurora is more
intense equatorward of the arc than on the poleward side,
while the electric field magnitude behaves in the opposite
way (higher values on the poleward side than on the equa-
torward side; the direction remains approximately un-
changed between both sides of the arc).

It is known that the ionospheric irregularities are excited



.IT
-r . 1. .

STARE (Fl PGI RADAR
36mm‘..§° .‘ "' 1803 UT'

.--‘--‘—-‘-—i*-I
'

72
. r r v v „. I "

C5
(5 71 . 1311 . -
LIJ
D . - .
D ïÜ

l:
'3' ' ' ' " " M‘ c l I I I ‘I

F‘ _. _
I

. : . i. :::‚':,:.

l...

II e

....|

15 19 23 27 31 35

LONGITUDE G G
Fig. 3. The most equatorward auroral arc and radar aurora ob-
served over Northern Scandinavia and the Kola peninsula simulta—
neously. The radar auroral amplitude is shown in grey scale, the
heavy line and heavy dashed line denote the arc location

if the electric field exceeds a threshold value which depends
on the radar frequency and is typically between 15 and
30 mV/m (Tsunoda and Presnell, 1976; Siren et 31., 1977;
Moorcroft, 1979; Cahill et 31., 1978). In the top panel of
Fig. 4 the radar aurora begins to disappear where the elec-
tric field is between 15 and 20 mV/m, in agreement with
earlier STARE measurements.
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Using the linear relationship between radar auroral am—
plitude and current density observed in several experiments
(Greenwald et al., 1973; Greenwald et 31., 1975; Siren et 31.,
1977;'B3umjoh3nn et 31., 1978; Mareschal et a1., 1979), we
may conclude that the 10—15 dB amplitude variation across
the arc implies an eastward current density on the poleward
side of the are that is 3—5 times less than that on the equa-
torward side. This is in quantitative agreement with Fig. 2.
Since the electric field is greater in the poleward region,
the current density change would be due to a conductivity
difference of more than a factor of 3—5 on the two sides
of the arc. This conclusion differs from that drawn by
Greenwald et 31. (1975) and Greenwald (1979) who consid—
ered the linear relationship of current density and radar
aurora amplitude to be a consequence of electric field varia-
tions.

Quantitative Comparison between Height-Integrated
Hall Current Density, Northward Electric Field,
Height-Integrated Hall Conductivity
and Backseatter Amplitude

The rather constant eastward direction of the equivalent
current arrows in Fig. 2 and the rather constant direction
of the electric field observed by STARE suggests that it
is possible to apply methods of two-dimensional potential
theory for computing the external part of the northward
magnetic field distribution along the xx; axis at ionospheric
heights. This has been done earlier by Mersmann et a1.
(1979) and the method was later improved by Baumjohann
et 31. (1979) 3nd Sulzbacher et 31. (1980). Two-dimensiona-
lity in this respect means that all quantities are independent
of one coordinate which in our case turns out to be )2“.

In Fig. 5 we display latitude profiles along the x“ axis
of the A (parallel x“) and Z (vertical) components of the
magnetic disturbances observed along SMA profile 4 3t
1800, 1806, 1812, and 1818 UT, i.e. each 6 min throughout
the interval of interest. The profiles indeed show that the
maximum A component (about 200 nT) is located well
south of the most equatorward discrete auroral arc.

Field separation and subsequent upward continuation
is done by first Fourier analysing the A and Z latitude
profiles displayed in Fig. 5, then combining A and jZ
Fourier transforms (j imaginary unit), and afterwards mul-
tiplying the resultant Fourier coefficients with ekl’ (h is the
assumed height of the base of the ionospheric current layer).
A subsequent Fourier synthesis yields the external magnetic
north-south component V just below the ionospheric
current layer. We have chosen h: 120 km according to the
average height distribution of eastward electrojets (Kamide
and Brekke, 1977).

In Fig. 6 we display the resultant V profiles at 120 km
height. The above-mentioned relation between the north—
ward magnetic disturbance maximum and the discrete
auroral arc becomes even clearer. Since the electric field
is northward directed, the northward external V compo-
nents must be caused by an ionospheric eastward flowing
Hall current. Since the vertical thickness of the Hall current
that flows along the y,“ axis is small as compared to its
latitudinal extent, the eastward electrojet may be described
by a surface current density distribution “(Â-“51(1)- This quan-
titity is related to the height-continued external magnetic
component VU“) by multiplying it with 2/“0.

The eastward height-integrated Hall current density J},
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(parallel yKI) around the discrete arc is displayed in Fig. 7
together with the northward electric field component Ex
(parallel xKI), the height-integrated Hall conductivity (EH:
Jy/Ex) and the backscatter amplitude 0,, which is here
defined as 10‘SNR[dB]/20. The mean backscatter amplitude
values were taken along a strip which runs approximately
parallel with the xKI—axis and where these values were small-
est, i.e. where the azimuth angles 6 between the line-of-sight
of the radar and the mean irregularity drift velocity vectors
are around 900. The longitudinal range of the strip was
two degrees.

Figure 7 exhibits clearly an anticorrelation between elec-
tric field and Hall conductivity, and electric field and radar
auroral amplitude, respectively. Such a feature for the east-
ward electrojet has recently been mentioned by Baumjo-
hann et al. (1980). The Hall conductivity and radar ampli-
tude profiles seem to be well correlated. As here the Hall
conductivity (compared to the E—field) is a dominating fac—
tor, a similar type of correlation can, in principle, be found
between radar amplitude and current density.

Discussion

Our event shows that the current density and radar ampli-
tude profiles in the evening sector are more closely related
to the conductivity profile than to the northward electric
field profile. In this context, the following facts may be
mentioned:

a The dependence of the radar amplitude on the conduc-
tivity follows directly from the equation for the radar vol-
ume cross-section since the height-integrated Hall conduc-
tivity is approximately linearly related to the ES—layer elec-
tron density. If we exclude those terms of the equation
that are not essential for our discussion, then (see Booker,
1956; Flood, 1967)

av2°<AN/N)2>°F(z//,8), (1)
where A N/N is the fractional variation in the mean electron
density N, and the term on the right hand side is a function
of aspect angle and azimuth angle anisotropies. Hence,
Equation (1) shows that the radar amplitude, av, is pro-
portional as well to the fractional variation in the mean
electron density as also to the electron density itself.

b Keskinen et al. (1979) studied numerically the nonlin-
ear evolution of large-scale type II irregularities and found
the existence of a direct proportionality between electric
field values and < (A N/N)2 > 1/2 (mean effective magnitude
of the fractional variation in mean electron density). In
their case the radar backscatter amplitude and ionospheric
current density are both controlled by the electric field
values, i.e. the electron density seemed to be a factor of
minor importance for the fractional density variations.

We believe that the analysis of our data in Fig. 4 clearly
shows that the linear backscatter amplitude — current
density relationship here is mainly due to conductivity, i.e.
electron density, changes (point a), since our results show
a clear correlation between a, and 2H, while between

a, and E a clear anticorrelation prevails. The latter ap-
parently has its cause in the well known anticorrelation
between conductivity and electric fields (e. g. Baumjohann
et al., 1980).

Since the influence of the mean electron density on the
backscatter amplitudes is obvious from Equation (1) and
can easily be seen in Fig. 4 and if we furthermore assume
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Fig. 8a and b. STARE backscatter amplitudes (from the Norway
radar) normalized by the height-integrated Hall conductivities
(electron densities) as functions of a electric field amplitude and
b Hall conductivity. The bars show standard deviations and the
numbers in the histogram boxes give the number of cases for the
respective range of values. The backscatter amplitudes are cor-
rected for aspect angle and slant range dependence

that F(i//,0) in Equation (1) is approximately constant in
our case, it remains to be checked if and how the fractional
density variations are dependent on the electric field and/or
the mean electron density. Since < (AN/N)2 > 1/2 is propor-
tional to l/gv/N (if F(w,6)=const.) and since N is roughly
proportional to EH we have calculated l/Ëv/ZH for all
samples recorded by the radar in Norway between 1800
and 1814 UT and plotted these values in the form of histo-
grams versus electric field amplitude (Fig. 8a) and height-
integrated Hall conductivity (Fig. 8b) — 2H was calculated
in the same way as for Fig. 4. Fig. 8 shows rather clearly
that there is at least no simple relationship between the
fractional electron density variations and electric field or
electron density in our case and thus the present result does
not support the findings of Keskinen et al. (1979).

Our experimental results lead us to the following conclu-
sions. If the electric field E(t, r) is constant, but the electron
density varies, then av~ N~ZH~IH. This is in agreement
with the linear relationship between the radar amplitude
and current density found earlier by many authors (Green-
wald et al., 1973; 1975; Siren et al., 1977; Baumjohann
et al., 1978; Mareschal et al., 1979). However, if the elec—
tron density is constant but the electric field varies we have
no reason to expect a linear relationship between the radar
amplitude and the ionospheric current density. As a result
of our analysis and experimental findings we consider the
earlier experimentally found linear relationship between the
radar auroral amplitude and the ionospheric current density
as a special case of a more common linear relationship
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of the radar auroral amplitude and the mean electron
density in the backscattering region.

It is not realistic to look for an inverse relationship
between the backscatter amplitude and the electric field ev—
erywhere in experimental data. In the 140 MHz frequency
band the radar amplitude is determined mainly by the elec-
tron density in the echo region while for lower frequencies,
e.g. 50 MHz band, the relationship may be more compli-
cated. This may explain the differences between the present
conclusions and the earlier suggested electric field depen-
dence (Greenwald et al., 1973; 1975) which was based on
radar auroral data in the 50 MHz band.

Tsunoda et al. (1976 b) have suggested that in the even-
ing sector the location of the poleward border of the
398 MHZ diffuse radar aurora depends on the particle pre—
cipitation pattern. They also noted that beyond the pole—
ward boundary of the diffuse radar aurora echoes disap-
peared in spite of strong electri': .ield in this region. The
authors suggested that the electron density must be very
low polewards of the boundary of diffuse radar aurora.
In this work we have found a similar type of meridional
electron density profile, Fig. 7.

The existence of a distinct poleward boundary of diffuse
radar aurora was reported by Balsley et al., (1973), Green-
wald et al. (1973), (1975), Tsunoda et al. (1974), (1976a,
b), Kustov et al. (1979). Our findings allow us to consider
the poleward boundary of the evening diffuse radar aurora
as a persistent meridional pattern in the electron density.
Indeed, in the event discussed the comparison of the electric
field meridional profile with the upward continued magnet-
ic field profile (Fig. 7) allows us to conclude confidently
that the reduction in amplitude of radar aurora northward
of the arc, i.e. the evening radar-aurora/aurora interface,
is a result of a lower ionospheric Hall conductivity poleward
of the arc as compared to the Hall conductivity equator-
ward of the arc.

Summary

a During the time prior to a substorm onset the height—
integrated Hall conductivity has a distinct jump across the
most equatorward auroral arc in the evening sector of the
discrete auroral oval. In the event studied the conductivity
decreases by a factor of 3—5 in going from the equatorward
side of the arc to its poleward side.

b We find that the radar auroral amplitude changes
proportionally to the changes in mean electron density and
Hall conductivity in the regions poleward and equatorward
of the arc. This occurs in regions where the E—field shows
only minor changes.

c The abrupt decrease of the mean electron density on
the poleward side of the most equatorward arc is the main
cause of the distinct decrease in radar aurora backscatter
amplitude poleward of this auroral arc.

d The analysis of electric fields and currents in the pres-
ent event shows that there is a linear or nearly linear rela-
tionship between the 140 MHz radar amplitude (l/Év) and
the mean electron density (N) (conductivity) in the back-
scattering region provided that the electric field values are
somewhat higher than the threshold values needed for irre-
gularity excitation.

e Our results suggest that the earlier experimentally
found linear relationship between the radar amplitude and
the ionospheric current density is a special case of the more
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common relationship between the radar amplitude and the
mean electron density in the backscattering region.
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Abstract. Radar aurora amplitudes have been correlated
with mean electron density measurements by means of iono-
sondés during two geophysically widely different events.
A similar, roughly linear relationship was found between
the two quantities in both cases. On the other hand, the
amplitude seems to be almost independent of the ambient
electric field, once it is well above the instability threshold.

Key words: Radar aurora amplitude — Electron density.

Introduction

Greenwald et a1. (1973) found a linear relationship between
the 50 MHz auroral backscatter amplitude and ionospheric
current density in the backscattering region. Subsequent
papers (Gray and Ecklund, 1974; Greenwald et al., 1975;
Siren et al., 1977; Baumjohann et al., 1978; Mareschal
et al., 1979), where an appreciable data set was used, con-
firmed this linear relationship in general but Greenwald
et a1. (1975) found that sometimes it breaks down. The rea-
son for such a linear relationship is, on the whole, not
clear; Greenwald (1979) has used the findings of Sudan
and Keskinen (1979) as an explanation: for rather large—
scale gradient-drift irregularities a linear relationship may
exist between irregularity amplitudes and the ambient iono—
spheric electric field. On the other hand, André (1980)
found experimentally, for the 140 MHz band, an inverse
relationship between radar auroral amplitude and electric
field when the latter was well above the instability thresh-
old.

Recently, Starkov et a1. (1980) and Uspensky et a1.
(1982) have suggested that the experimentally found linear
relationship between radar amplitude and ionospheric
current density, quoted above, is a special case of a more
common relationship between radar amplitude and mean
electron density in the backscattering region. The present
paper aims at checking this result.

We start from the equation for the effective volume
cross-section for radar wave backscattering from the iono-
sphere (Booker, 1956; Flood, 1967; Farley, 1971). The es-
sential part of this equation is:

0v~N2<(4N/N)2>F(I//, 6) (1)
where N=mean electron density in the backscattering
region,
<(AN/N)2> =mean square of relative small—scale spatial

electron density fluctuations, AN(2k), k=wave vector,
F(w, 6)=normalized aspect angle and azimuth angle an-
isotropy function (radar aspect angle=angle between the
geomagnetic field line an the radio ray; azimuth angle:
angle between the mean irregularity drift velocity and the
radio ray).

The RHS of Eq. (1) is the three-dimensional spatial power
spectrum of the electron density fluctuations. The an-
isotropy function depends on the geometry of scattering
only. If its variation is small (or is constant), 0, depends
mainly on the first two terms, viz. N2 and <(AN/N)2>.

Uspensky et al. (1982) have found in one event a rather
weak dependence between the small—scale electron density
fluctuations <AN/N)2>1/2 and the E field above instability
threshold and suggest that the radar amplitude is mostly
controlled by ionospheric electron density. To answer the
question of whether this is more generally the case we study
below two events where the electron density could be deter—
mined by ionosonde measurements. The auroral radar data
are from STARE (Scandinavian Twin Auroral Radar Ex—
periment); we have used results from the Finnish STARE
station at Hankasalmi.

Observations

11 December 1977

This event has been studied in detail by André (1980). The
STARE amplitudes, as seen by the Finnish radar, are
shown in Fig. 1; these have been taken from André’s paper.
The data were obtained in a region 100 km >< 100 km, with
its southern border located about 50 km north of Tromsö.
We have included in Fig. 1 the STARE E—fields; the shaded
stripe depicts the E—field threshold for instability
(15—20 mV/m) (Siren et al., 1977; Cahill et al., 1978; Moor-
croft, 1979), and we see that the E—field was well above
the threshold during the whole event.

For this event the azimuth angle varies between 100
and 120 degrees. If we assume that the azimuth-dependence
of radar amplitude obeys approximately the equation,
found from experimental statistics (André, 1980),

F(6, wz0)=10(1+cos26) dB (2)

then in the above-mentioned azimuth range the F(6, w)
variations would be about 4.4 dB or approximately the
same as the scatter of radar amplitude values in Fig. 1a,
i.e. influence of azimuth angle variations on radar amplit-
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Fig. la and b. Data for the event 11 Dec 1977: a STARE E field
magnitude, b STARE backscatter amplitude from the Finnish
radar (scattered small dots), as well as the electron density from
the MMK ionosonde (heavy dots) and from the TRO ionosonde
(star)

ude in this case would be rather weak; probably it is even
smaller than given by Eq. (2), as during rapid variations
of the azimuth angle around 0900—0915 and 0935 UT the
amplitude changes are rather small.

The influence of the aspect angle anisotropy Fol/r, (9271/
2) is also small because in the limited area in question the
aspect angle is small and approximately constant. Thus,
in what follows, we can concentrate on the first two terms
on the RHS of Eq. (1) only.

Sudan and Keskinen (1979) and Greenwald (1979) have
come to the conclusion that the effective mean electron
density variations are linearly related to the ionospheric
E. field. Our data in Fig. 1 disagree with this conclusion,
since there seems rather to be an anticorrelation between
the E-vield and radar amplitude variations. Thus it seems
to us that, for over-threshold E—fields, variations in N and
Û can explain the main part of radar amplitude variations.

We have checked this assumption by using ionosonde
data. The ionosonde in Tromso (geographic coordinates
69.7D N, 19.0Ü E) was measuring near the backseatter region
(70.0—71.0" N, 18.0—20.0D E). Unfortunately, only one
sounding was made per hour, and at 0955 UT no numerical
value for fhEs (a measure of the electron density in the
E region) was obtained due to the lacuuna phenomenon
(a gap in the ionogram trace). At 0855 UT b,= 3.1 MHZ.

The ionosonde at Murmansk (69.0” N, 33.0” E) was
sounding every 10 min. At 0900 UT Murmansk obtained
the value of 3.0 MHZ for bS, i.e. about the same value
as at Tromso 5 minutes earlier. It seems to us that the E5
layer had, in this case, about the same density above both
stations, and we assume that the same condition prevailed
during the next hour.

The electron density values, obtained from ionosonde
data, have been added to Fig. 1 (Murmanskzheavy dots,
Tromsizi=a star). The same logarithmic scale was used for
N as for radar amplitude, the N curve being shifted along
the vertical axis for best possible fit with the intensity.

Radar amplitude and electron density are seen to exhibit
fairly similar temporal variations. The increase around
0940 in both curves is particularly conspicious (though a

time shift of about 5 minutes is seen, possibly caused by
the Spatial separation of Murmansk from Tromso area.
Approximately the same time shift was seen in the signature
of backscatter appearance over Tromso and Murmansk,
as recorded by radars of the Polar Geophysical Institute).

We may conclude that a satisfactory agreement exists
during this event between backseatter amplitude and elec-
tron density in the backseattering region, irreSpective of
variations of the electric field, once it is above the instability
threshold.

16 March 1978

This event was observed around three months later than
the previous one. The technical characteristics of the
Finnish radar were approximately the same as before; thus
we are able to compare quantitatively the two independent
and geophysically different events. (Note that the first event
was observed in the morning sector when the ionosphere
was sunlit, the second one in the growth phase of a sub-
storm in the premidnight sector.)

The geophysical situation for the 16 March event has
been described by Kustov et al. (1979) and Uspensky et al.
(1982). The substorm was in the growth phase at
1756—1830 UT. In the STARE viewing area a stable and
almost unstructured eastward current flow was observed.
The most equatorward auroral arc in this area moved equa-
torward for an unusually long time. Equatorward of this
arc diffuse luminosity existed. The current density on the
equatorward side of the arc was 3—5 times higher than on
the poleward side. The local breakup over the STARE
viewing area occurred at 1833—1835 UT.

In the interval 1755—1830 UT we have data from five
ionosondes: Tromso (TRO), Kiruna (KIR) (67.8Ü N,
20.40 E), Sodankylä (SOD) (67.4Ü N, 26.6D E) Murmansk
(MMK) and Loparskaya (LPY) (68.6“ N, 33.0“ E). The
TRO and KIR ionosondes were measuring immediately
under the STARE viewing area and 30 km south of it, re-
spectively, making one sounding per hour. The SOD iono-
sonde was located around 70 km east of the eastern border
of STARE viewing area and measured once every
30 minutes. The MMK and LPY ionosondes were measur-
ing about 320 km to the east of SOD every 15 minutes.

During the time interval (35 minutes) used here, a ho-
mogenous current flow has been deduced from the SMA
(Scandinavian Magnetometer Array) data (Uspensky et al.,
1982). The electron density was fairly uniform in the whole
longitudinal range of ionosonde measurements. For
example, at 1800 UT bs was 4.6 MHz at LPY and f,,Es
4.5 MHZ at KIR and 5.3 MHz at SOD. (On the two last
stations, no F-layer trace was seen, therefore b, could
not be scaled, f,,Es being the upper limit for bS, the lower
limit being about 0.7 MHz less.) So, we think that we can
project SOD, MMK and LPY ionosondes along the auroral
are into the STARE viewing area.

Both Events

In Fig. 2 we show data for both events together. The main
aim of the picture is to show the quite satisfactory agree-
ment between the absolute values of the electron densities
and the radar aurora amplitudes in the two different sets
of data. A dashed line has been added to the figure, depict-
ing an assumed linear dependence between electron density
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Fig. 2. Backseatter amplitude vs. electron density plot for 11 Dec
1977 and 16 March 1978 data. The scatter ranges of December
data are shown by means of thin vertical lines, the March data
are shown by means of heavy dots with the time of measurement
and the abbreviated name of the ionosonde station. Where neces-
sary, the backscatter amplitude for March data has been corrected
for azimuth dependence to correspond to the azimuth angle 900
The estimated standard deviations for March 16 data are $2 dB
in SNR and 10% in N. The numbers in parantheses give the electric
field intensity (in mV m‘ 1) for the respective measurements

and backscatter amplitude. For the location of the March
points, the following explanations are necessary:

At 1755 UT N was 1.2 ><1011 m—3 at TRO. The back-
scatter amplitude measured by the Finnish STARE radar
just above the ionosonde was 8 dB. The azimuth angle of
the mean irregularity drift velocity was 19:1170, thus the
azimuth angle correction is 4 dB (Eq. 2) and the corrected
value (for 6:900) 4 dB.

For LPY N was 2.8 ><1011 m—3 at 1800 UT. By project-
ing LPY parallel to the are we found a minimum SNR = 8—
12 dB. No azimuth correction is necessary in this case, be-
cause these values were obtained at about 6: 900. We have
plotted the mean of 8 and 12 dB, i.e. 10 dB.

For KIR N was (1.8—2.5) x 1011 m“3, and the backscat-
ter SNR =12 dB for the nearest point to KIR. The azimuth
angle there is circa 750, and the SNR, corrected for azimuth
dependence, 10.7 dB. We have estimated the same SNR
for SOD, the projection of which lies a little more to the
south of the viewing area of STARE than that of KIR;
the corresponding N=(2.8—3.5) >< 1011 m‘3. We have indi-
cated in Fig. 2 for SOD and KIR the possible ranges of
N, caused by the uncertainty in bS, by means of a horizon-
tal bar.

At 1815 UT LPY and MMK were located 50—80 km
poleward of the arc. Both ionosondes observed the ES-layer
electron density to decrease (to 0.8 >< 1011 and
0.7 x 1011 m"3‚ respectively). For the MMK ionosonde the
projection gives the SNR of 4 dB, for LPY that of 8 dB.
The latter value in particular is somewhat higher than ex-
pected. We explain these high values as follows:

Around 1813—1814 UT a sudden, short-lived increase
in SNR occurred poleward of the arc. This increase was
seen by the Finnish STARE radar and also by the Polar
Geophysical Institute 46 MHz PPI radar at Essoyla. Also
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LPY all—sky data seem to show a short—lived, localized
diffuse luminosity in this area around the same time. Thus
we conclude that at 1815 UT the possibility of projecting
ionospheric data along the arc temporarily breaks down
and that the SNR’s obtained by projection have to be
reduced. We have indicated this fact in Fig. 2 by moving
the MMK and LPY values for 1815 UT downward by 4 dB
to correspond to SNR-values just before and after the tem-
porary disturbance (4 dB is the gradation in SNR used in
our set of data).

At 1830 UT N was 1.8 ><1011 rn‘3 for SOD and
0.85><1011 m‘3 for LPY. The minimum SNR value for
the SOD projection was 4 dB, that for LPY was smaller
because the backscatter disappeared. This is why we have
indicated for LPY the SNR interval 0—4 dB.

Discussion

In the two events studied here the variations of backscatter
amplitude can very satisfactorily be explained by variations
of electron density in the backscattering region. In addition,
as seen in Fig. 2, the two events yield, in spite of the very
different geophysical conditions, approximately the same
linear dependence between these quantities and a good mu—
tual agreement in absolute values (within the bounds of
the long-term stability of radar characteristics). On the
other hand, as we have shown here for the 11 December
1977 event and as has been shown by Uspensky et al. (1982)
for the 16 March 1978 event, the amplitudes seem to be
nearly independent of the E-field, once it is above the in-
stability threshold.

Uspensky et a1. (1982) suggest that the linear relation-
ship found earlier between radar amplitude and ionosheric
current density (Greenwald et al., 1973; Greenwald et al.,
1975; Siren et al., 1977; Baumjohann et al., 1978; Mares-
chal et al., 1979) is a special case of the more general rela—
tionship between radar amplitude and mean electron
density. Our result seems to be in quite satisfactory an
agreement with this suggestion. Its should be noted also
that Haldoupis (1981) has suggested that Pi2-variations of
radar auroral amplitudes most likely are due to conductivity
modifications because the former did not coincide with elec-
tric field variations.

The small dependence (or independence) of the back-
scatter amplitude on the ionospheric E.-f1eld may be a result
of nonlinear saturation of the growth of plasma instabili-
ties. Some attempts to develop quasi-linear and non-linear
theories which are able to explain a saturation of the Farley—
Buneman instability have been made e. g. by Kamenetskaya
(1971), Weinstock and Sleeper (1972), Sato (1972, 1976,
1977), Rogister and Jamin (1975), Volosevich and Liper-
ovsky (1979) and Volosevich et al. (1979). A more extensive
description of this problem can be found in the recent
review by Fejer and Kelley (1980). We do not attempt to
discuss the results of these papers in detail here but we
conclude that it is difficult to apply quasi-linear mechanisms
in our study. As to non-linear theories, Volosevich et a1.
(1979) have found that for waves with fixed mutual phases
a linear E—field dependence exists, but in the random phase
case the question is unresolved (Rogister and Jamin, 1975;
Volosevich and Liperovsky, 1979). Thus we conclude that
the question of the dependence of spatial electron density
variations on the ionospheric E—field (for irregularities of
one-meter scale or shorter) remains open.
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It seems to us that possibilities exist to determine, with
some accuracy, the ionospheric electron density from
auroral backscatter amplitudes, at least in the 140 MHz
band. At any rate, our results obtained for aspect angles
near 900 and for azimuth angles deviating less than 30O
from perpendicularity point in this direction.
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Abstract. The ratio of A Z and A H for short period magnet-
ic variations as observed at the Southern Indian station
Annamalainagar can be used to distinguish contributions
from primary currents flowing in the ionosphere from those
flowing in the magnetosphere. The signature of an iono—
spheric source is AZ =0. Correlation coefficients for AZ
and AH are given for Annamalainagar and Trivandrum
for pure perturbations of either kind. They can be used
to separate the source fields in mixed ionospheric/magneto-
spheric events. The quality of such a separation is demon-
strated and examples of simple applications both to individ-
ual events and statistical material are given.

Key words: Annamalainagar — Trivandrum — Coast effect
— Sources of magnetic variations

Introduction

The separation of geomagnetic perturbations observed on
the ground into external and internal contributions has
been a subject of great interest since the pioneering work
of Gauss (1839) and Schuster (1889). They recognized that
the magnetic variations were due to externally flowing cur-
rents with contributions from earth currents induced by
the former. The non-uniform distribution of electrical con-
ductivity in the outer layers of the crust, i.e. in and under
the oceans and under the continents, creates quite complex
paths of the induced earth currents and leads to characteris-
tic responses of the horizontal and vertical components of
the variation field. Far inland, the vertikal component is
normally small, except near conductivity anomalies or close
to concentrations of the primary currents, like the auroral
or equatorial electrojets. However, as one approaches a
coast, one finds an increasing value of the vertical (Z —)
component. The variation vector tends to lie in a plane
that is inclined with respect to the horizontal. Wiese (1962)
and Parkinson (1964) studied the orientation of this plane,
whose normal vector points towards the better conductor
and thus indicates where the induced earth currents tend
to be concentrated. Much work on this effect has been
done subsequently by various authors. A recent review has
been given by Parkinson and Jones (1979).

Beyond separating the external and internal contribu-
tions to the magnetic variations observed on the ground,
it is desirable to further distinguish for the external sources
between currents located in the ionosphere and in the higher
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Fig. 1. Location of magnetic observatories in Southern India

magnetosphere. This is obviously possible with the aid of
low orbiting satellites. In particular, the identification of
field-aligned currents has been achieved by Zmuda et al.
(1970) and Iijima and Potemra (1976) with data from polar
orbiting satellites. A rich literature emerged from this tech-
nique.

In spite of the availability and great significance of such
satellite data, there remains much interest in possibilities
of separating magnetospheric from ionospheric contribu-
tions to the primary fields from the study of ground-based
measurements alone. For high latitudes this has been under-
taken by Hughes and Rostoker (1979) and Baumjohann
et al. (1980) by using essentially the latitudinal profile of
the D-component across the auroral oval.

Even with data from only one ground station a separa—
tion of the ionospheric and magnetospheric contributions
may be successfully achieved. This possibility arises near
the geomagnetic equator where the ionospheric current is
heavily concentrated in the so-called Equatorial Electrojet
(EEJ), in contrast to a much smoother latitudinal profile
of any magnetospheric current. The distribution of eddy
currents in the highly conducting oceans and ocean floors
is affected by the latitudinal distribution of the primary
currents and consequently leads to different ratios of the
vertical and horizontal variation fields near the coastline.
Papamastorakis and Haerendel (1974) noticed that the
South Indian station Annamalainagar (Fig. 1) happens to
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be in a position where pure ionospheric currents of short
periods (:11 h) lead to zero response in the Z—component,
whereas magnetospheric currents create non-vanishing
values of Z.

Various aspects of this effect formed the subject of the
thesis of Papamastorakis (1975). Its essential results will
be summarized in this and two accompanying papers. The
present paper will elaborate the effect on the basis of ob-
served short-period variations. After giving a quantitative
description of the separation method, we will demonstrate
the applicability of the method both to complex individual
perturbations and to statistical material of SSC-type varia-
tions. Paper II (Papamastorakis and Haerendel, 1983) deals
with an analogue model simulating the effect and lending
credibility to our interpretation. A third paper will concen-
trate on actual geophysical applications, namely the separa-
tion of the ionospheric and magnetospheric currents for
perturbations of the storm sudden commencement (SSC)
and DP2 types.

Anomalous Coast Effect at Annamalainagar

The coast effect consists generally of an amplification of
the Z-component of magnetic variations over the value ex-
pected from the primary current. It is, however, possible
to find locations where for certain types of variations the
Z-component shows zero response. This is observed at An-
namalainagar. Figures 2 and 3 show two examples in com-
parison with the readings at Trivandrum. One notices that
even great excursions of H with periods of the order of
1 h are not accompanied by similarly structured excursions
of Z. This applies mainly to daytime perturbations. At
night, the behaviour is completely different. Every little ex—
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Fig. 2. H-, D-, and Z-components of the magnetic field for 12
July 1970, at Annamalainagar and Trivandrum

cursion, even with amplitudes as low as 2 y in H, are clearly
seen in Z. Further, during daytime, by looking first at the
Z—component one is able to find many (normally smaller)
perturbations that also appear in H, but the dominant
structure of daytime variations is without counterpart in
Z. At Trivandrum, the situation is quite uniform, Z and
H are exhibiting a classical coast effect.

The behavior of the Z—component observed at Annama—
lainagar is not unique. Kodaikanal is very similar, as can
be seen in Fig. 3. However, a small excursion in Z is notice-
able for those perturbations that are characterized by A Z =
O at Annamalainagar. Furtermore, the measurement of Z
is less sensitive at Kodaikanal. Therefore, we will concen-
trate on the magnetograms obtained at Annamalainagar,
but keep in mind that the interpretation of the effect must
allow for its existence at other locations.

Both Annamalainagar and Kodaikanal Show a positive
ratio AZ/AH for those perturbations which appear in Z.
If A Z were just the field caused by an inhomogeneous distri-
bution of the primary current, one should expect negative
values of AZ/AH for a station north of the dip equator
(Z>0 downward, H>0 northward), since the ionospheric
currents are concentrated in the equatorial electrojet. Ac-
cording to Untiedt’s (1967) model of the equatorial electro-
jet A Z/A H of the primary current at these stations would
be —0.56 and —O.37, respectively. The actual disappear-
ance of AZ for a certain class of perturbations can only
be attributed to a cancellation of the fields contributed by
the primary and the induced currents. The location of the
null in AZ can depend not only on the morphology of
the good conductors such as ocean, sub-ocean floor, and
crustal anomalies, but also on the distribution of the prima-
ry currents. Ionospheric currents must necessarily concen-
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trate along the equator, within a few degrees of latitude,
because of the high Cowling conductivity. Magnetospheric
currents should be much more uniformly distributed in lati-
tude, wherever they may flow. However, for the latter we
also except a symmetry with respect to the equator. Hence,
there is little chance to attribute the vanishing AZ to a
latitudinal shift of the primary current. But we can under—
stand why one type of primary current may lead to A Z= 0
at certain stations, while another one does not. Annama-
lainagar and Kodaikanal just happen to fall close to the
lines A Z =0 for short-term fluctuations in the ionospheric
currents which tend to be small at night.

Before we proceed with interpreting this effect we should
comment on the tricky question of the baseline from which
the short-term fluctuations (periods ~1 hour) are mea—
sured. An interesting controversy on this subject had arisen
10 years ago between Matsushita and Balsley (1972, 1973)
and Nishida (1973) in the context of DP-2 type perturba-
tions. Short—term excursions like those appearing between
08 and 16 LT in Figs. 2 and 3 could either be enhancements
of a quiet time current or transient decreases of its intensity.
Often, the latter appears to be the case as witnessed by
electric field measurements with the Jicamarca radar (Gon-
zalez et al., 1979). However, since we had no independent
means of judging which point of View may be applicable
to an individual perturbation we chose the baseline of day-
time fluctuations such that A H is positive, i.e. in Nishida’s
sense. At Trivandrum this implies also AZ > O. For the
quantity of main interest, A Z/A H, this does not make much
of a difference, except for the period that is attributed to
the perturbation. For instance, if we had chosen the zero
level of H and Z on the example shown in Fig. 3 in a
way that it would meet the peaks designated 1, 2, 3 in
HANR, the perturbations would appear as negative with
almost 2 hours period. With our choice of baseline they
would be classified as positive with 0.5 hours period. But
the ratio AZ/AH would be roughly the same. (Later in
this paper we will recognize that the situation in this partic-
ular example was even more complex in that two different
primary currents exhibited fluctuations of different type
with considerable phase shift.) Although the physical inter-
pretation of the perturbation depends on the choice of the
zero level, for a discussion of the induction effects it is
irrelevant as long as we refer to the same type of primary
current and choose the zero lines for H and Z in a consistent
fashion. Of course, in general we chose the zero lines in
a way that the field after subtraction of the so-defined per-
turbation appeared to vary much more smoothly. For typi-
cal night-time perturbations this means that AH was also
frequently negative.

We return to the explanation of the two classes of mag-
netic variations at Annamalainagar (and Kodaikanal), one
with A Z =0 and the other with A Z/A H> O. Papamastora-
kis and Haerendel (1974) suggested that this was a conse-
quence of the latitudinal distribution of the primary current
in combination with the configuration of the (highly con-
ductive) ocean in the Indian sector. The induction at any
given site cannot be considered as a local effect when the
configuration is as irregular as here. Price (1964) drew at-
tention to so-called channeled currents which are induced
at some distance from the station under consideration, but
whose effect is felt there, because the shape of the conductor
leads to formation of eddy currents. The currents induced
in the Bay of Bengal by the overhead equatorial electrojet

55

are partially interrupted by the tip of Southern India and
Sri Lanka as well as on the eastern side by the Malay Penin-
sula. Hence a substantial fraction of those currents can
only close by being channeled up the east coast of India
and southward again in the eastern half of the Bay. Some-
where north of Sri Lanka, the induced currents become
divided into a vortex located in the Bay of Bengal and
a contribution flowing around the tip of Southern India,
partially through the Palk Strait between Sri Lanka and
India. This was demonstrated with the help of an analogue
model of Papamastorakis (1975), which will be presented
in Paper II. Later confirmation of the flow through the
Palk Strait was given by Nityananda et al. (1977), Rajaram
et al. (1979), and Thakur et al. (1981). Where the currents
flow northward along the coast, they create an upward
(negative) component of the secondary field which enhances
the primary vertical component of positive excursions of
the electrojet. On the other hand, they create a downward
(positive) Z-component where they are directed southward.
Annamalainagar just happens to lie at a point where the
negative primary Z—field is exactly balanced by the induced
secondary field. However, this cancellation applies only to
primary currents flowing in the ionosphere which are neces-
sarily concentrated within i 30 from the dip equator.

The different effect of magnetospheric currents arises
from their nearly uniform distribution over at least i100
of latitude, i.e. over the whole extent of the Bay of Bengal.
Accordingly, the currents induced in this conductor by tem—
poral fluctuations of magnetospheric currents should have
a quite different pattern. The current eddy in the northern
bay should be smaller. Therefore, Annamalainagar would
come more strongly under the influence of currents forced
southward along the coast. A positive (negative) Z—compo-
nent is expected for positive (negative) A H not only because
of the changed pattern of the induced currents, but also
because A Z of the primary current should be reduced.

Of course, Annamalainagar is not the only site where
this effect exists. Similar points should be found at the west
coast of India well north of Trivandrum, at the coasts of
Sri Lanka, Somalia, and the Malay Peninsula. Indeed, we
noticed already the similarity of Kodaikanal and Annama-
lainagar. Kodaikanal is about 130 km inland from the point
on India’s west coast where we would expect AZ =0 for
ionospheric perturbations (see Paper II). But without more
detailed measurements of the variation of AZ along a
normal to the coast we cannot be sure whether the induced
currents which lead to a cancellation of the primary AZ
are actually flowing in the ocean, or whether, in addition,
there are conductivity anomalies in the subcontinent which
play a greater role.

The interpretation given above is supported by the
diurnal behavior of the two classes of perturbations. The
A Z =0 variations of typically 1 h period (or less) are found
exclusively during daytime when the ionospheric conductiv—
ity is high and the electrojet concentration of the currents
is known to exist. At night, practically all short period per—
turbations visible in H also appear in Z at Annamalainagar.
The concentration of the ionospheric current to i30 lati-
tude still exists at night, but the conductivity is one or two
orders of magnitude lower than at midday, whereas the
electric fields are of equal magnitude to those during
daytime (Kamiyama, 1965; Woodman, 1972; Balsley,
1973). Hence the contribution of ionospheric currents
would be almost insignificant at night. Most of the pertur-
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bations should be of magnetospheric origin. During the day
the situation is different. Both ionosphere and magneto-
sphere contribute. Hence, we observe mixed classes, for
which a finite value ofA Z is found, but with a ratio A Z/A H
well below that observed at night. The virtue of this differ—
ent response to the different primary currents is that any
given short period fluctuation of H and Z observed at An-
namalainagar can be immediately decomposed into an ion-
ospheric and a magnetospheric contribution without the
aid of any other observation. The reason is that the re-
sponse of the induced currents to primary fields of a given
period is linear, so that the effect of simultaneous perturba-
tions of two different current sources would be simply su-
perposed. In order to obtain a quantitative tool for this
decomposition, we will now proceed with a statistical analy-
sis of perturbations observed at Annamalainagar and, for
comparison, also at Trivandrum.

Statistical Analysis of Magnetic Variations
Observed at Annamalainagar and Trivandrum

Figure 4 shows an excellent correlation between the vertical
and horizontal components of 17 randomly selected noctur-
nal events. Since we find in all cases (as well at Trivandrum)
that A Z and A H have the same sign, we work with positive
quantities only in our statistical analysis. Instead of A H
we calculate the full horizontal variation

IAH|=V(AH)2+(Ho-AD)2. (1)
It turns out that AD and AH are strongly correlated, i.e.
the direction of polarization of the horizontal component
is rather stable. At Annamalainagar we find:

—0. +001533— l H (2)HOAD {—024i0m2
for nocturnal perturbations of ~1-h period and for daytime
perturbations with AZ =0, respectively (see Papamastora-
kis, 1975). At Trivandrum AD is generally much smaller.
Accordingly, the difference between |AH| and AH is at
most 5% and can be neglected. For this reason and because
of the need of using different types of indices we will hence-
forward abbreviate |A H| by A H.

The correlations between the vertical and horizontal
components which we want to corroborate depend, of
course, on frequency. A more careful study should proceed
via Fourier analysis of the three orthogonal components
of the perturbation vector. We have simplified the task in
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Fig. 4. Correlation between the magnitudes of AZ and AH for
17 randomly selected nocturnal variations at Annamalainagar.
|A H|2|A HI

two respects, (1) by selecting individual perturbations of
approximately similar duration (e.g. ~1 h) and reading
their overall amplitudes irrespective of their fine structure,
and (2) by considering the correlation of two quantities
only, AZ and AH. The rather stable polarization of AH,
as expressed in Equation 2, justifies the second point and
shows that little additional scatter should be introduced
into the values of AZ/A H thereby. The first simplification
is somewhat unsatisfactory, but appears to be appropriate
for a first exploration of the effect.

The average ratio, <A Z/A H>, turns out to be
0.525 i 0.013 at Annamalainagar. It is found to depend very
little on the period for PSI h. However, for periods much
longer than 1 h, like the daily variation of the Sq-current,
A Z looks completely different.

We can now use the established ratio

mANRZ<AZ/AH>ANR (3)

for nighttime, i.e. magnetospheric perturbations, in order
to decompose any observed value A H of sufficiently short
period into its magnetospheric and ionospheric compo-
nents, A H’" and A IP, by

AHi

Ç__) =__lï___1_ (m
AH'" ANR

(AZ )AH ANR

At least, on a statistical basis this equation should be appli-
cable. It is a special case (iANR=0) of the more general
relation:

AZ
. m — _—

AH{_ 2U] 6)
AHm— AZ’l AH

with

i:<45>‚ (ûAH
for pure ionospheric perturbations. At Trivandrum, i has
a finite value and Equation 5 applies.

Figures 5a and b show the corresponding ratios for
Trivandrum. One finds:

mTRV = 1.21 i 0.026,
iTRV = 0.95 i 0.017.

Our first observation is the large value of iTRV. If AZ
were only due to the inhomogeneity of the primary current,
we should have iTRVz +0.1, as can be seen from Untiedt’s
(1967) model of the electrojet. Equally, mTRV should nearly
vanish. The actual values are a clear signature of the classi-
cal coast effect. Furthermore, mTRV is substantially larger
than mANR. This is due to the fact that Annamalainagar
is not too far from the line of AZ=0, even for magneto-
spheric perturbations. According to the results obtained by
use of an analogue model (Paper 11), the null of A Z should
be found æ 150 km to the north of Annamalainagar.

All data selected for the determination of the latter coef-
ficient represent perturbations during daytime with A Z =0
at Annamalainagar. Without this tool to recognize pure
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Fig. 5a and b. Correlation between the magnitudes of AZ and
AH at Trivandrum, a for the nocturnal variations of Figure 4,

b for daytime variations with 3—5120 at Annamalainagar

ionospheric perturbations, this selection would have been
much more difficult.

It is interesting to compare the H-components at Anna-
malainagar and Trivandrum for the two classes of varia-
tions. This is done in Figs. 6a and b. As one should expect
from our interpretation of the origin of the anomalous coast
effect at Annamalainagar these ratios are not the same for
magnetospheric and ionospheric perturbations:

AHhm=<——TÆ> =0.81i0.013, (7a)
AHANR m

. AHh‘= <——B—‘î> = 112150.01. (7b)
AHANR

'

The finding that hi>1 reflects the greater proximity of
Trivandrum to the center of the electrojet. The primary
current alone would yield hi=1.28 as can be read from
Untiedt’s (1967) model. The reason for the actually smaller
value of hi must lie in a relatively greater contribution of
the induced earth currents to the total horizontal perturba-
tion at Annamalainagar. If this is so, hm<hi is no surprise,
since the primary field of the wider magnetospheric current
should change very little between Trivandrum and Anna—
malainagar. One of the reasons for the relatively strong
induction effect at Annamalainagar may be the channeling
of current through the Palk Strait (Fig.1), as discussed
in Paper II.
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There is no easy way to determine what fraction of
any observed value of A H is due to the primary and what
fraction is due to the induced currents. Above the ocean,
well away from the coast, the contribution of the latter
almost equals the primary field if the periods are sufficiently
short. Near the coast, A Hin d decreases, because of magnetic
diffusion through the poorly conducting continent (see
Paper II).

It must be mentioned that we find a slight dependence
of mTRV on the period which is not observed at Annama-
lainagar. The above value applies to periods of zl h. For
5—10 min fluctuations, as observed in SSCs, we determine

mTRV:1.31i0.018.

Separation into Magnetospheric
and Ionospheric Contributions

The observation of a completely different response of the
Z—component at Annamalainagar to magnetospheric and
ionospheric primary currents suggests a useful application.
Any mixed event should show a AZ/AH smaller than for
pure magnetospheric currents, thus allowing us to deduce
the ratio of the respective H-components by applying Equa-
tion 1. We must, however, realize that mA NR was determined
as a statistical average. In any particular event the true
value may differ from the statistical average. Furthermore,
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there may be some dependence on period, although none
was obvious for events between 10 min and 1 h. The reason
for this is that the skin depth for any period shorter than
1 h is small compared with the relevant linear dimension
Le”, which is the geometric mean of ocean depth and scale-
length of the primary current (see Paper II). So, the geomet-
ric behavior of the fields should be quite similar. This has
been verified by solving the induction problem for the case
of an alternating band current above an infinite, plane
ocean. This leads to the conclusion that for the scale-lengths
of the ionospheric and magnetospheric source fields the
effects of the induction currents at the ocean surface are
nearly independent of the period for periods less than about
1 h and ocean depths of more than 2 km.

Let us now check whether any perturbation of less than
z2 h duration with complex temporal structure can be
evaluated by applying Equation 4 to the instantaneous
readings of AZ and AH with constant value of m. We
choose one example of a nighttime and hence pure magne-
tospheric perturbation, namely the period from 20—22 UT
on April 5, 1968 (see Fig. 3). Figure 7a is an enlarged plot
of the H- and Z-components at Annamalainagar with our
choice of baseline from which we reckon AH and AZ of
the perturbation. Figure 7b contains the development of
the ratio AZ/A H. It is not as constant as one would like
it to be, and its average value of 0.45 differs from the statis—
tical result for the amplitudes of 1 h perturbations (m:
0.525). For a pure magnetospheric event this deviation and
the lack of constancy of AZ/AH may not look so bad.
However, small changes of A Z/A H can produce large chan-
ges of AHVA H’" in Equations 4 when applied in the same
fashion to a mixed ionospheric-magnetospheric event. This
must be borne in mind, and attention should be focussed
on the gross structure of the thus separated contributions
of ionospheric and magnetospheric origin rather than on
the actual values of A H and A H’". They may contain sub-
stantial errors.

Figure 8 contains an application to an arbitrary mixed
event. It was taken from April 6, 1968 (see Fig. 3). Using
the dashed baselines and a constant value of m=AZ/AH
for magnetospheric perturbations, we can determine A H'" =
mA Z. The observed readings of AH are the sum of AH’"
and A H. Hence:

. AZAH‘=AH0— 0'”. (8)
m

The choice of baseline from which the short-term varia-
tions are counted may be questioned as well as the applica-
bility of the statistical value m=0.525 in Equation 8 on
an instantaneous basis. However, the minima in Z around
10:30, 12:40 and 13:50 LT indicate clearly the presence
of enhanced magnetospheric westward currents which lower
the total value of H. A correction for these magnetospheric
contributions results in the dotted line in Fig. 8. We see
now that the minima in Z, i.e. the maxima of the magneto-
spheric (probably ring-) current, are closely associated with
relative maxima of the ionospheric current, which precede
by about 15 min (6 min for the event at 13:50 LT). We
must bear in mind, however, that the dotted trace of the
H—component in Fig. 8 can only be interpreted in terms
of the ionospheric current if the baseline is known. A long-
term depression of H (period >1 h) due to enhanced ring-
current (a magnetic storm was in progress) would not be
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Fig. 7. a Enlarged plot of the H— and Z—components of the negative
nocturnal variation shown in Fig. 3 (5 April 1968), b ratio A Z/A H
for this variation
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Fig. 8. Determination of the ionospheric part (dotted line) of mixed
event observed at Annamalainagar (6 April 1968)

recognized in Z and would have to be assessed by some
other means. By comparing the day under consideration,
as shown in Fig. 3, with a less perturbed day as selected
for Fig. 2 one gets the impression that the short-term
maxima of H on April 6 (Fig. 8) are true enhancements
over the Sq-level. The typical amplitude of the Sq variation
at Annamalainagar is @100 y in H, whereas the maxima
on April 6 over a baseline conjectured to lie close to or
even below the trace of H after 15:00 LT, is of the order
of 150 y. Here we will not dwell on the magnetospheric
significance of this result, but use it merely as a demonstra-
tion of the usefulness of the anomalous coast effect at An-
namalainagar.



|00000065||

AHm ANR—>TRV
5 I I I I I

1 1 1 1 1

(AHÎ )
Hm0 1 2 3 I. 5 A

TRV

Fig. 9. Correlation between observed ratios AH at Trivandrum

and those calculated by means of Equation 8 from AHi/AH’" as
observed at Annamalainagar for 33 SSC events

Whereas the time-dependent separations of AH’" and
A Hi for one particular event have to be regarded with some
caution, statistical applications appear to be more appro-
priate. We will investigate the consistency of Equations 4,
5 and 7 by comparing the resulting values of AIP/AH’"
as deduced for Trivandrum in two different ways, by the
local measurements on the one hand, and by a transfer
of the readings at Annamalainagar to Trivandrum by use
of the statistical ratios h'” and hi. The latter is given by:

(AH)
_h"

(AHi) (9)
AHm ANR—>TRV hm AH,” ANR

with hi/hm=1.38 and (A Hi/A Hm)“,R from Equation 4. In
a scatter plot of this ratio determined from Equations 9
and 4 respectively, we expect to find a good correlation
if our determinations of m, i, h’", hi for pure magnetospheric
or ionospheric events are also applicable to superpositions
of the two.

We selected 33 SSC events from 1968, 1969 and 1970.
The result is shown in Fig. 9. In View of the fact large
values of A Hi/A H’" are caused by small differences of A Z/
AH from the statistical average and must be regarded as
rather inaccurate, the agreement of both methods is not
bad. The r.m.s. ratio is O.9i0.03. As a geophysical result
we learn from Fig. 9 that the ionospheric currents (and
hence the electric fields) are clearly affected by sudden com—
mencements. In a later paper we will deal with this subject
in more detail, in particular with the local time dependence
of the ionospheric response.

Summary

In this paper we have discussed the origin of the absence
of a perturbed Z-component at the Southern Indian station
Annamalainagar for fluctuations of a primary current
flowing in the ionosphere. This is contrary to the sensitive
response found for currents flowing in the magnetosphere.
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This behavior of Z was attributed in the first case to a
cancellation of the contributions of the ionospheric current
and the induced earth current (mainly in the waters of the
Bay of Bengal). Because of the greater homogeneity of a
magnetospheric current, the primary AZ is small and the
contribution of the induced currents appears in the Z-com-
ponent. A difference in size of the induced current eddies
in the Bay of Bengal may add to the difference in behavior
of Z.

The statistical relations between AZ and AH for pure
ionospheric and magnetospheric perturbations of no more
than 1 h duration have been evaluated for Trivandrum and
Annamalainagar, and the ratios of AH at both stations
for both types of perturbations have been established. These
coefficients enable us to separate the ionospheric and mag-
netospheric contributions to any arbitrary short-term varia-
tion A H and thus analyze the ionospheric response to any
magnetospheric perturbation. The applicability and poten-
tial usefulness have been demonstrated with a few examples.

These findings have been reported by Papamastorakis
and Haerendel (1974) and form part of the thesis of the
first author (Papamastorakis, 1975). Meanwhile, the dis-
covered effect has found considerable interest and stimu-
lated further investigations (Nityananda et al., 1977;
Rajaram et al., 1979; Thakur et al., 1981) so that it appears
still useful to present the original material at this late date.
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An Analogue Model of the Geomagnetic Induction
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Abstract. The role of currents induced in the Bay of Bengal
and the Arabian Sea in the response of the Z- and H-
components of geomagnetic variations is investigated. Par-
ticular attention is paid to the measurements at Annama-
lainagar at the East coast of Southern India. First, induc-
tion arrows are derived which suggest that currents chan—
neled through the Palk Strait between India and Sri Lanka
are essential for the observed coast effect. It is shown to
be plausible that these currents flow in conductivity en-
hancements under the shallow waters of the Palk Strait.
An analogue model of the ocean water around India has
been used to measure the impact of different primary cur-
rents and of the presence or absence of the conducting
channel of the Palk Strait on the geomagnetic coast effect.
The results support the hypothesis expressed in an accom-
panying paper that primary currents in the ionosphere give
rise to responses in AZ and AH that are different from
those of currents flowing in the magnetosphere. Thus the
general location of the source current can be distinguished
by the readings at just one station like Annamalainagar.

Key words: Annamalainagar — Palk Strait — Geomagnetic
coast effect — Induction arrows — Analogue model

Introduction

Near coastlines it is typically observed that geomagnetic
variation fields possess an abnormally large vertical compo-
nent. This is ascribed to the strong conductivity gradients
between the sea—water (and the material underneath) and
the continental crust. The magnetic field created by time-
varying external currents cannot penetrate the regions of
higher conductivity (ocean and suboceanic crust) readily.
Depending on the thickness of the high conductivity region
and the dimensions of the external current, the time re-
quired for the magnetic field to diffuse through the better
conductor will range from several minutes to several hours.
Hence, near coastlines one observes a dependence of the
ratio of vertical and horizontal perturbations, AZ/AH, on
the period. Short-term variations related to geomagnetic
bays (substorms) at high latitudes or storm sudden com-
mencements show an entirely different behavior of AZ/AH
than the daily variation of the Sq-current system. The whole
effect is referred to as the geomagnetic coast effect (Parkin-
son, 1962). A recent review was given by Parkinson and
Jones (1979).

Offprint requests to .' G. Haerendel

A special situation exists at the geomagnetic observatory
at Annamalainagar in Southern India. The Z-component
of short—term variations shows completely different re-
sponses at night and during the day. This was noticed by
Papamastorakis and Haerendel (1974) and formed the
subject of the thesis by the first author (Papamastorakis,
1975) of the present work. The explanation of the different
responses was given in terms of the latitudinal profile of
the primary currents and the resulting differences in the
morphology of the currents induced in the ocean. A method
was derived to distinguish between ionospheric and magne-
tospheric sources of the variations based on the ratio of
AZ and AH at Annamalainagar. This has been described
in an accompanying paper (Papamastorakis and Haerendel,
1983; referred to as Paper I).

An analogue model of the highly conducting Indian
ocean was constructed in order to check the hypothesis
concerning the role of the morphology of the primary cur-
rents. For the primary currents two different conductors
were chosen. A narrow one following the magnetic dip
equator was intended to resemble the ionospheric current
system with its concentration towards the equator, the
equatorial electrojet. A significantly broader band conduc-
tor was chosen to resemble current sources in the magne-
tosphere with little latitudinal variation. The results ob-
tained with this model, in particular AZ and AH measured
along the coastlines, form the main subject of this paper.

Before turning to the analogue model we will inspect
some actual measurements with regard to the orientation
of the conductor carrying the induced currents near Anna-
malainagar. We apply the method of deriving induction
arrows after Wiese (1962), Parkinson (1962) and Untiedt
(1964) The subject of particular interest is the role of the
shallow Palk Strait between Southern India and Sri Lanka.
The induced fields at Annamalainagar would look quite
different depending on whether a substantial amount of
the induced current is channeled through the Palk Strait
or not. This subject has received much attention recently
(Nityananda et al., 1977; Rajaram et al., 1979; Takeda and
Maeda, 1979; Thakur et al., 1981).

Induction Arrows

Far from the coast, from conductivity anomalies, or strong
concentrations of the primary current, the magnetic varia-
tion field is horizontal. In approaching the coast an increas-
ing Z-component is noted. This means that the variation
field lies in a plane with increasing slope, the “preferred
plane”. The vector normal to this plane, or better, its hori-
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zontal component points away from the better conductor.
There are different ways to demonstrate this fact in graphi-
cal terms (Wiese, 1962; Parkinson, 1962; Untiedt, 1964).
In the following, we shall apply two of these methods for
magnetic variations observed at Annamalainagar.

Figure 1 shows two arbitrarily selected nighttime pertur-
bations of about 1-h duration. Following Untiedt (1964)
we plot the hodograph of the horizontal perturbation vector
(AH, AD) for these two events separately and connect
points of equal value of AZ by straight lines. The induction
arrow Öu is normal to these lines and points towards higher
AZ. Its length is proportional to the distance between two
straight lines for constant AZ. Both events give rather simi—
lar results. The induction arrow points to 57O and 63°, re-
spectively, west from north. The better conductor should
be located in the opposite direction, i.e. approximately 300
south of east. This is shown in Fig. 2. A straight line perpen-
dicular to the two arrows runs parallel to the channel be-
tween Southern India and Sri Lanka, the Palk Strait, thus
implying that the currents induced in the ocean water are
channeled through the Palk Strait in spite of the shallowness
of the water ( < 30 m).

It should be noted that the determination of induction
arrows after Untiedt (1964) leads to great uncertainties con-
cerning the true orientation of the better conductor if the
plane of polarization of the selected magnetic perturbation
is nearly constant. There is a strong tendency for such be-
havior in the short-term variations at Annamalainagar, irre-
spective of time of day.

Before further discussing this subject, we apply another
method. Figure 3 contains the ratios AH/AZ plotted against
AD/AZ for 43 SSC events in 1968—1970 observed at Anna-
malainagar. The periods are typically 5—10 min, and the
maximum of the amplitudes has been chosen. No selection
according to time of day has been applied. Wiese’s (1962)
method for finding the induction arrow consists of fitting
the data by a straight line and determining the vector
normal to it. The result differs significantly from the former
determination of the induction arrow (Fig. 2). The reason
is to be sought in the fact that daytime events have also
been included in Fig. 3, with relatively small values of AZ.
The nighttime values alone cluster between 1.5 and 2.0 for
AH/AZ and do not allow a good definition of a straight
line. On the other hand, their distribution does not exhibit
any clear cut relation to the two induction arrows of Fig. 2.

It was demonstrated in Paper I that pure ionospheric
perturbations cause practically zero AZ at Annamalaina-
gar. This is the consequence of a superposition of contribu-
tions of equal magnitude but opposite sign from the prima-
ry ionospheric current and the induced earth current at
this location. The latter flows predominantly in the ocean
water of the Bay of Bengal, but the sub-ocean floor may
contribute significantly, in particular in the shallow water
near the coast. The shape of the Bay of Bengal leads to
the formation of a large current eddy whose size depends
on the distribution of the primary current. We will discuss
this subject in detail later in this paper, but refer here to
Fig. 9 which shows the induced current vortex for a primary
current concentrated at the equator. If the primary current
is flowing in the magnetosphere, it should be much more
homogeneous in latitude and consequently cause a smaller
primary AZ. Secondly, the current vortex in the Bay of
Bengal would have a different size. It should be shifted
northward. Therefore, it is qualitatively clear why such pri-
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Fig. 2. Induction arrows from Fig. 1 shown in a map. The dashed
line indicates the direction of preferred flow of the induction cur—
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mary perturbation currents cause a finite AZ at the location
of Annamalainagar and why its sign (positively correlated
with AH) is that expected from induced currents flowing
southward towards the Palk Strait.

We return now to Fig. 3 which was derived from SSC
events. As shown in Paper I they are composed of contribu-
tions from primary perturbation currents flowing both in
ionosphere and magnetosphere. Hence, AZ 4:0 for all
events, but AZ becomes relatively small during the middle
of the day. The determination of the induction arrow, C,
according to Wiese suffers from the same deficiency as that
according to Untiedt, but more seriously. It lies in the fact
that the polarization plane of the primary perturbation
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Fig. 3. Construction of an induction arrow, Ü from a large number
of SSC events following Wiese (1962).

vector varies very little in the course of the day, and deviates
not much from the direction of the coast line. Hence, the
straight line fitting the data of Fig. 3 shows essentially the
direction of polarization of the primary field. Therefore,
we should have higher confidence in the induction arrows
derived in Fig. 1, which imply a channeling of induced
current through the Palk Strait.

The suggestion that the Palk Strait carries a significant
amount of the induced current has attracted much atten-
tion. It is interesting that Nityananda et al. (1977) derived
significantly different induction vectors for SSC than those
shown in Fig. 2, namely between 32.50 and 42.5o west of
north. They corrected the readings of AH and AD at Anna-
malainagar by subtracting those of Kodaikanal as a normal
station. Furthermore, they used only nighttime data. How-
ever, the induction vector was not determined by following
the method of Wiese (1962), but by taking the mean direc-
tion of the so corrected horizontal variations directly.
Hence the discrepancy between this work and the present
paper is not surprising.

Takeda and Maeda (1979) modeled numerically the in-
duction effect in the ocean water around Southern India
and concluded that currents channeled through the Palk
Strait play the dominant role for the magnetic variations
from SSCs and Bays. Their model includes a finite conduc-
tivity for the land. Comparison of the results of this model
with observations indicated a spreading of the induced cur—
rents into the land mass.

Thakur et al. (1981) investigated the effect with an array
of magnetometers spread over Southern India. They con-
cluded that current channeling does indeed exist in the Palk
Strait, but that it is difficult to envisage the current as being
concentrated in the shallow water of the Strait. It should
flow predominantly in the deeper crust or even in the upper
mantle.

These results are quite consistent with the induction
arrows presented here and with the analogue model results
of the present work.
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General Considerations

The geomagnetic coast effect is a typical example of the
diffusion of magnetic field through a conductor of finite
width and complex shape. The diffusion equation is:

0_B = DmVZB (1)
at

with Dm being the magnetic diffusivity defined as

Dm=(u Ho 0)‘1 (2)
u is the magnetic permeability and a the electrical conduc-
tivity. We will set u: 1.

A time-scale, To, for diffusion through a conductor of
thickness, d, is readily obtained from Equation 2:

d2 d 2=—= d2: _— L. 3o D... m (Ä) w (>T

is: (%a w) ' 1/2 is the skin depth and a) the frequency.

The diffusion time To is, however, not relevant for our
problem in which the linear dimensions L of the primary
current exceed by far the thickness d of the conductor
(ocean) through which the magnetic diffusion is considered.
From the theory of Price (Price, 1967), we can derive a
characteristic time-scale, II, for the case d<<Âs in the thin
sheet approximation:

_ 2dL
1
_ o

7r ‚15260 (4)

L should be interpreted either as the width or twice the
height of the primary current above the conductor (ocean),
whatever is the greater number. A measure of the relative
diffusion time is oczwrl. A convenient numerical expres-
sion is obtained if we take for the conductivity of ocean
water the standard value (e.g. Parkinson and Jones, 1979),
0:4 [2— 1m“, and measure d in units of 103 m, L in units
of 105 m, and the period P in units of 1 h:

oc =cor1 =0.28 Æ. (5)
Ph

For oc> 1, the diffusion time T1 is long compared with the
characteristic period of the magnetic variation considered.

In analyzing the induction fields in Southern India it
is revealing to consider the value of the parameter oc for
typical periods and different ocean depths. The ocean
reaches a depth of more than 2,000m typically within
100—150 km from the coast of Southern India, except near
Sri Lanka. Since the distance of a station like Annamalaina-
gar or Trivandrum from the 2,000 m line is less than the
width of the primary current, we should get relevant an—
swers concerning the existence of secondary magnetic per-
turbations at these stations when evaluating Equation 5
with a”; 2,000 m (c1322). We consider the equatorial elec-
trojet as the primary current and adopt a value of 650 km
(L5=6.5) for its equivalent width (of. Untiedt 1967). We
choose three different periods, P216 h, 1 h, and 0.1 h in
characterizing the Sq-, bay— and SSC-type magnetic varia-
tions, respectively. In Tablel we compare the values of
oc for 51322 with those for an ocean depth of 20 m (d3:
0.02) which is characteristic for the Palk Strait.

We see that oc substantially exceeds unity for periods
of 1 h or less and ocean depths exceeding 2,000 m. For
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Table 1. oc-Parameter (Eq. 5) for Various Periods and Ocean Depths

d3 Ph oc

2.0 16 0.23
1.0 3.7
0.1 37

0.02 16 2.3-10‘3
1.0 0.04
0.1 0.37

such perturbations the ocean has still a high magnetic
shielding capability. Hence the secondary magnetic varia-
tion fields at nearby stations should be appreciable. This
is not so for the daily SCI-variations. Therefore, it is no
surprise to see that for Sq the response of AZ at Annama-
lainagar is quite different from that of short—term iono-
spheric perturbations, for which AZ happens to vanish as
discussed in Paper I. Acutally for SCI—variations, AZ<0 and
largely reflects the primary field. On the other hand, as
far as the ratio of AZ/AH is concerned, there should be
little dependence on the period, as along as oc>1. From
this point of view, SSC’s and 1-h variations should behave
rather similarly. This is consistent with our findings in
Paper I.

For ocean depths of 20 m (Palk Strait), oc<<1 even for
periods of a few minutes. The magnetic field diffuses
through such a thin layer with a time-scale of 2 min. When
applied to a channel like the Palk Strait, this time-scale
is even shorter because of the channel’s limited horizontal
extent. The evaluation of the magnetic perturbations for
bay-type events would not show any sign of induction in
the Palk Strait, if the ocean water were the sole conductor.
Even SSC’s should cause only a weak coast effect. However,
current channeling can modify such a conclusion apprecia-
bly, as shown, for instance, by Nienaber et a1. (1979) in
a study of current channeling in the Vancouver Island
region by means of an analogue model. Unfortunately,
quantitative comparison with this work is difficult, because
two essential parameters are different from ours. The pri-
mary field is more homogeneous and the depth of the
channel is a factor of 10 higher than in our case. Another
way of assessing the importance of current channeling is
to compare the overall resistance of the Palk Strait (water
only) with that of a path of equal width around Sri Lanka.
It is at least by a factor of 20 higher for the case where
the skin depth exceeds the depth of the ocean. It is hard
to conceive that such a channel would alter the current
pattern in the ocean appreciably. Therefore, we are led to
the conclusion that the sub-ocean floor plays an important
role in channeling the current through the Palk Strait (Pa-
pamastorakis, 1975). The same conclusion was reached by
Takeda and Maeda (1979) and Thakur et a1. (1981). Ob-
viously, the electrical conductivity of this part of the crust
must be enhanced. The geophysical significance of this con-
clusion is not the subject of this paper (cf. Nityananda and
Jayakumar, 1981).

Analogue Model

The motivation behind the work summarized in this and
the following sections was a qualitative study of the geomag-
netic coast effect in Southern India (Papamastorakis, 1975).

In particular, it was intended to determine the location of
the nulls in the vertical component of the total variation
field and their displacements when switching from a prima-
ry current concentrated within i3o of the dip equator to
a much wider one. Furthermore, the ratios of AZ/AH along
the coastline are subjects of this study, since they can be
readily compared with the values actually observed. Finally,
the gross shape of the current vortices induced in the Bay
of Bengal and the Arabian Sea could be conveniently deter-
mined with the help of the analogue model.

From the diffusion equation and in particular, the di-
mensionless diffusion parameter, oc (Eq. 5). it is obvious
how an analogue model has to be scaled. If the scaling
of the linear dimensions of the model (index m) and the
natural (index n) situations are chosen and the material,
i.e. the electrical conductivity, am, of the analogue model
has been selected, we have the following relation between
the periods of the natural and the model variations of the
magnetic field:

Pm = amdmLm _ P" (6)
andnLn

for um = un-
A model ocean has been cut from a copper plate of

0.8 mm thickness. This was meant to represent a uniform
ocean depth of 4,000 m. Hence, the linear scaling factor
for the thickness as well as for the horizontal dimensions
of the ocean was 5-106. The profile of the (plane) ocean
was tailored after the actual coastline, rather than following
a contour of constant depth. A cylindrical map projection
was chosen. The Palk Strait was included in the first model,
as if it had the same depth. This was done in view of the
above conclusion that the conductor is to be found in the
subocean floor in this area. For comparison, we intestigated
a second model in which the Palk Strait was cut out of
the ocean profile. In a further modification of this model,
the Palk Strait was represented by a thin copper foil bridg-
ing the cutout and corresponding to a conducting layer
of 40 m of ocean water.

The equatorial electrojet was represented by a steel band
of 13 cm width (£650 km) and 3 mm thickness (a 15 km)
at a height of 2.2 cm (2110 km). The total model which
is shown in Fig. 4a had a size of2 m x1 m.

The magnetospheric current source was simulated by
a steel band of 40 cm width (£190 of latitude) at a height
of 15.5 cm. A picture of the model with the broad primary
current is shown in Fig. 4b.

The choice of materials for ocean and primary currents
was on the one hand dictated by simple practical considera-
tions, like the ability to cut a complex profile. More impor-
tant was the aspect that there should be a significant ratio
between the height-integrated conductivities of ocean and
primary current conductors, in order to keep mutual induc-
tion effects from “ocean” to primary conductor low. In
the real world the ratio of the integrated conductivities of
ocean and source region is of the order of 50. The corre-
sponding ratio for the model is 13.

The conductivity 0,, of ocean water is 4 Q‘lm‘ 1; that
of copper is c7,,,=6-107 Q‘lm’l. The natural and model
permeabilities, u, are essentially unity. Hence we obtain
from Equation 6 the following relationship between the
natural and model periods:

Pm=6'10_7 19,. (7)
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Fig. 4a—e. Photographs and map of the analogue model, a with
narrow current band representing the equatorial electrojet, b with
broad band representing a current in the magnetosphere, c map
corresponding to a. The model ocean has a constant thickness
of 0.8 mm (£4,000 m depth). The overall dimensions are 1 m x 2 m

A natural period ofl h is scaled down to 2.16-10‘ 3 s (2465
Hz). This is the frequency with which the primary current
was generated. Its amplitude was 7.5 A. Special care was
taken with the feeds to the primary generator. They were
physically separated from the model as much as possible.
Furthermore, helical winding of the wires to the diagnostic
probe was employed. Several tests consisting of displace-
ments of instruments, wires, etc. showed that mutual induc-
tions in the various conductors surrounding the model
could be kept so low that the perturbation on the measured
fields did not exceed 2%.

The magnetic field probe consisted of a small coil of
1.5 mm inner diameter and 1.5 mm length with 100 wind-
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Fig. Sa—c. Z and H components of three different primary currents
as function of distance from the equator, a for narrow modei
current, b for broad model current, c for electrojet according to
Untiedt (1967)

ings. Each component of the magnetic field was measured
with a Special probe mounted in X, Y and Z directions.
The voltage induced in the probes ranged from 1—100 V.
The magnitude as well as the phase relative to the primary
current was measured. The total error in the measurements
ranged from 2—5%, partially caused by inaccurate reading,
partially due to errors in the phase of the signal ($50).
Near the “coastline”, where the magnetic field has strong
gradients, errors of a few percent were introduced by the
finite size of the probe. The positioning of the probe had
an accuracy of 0.5 mm (22.5 km).

Results Obtained with the Analogue Model

Before we discuss the measurements obtained with the full
model, we should compare the applied primary magnetic
fields with those of the equatorial electrojet. This is shown
in Fig. 5, giving the latitudinal profiles of H and Z at ocean
level normalized to H=1 at 0““ magnetic latitude. Curves
a and b represent the fields of the narrow and broad prima—
ry currents of the analogue model, respectively, whereas
curves C were taken from Untiedt’s (1967) theoretical model
of the equatorial electrojet. The measurements were carried
out in the absence of the copper plate representing the
ocean. The profiles of our narrow primary current (a) and
Untiedt’s electrojet model ((3) resemble each other quite
closely and differ much from the broad-band model (b).
However, the main simplification which we applied in the
analogue model, namely to completely neglect the currents
flowing outside about i 3G magnetic latitude, shows up as
a decay of the H-component at higher latitudes which does
not exist in Untiedt’s more realistic model of the equatorial
current concentration. Equally, the vertical component of
our model reaches unrealistically high amplitudes. These
differences should be borne in mind when interpreting the
coast effect of the analogue model.

In the light of the findings described in Paper I, we
were mostly interested in the differences of the coast effect
introduced by different degrees of homogeneity of the lati-
tudinal distribution of the primary currents. However, we
wanted to do this with a sufficiently realistic model of the
conductivity distribution at the earth’s surface. Therefore,
we concentrated initially on the role of the channeling of
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Fig. 6a and b. Normalized Z and H components measured with
the analogue model along the coast of Southern India for variations
of 2.16-10’ 35 period. The solid lines parallel to the magnetic equa—
tor show the boundaries of the applied primary current. A conduct-
ing channel exists between India and Sri Lanka. a Bars extending
into the ocean indicate AZ < O, bars extending inland indicate AZ >
O. b The arrows represent the induced horizontal component only.
The dashed arrows at TRV and ANR show the total perturbation
field

currents through the Palk Strait. Figures 6a and 7a show,
for comparison, the vertical components of the total field
with and without the Palk Strait for the narrow primary
current representing the daytime situation. The field is nor—
malized to the primary H—component (H0) at ocean level
underneath the electrojet axis in the absence of the model

N

E

WE,B@T
EQ-

.wri/ TN

"9'
Fig. 7a and b. Same as Fig. 6 without a conducting channel at
the Palk Strait. a Z—component, b induced part of H-component

ocean plate. Positive values of AZ are indicated by bars
pointing from coast to ocean; negative AZ by bars pointing
inland. Measurements were made every 1 cm (a 50 km)
along the coast. Figures 6b and 7b show the induced part
of the H-component only, using the same normalization.
Only at ANR and TRV do we show the total H—component.

The most significant differences naturally appear in the
Palk Strait and over Sri Lanka. Attention should be given
to the position of AZ = O on the east coast. The zero appears
3 cm south of ANR in the model without Palk Strait corre-
sponding to 150 km and only 0.8 cm (240 km) south of
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Table 2. Some ratios of magnetic variations with AZ =0 at Anna-
malainagar, a from magnetograms, b from analogue model, prima—
ry field only, c from analogue model, total field, with Palk Strait
as conducting channel

Ratio Station a b c

AZ/AH ANR 0 —0.63a 0a
TRV +0.95 +0.1 +0.92
KOD +0.1 —0.43 ——0.19

AD/AH ANR —0.24 —0.183 —0.26al
TRV +0.05 —0.11 +0.2

AHTRV/AHANR — +1.12 +1.08 +1.30

a reading at 0.8 cm south of ANR point

ANR in the presence of a conducting channel. Recent mea-
surements of Thakur et al. (1981) in the Palk Strait at Adir—
amapattinam (their station D4) confirm the presence of
a strong positive AZ where the model without conducting
channel gives essentially a zero value (Fig. 7b). In spite
of the simplifications of our analogue model we take the
shift of the position of AZ = 0 towards the observed location
on the east coast when an effective conducting channel is
introduced as strong evidence for its existence. On the west
coast the Palk Strait channel has little effect. The values
of AZ and AH at Trivandrum and further north are essen-
tially unchanged. Here, the position of AZ =0 moved by
only 0.4 cm (£20 km) southward when the conducting
channel was removed.

The model in which the shallow water of the Palk Strait
was represented by a thin foil bridging the gap in the model
ocean plate did not yield induced fields near Annamalaina-
gar that were noticeably different from those obtained by
the model without Palk Strait. Channeling in the shallow
water only is obviously insignificant.

A better quantitative judgement of the validity of the
analogue model can be obtained by comparing the ratios
AZ/AH, AD/AH for various stations and the ratio AHTRV/
AHANR as found from pure ionospheric perturbations (i.e.
AZ=0 at ANR) with the readings of the analogue model.
This is done in Table 2. Instead of taking the measurements
at a point corresponding to the geographic location of An-
namalainagar, we took then at the equivalent location of
the analogue model, namely Where AZ =0 in the model
(i.e. 0.8 cm south). This is indicated by an asterisk.

The comparison of columns b and c shows Clearly the
importance of the induction fields for AZ and AD. Further—
more, it is seen that the observed values at ANR and TRV
are reasonably well reproduced by the model. The positive
value of AZ/AH at Kodaikanal is not quite obtained by
the model, but the induction fields drift AZ in the right
direction. This may be taken as an indication of a conduc—
tivity gradient in the crust underneath the Indian subconti-
nent (compare Murty and Swamy, 1978). If the model
ocean had been tailored to follow the contour of 2,000 m
depth, AZ/AH would have been much closer to the primary
field value (column b). The ratio of AHTRV/AHANR is mainly
determined by the primary fields. The induction fields make
the agreement slightly worse.

The next step is the comparison of the variations caused
by narrow and broad primary currents. Figure 8 shows the
Z-component for the latter in the presence of a conducting
channel. This is to be compared with Fig. 6. We see a dis—
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Fig. 8. Z-component for a broad primary current in a model with
conducting channel at the Palk Strait

placement of the AZ =0 positions by 2.3 cm (£115 km)
northward on the east coast and even by 4 cm£200 km
on the west coast. This shift is the main point to note.
It confirms the hypothesis expressed by Papamastorakis
and Haerendel (1974) (see Paper I) that the appearance
of a positive AZ/AH at ANR is a consequence of the wider
latitudinal extent of primary currents flowing in the magne-
tosphere. The sign of the model Z—component is as ob—
served, only its magnitude is somewhat lower than the actu-
al value (2:600/0). This is likely to be due to the limitations
of the truncated model ocean, the flat earth model, and
other unexplored subtleties such as sub—surface conductivity
structure. On the other hand, a small but noticeable increase
of AZ/AH between narrow and broad primary currents as
actually observed for TRV (from 0.95 to 1.21, see Paper
I) is also found with this model.

In order to obtain an idea of the distribution of the
currents induced in the Arabian Sea and the Bay of Bengal
we measured the electric field on the bottom side of the
copper plate representing the ocean. This was done by volt—
age measurements between two fine steel spikes separated
by 1 cm which were pressed into the copper plate. The in—
duced current density is proportional to the electric field
which was found to be essentially in phase with the primary
current. The measurable shift was ranged between 10O and
20O in the sense that the electric field was leading the prima-
ry current. The flow lines of the electric current (perpendic—
ular to the equipotentials) are shown in Fig. 9 for a narrow
primary current. Although the model extended well below
the lower rim of this figure (compare Fig. 4) the results
become increasingly unreliable for southern latitudes be-
cause of the artificial cutoff of the conductor. The main
features to observe are the two current vortices in the Arabi-
an Sea and the Bay of Bengal and the channeling of current
through the Palk Strait. As indicated by the shift of the
locations of AZ =0, the southern extent of the vortices
shrink by 100—200 km when a broad primary current is
applied.
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Fig. 9. Current flow lines as deduced from electric potential mea—
surements at the bottom of the model ocean with conducting
channel and for the narrow primary source current. The southern
contours have been omitted because of edge effects

As a final step we studied the possible influence of a
zone of increased conductivity at great depth underneath
the continents as discussed by many researchers (e.g. Par-
kinson and Jones, 1979; Chan et al., 1981). To this end
we placed a 3 mm thick copper plate at 6 cm (£300 km)
underneath the surface level. As expected we observed a
reduction of the coast effect on AZ (25.25% at TRV) but
no qualitative change of the described results.

Summary

We investigated essentially two questions concerning the
geomagnetic coast effect in Southern India, the influence
of a concentration of the primary current to a region of
a few degrees width around the equator as compared with
a broad profile in latitude, and the influence of a conducting
channel through the Palk Strait on the readings of AZ and
AH at the east coast, in particular. Induction arrows derived
from magnetic perturbations seen at Annamalainagar as
well as the measurements with the analogue model favor
the existence of a conducting channel. It is argued that
the currents rather than being concentrated in the shallow
seawater flow predominantly in a layer of highly conducting
material under the ocean floor. Such conductivity enhance—-
ments in the subocean crust have been postulated by many
researchers. Careful studies with magnetometers on either
side of the Palk Strait extending into India and Sri Lanka,
in particular studies of the dependence of AZ/AH on period
would be needed to derive more quantitative conclusions
on the spatial extent of the conductivity enhancements. This
is outside the scope of this paper.

Our main aim was to support conclusions described in
Paper I on the separability of primary current sources in
ionosphere and magnetosphere. The analogue model gives
this support. It shows that the points of AZ=0 at the crust
are at substantially different locations for narrow or wide
primary currents. This is mainly a consequence of the differ-
ence in the magnitude of the primary AZ, on which the
secondary AZ of the induced currents is superposed. The
latter currents are forming vortices in the Bay of Bengal
and the Arabian Sea whose sizes shrink with increasing
width of the primary current. Zero secondary AZ is found
where the southern edge of the vortex meets the coastline.
Our model with narrow primary current gives a location
of the zero at the east coast almost precisely where it is
actually observed, namely close to Annamalainagar. For

broad primary currents, AZ/AH is found to be positive
at this station, in accordance with the observations.

This paper complements Paper I which deals with the
observations of geomagnetic variations. Taken together we
are now provided with a tool allowing us to separate iono~
Spheric and magnetospheric origins of any short-period
magnetic variation in the Asian sector. In a further publica-
tion we will apply this tool to bay-type and SSC—type mag-
netic perturbations and to the question of penetration of
electric fields to low latitudes.
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Book Review

Wang, Herbert F. and Anderson, Mary P.: Introduction to Ground-
water Modeling. Finite Difference and Finite Element Methods.
X+ 237 pp., W.H. Freeman and Company, San Francisco, 1982.
The authors’ goal is “to enable readers to solve groundwater flow
problems with the digital computer developed with the aim
of conveying a full understanding of the steps leading to the short
sample computer programs included as part of the text” This
goal was realized throughout the book in a very good manner.

The book is divided into eight chapters. The first gives the
basic physics of groundwater flow. It is a short description of
the governing equations without any complications. The second
chapter introduces Finite Difference models in general and
especially solving Laplace’s equation for steady-state flow. The
chapter leads to a five-point star FD-approximation computer
program solved by the iterative Gauss-Seidel method. The third
chapter considers sources and sinks through the use of Poisson’s
equation including also the development of the equations for an
unconfined aquifer with Dupuit assumptions. In the fourth chapter
the authors present explicit and implicit FD solving methods for
the transient (unsteady) flow. The fifth chapter points out other
solution methods than the iterative methods used in the foregoing
chapters. Presented are e.g. the short Thomas algorithm and the
Alternating Direction Implicit method. The sixth chapter intro-
duces the Finite Element method for the steady-state problem.
Galerkin’s method with triangular elements is used to develop the
matrix equation. In the seventh chapter the transient (unsteady)
flow is solved using the FE-method with rectangular elements for
space and the FD-method for time. The eighth chapter is a short

Journal of
GeOphysics

introduction to the physical concepts of advective-dispersive trans-
port and leads to the FE-example of solute dispersion in uniform
flow field. The appendix consists of short notes on anisotropy
and tensors, variational method, isoparametric quadrilateral ele-
ments and analogies.

In my view this book is not only a good introduction to numer-
ical groundwater modeling but also to Finite Difference- and Finite
Element-methods in general. It can readily be understood by all
newcomers to numerical methods requiring only basic mathemati-
cal techniques. The presentation of short FORTRAN-computer
programs for almost every problem of the context is a great advan-
tage of the book. The reader has a tool for solving his own problem
much easier than from theory-books. The book is completed by
several notes and problems to the reader after every chapter rein-
forcing the principles presented in the foregoing chapter. Because
of the aim of the book some simplifications of the mathematical
theory of the Finite Difference- and Finite Element-method had
to be made. But it is quite difficult to draw the line between exact-
ness and application. To me, especially the validity of the numerical
methods seems to have been neglected. More attention should be
drawn to these problems than two little notes and a problem to
the reader.

I think this book should be recommended to all, students as
well as professionals, who want to be introduced to numerical
groundwater modeling. This book is as good as a complete and
very detailed university course.

Nikolaus Klever
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Abstract. A global model of the Earth’s crust has been
constructed of two-layer blocks of 20x2O dimension,
with thickness and susceptibility selected from a ten—
step classification of the various crustal types. Con-
sidering induced magnetization only, the magnetic ef-
fect of each block has been approximated by a single
dipole in the middle of the block, directed parallel to
the field for a given main field model (32 400 dipoles
altogether). The magnetic field of this global model of
the crust has been calculated for an altitude of 450 km,
appropriate for a comparison with anomaly fields from
satellite surveys. From field values at 10 x 10 grid points,
model anomaly charts for the X, Y, Z-components
and for the total intensity can be plotted. The underly-
ing crustal parameters have been prepared for modifi-
cation towards adjusting the model field to the final
Magsat anomaly field. The aim is to construct a truly
realistic model of the whole Earth’s crust.

Based on a global distribution of the Z-component
of the model field a spherical harmonic analysis has
been made by a direct integral method, up to degree
and order 35. The energy density spectrum of the mag-
netic field, apart from the lowest degree terms, re-
sembles a “white” spectrum in which the level nearly
meets that obtained for the crustal part of an actual
field model (from n=15 to 29), except for a factor of
less than 3. A supplemental evaluation of the core part
of the observed spectrum indicates a source depth of
some 100 km below the surface of the Earth’s core, sup-
ported by a similar result for the secular variation of
the core field.

Key words: Internal geomagnetic field — Crustal magne-
tization — Global crustal model — Spherical harmonic
analysis — Energy density spectrum — Spatial spectrum
of secular variation — Magsat

Introduction

During the past two decades artificial Earth satellites
have proved to be one of the most powerful tools in
geosciences. The Magnetic Field Satellite (Magsat) con-
ceived by NASA in cooperation with the US. Geologi-
cal Survey and flown from 30 October 1979 to 11 June

Offprint requests to: J. Meyer

1980 in a nearly polar, sun-synchronous orbit was de-
signed to provide the first global survey of the Earth’s
magnetic field since the POGO-series (POGO 1, 2, 3
=OGO 2, 4, 6) of 1965—1971, and the very first vector
survey at all. One of the main purposes of Magsat was
a specific study of the large and intermediate-scale
magnetic anomalies of lithospheric origin that had al—
ready been revealed by the POGO measurements (Re-
gan et al., 1975). An example is the famous Bangui anom-
aly in Central Africa. Accordingly, the satellite was
operated at particularly low altitudes providing data
roughly between 570 and 190 km. A comprehensive de—
scription of Magsat including technical details can be
found in a special volume of the John Hopkins APL
Technical Digest (Gilbert, 1980). A brief overview has
been given by Langel (1979) and by Mobley et al.
(1980). Preliminary results of data evaluation have been
set forth in a special issue of Geophysical Research
Letters (Langel, 1982).

If the internal part of the geomagnetic field is
understood as the sum of the main field BC originating
in the Earth’s core and the crustal field or crustal anom-
alies Ba due to the irregularly distributed rock magneti-
zation, then the crustal anomalies are obtained from the
measured whole field Bw by subtracting both the core
field BC and the external part Be resulting from iono-
spheric and magnetospheric currents,

Bas—Bc—Be (1)

where B stands for either the vector field or one of the
cartesian field components. A minor field constituent in
connection with internal electric currents induced by
time variations of Be will here be reckoned as part of
the latter, as being proportional to it and lastly related
to a primarily external origin. The appearance of a sub-
stantial Be can be avoided or at least kept small by
several means: by a satellite orbit continually near the
dawn—dusk plane to evade considerable influence of the
Sq daily variations; by evaluation of data from mag-
netically quiet days only; and by rejection of vector
data from higher latitudes where field—aligned currents
distort the field. Also, the homogeneous, i.e., the first-
order part of the magnetospheric field can be deter-
mined and subtracted to some extent. Residuals of an
incompletely eliminated external part, of course, restrict
the accuracy of the anomalies derived. For simplicity,
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however, it will be assumed that by a preceding evalua-
tion of the raw data the external part has been fully
removed. Thus Be will be ignored in the following.

The core field BC within global or regional investi—
gations is usually represented by a worldwide field mod-
el derived from spherical harmonic analysis of the
whole field and including all terms up to a certain
maximum order and degree n. Cain (1975; 1976), Lang-
el et al. (1980a; b), and Langel and Estes (1982) sug-
gest a maximum n of 13 for an appropriate core field
model. The anomaly charts defined and constructed in
this manner simply display the distribution of the high-
er order terms of the whole field.

The real objective of mapping such anomaly charts
is to interpret them in terms of large-scale geological
and geophysical characteristics of the crust, in connec—
tion with similar studies of gravity anomalies, seis-
mological findings, and regional geothermics, hence ul-
timately to facilitate future resource exploration strat-
egy. Procedures like this are known as inversion. An
example is the equivalent source technique applied, e.g.,
by Mayhew (1979; 1982a), Mayhew et al. (1980), and
von Frese et al. (1981). Based on the measured anomaly
chart as described above, they determine a uniform as—
semblage of source dipoles, for a limited surface section
of a spherical earth, through a least—squares fit of the
respective magnetic fields. The dipole coverage is then
reduced further to a corresponding geographical distri-
bution of magnetization in a crust of constant thickness
(40 km). The direction of the surface dipoles or the
magnetization is mostly chosen to be that of the main
field at the same location, indicating that merely in-
duced magnetization is considered. The existing results
as well as their geophysical interpretation have already
led to interesting aspects, mentioning only the attempts
towards Curie isotherm mapping (Mayhew, 1982b).

An essential deficiency of this method is the uncer-
tainty about the underlying anomaly charts. It can be
taken for sure that the field model subtracted from the
measured field in place of the true core field also com-
prises a non—vanishing crustal part of global or continen-
tal extent which thence is missing in the anomaly field
and its equivalent source distribution. For the present
investigations we have, therefore, raised the question of
what the whole magnetic field of a given crustal model
or, more strictly, a global magnetization model of the
Earth’s crust actually looks like without involving other
sources. The calculated model field will be compared
with and adjusted to the Magsat anomaly field as far as
possible, on a global or regional scale, by modifying
the underlying crustal parameters. The final aim is to
construct a truly realistic model of the Earth’s crust. Its
significance lies in the fact that it renders possible not
only a quantitative separation of core and crustal parts
of the internal field but, along with this, also an im-
provement of the satellite anomaly charts towards in-
clusion of the lacking lower order terms.

The Global Crust Model

For any global model of the Earth’s crust the reliability
desired must be balanced against the computation la-
bour required. A discrete source representation of the
crustal field must be spaced at intervals dense enough
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Fig. l. Distribution of crustal types for North and Central
America. Encircled numbers indicate the same type of crust
for a large area

to secure that single sources will not be resolved as
such. Since the comparison of the measured and the
computed fields will be done for satellite altitudes, it is
sufficient to subdivide the whole crust into segments of
2° >< 2° dimension (16 200 altogether). Each of these seg-
ments is characterized by the predominant type of crust
in a ten-step classification. For the first group of mod-
els discussed here the classification is based merely on
geological considerations, as demonstrated in Fig. 1 by
the section for North America. The key for this classifi-
cation is as follows:

(1) Basic rocks: basalt, diabase, amphibolite, serpen-
tinite;

(2) Acid rocks: granite, gneiss, acid volcanic;
(3) Continental shields: Precambrian metamorphic

rocks (except areas attributed to type (1) or (2));
(4) Deformation zones: large fault systems, orogenic

belts of Paleozoic or Mesozoic era including minor oc-
currences of basic, acid, and metamorphic rocks;

(5) Platform sediments: undisturbed sediments with
great thickness;

(6) Shallow seas with high rates of deposition;
(7) Continental shelves and slopes: up to 5 km wa—

ter depth;
(8) Oceanic crust: water depth of more than 5 km;
(9) Midoceanic ridges;

(10) Oceanic trenches.
Admittedly, such a ten~step classification can illus-

trate the complex nature of the real crust only roughly.
And it must be emphasized that it is neither suited nor
intended for modeling regional or even local anomalies.
The model in all its parts ought to be seen definitely
under global aspects. Also, it is still rather provisional
in many respects, serving primarily to develop the soft-
ware and to test the method as a whole. For instance,
possible Curie isotherm effects (leading, for example, to
a reduced thickness of the magnetized layer under
young mountain ranges) have not been taken into ac-
count as yet. They will be considered when regionally
adjusting the model more to reality, together with other
crustal properties not incorporated with a merely
geological description. What we are striving for is a
usable magnetization model of the Earth’s crust.

For the model treated here each of the above ten



|00000079||

73

Loyer
Cbsgficohon Mognefizofion Boundones

,—.—w—
0km

Î——

0km

::: 1 km <::> h4 6
—— 10km

M2 M 8
30km 20km

——————— 0km —-———— 0kmo o ——ü——
M2

M7
30km 20km

r———— Okm -——-——-——-——- 0km

@ C (H 0)M3 0 __2._
M 830km “——— 10km

0km 0km
(Ô M L @ (H20) 2km

15km M 9
5km

M 2
30km

‘ 0km 0km
©

__M_5___ ôkm (H20) 8km Fig. 2. Magnetization models of the ten types
of crust (crustal model CRST-D-07-11); M 1,

M 3 M 10 M2, etc. indicate specific values of
30km ———__ 30km magnetization

types of crust has been ascribed a two-layer magneti-
zation model with, in general, different depths of layer
boundaries. Thus every crustal segment consists of two
blocks, each with a uniform magnetization M allowing
a choice of 20 different values. Both thickness and mag-
netization are vanishing for some upper layers or equal
for others (see Fig. 2). However, with regard to an easy
modification of all parameters the two-grade classifi-
cation of depth-structure and magnetization has been
kept throughout the computation program. Actually,
instead of the magnetization M, corresponding values
of susceptibility X are presumed from which the lati-
tude-dependent induced magnetization is then calculated.
The values of X are in turn derived from magnetization
estimates for middle latitudes (inducing field of
50000 nT) as shown in Tablel (cf. Landolt-Bornstein,
1982). In other words, the given susceptibility values
are such that, for an inducing field of 50 000 nT, these
magnetizations come out. The earth itself is regarded as
spherical, and the topography has been neglected.

Each of the uniformly magnetized crustal blocks is
now substituted by a single dipole at the center of the
block having the coordinates r’, 0’, Â’ (spherical coor-
dinate system with conventional notation). Its scalar
magnetic moments m is

m(r’, 6’, Ä’) :Mr = X’C FC (2)
where r is the block volume (varying with colatitude 0’,
upper surface depth r’z, and block thickness d),

mä sin 1° sin 6’(3r’22d—3rf2d2+d3)‚ (3)

Table l. Magnetization estimates and corresponding suscepti-
bility of the crustal blocks for an inducing field of 50 000 nT

Magnetization Magnetization value Susceptibility
Type [A/m] [SI-System]

M1 2.0 5.027 ><10‘2
M2 0.7 1.759><10‘2
M3 1.5 3.770><10‘2
M4 0.5 1.257><10’2
M5 0.0 0.0
M6 0.0 0.0
M7 07 1.759><10“2
M8 13 3.267><10“2
M9 13 3.267><10‘2
M10 0 2 0.503 ><10‘2

and FC is the total intensity of the inducing main field
which here is represented provisionally by the IGRF
1965. The direction of the block dipole is considered to
be that of the main field at the position of the dipole,
i.e., at block center according to the restriction on in-
duced magnetization. The ambiguity mentioned above
of the field model regarding its significance as a mere
core field is of less importance in this connection. Nev-
ertheless, the IGRF 1965 will later be replaced in the
program by an improved core field model. The main
field elements at block center are obtained from an
existing subroutine program (Cain et al., 1968). The
three components of the block dipole moment are then
calculated in the same manner as the components of
the main field itself (I=inclination, D=declination at
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dipole location):

mr, = —m sin 1,
m9, = —m cos 1 cos D, (4)
m). = +mcosIsinD.

Magnetic Field of the Crustal Model

Although the actual computation program does not
pursue the following description in all details, the mod-
el field calculation on the whole can be divided into
three sections. The first section comprises the calcu-
lation of the main field elements I, D, and FC at block
center, and of the block volume r for each of the 32 400
crustal blocks and, based upon that, the computation
of the magnetic moment m and its vector components
for every single block, according to Eqs. (2)—(4). Any
later modification of the global crustal model is done
in this first section.

In the second section the magnetic field B of the
global crust model is computed for a fixed external
point P(r, 6, xi). For simplicity and to save computation
time, only those crustal dipoles within a limited
geocentric angular distance around P are taken into ac-
count. By various test runs it turned out that in most
respects a circle of 30o already yields sufficient accuracy
for the succeeding plots of isolines. The results shown
in Figures 3—12 have been obtained with a Circle of 70°.

Let m(r’, 6’, xi’) be the magnetic moment of any crus-
tal dipole within this circle. Its contribution to the
magnetic potential, i.e., the potential of magnetic induc—
tion at P is (in SI-formulation)

__m-l

_#_o mlcos(m,l)
—47r l3 ’ (5)

where l is the vector distance between the positions of
m and P and Ho the permeability of vacuum. The po-
tential of m is calculated by adding the respective parts
from the three dipole components,

l
% (mrl +1110, +111”) ' —'W, 9,1): 13

_#o
—47r

[m lcos(m, l) + me, l cos (m0,, l)

+ mxi' l COS (ml/a [Xi/l3: (6)

where the direction cosines can be expressed by the
known coordinates of m and P (primed and unprimed
coordinates, respectively):
V:(#0/47z)[mr,(ra—r’)—m9,rb-l—ml,nil/13 (7)

with

l=(r2 +r’2 —2rr’a)1’2,
a = cos 6 cos 6’ + sin 6 sin 6’ cos (xi — I),
b = cos 6 sin 6’ —— sin 6 cos 6’ cos (xi — Ä’),
c = sin 6 sin (xi — xi’).

As concerns the single dipole field, the algorithm is

(8)

similar to the one used by Mayhew (1979) for his
equivalent source technique.

The magnetic induction B at P is

BE(B,, Be, Bl): —grad V

_(&V
av

a!)‘Efi”_ïäë’_rmneâa’ (æ
where the components come from the partial deriv-
atives of Eq. (7):

r’a—r——‚5l6V ‚uo ” 1 ra r I
È‘Æ1mr’a11—3” 7—)”

’ 1 r’ a— r
+m9, —b(l—3+3r

15
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1
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1
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+3b—5—1 mmxma—m]

+m,l [1—3 cos(xi— xi’)— 3c—l—: Sin6’sin(Ä— MB. (10c)

The cartesian components X, Y, Z defined as usual
(positive north—, east-, or downwards, respectively) are
then

Xz—m
Y=+BÂ (11)

Z: —B.r

The total field B follows from their root sum square:

B=(X2+Y2+Z2)1/2. (12)

Summing up the computed field components X, Y, Z of
all crustal dipoles involved, i.e., within the circular
range considered, yields the magnetic field components
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for the whole crust model at P. The corresponding to—
tal field again follows from Eq. (12).

If the components of the core field (suffix c; here
represented again provisionally by the IGRF 1965) are
added to those of the crust model field, one gets the
components of the whole internal field (suffix i) at P,

XizX+XC>

x=y+x, um
Zi:Z+ZC’

with the respective total fields

(14a)
(14b)

BC=(XCZ+ Yf+zf)1/2,
B,=(X,.2+ Yi2+Z§)1/2.

The scalar difference between Bl. and BC may be regard-
ed as model anomaly Ba of the total field at that point:

Ba=B,.—BC. (15)
The model anomaly of any single field component is
the model field component itself, as follows from Eqs.
(13), and thus need not be treated separately.

In the third section the magnetic field quantities X,
Y, Z, B, and Ba of the global crust model are computed
for a 10 ><1o net of grid-points at a provisional altitude
of 450 km. The results for the whole Earth are stored,
and a special plot-program delineates isomagnetic charts
of the crust model field as well as model—isoanom-
alous charts of the total field, for any given region.

Figure 3 shows the isodynamic chart of the Z-com-
ponent for North and Central America as an example.
The numbers attached to the isolines give directly the
numerical value of Z in units of nanotesla, the solid
lines indicating positive and the dashed lines negative
values. The lines are drawn at intervals of 1 nT ranging
from —4 nT to +9 nT in this specific region. However,
the single values are of less importance. What actually
is important is the general pattern of the isolines in
comparison with the large-scale crustal structure and
the satellite anomaly chart. For instance, the Gulf of
Mexico, the Caribbean Sea, and the Western Atlantic
Ocean are clearly reflected as negative foci, whereas
positive values are predominant throughout the United
States and the isles of the Greater Antilles. The
isoanomalous lines of the total field, Ba, ranging from
—3 to +8 nT (Fig. 4) have a quite similar pattern, ex-
cept for the foci which lie slightly more southward.
Corresponding large-scale features are visible in the
isoline structure of Z and Ba for Europe (Figs. 5 and 6),
although the whole distribution, as expected, appears to
be more complex. Again the continent is distinguished
by positive values, whereas negative values prevail over
oceanic crust including the Mediterranean and sur-
rounding area.

The provisional global Magsat anomaly map de-
rived by Langel (1981) (see also Langel et al., 1982a, b;
Coles et al., 1982) shows comparable characteristics
only partly. As to North America, the particulars men-
tioned above can in general be well recognized. On the
other hand, the satellite map contains a number of real
anomalies which are not or not as clearly reflected in
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the crustal model field. Vice versa, the continental mar—
gins which in the crustal model field are so remarkably
pronounced are hardly visible in the satellite map.

An extensive comparison of both charts requires
consideration of the following aspects. (1) The field de-
rived from Magsat data and the crustal model field
must be compatible with respect to their spherical har-
monic constituents (spatial spectrum). (2) Both elements
of the global model, namely, the geological classifi-
cation of the crustal blocks and the magnetization val-
ues associated with the crustal types involved, probably
need a careful revision in regard to more reality and on
grounds of the Magsat anomaly distribution. (3) One
has to envisage the existence of anomalies which on
principle cannot be described by a global model of the
crust based merely on present geological knowledge
and estimates of Curie isotherm variations. Anomalies
of this type would have to be regarded as particular
events to be studied by separate investigations. (4) The
Magsat anomaly map might still contain uncertainties
due to a possibly incomplete elimination of ionospheric
contributions.

At the time being only aspect (1) has been treated
further. As mentioned already, the satellite anomaly
map is intrinsically truncated by subtracting a main
field model of maximum degree and order 13 obtained
from spherical harmonic analysis of the whole internal
field, thereby also cutting off the lower order terms of
the crustal part. The crustal model field, however, dis-
plays the whole spatial spectrum of crustal anomalies.
The significance of the truncation of the satellite anom—
aly field can easily be demonstrated with the crustal
model field by subtracting all terms up to n=13 and
comparing the result with the original, non-truncated
field. Figure7 shows the truncated crustal Z-distribu-
tion and Fig. 8 the truncated Ba-distribution for North
and Central America; Figs. 9 and 10 give the same for
Europe. The considerable change of structure, as com-
pared with the non-truncated distributions (Figs. 3—6),
is immediately obvious. Besides the finding that posi-
tive and negative foci thus appear more balanced in
distribution and magnitude (ranging, e.g., from —4 nT
to +4 nT for Ba in Fig. 8), it seems as if there would be
also a somewhat higher resolution, induced simply by
the lack of the lower—order terms, i.e., the absence of
constituents of continental scale. In this way the gener-
al character of the truncated model-isoanomalous maps
in fact resembles that of the satellite anomaly maps vis-
ibly better. The strong accentuation of the continental
margins has almost vanished. And quite new features
have appeared as, e.g., the focus of negative values for
Z and Ba west to southwest of the Great Lakes to be
noticed also in the satellite maps.

The improvement of compatibility for the “trun-
cated” model charts is also visible for the section com-
prising Europe and the Mediterranean, concerning
both Z and Ba (Figs. 9, 10). The focus of positive values
north of the Black Sea obviously corresponds to the
southern part of the positive anomaly in the satellite
map. (The anomaly of Kursk observed at 51°E, 36°E is
apparently one of the above mentioned particular events
with sources not reflected in the geological classifi-
cation of the crust). This positive anomaly stretches
with a small saddle to the positive cell in Greece and
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Fig. 3. Model-isodynamic chart of the Z-component for North and Central America (crustal model CRST-D-UT-ll). Units are
nanotesla
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Fig. 4. Model-isoanomalous chart of the total field, Ba, for North and Central America (crustal model CRST—D-O7-ll). Units
are nanotesla

the Aegean Sea. The strong positive focus in the crustal
model field for Southern Scandinavia, lightly connected
with the focus north of the Black Sea, relates well to a
broad band of positive values in the satellite map. Also
the negative focus near the Gulf of Finland can be rec-
ognized in both charts. On the other hand, the nega—
tive anomaly in Central Europe, extending from the
North Sea to the Balkans, which is clearly evident in
the satellite map can only partially be realized in the
crustal model field, superimposed by other elements.
Altogether, the correspondence of Figs. 9 and 10 to the

satellite map is poorest for the south-western section of
the charts. However, when judging the present results
of the crustal model field, it should again be called to
mind that the whole model is based solely on a limited
number of crustal types associated with certain magne-
tization estimates, and that no effort for an adjustment
of the model field to the satellite maps has been made
as yet. The model field distribution shown in Figs. 7—10
thus may be regarded as a first attempt at a real in-
terpretation of the satellite anomalies.

Figures 11 and 12 illustrate the sum of the cutoff
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Fig. 7. Truncated model-distribution of Z for North and Central America, i.e., same as Fig. 3 except all terms from n=1 to 13

100°w
Fig. 8. Truncated model-distribution of Ba for North and Central America, i.e., same as Fig. 4 except all terms from n=I to I3

terms from n21 to 13 for the Z and Ba model distri-
butions within a section including North America, the
North Atlantic, and Europe. Note that the magnitude
of the contours rises to the same order as for the trun-
cated model-isoanomalous charts (Figs. 7—10), namely
+7 nT in North America and +6 nT in EurOpe. This
accounts for the predominance of positive values for
the whole model field over the continental areas (Figs.
3—6), and for the considerable alteration including
change of sign if this field part is subtracted. The struc-
ture of the low—order part clearly follows the large-scale
composition of the crust, elucidating the predominance
of continental margins in the whole crustal model field.
For comparison see the low-order spherical harmonic

model of crustal thickness derived from seismological
measurements (Soller et a1., 1981). The results about
magnitude and structure of the cut-off part accentuate
the importance of taking this constituent into account
for any isodynamic chart intended to display the whole
crustal field. Future investigations will have to be made
aiming at an inclusion of the lacking lower-order terms,
for instance by a truly realistic global model of crustal
magnetization.

Energy Density Spectrum
As has already been pointed out, a comparison of our
crustal model field with the satellite anomaly field
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Fig. 9. Truncated model-distribution of Z for Europe and surrounding area, i.e., same as Fig. 5 except all terms from a: l tn 13

20°E
Fig. 10. Truncated model-distribution of B” for Europe and surrounding area, i.e., same as Fig.6 except all terms from n=1 tn
13
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Fig. 12. Model anomaly part of Ba from 11:1 to 13 for the same section as in Fig. 11

should preferably be done under global aspects, even
though the model field may be accomodated to the
truncation of the latter. A method which accentuates
certain global characteristics of a potential field is the
classical spherical harmonic analysis. The magnetic
field B at an altitude of 450 km is expressed by an ex—
pansion of its potential V into a series of associated
Legendre functions,

V=RE È Ï
n=1m=Ü

R
n+1

(TE) (si? Cos m/1+h„'" sin mil) RI"(0) (16)
where RE=6 371.2 km is the Earth‘s radius, and r=RE
+450 km. The RING), by convention, are the Schmidt
quasi-normalized functions. The Gaussian coefficients
g? and hum decisive for the field distribution are usually

determined from the measurements by an extensive
least—squares method. Since, however, the crustal model
field has been calculated to a high accuracy for the 1°

>< 1° net of grid-points covering the whole Earth, and
since further, per definition, there is no external part,
the calculation here was made directly by a twofold
numerical integration based solely on the Z-com-
ponent:

git? __ 2fl+1 r "+2 1:21:
m

{kif}— 41mm) 7.) l g mm: (6)

{cosm/l
X

sinm/l
(n=1,2, ...;m=0, l, ...,n).

}sin wad/1 (17)
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With r specified as indicated above the coefficients
gn’", h’: all refer to the surface of a spherical earth. But
they can easily be reduced to any other concentric ref-
erence sphere with radius RC (outside the sources) by a
mere reduction factor of (RE/Rc)"+2.

The actual computation (cf. Chapman and Bartels,
1940) begins with a Fourier analysis along circles of
constant colatitude 6, at 1°-intervals, yielding the Fou-
rier coefficients

a (0) 1 2" cosm/lm =— 2mlbm(0)l 5mn l (’ ){sinmfltldlI (18)
(m=O, 1,...)

with

ô __ 2 for m=0
’"_ 1 for mèl.

From these the g':‚h;‚" can be obtained by a simple
quadrature:

m n+2 1:

g"}=_5mfl(L>
j

am(6)
B,”(0)sin0d9ht." 4(n+1> RE o me)

(n=1‚2,...;m=0‚1‚...,n).

In both cases the integration is done numerically.
For the crustal model field the Gaussian coefficients

were calculated up to degree and order 35 (1295 coef-
ficients altogether). The 2n+1 coefficients of the same
degree n were then reduced to a single quantity W
through their summed squares:

n

W(n)=(n+1) 20 [(gil’)2 +(hnm)2]- (20)
m:

Physically, this quantity measures the energy density of
the particular field constituent averaged over the whole
Earth, except for a factor of 1/2 Ho (Mauersberger, 1956;
Lucke, 1957; both reviewed by Kautzleben, 1963; see
also Lowes, 1966). The function W(n) thus can be re-
garded as the spatial spectrum of the mean energy den-
sity of the magnetic field. It is in many respects an ap-
propriate measure for a global comparison of the crus-
tal model field and the observed field.

Spatial Spectrum of the Crustal Field

Figure 13 shows in the upper diagram the spatial en-
ergy density spectrum of the crustal model field consid-
ered. Apart from the lowest two degrees it resembles a
“white” spectrum on a level of nearly 101(nT)2. Of
course, in view of a finite total energy amount the spec-
trum cannot really be white throughout. For some very
high n it must drop off to zero. Yet for illustration the
term “white spectrum” has been retained for any hori-
zontal section of the spectrum.

The diagram beneath gives to the same scale the
corresponding spectrum of the observed internal mag-
netic field or, more strictly, of a particular field model
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(M051782) developed by J.C. Cain of the US. Geologi-
cal Survey. It is based on a selected magnetically quiet
sample of Magsat data and extends up to the degree of
29. As is readily apparent, the spectrum is split into
two quasi-linear sections where the right one, from
about n=15 on, again resembles a “white” spectrum
on a level which lies very close to that of the crust
model field spectrum, being only slightly higher by a
factor of less than 3. This finding not only identifies the
horizontal section of the internal field spectrum clearly
as a part of predominantly crustal origin. It justifies at
the same time in a certain measure the assumptions
made about the global crust model on the whole. More—
over, since the induced crustal field is essentially the
result of the large-scale characteristics of the crust irres-
pective of the inducing core field structure (Runcorn,
1975), the equipartition of energy with regard to sum-
square surface harmonic distributions of different de-
grees implies that there is obviously no world-wide, sig-
nificant harmonic constituent prevailing in the global
magnetization structure of both the crustal model and
the real crust.

Main Field Analysis

The left-hand section in the lower diagram of Fig. 13,
up to about n: 12, must surely be attributed to deeper
sources, i.e., to the core part of the internal magnetic
field. (The two terms of degree 13 and 14 are the tran-
sition terms). From the spatial spectrum of the crustal
model field it is certainly evident that these terms still
include a non—vanishing part of crustal origin. But the
crustal constituent is in all cases small compared with
the real core field part. This already renders feasible a
particular core field analysis by a coarse separation of
the core and crustal parts of the internal field spectrum.

The dipole part (n: 1) clearly stands above the gen-
eral trend of spectral terms, requiring conclusively a
separate treatment with a source mechanism probably
involving major parts of the whole core. The following
evaluation, therefore, is confined to the terms from n
=2 to 12 where a quasi-linear decrease is to be no-
ticed. Owing to the fact that the ratio of the radii in
Eq. (17) is involved with a specific power of n, any lin-
ear decrease of spectral terms in the semi-logarithmic
diagram of Fig. 13 strictly accords with a “white” spec—
trum at a certain depth beneath the Earth’s surface, de-
termined by the reduction factor which compensates
the slope of the spectrum. If one assumes that this
depth is in a way indicative of the depth of a corre-
sponding source layer —— analogous to what has been
found to be true for the crustal field — then one can
easily estimate the respective source layer depth. The
line drawn in the lower left corner of the diagram
shows the theoretical slope for a white spectrum at the
surface of the Earth’s core, i.e., ——210g(6371/3471)=
—0.5275, involving the ratio of the radii of Earth and
core. It fits the inclined spectrum section already pretty
well. The line actually drawn through the point distri-
bution is the calculated regression line which has only
an insignificantly steeper SIOpe indicating a slightly
greater source depth of 162 km beneath the surface of
the Earth’s core.
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Table 2. Results of effective source layer depth

Field model Author Epoch Depth beneath
core surface of
a “white”
spectrum
(n = 2... 12)

M051780 J.C. Cain 1980.0 (162 $48) km
U061380 J.C. Cain 1965.0 (115 $54) km
U041580 J.C. Cain 1965.0 (150i57) km
M050580 J.C. Cain 1980.0 (142 i48) km
M061581 J.C. Cain 1980.0 (153 i49) km
MGST 6/80 R.A. Langel 1979.85 (163 i48) km

Mean (147 i50) km

To better recognize the deviation from a white spec-
trum at the core surface we have reduced the spectral
function W(n) to exactly this level of reference, simply
through multiplying W(n) by a factor of

(6371/3471)2("+2) (Fig. 14). A white spectrum at this lev-
el would per definition appear as a strictly horizontal
section. In fact, the slight decrease to be noticed for the
spectral terms from 11:2 to 12, perceptible also for the
regression line, again corresponds to an effective source
layer depth of 162 km beneath the reference level. The
steep increase of the right-hand spectrum section is of
merely formal character. It shows only how an equiva-
lent source field spectrum at the surface of the Earth’s
core would have to be conceived in order to produce
the white spectrum of the crustal field part observed at
the Earth’s surface.

Analyses like this have been done for six recent
field models. The results about the source layer depth
are made up in Table 2. The particular standard error
is derived from the deviations of the spectral terms
from the regression line. Its average of i50 km gives
an impression of how the calculated source depth
varies on account of the secular variation and, in ad-
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dition, may indicate the order of thickness of the
source layer. The actual scattering of the five depth val—
ues about the average depth of 147 km, however, is no—
tably smaller (i16km only), indicating that the under-
lying field models cannot be considered as statistically
independent. Besides the fact that in part the same raw
data have been utilized, even completely different field
models within a time-span of one or two decades
would not yet reflect the full range of secular variation.
Thus the de facto scattering of the source layer depth
primarily expresses magnetic survey and data reduction
deficiencies. Anyway, the finding that the calculated
source depth clearly lies within the uppermost layer of
the core provides substantial evidence for its physical
significance.

The same evaluation has been made for the energy
density spectrum of the secular variation, i.e., for the
time-derivative of the spectral function W(n):

W=2<n+1> î [grgz‘wñÿ].
Om:

(21)

For a model based on pre-Magsat data (U041580) and
deveIOped again by J.C. Cain, there is sufficient ac—
curacy up to a degree of 9 (Fig. 15). The regression line
here indicates an effective source depth of 66 km be—
neath the surface of the earth’s core, rather well in ac-
cordance with the result for the main field model itself,
within the 30-limit of random deviations. However, dif-
fering from the spectrum for the field model the term n
=1, i.e., the dipole term can now be fully included. It
no longer deviates significantly from the regression line.
This signifies that the secular variation of the dipole
field is predominantly due to that part of the field
which most likely originates in a relatively thin surface
layer of the Earth’s core and which, by its quasi-white
spectrum there, contributes also to the observed dipole
field (by approximately 15—20 %).

The other terms of the secular variation spectrum,
besides their specific magnitude, come out with an al-
most alternating sign. (The encirled dots denote posi-
tive rates, i.e., increase of field energy, the crosses nega-
tive rates or decrease of field energy). Hence, a white
spectrum at the surface of the earth’s core — the re—
duced spectrum is shown in the right—hand diagram of
Fig. 15 — means that the energy of the magnetic field at
that depth is well-balanced. The secular variation does
not lead to a change of the gross amount of magnetic
energy there. It rather represents a change of field
structure in connection with structural changes in the
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Fig. 15. Spatial energy density spectrum
of the observed secular variation,
referring to the surface of the earth (left)
or reduced to_the surface of the Earth’s
core (right). W is the first time-derivative
of the spectral function W

specific source layer, i.e., the surface layer of the earth’s
core. Seemingly contradictory statements regarding the
observable field at the earth’s surface have to be under-
stood through the non-uniform radial decrease of the
different spectral terms, especially by the relatively en-
larged effect of the dipole term.

Conclusions
The forward calculation of the crustal magnetic field by
means of a global model of the Earth’s crust turns out
to be an effective instrument for the study of crustal
magnetization. It accentuates global aspects and is es-
pecially more capable of revealing universal com—
ponents than the repeatedly applied inversion method
of equivalent sources. The present state of the model,
although based on rather simplifying assumptions, has
already led to satisfactory results regarding magnitude,
structure, and spatial spectrum of the model field. If the
field is truncated at the same spherical harmonic level
as the satellite anomaly map, a number of positive and
negative foci in both charts are clearly correlated. Be-
sides, the model field makes it possible to demonstrate
for the first time the potential failure of the truncation
to properly represent the total crustal field.

Remaining inconsistencies indicate that much effort
must be expended to improve the model for universal
agreement. But it should be kept in mind that also the
available Magsat anomaly map is still highly prelim-
inary. Notwithstanding, there are probably several
anomalies in the satellite map which definitely cannot
be reproduced in any crustal model field of global ex-
tent. These anomalies certainly provide additional in-
formation beyond our present knowledge of the Earth’s
crust. The model field finally constructed thus may
serve as an appropriate reference field for the truly
anomalous part of the crustal field.

Whatever particulars a comparison of the crustal
model field and Magsat measurements may further re—
veal, the present results on spatial spectra definitely sig-
nify a tripartition of the internal geomagnetic field (ex-
cept for the local anomalies):

(1) a relatively stable dipole part originating prob-
ably in the deeper core or in the core as a whole;

(2) a part from a relatively thin surface layer of the
core, (including, amongst others, a further dipole con-
stituent), with structural changes that causes the secular
variation of the observed field,

(3) a part from the Earth’s crust attributed to mag-
netic minerals.
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The revealed separation of the core field into a uni-
versal dipole and a more complex surface field part re—
sembles to some extent the main field representation by
a centered dipole and an assemblage of additional ra-
dial dipoles at a constant geocentric distance inside the
core as suggested by Alldredge and Hurwitz (1964); see
also Alldredge and Stearns (1969) and Stearns and A11-
dredge (1973). Indeed, if the surface field part is due to
a comparatively thin current sheet involving various
loops and whirls, the first-order magnetic field of such
a current distribution is a set of radial dipoles equidis-
tant from the Earth’s center. Although this may in effect
concern merely the description of the core field, the re—
sults about the core field energy spectrum must cer-
tainly be considered for any true theory of the core
field generation.
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and Application to Some Permian Volcanics
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Abstract. A palaeointensity technique is proposed for
use with basalts that have undergone high temperature
oxidation and whose magnetic minerals are in their
most advanced oxidation state. In such basalts the
main magnetic mineral is haematite, although there is
usually a minor constituent of magnetite present. Be-
cause magnetite is a very much stronger magnetic min-
eral, typically the total remanence of these basalts is
derived about equally from each mineral. Such a two-
mineral assemblage is quite unsuitable for use in the
Thelliers’ method. However they are well distinguished
by their coercive force spectrum. Therefore a modifi-
cation to Shaw’s method enables palace-intensities to
be determined separately for each mineral. The low al-
ternating field demagnetization spectrum (§150 mT)
provides the palaeointensity for the magnetite fraction
and high field alternating field demagnetization
( 3500 mT) the palaeointensity from the haematite frac-
tion. Agreement between these values provides a
powerful consistency check.

Application of this technique to samples of the Per-
mian Exeter traps (UK) and the Esterel volcanics
(France) shows that it can be used with success. The
Exeter traps yield a mean VDM of 6.11i1.12
><1022 Am2 and the Esterel volcanics a mean of 4.03
i1.43><1022 Amz. These values are higher than have
previously been suggested for the Permian dipole mo-
ment. Standard deviations of the VDMs are 42.9 ‘X, and
40.6% respectively. This suggests that fluctuations in
dipole intensity are the main source of scatter as has
been observed in VDMs for the past 5 million years.

Key words: Geomagnetic palaeointensity — Permian
volcanics — Two-component remanence.

Introduction

It is well known that the determination of palaeointen-
sity is much more difficult and much less reliable than
that of palaeodirection. So that, apart from work in ar-
chaeomagnetism, there has been little effort in deter—
mining the variation of the magnitude of the earth’s di-
pole moment on the geological time-scale. The main

Offprint requests to: Dr. M.W. McElhinny

reasons for this are that the procedures are usually very
time-consuming and even then it is not guaranteed that
a reliable result will be forthcoming. As a result many
attempts have been made to circumvent the classical
Thelliers’ method (Thellier and Thellier, 1959) with
varying degrees of success. The main problem is that
heating samples to a temperature above the Curie point
(total TRM methods) or successive heatings (Thelliers’
method) may cause alteration to the magnetic mineral-
ogy. In Thelliers’ method the alteration can be moni-
tored and use made of results prior to the alteration
occurring. In total TRM methods, such as Shaw (1974),
comparison of coercive force spectra before and after
heating is used to monitor whether or not alteration
has occurred. We have extended Shaw’s method for use
in special cases so that an additional consistency check
is obtained.

In this paper we consider only the problem of de—
termining palaeointensities from basaltic rocks. We
propose a method that makes use only of highly oxid-
ised basalts (Class 5 of Watkins and Haggerty, 1967 or
Class 5 and 6 of Haggerty, 1976). The high temperature
oxidation in these basalts took place during initial
cooling and at temperatures above the Curie tempera-
tures of magnetite and haematite. There are two advan-
tages in using rocks in this oxidation state. First, as the
magnetic minerals are in their most advanced oxidation
state, further heating should not cause further oxida-
tion. Second, the main magnetic mineral in these ba—
salts is haematite, but there will always be a minor
constituent of magnetite present. Because magnetite has
saturation magnetization about 200 times that of hae-
matite, its presence in a ratio ~1/200 times that of hae-
matite will contribute equal magnetizations from the
two minerals to the total TRM. Furthermore magnetite
and haematite have very different coercive force spec-
tra. In special cases the coercive force of magnetite may
extend up to about 0.3 T (Evans and McElhinny, 1969)
whereas that of haematite probably extends up to 2.5 T
(Rimbert, 1959). Thus it may be possible to determine
separate palaeointensities for the low coercivity region
(from magnetite) and the high coercivity region (from
haematite) using Shaw’s method. This would serve as
an additional consistency check. Agreement between
palaeointensities determined for each mineral fraction
would lend much weight to the results obtained.
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The New Method

Background

Fundamental to any palaeointensity technique is the
relationship (Nagata, 1943) relating the NRM (Jn) of a
rock sample with the TRM (Jr) induced in a known
magnetic field.

J F—"=— <1)J E
where Fa and Fl are the palaeointensity and the labo-
ratory field respectively. The application of this rela-
tionship to palaeointensity determinations is hampered
by:
(1) the acquisition of secondary components of magne-
tization since formation of the rock;
(2) the decay of the primary components of magneti-
zation; and
(3) chemical changes that occur during the laboratory
heating.

To overcome the first two problems, alternating
field (AF) demagnetization has been used to isolate the
more stable components of NRM (Van Zijl et al., 1962;
Smith, 1967a; McElhinny and Evans, 1968; Doell and
Smith, 1969). Sometimes thermal demagnetization
(Smith, 1967a) is used, but this then reduces to a form
of Thelliers’ method, because there will be no consis-
tency between successive temperature intervals until the
secondary components are eliminated. The comparison
of successive temperature intervals or coercive force in-
tervals then modifies Eq. (1) to:

Jn(T19 T2) 25
(2)J (T1, T2) Fzt

OI'

Jn(H13H2)_P;1

Jt(H1>H2) —E

where (T1, T2) and (H1‚H2) describe the blocking tem-
perature interval and range of alternating magnetic
field respectively.

Although the Thelliers’ method will detect the point
at which chemical changes occur on heating, the alter-
nating field methods require heating to the Curie tem-
perature and chemical changes can the only be detected
by comparison of the coercive force spectrum before
and after heating. Various attempts to minimize chemi-
cal alteration have been attempted. Tanguy (1975) tried
rapid heating in a preheated furnace, Khodair and Coe
(1975) used a vacuum and Kono and Tanaka (1977)
used a reducing atmosphere of nitrogen or argon gas.
None of these has been particularly successful.

The Thelliers’ method (Thellier and Thellier, 1959)
and modified versions (Coe, 1967a; Kono and Ueno,
1977; Domen, 1977) has been applied to young basaltic
rocks and palaeointensities have been determined using
the low to intermediate temperature ranges (eg. Coe,
1967a; Coe and Grommé, 1973; Coe et al., 1978;
Champion, 1980). The problem is the long time re—
quired for step-wise heatings and the interpretation of

non-ideal behaviour of the NRM-PTRM relationships
or Arai diagrams (Arai, 1963; Nagata et al., 1963) a
has been discussed by Coe (1967b) and Levi (1975).
Also the Thelliers’ method is unsuitable for rocks
possessing thermally discrete components (i.e. the
blocking temperatures are not well distributed) where
all the magnetization is acquired on cooling through a
relatively narrow temperature range (McElhinny and
Evans, 1968).

The method described by Shaw (1974) compares
coervice force spectra of NRM and TRM and also
compares the coercive force spectra of ARM before
and after a single heating to the Curie temperature to
demonstrate the absence of alteration or to identify a
coercivity region which has not been affected by this
alteration. Kono (1977, 1978) applied Shaw’s method to
volcanic rocks up to 34 m.y. in age and observed that
only a few samples satisfied the ‘ideal’ conditions set
out by Shaw (1974). He concluded that a reliable
palaeointensity could be determined, even though the
ideal condition was not satisfied, by introducing an ap-
propriate correction term.

We now extend Shaw’s method to highly oxidized
basalts containing magnetite and haematite with dif—
ferent coercive force spectra.

Procedure

(1) The NRM of the specimen is progressively demag-
netized in alternating magnetic fields up to some maxi-
mum peak field Hm. The demagnetized NRM is mea-
sured at each step.
(2) An ARM (ARM1) is given to the specimen by
applying an alternating field (Hm) whose amplitude is
reduced to zero in the presence of a steady magnetic
field of 0.05 mT. The ARM1 is then progressively de-
magnetized as in (1).
(3) An IRM (IRM1) is given to the specimen in in-
creasing steps up to fields of about 2.2 T. The magneti-
zation is measured after each step.
(4) The specimen is given a TRM in a field of about
0.05 mT and it then progressively demagnetized as in
(1).
(5) An ARM (ARM2) is given to the specimen as in (2)
and then progressively demagnetized as in (1).
(6) An IRM (IRM2) is given to the specimen in in-
creasing steps as in (3).

Low Coercivity Spectrum

A palaeointensity value for the magnetite fraction may
be determined as in Shaw’s method using only the low
coercivity region (0<H<150 mT) of NRM, TRM and
ARM. A comparison is then made of NRM and TRM
and ARM1 and ARM2 in this range of demagnetizing
fields. The following conditions need to be satisfied to
obtain a palaeointensity value.

(a) The magnetite fraction must be sufficient to pro-
duce a significant contribution to the total NRM.

(b) At least a part of the low coercivity region must
be unaffected by secondary magnetic components or
the decay of NRM.
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At any alternating field H up to the maximum
available Hm, the magnetization will be made up of two
components, one due to magnetite and the other due to
haematite, so that

Jn(H):Jmn(H)+Jhn(H)a (3)

Jt(Ê)=s(Ü)+Jm(Ê) (4)
where Jmn(H) and Jmt(H) are the contributions from
magnetite and Jh„(H) and J,„(H) are the contributions
from haematite. From Eq. (2) then

Jmn(H) + Jhn(H) _ Fa
“‘——‘5—————N_——. (5)

Jmt(H)+Jm(H) F1
We now assume that in the range 0§H §100 mT the
contribution to the total coercive force spectrum from
haematite is very much less than that from magnetite.
Then Jh"(I-Î) and Jh,(H) may be considered as constants
and

N F ~
Jmn(H) 2F“ Jmt(H) + constant; 0 §H

l
g 100 mT (6)

This expression describes a linear relationship between
NRM and TRM with slope Fa/F, providing that the
magnetic mineralogy in this coercivity region has not
been altered. These alterations may be investigated by
comparing ARMl with ARM2 in the range
0§H§100mT (Shaw, 1974; Kono, 1977; 1978). If it is
assumed that the change in TRM (or NRM) capacity is
the same as the change in ARM capacity, then the gra-
dient of the best fitting line of ARMl against ARM2
may be used as a correction term for alterations (Kono,
1978). If the NRM-TRM and ARMl-ARM2 plots
show linear relationships with slopes m1 and m2 respec-
tively in the coercivity range corresponding to
0§H§ 100 mT, then

anal—1E. (7)m 2

High Coercivity Spectrum

Suppose the coercivity spectrum of magnetite is com—
pletely eliminated at H, where 0<H <Hw. Then at
any alternating field H in the range He <Hm only the
haematite component remains and Eqs.e(3) amnd (4) be-
come:

- H gügüm. (8)

Haematite becomes saturated in fields of about
2.5 T, so it is not a practical proposition to attempt the
comparison of ARMS, since alternating fields of this
magnitude are difficult to produce. To detect changes
in the haematite fraction before and after heating an
IRM technique has therefore been used (Carmichael,
1967). For the present study a maximum D.C. field of
2.2T was available and this is sufficiently close to that
required to saturate haematite. As the final step before
heating and after heating (steps 3 and 6), the IRM ac-
quired by the specimen is measured in increasing steps.
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Suppose the magnetite grains are saturated at some
steady D.C. field H0 (0§H0§2.2 T). Then the IRM
spectrum for fields greater than H0 is due entirely to
haematite. At any field H in this range (HO§H§2.2 T)
the IRMs before and after heating can be written as:

11(H)=M1+h1 H SHS22T 912(H)=M2+h2 0- - U

where M1 and M2 are the saturation IRMs of mag-
netite, h1 and h2 are the lRMs of haematite before and
after heating (subscripts 1 and 2 respectively).

If the magnetization of haematite has been altered
by a factor k2 after heating (k2~h1/h2)

Mzkz HO§H§22T
12(H)—M2
and

11(H)=k212(H)+(M1-k2M2)- (10)

This represents a straight line with slope k2 which may
be determined from a plot of IRMI versus IRM2. This
is analogous to the ARMl-ARM2 plot in the low coer—
civity range. If the NRM-TRM relationship is~ linear
with slope k1 from Eq. (8) in the range He§H§HW
then from Eq. (1)

k13.007113. (11)
The complete procedure is illustrated in Fig. 1. The
overall requirement is that Fa(m)=Fa(h). So that even
though the method has to rely on corrections for any
alterations that occur, their justification ultimately is
that the two independently determined values of the
palaeointensity agree. This adds an extra dimension to
the point made by Kono (1978) that such “corrected”
NRM-TRM slopes may still give correct palaeointen-
sities in certain cases. Senanayake et al. (1982) have
demonstrated that, for oxidised rocks, the correction
factor proposed by Kono (1978) always produces
palaeointensity values in agreement with that deter-
mined by the Thellier’s method.

High Field A.F. Demagnetization Apparatus

Because of the requirement that high alternating fields
be used to obtain at least part of the coercivity spec-
trum of haematite beyond that of magnetite, a new
high field device has had to be constructed. Basically it
is a very much larger version of that described by
McElhinny (1966) and currently in use in the labo-
ratory at the Australian National University (A.N.U.).

The solenoid is wound with bicalex covered rect-
angular cross-section copper wire of size 3.14 mm
x 1.26 mm. The bicalex cover adds a further 0.11 mm
to each dimension, and the cross—section is equivalent
to 13 SWG, making it possible to pass about 20A
through it without any special cooling arrangement.
The solenoid has 6940 turns, has internal diameter
9cm with 78 turns per layer for 89 layers, giving a
length of 25.7 cm and external diameter of 34.7 cm. A
thin sheet of mylar (thickness 0.008 cm), capable of with—
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Fig. la—c. Illustration of the new palaeointensity technique.
a Comparison of A.F. demagnetization of NRM and TRM.
The magnetite fraction predominates in the low coercivity re-
gion in fields <150 mT. The haematite fraction predomina-
tes in the high coercivity region above some field He repre-
senting the highest coercivity. of magnetite; b The low coer-
civity palaeointensity compares NRM and TRM up to fields
of 150mT, and ARMl and ARM2 before and after heating
to the Curie Temperature. This corresponds to Shaw’s (1974)
method as extended by Senanayake and McElhinny (1982);
c Comparison of the acquisition of IRM before (IRM1) and
after (IRM2) heating. Above H0 the magnetite grains are sa-
turated. The slope k2 of the IRM1-IRM2 plot at fields >HO
determines the factor by which the magnetization of hae-
matite has been altered on heating

standing a voltage difference of about 5,000V was
glued between each layer with Araldite ‘D’, a good
electrical insulator. The solenoid weighs about 160 kg,
has a DC. resistance of 21.5 ohms and produces a peak
alternating field of 36.6 mT/A(rms) as determined by
the output of a small search coil placed at the centre of
the solenoid.

The demagnetizing solenoid is connected in series
with a bank of capacitors (60 kV oil filled) of 2.65 „F to
form a series resonance circuit at 50 Hz. The tuned cir-
cuit has a Q factor of about 40 and the apparatus pro-
duces peak fields up the 0.55T under normal con-
ditions with a supply voltage of 485 V(rms). A further
17% increase in the maximum peak field can be ob-
tained using the overvoltage connections on the supply
variac. Smooth raising and lowering of the current in

the solenoid is achieved using a motor driven variac
which is supplied from second variac connected be-
tween two phases of the normal three phase supply giv-
ing a source of 415 volts. Because of dangers produced
by the high voltage magnification across the solenoid
and the capacitors, they are all located behind earthed
wire screens.

During trial runs some A.F. demagnetization ex-
periments carried out using the system showed that
some spurious magnetization was induced in speci-
mens. Investigation showed that this was not an ARM
or RRM but was related to the automatic switching off
of the A.C. power through the circuit. The switching
gave rise to a very short term high amplitude uni-direc-
tional spike through the solenoid. The effect of this
would be similar to a lightning effect producing an
IRM component. It is apparently due to the capacitors
discharging some accumulated charge through the so-
lenoid. To overcome this the A.C. power through the
solenoid is never switched off but maintained near zero.
The specimen is removed from the coil with the tum-
bling mechanism still operating.

Application to Some Permian Volcanics
Sample Descriptions

Some very oxidized basalts have been collected from
the Exeter traps in England and the Esterel volcanics
in southern France, both of Permian age. The A.F. de-
magnetization characteristics of many of these vol-
canics described by Zijderveld (1967; 1975) made it
clear that, because they were so resistant to high alter-
nating fields, they were of the type required for the
palaeointensity technique.

Previous work on the Exeter traps has been carried
out by Creer (1957) and Zijderveld (1967), and descrip-
tions of the localities and geology are adequately de-
scribed by them. A K-Ar age of 279i6 m.y. has been
determined by Miller et a1. (1962). The detailed A.F. de-
magnetization experiments of Zijderveld (1967) showed
that there were ‘soft’ (low coercivity) and ‘hard’ (high
coercivity) components present in these rocks, but that
these had the same palaeodirection, presumed to be
primary. This clearly suggests the two mineral magneti-
te-haematite system required for the palaeointensity
method. Zijderveld (1967) reports a mean palaeodirec—
tion of D=198°, I = ——25° for these rocks. Twenty-four
unoriented blocks were collected from quarries in the
Exeter traps at Dunchideock (D), Killerton (K), Heaz-
ville (H), Dunsmoor (N) and Pocombe (P).

Zijderveld (1975) has carried out very extensive
work on the Esterel volcanics of southern France. De-
scriptions of the geology and sampling localities have
been given by him in some detail. The volcanics are of
Late Permian age. Nine specimens from six sites having
the most suitable magnetic characteristics were kindly
provided by Dr. Zijderveld from his collection. All
these specimens had not been treated either thermally
or by alternating fields.
Experimental Results

The procedure outlined above was applied to 32 speci-
mens from the Exeter traps and the 9 specimens from
the Esterel volcanics. Preliminary investigations had al-
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ready been made of 43 specimens from the Exeter traps
using peak alternating fields up to 200 mT (the pre-
vious limit available at A.N.U.). These results confir-
med the viability of the technique and the complete
procedure using peak fields up to 550 mT was then ap-
plied to a further 32 specimens the results from which
are reported here.

Figure2 shows normalized A.F. demagnetization.
Curves of NRM and TRM for samples from each of
the sites collected (Fig. 2a, Exeter traps; Fig. 2b, Esterel
volcanics). The curves show the range of responses that
are typical of these very oxidized basalts. In the Exeter
traps, samples from localities D, H, and K show close
correspondence between NRM and TRM whereas for
locality P there is little agreement at the low coercivity
end, the curves only beginning to merge above about
300 mT. On the other hand the Esterel volcanics show
intermediate type responses to the demagnetization of
NRM and TRM. Generally the TRM demagnetization
is much steeper at low fields than the NRM.

Figure 3 compares plots of NRM versus TRM with
ARMl versus ARM2. The least squares slope in each
case is measured over that range of alternating fields
where there is a linear segment at higher fields. Stan-
dard errors are given for the slopes in each case. In
virtually all cases the slopes of ARMI versus ARM2
are close to the values 1.0 required for an ideal Shaw

ARM2 (no: 356 Am")

palaeointensity, but in most cases they can be shown to
be significantly different from 1.0 at the 95 percent con-
fidence level. Thus some correction has to be made fol-
lowing Eq. (8). As Kono (1978) points out this assumes
that the change in the coercivity spectrum of NRM has
followed that of ARM.

Figure 4 now compares the magnetization curves of
IRMl versus IRM2 up to the maximum D.C. field
available of 2.2 T. Generally speaking the data at high
magnetizing fields greater than 0.5 T showed linear re-
lationships. However in all cases the slopes in this re-
gion were significantly less than one, the only exception
being results from sample P4 (Table 1). This indicates
that there has been an increase in the amount of hae-
matite present after heating in virtually every case. The
slope of the IRMl-IRM2 plot between 0.5 and 2.2T
provides the appropriate correction factor to take ac-
count of this as given in Eq.(12). Because the IRM
plots suggest that only haematite is involved at fields
greater than about 500 mT, we have used the maximum
peak alternating field of 550 mT only to determine the
NRM/TRM ratio for the haematite high coercivity
component. This involves the ratio of two measure-
ments on the magnetometer, each of which is measured
with about 5 % accuracy. Therefore an accuracy of 7 %
is assumed for this ratio.

Tables 1 and 2 list the overall results for the two
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formations. The errors quoted are always standard er-
rors and are similar for both the low and high coer-
civity determinations of palaeointensity, averaging
about 10% (Fig. 5). The results for the two parts of the
coercivity spectrum are not systematically higher or
lower by either method, nor are the two values ever
significantly different at the 95 % confidence level. This
encourages us to believe the method is a viable one,
enabling the extension of Shaw’s method to highly
oxidized rocks. The results also provide further indi-
cation that the ARM correction method of Kono
(1978) is a viable one. However they should not be tak-
en to suggest that the IRM acquisition correction
method by itself is always necessarily a viable one, and
can be used in isolation.

Permian Dipole Moment

For each of the samples listed in Tables 1 and 2 a Vir-
tual Dipole Moment (VDM) has been calculated using
the observed values of inclination at each locality given
by Zijderveld (1967, 1975). The conversion of palaeoin-
tensity to VDM follows the proposal of Smith (1967a),
who pointed out that this enabled the effects of dipole
wobble to be eliminated when an average VDM is cal-
culated. It is not clear at each of the localities in the
Exeter traps whether or not more than one flow has
been sampled. Certainly, the variation within each 10-
cality suggests this to be the case. Therefore in the Exe-
ter traps all 21 values of VDM have been averaged to
give a mean value of 6.11i1.12><1022 Am2 where the
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Fig. 5. Histogram of the standard errors for each palaeointen-
sity determination using the high coercivity or low coercivity
fraction

error quoted is the 95% confidence limit. The standard
deviation is 2.627110”11'11“11}I which is 42.9% of the
mean. This is typical of the scatter observed in VDMs
over the last 5 million years (McFadden and M0131-
hinny, 1982) and again suggests that fluctuations
in dipole intensity are the main source of this scatter.

In the Esterel volcanics the five sites yield a mean
VDM of 4.03i 1.43 ><1022 Am2 with error given at the
95% confidence level. The standard deviation is 1.64
23:1022 Am2 which is 40.6% of the mean. The mean
VDM is significantly different from that for the Exeter
traps, but this may not be very significant because ar-
chaeomagnetic data suggest wide variations in dipole
moment over times of <105 years (McElhinny and
Senanayake, 1982). The data from these two forma-
tions is probably inadequate to provide a good mean
dipole moment for the Permian. However, both values
are somewhat higher than those predicted from previ-
ous palaeointensity data for the Phanerozoic (Smith,
1967b; McElhinny, 1973).
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Abstract. The estimation of the magnetotelluric imped-
ance tensor by a regression analysis from locally mea-
sured electromagnetic surface fields includes a bias-er-
ror, if both the electric and the magnetic field are de—
graded by additive noise. The remote reference method
developed by Gamble et al. (1979a) avoids this bias-
error. The errors of the traditional local estimation and
the remaining error in the reference estimation are
compared. It is shown that for some different types of
noise the standard deviation of the reference estimate
may be as large as the bias-error of the local estimate.
However in order to get a consistent reference estimate,
and in order to take full advantage of this method, gen—
erally much more data have to be recorded and anal-
ysed if using the reference estimation instead of local
estimation.

Key words: Coherent noise — Noise reduction — Er-
ror analysis — Bias-error — Variance — Magnetotel-
lurics

Introduction

The magnetotelluric impedance tensor [Z] relates the
horizontal electric field E to the horizontal magnetic
field H at the Earth’s surface in the frequency domain

13(0)) = Z(w) - H(w)‚ (1)
with angular frequency co=27r/T T denotes the period
of interest. Written in components Eq. (1) gives

[EX]

=

[Zxx n:|

_

[H36].
(1 a)

Ey Zyx Zyy H)”

All values are dependent on the angular frequency a),
and on the resistivity distribution of the Earth in the
vicinity of the recording location.

In order to find the unknown resistivity distribution
below the Earth’s surface, first the elements of the im-
pedance tensor are calculated from the measured values
of the electromagnetic field. Then data interpretation
can be undertaken in several ways, for example, by in-
version procedures or model fitting.

Generally the magnetotelluric method including the
interpretation of the impedance tensor requires the
Offprint requests to: P. Kroger

measured fields E and H to be homogeneously induced,
because otherwise the elements of the impedance tensor
are not only dependent on the resistivity distribution
but on the primary source field distribution as well. A
homogeneously induced field is the total field at the
Earth’s surface, if the inducing primary field is homo—
geneous. This condition is valid for natural fields in
middle geomagnetic lattitudes up to periods of about
1,0003 (Wait, 1954; Rikitake, 1966; Madden and Nelson,
1964)

Magnetotelluric measurements are degraded by
equipment noise, but often much more by artificial and
man made noise. This noise in general, results in an
erroreous impedance tensor. In order to reduce this er-
ror influence, the impedance tensor is estimated from a
lot of measurements of the electromagnetic field. Nor—
mally a regression analysis is used (Swift, 1967; Rankin
and Reddy, 1969). Starting point of this method is the
postulated regression model, for example

E,=[Z]H,+5H,, (i=1...M) (2)
with a noise term (SE, in the measured electric field data
Ei. Correlating the output data Ei of the regression mo-
del with the input data Hi gives the estimate.

£21512”z”]=[CEHJ-[PHH]—1 (3a)
n n

where [CEH] is the estimated crosspower matrix and
[PHH] is the estimated autopower matrix of the mea-
sured data Ei and Hi. Exchanging the input and out-
put data in the regression model leads to another es-
timate of the impedance tensor

[Z]/L:[PEE] ' [CEH]—1° (3b)

In the following [Z]L and [ZA]’L are called the local es—
timates 0f the impedance tensor because they are calcu—
lated from measured data of only one location.

Inherent in the local regression models is the
assumption that the input data is free of noise. Only
in this case the local estimates are bias-free
estimates of the impedance tenspr, and with a large
number of samples [Z]L and [Z]’L tend towards the
“true” impedance tensor [Z]. In practice this assump-
tion often is violated. Noise in the input data causes at
least an error in the estimated autopower matrices
[PHH] and [FEE]. Different authors have shown that in
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this case the estimates are biased downward and up-
ward respectively, if Eq. (3b) is used, compared with
the true value (e.g. Sims et al., 1971). Moreover, if the
noise in the input data is coherent with the noise in the
output data, an error also occurs in the estimated
crosspower matrix [CEH]. In this situation the values of
the bias-errors in the local estimates of the impedance
tensor cannot be seen immediately. One of the aims of
this paper is to describe this type of error (see below).

Several methods have been presented to reduce the
bias in the local estimates of the impedance tensor
(Sims et al., 1971; Kao and Rankin, 1977; Gundel,
1977). All these estimates are based on local measure-
ments of the electromagnetic field. To obtain a reduc-
tion of the bias-error, these methods require the com-
ponents of noise in the estimate to be incoherent.
Otherwise a separation of homogeneously induced data
and noise by a local measurement is impossible (Gou-
bau et al., 1978).

A definite improvement in the reduction of the bias-
error, even in the case of coherent noise, was obtained
by the so-called reference magnetotellurics, developed
by Goubou et al. (1978). A detailed description of this
method can be found in Gamble et al. (1979a). In this
method the impedance tensor at a measuring station is
estimated by using reference data R, which are recor—
ded synchronously at a remote station, the reference
station. Normally a magnetic reference is used. The ref-
erence estimate [Z]R of the impedance tensor is ob-
tained by the correlation of data from the measuring
station and the reference station.

[2] =[m‘ 20“]:[C J-[C 1-1. (4)R
ZyxR Zv

ER HR

This estimate only contains crosspowers between data
from the measuring station and the reference station.
Provided the noise at the measuring station is inco-
herent with the noise at the reference station the refer-
ence estimate Eq. (4) is bias—free. In practice this con-
dition is satisfied by a sufficiently large distance be-
tween the measuring and reference station, usually
some tens of km. This condition should not be con-
fused with coherency between local noise in the electric
and magnetic channels at the measuring station, which
is permitted in the remote reference method. Indeed
the reference method theoretically leads to a bias-free
estimate, but there is some practical expense in com-
parison with the local method, which should be men-
tioned. First, more measurement equipment is needed.
Also measuring and reference data have to be recorded
synchronously within certain bounds. This either re-
quires very stable time bases in both sets of equipment,
or a telemetry connection for synchronising. In each
case the sampling at both stations has to be done auto-
matically. Foremost, in the last few years automatically
recording MT-equipment has been developed which en-
ables synchronous recording in the period range below
1,000 s.

Besides the differences in cost of equipment there is
a second main difference between the local and the ref—
erence method. The reference method requires measur—
ing of two more data channels, which may also suffer
interference. Due to this additional noise it is to be ex-

pected that the reference estimate has a larger as-
sociated variance than that of the local estimates, pro-
vided the same quantity of data is used.

The increase of measurement equipment, the de-
mand for automatic recording and the possible in-
creased amount of data required seem to be the reasons
why the reference method has not, up to now, been
used as the standard method in MT surveys, although
its advantage in avoiding bias errors is obvious. In par-
ticular, the quantity of data necessary to obtain a con-
sistent estimate is as yet an unsolved quantity. Also it
is not yet known how large the bias-errors in the local
estimates for different kinds of noise are. In the litera—
ture there are derivations of the bias-errors only for the
case of incoherent noise at the measuring station (e.g.
Sims et al., 1971). Furthermore, the question arises of
how large the bias-error is in practice. This paper will
illustrate one example, which shows that for locations
with coherent noise only the reference method is suit-
able for increasing the estimation accuracy in MT
soundings.

By comparing the errors in both the local and the
reference estimates of the impedance tensor this paper
will help to answer the above mentioned questions.
First, the value of the bias-error in one of the local
estimates in the case of different kinds of noise shall be
evaluated theoretically. The variance of the reference
estimate in these cases will be derived. Secondly the
analysis of real MT data will show which kind of noise
in practice has to be expected and how large the bias-
error and the variances are.

Definition of Signal and Noise

The MT—method requires homogeneously induced fields,
which in the following are called the signal. There-
fore noise is that part in the measured data El. and Hi
which either is not induced or not homogeneously in—
duced.

The first group, the non-induced part, is noise
measurable in the magnetic and electric channels. The
noise measurements in these channels are independent
from each other, i.e. incoherent. Examples are the noise
of the measurement equipment, activity caused by mov-
ing vehicles, or mechanical vibration of the sensors.

The second group comprises noise caused by inho-
mogeneously induced fields. Physically these are the
man made electromagnetic fields of electrical power
lines or industrial areas. A simple model of such a field
is given by Kroger (1981). In contrast to the first group,
the noise in the electrical field is related to that in the
magnetic channels, i.e. the noise is coherent.

Signal and noise are always generated by different
sources and therefore the signal is not coherent with
the noise.

Definition of Different Types of Noise

The measured data El. and Hi are composed of the sig-
nals E HS, and the noise E Hni.Si’ ni’

Ei 2 Esi + Eni

Hi=H5i+Hni' (5)
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Table 1. Definition of the types of noise distinguished by their
coherency characteristics

Type Definition COH [Z], biased by:

1 incoherent COH(E„; Hn):0 autopowers
COH(Hx„‚HWWWO): of H"

2 input— COH(E
HH)=

O autopowers
coherent COH (Hx", Hyn)=#0 of Hn

crosspowers
of Hxn and HW

3 multiple- COH (En, HWW)3F O autopowers
coherent COH(Hx‚„, HWWW)4=O of Hn

crosspowers
of Hxn and HW,"
crosspowers
of En and Hn

The “true” tensor [Z] relates the signals

EWW. = [Z] .Hsi. (6)
Due to this relation in the following [Z] is called the
signal impedance.

Concerning the different influence on the bias—error,
the noise has to be distinguished by its coherency char-
acteristic. Possible types of noise are summarized in
Table 1.

1. The noise components E, and Hn are incoherent
and furthermore the input components Hx", Hm are in-
coherent. This type shall be referred to as incoherent
noise.

2. The noise components En and Hn are incoherent
but the input components of the noise Hxn, Hm are co—
herent. This type is called an input-coherent noise

3. The noise E, is coherent with the noise Hn and
furthermore Hxn and HW are coherent. This type”shall
be referred to as multiple-neoherent noise.

Bias Error in the Local Estimate
of the Impedance Tensor
A general two dimensional error analysis for each case
of different types of noise in Table 1 is given by Kroger
(1981). For simplification and demonstration of the
main effects on bias and variance only, the absolute
values of the diagonal elements Zxx, ZWW, in the tensor
[Z] are assumed to be negligible small in comparison
with the off-diagonal elements ZxW, ZWx .In practice, this
is a good approximation for many existing conductivity
distributions. In this case the local estimates may be
reduced to one-dimensional estimates (Scheelke, 1972).
Also for simplification in the following we want to re-
strict ourselves to the demonstration of the bias (and
variance) for one of the local estimates, i..e [Z]L,
E.q (3a). The reader may easily transfer the results if
[Z]’L, Eq. (3 b) instead of [Z]L1S used. For example,

theone-dimensional local estimate for the element Zx,
given by

'

A ZExiHÎÎi M

nL:—_ (Z: Z )7
ZlHyl-I2 i i=1
i

where HÎÎ is the complex conjugate of HWi.

(7)
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In this estimate noise of type 2 has no bias influence
and that of type3 simply reduces to coherent noise.
This is not very restrictive, because, as shown by
Kroger (1981), the multiple coherent noise usually will
have much more error influence than the input co-
herent noise.

The estimate of the bias error AZx
timate ZxWL is defined by

W, in the local es-

AZx1'=<Zx1‘L>_v (8)

where < > denotes the ensemble average and ZWW is the
signal impedance (true but unknown value). In the fol—
lowing error analysis stationarity of signals and noise is
always assumed. For a sufficiently Large number M of
samples in Eq. (7) the variance of ZM L becomes small
compared with the bias of ZML (see next section) and
(ZxWL> may be approximated by

<ZAxyL> 2vL' (9)

Seperating the measured data into signals and noise
and considering incoherency between them, Eq. (7)
leads to

ZEN HW+ZEWHW

‚L:
ZlHysi|2+Zlni|2

:Z .HThe signals are related by EWW. xv W. For the noise
a regression model may be set up and described by

(10)

EWW=ZWWNH +ôôExW. (11)yni

Here, in the case of coherent noise vN is a well de-
fined function and shall be called the interference im-
pedance. MEX, is the incoherent (with HW) part of the
noise Em. Assuming known noise, ZxWN can be esti-
mated in accordance with Eq. (7)

ZExn Hf”,

zIHmÇ—mlz
Inserting the signal impedance ZxW andthe interference
impedance ZXWN, given by Eq (12) into Eq. (10) yields

A

as vN: (12)

A ZxWSÎHW+ZAWWNNHW
nL: 7ÊHW+NHW (13)

where the following abbreviations were used:

SHW=Z|HW|2
A

_ 2. . . .NH)‘_Z|Hyni| . estlmated n01se power 1n Hy.
i

: estimated signal power in HW,

(13a)

With Eqs. (8), (9) and (13) the bias-error is

A A 1 A
AnsyL —Z =

xy ——__S——‘ (nN1 + (—)N H,
S . . . . . A A

(N) 1s the estlmated s1gna1—to-n01se-ratio SHy/NHy. A
Hy

—Z...). (14)
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similar result may be derived for the estimated bias-
error AZyx in the element ZM.

The bias-error depends on the noise parameters:
signal-to-noise ratio and interference impedance. The
difference between the interference impedance and the
signal impedance is determined by the inhomogeneity
of the source field of the noise. For example, in the
near region of such a noise source the interference im-
pedance due to the high inhomogeneity is very different
from the signal impedance (absolute and phase value)
as shown by Kroger (1981). With a low signal- to-noise
ratio the bias--error may be much larger than the signal
impedance, that means the local estimate ZxyL is “unus-
able” for modelling. If the distance between the lo-
cation of measurement and the source increases, the in-
homogeneity of the inducing field decreases. This
means the interference impedance tends towards the
signal impedance and the resulting bias-error becomes
smaller. For a sufficient large distance from a coherent
source of noise you will get the far field solution which
is equivalent to the homogenous inducing (natural) field
and nN becomes equal to n. If there is no other
type of noise, then the bias-error is zero.

If the noise is incoherent (type 1), according to
Eq. (12), nN is zero and Eq. (14) leads to the well
known expression for the bias-error (Sims et a1., 1971)

A 1AZ :——————-Z . (15)xy
S xy1+ HN H,

FoZr
incoherent noise the phase of the relative bias—error

Z/n is 1800 and therefore the local estimate Zx}L
isAdownward biased compared with the signal imped-
ance Zx

Forx coherent noise the phase in Eq. (14) depends on

ce
interference and signal impedance and, in this case,

L may be upward biased (see also practical results
below).

In contrast to the local estimate [Z] L, the reference
estimate [Z]R does not depend on the autopowers and
the crosspowers of the locally measured data and there-
fore it is not biased, provided the noise at the measur-
ing station and that at the reference station is inco-
herent.

Variance of the Estimates of the Impedance Tensor

For the different types of noise the variances of the 10-
cal and reference estimate shall be compared. Again,
for simplification, it is assumed |Zxxl, |Zy|<|Zxyl, lZyx.|

The estimated variance of the local estimate, fory ex—
ample, isAgiven by Bendat and Piersol (1971). For the
element nL it is approximately

ZlcSE...-l2
VAR{Z‘..L} M 21H 12’ (16)
where öExi is the residuum

öExi = Exi _ nL ' Hyi (17)

and M is the number of samples in the regression anal-
ysis.

With Eqs. (17) and (7), Eq. (16) transformes into

ZIE..12
VAR{nL} 2M ZIH -|2

. yl

—|Z,,L|2 . (18)

The total power in the electric channel, ZlEx |2’ can be

decomposed into the signal power SE , the noise NExC,
(which is totally coherent to the noise power NHy) and

A

the noise power NExU (which is totally incoherent to
NH)y

ZlEXilznxC+NExU+NExC' (19)

In Appendix A1 it is shown how the expression for the
variance in Eq.(18) by use of this decomposition be-
comes

A A 1VAR {2m} 2M—

NU_ ‘Z 2 _

N H,
A similar expression may be derived for the element
Z The variance of the local estimate depends on the

-IZ..N—Z |2 . (20)xy

n'
S A

already defined noise parameters (—) and nN and
Hy

. . . S . .on the s1gna1-to—n01se ratlo (—) 1n the electr1c chan-
U Ex

nel. NU is the incoherent part of the noise power in Ex.
A general expression for the variance of the refer-

ence estimate was given by Gamble et al. (1979b). The
expressed variance is dependent on the crosspowers of
the measured data. For the aims of this paper, namely
comparing bias and variance, the variance shall be giv-
en by its dependency of the above noise parameters.
This is done by Kroger (1981). With IZxxl, lZyy|<|n|,
lZyxl, the variance for nR is

VÂR {n12}

NI 1 [N +|Z Z |2 N ]
M

lylz'Z|Ryl-l2

ExU xyN xy Hy
(21)

A Ê Swith IK,,|2= Hy/ Ry (21a)
[1+ (-5-)„12'

A S .SRy is the estimated signal and (N) the estimated s1g-
Ry

nal-to-noise ratio at the reference station. In Appendix
A2 it is shown that Eq. (21) can be transformed into

A A l NVAR1nR} ”112' [1+ (g) ]
y

N N A1<—><>1
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Besides the noise parameters at the measuring sta-
tion the signal-to—noise ratio at the reference station ap-
pears in Eq. (22) and, as will be shown in the following,
the variance of the reference estimate increases com-
pared with the variance of the local estimate.

In Table 2 the ratio of the two variance expressions
of Eq. (20) and Eq.(22) is given for the limits of the

. . S S .
signal—to-nOise ratios (—) and (—) and fortheinterfer-

Hy U Ex

ence impedance nN.This table points out that, due to
the finite signal-to-noise ratio at the reference station, the
reference estimate always has a larger variance than the
local estimate. If the reference method is used, the ref—
erence station should be chosen as free of noise as pos-
sible because then the variance ratio becomes smallest
for fixed noise parameters at the measuring station.
Only in the case of large signal-to-noise ratios at the
measuring and at the reference station do both meth-
ods give nearly the same variance.

The reference method becomes very important in
the case of low signal-to-noise ratios at the measuring

. S . . .
station (fi) <1. In this case the local estimation

Hy
leads to unusable results because of its large bias-error.
But, as shown in Table2 in just this case is
VÂR{nR}>VÂR {nL}. With totally coherent noise
(case a)aavery consistent local estimate Z„L is ob-
tained, which of course is wrong. The reference method
in this case needs much more data to get an estimate
with as low a variance. The largeAbias-error or nL is
exchanged for a large variance of nR.

Also in the case of totally incoherent noise and a
S A A A

low (Ein (case b) is VAR {nR}>>{nL} and there—

fore even for this type of noise the reference method
needs much more data.

Separation of Signal and Noise

An analysis of magnetotelluric data will show how
large the noise parameters can be. In order to deter-
mine these parameters the signal and the noise at the
measuring station have to be estimated. Gamble et al.
(1979b) describe a method for estimating signal and
noise power, based on two assumptions:

1. The noise at the measuring station is incoherent
with the noise at the reference station.

2. The noise at the measuring station is incoherent.
Conditionl can be satisfied by a sufficiently large

distance between the two stations. However, it is easy
to understand that the second assumption can be vio-
lated especially for measurements in industrialized
areas, for example in central Europe. Our own ex-
periences verify this (see below). Therefore a different
method for the separation of signal and noise will be
given. This method also uses the magnetic reference Ri;
conditionl has to be valid, but it is not restricted to
incoherent noise at the measuring station. Instead of
assumption 2 this method requires the reference station
to be much less contaminated by noise than the
measuring station. The necessity of this restriction will
be explained in the following. Methods for choosing
such a reference and checking this condition by use of
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Table 2. Comparison of variances for limits of noise parame-
ters .

S NU A A A A A

(S) >1 1+(N) l
N Hy S Rv

S a) totally
N)!“ <1 coherent noise

N”) l (N) l (NY__ =0 1 — . — >1
(S Ex S Ry S Hy>

b) totally
incoherent noise

(ä: 1%)...
nN=0

(E)S H

a second reference station are described by Kroger
(1981)

For separating the signal and the noise in the mag-
netic field a regression model is set up between mag-
netic data measured at the measuring and the reference
station.

: [K] -Ri+ôHi. (23)

The transfer-function [K] can be estimated similarly to
Eq. (3)

mpg:12:]=[CHRi-[BDRJ*1. (24)
Once [K] has been estimated the magnetic field at the
measuring station can be predicted as

Hp, = [K] -R,.. (25)

Under the conditions that the reference Ri is nearly free
of noise and the noise at the measuring station is in-
coherent with the noise at the reference station, [K]
will be estimated without bias-error and, with a suf-
ficiently large number M of samples, has a low vari—
ance. [K] then describes the linear relationship between
the (coherent) signals at the measuring and the refer-
ence stations and therefore the predicted Hpi are nearly
the signals at the measuring station

Hp, 2 Hsi. (26)
The noise in the magnetic data at the measuring station
is estimated by the residuals

öHizHi “HpiïHni' (27)

Only under the condition of a low interference refer-
ence station the separation is exact.

In a second regression model the predicted (signals)
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Hp, are linearily related to the electric data E,- at the
measuring station

E,=[Z]*Hp,+5E,. (28)

The estimate of this impedance tensor is

[Z]R=[Cgp]-[R,p]“- (29)
The reference estimate of the impedance tensor is used
to predict signals in the electric data

Epf:[Z]R ‘ Hpi‘l (30)

which are estimates of the signal at the measuring sta-
tion and with the above assumption of a reference sta-
tion nearly free of noise, is

EMEE (31)
The estimated noise in the electric data are the re-
siduals

(5E5: E, —E,,:E,,_ (32)
The reference method described here gives the signals
and the noise at the measuring station and moreover
the bias-free reference estimate [Z]R. [Z]R tends to-
wards the signal impedance [Z] if a sufficiently large
number of samples is used in the regression. From the
isolated signals and noise the noise parameters are esti-
mated. Results are shown in the next section.

It is easy to verify, as shown in Appendix A3, that
the elements of [Z]R given by Eq. (29) in any case of
noise are exactly the same as given by Gamble et al.
(1979a). This is because Eq. (4) can be decomposed into
a double linear regression analysis given by Eqs. (24)
and (29). Therefore the condition of a noise free refer-
ence in this method only has to be valid for the decom-
position of signals and noise, but not for the estimation
of the impedance [Z] 1.:-

Results of Measurements

The magnetotelluric measurements for the recognition
of noise and errors have been made in northern Ger-
many between Braunschweig and Uelzen. Figure 1
shows the measurement area. The period range of re-
gistrations and data analysis extended from 2.5 3 up to
128s. The measuring station was chosen at ADBS
north of Braunschweig and the reference station at
UMMI, approximately 20 km remote from the measur-
ing station. Previous recordings by the authors at more
than one reference station have shown that UMMl has
much less noise than ADBS and therefore it is a suit-
able reference station for separation of signals and
noise at ADBS (see Kroger, 1981).

For the data analysis we used M=521 syn-
chronously recorded samples with sufficiently large “sig-
nal activity“ which were transformed into the frequency
domain by the usual methods. AThe results forfithe local estimate [Z]L and the ref-
erence estimate [Z]R at ADBS are given in Fig.2. It
shows for example the absolute value of the element
Z . versus period T. The bars at each estimated pointx}

0 10 20km
1—1—1 10,53" 11°

l I
I530 ‘ — 53°

I!
l Uelzen

+

ä z HE
or I ‘s‘t .à.

I, M a, \.
I-

_

52,5"“ -|— 525::

l

10,5" 11°E

® measuring stotion
+ reference station
C) solt dome

n...— rood

Fig. l. Map of stations

denote the standard deviation 1/ VAR, determined by
standard methods (see e.g. Kroger, 1981). For compari-
son IZflLl has been indicated in the drawing of IZHRI.

At periods greater than 80 3 both estimates are al—
most equal in amplitude and phase, andfl both have a
very low variance. By comparison with ZUR, which is
assumed to be the signal impedance, there is a large
bias-error in the local estimate 2e between about 15 s
and 50 s. This indicates a large noise contribution at
the measuring station. A more exact analysis, which in—
clude the phases, shows that this bias-error is nearly as
large as the signal impedance (absolute value). There-
fore in this period range for this location the local es-
timate i-L is unusable for MT-modelling. |nL| is
larger than |Z_,,,,| which implies that the noise must be
coherent.

'

fis expected, in the whole period range the variance
of m is larger than that of vL. This difference can
be recognized particularly in the range between 153
and 503 where the bias OFAZM is large (exchange of
bias and variance). While g)“- seems to be estimated
“very well“, but wrongly, t-R needs much more data
to get a similary consistent'estimate. Although there
are a large number of samples in the regression the ele-
ment nR is badly estimated below about 8 5.

These errors of both estimates can be explained by
the magnitude of the noise parameters. Figure 3 shows



|00000109||

12.111
mV 3.0

km+y 2-5

2.0 ..
<r”'“fiî”’Ï“Ï \L

1 5 NR
ç—gä\

1.0
X¥~

0 5 N

10‘ 102
T SEC

lîxyal
mV 3.0

kmdny 2-5

2.0

1.5

1.0

0.5

10‘ l
T SEC

Fig. 2. Absolute value of the local estimate Zx L and the refer-
ence estimate n

the estimated signal—to-noise ratio in the component H ‚
versus period. This ratio was calculated from Eq. (26
and Eq. (27) as

A H .2

(S) _s‚„_2I I 1331NH, NH. Elam-12'j

In the analysed data the estimate of the signal-to-noise
ratio is much larger than one above 80 s. Therefore in
this range the bias-error in ZML is very small. Both
methods of estimating the impedance tensor lead to
nearly the same results. Below 503 the signal—to--noise
ratio decreases rapidly, and is even much smaller than
one below 20 s This explains a large bias--error in ZML
and the large variance of ZMR, below 50 s. Below about
8 s there is hardly any signal power compared to noise
power, hence Zx R is inconsistent (see Fig 2 and Ta-

S
ble 2 with (——) <1).

N Hy
Figure 4 demonstrates that the noise at the measur—

ing station ADBS is highly coherent especially in the
range from 15 s up to 70 s. The figure shows the ab-
solute value of the coherency

125E”. .;I,<,.5H
-H‚„ (34)

”721615.12 21611112
'COH (Exn’
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Fig.3. Estimated signal- to--noise ratio in H at the measuring
station ADBS
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Fig. 4. Coherency function of noise at ADBS

calculated from Eqs. (27) and (32). The high coherency
of the noise does not influence the estimates Z L and
2x11: very much at periods above 80 s, because the sig-
nal- t0—n—oise ratio is sufficiently large here. Most impor-
tantly, at the low signal—to-noise ratios below 50 8, there
is an influence. Due to this high coherency there is a
well defined interference impedance, which actually dif-
fers greatly from the signal impedance. This leads to an
upward biased local estimate Zx L and, furthermore,
from Table2, to a large variance of Zx Rbelow 20s.
On the other hand, due to the high coherency, Z„L
appears to be well defined down to 4 s.

i

Summary

Magnetotelluric recordings and data analysis over the
last few years have shown that the homogeneously in-
duced signals are very often degraded by artificial noise
content, which sometimes causes large errors in the es-
timates of the impedance tensor.
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In this work two methods of estimation, the local
and the reference method, are compared with regard to
the errors resulting from different types of noise. The
main types are: incoherent and coherent noise.

The advantage of the local estimate is based on the
fact that only one set of measurement equipment is
needed, and that data analysis is relatively simple. But
there can be a very large bias—error in the local es—
timate [Z]L, if the signal-to-n-oiseratio of the measured
data is very low. Moreover, if the noise is coherent, the
bias may be too large for MT-modelling. Measurement
results prove that this type of noise exists in practice.

The reference method introduced by Goubau et al.,
(1978) and Gamble et al. (1979a) yields a bias—free es-
timate of the impedance tensor [Z]R if the noise at the
measuring station is incoherent with the the noise at
the reference station. However, due to additionally in-
troduced measurement data R this method generally
requires more data to obtain an estimate as consistent
as [Z]L Coherent noise between electric and magnetic
field at the measuring station, in particular, leads to a
large variance of [Z] R and, therefore, requires a large
number of samples for a consistent estimation. The
large bias—error of [Z] L at this type of noise exchanges
with a large variance of [Z]R

From the results presented the following con-
clusions may be drawn: Generally the locations of
magnetotelluric measurements are primarily fixed by
geological aspects and usually there are only a few de—
grees of freedom in fixing stations. In the industrialized
central Europe especially it is unavoidable that measur-
ing stations are used which are very “noisy”. The noise
cannot be recognized if measurements are done without
a reference and if the noise is coherent. Any local es—
timate of the impedance tensor, in these cases, can be
unusable as shown in this paper. To avoid large errors,
future magnetotelluric measurements should be made
with an additional reference station and the impedance
tensor should be estimated using the reference method
as advised by Gamble et al. (1979a). The reference sta—
tion should be choosen as free of noise as possible. This
method, in fact, needs more measurement equipment
and, depending on the type of noise, possibly much
more data but it yields, in any case, more exact es-
timates of the impedance tensor.

Appendix A1: Estimated variance of nL

With Eqs. (13), (18), and (19) follows
§Ex+NExC+NExU

SAHy+A7Hy
_l SH}+Z,QNNH).2)

](SHy+NHy)2 '

A A 1VAR {nL}:—- [

(611)

For the signal power and the coherent noise power it is

= lZM25 (a2)
NExC——|n2N| NH)” (a3)

Equations (a2) and (a3) introduced into Eq. (a1) leads
to

A A 1 A 1
VAR Z ‚ 2—. - AExU

S Hy N Hy

. (lzxylz + 12.,l — 2 Re {n - ZAäMfl- (a4)

Equation (a4) with Eq. (a2) gives

A A 1 1
VAR {nL} 2M ——N——1+ <—>S Hy

Nu 1
IX?) IZ

|2+1+(S)

l} x)N12:l

N Hy

Appendix A2: Estimated variance of nR
In Eq.(21) the total power at the reference station
ZIRWJ2 is separated into signal and noise power (esti-

mated values)

ZIR},i|2=ÊRy+NRy. (a6)

Then with Eq. (21 a)

A A 1IKHIZ'ZlRyi|2=SHy~———N—. (a7)l 1+ H
S Ry

Equation (a7) introduced into Eq. (21) leads to

A A 1 N
VAR Z 2—- 1 —1 M} M l + (5).]

NE U A AH.- Ax +12... -Zx"2‘ A ,][SHyA
JN y

SH)!

or with SEX: IZxyZ-l SH}

A A 1 N
VAR Z :——- 1 —{ “‘R} M 1 +<S1Ry1

N N.__“ .Z'Z
(—>-Z _UZZ][(S)Ex| Ml

+
S Hyl MN I

(a8)

Appendix A3

With Eq. (24) and Eq. (25) it is

[CEP]=[CER]'[Ë]*T (a9)
and

[B’P]=[K]°[PRR]'[K]*T

:[CHR]'[K]*T> (810)
where [K]*Tis the Hermitian adjoint matrix of [K].
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Equation (a9) and Eq.(a10) introduced into
Eq. (29) gives

[ZJR = [Cm] - [Ë]*T- [[CHR] - [131“]—1
=[CER]°[CHR]—1° (311)

References

Bendat, J.S., Piersol, A.G.: Random data: Analysis and
measurement procedures. New York: John Wiley & Sons,
Inc.1971

Gamble, T.D., Goubau, W.M., Clarke, J.: Magnetotellurics
with a remote magnetic reference. Geophysics 44, 53—68,
1979a

Gamble, T.D., Goubau, W.M., Clarke, J.: Error analysis for
remote reference magnetotellurics. Geophysics 44, 959—
968,1979b

Goubau, W.M., Gamble, T.D., Clarke, J.: Magnetotelluric
data analysis: removal of bias. Geophysics 43, 1157—1166,
1978

Gundel, A.: Erdmagnetische Induktion in einer dreidimen—
sionalen Salzstruktur. Diss. math-naturwiss. Fakultät der
Universität Göttingen, 1977

Kao, D.W., Rankin, D.: Enhancement of signal-to-noise-ratio
in magnetotelluric data. Geophysics 42, 103—110, 1977

105

Kroger, P.: Der Magnetotellurik-Impedanztensor bei lokal
gestörten Meßgrößen. Diss. Fakultät fur Maschinenbau
und Elektrotechnik der TU Braunschweig, 1981

Madden, T., Nelson, P.: A defence of Cagniard’s magnetotel-
luric method. Geophysics Lab.‚ M.I.T., Cambridge, Mass.
1964

Rankin, D., Reddy, I.K., A magnetotelluric study of resistivity
anisotropy. Geophysics 34, 438-449, 1969

Rikitake, T.: Electromagnetism and the Earth’s interior. Am-
sterdam: Elsevier Publ. Comp. 1966

Scheelke, 1.: Magnetotellurische Messungen im Rheingraben
und ihre Deutung mit zweidimensionalen Modellen. Diss.
naturwiss. Fakultät der TU Braunschweig, 1972

Sims, W.E., Bostick, F.X. Jr., Smith, H.W.: The estimation of
the magnetotelluric impedance tensor elements from mea-
sured data. Geophysics 36, 938—942, 1971

Swift, CM. Jr.: A magnetotelluric investigation of an electri-
cal conductivity anomaly in the south-western United
States. Ph. D. thesis, M.I.T., Cambridge, Mass, 1967

Wait, J.R.: On the relation between telluric currents and the
earth’s magnetic field. Geophysics l9, 281—289, 1954

Received March 2, 1982; Revised version October 26, 1982
Accepted January 28, 1983



|00000112||

J Geophys (1983) 52:10e108 Journal of
Geophysics

Discrete Chorus Emissions Recorded at Nainital
P.N. Khosa, Lalmani, and M.M. Ahmad
Department of Physics, Regional Engineering College, Srinagar Kashmir, India

Abstract. Discrete Chorus type emissions recorded in May/
June 1970 at our ground based observation station at Naini-
tal (geomagnetic lat. 1901’N) are presented. It is shown
that these emissions are generated in the equatorial plane
(L~1.2) by cyclotron resonance between the propagating
whistler wave and the gyrating electrons.

Key words: Whistlers — VLF emissions — Discrete chorus
emissions — Absorption band — ELF hiss — Cyclotron reso-
nance — Electron density — Gyrating electrons — Growth
rate.

Introduction

The study of whistlers and VLF (Very Low Frequency)
emissions at low latitudes dates back to the pioneering work
of Japanese scientists. The low latitude whistlers were first
recorded at Toyakawa (geomagnetic lat. 24o 5’N) (Iwai and
Outsu, 1956), and later on, efforts were made to record
them at still lower latitudes (Ondoh and Tanaka, 1973;
Kotaki et al., 1977). The first successful records of whistlers
in India were obtained at Gulmarg (geomagnetic lat. 24O
10’N) by Somayajulu et al. (1965). Recording was later
carried out at Nainital (geomagnetic lat. 19O 1’N) and whis-
tlers with comparatively lower dispersion and reduced rate
of occurrence were reported (Lalmani, 1974). Singh et al.
(1977) carried out successful recording of low dispersion
whistlers at their low latitude ground-based station at Vara-
nasi (geomagnetic lat. 14o 55’N) which previously was be-
lieved to lie in what was then supposed to be some sort
of a low latitude cut-off for whistler waves (Rao et al.,
1974). Very low frequency emissions of this type have fre-
quently been observed at the Japanese low latitude ground
stations (Nishino and Tanaka, 1960; Ondoh, 1963; Iwai
and Tanaka, 1968; Tanaka et al., 1970; Tanaka, 1972). An
excellent review of low latitude VLF emissions has been
given by Kimura (1967). No successful attempts were made
to record the VLF emissions in India. During the course
of our analysis of the huge amount of whistler data collect-
ed in May/June 1970 at Nainital we have found some excel-
lent records of discrete chorus type emissions which we
reproduce here together with their most probable genera—
tion mechanism.

Observations

On 13 May and 8 June 1970, we observed about thirty dis-
crete rising emissions between 2200 and 0315 hours IST

local time. Some of the emissions are shown in Fig. 1. The
emissions recorded on May 13, 1970 occurred in the fre-
quency range 2.5—4.5 kHz and 4.5—7 kHz, while emissions
on 8 June 1970 occurred in the frequency range
3.5—5.5 kHz. Figure 1 (a) shows a single trace rising emis-
sion in the frequency range 2.5—4.5 kHz. Figure 1 (b) shows
two rising emissions occurring at the same time in two dif-
ferent frequency ranges 2.5—4.5 kHz and 4.5—7 kHz. Fig-
ure 1 (c) shows a single trace rising emission of long dura-
tion in the frequency range 3.5—5 kHz. Figure 1 (d) shows
two rising emissions with almost similar features as shown
in Fig. 1 (b). Figure 1 (e—g) depicts rising emission of long
duration in the frequency range 3.5—5.5 kHz recorded on
8 June 1970.

Discussions

Observed emissions differ markedly in frequency and rate
of change of frequency with time from those of the riser
whistlers observed earlier at the low latitude ground station
of Gulmarg (geomagnetic lat. 24O 10’N; Dikshit et al.,
1971). Further, because of the presence of a strong absorp—
tion band around 2 kHz these emissions could not have
been high latitude discrete type chorus emissions propagat-
ing to our low latitude station in the Earth—ionosphere wave
guide. The possibility that these emissions are generated
at high L-values in the vicinity of the plasmapause and
have propagated to our ground station after successive
magnetospheric reflections in a manner similar to those of
the ELF (Extremely Low Frequency) hiss observed by satel-
lites in the inner zone (Muzzio and Angerami, 1972; Tsuru-
tani et al., 1975) does not seem to be tenable. This is because
of the fact that heavy attenuation would make the ampli-
tude of these signals extremely small and so they could
not have been detected. At the base of the F—region iono-
sphere, the wave normal angles of these waves are such
that the downward waves are unlikely to penetrate the
lower ionosphere and reach the ground. Wave normals of
chorus in the outer magnetosphere have been determined
for the first time from data obtained with OGOS search
coil magnetometre by Burton and Holzer (1974).

It is, therefore, believed that these emissions are gener-
ated in the equatorial plane in the inner zone radiation
belt (L~ 1.2) by the cyclotron resonance between whistler
mode waves and the inner zone radiation belt electrons
(Rycroft, 1972; Imhof et al., 1973). All such emissions gen—
erated at higher L-values will reach the ground stations
corresponding to higher latitudes than that of Nainital and
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Fig. l. Sonograms of discrete chorus emissions observed at Nainital

the chances for the generation of these emissions for values
of Le: 1.2 are small because of the non-availability of such
high energy electrons in large numbers. In order to test
cyclotron resonance as a possible generation mechanism
for these emissions, we have calculated the resonant energy
of the high energy interacting electrons and growth rate
of the whistler waves at L=1.2 in the equational plane.
The resonant energies for various frequencies of the emis-
sions were calculated from the expression (Tsurutani et al.,
1975)

E11=(J’n-1)111.30"1 (1)
where mu is the rest mass of electron; C, the velocity of
light in vacuum and y the relativistic factor to be obtained
from the relation

magentacop to m

In Eq. (2) 9— is the electron gyrofrequency, .9” the proton
gyrofrequency, cop the plasma frequency and co the wave
frequency. The plasma frequency (up was calculated from
the ionospheric model of Singh (1976) which yielded an

10?

8June1970 2215.1 IST

Ü 0.5 1.0 1.5
Time, sec

electron density of 8.13 x 103 electrons cm ‘ 3 at L: 1.2. The
resonant energies for various frequencies of the emissions
were found to be in the range 3—5 MeV. Recently Burton
and Holzer (1974) have shown that the chorus is generated
by cyclotron resonance with electrons in the approximate
energy range 5—150 keV with pitch angle distribution
peaked at 90° to B and anisotropy greater than a critical
value. Further, it has also been shown by Lalmani ct al.
(1970) that the resonant energies for various frequencies
of the emission at L: 1.2 are in the MeV range.

The growth rates of these waves was calculated from
the expression (2.20) of Kennel and Petschek (1966), which
for the case of wéQ‘ reduces to

Y=7€9_?7A (3)
where r/ is the ratio of the density of energetic electrons
to that of thermal electrons and A, the pitch angle an-
isotropy. The density of energetic electrons at L=1.2 were
taken from the observed intensity versus L-value curves
(energyn-l MeV) given by Katz (1966) for the inner zone
radiation belt. The curve indicated a flux of 3 x 106 e1 - cm“?
sr“ 1 at L: 1.2 which yielded a density of 3—5 MeV electrons
as roughly 1.26 x 10—3 cl CID—3. The pitch angle anisotropy
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A was calculated from the relation (Kennel and Petschek,
1966)

A =%/10ge (1/060)
(oco being the equatorial loss cone angle, mirror height:
100 km) and was found to be 2.08 which is approximately
the same as calculated by Ashour Abdalla and Cowley
(1974) at L=1.2. If we assume a pitch angle distribu-
tion of the form sinmCD (m=4, and CD is the pitch angle)
and compare the calculated pitch angle versus intensity
curve with that of Katz (1966), the two distributions are
found to be nearly the same. Thus the value of anisotropy
A=2.08 at L=1.2 is justified. By substituting the values
of Q“, 17 and A in Equ. (3), the growth rates for various
frequencies of the emissions were calculated and found to
be about 3 rads s’ 1 indicating significant wave amplifica-
t10n.

Recently Singh (1981) has studied the propagation char—
acteristics; of low latitude VLF emissions with the help
of ray tracing computation in the presence of negative hori-
zontal density gradients of the equatorial anomaly. Assum-
ing that the low latitude emissions are generated in the
equatorial plane at L: 1.2, the ray paths of these emissions
in the quiet time equatorial anomaly model for different
frequencies from the generation region to the base of F-
region ionosphere have been computed by Singh (1981) and
it has been shown that the waves lie in the transmission
cone and can be observed on the ground. Further, Singh
(1981) calculated the ray paths of these waves in the equato-
rial anomaly model which corresponds to disturbed periods
and has shown that the propagation characteristics of day-
time equatorial emissions are almost similar during quiet
and magnetically disturbed periods. The ray paths of night
time emissions show that the emissions generated at large
wave normal angles may be observed on the ground without
any influence of density gradients of the anomaly (Singh
1981). During disturbed periods the night time anomaly
extends to a wide latitude range around the equator. This
produces negative horizontal density gradients in the ioniza—
tion at low latitudes (Singh, 1976; Singh et al., 1978). Singh
et al. (1978) have shown that the final wave normals of
the night time VLF emissions are tilted almost along the
downward vertical direction as a result of such horizontal
density gradients.
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Evidence for Lamination in the Lower Continental Crust
Beneath the Black Forest (Southwestern Germany)
N. Deichmann and. J. Ansorge
Institute of Geophysics, ETH-Honggerberg, CH-8093 Zürich, Switzerland

Abstract. A 113 km long seismic refraction profile, with
an average station spacing of 3 km, was recorded along
the eastern margin of the Black Forest (southwestern
Germany). Travel—times were modelled by ray-tracing, and
amplitudes by a combination of reflectivity and asymptotic
ray-theory methods. The resulting upper crustal model is
characterized by a strong velocity gradient reaching 6.0 to
6.1 km/s at a depth between 8 and 10 km. Sedimentary re-
verberations are found to mask possible evidence for a dis—
continuity or a low-velocity layer in the middle crust, so
that the existence of such a structure could not be demon-
strated from this data alone. The reflections from the crust-
mantle boundary consist of higher—frequency precursors
and a lower-frequency main phase, followed by irregular
reverberations. While the latter are probably due to multi-
ple reflections and conversions within the sediments, the
amplitudes and the frequency selective character of the
former is best explained by a transition zone, between 20
and 26 km depth, consisting of a lamina-like sequence of
velocity inversions.

Key words: Crustal structure — Refraction seismology _
Synthetic seismograms — Velocity gradients — Low-velocity
zone — Crust-mantle Transition

Introduction

The seismic refraction profile presented in this paper was
recorded along the eastern margin of the Black Forest,
southern Germany. It fills a gap between the intensively
studied area of the southern Rhinegraben in the west
(Mueller et al., 1969; Mueller et al., 1973; Edel et al., 1975;
Prodehl et al., 1976), the area of the South German Molasse
Basin in the east (Emter, 1971 ; 1976) and the recently inves-
tigated geothermal anomaly in the Suabian Jura, near
Urach, to the northeast (Bartelsen et al., 1982; Jentsch
et al., 1982).

Using both travel-time and amplitude information, it
was possible to investigate the velocity gradient of the upper
crystalline basement, the problem of the possible existence
of a low-velocity layer in the upper or middle crust and
the nature of the crust—mantle transition.

Offprint requests to: N. Deichmann

Contribution No. 403, Institute of Geophysics ETH Zürich; Switzer-
land

Geological Setting

The data were obtained between 1974 and 1980, along a
north-south trending profile, from ten explosions in a single
quarry near the town of Sulz am Neckar. As can be seen
from the locations of the recording sites in Fig. 1, the first
90 km of this 113 km long line are situated along the edge
of the crystalline Black Forest, where it dips beneath the
Triassic sediments. Beyond 90 km, the line enters the Swiss
Molasse Basin and crosses the eastern end of the Swiss
Jura. From borehole data at Sulz and at other locations
along the profile compiled in the geological literature

' 48'311'

„r, x
f f

I-4B N
J:

.......... ' ‚ I I .

l; ‚VII/‚III I} ”x?”- F413“
‚II __ .

I - l

-- - ‚ ______rI I I I y I ‚- I
I .f ‚v f I I J. .

I f
1” ’1

(I! ‚r ‚J URI à .1.;._.::: .......
1' I l I I {I f f t f ’1

.. H

g 510km
Quaternary and Tartiary

r I, Jurassic

l: Triassic and Permian
++ Granite-s and Gneisses

Fig. 1. Geological map with shotpoint (star) and station locations
(dots) of profile Sula-south. Stations are numbered consecutively
from north to south. Information regarding the crust-mantle transi-
tion applies to the range between stations 10 and 20



110

C} C) D CHI) C} C)
._.._.._I -—0 H—‘j—‘II‘HZF‘JUÎLÜU'? CD CU CD

I I
DCJI'JCJ ._.._._.._. ._.._. mmmoo Phrxmrhmmm
HF'HMP—"lI—lr-di-‘ul I i I I 'Ill Il lilllllill I I!!' llllil |
II I II I IIICIHmmzr-mmhmm Üfimmnmmmmûfi ru riaflmunre- unconfirmed:-
mWMjmwhmmHH#H_I_I_u_-m-u mmmmmmmmmmm m mmmmm moss-3'33:

5milliiilillfllllillllllIIIIIIIIIIIIllllllllililillllllllllltllliillllililllllllilIITIÎTITTÎTIITTËIIlÏIÏÏIITÏÏÏIIIIÏl
: I a ï

to LI:— -:
: E Ëti _D “‘5 E 5

Ü :—
t"‘

"3: Ë
LO 5 3* E
“a 2:— “‘— PMP":
EI) :_ E

1 E Ér- :1:— , —:
Q :- ':“
Û: E E
l— -_ :

E 35
_1

"1rllilliillllllllll IIIIIIIIIIIIIIIIIIIIIIIIIIIII1IIII1IIII|IIIIIIIII|IIIIIJIII IIIIluII llllillllllllll||||i|l||l|ll|_

I"
I I I 1 I I I I I I I I

x 3-

z 2'
O

1_
E

1 +

Ë
Üi I ++

+ ++
-—| '1" i ++ HLLI + +++++++++++ ++

_2 : I +I ++++++++++i+ I +1: ++++++++++++++++++.+++
o 1o 20 3'0 4o 5'0 60

DISTANCE
7o 30 9'0 160 11o 12'0

(km)
Fig. 2. a Trace-normalized, vertical component record section, with 32-Hz anti-aliasing filter. Numbers above each trace indicate station
and shot. b Topography and geological crossection along profile Sulz—south. Vertical exaggeration: 4 times. MK-Muschelkalk and Keuper,
BS = Bundsandstein, RL = Rotliegendes, M0 = Molasse, JU = Jura, CR = Crystalline basement

(Boigk and Schoeneich, 1968; Breyer, 1956; Buechi et al.,
1965; Lemcke et al., 1968; Schneider, 1980), it is possible
to construct a rough cross-section of the sedimentary struc-
ture and of the topography of the crystalline basement
(Fig. 2b). Thus the sediment—basement boundary is charac-
terized by an up-dip over the first 40 km and a down-dip
beyond about 60 km. In the north, the surficial upper
Triassic sediments (Keuper and Muschelkalk) are underlain
by a thick wedge of lower Triassic and Permian deposits
(Buntsandstein and Rotliegendes). In the south, these
Triassic sediments are covered by a layer of Jurassic lime-
stones and by two Molasse basins, which are separated
by the Jurassic outcrop of the Laegeren, the easternmost
part of the folded J ura mountains.

Data Acquisition and Processing
All shots were recorded on FM—magnetic tape instruments
of the MARS type (Berckherner, 1970). Except for three
stations with FS-6O seismometers (nos. 5, 6, 7 in Figs. 1
and 2), all instruments were equipped with three—component
MARK L-4 seismometers with a natural frequency of 2 Hz.
Timing was accomplished by recording the coded DCF
radio-transmitted time signal along with the shots. The
signals were digitized electronically with a sampling rate
of about 400 Hz, using the recorded pilot frequency of the
MARS instruments to drive the digitizer. After decoding
the time signal, determining the exact sampling rate and
removing possible Spikes from the seismograms, the signals

were filtered with a digital, zero-phase, 32-Hz low-pass
filter, and the sampling rate was reduced to 100 Hz. During
plotting of the record sections, an additional recursive, zero-
phase band-pass filter could be applied to the data, to
enhance various features of the signals. Figure 2a presents
the vertical component data, filtered only with the 32-Hz
anti-aliasing filter. The amplitudes are trace-normalized,
but gain factors, which are calculated for each seismogram
by the plot program, allow the determination of absolute
ground velocity.

Since the distance range over which individual shots
were recorded overlap with each other, amplitudes could
be normalized to the same charge size where necessary.
Because of poor recordings, some sites were occupied more
than once.

Upper Crust

The Pg travel-time and amplitude data have already been
presented in the context of a general discussion of amplitude
modelling of the Pg-phase (Banda et al., 1982). In the re»
sulting model (Fig. 4), the crystalline basement is character-
ized by a zone with a velocity gradient of 0.074 km/s/km
between 1 and about 6 km depth, followed by a second
zone with a weaker gradient (0.02 km/s/km) down to a
depth of about 8 km.

Usually, several models can be made to fit the travel-
time data by compensating changes in basement velocities
with changes in sediment structure. However, in this case,
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the overall topography of the sediment—basement boundary
is fairly well known and for the first 70 km the sediments
are less than 1 km thick, so that the travel-time data alone
strongly constrains the range of possible velocity gradients
in the upper crust. The calculation of additional models
showed that reducing the upper gradient to less than
0.06 km/s/km, or increasing it beyond 0.085 km/s/km
would no longer be compatible with the measured travel
times. Beyond about 70 km, the thickness of the sedimenta-

'

ry layer increases and its velocity is not well known: thus
sediment velocities can be varied in order to compensate
for travel—time effects due to different velocities in the lower
of the two gradient zones mentioned before. As shown by
model 3 in Fig. 14 of the paper by Banda et a1. (1982), a
stronger gradient, extending over a sufficiently large depth
range, produces a second amplitude increase beyond about
65 km. From those results it follows that the lower gradient
is not greater than 0.04 km/s/km and that the velocity at
the bottom of the gradient zone, which is reached at a
depth between 8 and 10 km, is less than 6.1 km/s.

The amplitude calculations were performed using the
reflectivity method developed by Fuchs (1968) and Fuchs
and Muller (1971), as modified by Kind (1978). For compu-
tational reasons the models with curved interfaces, derived
from the combination of borehole data (Fig. 2b) and ray-
trace modelling (Banda et al., 1982), had to be approxi-
mated by a flat—layered model. In order to estimate the
error introduced into the amplitude calculations by this sim-
plification, several test-models were calculated using
program RAY81, written by V. Cerveny and I. Psencik,
which, based on asymptotic ray—theory, allows for laterally
inhomogeneous models (Cerveny et al., 1977; Cerveny,
1979). Figure 3 shows the amplitude-distance curves for the
Pg-phase, computed by this method for a fiat—layered mod—
el, for a model with interfaces curved like those beneath
Sulz (Fig. 2b) and for one with stronger curvature. The

111

U

6
I—I z /

5Z
K

N
' 10

I l 15
11 5 6 7

VP [KM/S]
Fig. 4. Velocity-depth models of the upper crust. Model 6 is from
Banda et a1. (1982) with slightly lower sedimentary velocity.
Model 3L corresponds to the synthetic seismograms in Fig. 5b

flat-layered model corresponds to PG11 in the paper by
Banda et al. (1982, Fig. 8). The discrepancies between these
curves and those calculated with the reflectivity method
by Banda et al. are due to the inability of asymptotic ray-
theory to account for wave-effects occurring at the top and
bottom of the gradient zone. However, asymptotic ray-
theory correctly accounts for geometrical spreading, so that
the effects of different model geometries on the amplitudes
can be compared with each other. The results displayed
in Fig. 3 demonstrate that, in the case of the Sulz profile,
shooting up-dip over the first 40 km and down-dip beyond
about 60 km has only a negligible effect on the amplitudes
of the Pg-phase. Consequently, all the synthetic seismo-
grams discussed below were computed with the reflectivity
method.

Structure of the Middle Crust

Looking at refraction data alone, evidence for a velocity
discontinuity or inversion in the upper or middle crust
should manifest itself as one or two intermediate reflections
between the Pg and PMP arrivals. Although some of the
records from Sulz contain large amplitudes in this interval,
phases are very difficult to correlate over more than a few
traces (see Fig. 2). Only in the distance range between 70
and 90 km does there seem to be a coherent arrival at about
0.5 s after the Pg (Fig. 5a).

In order to explain the travel time of these arrivals,
several ray-trace models were calculated, both with a posi—
tive velocity discontinuity and with an inversion. A simple
positive velocity jump below the gradient zone cannot si—
multaneously account for the large delay of this phase and
for the close distance from the shot. Therefore a low-veloci—
ty layer had to be taken into consideration. The most satis-
factory fit of the travel time data and of the Pg amplitudes
was obtained with model 3L, which is characterized by
a velocity drop from 6.06 to 5.6 km/s at a depth of 9 km
and a gradual increase to 6.2 km/s between 11 and 12 km
(Fig. 4). The synthetic seismograms corresponding to model
3L, in the distance range between 65 and 95 km, are dis—
played in Fig. 5b. A comparison of the amplitudes of the
reflection from the bottom of the low-velocity layer
(denoted by PcP), relative to those of the Pg, between data
and synthetics shows a significant discrepancy. While in
the calculated seismograms the amplitude ratios of PCP to
Pg reaches a value greater than 2 at a distance of 85 km,
in the data the maximum is about 1, and occurs at distances
as short as 76 km.
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phase reflected once at the surface. PCP: reflection from the bottom
of the low-velocity layer. Pw: interference head-wave, or “ Whisper-
ing gallery phase” (see Cerveny et al., 1977). The amplitudes of
the synthetic records are multiplied by distance and correspond
to ground velocity

Changes in the gradient at the base of the inversion
or a decrease of the velocity inside the channel will not
simultaneously reduce the amplitudes of the PCP phase and
move the maximum to shorter distances (Braile and Smith,
1975; Muller and Mueller, 1979). Braile (1977) showed that
lowering the Q-value in the channel will significantly de-
crease the amplitudes of the PCP reflection. The synthetic
seismograms presented so far were all calculated with a
constant Q of 500 for the crystalline crust underlying a
sedimentary layer with Q equal to 100. The seismograms
shown in Fig. 5c correspond to a model similar to the pre-
vious one, except for the velocity and Q-value of the inver-
sion zone, which were lowered to 5.4 km/s and 50, respec-
tively. Under these conditions, the PCP reflection is so weak
that it cannot be distinguished from the multiple reflections
and conversions of the Pg phase within and beneath the
sediments. Though other more realistic Q-values in the
range between 50 and 500 are likely to be compatible with
the observations, the data is not judged to be distinctive
enough to allow a simultaneous determination of both ve-
locity and Q structure in the middle crust. Indeed Banda
et al. (1982) showed a synthetic seismogram example for
a model without any discontinuity or inversion beneath
the upper crustal gradient zone, in which the multiply re—
flected and converted phases within the sedimentary layer

produce amplitudes similar to those observed here (see also
Fig. 9). Accurate modelling would also require a better
knowledge of Q in the sediments: anelastic attenuation is
likely to influence the strength of the sedimentary reverbera-
tions as well.

Though the synthetic seismograms contain reflections
from the upper boundary of the low-velocity layer, which
closely follow the Pg-arrivals between 35 and 55 km (not
shown here), they are also masked by sedimentary effects.
Similarly, the reverberations observed in the data at these
distances (Fig. 2a) do not exhibit the character of a distinct
arrival, so that they cannot be relied upon for a unique
interpretation.

Thus, based on the evidence from this data alone, it
is not possible to conclusively resolve the problem of the
possible existence of a low velocity layer in the middle crust
below the Sulz profile. Resorting, therefore, to the criterion
which favours the simpler of those models that are not
in conflict with the data, further calculations were per-
formed assuming a constant velocity of 6.0 km/s for the
middle crust (model 6 in Fig. 4).

Crust-Mantle Transition

While the Pg—phase is quite impulsive, the PMP has a fairly
well correlated precursor, and is followed by a coda of
irregular reverberations. Moreover, the PMP-precursor
appears to be frequency dependent: it is enhanced in the
high-pass record section, while it is only faintly visible in
the low-pass section (see Fig. 6). In fact, spectral analysis
shows that the main signal energy lies in the frequency
range between 2 and 16 Hz. However, the spectrum of the
Pg-phase peaks around 8 Hz, while the reflection from the
crust—mantle boundary often contains a maximum around
4 Hz and another one around 10 Hz. Since two different
shots were recorded in the distance range in which the PMP
and its precursor are observed, it is very unlikely that this
signal character is merely a source effect. Thus the structure
of the lower crust appears to be selective with regard to
the frequency of the seismic signals returned from it.

Davydova (1972) classified possible crust—mantle transi-
tions into three different types: first order discontinuities,
transition zones with smoothly or stepwise increasing velo-
cities, and transition zones consisting of lamina-like velocity
inversions. Her conclusions indicate that a detailed analysis
of the frequency dependent dynamic properties of the re—
flected wave field can provide criteria for distinguishing
between the different types (see also Davydova et al., 1972).

In the course of studying the wave field generated by
various models of the crust—mantle transition (Moho) with
the aid of synthetic seismograms, Fuchs (1970) showed how
a laminated upper mantle structure could produce a ringing
signal following the main reflection, which is quite similar
to that observed on some of the records in Fig. 6a. An
alternative explanation for these reverberations is illustrated
by the synthetic seismograms in Fig. 7. In this case the
phases following the main PMP reflection are entirely due
to multiple reflections and conversions of the PMP within
the sedimentary layer both beneath the shotpoint and the
receivers. Assuming a sedimentary layer which is thinner
than the 2 km chosen for this example and whose thickness
is not constant over the entire profile, the individual arrivals
will merge and interfere with each other, thus producing
an irregular pattern of vibrations, similar to those observed
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in the data. This shows that reverberations from an upper
mantle lamellation will be at least partially masked by this
sedimentary effect. Additional upper crustal discontinuities
will of course increase these interference phenomena even
further. Since the length of the profile is insufficient to
detect a first arrival refracted from the upper mantle (PH),
the data cannot contribute anything to the knowledge of
the structure below the Moho. Thus, following the reason-
ing of Edel et al. (1975), a constant upper mantle velocity
of 8.0 km/s was adopted for further calculations.

Fuchs (1970) as well as Braile and Smith (1975) pre-
sented several synthetic record sections for various models
of the Moho. From a comparison with these, it is obvious
that the Sulz data cannot be modelled with a simple first
order velocity discontinuity at the Moho, but that some
kind of transition zone must be introduced in the lower
crust. Figure 8 shows portions of synthetic record sections
computed for various kinds of transitions. As shown by
Fuchs (1968), the behaviour of a velocity gradient can be
approximated by a stack of thin layers with stepwise in-
creasing velocities. If, however, these layers are not thin
enough relative to the wavelength of the incident signal,
and if the velocity contrast between each layer is too strong,
they will generate individual reflections. The faint precur-
sors in the first seismograms of model 2 in Fig. 8 are due
to subcritical reflections from the individual layers, while
the large amplitude phase corresponds to the wide-angle
reflection from the velocity jump at the bottom of the tran-
sition zone. The amplitude of the precursors relative to the
main phase will increase as the number of steps in the gra-
dient zone is decreased, but, at the same time, the reverbera—
tion-like character observed in the data is lost. This is illus-
trated by models 5 and 9 in Fig. 8. By extending the gra-
dient zone all the way to the mantle without a larger velocity
jump at the Moho, as in model 10, the individual velocity
jumps are more pronounced than in model 2, which in-
creases the amplitude of the reverberations. The velocity

Fig. 7. Synthetic seismograms (vertical) component, ground
displacement, amplitudes multiplied by distance) calculated
for a model consisting of a 2 km thick sedimentary layer,
with Vp=4.5 km/s, over a basement with Vp=6.0 kmfs and
a mantle with Vp=8.0 km/s at 23 km depth. The first phase
corresponds to PMP, while all subsequent arrivals are
multiple reflections and conversions of the PMP within the
sediments. Each letter of the phase identification denotes one
leg of the ray-paths in the sedimentary layer. Note the phase
reversals of the reflections at the surface
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contrast and consequently also the precursor amplitudes
will be even larger if the individual steps include velocity
inversions.

Reflections from a transition zone consisting of a series
of lamellae with alternating high and low velocities have
been investigated theoretically by Fuchs (1968; 1969; 1970),
who demonstrated the dependance of the signal character
both on frequency and angle of incidence. In order to
account for high-frequency precursors before the lower-fre-
quency PMP phase observed along a seismic refraction
profile in France, Fuchs and Schulz (1976) proposed a mod-
e1 of the crust-mantle transition consisting of a thin high-
velocity lamella over a zone of strong velocity gradient.
However, in these cases, the large velocity discontinuity
at the top of the transition zone would produce precursor
amplitudes larger than observed under Sulz. A structure
in which the velocity of the lamellae increases with depth
will produce reverberations whose amplitudes increase
more gradually. This is illustrated by models 8 and 11 in
Fig. 8. The amplitude of the precursor relative to the main
reflection depends on the size of the individual velocity
jumps. The synthetic seismograms, corresponding to mod-
e111, were also calculated for a signal with a dominant
frequency of 4 Hz instead of 8 Hz (Fig. 8). A comparison
of the two record sections shows a frequency dependent
behaviour similar to that observed in the low- and highupass
filtered record sections in Fig. 6. At lower frequencies, the
precursors, corresponding to subcritical reflections from the
lamellae, are significantly attenuated, and the whole transi-
tion zone appears more like a smooth gradient, producing

DISTANCE {k ml

Fig. 8. Synthetic seismograms
(vertical component, ground
displacement, amplitudes multiplied
by distance) for various models of the
lower crust. The transition zone
extends from a depth of 20 to 25 km,
and the velocity increases from 6.0 to
8.0 km/s in all models. The phase
with an apparent velocity of 5.5 king's,
visible in the lower part of each
quadrant, is a numerical effect
corresponding to the lower limit of
the phase-velocity window used in the
reflectivity program

a single strong phase whose amplitude decreases rapidly
towards shorter distances. A similar frequency dependent
behaviour will of course also be produced by a step-model
without inversions, such as model 10 in Fig. 8 (see Fuchs,
1968). On the basis of the preceding discussion, we must
conclude that the crust-mantle boundary beneath Sulz is
a transition zone several kms thick, and that it does not
consist of a smooth gradient, but of a series of velocity
jumps or even of a series of lamina-like inversions.

In order to fit the Sulz PMP-travel-time data as well
as the amplitudes, the linear velocity increase from one step
or lamella to the next in models 10 or 11 had to be modified.
The data requires a thicker transition zone with velocities
increasing slowly at the top and more rapidly below. This
resulted in the models 105 and 11s, presented in Figs. 9a
and b, together with the corresponding synthetic seismo-
grams. For comparison, the recorded seismograms in the
same distance range are reproduced in Fig. 9c.

A qualitative comparison alone already indicates that
the recorded signal is better matched by the lamella-struc-
ture. Only the most significant part of the record section
is shown: beyond about 85 km, the precursors interfere with
the emerging Pa phase, while at distances shorter than
68 km, they are masked by strong signal generated noise
(see Figs. 2 and 6). Some records at the shorter distances
lack a clearly defined PMP—arrival, so that for a quantita-
tive evaluation not all amplitudes could be measured. While
both the PMP amplitude-distance curves and the Pg to
PMP amplitude ratios of the step- and of the lamella-model
fit the data equally well, the PrP to PMP amplitude ratios
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Figs. 9a and b Synthetic seismograms (vertical component, ground
velocity, dominant frequency 8 Hz) for the crust-mantle transitions
shown in the insets. Upper crustal model used corresponds to mod-
el 6 in Fig. 4 (see Table 1). Note the phases between Pg and PMP—
precursors, caused by multiples and conversions of Pg within and
beneath the sediments. c. Vertical component records, 4—16 Hz
band-pass filtered. Vertical lines indicate amplitude of precursors
as plotted in Fig. 11. Amplitudes of synthetics and data are scaled
by multiplying with distance

allow one to distinguish between the two models (Figs. 10
and 11). In the distance range over which the precursors
are clearly identifiable, the lamella-model fits the data very
well, while the step-model deviates by about a factor of
3. Since errors due to faulty instrument gains or to differ-
ences in local site responses have no effect on the amplitude
ratios this deviation can be regarded as significant. From
this it follows that, of the models discussed here, a lamin~
ated crust-mantle transition explains the observations best.
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Fig. 10. Maximum amplitudes of PMP main phase (crosses with
shot number above and station number below) from 4—16 Hz band-
pass filtered records. Thin curve correSponds to smoothed data.
Thick curves correspond to the step- (10 S) and lamella—model (1 1 S)
in Fig. 9

We have also investigated two of the models consisting
of a series of step-like gradients proposed by Ede] et a1.
(1975) for the southern Black Forest: while the travel times
can be made to fit the Sulz data quite accurately, the ampli-
tudes of the PMP and its precursor do not match the obser-
vations sufficiently well. Indeed, it is likely that a quantita-
tive amplitude interpretation of Edel’s data might reveal
that the PMP—precursors visible in some of his record sec-
tions are more adequately explained by some kind of lami-
nation similar to that proposed here.

Conclusions

This study is the result of a combined interpretation of
travel-times and amplitudes. For the computation of syn-
thetic seismograms, the reflectivity method has proven to
be a very powerful tool. For models with only slight lateral
variations, its limitation to flat homogeneous layers is not
serious and is amply compensated by its ability to correctly
simulate the wave nature of seismic signals. However, com-
putational techniques based on asymptotic ray-theory,
which allow for lateral heterogeneities, are a valuable tool
for estimating the effect of the flat—layer approximation.

The influence of the frequency content of the source
on the ability to resolve finer structural details has already
been pointed out by others (see Spudich and Orcutt, 1980,
for an excellent review of computational techniques and
interpretational pitfalls), but is all too often forgotten when
comparing results from different investigations, in particu-
lar from sea- and land-shots.

A further important and often neglected consideration
to be taken into account when interpreting the deeper
crustal structure is the influence of the sediments or surficial
weathered layer. Small variations in sedimentary structure
or velocity can produce significant travel—time effects, while
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Continuous curves correspond to the step- (108) and the lamella-
model (11 S) in Fig. 9

multiple reverberations and P-S conversions between the
top of the basement and the Earth’s surface can mask
phases from deeper discontinuities. For example, without
independent information from borehole data about the dip
of the sediment-basement boundary under Sulz, the travel—
time interpretation would have resulted in a significantly
different velocity gradient in the upper crust, and it would
have been difficult to achieve an agreement with the ampli—
tude data. A more accurate knowledge of the sedimentary
structure at the southern end of the Sulz-profile would put
stronger constraints on the lower part of the upper crustal
gradient as well as on the shape of the velocity increase
in the transition zone above the Moho. For accurate syn-
thetic seismogram modelling, it would furthermore be desir-
able to obtain reliable Q-values for the sediments.

Figure 12 shows the complete velocity-depth model pro—
posed for the crustal structure along the eastern margin
of the southern Black Forest (see also Table 1). Its main
features are a strong gradient in the upper crust and a
crust-mantle transition zone composed of a series of
lamella-shaped velocity inversions.
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Fig. 12. Velocity-depth model for SULZ 11 S with results of labora-
tory measurements by Kern and Richter (1981) and velocity profile
through the Ivrea body, after Hale and Thompson (1982)

Table l. Parameters of model SULZ 11 S

Lower limit Layer VP Number Gradient
of layer thickness of
(km) (km) (km/s) layers (km/s/km)

1 0 1.0 4 3 2 0.0
5 7 4.7 5.6 —5.95 7 0.024
8 2 2.5 5.95—6 0 4 0.02

20 0 11.8 6 0 2 0.0
20 6 0.6 6 4 1 0.0
21 2 0.6 6 2 1 0.0
21 8 0.6 6 6 1 0.0
22 4 0.6 6 4 1 0.0
23 0 0.6 6 8 1 0.0
23 6 0.6 6 6 1 0.0
24 2 0.6 7 2 1 0.0
24.8 0.6 7 0 1 0.0
25.4 0.6 7 6 1 0.0
26 0 0.6 7 4 1 0.0
30.0 4.0 8 0 1 0.0

Unambiguous evidence for or against a discontinuity
or low-velocity zone in the middle crust could not be found
from this data alone. However, it is possible that near-
vertical reflection data would reveal additional structure
at depths of 1042 km: in the Rhinegraben, echoes with
a travel-time of about 4 s have been interpreted as reflec-
tions from the top of a low-velocity layer in this depth
range (Mueller et a1., 1969; 1973), which could extend to
the east below the Black Forest.

The upper crustal gradient is exceptionally well con-
strained by information about the basement topography
(boreholes) and by travel-time as well as amplitude data.
From the geological setting (Fig. 1), it is to be expected
that the granites and gneisses of the Black Forest extend
to greater depths below the Sulz profile. For comparison,
the top part of two velocity-depth curves from laboratory
measurements by Kern and Richter (1981) for a granite
and a gneiss sample, assuming a geotherm corresponding
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to a warm continental crust (Theilen and Meissner, 1979)
are included in Fig. 12. Only the lower part of the gradient
zone, below a depth of about 5 km, is similar to these mea-
surements. They were performed on dry and unfractured
samples. The much stronger gradient found in the upper-
most part of the crust could imply that fractures and water
content, including pore pressure, have to be taken into
account when interpreting the elastic parameters of the
basement, even at depths down to about 5 km (Nur and
Simmons, 1969; Mueller, 1977).

The evidence for the lamination in the lower crust is
based on a quantitative comparison of the amplitudes of
the PMP and its precursors with those of theoretical seis-
mograms. It also correctly accounts for the observed travel—
times and for the frequency dependent nature of the reflec-
tions from the crust—mantle transition. In addition the
Moho-depth of 26 km, corresponding to the distance range
between 30 and 50 km from the shot point, agrees perfectly
with the results extrapolated from the Rhinegraben by Edel
et al. (1975).

Several other authors have postulated a laminated crust-
mantle transition zone before, based partly on near-vertical
reflection data (Meissner, 1967; 1973; Fuchs, 1969; Clowes
and Kanasewich, 1970; Davydova, 1972; Bartelsen et al.,
1982). The present study provides additional independent
evidence for the existence of such a structure. As presented
here, it corresponds closely to a laminated Conrad discon-
tinuity extending all the way to the Moho, in analogy to
the high-velocity tooth in the lower crust, discussed by
Mueller (1977).

While the vertical extent of the transition zone and the
general velocity increase with depth is directly supported
by the data, the regularity of the lamella thickness and
the strength of the inversions is largely an arbitrary artifact.
Whether an existing lamella-structure is seen or not is in
part a function of the wavelength of the recorded signals,
which in turn puts certain constraints on the average thick-
ness of the individual lamellae. However, the real structure
is probably much less regular than suggested by this model.
Moreover, nothing can be said about the lateral extent of
such a structure.

Hale and Thompson (1982) review a number of seismic
reflection lines which show evidence of lamination in the
lower continental crust, and note that such a structure
seems to be relatively discontinuous. In addition, taking
the lithologic sequence of the Ivrea-Verbano zone (northern
Italy) as a model of the lower crust, they computed a syn-
thetic vertical incidence reflection seismogram, which shows
striking similarities to recorded ones. For comparison, this
model has been superimposed on the Sulz-model in Fig. 12.
Though the two models differ in detail, the laminated se-
quence of high- and low-velocity layers is common to both.
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FENNOLORA Recordings at NORSAR*
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Abstract. During August 1979 a number of major shots
belonging to the FENNOLORA deep seismic sounding ex-
periment across Scandinavia were recorded at NORSAR.
The 42 sensors of the NORSAR array enabled us to exam-
ine both in-line and off-line features of the seismic signals
as the wavefronts swept across the seven subarrays. A least
squares analysis of the first arrival data indicate that the
upper mantle velocities under NORSAR are azimuth de—
pendent and vary from 8—9 km/s laterally. The data can
also be used to infer approximate crustal thicknesses be-
neath shot points within 700 km.

A detailed analysis of the coda following the first arrival
onsets was made using various velocity filters and correla-
tion detectors to determine if any deterministic multiple
arrivals arising from sharp large-scale regional vertical ve-
locity gradients in the upper 300 km of the mantle were
present. No later arrivals which were coherent beyond a
few kilometers were found. We take this to indicate that
scattering particularly in the source and receiver regions
is of major importance in the generation of the seismic
coda.

Key words: Deep seismic sounding — NORSAR array —
FENNOLORA experiment — Crustal thickness — Crustal
heterogeneity — Scandinavia — scattering

Introduction

During the month of August 1979 a major long-range seis-
mic profile called the FENNOLORA experiment was
carried out across Scandinavia. Charges ranging in size
from TOO—8,000 kg of TNT were fired at locations shown
in Fig. 1, where also the main line deployment of mobile
seismic stations is shown. Technical details of this experi-
ment in terms of shot point information, etc., have been
given by Ansorge (1981). In this paper the results obtained
from analysis of recordings made at the NORSAR array
are presented.

Most of the major shots (i.e., B, C, D, E, F, H, and
I in Scandinavia, PU1 in Poland and PU3 in the USSR)
were well recorded by the short-period sensors of

* NORSAR Contribution No. 322
Offprint requests to: R.F. Mereu
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60“

50°

10° 20° 30" E
Fig.1. Station and shot—point locations for the FENNOLORA
long range experiment. Also shown is a shot-point belonging to
the CANOBE experiment (CAN, Cassell et al., 1983), the location
of a presumed explosion (1) in the sea about 260 km due south
of NORSAR as well as the location of the NORSAR array

NORSAR. Shots at G, W, BW, S, PU2 and PU4 were
not detected. In order to improve the azimuthal coverage,
the recordings from one of the CANOBE (CAN) shots of
July 1980 (Cassell et al. in press, 1983) were also included
in this study. Altogether the NORSAR records presented
here cover the distance and azimuth ranges shown in Ta-
ble 1. The configuration of the 7 subarrays and 42 short-
period sensors making up the NORSAR array at the time
of the FENNOLORA experiment is shown in Fig. 2.

In most seismic experiments where portable instruments
are deployed, off-line coverage is not obtained. In this ex-
periment the two-dimensional areal extent of the whole
NORSAR array has enabled us to examine both the in-line
and off-line features of the seismic signals as the wavefronts
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Table 1. Shot point data and apparent velocities

Shot Distance Azimutha Apparent Apparent
range range Pg velocity Pn velocity
(km) (km) (km/S) (km/S)

D2 315— 375 87— 97 6.53i0.64 8.65i0.13
E1 360— 420 63— 69 6.28i0.38 8.50i0.37
C1 415— 485 122—130 7.31i0.28 8061-027
CAN 453— 515 219—225 6.63i0.22 8.08i0.14
B3 585— 665 149—155 6.28—0.14 8.38i0.24
F1 630— 695 34— 41 8.18i0.31
PU11 895— 972 136—141 8.3835020
H1 1,335—1,396 20— 22 8.14i0.19
11 1,335—1,396 20— 22 8.99i0.99

Complete 315—1,396 20—225 6.36i0.02 8.31 i001
set

a The azimuth values are from NORSAR to the sources

Table 2. Delay times and crustal thicknesses

Shot Distance to Travel time Delay time Azimuth
array center to array center (5) (degrees)
x(km) t(s) t—x/8.1

CAN 456.7 62.5 6.1 220.0
B3 616.2 83.1 7.0 150.0
C1 451.5 64.3 8.6 123.0
D2 364.0 53.3 8.4 87.6
E1 414.3 60.1 9.0 62.3
F1 690.8 94.3 9.0 37.0

from different azimuths swept across each of the subarrays.
Because of the large number of widely spaced azimuths
which were used, this experiment can be described as a
large—scale fan-type one for assessing propagation charac-
teristics from a perspective generally different from that
of conventional in-line refraction profiles.

Data Analysis and Results

Record Sections

Record sections with normalized traces for each of the shot
points are presented in Fig. 3a—i. The sections are arranged
in order of increasing shot-point distances. The first arrivals
on all the traces, hereafter referred to as Pn, are upper
mantle waves, as the minimum recording distance was
316 km. The large, easily identifiable second arrival wave-
trains seen on shots D2, E1, C1, CAN, and B3 are crustal
Pg waves. More emergent Pg arrivals are seen for F1. Pg
is observed to 700 km, and is not detected on record sec-
tions PU11, H1 and I1 (distances beyond 900 km). It must
be emphasized that the symbol Pg as used in this paper
represents the guided body wave which travels through the
crust. It does not represent the refracted wave from the
basement layer which is normally observed to distances up
to 100 km.

Apparent Velocities and Crustal Thicknesses
Least squares apparent velocity determinations from first
arrival onsets of both Pn and Pg waves are listed in Table 1.

NORSAR SUBARRAYS
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Fig. 2. The seven subarrays of the NORSAR array at the time
of the FENNOLORA eyperiment. During the CAN shot, a six-
element mini—array termed NORESS of diameter less than 2 km
was in operation, substituting the 01B channels. NORESS is
located within subarray 06C and further information is given by
Mykkeltveit and Ringdal (1981)

When all of the arrivals were used together, i.e., the entire
distance ranges over which the phases are observed, appar-
ent velocities of 6.36i 0.02 and 8.31 i 0.01 km/s were found
for these waves. Since there is a positive velocity gradient
in the upper mantle, the Pn velocity just below the Moho
is probably closer to 8.1 km/s, with 8.31 km/s representing
an average velocity ‘sampled’ by rays penetrating to depths
large enough to reach distances up to 1,400 km. It is inter-
esting to note from the standard errors given that the appar-
ent velocities for the data sets from each of the shot-points
are very poorly determined and are scattered about in the
8.0—9.0 km/s range for Pn. Figure 4 shows a reduced travel
time plot for all the arrival time data. Clearly the poor
determinations of apparent velocity stem from the fact that
the observational points are scattered about in clusters with
little evidence of alignment within each set. This scatter
of points indicates that the energy must have passed
through laterally varying structures before reaching the sta-
tlons.

Another very significant observation of the points of
Fig. 4 is the fact that the clusters of points for Pg from
each of the shots all tend to line up along a straight line
indicating that the average nature (with the exception of
thickness) of the crust sampled by the Pg waves does not
depend on azimuth. It is well known that the Pg wave
is a sort of guided crustal wave trapped between the surface
and the large velocity gradient in the lower crust. Mereu
et al. (1977) observed an a echelon pattern in the Pg waves
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with short segments of these waves having relatively high
apparent velocities of 6.6—6.9 km/s, while the overall appar-
ent velocities were only 6.2 km/s. Our observations exhibit
similar features. Despite the fact that the overall apparent
velocity is 6.36 km/s, there are segments such as in the CAN
section and in the C1 section with apparent velocities well
over 6.50 km/s.

The clusters of points for the Pn waves are much more
scattered than those of Pg. The reason for this is probably
that the thickness of the crust, which significantly affects
the travel times of the PH waves, does depend on shot point
locations. This is clearly seen if one compares the records

of the C1 shot of Fig. 3c with the CAN shot of Fig. 3d.
Both shots were at approximately the same distance from
the array, but the (Pgm—Pn) times for the CAN shot are
2—3 s larger than the (Pg—Pa) times for the C1 shot. This
is a clear indication that the Moho under shot-point C
is much deeper than the Moho under the CAN shot.

Further comparisons on the variation of crustal thick—
ness with azimuth were obtained from a simple delay time
analysis of the observations. The CAN shot is associated
with a profile line running right into the NORSAR array
(Cassell et al., in press 1983), and the thickness of the crust
is found to be 28 km beneath this shot point. Now, adopt-
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ing the simplified assumption that the average crustal veloc-
ity beneath all shot-points as well as average upper mantle
velocity for all propagation paths (shorter than 700 km)
are equal, delay time differences arise from variable Moho
depths beneath the shot-points. For a fairly wide range
of upper mantle velocities, a delay time difference of 1 5
corresponds to a variation in Moho depth of about 10 km.
‘Calibrating’ against the known CAN shot Moho depth
of 28 km gives crustal thicknesses of 37, 53, 51, 57 and
57 km for shot-points B, C, D, E and F, respectively. Uncer—
tainties of these estimates are mainly tied to possible lateral
variations in the PM velocity. Variations in average Pr: ve—
locity for paths to NORSAR by as much as 0.1 km/s would
contribute about 5 km to the Moho depth estimates for
these shot-points.

Signal Correlation

In order to obtain the fine structure of the upper mantle
it is necessary to identify and position fairly precisely later
arrival branches also. A detailed analysis of the coda follow-
ing the first arrival onsets was therefore undertaken using
various velocity filters, envelope analysis, and correlation
detectors to determine if any deterministic multiple arrivals
arising from large scale regional velocity gradients were
present in the upper mantle. No later arrivals, however,
were found that were coherent beyond a few kilometers.
The lack of coherency in most of the traces is obvious from
the records in Fig. 3a—i. Some idea of the correlation dis—
tance which was observed can be seen in Fig. 5, which illus—
trates the normalized individual traces of the CAN shot.
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This figure shows that the signals correlated very well at
the new NORESS subarray where the station spacing was
less than 2 km, but once the distances increased beyond
2 km as was the case for the other subarrays, the correla-
tions rapidly disappeared.

Amplitude Variations
The normalizing factors used for each trace in Fig. 5 are
given under the column labelled AMP. An examination
of the numbers in this column shows that large amplitude
variations by as much as a factor of 5 are observed within
one subarray. Compare for example trace 06C00 (AMP=
1034) with trace 06CO4 (AMP=249). These two stations
were only a few kilometers apart. Similar large scale ampli-

tude variations were observed for the other shots. Another
example is shown in Fig. 6, where the unnormalized traces
of subarrays 01B and 02B for shot H1 are plotted in a
record sections with an expanded distance scale. The weak
amplitudes at station 01304, the very large amplitudes at
station 02B02 and the double pulse at station 02303 all
suggest that lateral structures beneath the arrays are focus-
ing and defocusing the energy as well as creating multipath
effects. Comparisons of the amplitudes observed at each
subarray for different azimuths confirmed, as was expected,
that the amplitude and attenuation effects were also very
strongly dependent on azimuth. This dependency is illus—
trated in Fig. 7 which shows areal views of how the ampli-
tudes fluctuate from station to station for two different
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shots. In this figure the sizes of the various points plotted
are directly proportional to the average amplitude measured
over a 4 window after the onset of the arrival. The measure-
ments were made on the envelopes of the signals. Similar
amplitude fluctuations were observed for the other shots.

The amplitude data for the Pn waves were also com-
pared with the corresponding data for the Pg waves. Figure
8 shows that rather distinct correlations exist for B3, C1
and F1, implying that local effects are amplifying and atten-
uating both waves together. In other cases such as CAN
and E1 this relationship is lacking. The relative amplitudes
of Pr: and Pg for shot E1 is rather anomalous with the
Pg amplitude being much larger than Pn. A comparison
of Fig. 3a—c) shows that the distance range of shot E1 over-

laps the ranges for shot points D2 and C1. The latter two
shots have approximately the same relative amplitude for
Pg and Pn. The effect is thus clearly an azimuthal effect.
It should also be noted that the source function for E1
tended to have a ringing appearance which differed signifi-
cantly from all the other observations. A spectrum of E1
showed a very narrow peak at 3 Hz.

Apparent PH Dispersion

Another interesting observation may be noted in Table 1
which shows that there is a large difference in the apparent
velocity of the first arrivals for H1 (8.14 km/s) from that
of I1 (8.99 km/s). This seemed very puzzling at first as the
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two shot points were only a few hundred meters apart
meaning that the travel paths were practically identical. A
closer examination of this problem revealed that this effect
arose because the Spectrum of Il had a much larger low
frequency 2 Hz component compared to that of H1. The
Spectra of the 02B00 traces for these two shots are shown
in Fig. 9a and b. There is no doubt that the difference
in the spectral content is related to their respective charge
sizes. A closer examination of the record sections showed
that the higher apparent velocity for I1 came from the fact
that dispersion had taken place with the lower frequency
components arriving at the array about a second earlier
than the high frequency components. The amplitudes of
the 2 Hz waves from the H1 shot were not large enough

to be detected and hence their first arrivals were later than
those of Il. It thus appears that the low frequency waves
have formed a shorter time path or were scattered less than
the high frequency components. The dispersion referred to
here is an apparent dispersion and not the true dispersion
associated with anelasticity.

Beamformz‘ng and Further Processing

A search of the record sections was made using convention-
al beamforming and adaptive processing methods to deter-
mine if any later arrival time branches could be identified
in the mantle coda. A typical example is shown in Fig. 10.
This figure illustrates how beams formed from the traces
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from 3 subarrays 1B, 2B and 2C change as beamforming
velocities are varied from 7.6—9.6 km/s. No velocity creates
a well-defined peak in the beam amplitudes, furthermore,
because of large Spatial aliasing effects in the coda noise,
even the Pg amplitudes were not attenuated when high ap-
parent velocities such as 9 km/s were attempted. Nth root
beamforming methods and adaptive processing methods

both gave spurious results. All of these techniques are effec-
tive only for low frequency coherent signals which are char-
acteristic of long distant teleseisms. The FENNOLORA
signals have a dominant frequency of over 4 Hz and are
thus much more sensitive to small-scale lateral inhomogen-
eities. These quickly contaminate the wavefront. with the
obvious effect of lost coherency.
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In order to get around the spatial aliasing problem and
the incoherency problem, beams were also formed using
envelopes of the traces. Figure 11 shows that this method
is not sensitive enough to variations in apparent velocity
to yield useful information.

Discussion

In long range seismic experiments numerous arrivals or en-
ergy bursts are observable in the recordings and the FEN-
NOLORA seismograms in Fig. 3 are no exception in this
respect. However, only two P phases can be identified with
confidence, namely, the first-arriving Pn wave and Pg, the
latter out to a range of 700 km. Traditionally, there has
been a tendency among many controlled-source seismolog—
ists to associate secondary arrivals with multi-layered crust
and upper mantle models. Others have in general been

Lomwamm-P-comw

2000KG

AMP VEL
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BEAM .22 9.0 Fig. 10. Set of beams formed from
BEAM .24 9.1 traces of three subarrays (01B,
BEAM .30 9.2 02B and 02C) for shot Ci.
BEAM -26 9-3 Amp=normalizing amplitude
BEAM -31 S-I used to normalize the traces.
BEAM -22 9-5 Vel=apparent velocity used in
BEAM -20 9-6 creating the beams

opposed to the multilayering models on the grounds of
lack of objective phase identification criteria and the non-
uniqueness in association of the various arrivals. The validi-
ty of these objections has been demonstrated with the now
widespread use of seismogram synthesis as an analysis tool
in the interpretation of refraction data. In particular, multi-
layered models often to not account properly for the ob-
served amplitude distributions. We think that many features
of the NORSAR FENNOLORA records and specifically
the absence of clear secondary mantle arrivals can be attrib-
uted to wave scattering effects of small-scale heterogeneities
particularly in the crust both at the source and receiver
sides. The effect of such inhomogeneities on the amplitudes
is often much more pronounced than the amplitude effects
caused by possible regional discontinuities or velocity gra-
dients. Travel time fluctuations as well as amplitude fluctua-
tions lead to difficulties in measuring accurate apparent
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velocities over a short distance even in cases where onset
times are well defined. Mereu and Ojo (198]) showed, using
numerical models of random media, that it is possible to
have breaks in the travel time curves even though there
may not be a discontinuity associated with that break. Their
study showed why deep seismic reflection experiments give

a different picture of the crust and upper mantle than the
long-range refraction experiments.

Now, in case of the NORE-SS array, with sensor inter-
spacings of the order of 125—2,000 m, even high frequency
signals (~4 Hz) are coherent. We therefore took the oppor—
tunity to demonstrate in practice our comments on the im-
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portance of scattering in the crust by subjecting an event,
a presumed explosion in the Kattegat (Fig. 1) with features
rather similar to a number of FENNOLORA recordings
at NORSAR, to frequency-wavenumber analysis. The
outcome of this analysis in terms of phase velocities and
azimuths is shown in Fig. 12. The Pn wave train results
imply that the various ray paths are mainly in the source-
receiver plane. The Pg phase exhibits quite different fea-
tures. This wave has been subject to strong scattering result-
ing in a rather weak, diffuse onset, while the relatively ener-
getic coda appears to be made up of Pg-type of waves
possibly reflected from the western ‘wedge’ of the Oslo
Graben (in View of the azimuth variations). The coda of
the Lg wave apparently also consists of significant scatter-
ing contributions.

Because of lack of correlation and presumed predomi-
nance by scattered waves we were unable as demonstrated
in previous sections to utilize techniques like beamforming,
envelope beamforming or adaptive processing methods for
decomposing the wavetrains in phase velocity/azimuth units
and thus facilitate the phase identification of even energetic
arrivals. This does not preclude the existence of discontinui-
ties in the upper mantle, but suggests that such contribu-
tions are rather insignificant in comparison to scattering
arrivals. Indeed, the existence of a rather complex litho-
sphere beneath the NORSAR array has been repeatedly
demonstrated in several studies based on a variety of ap-
proaches like random (Chernov) media modelling (Dahle
et al., 1975; Berteussen et al., 1975), deterministic modelling
on the basis of time and amplitude inversions (Aki et al.,
1977; Christoffersson and Husebye, 1979; Haddon and
Husebye, 1978) and inversion based on holographic princi-
ples (Troitskiy et al., 1981).

We have previously labelled the large difference in Pn
phase velocities as observed from shots H1 and I1 a disper-
sion phenomenon. A plausible explanation is that the Pn
path is slightly frequency dependent due to velocity gra—
dients or heterogeneities beneath Moho. From the work
of Mereu and Ojo (1981) it is not unreasonable to assume
that lower frequencies which do not ‘see’ small-scale heter-
ogeneities, form shorter propagation paths than higher fre—
quencies.

Rough approximations of crustal thicknesses beneath
the individual shot points can be inferred from the data
at hand. Our estimate of the Moho depth beneath shot
point B seems reasonable when comparison is made with
previous studies (e.g., Bungum et al., 1980), while crustal
thicknesses derived for C, D, E and F appear a bit excessive.
In order to reduce these values to the more ‘acceptable’
range 41—47 km, it is necessary to infer a difference in upper
mantle average velocities for paths to NORSAR by as much
as 0.2 km/s between the CAN and B shots on one side
and C, D, E and F on the other. Such variations are, how-
ever, larger than we would expect for the ray paths in ques-
tion (Husebye and Hovland, 1982), indicating that our data
point to larger Moho depths than hitherto conceived of
for these areas of Sweden. We can only await the results
from the FENNOLORA line for full assessment of the use—
fulness of NORSAR’s FENNOLORA recordings in this
respect.

Conclusion

Our concept of a rather simple Fennoscandian crustal/
upper mantle structure is not invalidated by NORSAR’s
recordings of the FENNOLORA shorts. We find that short
wavelength heterogeneities both at source and receiver ends
contribute significantly to the observed seismogram com-
plexities and tend to ‘mask’ the effects of possible large-
scale regional gradients. We recommend long range profil-
ing layouts to be supplemented with small arrays to check
the extent of lateral heterogeneities.
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Earth’s Flattening Effect on the Tidal Forcing Field*
H. Wilhelm
Geophysikalisches Institut, Hertzstr. 16, D-7500 Karlsruhe, Federal Republic of Germany

Abstract. A small part of the tidal forcing field whose
contribution is omitted in the conventional spherical
harmonic development of the tidal potential is caused
by the flattening of the earth. It is a homogeneous tidal
field of magnitude of about 1 ngal superposed on the
commonly known tidal forcing field. The conventional
tidal forcing field can be completely described by the
spatial variation of the gravity field of the tide-generat—
ing body within the space occupied by the earth. The
advantage of this description is that any reference to
the Earth’s motion with respect to the tide-generating
body (called revolution without rotation) can be avoid-
ed.

Key words: Ellipticity of the earth — Tidal forces —
Earth tides

Introduction

Some decades ago Jung (1955) pointed out that the
tidal forcing field of the Moon contains a small part
which is not included in the conventional derivation of
this field. Bartels (1957) noted this point but did not
consider it in detail. Recently Wahr (1979; 1981) in-
sisted again on the existence of this part, surely without
knowing Jung’s paper. A reconsideration of Jung’s ar-
ticle showed that some modifications have to be in-
troduced and that a clarification is needed.

Tidal Forcing Field

In every spatially extended physical system upon which
an inhomogeneous forcing field is acting, relative forces
are induced resulting from the inhomogeneity of the
forcing field in the space occupied by the system. For
example the Moon, for simplicity regarded as a point
mass, exerts a corresponding inhomogeneous gravi-
tational field on the Earth. Introducing an inertial
coordinate system with origin S at the unaccelerated
common centre of mass, this gravitational field
shall be described by gM(f) where f is the position
vector. The difference between the gravitational field at
an arbitrary point P6) and the centre of mass 0(i‘0) of

* Contribution No. 250, Geophysikalisches Institut, Uni-
versität Karlsruhe

the earth is a relative gravitational field resulting from
subtraction of the constant field gH=gM(i0) from the
spatially varying field gM(i')

bd(î)=gM(ï") -gM(îo) =gM(î) —gH. (1)
It can be computed from a potential Vd(î')

bdm = w, (2)
with

ammo—VH6), (3)
where

gM(Î’) = V V (4)
and

VHG) =i - gMao) + CO. (5)
V(i') is the lunar gravitational potential, VH6“) the po-
tential of the homogeneous field gH which has to be
subtracted in Eq.(l), and CO is a free constant which
will be given a suitable value by Eq. (9).

These fields can also be expressed in a geocentric
spherical coordinate system (1311,32) with its origin at
the Earth’s centre of mass O and its axis pointing to the
Moon, see Figs. 1a, 2. In this system P is characterized
by its radius vector r and the fields given by the Eqs.
(1)—(5) can be calculated by the conventional develop-
ment of V(r) in spherical harmonics (Bartels, 1957)

GA,“ Î (games w), <6)
C n=0

V(r) = VU, W) =

where G is the gravitational constant, ML the lunar
mass, C the distance between the centres of mass of the
Earth and the Moon. Introducing the unit vector s
pointing from 0 to the Moon (Fig. 1b) and regarding

fzi'04”. (7)

GMVH6): CzLê-î+CO

GM=
C2L(rCOSd/—FO)+CO,

(8)

so that for
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ML

0)

b) 0‘ _r0 S

Fig. 1. a Spherical coordinate system r, w centred with respect
to the axis OML, 0 centre of mass of the earth, S common
centre of mass of earth and moon; ML lunar mass; C distance
OML. b Radius vector î‘ and r of P in the inertial system with
origin S and the geocentric system with origin O respectively;
to radius vector of O in the inertial system; ê unit vector in
direction OML

|U7>

Equatorial plane

Fig. 2. Spherical coordinates r, 1p, y of a mass point of the
earth at P in the system centred with respect to the axis OML
and corresponding coordinates r, 6, Â and c, 0C, ÂC of P and
lunar mass ML with respect to a geocentric coordinate system
with NS—axis, cx coazimuth of 3). Unit vectors Ê and Î designate
r- and 0—direction at the moon’s place r=c or at the corre-
sponding surface point C respectively

GM
C. L (F0 + c) (9)C0:

GML Î Onamos w). (10)
C 71:2

Vd(r> W) : V(ra W) —
VH(r9 W) =

This potential is known as the forcing tidal potential of
the Moon and has been derived here without reference
to the Earth’s orbital motion, known as “revolution
without rotation”, and without any assumptions about

its physical properties such as density, rigidity or elas-
ticity.

However, the difference in the gravitational field of
the moon between a point P of the earth and its centre
of mass O is not the lunar tidal forcing field. As in-
itially mentioned, tidal forces are acting with respect to
the centre of mass of a physical system which is ex-
posed to an inhomogeneous forcing field generating an
acceleration of the centre of mass in an inertial frame.
The subtraction of this orbital acceleration from the
forcing field yields the relative forces, i.e. the tidal for-
cing field, in the accelerated system associated with the
centre of mass. Hence, the tidal forcing field is the
vector difference between the gravitational field of the
tide-generating body at the observation point and the
orbital acceleration of the Earth’s centre of mass with
respect to the unaccelerated common centre of mass of
the Earth and the tide-generating body, i.e. with respect
to the inertial frame. In the inertial system with origin
S the lunar tidal forcing field b(îr) is therefore

b(i‘)=gM(i')—g0 (11)

where

1 N N 3M
go 21‘712! I015“) nr) d r

is the orbital acceleration of the Earth’s centre of mass
in the Earth-Moon system relative to S, ME is the mass
of the earth and p EG) the density of the Earth at î'. The
lunar tidal forcing field therefore by definition does not
contribute to the orbital motion of the Earth with
respect to the Moon which is completely determined by
go. If the Earth were rigid no relative accelerations
with respect to its centre of mass could occur in re-
sponse to the tidal forcing field and the orbital motion
of the Earth would remain unchanged. However, the
response of the Earth to the tidal forcing field actually
has an influence on gO and therefore on the orbital
motion of the Earth. For example the dissipation of
ocean tide energy is a major factor for orbital variation
in the Earth-Moon system. But also the elastic response
has, at least in principle, an effect on the orbital accele-
ration of the Earth by its flattening effect.

The two fields bd(Î) and b(Î) given by Eqs. (1) and
(11) are identical only if

go = gMÜO)‘ (12)

It will be shown that this relation would be valid if the
Earth were spherically symmetric.

The acceleration gO of the Earth’s centre of mass is
given by

M
--M—:gE(C) (13)

where gE(c) is the gravitational field of the Earth at the
place r=c of the moon which is assumed to be a point
mass.

The gravitational field of the Earth is known from
measurements of orbits of artificial satellites and can be
expressed by its gravitational potential U(r)

go:

ggtr) = VU. (14)
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Neglecting longitude dependent terms in U(r) (Heis-
kanen and Moritz, 1967)

[1 —Ë2Jn (%>fi(cos 9)] (15)

where (r, 9, Â) is a geocentric spherical coordinate sys-
tem centred with respect to the Earth’s axis of main
inertia, the constant a is the Earth’s equatorial radius
and J" are the coefficients of the expansion in spherical
harmonics.

At the position of the Moon (r26, 629C) the gravi—
tational field of the Earth is

GM
U(r, 9) = E

r

gE(c)=VU|r=c
0=0c

GME
OO

a
n

A_ _
c2

{
1—";2(n+1)Jn

(É) Pn(cos 06)]5

0° a "dP
J — " Î

+n;2
n

(C) dg 0:00 }
(16)

where OC is the lunar colatitude and s and Î are the unit
vectors in r- and 0-direction at r=c, 9266. Figure 2
shows the geometric configuration.

E

C2

G
The first part — ê is the gravitational field of a

spherically symmetric Earth of the same mass ME act—
ing at the position of the Moon. The rest is contributed
by the non-radially symmetric part of the Earth’s mass
distribution.

If all coefficients 1,, disappear

J=0n 7 n=2,3,4... (17)
GM A

gE(c):— CzES (18)

and with (13)

_GML,
go _

C2 S Z gM(ÎO)‘ (19)

Hence, only if the Earth were spherically symmetric
would the acceleration of its centre of mass be equal to
the gravitational field acting at its centre of mass. Ac-
tually, because of the flattening of the Earth g04= gM(Î0).
Therefore, the two fields (1) and (11) are not identical.

The tidal field (11) can be split into two parts from
which the effect of the flattening becomes obvious:

bl?) Z gMÜ) — go Z gMG) _ gM(ÎO) '1‘ gM(ÎO) — go
Z bfi) + bao) Z ball?) + bH- (20)

The first part bd(f) is the relative gravitational field
introduced by Eq. (1) which by Eq. (10) represents the
conventional tidal forcing field whereas the second part
is the specific tidal force at the Earth’s centre of mass ï‘
=ÎO which is non-vanishing for a flattened Earth. To
the conventional tidal forcing field bd(i') is added the
homogeneous field bH=b("r0) if the flattening of the
Earth is taken into account.

From (2), (11), and (16) it follows for the tidal for-
cing field expressed in geocentric coordinates
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z<>
GM

OO n

+ LZLG)
n=2 C

WP

C2

{01+1)llîl(czos(9c)ê—dlî1 Î}. (21)
d00=m

The first expression is the usual tidal forcing field
which really is the relative gravitational field (1) and
which is completely independent of the physical pro-
perties of the Earth. The second part is the expression
for bH. It depends on the density distribution of the
Earth and vanishes if this density distribution is spheri-
cally symmetric. From (21) it is evident that the flatten-
ing of the Earth makes a contribution to the tidal
forcing field of the Moon. The physical explanation for
this effect is given by Eq.(16). The gravitational field of
the Earth acting on the Moon depends on the aspheri-
cal part of the density distribution of the Earth and by
the action-reaction principle the acceleration of the
Earth’s centre of mass gO also depends on this part of
the Earth’s density distribution. Since g0 is involved in
the tidal forcing field this field, too, must depend on
the mass distribution of the Earth. A corresponding
contribution from the Earth’s flattening to the solar
tidal forcing field is smaller by (MS/ML) . (C/C’S)4N10_3
where MS is the solar mass and cs is 1AU.

From (13) and (16)

GM A 00 a"
go: 2L{S—Z(É)JnC „-7_g dB.

dO 62061]}. (22)
Hence, the motion of the Earth is disturbed by its
nonspherical mass distribution. These disturbances are
however small compared to the gravitational distur-
bances caused by the sun (Kaula, 1968, p. 176) resulting
from the change of the gravitational field of the sun by
the variation of the distance between the geo-lunar
mass centre S and the sun. This effect is of the order of
2GMSa/CS3 which is about c/(aJ2)~6-1O4 times greater
than the aspherical mass distribution effect in (22) for n
=2. Therefore the effect of the Earth’s aspherical mass
distribution is not revealed in orbital motion, but it
shows up in precession and nutation.

For the development of the tidal potential ê-r and
f-r have to be calculated. From Fig. 2 follows:

-[(n +1)R,(cos 0,)s ~—

s-rzrcosip (23)Î-r= —rs1mpcosoc.
Following from (10) and (20) the complete expression
for the tidal forcing potential is given by

V<r, w) = m w) +r - bH

:GML1Ï Gimmes WE Î”! (Î)C. =2
.

n=2

- [(n + 1) R,(cos 0,.) cos (p

+M
dû B=6€smzßcos

01]}.
(24)
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The last sum of (24) is caused by the non-spherical
mass distribution of the Earth and relates to the homo-
geneous field bH in (20) whereas the first part is the
usual tidal forcing potential.

With

cos 0 = cos 9C cos 1// + sin 6C sin 1p cos oc (25)

cos W = cos 0 cos 0C + sin 0 sin 6C cos (‚1 — 2C) (26)

P(cos w): P(cos 6)P"(cos

3:)n
(cos9) P’"(cos 6C)

. cos=n(1(Â+—m/li) (27)

where Bj"(cos 0) are the associated Legendre poly—
nomials, Eq. (24) can be expressed in geocentric coor-
dinates r, 0, À

2:<1C
V(r, 0, Â):

m—)!
:(1+m)!

{P(cos 0))P(cos 9C) + 2mz(

.
nm(COS 6)R1m(COS 0c) ' COS Vn(’1 _

ÀJ}

+GMLÎ— ELI"
(9)11C C„_2 C

- {(11 + 1) R‚(cos 6C) [cos 0 cos 6C

dPn(COS 0)
+sin 0 sin 9C cos(Ä—/1C)] +

d() 0:06

- [cos 9 sin 0C — sin 6 cos 9C cos (Â — 29]}. (28)

By introducing Cartesian coordinates it can be verified
that the second sum in (28) determined by the coef-
ficients J" represents the potential of the homogeneous
field bH.

Numerical Results

For the determination of the flattening effect on the
tidal forcing field only the term n=2 will be considered
in (16) because Jn/J2$10‘2 for n>2 (Kaula, 1968).
With

N GM A
gM(r0): €s (29)

N A M
bH Z gM(rO) _ go = L

S + M—L gE(c)
E

:LGM
(,2

LC)?—J2 [(3 COSZÜC —1)s+sin20CÎ]. (30)

The corresponding term in the tidal potential is given
by Eq. (24)

GML:1()2r3JC ’C22

‚[(3 cos 26C—1)cos¢—sin20csinwcosoc]. (31)

r-bH2

With a/C20.016593‚ ME/ML=81.3O, and GML, a and
J2 from the IAG 1980 system of constants (Muller,
1980)

3GML
2 C

L(—)3 J2 -946210 m/ (32)
C

This is about 10% of the n=4 term of the normal tidal
potential

GML
C

L(a4> 2.968810 42s2.m/ (33)C

The magnitude of the corresponding force per unit
mass given by Eq. (30) is

3GML
2 C

L%Z2()J21.481011m/s2 ~lngal (34)

that is about 3 % of the magnitude of the vertical force
per unit mass for n=4

GML
4 2 L(a)3 262.3 ngal. (35)

C C

The first part of the homogeneous field bH in (30)

GM
b 2%]2 2

L a 2

S (—) (3 cos2 6C — l)§ (36)
c

always points away from the Moon since cos2 0C<% for
all possible values of the lunar declination 5c=§—6C.
The second part

GM 2
b zäh—22 (Î) sinzâcî (37)

C Ct

changes its sign for 0C=§ i.e., when the Moon is in the
equatorial plane of the Earth. As bH is a homogeneous
field it represents a constant tidal forcing field acting
simultaneously on the whole Earth at a specific time t.
It is of course varying with time.

The periodicities can be determined from the corre-
sponding part of the potential expressed in geocentric
coordinates. From the Eqs. (28) and (31) this is

MLG L(——)2::——J2 {(3 00526C ——1)(COSQCOSOCr-bH: CC.
+ sin 0 sin 0C cos (Â — ÄC))
— sin 26C [cos 9 sin 6C — sin 0 cos 9C cos (À — ÄC)]}.

(3 8)
The time variations are caused by the variations of C, 9C
and ‚1C in Eq.(38). The major inherent periodicities are
lunar-daily from cos(/l—/lc), lunar—third-monthly from
the products of cos 6C and sin 9C with COSZOC and
sin26’C‚ and monthly from C’_4, cos 6C and sin 9C.

At present it appears hopeless to search for the
described effect in the tidal gravity records because it
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has an amplitude of only about lngal. It should how-
ever be noticed that a homogeneous tidal field may
raise deformations in a radially stratified Earth and
especially a forced tidal motion of the central core of
the Earth into an eccentric position, and it might be
suspected that this effect could have significant dynami-
cal consequences. This suspicion must however be dis-
carded because the displacement will be of the order of
1 um as can be shown by considering the balance be-
tween the homogeneous tidal and the repelling gravi—
tational force acting on a solid inner core in a fluid
outer core with constant but different densities and an
assumed density difference of 2 g/cm3.
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Some Results of Calibration Factor Determination
of LaCoste and Romberg Gravity Meters (Model D)
H.-J. Götze1 and B. Meurers2
1 Institut für Geophysik der Technischen Universität Clausthal, Postfach 230, D-3392 Clausthal-Zellerfeld,
Federal Republic of Germany
2 Institut für Meteorologie und Geophysik der Universität Wien, Hohe Warte 38, A-1190 Wien, Austria

Abstract. Contrary to the manufacturer’s manual we
observe a non-linearity of the calibration-factors of the D—8
and D-9 LCR gravity meters. By measuring on two local
calibration-lines (Ag1 =27 mgal and Ag2=41 mgal) and in
various ranges of the measuring screw, we were able to
prove the effects of non-linearity by experiments. The calcu-
lation of calibration factor functions is outlined and the
quality of the approximation-model could be verified in
terms of measurements on parts of the European Calibra-
tion line (ECL). The results show, that the effects of nonlin-
earity have to be considered with regard to high precision
gravity measurements. By using the calibration factor as
given by the manufacturer; errors up to 0.08 mgal will be
observed.

Key words: Nonlinearity of gravity meters — Calibration
factors — Calibration factor function — Accuracy of readings
— LaCoste and Romberg gravity meter (Model D)

Introduction

LaCoste and Romberg model D gravity meters have a reso-
lution in the ugal range, and at present they belong to
the most sensitive field gravity meters in the world. The
instruments D-8 and D-9 described here are used for both
gravity and vertical gradient measurements in the Eastern
Alps mainly (Götze et a1. 1979; Steinhauser et al., 1980).
Because of the elevation differences of several measuring
points in this region it is necessary to measure in various
reset ranges of the gravity meters with a range of approxi-
mately 200 mgal1 (corresponding to 2,000 turns of the mea-
suring screw) only.

The instruments D-8 and D-9 were calibrated quickly
and easily by comparison of measurements with corre-
sponding gravity differences Ag on calibration lines (sec-
tions of the European calibration line ECL). The following
sections of the ECL were used:

D-8 gravity meter: Torfhaus G —— Bad Harzburg G,
Ag=84.15 mgal
D-9 gravity meter: Kufstein N — Stafflach X,
Ag: 224,71 mgal.

1 1mgal=10_5 ms“2

The calibration factors of LCR—D gravity meters are stated
to be constant in the whole measuring range by the manu-
facturer. Different ranges of counter units had to be used
during the calibrations, which have been performed on the
calibration lines mentioned above during the last ten years,
because of frequent reset displacements. Thereby systematic
differences from the expected values of the corresponding
gravity differences could be observed, which amounted to
six counter units at the most corresponding to a gravity
difference of 0.06 mgal. They were interpreted qualitatively
as non—linearities of the calibration factors. Observations
of this kind have been described by other authors too (e. g.
Wenzel, pers. comm. 1973; Steinhauser, 1978; Torge and
Kanngieser, 1980) and initiated an examination of the sys—
tematic effects concerning the LCR-D gravity meters men—
tioned above. This is particulary true for the experiments
of Lambert et al. (1979).

The existing measuring results clearly show, that devia-
tions from the expected values of gravity differences on
calibration lines are not due to measuring errors, but a
functional relation exists between the gravity differences
(calculated by using a constant calibration factor) and the
mean readings. Figure 1 shows the measured gravity differ-
ences on the calibration line Torfhaus G — Bad Harzburg G
as a function of the mean position of the measuring screw
for the gravity meter D-8. The gravity differences decrease
with increasing mean positions of the measuring screw and
deviate from the “true” value up to the amount of
0.08 mgal.

In case of the LCR D-9 the differences between the
readings at the final points of a local calibration line in
Vienna increase with the mean position of the measuring
screw almost linearly (Steinhauser, 1978).

A significant nonlinearity of the measuring screw de—
pending upon the reset screw position was also found in
case of other LCR Model D gravity meters (Torge and
Kanngieser, 1980; Dragert et al., 1981 ; Lambert and Liard,
1981)

Measurements and Nonlinearity Determination

The gravity differences on the sections of the ECL described
above are too large for a reliable determination of the
effects of non-linearity. Local calibration lines had to be
used or to be installed for this purpose.
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Fig. l. Relationship between measured gravity differences and the
mean measuring position, plotted for the LCR-gravity meter D-8;
calibration line: Torfhaus G — Bad Harzburg G
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Fig. 2. Normalized calibration factor function FNorm for the D-8
gravity meter on the local calibration line Clausthal — Osterode

Local Calibration Lines and Experimental Results
The following criteria are decisive for the selection of local
calibration lines:
— Sufficient gravity differences for a reliable proof of non-
linearity effects. Starting from a reproducibility of
0.02 mgal of relative measurements the gravity difference
of the local calibration line should amount to 30 mgal ap-
proximately. This relation corresponds to observations
mentioned above, which show variations of 0.06 mgal at
gravity differences of 84 mgal. Gravity differences larger
than 30 mgal should not be used, as the extrema of the
calibration factor function could not be resolved because
of the integral effect of the measurements.
_ Low noise at the gravity stations and sufficient short-
term stability to ensure reliable repititions of the measure-
ments.
— Short time intervals between the readings at the ends
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of the calibration lines to guarantee a favourable drift
behaviour'of the gravity meters.

For the examination of the LCR D-8 a local calibration
line was installed between Clausthal and Osterode, meeting
the requirements mentioned above. The gravity difference
amounts to 27 mgal. On this calibration line the gravity
difference was measured at 19 consecutive positions of the
reset screw in the available measuring range of 200 mgal
approximately. At the ends of the calibration line measure-
ments were carried out 4 or 5 times in each reset position
to guarantee reliable results; all readings were corrected
with respect to instrumental drift. The time intervals be-
tween the readings at the ends of the line amounted to
10—12 min only. Figure 2 shows the results of 19 single mea-
surements in normalized form, where the ratio defined by

FNormzdm/di (1)
dm: maximal value of the differences

between the readings
di: difference between the readings

for i=1,..,19

is represented as a function of the mean readings 5,.(1':
1 ..‚ 19). Figure 2 evidently shows that the gravity difference
of 27 mgal is sufficient to resolve local extrema of the cali-
bration factor function. In Figure 1a corresponding trend,
at best, is shown because of the limited resolution there.

The existing calibration line between Vienna Hohe
Warte and Kahlenberg with a gravity difference of 41 mgal
approximately was used for the examination of the instru-
ment D-9 again. In addition to a better resolution by using
further reset positions the temporal reproducibility of the
nonlinearity effects should be tested. The end points of the
calibration line were measured 3 or 4 times at each reset
position; all readings were evaluated taking into account
the tidal gravity variations and instrumental drift. The mea-
surements were repeated at three reset positions. The time
interval between the measurements at the end points of
the calibration line was of the order of 20~25 min. The
measuring results of 1979 and 1976 are shown in Fig. 3,
also in normalized form. The temporal variation of the
sensitivity of the LCR D—9, which was determined by yearly
measurements on the profile section of the ECL between
Kufstein N and Stafflach X using the same reset screw posi-
tion every time, was considered here accordingly. The mea-
surements of 1979 confirm the earlier results. This fact
shows temporal stability of the observed effects. In the
upper range of counter units a modification of the calibra-
tion factor function determined in 1976 has to be made,
as the measurements of 1976 did not yield reliable informa-
tion about the uppermost range.

Numerical Calculations

The determination of the calibration factor Caf (r) as a
function of the readout value (r) may be outlined with
regard to the fact that the true gravity difference is (still)
unknown on local calibration lines. Let Ag be the unknown
gravity difference between the end points of the calibration
line with the readings s1 and 52, we have

Ag=TCaf(r)dr. (2)
SI
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Fig. 3. Normalized calibration factor function FNmm for the D-9
gravity meter on the local calibration line in Vienna: o 1976 mea-
surements; o 1979 measurements

Is the reading s1 close to 52, the Ag of gravity becomes

Ag=Caf(r')-d, (3)
with 61:5w1 and 172% (52":51)
after application of Newton’s interpolation formula to solve
the integral of Eq. (2). We now introduce FNorm, the normal-
ization factor of Eq. (1). Substituting this factor into Eq.
(3) for the calibration factor function due to different read-
ings r",- we obtain

Caf (ñ)=FNorm (FJ' Caf (7m) (4)
with i=index of the mean reading at various reset screw
positions and m=index of the mean reading with maximal
difference d,
because the product in Eq. (3) is a constant defined by
Ag. Considering Caf(r'm)=const, we get from Eqs. (2) and
(4) and according to a well-known Ag from the observed
differences on a calibration line:

Cart—r...) = A g [12mm d7]
_ . (5)

The calibration factor function Caf (r) is determined after
selecting a suitable approximating function to satisfy the
discrete values of FNorm (r'). This function can be found by
least squares fitting or applying spline algorithms. We take
a Tschebyscheff polynomial of degree up to 5.

The calibration factor functions of the gravity meters
D-8 and D—9 are calculated independently of each other

a - "
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Fig. 4. Representation of measured gravity differences Ag as a func-
tion of the mean measuring screw position (D-8 meter) on the
local line: 0 calculated with constant calibration factor; >< calcu-
lated with calibration factor function
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Fig. 5. Representation of measured gravity differences Ag related
to the mean measuring screw position on the calibration line Torf—
haus — Bad Harzburg (D-8 meter): 0 calculated with constant cali-
bration factor; >< calculated with calibration factor function

by utilizing the gravity differences Ag mentioned at the be-
ginning. They are also used to reinterpret the observations
of the calibration lines (see also Fig. 5).

Discussions

We are able to prove the quality of the calculated calibra-
tion factor functions of the last section by comparing the
evaluations of those with a linear factor and those with
a non—linear factor. In Figures4 and 5 this comparison
is presented with regard to the investigations of the D-8
gravity meter. First of all Fig. 4 shows calculation results
with respect to various calibration factors on the local cali-
bration line between Clausthal and Osterode. The observed
differences of gravity are plotted as a function of the mean
measuring screw position. It is evident that the reinterpreta—
tion with the function Caf (r) provides gravity differences,
which deviate statistically from the mean value. In contrast,
the interpretation with a fixed calibration factor clearly
depends on the superposition of the measured results by
a trend-function. The mean of the local gravity difference
on the calibration line is

Ag: 27.317 i 0.004 mgal.
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The calculation of gravity differences on the ECL-section
Torfhaus — Bad Harzburg demonstrates a significant im-
provement of the expected gravity differences in the same
way: no systematic relationship with the mean measuring
screw position is observed any longer. Thus, the calculated
calibration factor satisfies real conditions in the gravity
meter (see Fig. 5).

We have to emphasize that the nonlinearity can be de-
termined by the method described only for a small reset
range. Therefore the question of whether the observed non-
linearities are caused by mechanical defects of the measur-
ing screw or by faults in the spring is unresolved. This
question can not be answered before the investigations are
repeated on other calibration lines and in different reset
ranges of the gravity meter. To check and possibly improve
the calculated calibration factor functions of the two gravi—
ty-meters D-8 and D-9, more test measurements are
planned on local calibration lines in Vienna and Clausthal.

Acknowledgements. The authors wish to thank G. Lang for the
realization of the measurements on the Clausthal calibration line
and W. GroBe-Brauckmann for his helpful critical comments on
this paper.
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Ocean Tides and Periodic Variations
of the Earth’s Rotation
H.-R. Baader, P. Brosche, and W. Hövel
Sternwarte der Universität Bonn, Auf dem Hügel 71, 5300 Bonn 1, Federal Republic of Germany

Abstract. We consider the periodic acceleration of the
Earth’s rotation rate caused by the oceanic MZ—tide and
the corresponding cumulative effect in universal time UT1.
The necessary information stems from a hydrodynamical
model of the world’s oceans. The time variations of the
contributions to the relative angular momentum balance
and of the solid Earth’s center—of-mass are provided. As
for the theoretical aspects, two hypotheses are examined:
the ‘quasi-isolated-Earth’-hypothesis, which is basic for the
derivation of the Aw- and AUTl-effects, is acceptable at
least as a first—order approximation, whereas the idea of
‘locked oceans ’ is not. The main result is a A UT1-contribu-
tion with a total range of 0.05 ms, thus nearly detectable
by means of modern observational techniques: this effect
essentially originates from the tidal currents.

Key words: Earth’s rotation — MZ-tide — Angular momen-
tum balance of the oceans

Introduction

The “classical” effects of precession and nutation have
been understood for a long time. They are a result of the
reaction of a non-spherical rigid Earth exposed to the action
of tidal torques from the Moon and the Sun. Later on,
elastic deformations of the solid Earth were also taken into
account. Recently, Yoder et al. (1981) re-studied the period-
ic tidal variations of the Earth’s rotation rate and thereby,
for the first time, estimated “the effect of fluid core and
ocean tides on the dynamical motion of the Earth”. They
argued on the basis of two assumptions:
— Oceans act as if locked to the mantle;
— External torques are negligible, i.e., the Earth is an iso—
lated system in a tidal period.

Because of the second assumption the whole Earth’s
angular momentum 19,:s is conserved, and hence by
means of the resulting relation:

4212.: _ä?
coz C (1)

changes in a) and in universal time UT are derivable from
variations of C (C: polar moment of inertia, coz: angular
velocity of the whole Earth, the rotation vector is fixed

Offprint requests to. P. Brosche

to the z-coordinate — as a permanent simplifying assump-
tion hereafter).

The purpose of this note is to examine the above as-
sumptions and to provide a more realistic view plus the
corresponding estimates for the oceanic Mz—tide. Some as-
pects of the topic were already mentioned briefly by Brosche
(1982)

Our main interest is dedicated to the secular influence
of the oceanic tides on the Earth’s rotation. Therefore, we
regard the solid Earth only in a most rough and simple
way, i.e. as a rigid sphere, except for its equilibrium tide
response reducing the tangential forces of the ocean model
by the Love factor y=1+k—h=0.69. The world’s oceans
in contrast are considered in detail (e.g. including shelf
seas): our work is based on a modified version of Zahel’s
(1970) nonlinear 4O x4O-HN-model (see also Brosche and
Hoevel, 1982), mainly applied to the Mz-tide. The model
output allows direct access to all angular momentum and
moment of inertia quantities in their dependence on the
tidal phase r=at(o: angular velocity of the MZ-tide). Of
course, any theoretical model of a partial oceanic tide pro-
vides for this information, at least in principle, but it seems
unusual to publish the velocities too.

Comments on Zahel’s Model

First we would like to comment on the apparently outstand-
ing Zahel—model values for the MZ-tide given in a recent
comparative compilation of certain characteristic parame—
ters of diverse ocean models (Yoder et al., 1981). They seem
unrepresentative to the authors of this paper, who are work-
ing with original and modified versions of the Zahel-model.
One reason is that the MZ-effect on UT1 quoted in Table 4
of Yoder et al. (1981) is approximately twenty-six times
greater than our corresponding AUT1-amplitude of
~0.008 ms (see Eq. 6). Also their harmonic coefficients h22
(Table 3) differ considerably from the values listed in Ta-
ble 6.4 of Lambeck (1980), which show fair agreement with
our findings. Our main argument against the reliability of
that spherical harmonic analysis of Zahel’s model is the
very poor mass conservation (evident in the huge values
of hOO in Table 3), whereas we find an excellent fulfillment
of this essential constraint: the relative error in the water

ACelevation is —~ 10’ 13, i.e. the defects of the mass balance

would induce modifications of this order of magnitude.
Furthermore, the reported “coordinate offsets of the
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Table 1. Amplitudes of the MZ-variations of the solid Earth’s
center-of-mass (ô S = A cosat+ B sinat) relative to its time—average
position (or also to the center—of—mass of the whole Earth) in
10—3 m. From the origin the z—axis parallels the rotation vector,
the x- and y-axes point towards the Greenwich meridian and 900 E,
respectively

Component of vector ô S A B

ôx — 1.5 3.6
ôy 2.8 3.9
öz —3.7 1.5

Table 2. Typical contributions (amplitudes) to the relative polar
angular momentum balance of the world’s oceans during an M2-
period (units: 1021 kg m2 s”). The storage term results from the
net effect of the other torques quoted. (Incidentally the Coriolis
torque will counteract the changes in the moment of inertia in
later context; the contribution of the pressure gradient force domi-
nates the ocean-solid Earth interaction)

Torque due to Order of
magnitude

Tidal potential force 0.3
(= oceanic-lunar interchange)

(Its period average: secular value 4.4 >< 10" 5)
Pressure gradient force 2.0
Coriolis force 0.8
Lateral eddy viscosity 10‘ 2
Bottom friction 2 >< 10’ 3
Storage 3.0

(=time variation of angular momentum)

center-of-mass of mantle” (i.e. of mantle-plus—core relative
to the position of the whole Earth’s barycenter, according
to their calculation; see Tables 3 and 5) are also too high
compared to our 10—3 m-order results for the modified
Zahel-model in Table 1.

The Mechanical Isolation Hypothesis

As is shown by Table 2, with its estimates of the contribu-
tions to the oceanic angular momentum balance, the neglect
of the angular momentum transfer to the Moon via the
tidal potential forces (listed in the first line) is a first—order
approximation during an M Z—period (Baader, 1982). In par—
ticular, the first two figures are remarkable because of the
fact that we cannot infer a negligible role of the potential
force term during the period (mainly due to the ‘undis—
turbed ’ ocean depth) from its very small time average (effect
of the ‘disturbed’ water elevation).

On the other hand, this periodic transfer of angular
momentum between the water and the Moon is only a part
of the total interchange between the Earth and its satellite.
From the fact that the geoid has tesseral undulations which
are one order of magnitude smaller than the depth of the
oceans (Gaposchkin, 1974) we now conclude that the total
periodic change of the Earth’s angular momentum is corre-
spondingly smaller than the value in the first line of Table 2.
We therefore accept the quasi-isolation hypothesis of the
Earth at least in the sense indicated above.

In principle we should have listed a term depending
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on the total time derivative of a) in Table 2. During an
MZ—period a) is of the order 10‘17 s‘z; its contribution
to the oceanic angular momentum balance consequently
is of the order 1017—10l8 kg m2 s‘2 and thus of relative
order 10—3—10‘4 (as can easily be estimated by means of
the isolation hypothesis via Eq. (5) or by means of the
solid Earth’s angular momentum balance). Its effect is
therefore neglected, as usually.

The Influence of the Tidal Currents

From the different mechanisms changing the oceanic angu-
lar momentum we shall now go on to discuss the manifesta—
tions of its contents. We then have to consider the time
variability of only two kinds of oceanic quantities:
— the variation of the inertia tensor 0 due to changing water
elevations,
— the relative water motion (in the terrestrial frame) corre—
sponding to a relative angular momentum P,.

Therefore the total oceanic angular momentum is no longer

P2 = 92 209 (2)
(z-component only; 0” is the oceanic part of C)

but=922w+Rz=Pez+Pm (3)
(Lambeck, 1980; Munk and MacDonald, 1960).

The idea of “locked oceans’ means that the P92 contribu—
tion should dominate. If for the moment we regard only
the time dependent parts and out of these, the overwhelm-
ing harmonic ones (see also Baader, 1982), we obtain

1392(1): 6.93 sin(r+ 41.40) 1024 kg m2 s—1
P,z(r) = 24.6 sin (I— 18950) 1024 kg m2 s‘ 1
hence
Pz(r) 220.93 sin (r—204.39O) 1024 kg m2 s‘ 1.
It can be seen that the amplitude of P” is larger than that
of P92 by a factor 3 and that the phase angles are completely
different. Therefore we conclude that the hypothesis of
‘locked’ oceans is not justified and should be discarded
— at least for the MZ-tide, as Yoder et al. (1981) were al-
ready inclined to do. Nevertheless it is possible that loading
and self-attraction lead to a slightly stronger coupling to
the solid Earth.

Our Prz corresponds to a typical zonal relative velocity
of the oceans u=4 >< 10—3 m s‘ 1, (which may be converted
to a differential rotation of the order wroczu/R~6.3 ><
10— 1° s‘ 1; subscript OC for ocean, R. Earth’s radius).

The Effects in a) and UT

In what follows our line of reasoning very much resembles
that of previous treatments of the atmospheric aspect of
the topic (Hide et al., 1980). If we assume a rigid solid
Earth (SE), the change of its angular momentum will be

APSEZ—APOCa (4)

because of the conservation in the whole S E — 0C system
(i.e. neglecting the atmosphere). Consequently

AwSEZAPSE/HSE:_AP0C/HSE- (5)

By means of (5) we relate the changes of the oceanic quanti-
ties Pez, P Pz to the changes in a) (dropping the subscriptr29
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SE because a) is the same for the oceans in our definition
of relative motions). We use 03520804 >< 1038 kg m2
(Lambeck, 1980). If one considers a decoupled mantle only,
then Hmamle=071 X1038 kg m2, and the following values
should be raised by a factor of 1.13.

Aw: 8.62 sin(r—138.6O) 10’ 14 s‘1 due to the moment
of inertia only,

= 30.60 sin(r—
motions only,

226.03 sin(r——— 24.390)
bined effect.

A time integration leads to the change in UT1 :

86400
7:

9.50) 10‘14s‘ldue to relative

10’14 s"1due to the com-

AUT1=S sAa) dt‘ (6)
AUT1 20.008 ms sin (1+ 131.40) due to the moment of
inertia, only,

= 0.030 ms
motions only,

= 0.025 ms sin (r+ 245.610)

sin(r— 99.50) due to relative

totally.

It should be noted that the total range of 0.05 ms runs
close to the measurement accuracy of Very Long Baseline
Interferometry and Lunar Laser Ranging. In the case of
fortnightly tides the AUT1—effect is presumably even more
important.
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In Memoriam

Anton Graf
(1901—1981)

Journal of
Geophysics

Im September 1981, wenige Monate nach Vollendung seines 80. Lebensjahres verstarb Prof. Dr.-Ing. Anton Graf, langjähri-
ges Mitglied der Deutschen Geophysikalischen Gesellschaft. Mit ihm ist ein ungemein vielseitiger und unermüdlich tätiger
Forscher und akademischer Lehrer dahingegangen.

Anton Graf wurde am 26. Mai 1901 in Holzkirchen
(Niederbayern) als neuntes von zehn Kindern des Oberleh-
rers Ludwig Graf und seiner Ehefrau Josefa geboren. Seine
Ausbildung und sein beruflicher Werdegang sind durch fol-
gende Stationen gekennzeichnet:

1907—1914 Volksschule in Holzkirchen; vorgesehen war
eine anschließende Ausbildung als Buchdruk-
ker

1914—— 1923 Realschule und Humanistisches Gymnasium in
Straubing; Abitur

1923—1927 TH München — Studienfach „Technische Phy—
sik“; Dipl-Physiker

192T—1928 Fa. Hartmann und Braun, Frankfurt/M.; La-
borphysiker

1928— 1932 Fa. Piepmeyer und Co., Kassel; Geophysiker

1932 Promotion zum Dr.—Ing., TH Berlin-Charlot-
tenburg

1933—1945 Fa. Askania-Werke, BerlinuFriedenau; Leiter
der geophysikalischen Abteilung
w O.v. Miller—Polytechnikum, München; Do-
zent für Experimentalphysik und Feinmeßtech-
nik
— Universität und Technische Hochschule,
München; Lehraufträge „Angewandte Geo-
physik“
— Freier Mitarbeiter bei Askania-Werke, Berlin

1953 Habilitation, TH München
1959 apl. Professor, TH München

Diese kurze Aufzählung der Stationen zeigt bereits, daß
es sich dabei nicht um den Standardweg für ein spezifisches
Berufsbild handelt, sondern daß dahinter auch starke per-
sönliche Komponenten verborgen sein müssen. Das wahre
Ausmaß an Individualität und Kreativität des Wissenn
schaftlers Anton Graf ist wohl am besten über eine Synopsis
seiner Arbeiten und Erfolge erkennbar:

ab 1946

Der Theoretiker und Praktiker der Angewandten Genphysz‘k.
Bei der Fa. Piepmeyer wurden A. Graf Entwicklungsaufga-
ben auf dem Gebiet der Geoelektrik übertragen. Er verbes-
serte die induktiven Methoden und erprobte sie mit gutem
Erfolg an Kupfer- und Bleierzvorkommen in Südspanien
und Chile. — Hierzu ist als Hauptergebnis seine Dissertation
zu nennen:

„Theoretische Grundlagen der Ringsendemethode“
(Beitr. z. Angew. Geoph. 4, 1—76, 1934)

Diese Abhandlung weist den Verfasser als hohen Kön-
ner sowohl der Physik als auch der Mathematik aus, der
auch die zugehörigen numerischen Berechnungen durch-
führt, um seine Ergebnisse für die Praxis anwendungsreif
zu machen.

Eine Spätere Fortsetzung dieser Arbeitsrichtung bildet
die Habilitationsschrift:

„Über die Möglichkeit der Aufsuchung von Grund- und
Salzwasserhorizonten vermittels induktiver geoelektrischer
Methoden“

A. Graf beschäftigte sich mit der Theorie nicht um ihrer
selbst willen, sondern als richtungsweisende Grundlage für
die praktische Anwendung; umgekehrt regte ihn jede Auf-
gabe der Praxis zwangsläufig zu tieferer theoretischer
Durchdringung an.
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Der Konstrukteur geophysikalischer Instrumente. Die
Hauptverdienste und die größten Erfolge des Wissenschaft-
lers Anton Graf liegen auf dem Gebiet des Instrumenten-
baus, auf dem er seit seinem Eintritt in die Askania-Werke
nahezu 45 Jahre lang intensiv tätig war. Kennzeichnend
für seine individuelle Arbeitsweise war seine Fähigkeit,
Neuentwicklungen zu konzipieren und von der Konstruk—
tion bis zur Fertigungsreife zu führen; selbstverständlich
wurden dabei sämtliche theoretischen und experimentellen
Grundlagen mit größter Sorgfalt analysiert, insbesondere
mögliche Störeinflüsse wohl durchdacht und Maßnahmen
zu ihrer Beseitigung getroffen.

Die von A. Graf geschaffenen Geräte sind Meßinstru—
mente höchster Präzision, alle genial im Konzept wie in
der Ausführung und bahnbrechend für die geophysikalische
Meßtechnik. Sie sind ein Spiegel der Fähigkeiten ihres
Schöpfers: Hohe physikalisch-mathematische Begabung,
Phantasie und Erfindungsreichtum sowie beweglicher und
kritischer Verstand, glücklich ergänzt durch Geschick-
lichkeit und Ausdauer in der Experimentierkunst.

Die eindrucksvollsten Leistungen des Konstrukteurs
Anton Graf sind manifestiert in den nachstehend aufgeführ-
ten geophysikalischen Instrumenten, die jedes für sich welt-
weite Publizität und Anerkennung gefunden haben:
— Askania-Gravimeter, „großes“ Gerät, ca. 1937/38
— Askania-Gravimeter, „kleines“ Gerät, ca. 1941/42
— Askania—Mikrobarometer, für barometrische Höhenmes—

sung,ca.1950
Askania-Seegravimeter, ab ca. 1956

— Askania Bohrloch-Vertikalpendel, ab ca. 1962
Viele dieser Geräte werden noch heute im In- und

Ausland benutzt.
Das bei den Askania—Werken durch die Tätigkeit von

A. Graf entstandene Geophysikalische Geräteprogramm
wurde Mitte der 70er Jahre von der Fa. Siemens auf die
Fa. Bodenseewerke Geosystem, Überlingen, übertragen.
Für die vom Bodenseewerk vorgenommene grundlegende
Modernisierung und Weiterentwicklung war A. Graf stets
zu ausführlicher Beratung bereit, um aus dem reichen
Schatz seiner Erfahrungen wertvolle Anregungen zu geben.

Eine derartig vielseitige und erfolgreiche Tätigkeit findet
zwangsläufig ihren entsprechenden publizistischen Nieder-
schlag; hierzu ist summarisch zu verzeichnen:
— ca. 50—60 Publikationen, darunter 2 Bücher
— ca. 30 Patente im In- und Ausland
— unzählige Vorträge auf Tagungen wissenschaftlicher Ge-
sellschaften, bei Universitäten usw., in Europa und in Über-
see, insbesondere in USA und Japan

Das aus der bisherigen Übersicht der Erfolge erkenn-
bare Bild des Wissenschaftlers wäre nur recht unvollständig,
wenn man die dahinter stehende Persönlichkeit nicht be-
rücksichtigen würde: Als Mensch war er gekennzeichnet
durch großen Charme und ausgesprochene Bescheidenheit.
Diese Wesenszüge waren in ihm so tief verwurzelt, daß sie
niemals irgendwie angetastet werden konnten, sei es durch
die erreichten großen Erfolge oder durch die dafür erhaltene
Anerkennung.

Anton Graf war bis in seine letzten Lebensjahre dem
geophysikalischen Instrumentenbau eng verbunden. Er ar-
beitete an verschiedenen, auch von der Deutschen For-
schungsgemeinschaft geförderten Entwicklungsvorhaben.
Das diesem Nachruf beigegebene Bild, das einem DFG-
Bericht vom November 1976 zum Forschungsvorhaben
„Modernisierung des Pendelapparates“ entstammt, zeigt ei—
nen Meßplatz in einem Stollen des Salzbergwerks Berchtes-
gaden, an dem die Neuentwicklung (unten links in der Bild—
mitte) auf Herz und Nieren geprüft wird. Vor der Appara-
tur als aufmerksamer Beobachter, erkennbar in tiefer Kon—
zentration und geduldiger Ausdauer, mit seinen leiden-
schaftlich geliebten Instrumenten gewissermaßen stille
Zwiesprache haltend:

Anton Graf

Dem verstorbenen, hochgeachteten Kollegen werden die
Deutsche Geophysikalische Gesellschaft sowie alle seine
Freunde im In- und Ausland ein ehrendes Gedenken be-
wahren.

O. Rosenbach W. Gauthier



J Geophys (1933) 52:145—146

In Memoriam

Jürgen Henning Illies
March 14, 1924 — August 2, 1982

The International Committee for the Lithosphere mourns
the loss of Henning Illies, member of its bureau and secre—
tary of its former steering committee. He was courageously
fighting a serious illness and was engaged in research work
up to the last moment.

He studied at the universities of Halle and Hamburg
where he received his Ph.D. in 1948 and the venia legendi
for Geology and Palaeontology in 1951. In 1953 he entered
the field of his future research when he became a lecturer
at the University of Freiburg in the Rhinegraben. In 1958,
after a two years stay at the University of Valdivia/Chile,
he accepted a call to the University of Karlsruhe where
he was appointed full professor and director of the Geologi-
cal Institute in 1963. Soon he perceived the vicinity of Karls-
ruhe as a key-region for the understanding of graben tecton—
ics which fascinated him so much that he declined several
offers from other universities. At his initiative a very close
cooperation developed with colleagues from Geophysics,
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Geodesy, Rock Mechanics and Petrology leading to several
major joint ventures, which, because of their design, became
known as the Karlsruhe model for research projects in geos-
ciences. He introduced in-situ stress measurements as a
means of better understanding the causes of recent tectonics
in Southwestern Germany.

To grasp graben formation not only as a local phenome-
non but as a worldwide tectonic element, he travelled for
comparative studies in East Africa, the Jordan graben, lake
Baikal, Malta and the Rio Grande Rift as well as the Basin-
and Range Province. In addition to numerous scientific
papers this research was documented in the trilogy: Graben
Problems (1970, with St. Müller), Approaches to Taphro-
genesis (1974, with K. Fuchs) and Mechanism of Graben
Formation (1981). A growing number of symposia and
meetings on continental rifts were organized by him in and
nearby Karlsruhe.

Henning Illies was engaged in various scientific societies.
The German Quaternary Society appointed him as council
member from 1960—1965. For the Upper-Rhenisch geologi-
cal Society he served as president (1964—71) and vice-presi-
dent (1972—77). For the Geologische Vereinigung (Geologi-
cal Society) he was appointed member of the board
(1974—77) and vice-president since 1978. In 1973 he ac-
cepted a call to become member of the Deutsche Akademie
der Naturforscher Leopoldina in Halle. In 1978 he became
a Fellow of the Geological Society of America. The German
Geological Society granted him the Hans-Stille-Medal in
1981.

Henning Illies served actively on various international
committees. During the International Geodynamics Project
he was the representative of the Federal Republic of
Germany and, at the same time a member of Working
Group 4 (Geodynamics of continental and oceanic rifts).
In 1976 he was appointed a member of the Working Group
“ Interpretation" by the International Commission on
Recent Crustal Movements.

A climax in his international involvement was certainly
the leading role he played in the initiation of the new Inter-
national Lithosphere Project. Under the chairmanship of
Carl Kisslinger and Henning Illies the joint IUGG and
IUGS Task Group prepared a document which was
adopted after thorough discussions, by the two Unions and
finally also by ICSU. In January 1981 the new Inter-Union
Commission on the Lithosphere was born and Henning
Illies served as one of the five bureau-members until his
end.
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His death is not only felt in international science but
also greatly in the Federal Republic of Germany. In 1972
he became chairman of the National Committee for the
Geodynamics Project, in 1975 he was appointed as a
member of the Senate Commission for Geoscience of the
German Research Society. From 1976 to 1982 he served
as coordinator of the major priority research program
“Vertical movements and their causes exemplified by the
Rhenish Shield”, sponsored by the German Research Soci—
ety.

Henning Illies is survived by his wife Gisela who shares
his enthusiasm for geology. Nearly 120 publications by

Henning and 15 by Gisela Illies are the result of this part—
nership in research.

In 1979 a serious illness befell Henning Illies. A critical
operation caused severe impediment which he fought with
tremendous courage and energy, even after it became evi-
dent that there were only months, weeks, or days left.

All those who have worked closely with Henning Illies
will miss his enthusiasm, his encyclopaedic knowledge, his
critical mind, the refreshing humour with which he mas-
tered many difficult situations, and, especially, the ability
with which he led and encouraged people, freely sharing
his ideas. We will miss Henning Illies. Karl Fuchs
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Book Reviews

Gill, J.: Orogenic Andesites and Plate Tectonics, Minerals and
Rocks. Springer, Berlin Heidelberg New York, 390 pp., 1981.

Almost all volcanic activity on Earth is confined to plate margins.
The largest volume of volcanic rock is produced at accreting
margins at ocean ridges. Most volcanoes are located at convergent
plate margins where lithosphere is subducted into the mantle. These
volcanoes are arranged in long narrow chains that parallel the
ocean trenches which mark the downward bending of the litho-
sphere. A major constituent rock type erupted from these volcanoes
is Andesite which is chemically and petrologically different from
basalts, the major rock extruded at ocean ridges. Conversely, An-
desites are primarily associated with convergent plate boundaries.
According to Gill, the term Andesite was introduced by the german
geologist Leopold von Buch to distinguish from the European tra-
chytes the rocks brought to Germany from the Andes by Alexander
von Humboldt. Gill defines Andesites as hypersthene — normative
volcanic rocks with 53—63% silica. Orogenic Andesites are defined
as a subset characterized by low titanium and potassium. Ironi-
cally, von Buch’s rock (which is no longer available) would stand
a good chance to fail Gill’s criteria of being Andesite.

Interpretation of data with the help of plate tectonic theory
led to the suggestion that the production of Andesites (and other
rocks that erupt at convergent plate margins) is linked to the sub-
duction process. A major problem is how enough heat could be
generated to melt the source rock. The descending lithosphere is
more of a heat sink rather than a heat source. A heat source
frequently cited is frictional heating on the fault zone between
the subducting lithosphere and the overriding mantle. A detailed
understanding of the peculiarities of Andesites is vital to any asses-
ment of geophysical models of its magma generation. Moreover,
Andesites are similar in composition to the continental crust and
may be important agents of continental growth. Also, andesitic
magma are likely sources of ore deposits.

Gill compiled and critically synthesized an overwhelming
amount of chemical, petrographical, and geophysical data on An-
desites in chapters 1—7 which he calls the core of his book. These
chapters (annotating more than 1100 references) provide an enor-
mous source of information for everybody interested in the subject.
Chapter 1 deals with the difficulties of defining Andesites and
arrives at the above cited definition. Chapter 2 discusses the occur-
rence of Andesites in different plate tectonic environments. Chapter
3 reviews the geophysical characteristics of subduction zones, while
chapter 4 summarizes the physical characteristics of Andesite
magma. Chapter 5 gives a detailed discussion of major and trace
element chemistry, chapter 6 a description of the mineralogy of
Andesites, while chapter 7 discusses the variations in magma com-
position in time and along and across volcanic arcs. Chapters 8—12
are more interpretive (and also more speculative). They discuss
the role of the subducted crust, the overlying mantle wedge, the
crust underlying Andesite volcanoes, and the process of basalt dif-
ferentiation in Andesite genesis. These chapters pave the way to
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Gill’s conclusion that “differentiation of basalt by crystal fraction-
ation of anhydrous minerals at low pressure is the most frequent
and most fundamental process of orogenic Andesite genesis”. The
link to subduction is not direct but occurs through the formation
of the primary melt. Whether one is willing or not to agree to
all the conclusions (this reviewer is not quite satisfied with Gill’s
evaluation of the shear heating process and magma ascent theo—
ries), this book is an outstandig source of information and provides
a stimulating discussion. The book is highly recommended for all
geoscience libraries. T. Spohn

National Research Council. Geophysics Study Committee:

Continental Tectonics ser.: Studies in Geophysics. National
Academy of Sciences, Washington, D.C., 197 pp., 1980 (Off. Publ.
Nat. Acad. Sci., 2101 Constitution Ave., N.W. Washington, D.C.
20418 USA)

‘Continental Tectonics’ is something between an internal study
group report to a science decision making agency and a book
for the scientific public or it is both things in one. It was written
in 16 individual papers by the members of a Panel on Continental
Tectonics chaired by B.C. Burchfield (MIT), J .E. Oliver (Cornell),
and L.T. Silver (Caltech), “to provide assessments from the scien-
tific community to aid policymake’s in decisions on societal prob-
lems that involve geophysics. An important part of such an assess-
ment is an evaluation of the adequacy of present knowledge
“This study was motivated by problems involving natural
hazards The thesis of this report is that more reliable scientific
input to the decisions can be provided only with a much im-
proved basic understanding of continental tectonics”. “The study
was developed through meetings and presentation of papers
in preliminary form at the American Geophysical Union meeting
in Miami in April 1978 the authors had the benefit of discus-
sion as well as the comments of several scientific referees”.
“They provide examples of our current basic geophysical knowl-
edge of the architecture and processes on the continents. They
also pose many of the fundamental questions and uncertainties
that require additional research. The essays allude to several practi—
cal applications

These quotations from the Preface give a good impression of
the character and intention of the report. It begins with an “Over—
view and Recommendations”, followed by a “Summary” of
“Plate Tectonics and the Continents: A Review” by BC. Burch-
field and “Problems of Pre-Mesozoic Continental Evolution” by
L.T. Silver. The second chapter is on “Plate Boundary Tectonics”
covering “Complexities of Modern and Ancient Subduction Sys-
tems” (W.B. Hamilton); “ Intracontinental Rifts and Aulacogens”
(K. Burke), and “Evolution of Outer Highs on Divergent Conti-
nental Margins” (M.A. Schuepbach and P.R. Vail). Chapter III
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on “Intraplate Tectonics” contains four papers: “Tectonics of
Noncollisional Regimes — The Modern Andes and the Mesozoic
Cordilleran Orogeny...” (B.C. Burchfield); “Models for Midcon-
tinent Tectonicsm” (W.J. Hinze, L.W. Braile, G.R. Keller, E.G.
Lidiak); “Problems of Intraplate Extensional Tectonics, Western
US. ” (G.A. Davis); “Geophysical and Geological Characteristics
of the Crust of the Basin and Range Province” (G.P. Eaton).
Chapter IV on “Characterization of Continental Crust”: “Seismic
Exploration of the Continental Basement” (J .E. Oliver); “ Explora-
tion of the Continental Crust Using Aeromagnetic Data” (I.
Zietz); “Chemistry of the Lower Crust: Inferences from Magmas
and Xenoliths” (R.W. Kay, S. Mahlburg Kay); and “Geochemical
Evolution of the Continental Crust” (G.N. Hanson). Finally the
fifth chapter concentrates on “ Continental Evolution ”z “ Cenozoic
Volcanism in the Western United States: Implications for Conti-
nental Tectonics” (P.W. Lipman); “The Shape of North America
during the Precambrian” (W.R. Muehlberger); and “An Outline

of the Tectonic Characteristics of China” (T.K. Huang: essentially
a reprint from Eclogae Geol. Helv., 71, 611—635, 1978).

The above demonstrates the broad spectrum of the earth
sciences covered in the report. This series of “Studies in Geophys—
ics” covers geophysics in the widest possible sense, it is a good
example of a truely interdisciplinary approach, not a mere profes-
sion of interdisciplinarity.

The papers represent the state of the art and define topical
questions. Much is to be learned from them, particularly about
North American geology.

I feel every report to an administrative body should be written
in a similar fashion as this one was, i.e. publishable to the scientific
public, clearly written, somewhat tutorial, stimulating. Other kinds
of reports should not be written at all. I recommend “Continental
Tectonics” to those who are interested in doing research on conti-
nental tectonics and to those who request earth scientists to write
reports. W.R. Jacoby
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Preface

The present special issue of Journal of Geophysics com-
prises articles which are based on papers given at the recent
European Geophysical Society symposium on “ Plasma and
Energetic Particles in the Magnetosphere”, EGS Meeting,
23—27 August 1982, Leeds, UK.

The symposium was held at a time when a wealth of
data from a number of spacecraft devoted to the study
of the magnetosphere (HEOS, GEOS, ISEE, PROGNOZ)
had been sufficiently digested to draw a more comprehen-
sive picture of the dynamical processes acting within the
magnetosphere. Improved instrumentation allowed identifi-
cation of the ion species contributing to the cold and hot
magnetospheric plasma. It seems to become increasingly
Clear that ions heavier than hydrogen cannot always be
treated as minor tracer ions, but often dominate the plasma
population and may play an important role in the wave-
particle interaction. The ionosphere and the solar wind plas-
ma both seem to be the source of the plasma in the magne~
tosphere. Recent results from Dynamics Explorer indicate
that ionospheric ion beams flow out from the polar caps

Journal of
Geophysics

and may be as important a source of the tail—lobe plasma
as the polar wind. High temporal resolution and simulta—
neous observation on two or more spacecraft at different
positions (e. g. ISEE-l and -2) in the magnetosphere allowed
the separation of temporal and spatial structures necessary
to study various boundary phenomena in the magneto-
sphere.

In order to summarize the present knowledge of the
magnetospheric dynamics the major part of the symposium
was devoted to invited speakers.

The special issue follows basically the order of the sym-
posium. Unfortunately, not all papers materialized. Never—
theless, this issue will give a good overview of the present
knowledge of the physics of the magnetosphere, useful to
the interested scientific community.

The Journal Editor thanks all the referees for their ef-
forts and support.

D. Hovestadt
J. Untiedt
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Review Article

Journal of
Geophysics

Global Pattern of Auroral Ion Precipitation:
A Review of the Results from the AUREOLE-l
and AUREOLE-Z Satellites
J. Crasnierl, J .A. Sauvaudl, F. Camboul, V.A. Gladyshev2‚ R.A. Kovrazhkin2 and Yu.I. Galperin2
1 Centre d’Etude Spatiale des Rayonnements, CNRS-Toulouse University, BP 4346 — 31029 Toulouse Cédex, France
2 Space Research Institute (I.K.I.), USSR Academy of Sciences, 117810 Moscow, USSR

Abstract. The ion measurements (0.2—30 keV) made on-
board the AUREOLE—1 and 2 polar orbiting satellites are
reviewed in order to construct a synthetic global pattern
of the auroral ion precipitation. The more prominent fea-
tures of the picture obtained can be summarized as follow:
(1) A narrowly localized zone of the near—noon direct pene—
tration of magnetosheath protons in the dayside cusp, lo-
cated inside the dayside auroral oval. (2) A low energy ion
precipitation (E<3 keV) at the polar border of the night-
side auroral oval occurring during periods of very quiet
magnetic conditions and after storm recovery. (3) A contin-
uous and homogeneous band of proton aurora all along
the auroral oval due to adiabatic drift of plasmasheet pro-
tons (E> 1—3 keV) in the magnetosphere, accompanied by
their pitch angle scattering above the diffuse auroral zone.
(4) The presence in diffuse aurora of a less regular but
denser soft ion component (E ‘< 1—3 keV) in the precipita-
tion spectra. (5) A morning sector, substorm-related, low
energy proton (ion) precipitation dispersive structure at
auroral and sub-auroral latitudes due to the differential
eastward drift of particles after substorm injection (with
the lowest energy part presumably of ionospheric origin).

This global pattern is discussed in the context of the
distribution of the various plasma domains in the outer
magnetosphere.

Key words: Auroral ion precipitation — Polar cusp — Accel-
eration — Convection

Introduction

Studies of the so-called “proton aurora” have constituted
a typical aim of auroral investigations over the last few
decades (Chamberlain, 1961 ; Eather, 1967; Vallance Jones,
1974). Although there are far fewer experimental results
on the ion than on the electron component of auroral pre-

Based on a paper given at the Symposium on Plasma and Energetic
Particles in the Magnetosphere, EGS Meeting, 2327 August 1982,
Leeds, U.K.

Offprint requests to: J. Crasnier

cipitation, direct measurements of the precipitating energet-
ic protons responsible for the proton aurora were made
before the ARCAD project from several near—earth polar
satellites: ESRO-l (Hultqvist, 1973; 1979), INJUN—S
(Frank and Ackerson, 1971; Frank, 1975), ISIS (Heikkila,
1972), COSMOS—261 and COSMOS-348 (Kovrazhkin,
1976)

It became clear from these results that the flux of preci-
pitating auroral protons rarely exceeds 107 particles (cm2 - s-
sr°keV)'1 and that their average energy is of the order
of 10—30 keV in the evening sector of the proton auroral
band during substorms. During magnetically quiet periods
the sensitivity and spectral range of the spectrometers used
on these satellites were not adequate to study much less
intense proton precipitation.

The French—Soviet ARCAD experiments, launched
aboard the polar satellites AUREOLE-l and 2, were de-
signed to allow the study of these quiet-time low ion fluxes.
Nevertheless, they revealed (and for the first time analysed
in detail) the prominent features of the auroral ion precipi-
tation:
— A narrowly localized zone for the near—noon direct pene—
tration of magnetosheath protons in the dayside cusp.
— A continuous and homogeneous band of proton aurora
all along the auroral oval (E> 1—3 keV) due to adiabatic
drift of plasmasheet protons in the magnetosphere. Also,
for the diffuse aurora, an additional soft ion component
<1 keV in the precipitation spectra observed at all local
times,
— A low—energy ion precipitation (E <3 keV) at the polar
border of the nightside auroral oval.
— A morning sector low-energy ion precipitation at auroral
and sub-auroral latitudes due to the differential eastward
drift of particles after a substorm injection.

In this paper the essential characteristics of these regions
will be reviewed in the context of the distribution of the
various hot plasma domains in the outer magnetosphere.

Dayside Polar Cusp

The shape of the region at the ionospheric projection of
the magnetosheath plasma penetration into the magneto—
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Fig. 1. Typical proton energy Spectra at the dayside cusp and at
the dayside auroral oval near magnetic noon

sphere was first considered as a more or less homogeneous
band along the dayside auroral oval 08 hSMLTZ 16 h
with a latitudinal width of several degrees Winningham,
1970; Heikkila et al., 1972; Vasyliunas, 1974). This has led
to the widely adopted concept of a free penetration of mag-
netosheath plasma through an ever present cleft-like mag-
netic field branching structure extending from the dawn
side to the dusk side, through noon. An initial analysis
of the ARCAD results appeared to contradict this proposed
pattern (Gladyshev et al., 1974). The shape of the polar
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cusp has been studied extensively from the ARCAD experi-
ment by using nearly simultaneous, sequential oblique
crossings on the same polar pass. The proton precipitations
were categorized by their spectra. The magnetosheath-like
spectra were defined according to the following criteria:
the ratio oc of the differential flux at 0.5 keV to that at
5 keV is greater than 100; the hot proton density Np is
higher than 1—3 cm‘ 3. It was assumed that such high densi—
ties of energetic particles at the dayside can be reached
only in the magnetic flux tubes that are (or recently were)
directly connected to the magnetosheath and filled with so-
lar wind plasma. Spectra with lower values of oc and Np
were considered as plasmasheet-like (Fig. 1) and were actu-
ally observed in all local time sectors along the auroral
oval

These soft protons with the magnetosheath-like spectra
were found only near the magnetic noon meridian in a
narrowly localized zone lying at auroral latitudes (Figs. 2
and 3) poleward of the so-called “sharp trapping bound-
ary” (Cambou and Galperin, 1974a, b, 1982; Gladyshev
et al., 1974; Sauvaud et al., 1980; Muliarchik et al., 1982).
It turned out that this region can be non stationary (inter-
mittent), and that this localisation indicates a funnel pattern
of the cusp region at the magnetopause in contradiction
to the longitudinally extended cleft inferred by other experi-
menters (Sauvaud et al., 1980).

Furthermore, it was recently shown (Muliarchik et al.,
1982) by the analysis of simultaneous measurements of pro-
tons and electrons from the ARCAD experiment that the
above mentioned near-noon area of soft protons with tem-
peratures and fluxes similar to those in the magnetosheath

AUREOLE -1

J 0.5 Kev
J S Kev

J SKeV

06 1818

c)

Fig. 2a—d. Polar Ao — MLT plots of the positions of the maximum 0.5 keV proton fluxes in the polar cusp with a spectral ratio
oc equal to or higher than 100 (oc=(dJ/dE) 0.5 keV/(dJ/dE) 5.0 keV) for a all passes and b quiet period passes KpS2+, for c quiet
period passes with a spectral ratio oc>600‚ and for d quiet period passes with a spectral ratio oc> 1000. Secondary maxima are shown
by crosses if their intensity is not less than a half of the principal maximum of the pass and if they are not adjacent to the principal
maximum (from Sauvaud et a1. 1980)
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Fig. 4. View of electron precipitation at the dayside auroral oval.
(from Muliarchik ct al. 1982)

is situated just inside the dayside part of the discrete auroral
oval (Fig. 4) and just coincides in position with the analo—
gous zone of soft electrons recently found by Meng (1981).
It also coincides with the so-called “gap” in the discrete
auroral arcs found in this same noon region (Ismail et al.,
1977; Dandekar and Pike, 1978; Reiff et al., 1978; Meng,
1981)

In contrast to these “cusp protons”, significantly harder
“’plasma-sheet—like" proton spectra (usually with an addi-
tional maximum at keV energies) were invariably observed
on every oval crossing equatorward of the trapping bound-
ary.

Quiet Auroral Precipitation

During quiet times the proton auroral band must be re—
garded as practically continuous in local time (Crasnier

et a1., 1974). The energy spectra of precipitating protons
in sequential local time sectors change gradually in shape
(Galperin et al., 1976 a), and the spectral forms have been
found to be rather similar to those observed in the same
local time sectors from ATS—5 at geostationary orbit (De
Forest and McIlwain, 1971).

The “ plamsasheet-like” spectra, usually with additional
maxima at several keV for particles precipitating in the
noon and postnoon sectors, were observed in the region
of the diffuse electron aurora, that is, equatorward of the
trapping boundary on the dayside, at the L-shells of stable
trapping. it was concluded (Galperin et al., 1976a), that
the origin of these harder protons is the adiabatic particle
drift around the earth. Their drift paths can be traced from
a “source” region situated, according to the E3—M2 model,
in the nightside plasmasheet up to the region of pitch-angle
scattering and precipitation at the dayside. The strong re-
duction of proton fluxes for energies higher than
15—20 keV, observed in the late morning sector, can be ex—
plained as due to the loss at the magnetopause of such
protons drifting from the nightside towards the dayside
along the E3—M2 drift paths.

The scattering processes were not identified, but some
inferences on their characteristics and localisation have
been made. First of all, the similarity between the high
energy part (E .3: 1—3 keV) of the precipitating and equatori-
al (Maxwellian-like) proton (ion) energy spectra along the
proton auroral band suggests that there is no very signifi-
cant energy diffusion inherent in this spectral component
in the scattering process and also that there is no significant
field-aligned electric potential drop in this region (Galperin
et al., 1976a). (For the lower energy part of the energy
spectrum the situation is much more complex). Secondly,
the scattering takes place in dayside L-shells where stable
trapping of hard electrons and protons is maintained. Ac-
cording to the recent data taken close to the magnetopause
(Williams et al., 1979; Williams, 1980), this region can be
identified with the Low Latitude Boundary Layer (LLBL),
or even with the region earthward from it on the dayside.
The conventional auroral oval on the dayside, as well as
on the nightside, is defined by discrete auroral arcs and
lies along and poleward of the “ sharp trapping boundary”,
A, (McDiarmid and Burrows, 1968). It lies at least partly,
however, on the closed magnetic field lines. Hence the pro-
ton auroral band, both on the nightside and on the dayside,
lies on closed, adiabatically drifting, field tubes (within the
so-called diffuse auroral zone) bordering, on the equatorial
side, the conventional auroral oval and discrete arcs (Feld-
stein and Starkov, 1967). Thirdly, the shape of the porton
(ion) precipitation spectrum in the proton auroral band
normally consists of two distinct populations. The higher
energy pOpulation, which mainly carries the energy flux,
varies in a systematic manner along the proton auroral
band. The lower energy part of the spectrum (E É 1—3 keV)
is less regular but usually carries the main density of hot
ions in magnetospheric field tubes above the proton auroral
band, that is in the same range of latitudes as the diffuse
auroral zone.

The latitudinal variation of the precipitating proton
spectra across the nightside proton auroral band reflects
variations of the proton characteristics in the magneto-
spheric equatorial region. By field line tracing of the posi-
tion of the AUREOLE satellite to the equatorial plane with
the magnetospheric models of Mead-Fairfield MF-73 Q
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tion, the ion differential flux, the ion integral energy flux and the
H, intensity for the pass 641 N on 16 February 1972 are illustrated

max). (from Galperin et al., 1978)

(Mead and Fairfield, 1975) and of Olson and Pfitzer OF-74
(Olson and Pfitzer, 1974), it was possible to compare the
average ion energy Ë (or Maxwellian temperature) variation
across the band with the variation of the equatorial magnet-
ic field Beq, and with the variation of the length of the
satellite field line l. During the particle’s earthward drift
inside the plasmasheet a proportionality is expected be-
tween the perpendicular particle energy component E1, and
Beq (betatron and acceleration) and a similar relation is
expected between the particle’s parallel energy E“ and [—2
(Fermi acceleration).

The comparisons made using the ARCAD observa-
tional data (Galperin et al., 1978) have shown that both
such proportionalities are equally consistent (within experi-
mental scatter) with the observed variations of the proton
energy spectra across the nightside part of the proton au-
roral band (Fig. 5a, b). It was concluded that during quiet
times the observed particle drift in the plasmasheet is indeed
adiabatic, but it is still impossible to discriminate between
betatron (near equatorial drift until the moment of precipi—
tation) and Fermi acceleration (gradual lowering of mirror
points for particles with low equatorial pitch angles) or
a combination of the two, as the dominant process.

It must be stressed that the ARCAD spectrometers did
not make a mass selection. Therefore, it is not possible
to decide directly if the analyzed particles are protons or
other ions. For this reason simultaneous coordinated obser-
vations of the Balmer auroral emissions from the Lopars-
kaya station near Murmansk were correlated with ion dif-
ferential flux and integral energy flux measurements from
AUREOLE—l passes above this region (Bolunova et al.,
1982). From photometric ground-based observations the
extent of the H, intensity along the magnetic meridian was
measured. For the case illustrated by Fig. 6 the low-latitdue
border of the proton auroral band was seen from the L0—
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parskaya station and its position coincided very well with
the equatorial boundary of the ion precipitation measured
simultaneously from AUREOLE—1. In other cases during
more disturbed conditions the proton auroral band filled
the sky from the horizon at Loparskaya, and the satellite
data also show an extended proton auroral band above
this region with its low latitude border at lower subauroral
latitudes. The intensities of Balmer emissions and of parti-
cles assumed to be protons were in reasonable agreement
in both of these cases showing that protons constitute more
than 50% of the precipitating ions (Ponomarev, 1976).

Polar Low-Energy Precipitation

Sometimes during periods of very low global magnetic ac-
tivity, i.e. low convection electric field, very soft proton
(ion) precipitation extended more poleward than the normal

proton auroral band through the auroral oval and even
further poleward into the polar cap (Cambou et al., 1975;
Galperin et al., 1978). An example of this type of precipita-
tion is shown in Fig. 7a. Between 18:20 and 18:23 UT
(NOS/105750, 18:00$MLTS21 :00), AUREOLE-l de-
tected a low energy (E23 keV) precipitation beyond the
trapping boundary for 35 keV electrons, while an auroral
precipitation (E> 10 keV) was observed inside this bound—
ary. The typical energy spectrum of this precipitation is
compared to two spectra characteristic of auroral-type ion
precipitation in Fig. 7b. It has already been noted that a
closed field-line region during such quiet periods, usually
characterized by strong positive Bz (IMF), can extend far
into the polar cap (McDiarmid et al., 1980) while the aver-
age characteristics of plasmasheet particles are similar to
those of magnetosheath particles (Akasofu, 1977); these
reconfigurations of the magnetospheric tail during such spe-
cific conditions with BZ>0 must therefore be reflected
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somehow in the precipitating particle spectra and location.
More sensitive ion detectors are needed in future experi-
ments for detailed investigations of these interesting phe-
nomena during intervals of 8,220.

Substorm—Related Flux Variations

One of the significant new findings from the AUREOLE-l
data base was that in the post-midnight and early morning
sectors a peculiar structure with energy separation in the
latitudinal profile of ions was found at the equatorial edge
of the proton precipitation band from one to several hours
after a subtorm. Fig. 8 shows a measurement taken near
24:00 MLT, for which a precipitation zone at subauroral
latitudes appears, and for which 24.4 keV ion fluxes are
absent. In general, the average energy of precipitated parti-
cles decreases later in the morning sector. This dispersive
pattern was observed on several occasions at low energies,
making it possible to establish typical characteristics of this
morning-side substorm injection phenomena (Sauvaud
et al., 1981). This appears to be somewhat related to the
previously discovered (Smith and Hoffman, 1974) evening
energetic proton “nose” events resulting from substorm
ion energisation/injection near midnight followed by west-
ward gradient and curvature drift.

Here, for low energy ions in the morning subauroral
sector, the eastward Em, x B drift dominated in accordance
with the E3—M2 electric field model (Fig.9). Trajectory
tracing calculations have confirmed that the substorm tim-
ings, according to ground-based data, were consistent with
the positions of the observed eastward-drifting dispersive
structure of low-energy ions injected at midnight during
a substorm (presumed, without definite proof, to be pro-
tons, as they were measured by an electrostatic analyser
which selects particles only according to their E/Q ratio.

Fig. 9. Results of the calculations of ion trajec-
tories (E3—M2 model) in the equatorial plane of
the magnetosphere for 4 final eneries (4, 8, 12,
and 24 keV) assuming a pitch-angle of 90". The
dashed line indicates the “injection boundary"
position (Kp=1). Zone A is the trapping
region, zone B is accessible to particles drifting
eastward from the injection boundary. Zone C
is accessible to particles drifting westward, from
the injection boundary, around the Earth.
(From Sauvaud et al... 1981)
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Discussion

The global pattern of ion precipitation presented in this
paper leads to a tentative classification as a function of
its origin and of the physical mechanisms responsible for
its main characteristics. The picture constructed can be used
as a reference for future observations related to ion precipi-
tation and acceleration. However, it has strong limitations,
especially due to the instrument performance which does
not allow a mass analysis. Furthermore, it is evident that
a detailed analysis of the precipitating regions would require
simultaneous plasma, energetic particle, wave, magnetic
and electric field measurements. These will be the main
goals for more advanced future experiments in order to
find an unifying pattern for the hot particle structure, field-
aligned currents and convection in these complex and im-
portant regions of the near-Earth magnetosphere.

On the other hand, it must be stressed that one of the
most important results deduced from AUREOLE—1 is that
the ion energy spectra of precipitation in the diffuse aurora,
which extend several degrees equatorward of the classical
auroral oval defined from observations of auroral arcs,
show two components. A suprathermal component from
several 10’s of eV to 3 keV and a more energetic component
(EZ 3 keV), which had been proven to be of magnetospher-
ic origin and adiabatically accelerated during the ions’ drift
toward the earth. The origin of the suprathermal compo-
nent (ES 1—3 keV) which is also detected in the equatorial
plane (Balsiger et al., 1980) remains unclear. It seems how-
ever reasonable to propose that a direct connection exists
between this suprathermal ion population and the dense
secondary electron produced by the plasmasheet electron
precipitation in the diffuse auroral zone (Evans and Moore,
1979). Indeed, this high number densities (>1—3 cm‘3)
found for this secondary electron population of ionospheric
origin well above the night-side diffuse auroral zone evi-
dently implies equal ion densities. Such high ion densities
can be supplied by the ionosphere in the “source cone”
and released into the magnetospheric field tube together
with secondary electrons (Cambou and Galperin, 1982). It
is possible to suggest that thermal protons from the upper
ionosphere probably constitute the main part of this out—
ward flowing ion population, but other ionospheric constit—
uents, presumably He+ and 0+, may participate in this
additional ionosperic source above the diffuse auroral zone.
This hypothesis must be directly verified by simultaneous
measurements of the velocity distribution functions of the
electrons and of the main ionospheric ions in a wide energy
range in order to taken into account the “background”
ionospheric plasma as well as the accelerated particles. This
kind of study is one of the main goals of the new ARCAD-3
experiment.
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A Technique for Studying Density Gradients and Motions
of Plasmaspheric Irregularities"
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Abstract. Terrestrial myriametric radiation (TMR) is re—
ceived by spacecraft in the magnetospheric cavity beyond
the plasmasphere. There is new general agreement that the
radiation emanates mainly from the plasmapause and a
technique is under development which allows information
on the source regions to be extracted. The method is based
on the theory that the radiation has passed through a radio
window, this being one mechanism for producing TMR
which is receiving considerable attention at present- With
accurate direction-finding measurements in which wave po—
larisation effects must be considered, it is shown how the
radial and local-time positions of the TMR sources can
possibly be determined, thereby allowing the tracking of
plasmapause irregularities and regions of detached plasma
which move around from the night side. If additional infor-
mation is available such as an estimate from banded emis*
sions of the source gyro-frequency, it is shown how it may
also be possible to determine the latitudinal positions of
sources.

Key words: Terrestrial myriametric radiation — Non-ther-
mal continuum — Remote sensing — Plasmapause — Radio
window — Direction finding — Wave polarisation

Introduction

Terrestrial myriametric radiation (TMR), also called non-
thermal continuum, is electromagnetic radiation in the fre-
quency range 10—100 kHz (Gurnett, 1975). Its free-space
wavelength is of the order of 104 m; hence the adoption
of the term myriametric (Jones, 1980).

There is evidence that TMR is produced in the left-hand
ordinary (L—O) mode (Gurnett and Shaw, 1973; Jones,
1980; Okuda et al. 1982; Kurth, 1982) although Etcheto
et al. (1982) have reported the observation of what appears
to be a predominantly right-hand extraordinary (R—X) con—
tinuum event on the ISEE spacecraft.

It is becoming well established that the main source
of TMR lies in upper hybrid waves at the plasmapause,
with a possible secondary source at the morning magneto-
sheath. Gurnett (1975) noted the close association between
continuum radiation and intense bands of electrostatic

* Based on a paper given at the Symposium on Plasma and Ener-
getic Particles in the MagnetDSphere, EGS Meeting, 23~27 Au-
gust 1982, Leeds, U.K.
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Fig. l. Wave spectrogram from GEOS l showing spin-modulated
TMR observed on 4 March 1978

noise observed near the electron plasma frequency at the
plasmapause. Kurth et al. (1979a; b) showed an example
of intense upper hybrid waves near 4.3 RE at 5—6 h LT that
were apparently causing emission in the TMR frequency
band. Further evidence that the two types of emission are
intimately linked has been presented by Jones (1980; 1981 a;
b; 1982), Kurth et al. (1981) and Kurth (1982). Since the
most intense electrostatic emissions, at least during relative-
ly quiet geomagnetic conditions, appear to be very tightly
confined to the geomagnetic equator (Gough et al., 1979),
it has been reasonable to suppose initially that the most
intense TMR, such as that which can be observed by space-
craft at relatively large distances from a plasmapause
source, also emanates from the magnetic equatorial plane.

Two examples of TMR recorded by the wave experi-
ment (Jones, 1978) on the GEOS1 and 2 spacecraft are
shown in Figs. 1 and 2 respectively. These examples were
selected to illustrate the different types of TMR which can
be observed. Many other examples have appeared in the
literature which further illustrate the wide variety of TMR
which can exist (Kurth et al., 1981; Jones, 1982; Gough,
1982; Kurth, 1982; Etcheto et al., 1982).

In Fig. 1, the striated emissions seen in two relatively
wide bands are TMR, the stronger straddling ~30 kHz
and the weaker lying just above 45 kHz. The narrow line
at ~48 kHz is instrumental and should be ignored. The
striations are indicative of spin-modulation of the wave
electric field received by the 40 m tip-to-tip dipole antenna
and lead to the conclusion that the source region is relative-
ly compact. The inclination of the striations is due to the
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Fig. 2. Wave spectrogram from GEOS 2 showing multi—banded
TMR observed on 25 April 1980. The arrows on the ordinate are
at 0033 UT and DOS? UT (see text)

beat between the sweep period (22s) of the on-board fre-
quency analyser and the spin period (6 s) of the spacecraft.
It is clear that the spin modulation contains information
on the direction of the source. In the past, source directions
have been determined from the spin modulation without
any consideration being given to the effect of wave polarisa-
tion (Gurnett, 1975; Kurth et al., 1981; Gough, 1982; Et-
cheto et al., 1982), but it has been shown that this approach
can introduce large errors (Lecacheux et al., 1979; Manning
and Fainberg, 1980; Jones, 1982).

Attention is drawn to other characteristics of TMR visi-
ble in Fig. 1. The frequency and bandwidth of the lower
band varies as the spacecraft moves, whereas for the upper
band the parameters remain fairly constant. The spin mod-
ulation of the lower band varies between unity (no spin
modulation) and a figure of ~4, depending on the time
and on the frequency. Thus, since it is the power that is
being displayed in the Figure, the electric field modulation
lies between 1 and 2.

The manner in which the various items of information
contained in Fig. 1 can be used for remote sensing of the
plasmapause requires a brief discussion of what has been
proposed as a source mechanism of TMR. This is given
in the next section and is followed by a detailed discussion
of possible source positions of the TMR shown in Figs. 1
and 2. The main thrust of the paper is firstly to draw atten-
tion to the problems of direction-finding and secondly to
show how the work of Jones (1982), which assumed sources
confined to the magnetic equatorial plane, can be general—
ised to allow remote sensing of non—equatorial sources.

TMR Generation Mechanism

Barbosa (1982) has recently presented a good review of
the characteristics of TMR and has considered the three
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leading theories which have been proposed for its produc-
tion. Th'e synchrotron mechanism proposed by Frankel
(1973) apparently falls short of the required power level
by a factor of 102—103. The linear theory of Jones (1976a;
b) which invokes UHR/Z mode to L—O mode conversion
is also too inefficient by a factor of 102, although Barbosa
adds that if some efficiency-saving mechanism can be
found, this theory could achieve a paramount position and
be universally accepted. The third theory, non-linear wave-
coupling suggested by Melrose (1981), can achieve the re-
quired efficiency, but, again according to Barbosa, it lacks
credibility because of the ad hoc nature of its assumptions
and the lack of observations of the requisite ingredients
(low frequency waves c03patial with upper hybrid noise).
Lembege and Jones (1982) have considered the ray paths
relevant to the linear theory and have suggested an effi-
ciency-saving mechanism. On the basis of this, and of Bar—
bosa’s comments, it is suggested that the linear theory and
its possible implications for remote sensing of TMR sources
deserves a more thorough investigation.

Following the observation by Gurnett (1975) that con-
tinuum radiation seemed to be closely associated with in-
tense bands of electrostatic noise observed near the electron
plasma frequency at the plasmapause, Jones (1976a) pro-
vided the first theory relating the continuum to upper hy-
brid waves. This is the linear theory which invoked the
generation of Z-mode waves by the Cerenkov mechanism,
and the subsequent prepagation of the waves in a density
gradient so as to access a radio window which exists where
the wave frequency equals the plasma frequency fpe. Z-
mode waves have since been observed in the generation
regions of TMR (Jones, 1982; Kurth, 1982) and the Ceren-
kov mechanism is undoubtedly the source of some contin-
uum. However, the observation of more intense, banded
TMR, whose frequency spacing satisfies the relation fas
(‚24%) A,2:m wherefCE is the electron cyclotron frequency
and fUHR=(f,,,,2 +f,,,2)'i, has led to the conclusion that elec-
trostatic upper-hybrid waves play the most important role.
Since these electrostatic waves lie on the same dispersion
branch as the Z-mode radiation (Oya, 1971), it was sug-
gested by Jones (1980) that their propagation in the density
gradient at the plasmapause will naturally convert them
into Z—mode waves, with mode conversion to the L—O mode
again occurring at the radio window. In parallel, it was
becoming evident that the most intense electrostatic (e.s.)
emissions were located at the magnetic equator (Gough
et al., 1979) and this would allow the best access by energy
in the es. waves to the radio window via the Z—mode. Lem—
bege and Jones (1982) have shown detailed ray paths of
the electrostatic and electromagnetic waves at the magnetic
equatorial plasmapause and have commented on the char—-
acteristics required of the source e.s. waves if the window
theory is to be sufficiently efficient. Their suggestion re-
quires additional observations and theoretical work, which
are beyond the scope of this present paper, but a brief
summary of the proposal will be given here since, as stated
by Barbosa, this factor is crucial if the linear theory is to
be elevated to a paramount position.

Figure 3 is a three-dimensional representation which en-
deavours to portray simultaneously both refractive index
space and ‘real’ space. The elements of the latter are the
magnetic field vector BO, the magnetic equator lying perpen-
dicular to BO, and the plasmapause shown as the cross—
hatched surface which, for clarity, has been limited to one
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Fig. 3. Three-dimensional sketch of refractive index space overlaid
on the magnetic equatorial plasmapause. A0 is the radio window
which, when projected into the electrostatic wave domain, is com-
pared with the areas A1- 3

side of the magnetic equator. The density gradient vector
VNe, which is assumed to control wave propagation in cases
where fpe >>fœ, points downwards. Thus for simplicity one
can define three basic domains — the plasmapause surface,
the high density plasmasphere below, and the low density
magnetospheric cavity above. The magnetic field and den-
sity gradient are two vectors which are also normally dis-
played in cases where refractive index space is under consid—
eration. Therefore, in Fig. 3, refractive index space has been
overlaid on ‘real’ space for illustrative purposes. In refrac—
tive index space for a wave of frequencyf the radio window
A0 is a small area whose plane is perpendicular to VNe
and which is located on the magnetic field line BO at a
distance from the origin of n=[fce/(fpe +fce)]à (see Budden,
1961), where f=fpe. From Snell’s Law, it is clear that if
the energy in electrostatic upper hybrid waves, whose re-
fractive index n may be of the order of 200 (Horne, private
communication; Lembege and Jones, 1982), are to escape
through the window A0, their wave normals must initially
lie approximately within the area A0 at the end of the refrac-
tive index vector n:200 shown in Fig. 3. It is thus possible
to compare the window area AO to certain areas A1, A 2,
A3 corresponding to hypothetical electrostatic wave distri—
bution functions (WDF). In this way one may endeavour
to determine what type of WDF is required in order that
the observed conversion efficiencies can be achieved. It
should be added that when the wave energy has passed
through the window A0, it will, in ‘real’ space, propagate

away from the plasmapause into the magnetospheric cavity.
In refractive index space, as required by Snell’s Law, this
involves a rotation of the wave normal, from being parallel
to BO at the window level where n=[fce/(fpe +fce)]‘5 to an
angle arctan (fpe/fce)à where nz 1. Alternatively, the radia-
tion can be said to be beamed at an angle 0c: arctan (fce/fpefi
with respect to the magnetic equatorial plane (Jones, 1982).
It is this beaming property of the theory that allows remote
sensing of sources by a satellite in the magnetospheric cavi—
ty.

The radio window is an area in refractive index space
whose dimensions can be calculated (see Budden, 1961;
1980; Jones, 1982). Using a very modest density gradient,
the area of the window is found to be rather small, leading
to the conclusion that only a restricted cluster of Z-mode
wave normals can be converted to L—O mode radiation;
it is this which has led to the criticism that the mechanism
is perhaps not efficient enough to yield the levels of TMR
observed. The approximate area of the window A0 can be
taken from Jones (1982) and is compared with three areas
labelled A1, A2 and A3 in Fig. 3, the last being included
only for comparison and having, perhaps, little physical
significance. The percentage ratios so obtained are Ao/A1 =
0.13%, AO/A2 =6.4% and AO/A3 =0.6%. Clearly, if the es.
waves are gyrotropic, the ratio will be much smaller than
the smallest of these. It should be noted, however, that
if one is considering the total transfer of energy, the above
numbers need to be doubled, due to the presence of the
second window which lies in the direction antiparallel to
B0 in Fig. 3. However, it is more probable that a spacecraft
will make measurements when in the beam from a single
window, unless, of course, it happens to be in the source
region.

Few spacecraft measurements of the relative intensity
of TMR and its source UHR waves have been made. One
requires special conditions for a spacecraft to remain in
the TMR beam and also to pass through the source region.
Okuda et a1. (1982) reported a ratio of between 10‘2%
and 4.10"2%, but the spacecraft may not have been any-
where near the centre of the beam. Kurth (1982) arrives
at a value of 3% for another event. It may be premature
at this stage, therefore, to compare these sparse and widely
differing observed values with those obtained from the hy-
pothetical wave—normal distributions considered in Fig. 3.
It should be added, however, that some of the density gra-
dients reported by Kurth (1982) are more than two orders
of magnitude larger than those used in the window compu-
tations of Jones (1982). Such large gradients would have
the effect of greatly increasing the window dimensions. In
fact, the gradients encountered by Kurth are so large that
it is no longer possible to compute the window dimensions
on the basis of the approximate equations of Budden (1980)
and it is necessary to resort to full—wave calculations, which
will be reported separately.

A question which arises naturally from the foregoing
discussion is: are the source e.s. waves gyrotropic, or are
they predominantly in the direction of the density gradient?
Jones (1980) and Lembege and Jones (1982) suggest that
if the basic instability is of a convective nature, the plane
containing B0 and the density gradient is that in which
the ray paths have symmetry. Thus, a feedback mechanism
can be set up in that plane, whereby energy not escaping
as TMR is fed back into the particles in the source region.
It is clear that there are a number of unresolved questions



concerning the es. instability and these also require a sepa-
rate investigation. Observations are needed of unambiguous
sources of TMR in which the gyrotropy or otherwise of
the es. waves can be further tested; preliminary results indi-
cate that the waves are indeed non-gyrotropic (W. Kurth,
private communication). In parallel, it is necessary to con-
sider the theory of the convective instabilities in a density
gradient in order to determine which k-vectors will tend
to grow preferentially.

Remote Sensing

Sources in Magnetic Equatorial Plane

Details of how the window theory allows TMR to be used
for remote sensing of the plasmapause if one assumes that
the sources are confined to within J_r1O in latitude have
been reported previously (Jones, 1981b; 1982) and only
a very brief summary will be given here. The confinement
of the intense e.s. waves to the magnetic equatorial plane
is most apparent during quiet magnetic conditions, such
as those which correspond to Fig. 1. In such cases, knowing
the magnetic coordinates of the spacecraft and assuming
the radiation propagates in the magnetospheric cavity from
the source to the spacecraft at the angle or=arctan (fi,[f,,,,)‘i
with respect to the equatorial plane, it is possible to deter-
mine the loci of possible sources in the magnetic equatorial
plane. Given additional information, such as the direction
of arrival of the radiation, one may then pinpoint the posi-
tion of the source in radial distance and in local time. Two
interpretations of Fig. 1 will be considered. In the first it
is assumed that the TMR source lies in a direction radially
inwards from the spacecraft; in the second that the source
lies nearly perpendicular to that direction. These two 6x-
tremes will serve to illustrate the importance of determining
the azimuth from which the radiation is arriving at the
spacecraft. In the former case one can, in theory, determine
the density profile in the source region, whereas in the latter
it is shown how it may also be possible to detect motion
of the source region.

If it is assumed that the source of the TMR in Fig. 1
lies radially inwards from the satellite, the plasma frequency
profile obtained by remote sensing is shown in Fig. 4 (see
Jones, 1982). The frequency change with time of the lower
TMR band in Fig. 1 is due to the Spacecraft’s orbit being
such that it encounters beams of different frequencies as
it moves. In contrast, the upper frequency band in Fig. 1
is relatively stationary indicating that GEOS1 remained
within the beam during the time shown. Examples of the
TMR ray paths for this event are given in Fig. 8 of Jones
(1982)

Gough (1982) has published the directions of electric
field minima detected by the spinning dipole on GEOS—l
for this event and these are found to lie within 20“ of the
radial direction. At first sight, this seems to imply that the
source was indeed approximately radially inwards from the
satellite. Unfortunately, however, Gough did not consider
the effects of wave polarisation on his measurements and
hence, as Jones (1982) has shown, the difference between
the spin modulation nulls and the direction of the source
may differ by up to a/2 if the radiation is in the L—O mode.
At this stage, therefore, it is of interest not to limit the
discussion to the radial direction, but to discuss the more
general case which is depicted in Fig. 5.
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at the satellite and the satellite-source line. The short dashed line
through the satellite position at 0230 UT represents the direction
of the minimum wave electric field detected by the spinning space-
craft

Figure 5 shows the positions of GEOS 1 at half-hourly
intervals during the observation of the TMR shown in
Fig. 1. Also shown are the corresponding loci in the mag-
netic equatorial plane of possible sources of 27 kHz TMR,
which is a frequency visible to the satellite from 0230 UT
until just after 0350 UT. On the loci are marked the angle
between the ray direction and the plane perpendicular to
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the magnetic field direction at the satellite, assuming a di-
pole magnetic field model. This angle is of the utmost im-
portance when considering the spin modulation and the
latter’s use in direction-finding. For example, if at 0230 UT
the source of TMR lies at the point marked 0° on the
correSponding source locus, then at the satellite, the wave
normal direction, assuming it to be parallel to the ray direc—
tion, is perpendicular to the magnetic field and thus the
wave’s electric field will be nearly linearly polarised along
the magnetic field. Since the spacecraft spin axis is not par—
allel to the magnetic field, the dipole antenna will therefore
observe a null when it makes the largest angle with BO,
and in general this bears no relation to the direction of
the source. It is interesting to note that the direction of
the null obtained at 0230 UT by Gough (1982) makes ex—
actly an angle of n/2 with the direction of the “0° source”
at 0230 UT. This would, therefore, be compatible with a
source of 27 kHz TMR at 5.5RE, 0100 LT at 0230 UT,
if the projection of the magnetic field direction on the spin
plane of GEOS 1 makes an angle of ~20” with the radial
direction at that time. Similar arguments may be made at
the other times shown since the angles over most of the
loci, except for those at 0400 UT when the radiation is
not observed at 27 kHz, are of the order of 10° or less,
implying that the electric vector at GEOS would be quite
highly elliptically polarised nearly parallel to BC, for any
source position. It should also be noted that the magnitude
of the maximum electric field of the TMR detected on
GEOS will be an underestimate of the wave electric field.

It is of interest, therefore, to consider the other extreme
where it is assumed that the true directions of the TMR
sources, at least for the lower frequency band in Fig. 1,
are perpendicular to those determined by Gough (1982).
One may then plot their positions at the different times
as shown in Fig. 6. Where possible, i.e. at 0300 and
0330 UT, the sources of a lower frequency, 25 kHz, and
a higher frequency, 32 kHz, are shown. At 0230 UT only
TMR having a frequency of ~ 25 kHz is observed, whereas
at 0400 UT only frequencies ‘in the vicinity of ~32 kHz
are recorded. Figure 6 thus shows how sources rotating
around from the night side at a speed greater than that
of corotation with the Earth could, in theory, produce the
TMR appearing in Fig. 1. The average supercorotation
component is found to be approximately 3 km/s which is
compatible with the plasma flow speeds computed from
measurements made from the GEOS DC electric field ex-
periment in the post-midnight sector (A. Pedersen, private
communication), and also in agreement with the values de-
rived by Lemaire and Kowolowski (1981). Clearly, how-
ever, before one can attach Significance to the motions de-
termined from Fig. 6 one must be able to determine the
azimuth of the source.

It is unfortunate that the GEOS magnetometer was mal-
functioning over a period including that shown in Fig. 1.
It may be possible, however, that other experiments on
the Spacecraft could yield the information necessary to de-
termine accurately the direction of the magnetic field at
this time, and this possibility is being explored at present.
Without such information it seems impossible to determine
where, between the two extremes considered, the sources
actually lie. The importance of obtaining an accurate field
direction whenever direction finding measurements are
made is emphasised by the example shown in Fig. 7, which
shows the effects of wave polarisation on the depth of spin
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modulation and on the direction of the minimum electric
field detected. The wave normal k and Spacecraft Spin axis
make angles 6 and y respectively with ED and the azimuth
of the Spin axis from the [(—30 plane is assumed to be 30°.

The wave frequency is taken to be 30 kHz and the plas-
ma and gyro-frequencies are set at 15 kHz and 6.5 kHz
respectively, corresponding approximately to conditions at
0320 UT in Fig. 1. The five curves in each frame correspond
to angles 9 of 70° to 90° in 5° steps as labelled. The frames
on the left of Fig. 7 relate to the 12—0 mode and those
on the right to the R—X mode. The general case, in which
a range of y, 0, 0, f,fp, andf“. are considered will be reported
separately.

The parameters considered in Fig. 7 are the depth of
spin modulation and the difference between the antenna
direction when it observes minimum electric field (full lines)
and the direction of the projection of k in the spin plane
(dash-dot line). On the basis of a magnetic field model,
for illustrative purposes, the angle y corresponding to Fig. 1
can be assumed to be .... 30°. Thus, the depth of spin modu-
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lation for the L——O waves is $2 except for wave normal
angles 0 between 800 and 900, when the spin modulation
can become very large. The difference between the direction
of the modulation null and that of the projection of k in
the spin plane, which will be called the “error angle”, is
seen to be ~60O for all wave normal angles (2700. The
parameters of the R—X mode are shown on the right merely
for comparison. Until accurate values of y and CD corre-
sponding to Fig. 1 are available, no concrete conclusions
can be drawn, but the results serve to emphasise the very
large errors in source directions which could arise unless
wave polarisation is considered.

In summary, therefore, it has been shown that the TMR
event reproduced in Fig. 1 may contain more information
on the positions and movement of sources than was pre-
viously believed. Two interpretations of the data have been
considered, one in which it is assumed that the source lies
radially inward from the spacecraft and the other where
the source is nearly perpendicular to that direction. In the
latter case, the remarkable possibility of observing plas-
masperic irregularities or cold plasma islands (Chappel,
1974) moving around from the night side has been demon-
strated. When accurate magnetic field measurements be-
come available it is believed that, in conjuction with DF
measurements and information on the depth of spin-modu-
lation, the technique of remote sensing considered here will
allow a better understanding of the plasmapause and of
the convection of associated irregularities.

TMR Sources not Restricted
t0 Magnetic Equatorial Plane
The previous section dealt with the case of TMR sources
restricted to the magnetic equatorial plane, as would be
expected, for example, under quiet geomagnetic conditions.
When magnetic activity increases, the intense electrostatic
waves believed to be responsible for TMR are no longer
rigidly confined to the magnetic equator (Gough et al.,
1979) and the remote sensing technique must therefore be
extended to accommodate such cases.

Figure 2 is an example of a short-lived continuum event
recorded during 00—01 UT on 25 April 1980 by the GEOS-2
spacecraft which is in geostationary orbit at 6.6RE. The
event is characterised by an intense emission appearing at
~20 kHz at ~00 UT which spreads in frequency upwards
so as to cover the band 25—45 kHz by 0020 UT. The emis-
sion then splits into four or five discrete bands whose fre-
quency and frequency separation increase as time pro—
gresses, the event coming to an abrupt end at ~01 UT.
The frequency spacing between bands is estimated to be
~6.5 kHz at 0033 UT and ~8 kHz at 0057 UT. The
spacing in such events as this have been related to the elec-
tron cyclotron frequency fœ at the source (Kurth et al.,
1981; Gough, 1982; Kurth, 1982). At the plasmapause, the
plasma frequency and hence the upper hybrid frequency
fUHR may increase rapidly compared to the electron cyclo-
tron frequency, so that fUHR may cross several gyro-har-
monic bands in a short distance. The most intense electro-
static emissions occur where fUHRzm +%) ce and hence it
is natural to expect the resultant TMR to be similarly
banded. Thus, from Fig. 2 it is possible to deduce the value
offie at the source from the spacing between the emission
frequency bands and hence to obtain the fee harmonic lines
as drawn. Since Fig. 2 was recorded during a period of
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moderate magnetic activity (K=4 at Kiruna, which is lo—
cated near the foot of the GEOS 2 field line) it is probable
that the TMR sources were not restricted in this case to
the magnetic equatorial plane.

The remote sensing technique has now been generalised
to include non-equatorial sources (Jones, Gapper and
Herring, private communication). It is still assumed that
the plasma density gradient is perpendicular to the magnetic
field vector, but the restriction that the TMR source must
lie at the equator has been removed. Thus, the source locus
is no longer a line in the equatorial plane but a three-dimen—
sional surface in space, certain longitudinal cuts of which,
for example, are given in Fig. 8. The upper five frames
in this Figure correspond to a wave frequency f of 30 kHz,
whereas the lower frames are for f= 69 kHz, these being
chosen to represent approximately the lowest and highest
frequency bands at ~01 UT in Fig. 2. Concentrating on
the first frame, two dipole field lines are shown for refer-
ence, one at L=4 and the other at L=8.5. At the time
when Fig. 2 was recorded the electron gyrofrequency at
the spacecraft was found to be ~ 1.65 kHz (B. Higel, private
communication). The position of GEOS 2 is represented
by the radius vector to 6.6 RE at —30 latitude. The two
quasi-elliptical lines are the contours of f=1.4fce and f=
2fce, and will not be considered further in the present paper.
The lines of symbols in the first frame are the loci of possi-
ble sources of 30 kHz TMR which would be visible to
GEOS 2 assuming the TMR emanates from field-aligned
plasma density enhancements via the radio window. The
symbols are coded so that the angle between the wave k-
vector and B0 at the spacecraft is known. On the original
computer plots the symbols are colour—coded to allow one
to distinguish between 50 and 500 for example, both of
which appear as the symbol 5 in Fig. 8. The first frame
is for loci in the same meridian plane as the spacecraft
(6:00) and the other frames show loci at 100 longitude
steps away from this meridian plane, the maximum longi-
tude difference considered in the present example being
5:400. It is seen that no low-latitude sources of 30 kHz
TMR within 7RE are visible to GEOS-2 when 6240"; the
low—latitude sources of 69 kHz TMR disappear from view
before ö reaches 500.

Concentrating on source loci in the same meridian plane
as the satellite and initially on sources in the Northern hemi-
sphere, i.e. in the hemisphere opposite to that of the satel—
lite, Fig. 9a shows the variation in fee as a function of lati—
tude for sources corresponding to the frequency bands in
Fig. 2. At 0033 UT, the bands are observed to be at fre-
quencies of 30, 36.5, 43 and 49.5 kHz, yielding a frequency
spacing of 6.5 kHz. Assuming the latter to be the source
gyrofrequency, the emissions are seen from Fig. 9a to ema-
nate from magnetic latitudes covering 2.54—3.630, i.e. at
a latitude of ~ 6o with respect to the latitude of the satellite.
The corresponding radial distance of the sources, which
is shown in Fig. 9b, lies at 4.18RE. At 0057 UT, the bands
have frequencies of 30, 36.5, 45, 53, 61 and 69 kHz indicat-
ing a source fcez8 kHz. Thus from Fig. 9a, the latitude
range of the sources at this time is 2.630—456o and, from
Fig. 9b, the sources lie at 3.9 RE. Hence, the effect of the
magnetic substorm which occurred just after 00 UT on
April 25 1980 is to cause the plasmapause to move to a
smaller radial distance, and the average speed of motion
is found from Fig. 9b to be 1.24 km/s. This is more clearly
illustrated in Fig. 10 which shows the positions of the plas-
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Fig. 8a and b. Loci of TMR sources visible to a geostationary Spacecraft at —3“ magnetic latitude. The upper a and lower b sets
of frames are for frequencies of 30 and 69 kHz respectively. The first frame in each set is for the meridian plane through the satellite;
the satellite position is shown by the line of length 6.6 RE at —3". The other frames are for loci in meridian planes at lO“~~-’-lflO longitudes
relative to that of the Spacecraft.'The symbols on the loci are coded to yield the direction of the wave normal with respect to the
magnetic field at the Spacecraft (see text)

mapause at the two times considered, with a sketch of the
most intense TMR at far. (a +à1fie being beamed away into
the magnetospheric cavity, the beaming angles with respect
to the magnetic field being given by arctan (fing-ä (see Jones.
1982)

A number of other important conclusions can be drawn
from Figs. 9 and 10. It can be deduced from Fig. 9 that
the TMR wave-normal at the spacecraft makes an angle
of m85“ with BD for f: 30 kHz and ~88" for f: 69 kHz.
Thus the wave electric field will be quite highly elliptically
polarised along BB and it is again of the utmost importance
to know the spacecraft orientation with respect to BO if
one is to arrive at meaningful source directions from spin-
ning dipole DF measurements. An added complication in
the present example, where the spacecraft is near to local
midnight, may be the relatively rapid temporal and spatial
variation of the local magnetic field direction due to mag-
netic activity. This could result in a change in the position
of the electric field nulls detected by the dipole antenna,
even if the source remains fixed relative to the spacecraft.
This will to some extent also affect the remote sensing
which, at present, is based on the assumption of a dipole

magnetic field. In the present example, the magnetic latitude
of GEOS-2 is assumed to be —3"‘” as is shown in Fig.8,
but clearly the exact latitude of the spacecraft when the
magnetic field is changing is unknown. Had the latitude
been assumed to be 0”, the difference between the latitude
of the sources and the satellite latitude is found to be re-
duced by ~13“ from the 6"" deduced from Fig. 9. However,
the radial positions at 0033 and 0057 UT of the sources
are both decreased by w0.68 RE, thereby resulting in the
same value for the speed of inward motion of the plasma—
pause.

The constancy of the frequency separation with fre-
quency in Fig. 2 implies that the plasmapause is very steep,
the gradient being far larger than the value obtained from
Fig. 4 corresponding to the event in Fig. 1. Such a large
density gradient has the effect of greatly increasing the win-
dow dimensions compared to those computed by Jones
(1982). This will, in turn, render the TMR beam wider and
hence the remote sensing technique less accurate; this is
an effect which will be the subject of further study.

Sources in the same hemisphere as the satellite and those
out of the satellite’s meridian plane (see Fig. 8) show very
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Fig. 9. The upper frame shows the variation of the source gyrofre-
quency fee as a function of latitude for the Northern equatorial
sources derived from computations similar to those shown in
Fig. 8. The TMR frequencies (30—69 kHz) are taken at two times,
0033 UT and 0057 UT, from Fig. 2. The spacings between the
TMR bands are taken as indicative of the source fœ=6.5 kHz
and 8.0 kHz respectively. The lower frame shows the variation
of the source radial distance as a function of latitude corresponding
to the upper frame

similar characteristics to those discussed above. Clearly the
gyrofrequency spacing restricts the source radial distance
to quite strict limits if latitudes $100 only are considered
and hence the speed of inward motion of the plasmapause
is close to 1.24 km/s in all cases. However, the angle be-
tween the magnetic field and the k-vector at the spacecraft
does change, but is within 100 of being perpendicular except
when the longitude difference between source and space-
craft is Z300, i.e. close to the limit of observation.

In conclusion, it has been demonstrated that it may
be possible to obtain both the radial distance and latitude
of the sources of TMR which exhibit harmonic structure
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plasmapause at the two times. The sources of the banded TMR
are as shown.

of the form shown in Fig. 2. The broadband nature of the
event shown prior to 0020 UT may indicate that another
mechanism, such as the Cerenkov production of Z-mode
waves, may be operating in parallel with the (n +â ce e.s.
instability during this period. The abrupt termination of
the event at 0.1 UT could be due to a number of effects,
such as a switching off of the source instability, the move-
ment of the TMR source from the vicinity of the spacecraft
meridian plane, or the swinging of the TMR beams away
from the spacecraft by a change in the direction of the
density gradient at the source.

Discussion

The technique of remote sensing of the plasmapause and
its associated irregularities by TMR is still very much in
its infancy and it is clear that a number of problems remain
to be solved.

The first problem concerns the TMR emission mecha-
nism itself. Although the linear theory outlined here appears
to be the favoured candidate at present, it requires an inde-
pendent confirmation by some means or other. This could
come from measurements of the wave-distribution function
of the UHR source waves as is being done by Kurth (private
communication). If the k—vectors are found to be clustered
in the plane containing the density gradient and magnetic
field vectors, this would, as Barbosa (1982) puts it, “elevate
the linear theory to a paramount position”. Indeed, the
non-gyrotropy of the waves may provide a means of deter—
mining the direction of the density gradient vector which
is a very difficult parameter to measure. Alternatively, or
in parallel, the convective behaviour of the es. instability
in the sort of density gradients encountered at the plasma-
pause needs to be investigated theoretically. It should be
added that it is becoming evident that the density gradient
does indeed play a crucial role in the conversion mechanism
and/or in the basic instability relevant to the type of plane-
tary emissions considered here (Kurth et al., 1981 ; Gurnett
et al., 1981). The gradients observed by Kurth (1982) and
inferred from Fig. 10 in the present paper are far greater
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than those used in the window calculations of Jones (1982)
with the result that the window dimensions are expected
to be considerably larger; full-wave calculations are under-
way to investigate this. It may also be possible to test the
window theory by using two spacecraft such as ISEE—1
and 2 which are not too far apart. If the TMR is beamed
as predicted by the window theory, dual spacecraft mea-
surements could obtain valuable information on the beam-
width. Etcheto et al. (1982) have endeavoured to investigate
this effect using GEOS—l located at 6.9RE, 23O magnetic
latitude, 6.26 magnetic local time (MLT) and ISEE—1 at
8.7 RE, —4.2O magnetic latitude, 8.03 MLT. TMR with sim-
ilar spectra were observed on both spacecraft and this was
taken as evidence of no beaming. Surprisingly, however,
the wave intensities were greater on ISEE which was at
the larger radial distance, and this seems to be more com-
patible with a magnetosheath source, in which case the
beam characteristics cannot be as easily defined since the
source magnetic field and density gradient orientations are
not well-known. It should also be added that the direction»
finding measurements of Etcheto et a1. (1982) which indi-
cated a plasmaspheric source were made without consider-
ing wave—polarisation effects.

The remote sensing technique at present assumes a di—
pole magnetic field for the Earth. It is believed that this
is sufficiently accurate for plasmaspheric sources under
quiet geomagnetic conditions, in which case it may also
be sufficient to assume that the source e.s. waves are con-
fined to the magnetic equatorial plane. Under geomagneti-
cally active conditions, however, especially on the night-
side, it may be necessary to introduce a more complicated
magnetic field model if one requires more exact source loca-
tions.

The importance of taking wave polarisation effects into
account when performing DF measurements cannot be
over-stressed. When accurate magnetic field measurements
for GEOS-1 and 2 do become available it should be possible
to pinpoint the sources in radial distance, local time and
possibly in latitude and hence to track their motion, thereby
obtained valuable information on plasma convection in the
magnetosphere.
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Abstract. This brief review discusses heavy ions (below
30 keV/Q) in magnetospheric plasmas from two points of
view: heavy ions as minor species or “tracers”, and heavy
ions as major plasma constituents. At present some 12
species of heavy ions have been detected in concentrations
ranging from nearly 100% of the total ion density to
<10‘2%. Tracer ions detected thus far include 4He“,
03+, N+ and N“; whereas the species 0+ and 4He+ very
often appear as major ions, i.e., they make up a large
enough fraction of the plasma to significantly alter its dyn—
amical properties. Still other ion species, such as high
charge state solar wind oxygen or ionospheric molecular
species, may be present in the high altitude magnetosphere
but have not yet been detected. Some discussion of future
prospects in this field is included.

Key words: Ion composition — Magnetosphere — Mass spec—
trometry

Introduction

The era of heavy ions (i.e. ions other than H+) in the
Earth’s magnetosphere began in 1969 with two events:
Axford’s paper, given in 1969, suggesting the utility of
heavy ions as tracers of magnetospheric plasma origins
(Axford, 1970), and the Lockheed group’s initial measure-
ments of precipitating heavy ion fluxes in the Earth’s upper
ionosphere (Shelley et al., 1972). In view of later develop-
ments, these two events also serve to establish a useful phys-
ical distinction between heavy ions as tracers, and heavy
ions as major constituents of magnetospheric plasmas. Over
the past decade, ion composition has grown to be a key
ingredient in the study of magnetospheric plasma and dy-
namics. At the present time, an even dozen ion species,
including two isotopes, have been identified at energies per
charge; 30 keV/Q (Fig. 1).

During the 1960’s, experiments carried on board sound-
ing rockets succeeded in identifying H+ and 4He2+ ions
* Based on an invited review paper given at the Symposium on

Plasma and Energetic Particles in the Magnetosphere, EGS
Meeting, 23—27 August 1982, Leeds, U.K.
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in auroral fluxes (Reasoner, 1973). This tended to confirm
the conventional wisdom of the time which identified the
solar wind as the expected source of auroral particles. The
only competing source was the polar windgwhich could
have been distinguished by the presence of 4He+ in mea-
surements made at high altitudes (Reasoner, 1973). Solar
wind helium could also be traced by its distinctive 3I-Ie/“‘He
ratio (Axford, 1970; Biihler et al., 1976)- In the late 1960’s,
the Lockheed group began flying a series of satellite-borne
ion mass spectrometers of the Wien filter type (see the
review by Balsiger, in press, for a discussion of instrumenta-
tion). These instruments were able to distinguish the major
ion Species and were responsible for the discovery that large
fluxes of O+ ions are present in the ring current during
geomagnetic storms (Shelley et al., 1972). A second obser—
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vational breakthrough (not dealt with in this review) oc-
curred with the detection of kilovolt ions flowing upward
out of the auroral regions (Shelley et a1., 1976).

In 1970, groups at the University of Bern and the Max-
Planck-Institut in Garching began developing the first in
a series of focusing mass spectrometers that were optimized
for space plasma measurements (Balsiger et a1., 1976). This
design first saw service on GEOS-1 and has since been flown
on GEOS-2, ISEE-1 (Shelley et a1., 1978), and DE—1 (Shel-
ley et a1., 1981). GEOS provided the first in situ measure-
ments of trapped magnetospheric ions of ionospheric
origin, including composition of the ring current up to
17 keV (Geiss et a1., 1978; Balsiger et a1., 1980). With ISEE-
1, composition observations have been extended out to
22 RE in the magnetotail (Sharp et a1., 1981). The Wien
filter design also continues to provide important measure-
ments, having been flown on S3-3, PROGNOZ-7 and
SCATHA, the latter instrument reaching energies of 32 keV
(Johnson et al., in press).

New instrument designs have been proposed for
NASA’s OPEN mission. They will push magnetic mass
spectrometers to still higher energies (~40 keV) and pro-
vide better time resolution with complete mass-energy—pitch
angle scans once per spacecraft spin period, or z 3 3.

Following this abbreviated background survey, we dis-
cuss in the remainder of this review the most significant
composition observations and a few of the consequences
for magnetospheric plasmas. The paper is divided along
lines mentioned earlier, namely (1) heavy ions as tracers,
and (2) heavy ions as major constituents.

Heavy Ions as Tracers
The following section presents a list of ion species detected
thus far in the high-altitude magnetosphere. Three energy
ranges may be distinguished: energetic (1—30 keV/Q, where
Q is the ionization state), suprathermal (0.01—-1.0 keV/Q),
and thermal (1—10 eV/Q). Roughly speaking, five ion
species can be detected with good reliability by present day
instrumentation. The capability of these detectors is typified
by the averaged GEOS-2 spectrum shown in Fig. 2.

[—30 ke V/Q (Energetic Plasmas)

4He2+. Detected throughout the magnetosphere, usually
at concentrations from a few tenths of a percent to a few
percent. Typical differential fluxes near geostationary orbit
(Lz 6.6) are 3—30 ions (cm2 s sr eV)‘ 1 (Balsiger et a1, 1980).
4He2+ has been detected (at lower flux levels) out to
~20 RE in the tail on ISEE-l (Peterson et a1., 1981). A1-
though low-energy 4He2+ of terrestrial origin has also been
detected (see below), at the measured 4He2 + mean energies
of 5—10 keV/Q and above, we have every reason to believe
that the solar wind is the source of 4He“. Several studies
have been initiated to trace the temporal signature, and
hence the transport, of solar wind 4He2+ into the magne-
tosphere (cf. Balsiger et al., in press) thus far without con-
clusive results. Generally speaking, the densities of H+ and
4He2+ increase with increasing distance from the Earth
(Fig. 3) as might be expected of ions whose source region
is at the outer boundary of the magnetosphere.

3He’“. Because of its very low flux, 3He2+ has not been
detected by satellite-borne mass spectrometers. Instead, 3He
has been observed using the foil-trapping technique both
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Fig. 2. Integrated mass spectrum based on 11 months of GEOS
2 data. Four energy steps have been summed over and a total
of 21,900 samples of 0.1505 s have gone into each data point.
The average background subtracted was 6.78 counts/s. The mass
step scale extends to 63 but the last 3 steps are not shown. Note
that 5 ion species are easily seen and resolved, and also the absence
of any ‘ghost’ or other spurious peaks. If NO+ were present it
would be located in mass channel 53.5 (dashed line). On the basis
of the analysis of the O + peak shape it is estimated that NO + /O + <
0.03. (From Young et al., 1982)

in the aurora (Bühler et al., 1976) and on Skylab at L<4
(Lind et a1., 1979). The Skylab 4He/3He ratio at ~30 keV
was found to be 3,100i200, similar to that of the solar
wind (2,350-J; 150), with perhaps a small admixture of ter-
restrial 4He. Based on Skylab results we might expect typi-
cal 3He fluxes near Lz6.6 to be 10”3 to 10—2 ions
(cm2 s sr eV)”, well below current state-of—the-art in ion
mass spectrometer sensitivity.

4He+. Detected throughout the magnetosphere (Figs. 3 and
4), it is most intense near the inner edge of the ring current
(Balsiger et a1., 1980; Lennartsson et al., 1981; Lundin
et al., 1980) but has also been observed in the subsolar
magnetopause boundary layer and magnetosheath (Peter-
son et a1., 1982). Within the magnetosphere it is found that
4He+ and 4He2+ have dissimilar energy spectra, with
4He2+ having a higher mean energy and 4He+ a higher
mean density (Balsiger et a1., 1980). This suggests that, at
least in the 1—15 keV/Q energy range, the two species are
unrelated, i.e. 4He+ does not originate from 4He2+ by
charge exchange. Furthermore, long term studies with
GEOS (Young et al., 1982) show no correlation of averaged
4He+ and 4He2+ densities, again suggesting independent
sources for the two species: 4He+ being terrestrial, 4He2+
being solar.

16O6 +’ 5 + Have not been detected by any means, except
in the magnetosheath (Geiss et a1., 1978), and are expected
to be present only at low flux levels (cf. Fig. 2). Typically
the relative solar wind O/He elemental abundance ratio is



|00000175||

100 l 1 I I I I l I I I 1
LT (hr) 11.2 9.6 8.8 8.2 7.9 7.6 7.4 7.2 7.1 7.0

—4

1111111

l

++ 1

î: 1°:— '/'\ —‘:
x ' :
V _

——.—_.-— —4-—-.-- —; + ‚J ——X< — rïk _
à _ H9

._:::/a(‚/’x\\.__.‚7x* \\’._E ‘
0*°’/

l
2 1_m : ___

: + 1979, JAN 12 E
: H 06:50 UT-12:50 UT —
7 INBOUND —

1 l l 1 L l 1 1 l 1 1 l' E L 3.9 4.6 5.3 6.1 6.9 7.8 8.7 9.710.711.15‘

Z : â
——X__

x——-></X ËA 1_— 0+ x/ —_1o4 <.. Q _

E : B “-‘K x—X/ : :1:
O

>- '— \
.
\.\\ T (29

l- O
a 1:— \\ E103 Ë
z E \. : ('7)
m — ‘ —
o I ‚2’: o

.JZ _ /V _ LUO y Ô __ / 2 [L
_01__ \V / —_10 O: ‘\ / : _

: \\\ . : l—
-

\——-’ __ Lu
_ _ Z

c9— _ <
.001 1 1 1 1 1 1 1 1 1 1 1 101 2

1 10
GEOCENTRIÊ DISTANCE (RE)

Fig. 3. Characteristic energies (upper panel) and number densities
(lower panel) sampled during a magnetically quiet day, plotted ver—
sus the distance of ISEE-l from the center of the Earth. The local
time of each data point is shown at the top of the figure, the
corresponding L parameter (dipole) is shown in the middle. The
i 1 o uncertainty carried over from the counting statistics is shown
as an error bar when larger than the data symbol. The open data
symbol on the He2+ density graph (bottom) represents an upper
limit. The He2+ was below background at L<6 (corresponding
to a density of less than a few percent of the total density). The
thin dashed curve labelled B (lower panel) shows the measured
magnetic field with the scale to the right. Qualitatively similar
trends in composition during storms has been reported by Balsiger
et al. (1980). (From Lennartsson and Sharp, 1982.)

~0.01 (Bame et al., in press). In GEOS-type instruments,
which are currently the most sensitive, ’J’He2+ approaches
the detection limit for isotropic fluxes except during dis-
turbed periods. Moreover, solar wind oxygen should have
roughly four times the total energy of 4He“, or about
1.5 times its energy per charge, which places the bulk of
it above the ~20 keV/Q energy per charge limit of most
plasma mass spectrometers. Routine detection of 1606+
would nonetheless be of some interest because it, together
with 4He“, represents a second solar wind ion species pair
(after the HJr—‘lHe2 + pair) on which to base studies of mag-
netospheric ion transport. The high percentage of terrestrial
H+ in the magnetosphere greatly detracts from the useful-
ness of the HJr—‘lHe2+ ion pair as a tracer.

1602+. Detected under disturbed conditions and in long-
term averages (Fig. 2) which increase the signal to noise
ratio of the data (Young et al., 1982). 02+ has been de-
tected in magnetotail ion beams (Sharp et al., 1981), and
Young et al. report that it, like 0+, has a strong solar cycle
dependence (see below). At low levels of magnetic activity
(Kp<2o) the long term OH/O+ ratio is ~0.05 in kilovolt
plasmas located near geostationary orbit.
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160+. Detected under nearly all conditions at fractions
ranging from a few percent to over 80% of the total density
(Figs. 3, 4). Often kilovolt O+ is too abundant to be called
a tracer (see below) although its presence at any measurable
concentration indicates an ionospheric source. The bulk of
composition observations have been made near the maxi-
mum of the current solar cycle (Fig. 5) and, as a result,
some bias undoubtedly affects our present thinking about
“average” magnetospheric composition. One example of
the consequences of heavy ion enriched plasmas has been
suggested by Baker et al. (1982): the presence of O+ in
the tail plasma sheet may promote growth of the ion tearing
mode instability, thereby facilitating the onset of magneto-
spheric substorms.

”Ne, ”Ne. Lind et al. (1979) report the detection of neon
isotopes trapped in Al and Pt foils on the Skylab experi-
ment. Typical measured values of 20Ne/22Ne were 13—20.
This is reasonably near the solar wind ratio of 13.7 and
rules out a terrestrial source for which the ratio is 9.8. Fur-
thermore, the 20Ne/E’He ratio was found to be 0.1—0.2, again
very close to the solar wind value of 0.23i0.05. Measure-
ment of the neon isotopes demonstrates the power of the
foil technique for detecting and identifying rare noble gas
ions since typical magnetospheric fluxes would be ~10—4
t010_3(cm2 s sr 6V)_1.

0.01—1 ke V/Q (Suprathermal Plasma)

There are now considerable data in the literature to show
that this category of plasma population exists (Young,
1982). Figure 6, taken from Balsiger et al. (1980), shows
several instances of <1 keV populations found near L:
6.6. Generally, suprathermal plasmas are found outside the
plasmapause with typical densities of ~0.1—10 cm”. They
are characterized by a tendency to exhibit highly anisotropic
pitch angle distributions (cf. Horwitz, 1982). These may
be field-aligned or pancake (flux maximum at 900 pitch
angle) or conical (flux maxima at some pitch angle between
00 and 900 or 900 and 1800). Composition of this population
is both energy and pitch angle dependent, with the field-
aligned and conical components dominated by O+ and H+
and the trapped component characterized very roughly by
H+ >He+ >O+ ordering. The reader is directed to recent
reviews by Horowitz (1982) and Young (1982) for further
details.

4He2+. Detected at concentrations such that 4He‘7”L/4He+
is usually below a few percent. Because of its low mean
energy and the shape of its energy distribution, it is clear
that this component of 4He2 + is of terrestrial origin (Fig. 6).
Although acceleration of 4He+ to suprathermal energy by
wave-particle interactions has been observed (see below),
similar observations of 4He2+ are problematic due to its
low concentration. However, since waves near {21m (the
He+ cyclotron frequency) are quite intense and exhibit har-
monics as well, there is no reason why 4He2+ could not
also be accelerated in a manner similar to 4HeJr.

4He+. Nearly always present in the suprathermal plasma
at levels of a few percent to a few tens of percent. Investiga-
tion of intense ULF waves near QM on the GEOS satellites
has established that 4He+ plays a critical role in the genera-
tion and amplification of these waves and is in turn heated
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by them (Roux, 1982). In this case one cannot consider
4He” as a tracer ion, rather it becomes an active ingredient
of the plasma as discussed below. The presence of “He"
is, however, useful as a tracer of plasmaspheric-like ion
composition signatures (Balsiger et al., 1980). The plas-
maSpheric ordering of composition (H+ ::>HeJr ::—O+),
which is the result of either diffusion or polar wind—like
flow, can be distinguished from ionospheric ordering (H+,
0+ 3:- He”), which is usually associated with kilovolt plas-
mas. A critical issue now under investigation is the extent
to which near-equatorial acceleration processes, such as the
interaction of 4He+ with ULF waves, contribute to more
energetic plasma populations such as the storm time ring
current.

03 J“. Has been observed a few times (Fig. 6) in conjunction
with high Ho“ and O2+ abundances (Balsiger, 1981; Bal-
siger et al., in press). Its source is thought to be the same
as that of O2+ (see below).

02 +. Detected at concentrations of O2 + /0+ ~0.1 and high-
er, although we emphasize that 02+ and 4Ha2+ are both
highly variable. The generally higher O2 + /O+ ratios in com-
parison to those of He2+/He+ may be understood largely
in terms of production rates for the respective doubly
charged ions (Geiss et al., 1978). Transport processes also
play an important role in determining these ratios, particu—
larly within the plasmasphere (see below). As ion detectors
evolve towards greater sensitivity with future space mis-
sions, it should become practical to employ the doubly
charged species as diagnostics of magnetospheric wave-par-
ticle interactions in a situation analogous to the role of
multiply-charged species used to study heavy ion accelera-
tion in the solar wind.

0+. Commonly detected, particularly in the field-aligned
plasma component. For example, Kaye et al. (1981) have
argued that because the field-aligned component of so-
called “zipper” events is O+ dominated, these ions are
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being injected directly from the ionosphere into the near-
Earth portion of the plasma sheet. There is also some evi-
dence for the existence of ULF waves, and presumably
wave-particle interactions as well, near {20+ (Fraser and
McPherron, 1982).

1—10 eV/Q (Thermal Plasma)

Routine ion measurements within the plasmasphere are
somewhat problematic for experimental reasons, primarily
the limited angular coverage of mass spectrometers. Outside
the plasmasphere these difficulties are exacerbated by high
positive spacecraft potentials (~ +5 V) and the nonequili-
brium state of the lower density plasma (<10 cm‘3). Re—
marks in this section are therefore confined to thermal
plasma within the plasmasphere.

4He2 +. Has been detected at concentrations g 10— 3 relative
to total ion density. Typically the 4He2+/4He+ ratio is less
than a few percent. This points toward an enrichment of
4He2+ relative to 4He+ in comparison to its ionospheric
value. Geiss et al. (1978) have suggested that enrichment
is driven by the temperature gradient between the equatorial
plane and the ionosphere (roughly several thousand degrees
K) through the mechanism of thermal diffusion. This pro-

cess
is discussed in more detail below in connection with

O +.
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2D+. Assuming the different plasmaspheric ion species to
be in thermal equilibrium, then it is possible to determine
whether the M/Q = 2 peak is predominantly 4He2 + or 2D+.
On one occasion, at Lz 3.5 in the plasmasphere, Geiss et a1.
(1978) found that the M/Q=2 peak was most likely 2D+
since this gave the most consistent result for the tempera-
tures of all species (i.e., because of its extra charge, the
assumption that 4He2+ was present would have yielded
twice the temperature of the other species). Geiss et al. have
argued that 2D+ is the dominant M/Q=2 ion if the abun-
dance of M/Q=2 ions is g5 ><10_4 that of H+, whereas
4He2+ is dominant if the abundance is g10‘3 that of H+.

4He+. Is typically the second most abundant plasmapheric
ion (after H+) with relative concentrations of ~ 10%.
Earlier studies based on OGO-S data gave the impression
that 4He+ comprised only ~ 1% of the total, a result that
may have been due partly to data selection and partly to
instrumental effects (see Young, 1979 for discussion of the
latter). Modeling efforts are now under way that should
aid in our understanding of plasmaspheric 4He+ which,
in this regard, can be treated as a minor ion species
(Murphy et al., 1979). What is presently lacking are good
synoptic measurements that accurately describe the distri-
bution and dynamic behavior of 4He‘L.

N2 +, N+. Have been observed with the Retarding Ion Mass
Spectrometer on DE-1 by Chappell et al. (1982). Both
species were seen in the plasmasphere where the N+/O+
ratio was ~0.1 during one spacecraft orbit, with a corre-
sponding NZ‘L/N+ value of 0.01 to 0.05. Over the polar
cap N+ was observed at similar concentrations and at alti-
tudes up to 3 RE. Near the equator at L~ 6.6, Young et a1.
(1977) placed an upper limit of 0.3 on the N+/O+ ratio.

The observation of thermal nitrogen ions opens up the
question of what percentage of the “oxygen” seen at kilo-
volt energies is in fact nitrogen. Are we witnessing another
example of the situation described previously for protons,
in which we will later find that most of the magnetospheric
oxygen is in fact nitrogen? From the point of view of iono—
spheric chemistry one can argue that this cannot be the
case since atomic oxygen, the main source of O+ and O“
ions, is the dominant neutral constituent over a wide range
of altitudes. Secondly, the relative difference in the masses
of O+ and N+ is small and should not alter plasma behav—
ior even at concentrations above the presently observed
NlL/O+ ratio of ~0.1. Nitrogen may nonetheless play an
important observational role, for example as a tracer of
the influence of ionospheric chemistry on magnetospheric
composition.

02+. Detected in the plasmasphere in varying concentra-
tions. Of particular interest is the observation that the O2 + /
O+ ratio increases with time as the plasmasphere fills fol-
lowing a magnetic disturbance (Geiss et al., 1978). Over
a few days OZ+/O+ rises from ~0.01 to concentrations;
0.3, the latter being ~100 times the value found in the
topside ionosphere. Geiss and Young (1981) explain the
02+ enrichment relative to 0+ as being the result of
thermal diffusion of the doubly charged ion species in a
background gas of singly charged ions. This has been tested
by solving the time-dependent diffusion equation between
the topside ionosphere ( ~ 300 km) and the equatorial plane.
Their results show that the temperature gradient between
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the t0pside ionosphere (Ti: 1,000 K) and equatorial magne—
tosphere (Ti; 5,000 K) plays an important role in determin-
ing the build-up of doubly charged ions (Fig. 7). In this
way, O2+ has served in exemplary fashion as a tracer of
transport processes.

0+. Detected in the plasmasphere, typically at concentra-
tions of ~0.01 of the total ion density. An interesting point
about 0+ is that its very presence in the high altitude plas-
masphere is difficult to explain and no models presently
exist which include 0+ transport. Geiss and Young (1981)
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have solved the transport problem only for minor ions,
and their models of the major ions H+ and O+ were based
on observational data.

N0+, N”... Not detected. Young et al. (1977) estimated
the sum of NO+, N; and 0; to be less than 10% of the
O+ density. Both chemistry and gravity work against mo-
lecular ions escaping into the high altitude plasmasphere,
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although this may not always be the case. For example,
during the large magnetic storm of August 1972, high con—
centrations of molecular species were seen at altitudes of
1,400 km by Hoffman et al. (1974).

Heavy Ions as Major Constituents

A major constituent is one which is sufficiently abundant
to alter plasma properties in a significant way. Evidence
for two phenomena that fall into this category has been
found with data from the GEOS spacecraft: the participa-
tion of He+ ions in the propagation and amplification of
ULF waves, and the presence of large quantities of O+
ions in the magnetosphere. The subject of He+ in wave-
particle interactions is treated in more detail by Roux
(1982)

He+ and Wave-Particle Interactions

Intense, nearly monochromatic ULF waves near Q“: are
often observed on GEOS-1 and 2 and on ATS (Mauk and
McPherron, 1980). The free energy source for the waves
is the pitch angle anisotropy of energetic protons above
~20 keV. When thermal (~1eV) He+ ions are present
at concentrations _Z_0.05 the waves are destabilized. Al-
though details of the instability are rather complicated
(Roux et al., 1982) He+ may play a further role in the
amplification process by creating a laser—like effect in which
waves propagating away from the equator are reflected
when they reach a value of the magnetic field such that
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the wave frequency is equal to the local bi-ion hybrid fre-
quency (Young et al. 1981 b)

fbi = VHe+]'[(1+ 377)/(1—3 77/4)]1/2

where 17 is the He+ concentration. Upon reflection the wave
again passes through the amplification region and growth
is sustained. A final point of interest is that the waves are
apparently intense enough to trap cold He+ ions and accel-
erate them to energies up to ~ 100 eV (Fig. 7). Roux (1982)
has pointed out that this heating represents an effective
friction between the hot (220 keV) protons and cold
(~1 eV) He+.

The point to be stressed here is that the presence of
He+ in sufficient quantities (; 5%) alters plasma character-
istics and causes new phenomena to appear. Similar phe—
nomena may also occur near the O+ gyrofrequency, and
ULF waves indeed been observed in this range (Fraser and
McPherron, 1982).

O+ and Solar-Cycle Induced Variations
in Magnetospheric Composition

Beginning with GEOS—1 operations in 1977 and continuing
with GEOS-2, it has been possible to obtain nearly complete
coverage of ion composition in the vicinity of geostationary
orbit (Lz6.6) through the end of 1982. This 51/2 year peri-
od brackets the current solar cycle maximum, during which
the O+ content of the equatorial magnetosphere has been
observed to increase dramatically (Fig. 2). Detailed analysis
of 31/2 years of GEOS data has shown that the abundance
of terrestrial heavy ion species (O + ‚ O2 + and He+) increases
with increasing solar EUV flux, apparently due to increased
scale heights of ions in the upper atmosphere and iono-
sphere as well as to increased ion production (Young et al.,
1981 a; 1982). One possible consequence of this phenome-
non is a systematic variation in the decay time of the storm
ring current due to changes in the proportions of major
ion species which are present. A second consequence is sug—
gested by the work of Baker et al. (1982) who find that
O+ has a destabilizing effect on the magnetotail, and the
presence of O+ may facilitate the occurrence of substorms.
One might therefore look for a solar cycle dependence in
either the frequency or onset characteristics of substorms,
based on variations in the abundance of O+ in the outer
magnetosphere.

Discussion

Figure 1 gives a very qualitative overview of typical magne-
tospheric abundances. The reader should keep in mind,
however, that large variations are observed, and in particu-
lar that the data refer primarily to a period near solar maxi—
mum (cf. Fig. 5).

We have tried to show in this brief resume how our
knowledge of magnetospheric heavy ions has expanded
both qualitatively and quantitatively in the past 5—10 years.
The discovery that heavy ions are major participants in
the dynamics of magnetospheric plasmas represents an im-
portant qualitative departure from earlier concepts. Like—
wise the growing number of ion species observed in the
magnetosphere is a real quantitative expansion of the ion
family, somewhat reminiscent of the proliferation of sub-
atomic particles in the field of nuclear physics with the
advent of large accelerators. At this juncture, and with the

planning of the next spacecraft mass spectrometers for the
OPEN mission already upon us, we might pause to ask
what composition measurements are most important and
will lead to real progress in this field.

Minor Ions

One question is whether it is useful to push for routine
detection of new and even rarer species, e.g. for solar wind
O6+ or O5+ or for ionospheric N+ or NO+. As mentioned
above, one can argue that a second, uniquely solar wind
species would be most useful if it could be detected together
with 4He2+ on a routine basis. This would require ~100
times the present sensitivity of GEOS-type instruments.
Since the GEOS-type has a geometric factor of ~10‘ 2 cm2
sr, which is already quite large for a plasma analyzer, an
order of magnitude increase in this parameter is difficult
to achieve without some radical design breakthrough such
as mass spectrometers which focus in both azimuthal and
polar directions. Increases in detector signal—to—noise ratio
also present a feasible avenue for improvement. Thus far
only passive shielding has been used and active shielding
by anti-coincidence techniques needs to be investigated. Un-
fortunately, this requires some investment in detector mass
and in electronic complexity. At present, 2-dimensional fo-
cusing devices, but no methods of active shielding, are being
considered for the next generation of plasma instruments
being studied for OPEN.

Major Ions

Improvements in this area can and will be made in the
future. Emphasis will be placed on obtaining rapid pitch
angle—energy measurements of several major ion species si-
multaneously. The OPEN era should see the development
of both mass spectrograph and time-of-flight techniques.
The former requires an ion optical design capable of
imaging all ion species simultaneously on a microchannel
plate detector. These instruments are planned to be imaging
in two dimensions, e. g. mass and polar angle. Time—of—flight
relies on nearly simultaneous detection of ions of nearly
equal energy per charge but different mass according to
their time-of—flight over a fixed distance of a few cm. Both
techniques are well known in the laboratory although nei—
ther has been applied to satellite—borne plasma instruments.

We may conclude by saying that the reign of the
“proton” is at an end. Its demise is not regretted, although
as a result magnetospheric particle populations have be-
come even more complex than previously imagined.
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Abstract. Two aspects of magnetospheric energetic particles
have gained increasing attention in recent years: firstly their
signatures, in particular the anisotropy, have been used in
order to study the behaviour of magnetospheric boundaries,
and secondly the particles themselves have been analyzed
in order to determine their acceleration mechanism. The
first aspect is particularly useful when studying the structure
and the temporal behaviour of the magnetopause and when
investigating such processes as reconnection. The accelera-
tion of particles has been found to be important at the
boundary of the plasma sheet. This paper presents a review
of recent ISEE observations of energetic ions and electrons
near the magnetopause and near the boundary of the plas-
ma sheet.

Key words: Magnetospheric boundaries —— Magnetospheric
energetic particles — Magnetopause — Plasma sheet

Introduction

The behaviour of energetic particles in the outer magneto-
sphere has been studied extensively for two decades. In
particular, observations of these particles have been used
in order to determine their acceleration sites, but they have
also been used as remote sensors in order to probe magneto-
spheric boundaries, as the magnetopause and the plasma-
sheet boundary. Spurred on by the high—quality data
returned from the ISEE satellites the topic of energetic par—
ticles near magnetospheric boundaries has gained new inter—
est. In this report, we will review recent progress made on
the structure of the magnetopause and the plasmasheet
boundary layer utilizing ISEE energetic particle observa—
tlons.

Density Gradients Near Magnetopause
and Remote Sensing

Due to their large gyroradius, energetic ions are ideally
suited to probe magnetospheric boundaries to large dis—
tances from the satellite, i.e. up to two gyroradii. This
concept has first been applied successfully near the magne-
topause by Konradi and Kaufmann (1965) and Kaufmann

* Based on an invited review paper given at the Symposium on
Plasma and Energetic Particles in the Magnetosphere, EGS
Meeting, 23—27 August 1982, Leeds, U.K.

and Konradi (1969; 1973). Assuming the magnetopause to
be a perfectly absorbing boundary, Williams (1979 a, 1980)
has analyzed ISEE 1 three dimensional energetic particle
distributions to infer magnetopause distances, orientations,
and velocities. The concept is shown schematically in Fig. 1,
taken from a paper by Fritz and Fahnenstiel (1982). Let
us assume that the magnetic field points in the z direction
in a GSE (geogentric solar equatorial) coordinate system.
A detector scanning in the ecliptic plane is measuring an
azimuthal ion distribution as shown in Fig. 1a as the dark
line.

The azimuthal scan exhibits a large anisotropy indicat-
ing that the satellite is close i.e. within two gyroradii of
a strong particle density gradient. Superimposed is a square
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Fig. l. Technique for determining trapping boundary parameters
near the subsolar magnetopause. At the top of the figure is the
16 sector normalized partially—trapped >24 keV ion distribution.
Superimposed is a square wave fit from which the angles (pD and
goA are obtained. The drop in count rate from (pD to (‚0A is interpreted
as scattering from a trapping boundary as shown in the lower
portion of the figure. From these angles, the perpendicular distance
R and orientation angle ß to the trapping boundary are obtained
(Fritz and Fahnenstiel, 1982)
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wave fit from which the angles (9A and (an are derived. These
angles are interpreted as the arrival directions at the satellite
of the last magnetospheric particles which are completing
their gyromotion without contacting the absorbing bound-
ary. This geometry is depicted in Fig. 1b, where it is seen
that particles with arrival directions counter clockwise from
0.4 to gap can complete their gyroorbits while those from
rpD to (0A will contact the boundary and are absorbed. The
angles (on and (0A allow a unique determination of the peri-
pendicular distance R and orientation angle ß to the plane
absorbing boundary. Williams (1979a) has assumed the
magnetOpause itself to be the absorbing boundary, al-
though Williams (1980) cautioned that such an identifica—
tion of the magnetopause is only valid in the sense that
one is identifying the last magnetic field line which contains
a trapped type particle distribution. Therefore, Fritz and
Fahnenstiel call this boundary the trapping boundary and
there are indeed cases in Williams (1980) where this bound-
ary is earthward of the magnetopause as determined from
the magnetic field measurements (e.g., 4 December 1977
magnetopause crossing).

We should like to avoid the concept of an absorbing
boundary altogether and refer instead to the sensing of a
sharp density gradient. We have to be more specific and
differentiate between a gradient in number density and a
gradient in gyrocenter density. Figure2 shows schemati-
cally the sensing of a sharp gradient of the gyrocenter den-
sity. Let us assume the magnetic field is in the z—direction
and there are no particles with a gyrocenter sunward (posi-
tive x-direction) of the gyrocenter boundary. The satellite
is at the center of the coordinate system. Particles with
arrival directions 901 and gaz are particles whose gyrocenters
are just inside the gyrocenter boundary. Particles with arriv-
al directions clockwise from to, to (02 have their gyrocenter
earthward of the gyrocenter boundary. Particles with arriv-
al directions counter clockwise from (91 to ça; must have
their gyrocenters sunward of the gyrocenter boundary and
as the gyrocenter density is zero here, these arrival direc-
tions are empty. The lower frame of Fig. 2 shows that the
satellite is observing particles at certain arrival directions
even if it is outside of the region of gyrocenter density,
i.e. the satellite is probing the boundary from the outside.
The distance to this boundary is half the distance to the
absorbing boundary introduced in Fig. 1. It may well be
that this sharp gradient in gyrocenter density is due to an
absorbing boundary (magnetopause, last closed field line,
etc.), but this is not necessarily so.

Fritz and Fahnenstiel (1982) found that the plasma
boundary layer occasionally penetrates up to several
hundred kilometers earthward of the trapping boundary
as determined by energetic ions. If the trapping boundary
determines the position of the last closed field line, the oc-
currence of magnetosheath plasma earthward of the trap—
ping boundary would be inconsistent with current merging
theories. However, the last closed field line is probably de-
termined more closely by the gyrocenter boundary intro-
duced above. This boundary is one gyroradius earthward
of the trapping boundary introduced by Fritz and Fahnen-
stiel, so that there would be no overlap between boundary
layer and closed field lines.

The investigations of Williams (1979 a, 1980) and Fritz
and Fahnenstiel (1982) revealed the existence of 100—400 5
waves with amplitudes of a few hundred kilometers of the
trapping boundary and, by inference, of the magnetopause.



178

1200-
A1=270 km

A2=14D km

ë

ë

ë
Distance

to
Trapping

Boundary

{km}

U.T. Day 312. 1977

Fig. 4. Periodicity in R. A double period sinusoid with periods
of 105 s and 18 min and amplitudes of 140 km and 270 km is super-
imposed on the trapping boundary distances obtained for the P0
channel. The 105 s periodicity is identified with waves on the
boundary, while the 18 min component is used to fit an apparent
inward r"breathing" mode motion (Fritz and Fahnensticl, 1982)

Figure 3, taken from Fritz and Fahnenstiel (1982), shows
for a particular inbound magnetopause crossing of ISEE 2
the distance from the satellite to the trapping boundary
as derived from the remote sensing with ions of different
energies. The energy bins are labeled P0 to P3 and range
from >24—m70 keV. The channel labeled Int is an integral
channel above 24 keV. One can clearly see the oscillatory
motion of the trapping boundary. In order to derive the

periodicities in R, Fritz and Fahnensticl have fitted a double
period sinusoid to the data of Fig. 3. The result is shown
in Fig. 4. The periods of the sinusoids are 105 s and 18 min,
with amplitudes of 140 km and 270 km. The authors
suggest that the 105 s periodicity is due to waves on the
boundary whereas the 18 min periodicity is a “breathing”
motion of the magnetopause as a whole. The concept of
a wavy structure of the trapping boundary is supported
by two more observations: Williams (1980) has shown that
the orientation angle ß (defined as a clockwise rotation of
the tangent to the magnetopause in the XSE, YSE plane from
the — Ysr: axis) shows significant variations. Figure 5 from
Williams (1980) shows for five magnetopause crossings the
orientation angle versus time for consecutive 1-min intervals
as indicated. Also shown are suggested periodic variations
with the respective period in seconds. Figure 5 shows the
regular presence of variations in the orientation angle of
the trapping boundary which are consistent with boundary
waves in the few hundred second period range. A second
observation suggesting a wavy structure of the boundary
is the different boundary distance obtained from the sound-
ing with different ion energies. As can be seen from Fig. 3,

{distances obtained with high energy ions (P3) are con-
sistently lower than distances obtained from low energy
ions (“:24 keV). Fahnensticl (1981) has suggested that in
the case of a wave geometry, the aspect ratio of the wave
could be such that the trough of the wave is accessible
to the smaller gyroradius ions, whereas the higher energy
ions come into contact with the wave crest. This is shown
schematically in Fig. 6.

1011 1 I I | | 1 I I 1 I l

30 12 Nov 77 _ _ 15I NovI 77 __ 20 NOV 77 _

T; P Î, ‚481;
Ë 1—

IE\:1—-—

“ J,

îÜ‘ f: J;
qa r —

[l
2 ° --m ~.._ _110__ "8--1 n.

j H - i\ f. 1
i I lî I1 l

2134 35 35 31' 38 39 UT 0609l101112 15 14 UT 0144 45 46 4T 48 UT
39 I I l I I I I I I I I

7

50,“
I NOV 77 a

È 4o r /' "“- ~* {F Tl h /s 211 - î /g D \1/ V \/ "3°
01

_ - _ ____________________

-20
_

~40 I I I J_ I I I I I I I - - + -
1522 23 24 25 26 27 211 29 so 31 52 33 UT F'g: 5' FIVE 1.111111; “”315 1‘111-

60 whleh nearly contiguous
' ‘ ' l Ï ' ' l ' Ï 7 l determinations of the

24 NOV 77 . .4B — magnetopause orientation angle

20 Î ï
could be made. ß is plotted versus

E T time for consecutive l—min
ä o ———————————————— -{— — — — intervals as indicated. Periodic
g variations with the indicated
a ‘20— _ period in seconds are shown for

‘41}— a reference. Two amplitudes at a
180-3 period are shown in the 15*60' — November 1977 panel (Williams,

- û I I l l 1 l I I 1 I I 1980)
1936 31’ 38 59 40 41 42 45 44 45 46 4T 4B UT



1203......a

801}-

1100"

km0

“400*

I—

-12ÜÜ -BÜÜ "400 0 400 860
‘

Iébo
km

Fig. 6. Sounding of the wave crest and trough at the magnetopause
by ions with different gyroradii (Fahnenstiel, 1981)

Energetic Particles and Reconnection

Energetic ions are often found to constitute a layer outside
of the magnetopause. Williams (1979 b), Richter et al.
(1979) and Lanzerotti et a1. (1979) reported the existence
of an energetic ion layer outside the magnetopause. Re-
cently, Scholer et al. (1981) investigated energetic particle
behaviour during magnetopause crossings which have been
identified by Sonnerup et al. (1981) as reconnection events,
i.e. where the rate of change of the tangential momentum
of the plasma as it flows across the magnetOpause layer
is equal to the net tangential Maxwell stress. Figure 7 shows
the time behaviour of the magnetic field (magnitude and
direction) and of the energetic protons during an outbound
magnetopause crossing on 8 September 1978 as shown in
Scholer et al. (1981). It can be seen that the energetic parti-
cle population extends well within the magnetosheath. In
addition the satellite encounters several burst-like energetic
particle events in the magnetosheath. Before interpreting
these observations we would like to discuss what a satellite
should observe near a magnetopause which is a rotational
discontinuity. A satellite crossing the magnetopause above
or below an x-type neutral line will encounter reconnected
field lines up to the outer reconnection separatrix. If magne-
tospheric trapped particles are escaping along the recon-
nected field lines, they should be observable up to the separ-
atrix, which is on the magnetosheath side of the magneto-
pause. Scholer et al. (1981) interpreted there observations
of energetic ions outside the magnetopause as a crossing
of the region between magnetOpause and outer separatrix.
Figure 8 is a schematic representation of an interplanetary
magnetic field line reconnected to a field line of the Earth’s
dipole. If magnetospheric particles escape along recon-
nected field lines a satellite crossing the reconnection region
above the neutral line should observe particles streaming
antiparallel to the magnetosheath field and a satellite cross-
ing below the neutral line should observe particles stream-
ing parallel to the magnetosheath field. This is indeed ob-
served: Fig. 9 shows spatial distributions in the ecliptic to-
gether with the projection of the magnetic field. Outside
the magnetosphere (e.g. 044:58—045:14 UT) the particles
are streaming antiparallel to the field consistent with a re-
connection line south of the satellite as determined from
the plasma measurements by Paschmann et al. (1979) (note
that Fig. 9 shows the intensity in the instrument look direc-
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Fig. 8. Schematic representation of an interplanetary magnetic field
line reconnected to a field line of the Earth’s dipole and correspond-
ing outflow of magnetospheric particles (Scholer et al.. 1981)

tion). Sonnerup et al. (1981) have shown that when the sat-
ellite is crossing south of the reconnection line particles
are indeed streaming parallel to the field.

Williams and Frank (1980) presented indirect evidence
for open field lines within the magnetosphere. They found
field-aligned asymmetries in the energetic ion distributions
at satellite positions inside the magnetosphere close to the
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field. Arrows indicate the projection of the magnetic field into
the ecliptic. The Sun is to the left of the figure (Scholer et al.,
1981)

magnetopause. Scholer et al. (1982a) re-examined the 8
September 1978 event in order to determine the field line
topology inside the magnetopause. When the satellite ap-
proached the magnetopause from the inside they first ob-
served trapped distributions between certain look phases
and missing particles at the other phases with respect to
the local magnetic field. This indicates that the spacecraft
is inside the last closed field line, but within 2 gyroradii
of it. The following three-dimensional scan (each scan of
the instrument takes 36 5) shows no particles at certain
phase angles, at the other phase angles the particles in the
600—90O pitch angle range are depleted, so that the field
line passing through the satellite is unable to mirror and
trap these ions below the satellite. However, as also empha-

sized by Eastman and Frank (1982), before and even for
some time after the magnetopause crossing of 8 September
1977 the energetic electrons exhibit a pancake like distribu-
tion (i.e. peaked at a pitch angle of 900), indicating a
trapped population and thus closed field lines.

Daly and Fritz (1982) have solved this apparent puzzle
and have shown how trapped-like electrons can be main-
tained on open field lines together with streaming ions.
They have investigated the idea that the electrons could
be trapped by magnetic mirroring from the increased field
in the magnetosheath. Figure 10 from Daly and Fritz (1982)
shows the total magnetic field plotted against time around
the magnetopause crossing (which at ISEE 2 occurred dur-
ing a data gap). Also indicated are times of streaming ions
and electrons. The magnetic field is seen to have a minimum
shortly before the magnetopause crossing and increases
again in the magnetosheath. Assuming a maximum magne-
tosheath field strength of Bm=59 nT for all field lines
crossed by the satellite Daly and Fritz (1982) converted
all values of B <Bm into an angle oc, that represents the
edge of the expected loss cone in that field. This angle is
shown on the right of Fig. 10. No particles are expected
at a pitch angle less than oc, particles between oc and 90o
are returning from the magnetosheath after mirroring, par-
ticles between 900 and 1800-06 are coming from the magne-
tosphere and will be reflected back and particles above
1800-0: can come from a source deeper in the magnetosphere
and will be lost in the magnetosheath. Measured upper
and lower cutoff angles in the electron distributions as
shown in Fig. 10 indeed follow the field strength curve rath-
er closely. Figure 11 is a reconstruction of the field line
geometry proposed by Daly and Fritz (1982). The vertical
line in the middle is the magnetopause and the bars between
some of the field lines indicate the mirroring points for
those particles with a pitch angle of 90o in the steady magne-
tosheath field. These particles are trapped on the field line
between the bars, i.e. the satellite will observe close to the
magnetopause inside as well as outside a trapped electron
distribution. The reason that energetic protons are not simi—
larily trapped is their much larger (43 times greater) gyrora-
dius. In a field of 55 nT, 36 keV protons have a gyroradius
of 500 km which is of the same order as the thickness of
the magnetopause current layer as determined by Russell
and Elphic (1978). It is thus unlikely that the ions can follow
the bend in the field line adiabatically, so that the mirror
hypothesis does not apply.

Magnetosheath particles are not only transmitted into
the magnetosphere and thus form the boundary layer but
they can also be reflected due to interaction with the current
layer. Sonnerup et al. (1981) found that some magneto-
sheath particles are accelerated in the magnetopause layer
and are reflected back into the magnetosheath, forming
a population having ~20% of the total sheath density just
outside the current layer. Similarily, energetic magneto—
spheric ions can be accelerated in the current layer and
are reflected back into the magnetosphere. Scholer and
Ipavich (submitted 1983) have presented some evidence for
the acceleration and reflection of energetic ring current ions
at the magnetopause. Figure 12 shows 64-s-averaged spatial
distributions of energetic protons around the final magneto-
pause crossing on 5 July 1978. These distributions are mea—
sured in the ecliptic plane; the Sun is to the left of the
figure and the intensity is plotted in the instrument look
direction. From the plasma and magnetic field data it has
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Fig. 11. Reconstruction of the field line geometry and spacecraft
trajectory. The vertical line in the middle is the magnetopause,
the lines with arrows are field lines. The bars between some of
the field lines indicate the mirroring points for those particles with
a pitch angle of 900 in the steady magnetosheath field, these parti-
cles are trapped on the field line between the bars. A horizontal
curve represents the spacecraft’s trajectory. The dashed lines and
the magnetopause separate regions A, B, C, and D of different
field line topology (Daly and Fritz, 1982)

been established that the satellite was north of a possible
x-type neutral line (Sonnerup et al., 1981). As outlined
above the satellite should observed inside the magneto—
sphere, i.e. when the magnetic field is pointing from dusk
to dawn (light arrow), a streaming of the magnetospheric
particles out of the magnetosphere antiparallel to the mag-
netic field. The anisotropies are, however, opposite to those
expected from the simple picture of magnetospheric parti-
cles leaking out along open field lines. Scholer and Ipavich
(submitted 1983) suggested that part of the magnetospheric
ions are reflected and accelerated at the magnetopause
current layer so that at a constant energy one might observe
higher fluxes of particles streaming away from the current
layer parallel to the field than towards the current layer
antiparallel to the field. Figure 13 from Scholer and Ipavich
shows, to the left, phase space densities of protons antipar-
allel to the magnetic field within the magnetosphere. Let
us assume that the open flux tubes contract over the magne—
topause at the speed VF. In a system moving with velocity
VF particles gain or lose no energy during reflection and

Il:////,,.8
14231333-14I32I37
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_. «32:37—14:33 41

\ g, s.
‚.54:33:41—14:34:45
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Fig. 12. Consecutive 64 s—averaged spatial distributions of
~30 keV, ~65 keV, and ~ 130 keV protons in the ecliptic plane
during a multiple magnetopause crossing. The Sun is to the left
of the Figure, the Sun sector is shaded. Also shown is the projection
of the magnetic field into the ecliptic plane (light arrow) as well
as the projection of the velocity vector (heavy arrow) into that
plane (Scholer and Ipavich, 1983)

transmission since there is no electric field and the field
lines are at rest. The distribution of the reflected particles
is then found by constructing the mirror image of the input
distribution about the field line speed multiplied with the
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Fig. 14. Schematic representation of the reconnection configuration
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reflection coefficient. Figure 13 shows distributions mir—
rored at 300 km/s (dashed) and 650 km/s (dashed-dotted).
Assuming either 50% or 10% reflection efficiency one can
easily obtain the measured phase space densities of particles
flowing within the magnetosphere away from the current
layer (open squares).

Before leaving the subject of steady state reconnection
at the magnetopause it should be emphasized that magneto—
spheric particles have to be continuously replenished on

open field lines. Scholer et al. (1981) noted that a field line
should be empty after reconnection within two bounce peri-
ods i.e. within approximately 1min. A satellite crossing
outbound, north of a neutral line should essentially observe
particles up to the inner separatrix, no particles between
inner and outer separatrix and an intensity increase close
to the outer separatrix. This is shown schematically in
Fig. 14. Since such a drop in intensity is never observed,
but the profiles look rather as at the top of Fig. 14, a rather
efficient continuous re-supply mechanism on open field
lines must be postulated.

Flux Transfer Events

A feature found for the first time by the ISEE satellites
and associated with the magnetopause are the so-called flux
transfer events (FTE’s). The FTE’s are evident from charac-
teristic signatures in the magnetic field data and have been
interpreted by Russell and Elphic (1978; 1979) as magnetic
flux tubes interconnected with the magnetospheric field.
Daly et a1. (1981), Scholer et al. (1982b), and Speiser and
Williams (1982) have investigated energetic particle signa-
tures during magnetic flux transfer events. Figure 15 from
Scholer et al. (1982b) shows, for a magnetopause crossing
on 8 November 1977, from top to bottom, the plasma
density, the three components of the magnetic field in the
boundary normal system: N is the vector outward and
normal to the magnetopause, L is the GSM (geocentric
solar magnetospheric) z-axis projected onto the magneto-
pause, and M is given by NXL. A positive excursion of
the N component, followed by a negative excursion before
returning to zero, is indicative of magnetic flux transfer
events in the magnetosheath. The lower panels show spin-
averaged energetic protons and electrons. During the two
FTE’s from 0212—0215 UT and 0233—0238 UT there are
clear particle enhancements of both protons and electrons,
although the electron intensity is considerably below the
intensity well within the magnetosphere. From the spatial
distributions of protons and electrons within the FTE’s
shown in Fig. 16 it can be seen that the protons are stream-
ing antiparallel to the magnetic field (the projection into
the ecliptic is shown by an arrow) whereas the electrons
exhibit a more or less isotropic distribution. The ion distri-
butions are consistent with a picture of magnetospheric par—
ticles leaking out into a magnetosheath magnetic flux tube
which is connected to the magnetospheric field. A qualita-
tive sketch of such a flux tube topology has been given
by Speiser and Williams (1982) and is shown in Fig. 17.
Speiser and Williams used a one-dimensional, quasi-static
model to follow particle orbits from the magnetosphere into
the sheath, and map the distribution function using Liou-
ville’s theorem. They found good agreement between their
model and the observations in the sheath if they assumed
the presence of an inward pointing normal magnetic field
component and the absence of a tangential electric field.
The latter fact may indicate that what one observes in
FTE’s is the peeling off of a well-defined flux tube that
underwent reconnection some time in the past. Speiser and
Williams (1982) and Scholer et al. (1982 b) observed quasi-
trapped (QT) distributions when entering and leaving
FTE’s. Speiser and Williams (1982) interpreted these QT-
distributions as the more slowly outward-moving particles
with large pitch angles that get left behind by the faster
particles with smaller pitch angles when a flux tube becomes
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opened. This implies that the reconnection process is still
occurring while one observes the event i.e. one sequentially
samples older and younger open field lines when crossing
an FTE. Scholer et al. (1982b), on the other hand, claim
that they observed particles mainly at 900 pitch angle when
entering the flux tube from above as well as when leaving
the flux tube below where one should expect to cross freshly
opened flux tubes. They suggest that at the boundary of
the FTE’s the magnetosheath field is draped around the
flux tube and may lead to grad B drifts and nonadiabatic
particle motion.

Daly and Keppler (1982) have reported that events pre-
viously designated inclusion events inside the magnetopause
have energetic particle signatures similar to those observed
during flux transfer events. Already Williams (1980) identi—
fied these events as close encounters of the satellite with
the last closed field line. Figure 18 shows energetic particle
data (two top panels) and magnetic field data in the bound-
ary normal coordinate system during an inbound magneto-
pause crossing on 10 November 1977. During the two
events in the magnetosphere, at 1503 and 1512 UT, the
magnetic field N-component shows negative and positive
excursions as during the FTE’s in the magnetosheath. The
ion intensity decreases somewhat and the pitch angle distri—
bution is such that the ions are steaming antiparallel to

the field. The electron intensity drops to the same low level
as in the flux transfer events. Daly and Keppler (1982) con-
cluded that these events in the magnetosphere are also flux
transfer events viewed from the other side of the magneto—
pause. This supports the interpretation of flux transfer
events as isolated flux tubes in the magnetosphere which
connect to the magnetosheath through the magnetopause.
Daly and Keppler (1982) have suggested that the same re-
supply rate for protons and electrons together with the con-
siderably smaller bounce time of the electrons could explain
the low levels of electron flux in the FTE’s inside and
outside the magnetosphere. A different explanation has
been given by Scholer et al. (1982b). They argue from the
observation of isotropic electron distributions that strong
scattering could result in a diffusion type leakage of the
electrons along the open flux tubes so that large flux differ-
ences between magnetosphere and magnetosheath can be
maintained.

Before leaving the subject of energetic particles at the
magnetopause we should like to mention the magnetopause
energetic electron layer. Such a permanent layer was found
by Baker and Stone (1977) along the distant magnetotail
and by Meng and Anderson (1975) and Domingo et al.
(1977) at high latitudes near the dayside magnetopause and
poleward of the polar cusp.
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Fig. 16. Energetic proton (30—36 keV) and electron (75—115 keV)
distributions observed during two flux transfer events on 8 No-
vember 1977. The intensity is plotted linearly in the instrument
look direction (Scholer et al., 1982b)

Energetic Ion Observations
of the Plasma Sheet Boundary Layer

Energetic ions in the plasma sheet have been studied for
many years. Their characteristic features have been used
to infer the acceleration site, temporal evolution of the
source, net energetic particle transport, electric fields and
magnetic field topology. For a recent review on the topic
of energetic particle bursts in the Earth’s magnetotail see
Krimigis and Sarris (1979). Here, we are not concerned
with energetic particles in the magnetotail in general but
with the recently detected thin layer of non-thermal parti-
cles streaming highly collimated along the tail field at the
edge of the plasma sheet.

First observations of energetic protons and alpha parti—
cles streaming at the edge of the plasma sheet towards the
Earth were reported by Möbius et al. (1980). Figure 19,
taken from Möbius et al., shows on the left side proton
and alpha particle spectra in two sectors of the instrument

Mognetopouse

Sheath

—’ B
â Flow

U ISEE

Fig. 17. Schematic representation of flow and field directions for
flux transfer events (Speiser and Williams, 1982)

which is scanning in the ecliptic plane. Angular distribu-
tions of ~65 keV/charge protons and alpha particles are
shown in the right half of Fig. 19. The sector numbering
is such that sector 2 is looking tailward, sector 4 is looking
towards dawn, etc. The data are shown consecutively in
time from top to bottom, and the angular distribution
display shows the counting rate on a linear scale. The parti—
cles are streaming predominantly earthward and the spectra
of both protons and alpha particles exhibit a maximum
of the flux between ~65 and ~ 130 keV/charge during the
first appearance of the particles. Furthermore, the alpha
particle layer is confined within the proton layer. The devia-
tion of the anisotropy from the Earth—Sun direction during
the first encounter of the plasma sheet energetic ion layer
can be explained by the effect of the density gradient per-
pendicular to the magnetic field at the boundary.

A detailed investigation of the energetic ions at the edge
of the plasma sheet has been performed by Williams (1981).
The three-dimensional measurements showed strong
streaming and beam-like characteristics at each transition
from low to high and high to low intensities in the energetic
particle population. The azimuthal asymmetries indicate
that the energetic ion streaming is located within
~2,000 km of the plasma sheet edge. In general, when en-
countering the plasma sheet, streaming ions are first ob-
served in the earthward direction at higher energies and
the spectrum turns over towards lower energies. Later in
the event earthward flowing particles are also observed at
lower energies. At the same time as low energy earthward
ion jetting is seen, tailward directed fluxes of higher energy
ions are detected. These tailward streaming beams are the
result of mirror point reflection of the earthward moving
ion population. Williams (1981) explained the observation
of peaked spectra in terms of a model where a source sup-
plying energetic ions comes in contact with the field line
going through the satellite position somewhere tailward of
the satellite. Figure 20 from Williams (1981) illustrates the
appearance of energetic ion beams at the satellite location
due to the propagation of ions from a source with a power
law spectrum a distance d away. The left side shows a E’ 3
differential energy spectrum and normalized arrival time
(1/vH=T/d, v” parallel velocity of ion) curves for pitch
angles of 0O and 600. The panels to the right show the
time evolution of the spectra observed with an instrument
located some distance d away. In this model peaked spectra
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evolving in time and pitch angle are simply due to propaga-
tion effects from a time-variable source. Williams (1981)
does not propose any specific source mechanism but con-
cludes that the variable nature of the source can be due
to a time-variable source, a spatially moving source or ran-
dom encounters of the spacecraft flux tube with a steady
source. This purely kinematical model is illustrated sche-
matically in Fig. 21. Note, however, that while a time-vari-
able source and a spatially moving source can result in
the same energy dispersion effects at the satellite position,
the spatial structure of the boundary layer is totally differ-
ent. In the first case (time-variable source) bursts of energet-
ic ions are produced intermittently somewhere in the tail
while in the second case (moving source) there are layers
of ions with different velocities which will move across the
satellite position.

Another explanation of the peaked spectra has been
given by Andrews et al. (1981 a, b) in terms of the well-
known velocity filter effect of a cross-tail electric field.
Figure 22a illustrates how this dispersion arises. Field
aligned particles of low and high Speeds V1 and V2 are
ejected from a source S close to the neutral sheet. The
ExB drift causes both particles to drift down with speed
Vfl so that their trajectories lie at different angles to the
magnetic field B. Thus the energetic ions are Spatially dis-
persed such that the most energetic particles lie furthest
from the neutral sheet. A satellite moving towards the
neutral sheet will observe successively particles to lower
and lower energies. Andrews et al. (1981a, b) have com—
bined this velocity dispersion effect with the tailward
motion of the source. In Fig. 22b a source moves from
position 81 to position 82. During this time particles of

slow and high speed (V1 and V2) have reached, under the
influence of the ExB drift, the end points of the arrows
V1 and V2, respectively. The connection of the endpoints
of V1 and V2 with the source position 52 then defines up-
ward moving fronts of slow and fast particles. Eventually
the satellite will be crossed by these layers of particles of
different energy. Figure 22c demonstrates how slow earth-
ward moving particles and fast tailward moving particles
can be observed simultaneously. For simplicity we neglect
the motion of the source and consider only the ExB drift
effect. Particles of slow velocity V2 are ejected from a source
at position S. Their velocity and the ExB drift velocity
then defines a line D2 where particles with the velocity V2
can be found. Particles of higher velocity V1 can be found
at a line D1 further away from the neutral sheet. Let us
assume that these particles are adiabatically reflected in the
near-Earth magnetic field. They will then move along a
line D1, which intersects the line D2 at some location. A
satellite at this location will observe simultaneously earth-
ward jetting ions of velocity V2 and tailward moving parti-
cles of velocity V1. Due to tailward motion of the source
regions with different particle velocity will move across the
satellite. Knowing the expansion speed of the boundary,
which is due to tailward retreat of the source, the cross-tail
electric field can be determined from the timing of the oc-
currence of ions with different velocities. Andrews et al.
(1981b) obtained from a particular plasma sheet boundary
crossing of ISEE 2 electric field values between 0.2 and
0.9 mV/m.

Neither Williams (1981) nor Andrews et al. (1981 a, b)
have suggested any particular source mechanism for the
energetic particles. Forbes et al. (1981) studied plasma data
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from ISEE 1 and 2 during a crossing of the plasma sheet
boundary. They inferred an upward motion of the plasma
sheet boundary of 20 i 10 km/s and found at the same time
plasma velocities of ~30i10 km/s toward the midplane
of the plasma sheet. The upward advance of the surface
of the plasma sheet in the presence of a downward convec-
tive flow induced by a dawn to dusk electric field in the
tail requires the tailward motion of an energetic particle
source. The source moves onto new magnetic field lines
which map progressively deeper into the tail. Forbes et al.
(1981) suggest that this motion of the source onto new

SECTOR

magnetic field lines is due to the tailward retreat of a mag-
netic neutral line and that particle acceleration is due to
magnetic reconnection.

Andrews et al. (1981 a) applied the remote sensing tech—
nique with energetic particles to the plasma sheet boundary.
They found upward speeds of the plasma sheet expansion
of ~50 km/s. From this, together with the observation of
detached flux spikes preceding the main plasma sheet entry,
a boundary structure has been proposed where the surface
of the plasma sheet is corrugated with boundary waves pro-
pagating horizontally. Although the sheet expands slowly
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encounters of the flux tube through the satellite with a source
in the geomagnetic tail

the large tilt angles produced by the waves can lead to
high vertical speed components.

Spjeldvik and Fritz (1981) have reported multiple plas-
ma sheet encounters during an ISEE 1 plasma sheet bound-
ary crossing. Figure 23 shows high resolution ion
(24—445 keV) and electron (22—39 keV) observations from
these authors. Several separate peaks are visible in the ion
data and the peaks are typically 2—6 min apart. The ions
are characterized by strong spin modulation indicating no
observable fluxes when looking earthward and high fluxes
when looking tailward. Since the instrument is scanning
from north to south and back in 72 3, these peaks are in
addition modulated by the scan motion as indicated by
the scan position at the bottom of each panel. Only the
interior of the last peak shows that the fluxes are essentially
isotropic with only a modest spin modulation, i.e. the satel-

U'

(13+

Fig. 22a. Diagram to illustrate how the ExB drift causes energy
dependent boundaries in the tail. b Diagram to illustrate how a
tailward retreating source together with the ExB drift causes
upward moving energy dependent boundaries. c. Trajectories of
particles which can be observed at the satellite when near-earth
reflection is included
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lite is now beyond the boundary layer in the interior of
the plasma sheet.

Spjeldvik and Fritz (1981) have interpreted the multiple
crossings of the energetic ion layer in terms of large-scale
waves of the boundary superimposed on the general plasma
sheet thickening associated with the substorm process. As—
suming that these waves are not travelling along the plasma
sheet boundary but are only normal to the plasma sheet
surface, the distance of the flow layer-lobe transition from
the neutral sheet can be described by a sinusoid in time
superimposed on the unperturbed surface position (see
Fig. 24). The same holds for the flow layer-plasma sheet
interior transition which is supposed to have a distance
D from the lobe-flow layer transition. From the data for
the last crossing shown in Fig. 23, Spjeldvik and Fritz
(1981) obtain a layer thickness of 750 km, a wave amplitude
of ~620 km and a wave period of ~216 s.

Energetic particles have been used successfully in order to
study magnetospheric boundaries like the magnetopause
and the plasma sheet boundary. Such studies require ideally
high temporal and good energy and angular resolution and
47: coverage. The diagnostic value of energetic particles lies
in the fact that due to their large gyroradii these particles
can probe magnetospheric boundaries to larger distances.
Such measurements have revealed the “wavy” structure
of the magnetopause. Furthermore, by using energetic ions
of magnetospheric origin as field line tracers the magnetic
field topology near magnetospheric boundaries can be in-
ferred.

It cannot be determined from energetic particle mea-
surements alone whether the magnetopause is a rotational
or tangential discontinuity. However, the observation of
certain signatures of energetic particles near the magneto-
pause has added confidence to the identification of recon-
nection events. Similarly, the observation of energetic mag—
netospheric ions in flux transfer events has given strong
support to the suggestion that these are flux tubes intercon-
nected with the geomagnetic field.

The magnetic field near the magnetopause can change
magnitude and direction over one gyroradius of an energet-
ic ion. This is particularly true close to an x-type neutral
line in a reconnection configuration or when magnetosheath
field lines are draped around a flux tube connected with
the magnetospheric field. In order to make further use of
energetic ions as topology tracers their nonadiabatic behav-
iour in such magnetic field configuration has to be studied.
Important contributions in this respect have been given by
Speiser et a1. (1981), Speiser and Williams (1982) and Daly
(1983).
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Magnetospheric ions are not only observed in the mag—
netosheath during reconnection events or in flux transfer
events but are a more common feature outside the magneto-
pause. Their occurrence leads to several new questions
which have not been attacked so far. In particular, it might
be possible that while plasma and field measurements rely
on the local occurrence of reconnection, energetic magneto-
spheric particles in the magnetosheath may be a signature
of reconnection occurring much further away from the mea-
suring site. A statistical analysis of their occurrence pattern
may give important information about the magnetopause
on a more global basis.

The energetic ion beams at the edge of the plasma sheet
are of great importance for the process of plasma sheet
recovery following magnetospheric substorms. It has been
suggested that the thickening of the plasma sheet during
recovery is caused by the populating of field lines previously
devoid of energetic plasma with new particles from the
neutral line region in the distant tail. Due to the tailward
retreat of the neutral line and the continuous reconnection
process, the plasma sheet builds up and thickens. Detailed
study of the energetic ion beams may shed light on the
origin of the plasma sheet.
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Abstract. ISEE-1 and 2 satellite observations at the dayside
magnetopause have enabled important progress to be made
on the solar wind/magnetosphere coupling problem. The
ISEE results have emphasized the significance of reconnec—
tion and have indicated that the process can occur both
in a quasi-steady form and in an unsteady (flux transfer
event (FTE)) manner. The detection of FTEs on open field
lines within the magnetosphere, the discovery of reverse
polarity FTEs, and the observation that FTEs can be asso—
ciated closely with intervals of quasi-steady reconnection
flow, all support further the view that FTEs are reconnec-
tion phenomena. Indeed, a sharp distinction need not exist
between FTEs and the type of reconnection event described
as quasi-steady.

Key words: Magnetopause — Low latitude boundary layer —
Reconnection — Flux transfer events

Introduction

The magnetopause or the outer boundary of the Earth’s
magnetic field, is the location of some of the most funda-
mental, yet arguably the most controversial processes in
magnetospheric physics: that is those which effect the
transfer of solar wind mass and momentum to the terrestrial
magnetosphere. There is little doubt now that the solar
wind does supply a significant fraction of the mass, and
a dominant amount of the momentum and energy involved
in magnetospheric motion. In particular it drives the mag-
netospheric convection system, which is central to our un-
derstanding of the macroscopic distribution of plasmas and
electromagnetic fields (both DC and AC) within the magne-
tosphere (see Cowley, 1982; Southwood, in press).

The controversy, which has persisted despite the twenty
years of in situ satellite measurements, concerns the exact
form that the coupling takes. Discussion has centred princi-
pally around two mechanisms: the first involving magnetic
reconnection between solar and terrestrial magnetic fields
as described first by Dungey (1961), and the second involv-
ing a “viscous-like” interaction, with diffusion of solar
plasma across the magnetopause (Axford and Hines, 1961).
The continuing debate, and especially the lack of direct

* Based on an invited review paper given at the Symposium on
Plasma and Energetic Particles in the Magnetosphere, EGS
Meeting, 23—27 August 1982, Leeds, U.K.

empirical evidence in favour of reconnection, led Lemaire
and Roth (1978) to suggest a hybrid coupling model involv-
ing “impulsive penetration ” of solar wind plasma irregular—
ities into the magnetosphere.

Shortly after the latter suggestion was made, the ISEE-1
and 2 satellites began providing the first high time and
3D resolution plasma data from the dayside magnetopause,
where the primary coupling interactions are believed to take
place. These measurements have thrown considerable light
on the solar wind/magnetosphere coupling problem, and
a discussion of the most recent ISEE results on this topic
will form the basis of this review. For a thorough assess-
ment of magnetopause and low latitude boundary layer
research prior to mid—1982, the reader is referred to the
review by Cowley (1982).

The new ISEE results have involved largely reconnec-
tion and, to reflect this emphasis, the paper divides as
follows. Two sections describe the in situ evidence from
ISEE that dayside reconnection occurs both in a quasi-
steady form (next section) and as a transient, patchy (flux
transfer event) process (subsequent section), with brief theo—
retical descriptions of the expected signatures in the field
and plasma data included in each case. The next section
considers the ISEE observations pertaining to the low lati-
tude boundary layer and offers a fresh interpretation for
the pulsed boundary layer features reported by Sckopke
et al. (1981). In the penultimate section the relative impor—
tance of the different coupling processes at the magneto-
pause are assessed in terms of the cross-magnetosphere po-
tential to which each gives rise. Conclusions and important
remaining questions comprise the last section.

Quasi-Steady Reconnection

Although the temporal and spatial characteristics of recon-
nection have yet to be established, early results suggest that
at times it occurs in the large scale quasi—steady manner
envisaged by Dungey (1961) and described subsequently
by Petschek (1964) and Levy et al. (1964). Twelve examples
of quasi-steady reconnection have been published to date
(Paschmann et al., 1979; Sonnerup et al., 1981 ; Gosling
et al., 1982), with further cases identified but not yet re—
ported (G. Paschmann, pers. comm, 1982).

Before reviewing this evidence, let us first briefly consid-
er the signatures in the electromagnetic field and plasma
which one would expect to see when steady subsolar recon-
nection is occurring. Figure 1 shows a cross—section through
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the dayside magnetopause current layer (shown hatched),
covering a region from slightly south, to well north of,
a reconnection X-line. The significance of the dashed field
lines in the vicinity of the ISEE satellites (marked 1 and
2) will be explained later. Those magnetosheath and magne-
tosphere field lines connected to the X-line are called sepa—
ratrices and are marked by an S.
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The electromagnetic effects associated with reconnec-
tion are a magnetic field component BN normal to the
boundary, and an electric field ET tangential to the current
sheet. These two effects change the momentum of inflowing
magnetosheath plasma through an acceleration process
which can be pictured as similar in action to a slingshot.
Maxwell field tension forces the sharply bent open flux
tubes to shorten by contracting polewards at the speed VF =
ET/BN, thereby causing plasma acceleration through the
release of magnetic field energy (Cowley, 1979; 1980). The
plasma acceleration can be understood in an equivalent
manner without recourse to the moving field line picture,
as due to the IXBN body force. Electromagnetic energy
is liberated to the plasma in the current layer (at the rate
LET) because the magnetopause current I has a component
parallel to ET. In addition to plasma acceleration the other
characteristic plasma feature of subsolar reconnection is
a mixing of magnetosheath and magnetospheric plasmas
along the open flux tubes.

With these basic theoretical ideas in mind, let us now
consider the ISEE data showing the first in situ evidence
that reconnection occurs in a quasi-steady form. “Quasi-
steady” in this context means that reconnection persists
for longer than the five minutes required to set up a flow
of open flux tubes over the entire dayside boundary. The
most studied example occurred on 8 September 1978, dur-
ing an outbound passage at a GSM local time and northern
latitude of ~ 1140 h and N260.

Plasma and magnetic field data are displayed for both
ISEE-1 and 2 separately in Fig. 2 (also see Paschmann
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Fig. 2. Plasma and magnetometer data from (left) ISEE 2 and (right) ISEE1 for thirty-six min during the outbound magnetopause
crossing on 8 September 1978. Each statellite’s posrtion is given (at the bottom) in terms of geocentric radial distance (R) in earth
radii, and GSM local time (LT) and latitude (LAT)
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et al., 1979 and Sonnerup et al., 1981). The plasma parame-
ters are 3D recordings with 12 s resolution, and the magne-
tometer data are 12 s averages plotted every 4 s. The top
panel shows Np, the total plasma number density (cm—3),
and Np, the density of energetic (8—40 keV) ions. Below
are plotted Vp, the plasma bulk flow speed (km s”), B,
the magnetic field strength (nT), and the Cartesian compo-
nents of the flow and field expressed in boundary normal
coordinates (Russell and Elphic, 1978). In this coordinate
system N is the estimated outward normal to the magneto-
pause, È points north such that the GSM î axis lies in
the L—N plane, while NI completes the orthogonal triad
and points westward. The normal used in Fig. 2 has GSM
components (0.768, —0.312, 0.560) and is the minimum
variance normal employed by Sonnerup et al. (1981). It
differs in direction by 240 relative to the Fairfield (1971)
model magnetopause normal (0.953, —0.050, 0.297) for the
satellite location. The data are subdivided by vertical lines
according to the main plasma regions and boundaries iden-
tified by Sonnerup et al. (1981): the ring current (RC),
boundary layer (BL), magnetopause current layer (MP),
and the magnetosheath (MS). The lines marked S denote
the location of the outer reconnection separatrix inferred
from the presence of energetic ring current ions in the mag-
netosheath. The significance of the interval bracketed by
dashed lines at ~00: 38.30 UT will be discussed later. The
satellite separation in LMN coordinates during the interval
was ~(300, 1,300, — 1,500) km measured from ISEE 2 (the
lead satellite) to ISEE 1.

The striking feature of the data is the high speed flow
seen by both satellites in the boundary layer and in the
region marked as magnetopause. These speeds are
5—10 times greater than those recorded later in the magne-
tosheath, and as the positive values of VL and VM show,
the plasma acceleration is directed northward and dawn-
ward (also see Eastman and Frank, 1982). The vector chan-
ge in plasma momentum across the magnetopause matches
expectations for the effect of “slingshot” acceleration from
the release of magnetic field stress on open flux tubes
(Paschmann et al., 1979). This acceleration is interpreted
as quasi—steady because high speed flows are seen intermit-
tently (due to boundary motion) at one or other satellite
for at least half an hour. The presence in the vicinity of
the magnetospause of an inward-pointing normal magnetic
field component of 5—10 nT is clear also. A negative BN
is consistent with a satellite location north of the reconnec-
tion X-line, as also is the streaming anti-parallel to B of
the energetic magnetospheric ions seen in the magneto-
sheath (Sonnerup et al., 1981; Scholer et al., 1981; 1982;
Daly and Fritz, 1982). The detection of energetic ring
current ions well outside the magnetopause with no discon—
tinuity in density at the boundary (Fig. 2), and the fact
that the plasma density in the boundary layer is intermedi-
ate between magnetosheath and ring current values, both
imply a mixing of plasmas along open flux tubes.

In short, there exists virtually a complete set of recon—
nection signatures. The only missing item is a direct mea-
surement of the tangential electric field, which is due to
the relevant instrument being in an unfavourable mode dur-
ing the interval. One observation has proved puzzling
though, and that is the behaviour of the energetic electrons
(tens of keV and greater) reported by Eastman and Frank
(1982) and Scholer et al. (1982). These show a trapped dis-
tribution on field lines which the high speed flows and

streaming energetic ions imply are open. Since trapped elec-
tron distributions are characteristic of closed field lines,
Eastman and Frank (1982) and Eastman et al. (submitted)
disagree that reconnection is occurring, favouring instead
an interpretation based on the impulsive penetration model
of Lemaire and Roth (1978). However, Daly and Fritz
(1982) present evidence that electrons may be trapped on
open field lines, due to magnetic mirroring about the field
strength minimum which occurs in the magnetopause
current sheet (Fig. 2). Although reconnection theory pre-
dicts such a field depression, it would be interesting to inves-
tigate the behaviour of the energetic electrons in other re-
connection events to establish whether similar behaviour
occurred.

The tangential electric field is another feature which
needs investigation in the other reconnection events. Tan-
gential electric fields have been reported for a few ISEE
magnetopause encounters (Mozer et al., 1978; 1979; Fahle—
son et al., 1979) but none of these cases correspond to inter-
vals of quasi-steady reconnection. For the boundary cross-
ing on 20 November 1977, which has received the most
study in regard to DC electric field behaviour, Mozer et al.
(1978; 1979) report an average ET of 1.7 mV m“1 and a
local power dissipation to the plasma of ~70 q‘Z.
However, no significant plasma flow acceleration is ob-
served in this case (Sonnerup et al., 1981), a discrepancy
the reason for which is not understood.

As mentioned earlier, in addition to the 8 September
1978 case, eleven other ISEE dayside magnetopause cross-
ings have been published to date with properties suggestive
of quasi-steady reconnection. As well as these examples,
many further instances of reconnection have been identified
in ISEE data where the process, rather than appearing
quasi-steady, seems to occur in a transient, patchy manner,
referred to as “flux transfer events” or FTEs (Russell and
Elphic, 1978). FTEs form the next topic of discussion but
it is appropriate to mention them first briefly here, as the
data in Fig. 2 contain an observation which may have a
significant bearing on their nature. FTEs can occur in close
association with intervals of quasi-steady reconnection flow
(Paschmann et al., 1982 (their Fig. 3); Rijnbeek et al., 1982)
so there could be a physical connection between the two
processes. The data enclosed by the dashed vertical lines
at ~00:38.30 UT in Fig. 2 are an instance of such associa-
tion. These observations suggest a basis for the physical
connection for as ISEE 1 is encountering an FTE, ISEE 2
located 1,500 km nearer the magnetopause, apparently sees
quasi-steady reconnection flow. Further discussion of this
point is reserved for later.

Flux Transfer Event Reconnection

The first suggestion that reconnection may occur as a local—
ised, transient process, was made by Haerendel et al. (1978)
following analysis of HEOS 2 magnetometer data from the
dayside low latitude boundary layer. ISEE dayside observa-
tions have confirmed this suggestion, though the data pub-
lished to date indicate that patchy or unsteady reconnection
occurs in the equatorial vicinity, rather than near the cusps
as originally envisaged.

The discovery of signatures in the ISEE data indicative
of isolated reconnected magnetic flux tubes was first re-
ported by Russell and Elphic (1978; 1979) and Elphic and
Russell (1979). These “flux transfer events” (FTEs) were
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Fig. 3. Schematic view (from the magnetosheath) of two open FTE
flux tubes shortly after a localised reconnection event at the dayside
magnetopause. The southerly contracting open tube gives rise to
the recently discovered “reverse” polarity FTE. The LMN coordi-
nate directions are included for reference in the top right hand
part of the sketch. (Figure is after Rijnbeek et al., 1982)

initially identified from their characteristic signal in the
magnetic field when expressed in boundary normal (LMN)
coordinates; namely, a bipolar (positive followed by nega-
tive) perturbation in BN, together with a northward tilting
of the magnetosheath field. Previous interpretational work
(Russell and Elphic, 1978; Paschmann et al., 1982; Cowley,
1982) has shown that these properties are characteristic of
reconnection occurring on a short-scale.

The origin of the FTE BN signal can be understood
with the aid of Fig. 3 (after Rijnbeek et al., 1982) which
shows a sketch of the dayside subsolar magnetopause
shortly after a localised reconnection event has occurred
near the equator in the centre of the diagram. A southerly
(—L) and easterly (—M) directed group of magnetosheath
field lines has reconnected with the northerly directed mag-
netospheric field, so that the magnetic tension force causes
the two parts of the reconnected open tube to contract
along the magnetopause in the directions indicated by the
open arrows. This contraction gives rise to perturbations
in the overlying magnetosheath plasma and field. A satellite
observing the northwards moving open tube will see a posi-
tive perturbation in the magnetic field component normal
to the magnetopause as the tube approaches, and a negative
perturbation as it recedes. The southward moving open
tube, however, will give rise to a reverse BN signature, that
is, negative followed by positive, and a reverse polarity FTE
will be seen. Within the open tubes deflections in the plasma
flow and field direction should occur (Cowley, 1982; Rijn-
beek et al., 1982). In particular, the magnetosheath ends
of the tubes will be pulled towards the Earth’s field direc-
tion, while the magnetospheric ends will be pulled similarly
towards the direction of the magnetosheath field. The plas-
ma flow inside the northerly moving open tube should be
deflected northward and westward relative to the ambient
magnetosheath flow, while the plasma flow within the
southerly contracting open tube should be perturbed south-
wards and eastwards.

Nearly all the flux transfer events reported in the litera-
ture to date were observed soon after ISEE satellite launch
in the late autumn of 1977, when ISEE was sampling north-
ern GSM latitudes of typically 200—400. These FTEs all
possess the positive followed by negative BN polarity ex—
pected for open tubes moving north following reconnection
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Fig. 4. ISEE 1 plasma and magnetic field measurements of the mag-
netopause region for the inbound crossing on 9 August 1978. The
plotted parameters and their units are identical to those described
for Fig. 2, except V2, which is the GSM z (northward) component
of the plasma velocity (km s“ 1). “Reverse” polarity FTEs are de—
noted by the vertical guidelines at ~ 19:21 and ~20204 UT, while
the dashed line at ~20:11 identifies the magnetopause. (Figure
is after Rijnbeek et al., 1982)

near the equator. The first report of a negative or reverse
polarity FTE has been given recently by Rijnbeek et al.
(1982). The data presented by these authors are shown in
Fig. 4 and come from the inbound ISEE boundary pass
on 9 August 1978 which occurred only 20 above the GSM
equator. Plasma measurements (taken from Sonnerup et al.,
1981) are shown above magnetometer recordings plotted
in boundary normal coordinates. This boundary crossing
has added interest because Sonnerup et al. (1981) identify
the interval between 19:34 and 19:53 UT as one where
quasi-steady reconnection was occurring. In particular it
is the only example published so far where the satellite
was situated south of the reconnection region. This is indi-
cated in Fig. 4 by the southward deflection in direction
of the accelerated plasma flows.

In the magnetosheath both before and after the interval
of quasi steady reconnection, unsteady reconnection was
occurring in the form of flux transfer events at ~19:21
and ~ 20.04 UT. These FTES display all the characteristics
described by Russell and Elphic (1978; 1979) and Pasch-
mann et al. (1982), except that here the B1V polarity is nega-
tive to positive, and the magnetosheath plasma flow is de-
flected southward (albeit at one data point). From the dis-
cussion earlier, the latter properties are those expected for
open FTE flux tubes located south of the reconnection
region and connected to the Earth’s southern hemisphere.
The energetic ion streaming which accompanies both events
also is consistent with connection to the southern hemi-
sphere (P.W. Daly, pers. comm., 1982). Thus the FTE and
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quasi-steady reconnection properties both indicate that re—
connection was occurring north of the satellite. Although
Rijnbeek et al. (1982) only discussed the one event, reverse
polarity flux transfer events are observed during several
other boundary crossings near or south of the GSM equator
(Berchem and Russell, 1982; R.P. Rijnbeek, pers. comm.‚
1982)

Low Latitude Boundary Layer Observations

The origin of the low latitude boundary layer (LLBL), the
region containing tailward flowing plasma earthward of
and adjacent to the magnetopause with characteristics inter-
mediate between the magnetosheath and magnetosphere,
is clearly basic to our understanding as to how solar wind
momentum is transferred to the magnetosphere. Satellite
observations prior to ISEE generally indicated that diffu-
sion of each plasma population across the magnetopause
was the primary LLBL formation mechanism (Hones et al.,
1972; Akasofu et al., 1973; Eastman et al., 1976; Haerendel
et al., 1978; Eastman and Hones, 1979). High resolution
plasma measurements recorded by ISEE in the LLBL have
also been interpreted as indicating an origin involving diffu-
sion (Hones et al., 1982; Eastman et al., submitted).
Sckopke et al. (1981) also claim consistency with diffusion
providing the diffusion coefficient is sufficiently large. How-
ever, it is not proven that diffusion is always the source
of the layer. When reconnection is occurring a plasma pop-
ulation is set up interior to the magnetopause with proper-
ties similar to that of a diffusively driven boundary layer.
The major distinction when reconnection is dominant is
that the boundary layer flow may exceed the exterior flow
speed because the plasma is subjected to the I >< BN force
as it penetrates the magnetopause.

The fact that several ISEE boundary layer crossings
agree in detail with the occurrence of quasi—steady reconnec-
tion, indicates that in these cases diffusion was not the main
boundary layer source. The‘ existence of magnetosheath
FTEs also implies a boundary layer origin not involving
diffusion. Indeed, a scan of the Los Alamos/Garching ISEE
fast plasma data shows that bursts of plasma acceleration,
accompanied by “sharp—edged” pulses of magnetosheath
plasma, are a common boundary layer feature, and often
possess a 1—2 min timescale similar to that reported for
magnetosheath flux transfer events.

Since FTEs were discovered in the magnetosheath, early
work concentrated on their magnetosheath characteristics.
However, if the interpretation suggested by Russell and
Elphic (1978) involving localised magnetic reconnection
across the magnetopause is correct, each magnetosheath
FTE should have a counterpart feature inside the magne—
tosphere (see Fig. 3). The latter should appear as a pulse
of accelerated magnetosheath plasma and possess magnetic
field perturbations similar to those which accompany mag—
netosheath FTEs, except that in this case the field should
be pulled towards the sheath field direction if the sheath
flow is sub-Alfvénic (Cowley, 1982). In the absence of mag-
netic mirroring on open field lines the energetic particles
should exhibit streaming along B, as in magnetosheath
FTEs.

The first reports of magnetospheric FTEs with the
above properties have recently been made by Daly and
Keppler (1982) and Paschmann et al. (1982). A possible

6 NOV 1977 ,

10 III
.....

IIIIIIW"IIIIII II
Np Wfirf II :l III II 1tIII I2I I3I4I HâH 89 I. =

.
'

I

Vp 200 :
100’

1.0
20

BL o
-2o

20
aM o

-20
i

20
BN 0

I

I
I

"_

—‘1

.___
-—I——_..__

__

1.—":—

‚.— ‚_

ä

l

1
l

40_fi IIIII |IIIII H _
B Il

zo-J [ 1
l

o L

315E
JLM :

E

Ï

I

.1
I I I n—I

-—II I I I I I
111111

L

l

. . :-—-—-—- . 5—.— .. C . .. . F——_——

.

h .
“9—...—

_J__

270 _
225 _
130 ~ . „.„.. . ..„. <

UT 4:55 08 21 34 4 OO 6:13
R 11.68 12 44 13.13
LT 0748 0800 0810
LAT 37.6 39.6 41 3

Fig. 5. ISEE 1 plasma and magnetometer recordings for the 6 No-
vember 1977 outbound crossing of the low latitude boundary layer
and magnetopause. With the exception of ocLM, the field angle in
the LM plane, the plotted parameters are the same as described
previously. The main intervals (or “pulses”) of flowing boundary
layer plasma are marked by vertical lines and numbered near the
top of the diagram. A magnetosheath FTE is bracketed by the
dashed guidelines at ~06204 UT

example of another counterpart feature was noted by Rijn-
beek et al. (1982) and is marked in Fig. 4 by the right-hand
vertical guideline. This feature is associated with a pulse
of accelerated plasma, a reverse polarity (negative/positive)
perturbation in BN and a slight tilting of the boundary layer
field towards the magnetosheath field direction. Clearer ex-
amples of internal FTEs exist in the ISEE LLBL crossing
which has received most study to date, the 6 November
1977 outbound pass. This dawn flank northern latitude
boundary layer passage has been studied by Sckopke et al.
(1981) and Paschmann et al. (1982). The interpretation giv-
en below is based on ideas developed by the author together
with S.W.H. Cowley and D.J. Southwood.

ISEE 1 plasma and magnetometer data for a 78 min
interval spanning the boundary layer and magnetopause
regions on 6 November 1977 are shown in Fig. 5. The plas-
ma data are 3D measurements with 12 s resolution, and
the field recordings are displayed in boundary normal coor-
dinates using a normal calculated by approximating the
magnetopause as a tangential discontinuity. This normal
differed in direction by 200 relative to the Fairfield (1971)
model normal employed by Sckopke et al. (1981) but the
conclusions described below are independent of which
normal is used. The bottom panel shows the field angle
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ocLM in the LM plane (tangential to the magnetopause) de-
fined in the same manner as the angle cx’B displayed by
Sckopke et al. (1981) (see their Fig. 3), with ocLM=0° di—
rected along L (northward) and ocLM: 90o pointing towards
M (westward).

At the start of the interval shown in Fig. 5 ISEE was
in the tenuous plasma sheet plasma (also see Sckopke et al.,
1981). The boundary layer (BL) plasma of magnetosheath
origin was encountered first at ~04: 59 UT, and is identi-
fied by the sharp increase in density and bulk flow speed.
The magnetopause, indicated by the sharp reversal in BL
was crossed only once at ~05: 50 UT. During the interven—
ing 51 min, nine (numbered from left to right) quasi-period-
ic “pulses” of boundary layer plasma were observed, each
having a distinctive saw-tooth or square-wave density
profile. The latter feature, and the density profile for pulse
(9), are clearer in the higher time resolution 2D density
data published in Sckopke et al. (1981). This publication
also shows that the bulk flow in the pulses was generally
directed tailwards.

Turning attention to the lower panels in Fig. 5, and
in particular to the ocLM plot, it is clear that the BL pulses
are accompanied by well defined rotations in the magnetic
field. The principal field perturbations occur in the M or
east-west component. During pulses (1) to (6) BM increases
sharply and the field, as indicated in the ocLM plot, rotates
tailwards by N300. In the Hones et al. (1982) BL field per—
turbation terminology, this field tilting would be described
as “reverse draping”. While a consistent BM deflection is
not observed in pulse (7), pulses (8) and (9), closest to the
magnetopause, show BM tilts directed opposite to those seen
in the earlier pulses. The field now rotates sunward by ~ 300
relative to the ambient field direction at 04:55 UT. This
deflection is towards the magnetosheath field direction, as
expected for field pulling if the magnetopause is open and
the sheath flow is sub-Alfvénic (see Fig. 3).

Another feature which distinguishes the pulses closest
to the magnetopause is their larger plasma flow speeds.
The bulk flow is enhanced by 50—100 km 3‘1 relative to
the background magnetosheath level and to flow speeds
in pulses (1) to (6). A similar speed increase also occurred
in the magnetosheath associated with the prominent flux
transfer event marked by the vertical dashed lines at
~06z04 UT. Inside the FTE the field clearly tilts towards
the ambient magnetospheric direction. One should also note
that BN deflections similar to those which accompany this
magnetosheath FTE, occur in the vicinity of pulses (5) to
(9). Furthermore, the duration of the BL pulses is very
similar to that reported typically for magnetosheath FTEs
of 1—2 min. In view of these similarities it is difficult not
to believe that, at least, pulses (8) and (9) are on open
tubes and are closely related to magnetosheath FTEs (see
also Paschmann et al., 1982). This conclusion is supported
by the Lindau energetic particle data (kindly supplied by
P.W. Daly) which show strong streaming of the energetic
(>25 keV) ions antiparallel to B inside pulses (8) and (9),
and in the magnetosheath FTE, thus indicating open tubes
connected to the Earth’s northern hemisphere. Further-
more, all the boundary layer pulse flux tubes are nearly
empty of energetic (> 20 keV) electrons.

Accepting that pulses (8) and (9) correspond to the mag-
netospheric ends of open FTE fluxtubes, the question arises
as to the origin of the earlier pulses where the field tilts
the other way and the flow speeds are lower. In theory
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Fig. 6. Sketch of a tailward and northward propagating FTE ob-
served from inside the magnetosphere. The field within the open
tube is shown twisted as implied by the observed BN perturbations.
It is suggested that these “internal” FTEs may correspond to the
BL “pulses” reported, for example, by Sckopke et al. (1981)

these features could arise from diffusive plasma entry at
northern high latitudes, as Hones et al. (1982) discuss. How-
ever, this would mean different source mechanisms for the
early and late BL pulses, when it is very tempting to see
the data as a connected sequence of pulse encounters across
the BL region.

A possible explanation for the change in character of
field tilting as the magnetopause is approached is embodied
in Fig. 6, which illustrates how one might visualise a
BL FTE observed from inside the magnetosphere. The
magnetosphere and magnetosheath “ends” of the open
tube are indicated in the sketch; a satellite outside the mag-
netopause would see the latter as a magnetosheath FTE.
Field tension, shown by the open arrow, causes the recon-
nected BL flux tube to tilt sunwards relative to the back-
ground magnetospheric field, thus producing a negative BM
perturbation. As the reconnected tube contracts northward
along the magnetopause it distorts the ambient field and
thus gives rise to the bipolar positive to negative BN pertur-
bation discussed above. However, as Paschmann et al.
(1982) and Cowley (1982) independently point out, this
draping effect can not be the sole cause of the BN signal,
since there would be then zero BN field inside the open
tube, whereas the observed signals resemble sinusoids and
certainly do possess an interior BN component. This implies
that the field lines are twisted about the FTE flux tube
axis due to a field-aligned current flowing along the open
tube. The field twisting is indicated in Fig. 6 by the wavy
field line.

A field-aligned current can explain why the field tilting
in the earlier boundary layer pulses was opposite to that
seen in the pulses closest to the magnetopause. Figure 6
shows that if the twist in the interior field becomes large
enough, tailward tilting of the field could occur in the flux-
tube section furthest from the magnetopause. Evidence for
strong spatial structure inside the 6 November 1977 BL
pulses is indicated by the simultaneous observation of op-
positely directed field tilts at ISEE 1 and 2 for a brief inter-
val during pulse (9) (data not shown). Apart from this in-
stance, however, the ISEE 1 and 2 plasma and field data
are very similar throughout the BL passage, indicating that
satellite separations much greater than the ~500 km ex-
isting at the time are generally necessary to examine the
spatial structure inside BL pulses. A study of dual satellite
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data for the autumn and early winter of 1978, when ISEE
separations near the magnetopause much exceeded 500 km,
should be productive. A further point favouring the notion
of field twisting in FTEs is that reversals in the direction
of field tilt, as in the 6 November 1977 BL pulses, are ob-
served also in magnetosheath FTEs. A clear example is
seen in Fig. 15 of Elphic and Russell (1979) (also see Fig. 2
of Paschmann et al., 1982).

Having discussed the physical properties of FTEs in
the magnetosheath and boundary layer, let us now consider
further the observation noted above, that during the 8 Sep-
tember 1978 boundary crossing ISEE 1 sees an FTE while
ISEE 2, located approximately 1,500 km nearer the magne-
topause, apparently observes quasi—steady reconnection
flow. Referring to Fig. 2 and the interval in question at
~00:38.30 UT, the FTE is identified with the prominent
BN perturbation and is associated with a pulse of acceler-
ated boundary layer plasma a decrease in the energetic
( > 8 keV) ion density and a dropout in the flux of energetic
(>20 keV) electrons (see Fig. 8 of Scholer et al., 1982 for
the latter information). These properties coupled with a
deflection in field direction by ~15° away from the magne-
tosheath field direction and an in/out plasma flow compo-
nent normal to the magnetopause, are similar to those
which accompanied pulses (1) to (6) in the November 1977
boundary layer crossing (Sckopke et al., 1981). Although
the BN perturbation is not of the “classic” FTE type, a
bipolar BN signal is observed when the data are plotted
using either the Fairfield (1971) model magnetopause nor-
mal or a tangential discontinuity normal. It is interesting
to note that ISEE 2, as also did ISEE1 later, observed
FTE—like signals before encountering the region of quasi-
steady reconnection flow. For example, weak FTE signa-
tures exist in the ISEE 2 EN record at ~00:25 and
~ 00: 28 UT, each associated with a pulse of magnetosheath
plasma.

These facts raise the question as to whether a sharp
distinction can really be drawn between FTEs and the type
of event discussed by Sonnerup et al. (1981) and referred
to as “quasi-steady” reconnection. Cowley (1982) suggests
that the two phenomena may simply represent different
regions on a continuous spectrum of space and time scales.
If variations occur in the rate at which reconnection erodes
magnetic flux, one might expect bulges containing extra
flux to form. As these bulges contract polewards in the
reconnection flow they would give rise to FTE signals in
the overlying magnetosphere and magnetosheath field re-
gions but not in the central open field line region between.
The dashed lines in Fig. 1 indicate schematically the distor—
tion to the steady state reconnection field pattern envisaged
due to the change in flux tube cross—section accompanying
a pulse of increased eroded flux. Although Fig. 1 is drawn
for antiparallel internal and external magnetic fields, similar
field distortions would occur in cases where the fields are
not strictly antiparallel. In this context, the ISEE satellite
positions in Fig. 1 apply for the interval at 00:38 UT on
8 September 1978. Before and after the field bulge en-
counter, ISEE 1 is located earthward of the inner separatrix
S1, but crosses it as the bulge is passing. The plasma flow
at ISEE 1 is dominated largely by an in/out motion asso-
ciated with the bulge passage, but it is curious why the
accelerated flows at ISEE 2 are substantially larger (see
Fig. 2). While the interpretation outlined above is tentative,
it provides a framework for empirical study.

Reconnection or Diffusion: Which Process Dominates?

This review has highlighted the recent experimental evi-
dence for magnetic field reconnection at the dayside magne-
topause. Although some readers may disagree with this
choice of emphasis, the ISEE satellite results have pointed
up the significance of reconnection. This in situ evidence
should be added to the large mass of indirect evidence accu-
mulated during the past twenty years (Cowley, 1982). By
its very nature a diffusive coupling process can not explain
the accelerated plasma flows which a short scan of the ISEE
Los Alamos/Garching plasma data shows are present com-
monly in the boundary layer.

It should be emphasized, however, that boundary layers
also exist when the magnetosheath magnetic field is directed
northward and there is no evidence either for quasi-steady
or FTE reconnection. Clear examples of such BLs, which
appear thick, unstructured and lacking in plasma accelera-
tion, are seen in Fig. 1 of Russell and Elphic (1978) (also
see Fig. 1 of Paschmann et al. 1978) and in Fig. 4 of
Eastman et al. (submitted). The occurrence of boundary
layers when the IMF is northward indicates that reconnec-
tion is not the only solar wind/magnetosphere coupling
mechanism. For example, Reiff et al. (1981), in a study
comparing the cross polar cap potential drop (typically
50—100 kV), measured by low altitude satellites with solar
wind parameters, identify a background value of ~30 kV
that is independent of IMF orientation. They suggest that
this voltage could be associated with a mechanism other
than reconnection, although it may include a residual po-
tential arising from earlier intervals when IMF BZ was
southward, due to the inertia of the coupled atmosphere-
ionosphere—magnetosphere convection system. To reduce
the effect of such inertial lag, Wygant et al. (submitted)
studied polar cap potentials following prolonged periods
(~3 h) of northward IMF. They found that the voltage
then declined to about 20 kV, a value which is comparable
to the maximum in situ estimate for the convection poten-
tial generated by tailward closed flux tube transport in the
low latitude boundary layer. For example, let us consider
the 6November 1977 boundary layer passage shown in
Fig. 5. If, as Sckopke et al. (1981) favour, these boundary
layer observations are on closed field lines, the typical pulse
bulk speed (~ 150 km s— 1), field strength (~40 nT) and es—
timated layer width (~6,000 km), and the fact that such
flows are present for roughly a third of the time, give a
voltage of ~12 kV, or ~24 kV for dawn and dusk BLs
combined. However, if as suggested here these BL flows
are mainly on open field lines, then ~24 kV is clearly an
upper limit for the convection potential generated by non-
reconnection processes. Similarly the combined voltage
values of ~ 5—25 kV suggested by the flank BL observations
reported by Eastman (1979), Eastman and Hones (1979)
and Eastman et al. (submitted), also should be considered
upper limits for the voltage arising from closed BL flux
tube motion. Thus, as observations at both low and high
altitudes indicate that non-reconnection processes provide
only a small, though possibly significant, fraction of the
total magnetospheric voltage, diffusion at the magneto-
pause may be, at best, only of moderate importance in
driving magnetospheric flows (also see Cowley (1982) for
a detailed discussion of this topic).

In contrast, quasi-steady and FTE reconnection can eas—
ily give rise to voltages of the correct order for driving
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magnetospheric convection. The preliminary evidence avail-
able so far (Sonnerup et al., 1981) indicates that quasi—
steady reconnection can occur over a broad region of the
dayside magnetopause, covering roughly four hours of local
time either side of noon (a linear dimension of ~25 RE).
Using the inferred tangential electric field for the 8 Sep-
tember 1978 reconnection event of ~1 mV m‘l, gives a
total voltage across this region of ~150—200 kV, which is
a factor of 2—3 greater than typical cross—magnetosphere
values. Although this voltage is an upper limit, since the
instantaneous longitudinal extent of the reconnection re—
gion may be restricted, the value is compatible with recon-
nection playing a major role in magnetospheric dynamics.

The transfer of magnetic flux associated with FTEs also
contributes a significant voltage. Russell and Elphic (1978)
estimate the magnetic flux eroded by a single FTE to lie
in the range 2 >< 106 to 3 >< 107 Wb. From the limited data
published so far, FTEs recur typically on a 5—20 min time-
scale, so if ~107 Wb is transferred every ~10 min, the
mean voltage associated with the process is ~20 kV. If
the local time extent of an FTE is restricted, this value
will be a lower limit, because not every FTE may be seen
at a particular magnetopause location. In summary, the
fact that total magnetospheric voltages of ~ 50—100 kV may
be obtained readily from the observed reconnection pro-
cesses but not from diffusively driven closed flux tube
motion in the LLBL, supports the view that reconnection
is the dominant process in coupling the solar wind to the
magnetosphere and in driving magnetospheric convection.

Conclusions and Key Remaining Questions

The major factor which limited magnetopause studies prior
to ISEE was the time resolution and 2D nature of satellite
plasma instrumentation. The high time resolution 3D fast
plasma experiments on ISEE have provided the first con-
vincing in situ evidence for quasi-steady (or large-scale) re—
connection. More commonly though, reconnection seems
to occur as a small-scale or localised process in the form
of flux transfer events (FTEs), which can have either a
normal or a reverse polarity, depending upon whether the
nett motion of the open flux tube is north or south. The
discovery of FTEs on open tubes within the magnetosphere,
and the fact that most of the quasi-steady reconnection
events published to date have clear FTEs in close associa-
tion, (in one instance ISEE 1 observes an FTE simultaneous
to ISEE 2 apparently seeing quasi-steady reconnection), is
additional evidence that FTEs are reconnection phenom-
ena. These recent findings strengthen the view that recon-
nection is the dominant mechanism for coupling solar wind
mass and momentum to the magnetosphere.

An important remaining question concerns the IMF
conditions under which reconnection takes place, and in
particular, the factor determining whether it occurs as a
quasi-steady or FTE process, if indeed a sharp distinction
exists at all between these two phenomena. The only con—
trolling parameter apparent so far is the dependence on
IMF BZ: all the reconnection events and FTEs published
to date occur when IMF BZ is near to zero or negative.
A topic also requiring further investigation is the location
of the reconnection region: is it situated near the equator
as Dungey (1961) predicted and as all the in situ evidence
available so far largely supports, or does it also occur in
the cusps as Haerendel et al. (1978) suggested? One also
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wishes to determine the source of the field-aligned currents
which accompany FTEs, and to investigate where these cur-
rents close in the magnetosphere. Are they, for example,
compatible in direction and magnitude with the low altitude
Region 1 field—aligned currents as Cowley (1982) suggests?
These are some of the present questions in a fascinating
and rapidly progressing subject.
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Motion of Flux Transfer Events on 10 November 1977
Determined by Energetic Particles on ISEE 2*
P.W. Daly and E. Keppler
Max—Planck-Institut fiir Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. The medium energy particle spectrometer on
board ISEE 2 has been used to measure the orientation
and motion of the flux transfer events (FTEs) seen at the
inbound magnetopause crossing on 10 November 1977. The
method used is a simple version of the remote sensing tech—
nique using azimuthal asymmetries of ion intensities, that
has previously been used to sound the magnetopause. Dur-
ing these events, the particle intensity was high enough that
the secondary detectors, looking out of the ecliptic plane,
could also be used, in spite of their much lower geometry
factors. Only ions with pitch angles near 900 were employed,
which eliminates some of the uncertainties of the method.
The FTEs are seen to approach the spacecraft from the
magnetopause side, with a northward component of veloci-
ty, and to retreat towards the magnetopause, also with a
northward component. This is consistent with the picture
of FTEs as isolated flux tubes in the magnetosheath con-
nected to the magnetosphere which then move poleward
to release magnetic tension. The northward motion has ear-
lier been deduced only from the magnetic signature and
is observed here directly for the first time. The speed of
the FTEs is of the order of 100 km/s, and the size is of
the order of an earth radius.

Key words: Magnetopause — Flux transfer event — Energetic
particles — Remote sensing

Introduction

Flux transfer events (FTEs) were discovered by Russell and
Elphic (1979) in the magnetic data from the ISEE spacecraft
during dayside magnetopause crossings. They were first ob-
served in the magnetosheath, near the magnetopause, and
were interpreted from the magnetic signature as a localised
flux tube connected to the magnetosphere, being pulled po—
leward (northward in these cases) by the magnetic tension
of the bent field line. That FTEs were indeed interconnected
to the magnetosheath was confirmed by Daly et a1. (1981)
who showed that they were accompanied by streaming mag-
netospheric ions. The direction of streaming indicated con-
nection to the northern hemisphere, consistent with the
deduced northward motion. FTEs have since been dis-

* Based on a paper given at the Symposium on Plasma and Ener-
getic Particles in the Magnetosphere, EGS Meeting, 23——27 Au—
gust 1982, Leeds, U.K.

Offprint requests to: P.W. Daly

covered inside the magnetopause (Daly and Keppler, 1982)
and with so-called ‘reverse’ magnetic signatures, indicative
of southward motion (Rijnbeek et a1., 1982). Further ener-
getic particle data have been presented by Scholer et a1.
(1982), as well as plasma and magnetic data (Paschmann
et a1., 1982), and plasma wave data (Anderson et a1., 1982).
Modelling of the events by tracing ion trajectories through
the magnetopause has been carried out by Speiser et al.
(1981) and by Speiser and Williams (1982).

In this work two FTEs from the 10 November 1977
inbound magnetopause crossing are analysed to determine
the orientation and motion of the energetic particle bound—
aries. The method used is that of remote sensing by means
of azimuthal asymmetries in the energetic ion intensities.
This technique, based on the finite gyro-radii of the parti-
cles, was introduced by Kaufman and Konradi (1969) to
sound the magnetopause and was first employed using the
particle spectrometer on board ISEE 1 by Williams (1979).
Further work has been published by Williams et a1. (1979)
and Williams (1980). Fritz and Fahnenstiel (1982) and Fritz
et a1. (1982) have used the ISEE 2 instrument to probe
the magnetopause, while Andrews et a1. (1981) have used
the same device to measure plasma sheet motions. Daly
(1982) has presented a critique of how the method should
be employed at different types of boundaries, using more
than one gyro-radius. These criticisms do not apply to the
present work, since only ions at pitch angle 900, and thus
at only one gyro-radius, will be analysed.

Instrumentation

The medium energy particle spectrometer on board the
ISEE spacecraft is described elsewhere (Williams et a1.,
1978), but the main points will be summarised here. The
primary instrument on ISEE 2 (WAPS, Wide Angle Particle
Spectrometer) consists of a silicon surface barrier detector
with a geometry factor of 0.01 cm2 sr to detect ions, looking
at a direction 820 to the spin axis. A magnetic field sweeps
electrons into separate detectors. The energy threshold for
protons is 25 keV, for electrons 20 keV. Four secondary
sets of detectors with lower geometry factors (factor of 80)
are mounted at 10°, 440, 1360, and 1700 to the spin axis.
These detectors are designated NAPS (Narrow Angle Parti-
cle Spectrometer) 1, 2, 3, and 4 respectively. Normally the
NAPS detectors have too low a count rate to be useful
at the outer magnetosphere, but since the events to be dis-
cussed here have unusually high intensities, measurements
from these detectors will be included in this analysis.
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Fig. 1. Ion and electron intensities, in
three pitch angle ranges, from the WAPS
detector on ISEE 2, plotted against time

ISEE—B MAGNETIC DATA 1977—Nov—1a DAY 314 L014 BIT-RATE from UT 1430 to 1505 on10 Nüvembflrrrrr...r,.... ....,....,...
BL_ggF a} “My, *' 31 1977, during an inbound pass of the

magnetopause. Also included are the
BH 813F T x -.-» +51 magnetometer data in the boundary~sal: 1"" . ‚wWW 1 normal coordinate system (LMN). BT is

the magnitude of the magnetic field; T is
the universal time; X, Y, Z are the

BTIBBE .WL-- Iw-- . No" . . . 11":“? . . . . . n . . . . . . . . satellite's GSE coordinates in earth radii
'h=14.33 14.35 14.43 14.45 14.53 14.55 15.33 15.35

= 7.53 7.43 7.32 7.22 7.11 5.99 6.84 8.72
Y= -3.97 -3.93 -3.85 -3.78 -3.73 -3.63 -3.53 —3.45

= 3.32 2.98 2.92 2.87 2.83 2.74 2.98 2.59

Directional information is obtained by sorting the count
rates during one spin (3 s) into sectors, the number of which
depends on data format and bit-rate. The number of sectors
for the WAPS during the events in this paper is 8. This
directional resolution within the spin plane (which is also
the plane of the ecliptic) is supplemented by use of the
NAPS detectors looking out of the spin plane. The NAPS
detectors are not sectored at this time, that is, they yield
only one measurement averaged over the entire spin.

Data

Figure 1 shows ion and electron data on 10 November
1977 from UT 1430 to 1505, during an inbound pass of
the ISEE 2 satellite. Also shown are the magnetic field data
from the U.C.L.A. magnetometers, plotted in the boundary
normal coordinate system (LMN) of Russell and Elphic
(1979). The spacecraft is in the magnetosheath until
UT 1440 (BL<: 0, marked 8TH), in the magnetosphere until
1447 (BL:>0, marked MS), is again in the magnetosheath
until 1459, when it enters the magnetosphere for the final
time. The particle data are from the WAPS detector only,
and are divided into 3 pitch angle ranges of width 60° each,
plotted as dotted, solid, and dashed lines. The FTEs at
UT 1435 and 1455 have the characteristic magnetic signa-
ture, where the component normal to the magnetopause,
8N, goes first positive then negative before returning to
zero. There are several other FTEs during this time interval,
including one inside the magnetosphere at UT 1502, but
only the first two mentioned will be treated in this work.
These two events are accompanied by increases in the ion
and electron intensities. The ion intensities are close to their
magnetospheric values and are greatest in the direction anti-
parallel to the magnetic field (dashed line highest in upper
panel of Fig. 1). The electrons are fairly isotropic and of
much lower intensity than in the magnetosphere. They pre-
sumably escape from the opened field line much more

quickly than the ions, leaving an isotropic background pop-
ulation.

Remote Sensing
What is not shown in Fig. 1 are the azimuthal asymmetries
about the magnetic field. That is, at two different directions
making the same angle to the magnetic field there can be
different intensities observed. This effect is caused by the
particle’s finite gyro—radius plus a density gradient. As ex-
plained by Daly (1982), the particle intensity should be a
function only of pitch angle and position of the gyro-center.
Particles detected at the spacecraft at constant pitch angle
but different gyro-phase angles have different gyro-center
locations and can therefore have different intensities. For
this work we consider the intensity to be a step function,
to be either high or low. Different sectors can switch at
different times, allowing us to determine the orientation,
and thus direction of motion, of the particle boundary of
the FTE.

The direction of the magnetic field in the magnetosheath
is essentially along the geocentric solar ecliptic (GSE) Y
axis, with a small inclination (17°) towards -—Z and +X.
Thus sector 1 of the ISEE 2 WAPS instrument, which looks
towards +X, sector 5, which looks towards — X, the NAPS
1 detector, which looks along +Z, and NAPS 4, which
looks along —Z, are all close to 90” to the field line. The
intensities of the ions in these four directions are shown
in Figs. 2 and 4, for 5 min intervals covering the FTEs at
UT 1435 and 1455, respectively. The various curves have
been shifted vertically to separate them, and have been la—
belled with arrows according to the flow direction of the
corresponding particles in the GSE XZ plane. With Z
upwards and X to the right, then NAPS 4 detects upward
moving particles, WAPS sector 1 observes those moving
to the left, WAPS sector 5 those to the right, and NAPS
1 secs those going downwards.
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Fig. 2. Ion intensities in four directional channels which look per-
pendicular to the magnetic field, plotted against time for 5 minutes
containing the FTE at UT 1435. The channels are shifted vertically
to separate them

TURN-OFF

1977 115v 111 FTE M 1435
Fig. 3. Representation in the GSE XZ plane of those channels
which have high intensities at the beginning and end of the FTE
at UT 1435, showing also the deduced orientation of the particle
boundary

From Fig. 2 it can be seen that for the FTE at UT 1435
the upward and leftward moving ions switch from low to
high before the those in the other directions. At the end
of the event the upward particles remain high longer, while
the left and rightward particles decrease together. These
two situations are illustrated in the X2 plane in Fig. 3.
In the upper part of the diagram the beginning of the FTE
is shown, with ions moving upwards and to the left. A
quarter of each gyro-orbit is plotted as a dashed line, and
the corresponding gyro-centers are marked with a star. The
event turns on with particles whose gyro-centers are located
below and to the left of the spacecraft; that is, the particle
boundary must be oriented from lower right to upper left,
as indicated by the shaded bar, and is moving towards the
upper right. At the end of the event, the lower part of
Fig. 3, the upward moving particles, those with their gyro—
center to the left, persist longest, and those moving left
and right, with centers below and above, are lost together.
The boundary is vertical, as shown, and moves to the left.

A similar analysis can be performed for the FTE at
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Fig. 5. The same as Fig. 3, but for the FTE at UT 1455

UT 1455. Figure 4 shows the plot against time of the inten-
sities of the four directions perpendicular to the magnetic
field. Again those moving upwards and to the left turn
on before the others, and the upward moving particles turn
off last. This time, however, the rightward moving ions
tend to last one spin longer than the leftward ones. The
representation in the XZ plane is given is Fig. 5. The upper
part is the same as in Fig. 3, but the lower part, the end
of the event, has been drawn to reflect the asymmetry be-
tween the rightward and leftward moving ions: the bound-
ary is oriented from lower left to upper right and moves
to the upper left. The inclination from vertical is perhaps
exaggerated.

Discussion

The four directional channels of the ISEE 2 ion detector
which are perpendicular to the magnetic field see the onset
and end of the flux transfer events at different times, allow-
ing one to determine the orientation of the particle bound-
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ary. The determination is very rough, to within half a quad-
rant in the plane normal to the field, in this case the GSE
XZ plane. In both cases the event begins with the particle
boundary moving along the positive X and Z axes, that
is coming from the magnetopause and from the south. Both
events end with the boundary moving along the negative
X axis (towards the magnetopause), and in the second case
at 1455, also along the positive Z axis. The L axis of the
LMN coordinate system (Russell and Elphic, 1979), which
is identified as north, is inclined 210 to the left of the Z
axis. Thus all the boundary motions in Figs. 3 and 5 have
a northward component.

Paschmann et al. (1982) have classified both these FTEs
as their type A, meaning the field is more southwards during
them than in the magnetosheath, contrary to the predictions
of the simple picture. Their explanation is that these are
shallow penetrations of the events, seeing only the draping
of the ambient field outside the reconnected flux tube itself.
They point out that this is not consistent with the observa-
tion of magnetospheric particles unless these can leak
outside. Such a leakage is postulated for the remote sensing
method, but such particles must exhibit gyro-phase asym-
metries. That particle distributions without such asymme-
tries are observed at some time during each FTE demon-
strates that the reconnected flux tube must have been en-
countered. For the FTE at 1435, this encounter is about
20 3 long, whereas for the one at 1455 it is 60 s. We conclude
that the reconnected flux tube was fully penetrated, at least
briefly, and that the magnetic field in these events is more
complicated than that derived from simple pictures. Cer-
tainly the field aligned current which is required to explain
the normal component signature (Paschmann et al., 1982;
Rijnbeek et al., 1982) would also produce a southward com-
ponent even fully inside the FTE.

An estimate of the velocity of the events can be made
from the size of the gyro-radius and the time of passage
of the particle boundary. The average energy of the ions
(assuming protons) in the >25 keV integral channel is
37 keV (spectral index during‘ the FTEs is 4, Daly et al.,
1981) and the field is 100 nT, which makes the gyro-radius
275 km. From Figs. 2 and 4 one sees that the particle
boundary takes roughly 10 s to cross all the channels, a
distance of two gyro—radii. The velocity is then of the order
of 55 km/s. This however is the velocity along the normal
of the boundary surface. If the FTE is moving in the plane
of the magnetopause and the particle boundary is inclined
450 to the real direction of motion, then the velocity of
the FTE is 55/sin (45)=78 km/s. The duration of the FTE
is about 2 min, which would mean its physical size is
9,400 km. These calculations are order of magnitude only.

Summary and Conclusions

The particle boundaries of the flux transfer events are seen
to sweep over the spacecraft with a velocity of the order
of 100 km/s, from the magnetopause and the south, and
to retreat towards the magnetopause and to the north. The
size of the event is of the order of an earth radius. The
original picture of Russell and Elphic (1979), in which FTEs
were bloated flux tubes moving northward on the outer
surface of the magnetopause, is confirmed by this direct
observation of the motion of the associated particle bound-
aries. This analysis is made possible for the events at the
crossing of 10 November 1977 because the ion intensities

were high enough for the NAPS detectors to be useful,
and because the magnetic field was so oriented that four
directional sectors could be found looking perpendicular
to it.
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On the Dynamics of the Ring Current"
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Abstract. The present knowledge of the ring—current popu-
lation is first briefly summarized, with emphasis on the
lower energies. It is then shown that in the February 1979
magnetic storm O+ ions of 517 keV energy contributed
considerably to the energy density of the ring current in
its entire altitude range. They probably dominated the day-
side ring current, from an energy density point of view,
in the early phase of the storm. It is argued that these
O + ions, observed in the dayside magnetosphere in the early
phase of the storm, were extracted directly from the dayside
ionosphere over a wide latitude interval. The likely impor-
tance, from an energy density point of View, of O+ ions
in the ring current at higher energies (>17 keV) where the
composition has not, as yet, been investigated, is finally
discussed.

Key words: Ring current — Energetic particles in magnetosp—
here — O+ ions

Introduction

The cause of the world-wide depression of the geomagnetic
field intensity during the main phase of magnetic storms,
which has been studied for more than a hundred years
(Adams, 1880; 1881; Ellis, 1880), is a westward—directed
ring current flowing around the Earth. In the last two de-
cades spacecraft borne instruments have demonstrated that
the ring current is due to strong increases, in the range
L=2—7, in the fluxes of electrons and ions which drift
around the earth and give rise to the westward current
(Hoffman and Brachen, 1967). The ions contribute most
to the current and the magnetic field depression is propor-
tional to the energy density of the ring-current plasma
(Sckopke, 1966). A fairly complete distribution function
for the ring—current ions, determined as a function of L,
was first obtained less than ten years ago by Explorer 45
(Williams and Lyons, 1974).

When the Explorer 45 payload was planned and built
the ring-current ions were assumed to be virtually all
protons, so the lack of a composition—determining instru-
ment on board was not considered to be important. The
first energetic-ion mass-spectrometer measurements in

* Based on an invited review paper given at the Symposium on
Plasma and Energetic Particles in the Magnetosphere, EGS
Meeting, 23-27 August 1982, Leeds, U.K.

space, made by the Lockheed group on low-orbiting satel-
lites, were reported in 1972 (Shelley et al., 1972) and the
then astonishing result was that, during magnetic storms,
the precipitated energetic-ion fluxes in the 0.7—12 keV ener-
gy range sometimes contained even higher fluxes of O+
ions than of H+. These observations raised the question
of whether the then dominating view, of the ring—current
particles as brought into the inner magnetosphere by con-
vection and diffusion from greater distances on the night
side (the plasma sheet and the tail), was the whole truth
or whether direct injection from the ionosphere might con-
tribute significantly (Shelley et al., 1972, and others later).

Williams (1979; 1981) has recently summarized the de-
velopment of our understanding of the ring current during
the seventies. He has emphasized the importance of compo—
sition determinations in a figure and a table reproduced
here (Fig. 1 and Table 1). Both Fig. 1 and Table 1 demon-
strate effectively the lack of knowledge of the composition
of the majority of the ring-current particles. Only for the
low and high energy tails of the ring-current ion population
have direct measurements of the composition been possible
hitherto. Figurel also indicates the effect of part of the
ions being O+ instead of H+ (dashed curve) and demon-
strates that the quiet-time ring current has a harder energy
spectrum than the storm-time one. It should be emphasized
that the profiles in Fig. 1 are based on Explorer 45 observa-
tions before and during one single magnetic storm, in De-
cember 1971, which was a large one (Dst reached
— 190 nT), and that smaller storms may show different pro-
files, especially in the inner part of the ring-current region
where differences in the penetration depth of the injected
particles become apparent.

After Explorer 45 only a few satellites have provided
detailed ring current information. Balsiger et al. (1980) and
Balsiger (1981) have analysed GEOS 1 data for two storms
covering the energy range from a few tens of eV to a few
hundreds of keV. The ring current composition below
17 keV, during the recovery phase of magnetic storms, has
been studied by Balsiger et al. (1980) on the basis of GEOS
observations and by Lundin et al. (1980) with Prognoz-7
data, with slightly different emphasis. Their results are sum-
marized by Williams (1981). Lennartsson et al. (1981), Pe-
terson et al. (1981), Sharp et al. (1983) and others have re-
cently published results of ISEE1 measurements of the
composition of the ions below 17 keV in the ring-current
region as well as in the plasmasheet, adjacent to the ring
current and at great distances. They have all demonstrated



|00000210||

204

QUIET TIME RING CURRENT
I00 Ï I I IÏ

III!
Ï I I

IIIII‘
l I Ï I I

“o l
ä 80*

l
—

Ë E I ~
U) I
E 60* I —

Ë I3 ___________________ _
o l I
o 40— i | fi
E I |

E ” I I d
o I |
\° 20* | I

~
° _________ ' I _

I I I
O

1 1111111 l 1 1111111 l 11'11111

I IO I00 I000 _Compositionl Energy (keV) IComposnion

8 RECOVERY PHASE RING CURRENT
6'00 I 1 I'll!" l r I||III| 1/!)

Ë _________________‚4’ _m / IÈ“ 80— ..
Ë __ // i __ä / I
ç 60—

l/ ; “
Ë ——————————— —/— — I a
“J / I I
E 40— / I I —
‘i’ / I I5 e / I ' ‘
u

// I :
q

E

20+—
/

:
l

Ü: ------/-/— I l -‘
“_ // I I I
00 / .1.1„111.11..1111 111.11

o\° I I0 I00 I000
Composition I Energy (keV) IComposition

Fig. 1. Cumulative percentage of ring current energy density vs
energy for pre—storm and early recovery phases of the major geo-
magnetic storm on 17 December 1971, as observed by means of
Explorer 45 (After Williams, 1981). Solid curves assume all ions
are protons. For the dashed curve in the lower diagram all ions
below 50 keV have been assumed to be O+ ions and all ions above
50 keV, protons.

Table 1. Ring current composition summary (after Williams, 1979)

that, in the energy range studied, O+ ions of ionospheric
origin constitute an important part of the hot magneto-
spheric plasma, from a number density point of View, dur-
ing disturbed conditions.

None of these authors have dealt with the question of
the importance of the observed, fairly low-energy, ring-cur-
rent ions for the magnetic effects of the ring current, i.e.
of the variation of the energy density distribution with
energy and L. This review addresses that question as one
of its main concerns (although the data available is very
limited). In fact there is very little data published on this
matter, which may be partially due to the fact that, in order
to obtain a cross cut through the whole ring—current region,
eccentric orbit satellites are needed. Most satellites in recent
years have had very eccentric orbits, which means long
orbital periods and generally only one passage through a
storm—time ring current per magnetic storm (GEOS-l is
the exception). With highly-eccentric-orbit satellites one
thus needs good luck to have a good satellite passage
through the ring-current population in the appropriate
phase of a storm. The present report is largely based on
a fairly detailed analysis of one single such “lucky” obser-
vation of the day-side ring current in the early main phase
of the 21 February 1979 magnetic storm by means of
Prognoz 7. The approach is different and complementary
to those of the studies referred to above.

Energy Density Distributions

For the reasons mentioned above (and possibly others) very
few observations of the distribution of the energy density
in the ring current against energy and radial distance have
been published. The question we address in this section
is the following: Are the heavy ions of ionospheric origin
in the ring current, observed hitherto only below 17 keV
for technical reasons, of any importance for the magnetic

Energy Technique H He C
(keV)

Source
preference

O Comments 3

S 17 Direct x ><
observation

S 30—50 Inference >< x

50—100

~ 101H‚000 Inference x

Z 600 Direct x >< x
observation

>< Low altitude; synoptic surveys;
trapped and precipitated; energy,
latitude, and time dependence in
relative abundances

Ionosphere

>< Equatorial decay rates-charge ?
exchange comparisons; recovery
phase; time dependence in relative
abundances

No information; centrum of ring ?
current energy distribution is
in 50—100 keV range

Equatorial intensity profile-cross ?
L diffusion comparisons; steady
state and recovery phase

>< High altitude; energy, altitude, and Solar Wind
time dependence in relative
abundances

3 Depending on energy, altitude, and time of observation, it is possible for any of the ions indicated to dominate the ion distribution
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Fig. 2. Ion energy density spectra (protons assumed) measured by
Explorer 45 during pre-storm quiet-time (orbit 97) and during early
recovery phase (orbit 102) for the 17 December 1971 geomagnetic
storm. (From Smith and Hoffman, 1973)

-B
I0 - '—

. Outbound 53—15. '“mund 1
’

I-ISBkeV

I
E

.

c.) "T _
-

.
0': IÛ T ' fi

E“
.

m

3:"

.Ë

I

CI ‘B
l

3-. h ‘ '
9 IO :

‚K x Orbit 97
Ë h .- _ x Orbit 10| ‘t. I;

LLJ _-_ n Orb” 102 E
— o DrbIt 105

-9
IÜ

5 A 5 4 5 2
L (Eorth Rodiil

Fig. 3. Proton energy density radial profiles as measured by Explor-
er 45 (S3-A) during pre-storm quiet (orbit 97), main phase injection
(orbit 101), and recovery phase (orbits 102 and 103) for the 17 De-
cember 1971 geomagnetic storm. (From Smith and Hoffman, 1973)

effect associated with the storm—time ring current, or is the
magnetic disturbance completely dominated by the higher
energy ions in the main part of the ring—current energy
range. As this question is of some general interest we will
discuss how far we can get in answering it on the basis
of the limited published data available.

The most complete data set (except for composition)
for the energy density distribution, as a function of energy
and L, during different phases of a magnetic storm is that
obtained with Explorer 45 during the December 1971 storm
(Smith and Hoffman, 1973). This was a large storm
(ltIma,_=190 nT). The observations were made in the
evening-midnight sector. This storm is also discussed by
Williams (1979). Two figures of Smith and Hoffman (1973)
are reproduced here as Fig. 2 and 3, as they summarize
well the energy density distribution as function of energy
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Fig. 4. Ion energy density Spectra obtained by ISEE 1 during pre~
storm quiet-time (25 November 1977) and during recovery phase
(27 November 1977). (After Williams, 1981)

(Fig. 2) and of L and the variations of the energy density
distribution in the course of such a large storm (Fig. 3).
The values shown in these two figures are based on the
assumption that the ions were protons. If the ions were
heavier than protons the energy density values were higher
(Williams, 1979).

During the smaller geomagnetic storm in November
1979 (I Dstlma, = 100 nT), the ISEE-l medium energy experi-
ment measured the differential energy density distributions
above 24 keV (protons assumed) shown in Fig. 4 before
the storm and in its recovery phase (Williams, 1981). The
observations were made near noon (1030 LT in the first
pass). The quiet-time data before the storm agree well with
the quiet-time data before the big storm shown in Fig. 2.
The recovery-phase energy densities in Fig. 4 are an order
of magnitude lower than in the large storm case in Fig. 2.
This may, to some smaller extent, be due to the fact that
the Fig. 4 data were obtained somewhat later in the storm
than the data in Fig. 2, but mainly to the lower intensity
of the storm.

Energy densities as a function of L for the November
1977 storm are shown in Fig. 5 (after Williams, 1981). It
corresponds to Fig. 3 for the December 1971 storm but
covers only energies 2’__24 keV. The ions are assumed to
be protons. Fig.5 also provides information about how
the changes of the energy density are distributed between
the 24—210 keV and 210—2,080 keV energy ranges. The ener-
gy density increases at lower energies (24—210 keV) and de-
creases at higher energies. This behaviour is similar to that
shown in Fig. 2 and is discussed in detail by Lyons and
Williams (1976). The main storm-time effect in phase space
is an enhancement of densities at values of the first adiabatic
invariant (u) below the u-value of the density maximum
seen in the quiet-time data. Above this p-value of maximum
density (corresponding to w 150 keV energy at L~4) phase
space densities remain constant (Williams, 1981).

Whereas there are very large increases of 1—138 keV ions
at L = 3 in the large storm case of Fig. 3, there is no increase
in the 24—210 keV range at L=3 in the smaller storm data
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Fig. 5. Pro-storm (25 November 1977) and post-storm (27 No-
vember 1977) energy densities vs L value. (After Williams, 1981)

in Fig. 5. This illustrates that the injection depth of the
ring-current plasma is strongly related to the intensity of
the magnetic storm.

Detailed observations of the ion distributions below
30 keV, including composition (0.2—17 keV), in the dayside
magnetosphere, near noon, during a IDstlmax= 100 nT
storm were made by means of Prognoz-7 on 21 February
1979 (Lundin et al., 1982a; Hultqvist, 1982, 1983). The Pro-
gnoz-7 measurements were taken before Dst reached its
minimum value, whereas the lSEE-1 measurements shown
in Figs.4 and 5 were obtained after the Dst minimum.
One may expect the obtained density values in both cases
to be somewhat lower than the peak value during the storm.
According to Fig. 3, order of magnitude differences be-
tween densities in main phase and (early) recovery phase
are not expected in the central part of the ring current,
during several hours around the storm peak.

It is somewhat unclear how low in energy O + ions could
be detected by means of the solid state detectors on ISEE 1
used by Williams (1981). The lower energy limit may have
been as high as 100 keV. We may therefore assume, as an
extreme alternative, that William’s data give practically
only the proton content of the ring current. As the heavy
ions of ionospheric origin most likely decrease in relative
importance with energy above the present measuring limit
of the mass spectrometers (17 keV), this limitation is not
likely to affect the comparisons of ring current energy
density contributions from different energy ranges very
much. Even if it should turn out in the future that O+
ions play a major role in the main part of the ring current
energy density distribution (50—100 keV) also a comparison
of the relative contribution to the magnetic effect by the
presently observed ring-current ions of ionospheric origin
(of energies below 17 keV) to that of the proton component
of the ring current is of interest. In fact, if ionospheric
ions should turn out to be of major importance in magnetic
storms near the peak of the energy density distribution also,
the general conclusion of the discussion in this section con-
cerning the importance of ionospheric ions in the ring
current is only amplified.

The fact that the ISEE data and Prognoz 7 data were
obtained in two different storms is of course a serious draw-
back. However, as the Dst value is considered to be a rather
good measure of the total energy in the ring current, we

may expect that the two storms were quite equal in this
respect at the storm peaks. If there were a higher 0+
content in the ring current in February 1979 than in No-
vember 1977 because of the solar cycle effect on the 0“"
density below 17 keV energy demonstrated by Young
(1980) and Young et al. (1982), we have in the discussion
below compared the energy density of the 0+ ions below
17 keV with a too high energy density of protons above
24 keV and the relative figures of the importance of O+
ions for the magnetic effect of the ring current should rather
be somewhat higher than found. Unless 0+ ions play a
dominating role in the 50—100 keV range (which is unlikely)
this difference is not expected to change the general qualita-
tive conclusions we draw.

Prognoz—7 data from the early main phase of the Febru-
ary 1979 storm are shown in Fig. 6a. The format is quite
different from that in earlier figures, partly due to the inclu-
sion of composition information, but the energy density
in the units of Figs. 3 and 5 (erg/cm3) of H+ and O+ ions
can easily be obtained from the data in Fig. 6 by combining
the density (N,- m‘ 3) and temperature (7‘1E K) values accord-
ing to a-(erg/cmi’)=2.07-10‘“22 N,(m_3)*T,-(K). The charac-
teristic energy of each ion species is given as a temperature
(although the distributions are generally not Maxwellian).
More detailed energy distribution data is contained in
Fig. 7a. Prognoz-7 crossed the ring current boundary in-
bound at 1130 UT at a geocentric distance of 8.6 RE. The
solar magnetic (SM) latitude was 358 and the SM longitude
350° (i.e. MLT m 1120).

Figures 6b and 7b show the similar data sets for a fairly
undisturbed period. Dst had the values —23, —25, —21,
—14, —11, —14 nT in the six hour interval centered on
the time of the satellite crossing of the magnetopause
(~1750 UT). The magnetopause crossing occurred at a
geocentric distance of 11 RE, at 108 SM longitude (i.e. MLT
~1240) and at ~45D SM latitude. The only major differ-
ence between the conditions in which the two data sets
of Figs. 6a and 6b were obtained was evidently the magne-
tospheric disturbance level. The main differences between
the storm main phase and the low disturbance data are
the higher number densities (for the energy range
0.2—17 keV) in the storm situation both inside (~2 cm‘3
and «0.4 cm‘3 respectively) and outside (30 cm“3 and
10 cm‘ 3) the ring current boundary and — more remarkable
— the complete domination during the storm time passage
of O+ ions below 17 keV in the entire dayside magneto-
sphere. The 0 + density in the outer magnetosphere is an order
of magnitude higher in Fig. 6a than in Fig. 6b and there
is an O+ density increase at least in as far as L~ 3, whereas
the H+ density is not very much changed. Nor are the
H+ (crosses) and O+ (circles) temperatures (0.2—17 keV)
very much different in the storm main phase from those
in the undisturbed situation, except in the innermost part
where the O+ temperature is lower in the storm than in
the undisturbed situation (MeV electrons give rise to a
strongly dominating background along part of the low alti-
tude trajectory in Fig. 6a, UT~1545— ~1635, which has
not been eliminated from the data.)

Let us now compare the energy density information for
g17 keV contained in Figs. 6a and 6b with that for
3.3.24 keV in Fig. 5.

At L=3 the presrorm energy density value (a) is shown
in Figure 5 to be r-w2'10‘g erg/em3 for 24—210 keV ions
(assumed to be protons) and w510—8 for 210*2,080 keV
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ions. The 0.2—17 keV ion data for the low disturbance level
in Fig. 6 give a value of ~4-10'9 erg/cm3, i.e. comparable
with, but somewhat larger than, the 24—210 keV energy
density and an order of magnitude lower the energy density
of the higher energy ions (2210 keV).

Whereas at L=3 there is no change from prestorm to
recovery phase for 24—210 keV ions in Fig. 5, the
0.2—17 keV ions in Fig. 6 show an increase of e to
4-10‘8 erg/cm3 in the early main phase, practically all

23.111
1.3

—26.7
187.8

20?

Fig. 6.a An example of a storm time situation in the
dayside magnetosphere when O+ ions dominated over
other ion species. Between ~1545 and ~1635 UT
MeV electrons gave rise to a dominating background
which has not been eliminated from the data shown.
The upper panel shows the ion number density (212+)
as deduced from the E/q spectrometers assuming the
ions were all protons (solid lines). Plus signs (+)
represent the density of H+ as deduced from the
perpendicular ICSs (assuming isotropy) and circles (0)
represent the number density of 0+ using all ICSs.
The second panel from the top represents the
percentages of the four major ion constituents with
respect to the total number density (logarithmic scale
used). The third panel shows the temperatures of ions
(solid line) and electrons (broken line) as deduced from
the E/q electron and ion spectrometer data fitted onto
Maxwellians. In the same panel the “perpendicular"
H+ (+) and O+ (o) temperatures have been plotted.
The fourth panel shows the ion plasma pressure (solid
line) and magnetic field pressure (dotted line). The time
and space coordinates (in Solar Magnetic, SM,
coordinates) are given along the horizontal axis.
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b An example of observations in the dayside
magnetosphere during fairly low disturbance
conditions. At the lowest altitudes MeV
electrons produce a dominating background
which has not been eliminated from the data
shown in the figure. The format is the same
as in a

carried by 0+ ions. This value is about the same as the
energy density of the entire high energy part of the ring
current plasma at that L value. The Prognoz observations
thus indicate that in (small) magnetic storms there is an
injection even at L=3 of O+ ions into the dayside ring
current in the early main phase of the storm, representing
about as much energy density as the quiet-time (and storm-
time; small storms) high-energy particles (3: 210 keV). That
Williams did not see any increase at all in his low energy
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range (>24 keV) is, as mentioned before, likely to be due
to his detectors not being able to detect fairly low energy
0+ ions.

At L25 the O+ and H+ ions in the energy range
0.2—1? keV provide, in the prestarm situation, almost as
big a contribution to the total ring—current energy density
(~9-10‘7 erg/cm”) as the 24—210 keV ions (protons
assumed) do (1-w2-10‘S erg/cm3; see Fig. 5). The early main
phase data in Fig. 6a correspond to an energy density of
0+ ions in the 02—17 keV energy range of wB-10—8 erg/
cm3 at L=5, less than a factor of two below the s-value
of rw5-10_B erg/cm3 for the ring-current plasma above
24 keV (protons assumed) in the recovery phase (shown
in Fig. 5). The early main phase values for the November
1977 storm, corresponding to the Prognoz-7 data, may pos-
sibly have been somewhat higher than the value shown in
Fig. 5, so the energy density contribution from the lowest
energy range ($1? keV) may have been less than the 3/8
of the total energy density found here, especially if a sub-
stantial part of the ions were O+ ions also above 24 keV.
Whether it were low enough to correspond to the relative
contribution of O+ ions shown in Fig.1 (22%) for the
big storm case, we do not know, but it does not appear
unlikely and we can at least conclude that the Prognoz—7
and the Explorer 45 observations are generally consistent

Fig. 7a and b. Energy spectrum as a function of
time, measured with Spectrometers pointing
perpendicularly to the spin axis, i.e. to the sun
direction, for that passage through the dayside
magnetosphere for which data are shown for a in
Fig. 6a and for b in Fig. 6b. To the left,
individual four point energy spectra for the four
major ion constituents are depicted (using
differential energy flux units). To the right,
16 point energy spectra for positive ions and
electrons (from 13/93 spectrometers), using
differential flux units, are plotted. Time and
space coordinates (in Geocentric Solar-
MagnetoSpheric Coordinates, GSM) are given
along the inclined time axis.

in respect of relative contribution to the ring current energy
density by O+ ions below 17 keV energy.

On the other hand, as O+ injection into the dayside
magnetosphere had already occurred in the early main
phase of the storm, when particles, which were originally
injected into the inner magnetOSphere on the night side at
the beginning of the storm, had not had time to drift to
the noon sector, the low energy O+ ions may very well
have dominated the dayside ring current in terms of energy
density for some hours.

The ISEE—l and Prognoz—7 observations at L28 in
the noon sector show that the presrorm energy density of
g 24 keV ions (protons assumed) contributed
(1—2)-10"9 erg/cm3 (Fig. 5), whereas lower energy H+ ions
(g 17 keV) contained 4-:2'10’9 erg/cm3 and O+ ions
‚NS-10‘ 10 erg/cm3 (Fig. 6a).

In the early main phase the 0+ ions contained
~10" 3 erg/cm3 at L= 8, whereas the H + ions were an order
of magnitude lower. The recovery phase value obtained
from ISEE-l for ions of g 24 keV energy (protons assumed)
amounted to 4-10'9 arg/cm3. If these poststorm ions of
:24 keV energy were to a significant degree 0+ ions we
end up with energy density contributions from ions above
and below ~20 keV at L=8 of very similar magnitudes.
At these great distances from the earth it is difficult to
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predict quantitatively what effect the difference in storm
time between the ISEE-l and Prognoz-7 observations may
have. At L28 we are outside the main part of the ring
current and the contribution to the magnetic field depres-
sion at the Earth’s surface is generally small.

To summarize this section: We have, in the main part
of the dayside ring current (L: 5) of a small storm, found
rough agreement with Williams“ (1979, 1981) results for
the nightside ring current in a large storm concerning the
contribution to the total ring current energy density by O+
ions below 17 keV energy (~200/o). At the inner edge (L:
3) we have found an O+ population of g” keV energy
contributing about as much as all ions above 24 keV (pro-
tons assumed) to the energy density. At the outer edge (L:
8) the low energy O+ ions have also been shown to be
a major contributor to the energy density. On the whole,
the g 17 keV 0+ ions have thus been found to play a con-
siderable role in the magnetic effect in the early main phase
of the small-storm. dayside ring current investigated.

The Prognoz-7 observations were made in the rising
phase of solar activity. There is a strong solar cycle varia—
tion of the average O+ density below 17 keV at the geosta-
tionary orbit with 0+ ions playing a larger role the higher
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the solar activity (Young, 1980; Young et al.. 1982). Near
solar activity minimum. the O+ contribution to the ring
current energy density is therefore expected to be lower
than in the example discussed above and in peak years
of the solar cycle it is expected to be higher.

On the Sources of the Ring Current

For a discussion of the composition, with source considera-
tions, of the high energy part of the ring current population.
which may be an important component of the quiet-time
ring current. the reader is referred to Spjeldvik and Fritz
(1978 a, b, d) and Williams (1979). Here we shall only deal
with the observations of the low energy part of the storm-
time ring current distribution in the dayside magnetosphere
by means of Prognoz-7, which were discussed from an ener-
gy density point of view in the previous section. As jUStlfiCB:
tion for the origin of the ions we use the fact that there
are very few 0+ ions in the solar wind and very many
of them in the ionosphere.

As mentioned earlier, the possibility of the ionosphere
being an important source of magnetospheric ions was sug-
gested after the first observations by the Lockheed group
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of <12 keV O + ions being precipitated into the atmosphere
during magnetic storms, even at fairly low magnetic lati-
tudes (Shelley et al., 1972). The first ion mass spectrometer
flown to great altitudes on GEOS-l by the Bern group
demonstrated the occurrence of substantial fluxes of iono-
spheric O+ ions in the ring current (Geiss et al., 1978; Bal-
siger et al., 1980). Lundin et al. (1980) demonstrated the
dominance of O+ ions for energies less than 17 keV in the
inner part of the ring current (Lg4) during the recovery
phase of magnetic storms, in agreement with the inference
by Lyons and Evans (1976) of heavy ion dominance below
50 keV in the later part of storms. That ionospheric O+
ions are ejected locally with high fluxes into the magnetosp-
here along auroral latitude magnetic field lines, was first
demonstrated convincingly by the S3-3 measurements
(Shelley et al., 1976; Ghielmetti et al., 1978).

Even against the background of the previous observa-
tions outlined above, the data in Fig. 6a are rather surpris-
ing in that the number density and energy density of 0+
ions below 17 keV are an order of magnitude higher than
the corresponding densities of protons in practically the
entire dayside magnetosphere, from near the magnetopause
to an L—value well below 3. (In the innermost part MeV-
electron background counts are present in Fig. 6a). A com-
parison with the low disturbance situation illustrated in
Fig. 6b demonstrates, as mentioned before, that the storm—
time situation differs from it in that the O+ density has
been increased by an order of magnitude whereas the H+
density and the temperatures are not very much changed.

That the O+ ions below 17 keV energy in the dayside
ring current during the early main phase of a fairly small
magnetic storm, which are shown in Figs. 6a and 7a, are
of ionospheric origin, is of course without doubt. But we
can say a lot more about their path to where they were
observed by analysing the observations in some detail (Lun-
din et al. 1982a, Hultqvist, 1982, 1983).

First, the g 17 keV ionospheric ions shown in Fig. 6a
are not likely to have reached the inner magnetosphere via
the plasma mantle (fairly generally supposed to be a major
source of the plasma sheet and, by inward convection, of
the ring current). Lundin et al. (1982a) have analysed obser-
vations of the plasma mantle during the same passage of
Prognoz-7 through the magnetosphere in which the Fig-
ure 6a data were taken and have found that the O+ density
in the mantle was of the order of 10% or less as compared
with ~90% in the dayside magnetosphere.

Secondly, the O+ ions in the dayside magnetosphere,
at least in the inner part, are not likely to originate in a
plasma injection population on the nightside associated
with the magnetic storm, because there was not enough
time for them to drift to the noon sector (unless the convec-
tion field was unreasonably high). The Dst decrease started
only at 06 UT and Dst reached —90 nT between 08 and
09 UT after which it increased again, indicating a low con-
vection field intensity after 09 UT.

Thirdly, the Prognoz-7 observations on the nightside
during the same passage showed that the O+ density was
lower there than on the dayside.

It can therefore be concluded that the O + ions observed
by Prognoz—7 in the dayside magnetosphere on February
21, 1979 were extracted from the ionosphere on the dayside
(Hultqvist, 1982, 1983).

Hultqvist (1983) has also concluded that the source re-
gion on the dayside had a very wide extension in L, arguing

that if the source were limited to a fairly narrow L range
one would expect to see an uneven O+ distribution over
L along the satellite trajectory, unless the limited L range
source were at the inner edge of the ring current, i.e. at
L=2—3, or if the convection electric field in the dayside
magnetosphere were dominantly dusk-dawn directed in-
stead of dawn—dusk directed, both of which alternatives
are highly unlikely, according to all experience. Observa—
tions of source regions for ionospheric ions which are very
wide in L have been reported (Lundin et al., 1982b).

On the basis of a comparison of the observations sum-
marized in Figure 6a with existing knowledge about the
altitude distribution of cold ionospheric ions, Hultqvist
(1983) has found that the hot O+ ions in the dayside ring
current cannot have been produced by accelerating cold
O+ ions in the outer parts of the field tubes. There are
not sufficient numbers of cold O+ ions available in the
magnetosphere. In order to find sufficient numbers of cold
O+ ions to accelerate, the extraction has in fact to occur
below 1,000 km altitude in the ionosphere. Moore (1980)
has presented strong arguments, based on basic charge ex—
change considerations, for the main extraction region being
located below the neutral O/H cross—over altitude
(SOG—1,500 km). Hultqvist’s (1983) observational results
thus confirm his basic arguments.

We therefore conclude that the g 17 keV C)+ ions,
which dominated the dayside ring current from an energy
density point of View, in the early main phase of the Febru-
ary 1979 storm (see previous section), were directly injected
from the dayside ionosphere. This does not mean that ions
directly extracted and accelerated out of the ionosphere
were likely to carry most of the total ring current energy.
For that part of the ring current ions which have energies
near the peak of the differential energy density distribution,
acceleration processes are required that produce ions well
above the energies that characterize the dayside O + popula—
tion shown in Figs. 6a and 7a.

On the Acceleration Processes

Most of what we know about the processes that accelerate
ions out of the ionosphere has been learnt from the mea-
surements of the 83-3 satellite (see Mozer et al., 1980, and
Sharp and Shelley, 1981, for reviews) but recently Prognoz—
7 has also contributed (Lundin et al., 1982 b). A very brief
summary of the results may be as follows:
— Strongly field aligned outflowing ion beams are produced
by electrostatic acceleration, mainly above 5,000 km alti-
tude along high—latitude magnetic field lines (Ghielmetti
et al., 1978; Gorney et al., 1981). The composition of the
upflowing ions has been found to vary from more than
90% protons to more than 90% oxygen ions.
— There are also mechanisms that accelerate ions perpendi-
cularly to the magnetic field lines and give rise to conical
pitch angle distributions (conics). These processes are
assumed to be associated with ion cyclotron waves (Ung-
strup et al., 1979, and others).
— The accelerated ions generally do not move adiabatically
to the equatorial plane (and on towards mirroring or pre-
cipitation). Pitch angle scattering or transverse acceleration
occurs between an altitude of an earth radius, or less, and
the equatorial plane which is sufficiently strong to make
the beams wide (Borg et al., 1978; Kaye et al., 1981). The
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processes may work differently on various ion species
(Collin et al., 1981). The largest altitude at which narrow
(adiabatically moving) beams have been observed hitherto
is ~ 5 RE (Lundin et al., 1982b).

Although the processes mentioned above can both ex-
tract O+ ions below 1,000 km altitude and give them keV
energies at greater altitudes, the observations do not fit
very well to a model with low-altitude perpendicular accel—
eration due to ion-cyclotron waves and field-aligned accel—
eration in a simple potential drop at greater heights. Some
of the problems are the following: Field aligned electron
distributions coming together with field aligned ions from
the same hemisphere, reported first by Borg et a1. (1978),
have been found in a large fraction of ion bursts near the
equatorial plane by means of the SCATHA satellite (Kaye
et al., 1981); The wide energy spectra observed, illustrated
in Fig. 7, are not consistent with the main acceleration oc—
curring in a simple potential drop, where all ions obtain
the same energy increase. If a potential drop acceleration
is important strong secondary effects must exist that modify
energy spectra (and pitch angle distributions) greatly.

Even if, as we have seen in previous sections, direct
extraction and acceleration of ions out of the ionosphere
contribute significantly to the ring current and plasma sheet
energy content, it is obvious, as mentioned before, that
different kinds of acceleration processes from those dis-
cussed above are required for providing the higher energy
particles of the ring current. The energy of charged particles
can be increased only by electric fields. The electric fields
may have different characteristics in different phases of
magnetic storms. When there are fast variations in the geo—
magnetic field, induced electric fields may be important.
They may well produce ions in the entire energy range up
to the highest energies in the ring current (Heikkila and
Pellinen, 1977; Pellinen and Heikkila, 1978; Heikkila et al.,
1979). There does not seem to be any favouring of heavy
ions over protons in the acceleration due to induced electric
fields.

The potential dawn—dusk electric field generated by the
solar wind flowing by the Earth gives rise to inward convec-
tion of the plasma on the nightside. When the convection
electric field decreases after the injection period the particles
find themselves in trapped orbits. Substorms generally
inject plasma to L=4—5, while flux increases at L<4 are
significant only during magnetic storms. The adiabatic ener-
gy increase cannot be larger than that corresponding to
the entire voltage difference between the dawn and dusk
sides of the magnetosphere. This is, of the order of 50 kV
in substorms but it may be much larger during magnetic
storms, up to a few hundred kV in the most intense injection
period. The ratio of the particle energy in the original and
final location is, for equatorially mirroring ions, the same
as the ratio of the magnetic field intensities in the two loca-
tions (adiabatic compression). This is also the energy in-
crease associated with loss—free radial diffusion of such par-
ticles. For equatorial pitch angles different from 900, the
energy increase is lower. By non-adiabatic diffusion pro-
cesses some particles may reach L values lower than those
corresponding to the potential difference over the magne-
tosphere and thereby obtain higher energies, but this is a
slower process than convection.

Lyons and Williams (1980) have suggested, on the basis
of Explorer 45 observations, that the flux increases of ring
current particles at L§4 during geomagnetic storms result
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simply from an inward displacement of the pre-existing
trapped particle distribution a few RE further out and that
ions need not be brought from greater distances in the
plasmasheet or the tail as has been generally thought (Ax—
ford, 1969; Williams, 1972).

The observation by means of the ISEE1 satellite of
large amounts of ionospheric ions in the plasma sheet dur-
ing magnetic storms (Peterson et al., 1981) makes it natural
to expect that the high energy ions in the central ring current
region come from the plasmasheet, having been accelerated
during the inward transport (e.g. Balsiger, 1983). We shall
therefore consider briefly some relations between the main
part of the ring current ion population (from an energy
density point of view) and the observations of the plasmas-
heet composition by Peterson et a1. (1981).

The ISEE 1 measurements have shown the existence of
percentages even above 50 of O+ ions in the plasmasheet,
out to 20 RE, during magnetic storms. During the 21 Febru-
ary 1979 storm, 71% 0+ ions (below 17 keV) were recorded
at 20 RE (Peterson et al., 1981), whereas only one to a few
tens of percent O+ ions were observed at closer distances
(Lennartson et al., 1981). During quiet conditions only one
or a few percent of O + ions have been found in the plasmas-
heet. The O+ ions observed in the plasmasheet during the
February 1979 storm obviously had been extracted from
the ionosphere on the night side of the earth in a similar
way to that discussed for the dayside above. Although no
characteristic energy values are reported for the greatest
distances, we may assume that the O+ ions had a mean
energy of a few keV, as further in (Lennartsson et al., 1981).

If an ion mixture of the kind mentioned were brought,
by convection, into the central ring-current region (L=4—5
for small storms; see Fig. 5) their mean energy would be
increased by adiabatic compression. The amount of energy
increase depends on the origin of the ions. Those which
are brought into the central ring current in the expansive
phase of the storm were located only a few earth radii fur-
ther out before the storm (L=5—~7, say; Lyons and Wil-
liams, 1980). The plasmasheet ions from greater distances,
which were extracted from the ionosphere in the early phase
of the storm may, if they are pitch angle scattered away
from the loss cone, take up a smaller or larger fraction
of the electric potential difference over the magnetosphere.
This energization is expected to work identically on all ions
of equal energy irrespective of mass. This is brought about
by the gradient and curvature drift of the ions across equi-
potential surfaces of the convection field. Before the storm
the ionospheric ion content in this region was generally
low (e.g. Balsiger et al., 1980; Petersen et al., 1981; Balsiger,
1983) unless there had been significant disturbances well
before the storm. We may thus expect that the ion mixture
that is injected into the central part of the ring current
by the strong convection field existing in the early storm
phase before Dst reaches its minimum value, contains rela-
tively low percentages of 0+ ions. Those ions which arrive
in the L=5—7 region by extraction from the ionosphere
in the early phase of the storm have typical mean energies
of a few keV and they have their energy increased, by the
convection to L=4—5, by less than an order of magnitude.
Thus, they do not reach the central part of the energy
density versus energy distribution of the ring current
(50400 keV). Most ions located in the plasmasheet at
greater distances than 7 RE at or after the storm onset
convect past the earth at fairly great distances and never
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reach the trapped orbit region, even after its expansion,
when Dst has passed its minimum.

We thus expect the main part of the ring current ion
population (50—100 keV) in the L~4—5 range to consist
of ions of energies of a few tens of keV located in the
L range 5—7 when the storm main phase starts. Those ions
have generally reached the source region mentioned in a
period with a lower activity level than during the storm
and have thus obtained a lower potential energy increase
from the convection electric field than storms provide. The
highest energies present between L= 5 and 7 have reached
there from outside by non-adiabatic diffusion processes,
as their forbidden regions at low activity level are likely
to be larger than 7 RE (or they have been accelerated locally
by some unknown process). Most of the ions are however
expected to have reached the source region (L=5—7) by
convection and have therefore obtained energy increases
from the adiabatic motion in a fairly low disturbance con-
vection field. As the potential difference between the dawn
and dusk flanks of the magnetosphere in fairly quiet condi-
tions is typically only a few tens of kV, the typical ion
energy increase when reaching the source region is expected
to be of the order ten keV. The original energy of the ions
at great distances in the plasmasheet may thus be the deter—
mining factor in whether ions, at least some of them, reach
energies between 50 and 100 keV when they arrive in the
central ring-current region after further acceleration in the
storm convection electric field of the magnetosphere. That
is the basis for the following discussion of the possible im-
portance of an acceleration process which favours heavy
ions entering the plasmasheet from the mantle. Its real im-
portance remains to be determined.

Charged particles may get into the inwardly convecting
part of the magnetospheric tail, the plasma sheet, by way
of the plasma mantle, reaching the neutral current sheet
where they may be accelerated before they start convecting
towards the Earth. To reach the mantle they either have
to enter the dayside boundary layer, where they may be
accelerated in the magnetopause current layer, or they may
be extracted from the ionosphere in the cusp region more
or less directly into the mantle. Having entered the mantle
they are expected to stay in it, provided they have a field
aligned speed that is not higher than the flow speed of
the plasma and the magnetic field lines at the magnetopause
of the open magnetosphere (see Cowley, 1980, for a detailed
discussion of the open magnetosphere model). (If the mag—
netic field lines along the high-latitude nightside magneto-
pause do not pass through the magnetopause into the mag-
netosheath, as Prognoz—7 observations indicate that they
generally do not do (Lundin et al., 1982a), this limiting
velocity condition does not apply directly. Even then there
should be some velocity criterion for the ions to meet in
order to reach the current layer in the tail at distances where
convection towards the Earth occurs.) After the current
layer acceleration, the adiabatic compression follows (dis-
cussed above) as an effect of the convection electric field.

A circulation process thus exists in the magnetosphere
which “pumps up” the energy of the particles. This process
tends to provide more energy to heavy ions than to protons,
because the acceleration process in the current layers gives
approximately the same velocity increase to the ions inde-
pendently of mass.

As mentioned before, in order to stay in the magneto—

spheric circulation loop, the particles have to have suffi—
ciently low field aligned velocities. As the acceleration in
the current sheets at the magnetopause and in the neutral
sheet of the tail tends to be directed along the field lines,
the majority of the ions are not expected to make more
than one round trip through the convection cycle, if the
limiting field aligned velocity condition applies. Some of
them may be scattered into the cycle again by nonadiabatic
processes after having made one (or more) round trips and
may thereby achieve very high energies. We shall briefly
consider, a little more quantitatively, what effect the ion
mass may have on this energization process associated with
the magnetospheric circulation.

A typical flow velocity along the mantle magnetopause
of plasma and magnetic field lines is 250 km/s. This corre-
sponds to an energy of O+ ions moving along the field
lines of 5.2 keV. O+ ions in the mantle with lower energies
will certainly not leave the magnetosphere but higher energy
O+ ions may, if the field lines are open. For protons the
corresponding energy is 16 times lower: 0.32 keV. In a neu-
tral sheet current layer with a flow velocity of say 200 km/s
(e.g. E=0.2 mV/m and B=1nT) O+ and H+ ions with
the above—mentioned energies, along the field lines, may
be accelerated up to a maximum field-aligned velocity of
650 km/s (Cowley, 1980) which corresponds to an energy
of 35 keV for O+ ions but only 2.2 keV for H+ ions. If
such ions are convected inward by a potential convection
electric field, which may correspond to a potential differ-
ence across the magnetosphere of one or a few hundred
kilovolts during the early intense injection phase of magnet—
ic storms but to only a few tens of keV in fairly quiet
conditions, they will pick up a larger or smaller fraction
of that potential difference, depending upon where they
start out. This means that ions of energies near the peak
in the differential energy density distribution of the ring
current (50—100 keV depending upon ions mass and storm
strength; see Fig. 1) can be produced in one round trip
through the magnetospheric circulation system more easily
if the ions are O+ than if they are H+ ions. We therefore
may expect that the relative energy density contribution
to the ring current of O+ is larger than the O+ number
density fraction of the plasma mantle, if acceleration in
one or more current layers is important anywhere in the
circulation loop through the magnetosphere. The O+ ions
are also expected to achieve higher energies than H+ ions
in all diffusive transport processes into the ring—current
region, provided there is a current layer acceleration to start
with. For inctance, if a 35 keV O+ ion (accelerated as men-
tioned above) is scattered to 900 pitch angle and brought
from the tail with B: 10 nT, say, to a distance of ~5 RE
in the equatorial plane (B~ 250 nT) it will obtain an energy
of almost an MeV, whereas a proton transported to the
same place after maximum acceleration in the current layer
would have an energy of only 55 keV. Radial diffusion is
a much slower process than the convection and is not ex-
pected to play a major role in determining the temporal
development of the ring current during the more active
phases of magnetic storms.

Lundin et a1. (1980) have shown that the plasma mantle
contains O+ during disturbed conditions but not during
quiet conditions. The peak relative abundances of O+
amount to a few tens of percent (number density). 5—10%
O+ is rather representative for disturbed conditions. The
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number density distribution within the plasma mantle is
generally very uneven in time/space. According to what has
been argued above, concerning the favouring of O+ ions
compared to protons in current layer acceleration, we may
thus expect that, of those ions which get into the plasmas-
heet and ring current from the mantle, a larger fraction
of the O+ ions than of the H+ ions achieve energies in
the range 50—100 keV. Those plasmasheet ions which have
not experienced any current layer acceleration region are
generally not likely to have energies in this range, according
to the above discussion, unless they have had time to diffuse
into the central ring current region. Also ions streaming
into the tail in the magnetospheric high latitude lobes
(Sharp et al., 1981) may reach the current layer of the
neutral sheet in the tail and be accelerated in the way dis-
cussed.

The O+ ions in the storm-time mantle may come more
or less directly from the ionosphere (Lundin et al., 1982a)
or they may originate in the dayside ring-current popula-
tion, which has been extracted from the ionosphere in the
early phase of the storm, as described in earlier sections.
Such ions drift to the dayside magnetopause in the dawn-
dusk directed convection field. There they are accelerated
and ejected along the field lines, some of them in the direc-
tion of the earth. After mirroring in or near the cusp they
enter the plasma mantle and stay there (provided their field-
aligned velocity component is not larger than the flow ve—
locity at the magnetopause; see above) until they finally
reach the tail neutral sheet. As the convection cycle time
of magnetic field lines from the dayside magnetopause
through mantle, tail and plasma sheet, back to the dayside
is expected to be several hours, even for moderate penetra-
tion into the magnetosphere of the field lines (not reaching
the permanently trapped ring-current region) during storm
conditions (see e.g. Cowley, 1980), we may expect to see
more energetic O+ ions (which have passed through the
circulation process, after extraction from the ionosphere
at the beginning of the storm) in the dayside ring current
only several hours after the start of the storm main phase
and mostly only in the outer parts of the ring-current region
where the ions are not permanently trapped.

If the high energy ions in the storm-time ring current
are accelerated mainly by inductive electric fields there does
not seem to be any strong favouring of heavy ions within
the energy range where the majority of the ring-current
ions are found, as mentioned above. Observations of the
composition of the ring-current ions above 20 keV may thus
also tell us something about the dominating acceleration
process(es).

Concluding Remarks

In this report the importance of ionospheric ions in the
ring current has been emphasized. The observational basis
for the above discussion is very recent and quite limited
in some respects. It suffers in particular from the lack of
composition determinations for the main part of the ring-
current population (between 17 and ~200 keV). Several
of the conclusions drawn above are therefore rather hypo-
thetical. It will be most interesting to see the results of
the mass determination of the entire ring-current popula-
tion which the AMPTE and Viking satellits are expected
to carry out in the fall of 1984.
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Abstract. Several different ion species have been po-
sitively identified in the earth’s radiation belts. Besides
protons, there are substantial fluxes of helium, carbon
and oxygen ions, and there are measurable quantities of
even heavier ions. European, American and Soviet
space experimenters have reported ion composition
measurements over wide ranges of energies: at tens of
keV (ring-current energies) and below, and at hundreds
of keV and above. There is still a gap in the energy
coverage from several tens to several hundreds of keV
where little observational data are available. In this re—
view emphasis is placed on the radiation belt ionic
structure above 100keV. Both quiet time conditions
and geomagnetic storm periods are considered, and
comparison of the available space observations is made
with theoretical analysis of geomagnetically trapped ion
spatial, energy and charge state distributions.

Key words: Radiation belts —— Ion composition ——
Spacecraft data — Geomagnetic field — Radial dif-
fus1on — Charge exchange — Magnetic storms — Ion
anisotropy —— Trapped radiation.

Introduction

The region of space occupied by the earth’s radiation
belts contains substantial fluxes of particles ranging in
energy from below an electronvolt to above 100 MeV.
No single spacecraft particle detector is capable of
covering this great energy range, so a combination of
detectors must be used, each with its own advantages
and limitations. A particularly difficult type of
measurement is the mass discriminating detection of
ions between a few tens of keV and several hundred
keV energies. Instruments that cover these energies
have now been devised, but not yet flown in space.

The ionic composition of the radiation belts is both
complex and time variable. Besides protons there are
substantial fluxes of helium, carbon, nitrogen, oxygen

* Based on an invited review paper given at the Symposium
on Plasma and Energetic Particles in the Magnetosphere,
EGS Meeting, 23—27 August 1982, Leeds, UK

** Work done at the NOAA Space Environment Laboratory,
Boulder, Colorado, USA

and even heavier ions. Theory predicts that at the high-
er energies in the MeV range the charge states of these
ions should primarily be among the higher attainable.
Unlike the energetic electron component of the trap-
ping region, the ion fluxes are generally not distributed
into an inner and an outer zone, but rather fill the en-
tire stable trapping region with a peak flux location ac-
cording to the ion energy. Early in-situ magnetospheric
observations unambiguously determined the presence of
energetic ions heavier than protons (Krimigis and Van
Allen, 1967; Krimigis et a1., 1970; Van Allen et a1., 1970;
Shelley et a1., 1972). Subsequent experimental work gave
much more detailed information about the distribution
of these ions with the observable trapping region pa-
rameters: L-shell, energy and pitch angle (Sharp et al.,
1974a, b, 1976a, b, 1977a, b, Shelley et a1., 1974, 1976a, b,
1977; Johnson et a1., 1974, 1975, 1977, 1978; Fritz and
Williams, 1973; Fritz, 1976; Fritz and Wilken, 1976;
Fritz et a1., 1977; Fritz and Spjeldvik, 1978, 1979; Spjeld-
vik and Fritz, 1978a, b, c, d, 1981a, b,c; Blake, 1973,
1976; Blake et a1., 1973, 1980; Blake and Fennell, 1981;
Fennellet a1., 1974; Lundin et a1., 1980; Hovestadt et a1.,
1972a, b, 1978a, b, 1981; Mogro-Campero, 1972;
Panasyuk et a1., 1977, Panasyuk, 1980; Panasyuk and
Vlasova, 1981). At hundreds of keV and MeV energies,
when comparison is made between protons and heavier
ions at equal total ion energy, the dominance of the
heavy ions is indicated in segments of the radiation
belts; on the other hand, flux comparisons at equal en-
ergy per nucleon generally favor protons. At lower en-
ergies, the recent works of Lundin et a1. (1980),
Lennartsson etal. (1981), Lennartsson and Sharp (in
press 1982) and Young et a1. (1982) demonstrate the
variability of the ring current ionic composition during
different geomagnetic and solar conditions. Significant
variations of the high energy trapped ion composition
are also known to take place, at least during some
magnetic storms (e.g. Spjeldvik and Fritz, 1981a, b, c).

In recent years it has become clear that energetic
heavy ions are particularly effective in causing internal
damage to spacecraft memory and control systems (J .B.
Blake. personal communication, 1980; McNulty, 1981;
Adams and Partridge, 1982). Thus the detailed study of
these ions is of practical as well as academic interest.

This review is organized into two experimental ob-
servation sections where quiet and disturbed time data
are presented, a theory section where the physics of ra-
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diation belt heavy ions is outlined together with model-
ing results, a section comparing these theoretical pre-
dictions with the available ion data, and a concluding
section that discusses near-future research trends. An
unavoidable bias in the selection of papers referred to
is due to the author’s research inclinations and the fact
that it is not possible to read every paper in the field. Ob-
servational results from ion mass spectrometers are the
subject of the companion review by Young (1983) (see
also previous reviews by Shelley, 1979; Johnson, 1979);
the present paper will therefore limit its scope to ra-
diation belts ions above ~ 100 keV per ion.

Experimental Observations at Quiet Times

Instrumentation

Significant technological advances in spacecraft borne
instrumentation have occurred during the last decade
obviating, in many cases, the uncertainty pertaining to
the ionic identity. By virtue of the paucity of instru—
ments utilizing solid state detectors, quite complicated
detector systems have also been devised. Among the
earliest problems were the distinction between energetic
ions and electrons, suppression of electromagnetic ra—
diation effects and particles penetrating the sides of the
detector head. Ion fluxes can be deduced by comparing
the counts in two identical solid state detector systems
of which one has a thin metal foil across the entrance
aperture, or by having a permanent “broom”-magnet in
the collimator of a single detector head or by actively
using such a magnet with multiple detectors to form a
magnetic spectrometer. To some extent, particle species
separation can also be achieved by precise pulse height
discrimination. A common type of energetic ion detec-
tor flown by numerous groups during the seventies is
the twin-element solid state design (Fritz and Cessna,
1975; Panasyuk et al., 1977). By combining the infor-
mation on the energy deposited in both of the AlSiAu
detectors it is possible, within a certain energy range, to
determine both ion energy and mass. Such instruments
have been flown on numerous spacecraft, and this type
of detector system can be operational from several hun-
dred keV per ion to tens of MeV per ion, with ion
identification, and down to ~14 keV per ion, without
mass discrimination, depending on the detector thick-
ness and the design of the adjoining pulse height discrim-
ination system. For measurements of more energetic
ions, multiple detector configurations have been de—
signed, generally with increasing detector thickness away
from the collimator opening; known absorbers may
also be placed between the detector elements (forming
a range telescope). Shielding against unwanted ra—
diation can be done by passive means (thick walls) or
by an active system (e.g. guard ring scintillators); for a
review of energetic particle instruments, see Spjeldvik
(1981a)

More modern designs elicit a three parameter ion
analysis by measuring both the energy deposited in
each of two or more detectors and the time of flight
between two of them. From this one obtains a more
precise ion identification; however, very fast electronic
circuits are necessary in order to measure the particle
transit time over path lengths as short as ~10 cm or

less (Williams et al., 1978). A hybrid instrument combin-
ing a proportional counter, solid state detector and a
scintillator was successfully used by Hovestadt and
Vollmer (1971) on the 83-2 spacecraft for measuring
very energetic ions and low energy cosmic rays. A vari—
ation of this instrument, which also utilizes an electric
field deflection in a 20 kV potential field, was included
in the ISEE-l and lSEE-3 payloads (Hovestadt etal.,
1978a). This instrument also permits information about
the ionic charge states to be gathered. The energy cov-
erage is primarily in the multi-MeV per ion range. New
instruments are currently being developed to extend the
data coverage towards lower energies to bridge the gap
between the upper energy limit of spacecraft mass
spectrometers, which is typically a few tens of keV
(Balsiger et al., 1976), and the practical lower energy
bound of the mass discriminating solid state detector
systems, which is typically 600 keV per ion (Fritz, 1979).
Since no data are available from these new instruments,
their discussion is deferred to the last section of this
review.

The disadvantage with most of the older “proton”
(i.e. total ion) detectors is the fact that the ion species
remains undetermined. The instruments were most of-
ten beam-calibrated with protons, and the mistaken
conclusion may be drawn that the observed ions in
space are only protons. The latter may only be a valid
conclusion in conjuction with other colaborative evi-
dence, such as simultaneous mass-spectrometer or solid
state mass discriminating detector data. However, much
of the “proton” observation presented in the early
literature really represents ion counts within the proton
channel passbands, so it is possible that neither the spe-
cies identification nor the quoted ion energy is correct.
This should be kept in mind while re—examining and
utilizing older ion (“proton”) data.

Radiation Belt Protons

Equatorial observations of radiation belt ion (“proton”)
fluxes between 78.6 keV and 22 MeV per ion are shown
in Fig. 1. These data were obtained with two, separate,
twin—element solid state detectors on Explorer 45
(Fritz, 1979; Spjeldvik, 1981a) during the early half of
June 1972. The use of a thin solid state detector ele—
ment for the higher energy passbands and suitable
pulse height discriminator logic made most of the data
channels insensitive to incident electrons. The ion flux
averages shown in this figure (from Fritz and Spjeldvik,
1979) were constructed statistically over ~50 quiet-
time spacecraft passes, assuming that the ions are in-
deed protons. Evidence to that effect is only circum—
stantial; the theoretical calculations of Spjeldvik (1977)
demonstrated that the Explorer 45 quiet—time ion data
at ~100keV—21MeV could only be simulated by
theoretical calculations if these ions were protons and
not helium or oxygen ions. It was also found that the
radial flux maximum is systematically displaced to-
wards lower energies with increasing ion energy in this
range. Spectrally, the Explorer 45 equatorial ion (pro-
ton) observations generally show steep spectra above
~100keV at L-shells beyond L~4.5, and a spectral
maximum is formed at a few hundred keV at the lower
L-shells. Such positive spectral gradients could be un-
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Fig.1. Energy spectra of equatorial radiation belt protons in
the range 0.1—20MeV deduced from Explorer 45 observations
during the geomagnetically quiet period 5—15 June 1972. The
data extend over L shell of 2.25, 2.5, 2.75, 3, 3.26, 3.5, 4, 4.5,
and 5. The solid curve in each panel is drawn as the best fit
to the data points for the differential energy channels and as
an analytic approximation to the quasi-integral channel (see
Fritz and Spjeldvik, 1979). The data are represented by the
energy passband (horizontal extent) and the standard de-
viations (vertical extent)

stable to plasma wave growth, but that aspect has yet to
be fully explored in the radiation blets.

Helium Ions

Instruments capable of discriminating heavy ions form
protons have been flown on a number of spacecraft, in-
cluding Injun-4, Injun-5, Ogo-4, Explorer 45, ATS-6,
83-2, Cosmos-900, Molniya-2 and many others. Fig-
ure2 shows examples of the proton and helium ion
results obtained where four of the channels (effective
at 1—50 MeV) measured protons and two of the chan-
nels (effective at 4—60 MeV per ion) measured helium
ions. The orbits of Cosmos-900 and Molniya-2 were
such that substantial ranges of B/BO-values were sam-
pled (B being the magnetic induction at the spacecraft
and B0 its equatorial value on the same field line).
When converted to flux units results from this class of
instruments have been quite revealing, and we have
learned that ions with nuclear charge Z >1 can be
dominant at certain energies and locations in the trap—
ping region (Fritz and Wilken, 1976; Panasyuk et al.,
1977; Fritz and Spjeldvik, 1979). A comparative result
from the ATS-6 spacecraft is illustrated in Fig. 3 (from
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Fig.3. Equatorial heavy ion spectra monitored with the satel-
lite ATS—6 in the geostationary orbit at L=6.6. The instru-
ments did not permit determination of ion charge states but
did discriminate between ion mass. The leftward solid curve
represents Z31 ions at E<350 keV and Z=1 ions (i.e. pro-
tons) at higher energies. The simultaneous spectral obser-
vations indicate that heavy ions (Z 23) dominates at energies
above a few hundred keV per ion. These data are taken dur-
ing a disturbed period on 18 June, 1974 (from Fritz and Wil-
ken, 1976), but similar results also apply for quiet conditions,
(eg. Spjeldvik and Fritz, 1978b)
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Fig. 4. Radial profiles of helium ions in the earth’s radiation
belts as observed with Explorer 45 during two consecutive
outbound spacecraft passed on June 1, 1972. The passbands
are: A003: 1.16—1.74MeV per ion and A004: 1.74—3.15MeV per
ion. The data are represented by crosses where the horizontal
error bar indicates the accumulation L-shell interval and the
vertical error bars the statistical uncertainty in the data. The
circles are interpolation points used in the subsequent analy-
sis. The sub-panels indicate the B/BD-values of the Spacecraft
location where B/BÜ=1 for the exact geomagnetic equator
(Fritz and Spjeldvik, 1978')

Fritz and Wilken, 1976) where measurements of helium
ions, CNO (carbon nitrogen, oxygen) ions are com—
pared with those of protons using mass discriminating
data channels. It is evident that at this (geostationary)
location the Z >1 ions dominate over protons when
compared at equal total ion energy for energies beyond
~1MeV.

Observations of radiation belt helium ions at the
geomagnetic equator over a range of L-shells extending
from the top of the atmoSphere to L~5.2 were made
with Explorer 45. Four examples of radial helium ion
profiles in the lower MeV energy range are shown in
Fig.4 together with the orbital B/BO-values (Fritz and
Spjeldvik, 1978). Notice that the helium ion count rates
are generally higher when the orbit is close to the mag-
netic equatorial plane (lower panels in this figure). To
assess the quiet time structure of radiation belt helium
ions, a statistical study was made of ~50 Explorer 45
spacecraft orbits through the heart of the trapping re-
gion. Fritz and Spjeldvik (1979) found that the radial
distributions are fairly narrow with a peak around
L~3.25 and (full width half maximum) (FWHM) of
AL~0.5, at energies in the lower MeV range. Ra-
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diation belt helium ion spectra are exhibited in Fig. 5
(from Fritz and Spjeldvik, 1979) where the horizontal
error indications depict the width of the passbands and
the vertical error bars the statistical uncertainty. Simi-
lar to that of protons, the helium ion spectra are found
to be quite steep beyond L~4, and at lower L-shells a
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noticeable hardening is seen which results in fairly flat
spectra. with a possible spectral turnover below L~3;
the latter cannot be stated with certainty from these
data. However, corroborating data at lower L-shells
(from Blake et al., 1973) shown in Fig.6 do indeed
demonstrate the positive spectral slopes of MeV helium
ions below L~2 at the geomagnetic equator.

CNO and Heavier Ions

The pulse height discriminator systems of two element
solid state detectors can also be designed to distinguish
CNO and heavier ions from the lighter ones, at least at
some energies. Fig.7 depicts the results from Explorer
45 at 1.8—4.8 MeV per ion for CNO ions (Spjeldvik and
Fritz, 1978d). It was found that the CNO radial profile
is broader than that of helium ions; some of this ap-
parent width could be due to the wide energy accep-
tance (AE=3MeV). Unfortunately, only one CNO ion
data channel on Explorer 45 had high enough count
statistics to be used in the analysis, and this prevents
information about the spectral shapes of CNO ions
with this spacecraft.

Ions heavier than oxygen could not be determined
with certainty from the Explorer 45 instruments during
quiet times. Spjeldvik and Fritz (1981c) have placed an
upper limit of ~0.1 ions/cmzs ster integrated over en-
ergies beyond ~10 MeV per ion for ions with nuclear
charge Z29 during the period 1—15 June 1972.

Observations of Carbon and Oxygen Ions
in Discrete Channels

The twin detector instruments described in the forego-
ing are not able to distinguish between the ionic charge

MPE/Uo experiment
ISEE—l oxygen
ULEZEQ quiet periods

22.0ct.77—25.jon.78

0.39—0.49MeV/nuc
1.0—1.18/80

0.49-0.66

.10-1

0.66—0.99

-10‘2 ’ I

Fig. 8. Observations of carbon and oxygen ions in distinct passbands made with the ULEZEQ detector system on the ISEE-l
spacecraft averaged over a number of selected quiet periods during 22 October 1977 through 25 January 1978.
Left panel: Carbon ion data in four passbands 4.80—6.00, 6.00—8.28, 8.28—11.88 and 11.88—18.12MeV per ion.
Right panel: Oxygen ion data in four passbands: 6.24—7.84, 7.84—10.56, 10.56—15.84 and 15.84—22.56 MeV per ion (for details, see
Hovestandt et al., 1981)
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states, and the discrimination between carbon, nitrogen
and oxygen ions is also very difficult owing to the simi—
lar behavior of these ions in the MeV range. An instru-
ment able to carry out measurements with both mass
and charge resolution in the MeV range was flown on
ISEE-I. Using data from this instrument, Hovestadt et
al. (1978b) were, for the first time, able to report sepa-
rate measurements of the carbon and oxygen ion fluxes
in the earth’s radiation belts. This instrument is also
capable of measuring helium ions with significant en—
ergy resolution at E=0.39—2.18 MeV per nucleon in six
passbands (multiplication by four gives the total ion en-
ergy). As one might expect, they found that the more
energetic helium ions have their flux maxima at lower
L-shells.

The results for C and O ions deduced from ISEE-l
observations are shown in Fig.8. For each ion species
there are four data channels. For carbon ions these are:
E=0.40—0.50, E=0.50—0.69, E=0.6940.99 and E=0.99—
1.51 MeV per nucleon, and multiplication by 12 gives
the total carbon ion energy passbands. For oxygen ions
these are almost identical: E=0.39-0.49, E=0.49—0.66,
E=0.66—0.99 and E=0.99—1.41MeV per nucleon, and
multiplication by 16 gives the total oxygen ion energy
passbands. For both ion species one observes an in—
ward shift of the flux peak location with increasing ion
energy. The count-rate comparison also shows that
both C and O ions are present in substantial quantities.

Ion Abundance Comparisons
It is of interest to compare the flux intensities of pro-
tons with those of the heavier ions, and the relative
abundances of the heavy ions. Figure 9 shows the re-
sults of calculating the ratio of helium ion flux to that
of protons using the Explorer 45 statistical average dur-
ing 1—15 June 1972 (from Fritz and Spjeldvik, 1979).
The shaded areas indicate the estimated uncertainty in
the final result. This comparison, which was made at
equal total ion energy, demonstrates that the He/p ra-
tio well exceeds unity in the outer radiation zone at the
higher energies. At L=5, say, the value of this ratio is
~10 at 3MeV per ion. A significant variation of the
He/p ratio is also evident in recent Soviet results;
Fig. 10 shows data reported by Panasyuk et a1. (1977)
using observations made with the Molniya-2 spacecraft.
Although these data do not pertain to the geomagnetic
equator or to fixed B/BO-values, the same trend is evi~
dent, namely a strong increase in the He/p ratio with
higher L-shells. The lower part of this figure also shows
the observed He/p ratio calculated at equal energy per
nucleon for the same Spacecraft orbit. Statistical results
have also been obtained for the He/p ratio using the
Explorer 45 quiet-time observations in the geomegnetic
equatorial plane (B/Bflgl). These results, which are
shown in Fig. 11, demonstrate that the He/p values at
equal energy per nucleon are small, usually in the range
10""Sil at these L-shells and that a systematic energy
variation is seen with a minimum located at several
hundred KeV per nucleon. This minimum is not evi-
dent in the results of Panasyuk et al. (1977) quoted
above, this could be due to the Molniya-2 orbit or it
could be a temporal feature dependent on the injection
and diffusion pre-history of these particles. One should
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Fig.9. Calculated quiet time equatorial He/H (or tit/p) ion flux
ratio in the earth’s radiation belts during geomagnetically
quiet conditions. The data were reduced based on simul-
taneous ion (most likely proton) and helium ion data ob-
tained with the Explorer 45 spacecraft during 1—15 June 1972.
The ratios are given at equal total ion energy in the range 0.5
to 5 MeV per ion, and the shaded areas depict the statistical
uncertainty in the derived ratios (Fritz and Spjeldvik, 1979)

point out that the observed I-Ie/p ion flux ratio values
at equal energy per nucleon are more than an order of
magnitude lower than the solar wind Her’p abundance
ratio which (by number density) can vary from less
than 1% to more than 10% with perhaps a mean of
w4% (e.g. Hirschberg, 1973, 1975). For further details
of the solar wind ion composition see Bame et al.
(1975)

It is of interest to compare the CNO/p ion flux ra-
tio, and the statistical results from Explorer 45 for
CNO ions given in Fig. 7 together with the proton data
in Fig.1 yield the comparison (at equal total ion en-
ergy) shown in Fig.12 (from Spjeldvik and Fritz, in
press 1982). As in the case of the He/p ratio, the
CNO/p ratio at equal energy per ion also shows a sig-
nificant positive gradient with L-shell, and such that
the CNO/p ratio exceeds unity at L>4.5. This observed
trend, from the 50-orbit statistical data of Explorer 45
during 1—15 June 1972, is also consistent with the ion
abundance result from ATS-6 at the geostationary orbit
at L~6.6 shown in Fig. 8. When compared at equal en-
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ergy per nucleon, the CNO/p ratio would be very small
throughout most of the radiation belts, however.

It is well known that if the MeV heavy ions in the
radiation belts have their origin in the sun (via the so-
lar wind or solar energetic particles) or in low energy
galactic cosmic rays then, by the elemental abundance,
the geomagnetically trapped C and 0 ion flux inten-
sities should be roughly comparable. If these ions had
their source in the terrestrial atmosphere/ionosphere
(via the polar wind and/or upward auroral ion jets fol-
lowed by acceleration to MeV energies) then the (3/0
flux ratio would be very small, of the order m 10—5 (e.g.
Blake, 1973). It is here assumed that some unknown
(implausible) process does not exist that could strongly
favor C over 0 ions.

It is quite clear that the fluxes of carbon and oxy-
gen ions are of comparable intensity, however; and
thus, pending confirmation by independent means, the
results of Hovestadt et al. (1978b, 1981) illustrated in
Fig.8 establish the extraterrestrial origin for MeV ra-
diation belt ions. A detailed co-comparison is given in
Fig. 13 which gives the C/O flux ratio at equal energy
per nucleon. At L=2.8—3.8 this ratio varied between 1.3
at 400 keV per nucleon to 4.1 at 1.2 MeV per nucleon.
When such comparison is made at equal total ion en-
ergy the ratio is about unity (within a factor of two).
Although these ISEE-l results are given for a single
pass through the radiation belt trapping region, one
would expect to find long term stability during quiet
times (as evidenced by the Explorer 45 data discussed
above). This contrasts the ion composition results ob-
tained by the mass Spectrometers, at tens of keyr en-
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made at equal energy per nucleon (from Hovestadt et al.,
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ergies and below. where substantial time variability on
the time scale of hours and days in the ionic compo-
sition is found (Lyons and Moore, 1981; Lundin et al.,
1980; Lennartsson et al., 1981; Lennartsson and
Sharp, 1982).

Ion Anisotropies

Observed pitch angle anisotropies of energetic electrons
have yielded significant insight into the dynamical pro-
cesses operating on these particles (Lyons et al., 1971,
1972; Lyons and Thorne, 1973). Studies of anisotropy
characteristics of energetic ions could likewise give
valuable information about scattering processes and
plasma waves such as ion-cyclotron waves. Joselyn and
Lyons (1976) have delineated the energy ranges and
spatial locations of such interactions for protons; how-
ever, much work remains to be done, both from the
theoretical and experimental sides, for different ion spe-
c1es.

Specific studies of angular particle distributions
have been made by Williams and Lyons (1974a, b), and
Lyons and Williams (1975, 1976). Statistically, during a
two-week geomagnetically quiet period, the proton
anisotropies have been determined from the Explorer
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45 data by plotting the observed omnidirectional fluxes
versus the B/BO-parameter (Fritz and Spjeldvik, 1979)
and those results show that the proton pitch angle dis-
tributions become somewhat more anisotropic with
lower L-shells and with higher energies but also that
some deviations from a monotonic trend occurs at
some L-shells and energies. Plotting these data versus
L-shell with AL=O.25L resolution yields the result
shown in Fig. 14. In this graph the B/BO-dependences
have been reduced to a single parameter fit, assuming a
functional relation

J = J0 sinnocO = J0(B/B0)"'/2

where oc is pitch angle, subscript—O denotes equatorial
(B/Bozl) quantities, J is ion flux, and the exponent
(anisotropy index) n is the single parameter anisotropy
information. One should, of course, be aware that not
every pitch angle distribution in the trapping region
can be parametrized this way. Injection effects, L-shell
splitting, preferential angular scattering at some pitch
angles and B-field time variability are examples of pro-
cesses that may produce other types of angular distri-
butions. Nevertheless, much of the radiation belt ion
pitch angle distributions are to a first approximation
expressable by such a functional relation. A secondary
reason for plotting the proton data this way is that is
facilitates direct comparison with other ion species
where complete pitch angle distributions may not be
available, but where an n-index often can be deduced.

The corresponding Explorer 45 anisotropy record
for energetic helium ions in the lower MeV range has
been studied by Fritz and Spjeldvik (1978). As in the
case of protons, these statistical data appear to be rea—
sonably well matched by the above assumed functional
form. For MeV helium ions no systematic L-shell vari—
ation of the anisotropy n-index is deduced, and this is
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explicitly illustrated in Fig. 15 (from Fritz and Spjeld-
vik, 1982) although the errors bars are large enough
to allow for significant variation. Of course the energy
coverage is limited, and one cannot exclude an n(L)-
dependence at other helium ion energies. There is, how-
ever, a systematic variation of the n-index with helium
ion energy. That finding is illustrated in Fig. 16 where a
dependence n(E)~7+9.llog(E/E0) is deduced with E0
=IMeV. This empirical fit appears to provide a fair
description of all the Explorer 45, ISEE-l and 83-2 he-
lium ion anisotropy data within the plasmasphere.
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Fig. l7. Pitch angle anisotropy index n versus L-shell of ob—
servation, but for varying B/Bfl-value with L-shell. The data
were obtained with the Molniya-2 spacecraft on 25 October
1975. Left panel: n-value versus L-shell for 4—10MeV per ion
helium ions (1—2.5 MeV/nucleon). Right panel: n—value versus
L—shell for 4.5—15MeV ions (assumed to be protons) (from
Panasyuk and Vlasova, 1981)

In contrast to these results, Panasyuk and Vlasova
(1981) have deduced a rather strong dependence of the
n—index with L-shell. Their result is reproduced in
Fig. 17 and is based on proton and helium ion data
from the Molniya-2 spacecraft where wide proton and
helium ion data channels, 4.5 —15 and 4—10MeV per
ion, respectively, were used. It is conceivable that at the
higher L-shells primarily the lower energy protons and
helium ions are measured, while at the lower L-shells
the counts would come from the more energetic ions
(as one might expect from theoretical considerations). If
so, then an energy dependence can be seen as an ap-
parent L-dependence and vice versa. The Molniya-2
data were reduced using only two Spacecraft orbits
from which a two point anisotrOpy determination was
made; this could leave the result sensitively dependent
on the accurate orbit parameters and the magnetic field
model; the latter was taken as a dipole. M. Panasyuk
(personal communication, 1982) has also pointed out
that if the distribution fails to follow a sin”a,-J depen-
dence at large B/BÜ values then unreliable n versus L
determinations could result- The differences between
the Explorer 45 and the Molniya~2 results were intrigu-
ing enough to pursue the investigation further, howev-
er. Figure 18 shows the results of plotting all available
helium pitch angle anisotropy information versus L-
shell, regardless of the ion energy. The data are clearly
significantly less well ordered, and it is difficult to de-
duce a common L—shell variation of the n-index for he-
lium ions. In particular, the very low tit-values deduced
by Panasyuk and Vlasova (1981) at L>3.5 (the helium
ion fluxes would become isotropic just below L=4) are
not supported by the other data. On the other hand,
the high n—values observed near L~2.5 by these resear-
chers agree well with the observations of Fennell and
Blake (1976).

A recent result by Blake and Fennell (1981) indeed
shows that a single n-value does not describe the he-
lium anisotropy at large B/BD—values. Their result is
given in Fig. 19 for helium ions at 392-960 keV per ion
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relation .l'=J“,(B/l;1’0)"“’2 is a poor fit to the data at 8/3032
while I-t=8.3 is a fair fit at lgB/Boffl

(98—240keV per nucleon) and shows that near the
geomagnetic equator the pitch angle anisotropy is de-
scribable by n~8.3 (for B/BG-ailfi) while a much smal-
ler n-value describes the larger distances from the
geomagnetic equator. Thus, measurements made at
varying B/BU-values would also be expected to give an
apparent n(L)— dependence, particularly when the B/BO~
range covers the transition between the two different
anisotropy levels.

The pitch angle anisotropy is also substantial for
CNO ions. In a statistical study of Explorer 45 data,
Spjeldvik and Fritz (1978(1) found n—values typically in
the range 10—12 at 1.8—4.8 MeV per ion (for oxygen
ions) on the geomagnetic equator. Figure 20 shows the
n-values deduced from these quiet time observations
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during 1—15 June 1972. To lowest order, there is not a
reliable variation of It with L, although some slight
non-regularity in the vicinity of L=4 to 5 is seen.

Data from the ISEE-l spacecraft extend the quiet-
time ion anisotrOpy information for a number of dif-
ferent ion Species. Figure 21 from Hovestadt et a1.
(1981) demonstrates that, at comparable energies per
nucleon (0.4—0.5 MeV per nucleon), carbon and oxygen
ions are substantially more anisotrOpic than helium
ions where ”He-”“99 and nC and now 15.8 measured at L
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=2.8—3.8. Of course, seen in total ion energy, the car-
bon and oxygen ions are factors of 3 and 4 times as
energetic as the helium ions.

One may conclude that energetic heavy ions in the
earth’s radiation belts are consistently highly aniso-
tropic.

Observations During Magnetic Storms

A few studies have addressed the radiation belt ion
composition during disturbed conditions such as mag-
netic storms. The qualitative behavior of the proton
(ion) component at tens and hundreds of keV energies
has long been studied. Davis and Williamson (1963,
1966) found that while lower energy ion fluxes, at tens
to hundreds of keV, were enhanced during magnetic
storms, higher energy ion fluxes in the MeV range were
often decreased. Söraas and Davis (1968) recognized the
importance of analyzing the phase space density at
fixed first and second adiabatic invariants. Non-mono—
tonic features in radial distributions of the phase space
density are attributable to internal sources, “injections”
or to time variations in the boundary conditions, i.e. to
more rapid flux variations in the outer radiation zone.
It is now recognized that the storm-time ion flux en-
hancements commonly observed at lower radiation belt
energies represents the ion injection while the high en-
ergy decreases are often due to adiabatic adjustment of
the magnetic field. An example of such storm-time va-
rations is shown in Fig. 22 where ion (proton) energy
density from Explorer 45 is depicted, and similar va-
riations have been observed with ISEE-l and other
spacecraft (Williams and Lyons, 1974a, b; Lyons and
Williams, 1976; Williams, 1980, 1981, in press 1982;
Burke, 1981). Open circles depict pre-storm data and
closed circles the storm time observations. When these
data are reanalyzed in terms of the phase space den-
sities themselves adiabatically mapped by the magnetic
field variations (D.J. Williams, personal communi-
cation, 1980; Burke, 1981) the high energy flux de-
creases can be adequately accounted for as being a
mere adiabatic adjustment. A similar situation also ex-
ists for storm-time energetic electrons (West et al., 1973,
1979, 1981; Spjeldvik and Thorne, 1975; Lyons and
Williams, 1975).

Acceleration of pre-existing lower energy particles
can in many cases explain “injections” as observed
with instruments of finite energy bandwidth. A cross-L
non-diffusive displacement preserving the first two adia-
batic invariants can appear as a “source” for the
geomagnetic storm, main—phase ring current (i.e. Lyons
and Williams, 1980). This result emphasizes the need
for clear distinction between physical transport from
one topologically different region of the magnetosphere
to another, on one hand, and essentially in—situ redistri-
bution in velocity space, on the other hand. Both pro-
cesses have in the past been labeled “injections”.

From studies of data obtained by spacecraft in low
and high altitude orbits it is recognized that all ion spe-
cies are not injected proportionally to their pre-storm
radiation belt ionic abundance. Randall (1973) has giv—
en a detailed account for the observed He/p ratio va-
riations observed at low altitudes during a magnetic
storm. Unfortunately, because of the off-equatorial ob-
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time (pre-storm) orbit 97 in December 1971 (open circles) and
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were made in the interior of the trapping region (from Wil-
liams, 1979)

servation location one could not with certainty dis-
tinguish between actual abundance variations and spe-
cies dependent pitch angle distribution adjustments.
With data from the later Explorer 45 satellite, in an
essentially equatorial orbit, it was recognized that im-
portant ionic composition variations do indeed take
place during at least some magnetic storms. In a series
of papers, Spjeldvik and Fritz (1981, a, b, c) described
the variations of the MeV heavy ion fluxes during a
sequence of four magnetic storms that occurred during
June through December 1972. The Dst-record for this
time depicts four storm periods with significant DS,—ex-
cursions by well over 100nT. The August 1972 mag—
netic storm differed from the June, September and Oc-
tober/November storms by a quite irregular time hos-
tory of the Dst-index. The August 1972 storm was as-
sociated with very major solar flares which had signifi-
cant effects throughout the solar system (Hoffman et
al., 1975; Lanzerotti and MacLennan, 1974; Hakura,
1976; Nakagawa, 1976; Bhonsle et al., 1976; Malitson
et al., 1976; Rao, 1976; Simnett, 1976; Miller, 1976;
Matsushita, 1976; Smith, 1976; Vaisberg and Zastenker,
1976; Intrilligator, 1976; Cahill, 1976; Reagan et al.,
1981). Solar wind ions can also be significantly accele-
rated in shock wave disturbances (e.g. Pesses et al.,
1979; Gosling et al., 1980; Scholer et al., 1980).

Helium Ion Flux Variations

Enhanced fluxes of energetic helium ions in the MeV
range appear fairly suddenly in the heart of the trap-
ping region during at least some magnetic storms. The
left panel of Fig. 23 shows the time history of 1.74—
3.15 MeV per ion helium ion fluxes at the geomegnetic
equator during June through December 1982 at a nom-
inal (undisturbed) L=3. These Explorer 45 data show
the varying influence of the different magnetic storms
on helium ions. Spjeldvik and Fritz (1981a) found that
the June 1972 magnetic storm had its principal effect
on MeV helium ions beyond L~3.5 where the trapped
fluxes became enhanced by almost an order of magni—
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Fig. 23. Evolution of radiation belt helium ion (Z =2) and CNO ion (Z 24) flux intensities, and 229 ion count rates at 1.74—
3.15 MeV per ion, 1.8—4.8 MeV per ion (for oxygen ions) and lMeV per ion respectively during the four major magnetic
storms that occurred during June—December, 1972. The data were obtained with ExplOrer 45 at L=3

tude. At lower L-shells little effect was seen. In con-
trast, the August 1972 magnetic storm provided a sub-
stantial MeV helium ion flux increase onto L-shells
well below L~2.5. At L=2.5 the trapped helium flux
enhancement was a factor of ~30 while at higher L-
shells significant increases were also seen. The sub-
sequent magnetic storms in September and October/-
November 1972 produced little observable effects on
the MeV radiation belt helium ions below L~5. The
most likely reason is that any injection provided by
these storms was much smaller than that of the August
1972 storm and therefore did not appear evident com-
pared with the prolonged after-effect of the August
1972 magnetic storm. It is possible, of course, that these
later two magnetic storms did not inject MeV helium
ions. All fluxes are either equatorial (B/BO=1) or have
been mapped to B/BO=1 using angular distribution in-
formation.

Variations of CNO and Heazjier Ions
The corresponding record for MeV CNO ions is shown
in the middle panel of Fig. 23. These data pertain to
somewhat higher energies, 1.8—4.8 MeV per ion for oxy-
gen ions. The CNO ion flux enhancement was notice—
able as low as L=2.5 for the June 1972 magnetic storm
(Spjeldvik and Fritz, 1981b), and the most prominant
increase is seen between L=3 and L=4.5 for this
storm. As in the case of helium ions, the CNO ion
fluxes were greatly enhanced during the August 1972
magnetic storm. The relative increase was particularly
spectacular at L~2.5 where almost three orders of
magnitude relative flux enhancement was observed, and
a large increase in the trapped fluxes was also seen at L
=3. In comparison to the August 1972 magnetic storm
MeV CNO ion injection, the September and October/-
November 1972 magnetic storms provided little
changes in the flux levels except possibly at the highest
L—shells. The data were mapped to B/BO=1; for details,
see Spjeldvik and Fritz (1981b).

While the June 1972 magnetic storm did not pro-
vide an enhancement of the fluxes of Z 29 ions at
E >10MeV above the intensity level observable with
the Explorer 45 instruments, the August 1972 magnetic
storm provided a substantial injection of the Z 29 ions.

This is illustrated in the right panel of Fig. 23 which
depicts the time evolution of these ion fluxes during
and following that storm for a nomial L-shell of L=3
at L<2.5 and L>3.5 the fluxes were generally too low
to have usable count statistics. Data on the angular dis-
tribution are sketchy, and in this figure an attempt was
made to establish the trapped Z>9 fluxes at the
geomagnetic equator as function of time by mapping
the observed fluxes at the actual B/BO-locations (in the
range lgB/BOS, 1.4) to B/BO: 1. The dashed line shows
the result of that exercise assuming a relation J
=Josin10a0 (for details, see Spjeldvik and Fritz, 19810).
Although there are sufficient count statistics to estab—
lish the presence of these ions, some of the non-
smoothness also results from the small number of counts,
at best a few counts per minute. The precise iden-
tity of these ions could not be determined with the Ex-
plorer 45 heavy ion detector telescope, but expectations
from the solar energetic particle emission observations
at higher energies (i.e. Webber et al., 1975) suggest that
magnesium and silicon ions might be the ones ob-
served. The instrument was not able to distinguish be—
tween heavy (atomic) ions such as ions of Mg, Si, Fe
etc., and molecular ions (from the lower ionosphere)
such as NO+, 5“, etc.; no known mechanism is cap-
able of accelerating ionospheric ions to tens of MeV
energies in the earth’s radiation belts, however. It is
nevertheless worth noting that very energetic molecular
ions have been observed in Jupiter’s magnetosphere
(i.e. Hamilton et al., 1980). A detailed study of solar
particle anisotropy, rigidity spectra and propagation
characterisitcs for a different event has been carried out
by Debrunner and Lockwood (1980), and MaSung et
al. (1980) report mean ionization states of energetic par—
ticles in the vicinity of the earth’s magnetosphere. The
charge states of these ions are found to be high, and
comparable to those of the solar corona (of. Jordan,
1969)

Observed Post-Storm Ion Flux Decay

From the time evolution of the heavy ion fluxes, a typi-
cal post-storm ion flux decay time may be estimated.
When the time evolution is transport dominated it is of
interest to determine whether the net radial diffusion is
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inward or outward. The equatorial net radial diffusion
26f(u, L)

ÖL
where f(u, L) is the instantaneous ion distribution func—
tion at equatorial pitch angle oco=7r/2. When Öf/ÖL>0
net inward transport is indicated, and that is usually
the case during quiet times when the radiation belt in—
ternal losses are offset by inward diffusion across an
outer zone boundary location. When ôf/ôL<O net out—
ward radial diffusive transport is indicated. Figure 24
shows the deduced helium ion radial profile of the dis-
tribution function for a range of ,u-values corresponding
to energies in the lower MeV range. It is clear that be-
yond L~3 the Öf/ÖL values are generally negative
showing net outward helium ion transport during the
post—storm period following the August 1972 magnetic
storm period. Since generally the radial diffusion coef-
ficient increases strongly with higher L-shells (DMJNL10
for magnetic radial diffusion, e.g. Schulz and Lanzer—
otti, 1974), cross-L transport can be an important loss
mechanism for MeV ions during this period. Eventually
the MeV ions diffusing out from beyond L~3.5 will
encounter the magnetopause (on the dayside) or the
magnetotail (on the nightside) and thus be lost from the
trapping region.

Figure 25 depicts the observed helium ion, CNO ion
and Z 29 ion decay times. The helium ion decay times,
shown in the left panel, vary from ~7 days at L=5 to
>100 days at L~2.5. A comparison with theoretical
predictions based on Coulomb collision energy degra—
dation, ion charge exchange loss times and typical

flux can be determined from <D=—-DLLL"
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cross-L transport time scale is also provided. In this con-
text it should be noted that the Coulomb energy deg-
radation times used here are just those of single par-

. . . 1 dB ‘ .ticle energy degradation, 1.e. c~ (Ei?) . In prin-
ciple, the actual time scale would be the ensemble av-
erage determined from the distribution function itself,

AE Ö ‘1
i.e. rEA=f (<Z>%gd—g) , and such a refinement

should be included in future work. The charge ex-
change loss times were calculated from an assumed
(theoretical) distribution over the ionic charge states.
While helium ions are subject to at least three different
charge state altering reactions, He+ —«>He++,
He+ + —+He+ and He+ ->He, only the last of these pro—
duces loss of the ion by “untrapping” it from the mag-
netic field control. Thus the charge exchange loss rate
is determined, in part, from the relative distribution in
the different ionic charge states TCE=T1o(f1/Z fi)—1
where the distribution function subscripts denote the
charge state numbers. 110 is just (010V[H])‘1 where
010 is the charge exchange cross section for He+ —>He,
V is ion speed and [H] is the neutral hydrogen exo-
sphere number density. For the Explorer 45 helium ion
channel used in Fig. 25 (1.16—1.74 MeV per ion) a good
agreement between the observed post-storm decay
times and theoretical expectations is found; similar ag-
reements were found for other helium ion energies
(Spjeldvik and Fritz, 1981a).

This type of analysis was also done for CNO ions,
and the results were compared with theoretical time
scales for oxygen ions. The observed decay times varied
from ~6 days at L=5 to ~40 days at L=3.5. This is
shown in the middle panel of Fig. 25 for the 1.8—
4.8 MeV per ion CNO data. At first glance it might
seem that the observed decay times are longer than the
theoretically predicted Coulomb collision times at
L<4. However, the CNO data channel is quite wide,
and it is expected that the CNO ion fluxes within this
energy range should be primarily >4 MeV ions at L<3
while primarily <2MeV ions at L>4 (Spjeldvik and
Fritz, l978d, 1981b). Thus, invoking this theoretical
spectral expectation, the decay data are indeed consis-
tent with theory.

It is more difficult to analyze the Z29 ions since
the ion identity is unknown and there is also a lack of
information about the basic charge exchange cross sec-
tions of such ions (Z 2,9) in an atomic hydrogen gas.
For a review of known cross sections, see Claflin (1970)
and Spjeldvik (1979), and references therein. The actual
observed decay time scales for the >10 MeV, Z 29 ions
are shown in the right panel of Fig. 25 with error bars
corresponding to the uncertainty in the data given in
Fig. 23. The decay times range from ~13 days at L
=3.25 to ~54 days at L=2.25. Typically these decay
times are short, on the order of a few tens of days with
a monotonic decrease of the time scales with higher L-
shells. A comparison with the expected cross-L trans—
port times in Fig. 25 reveals that at the L-shells where
the Z>9 ion data were obtained tdecay<tdiffusi0„. On
the other hand, both rCOulomb and Ichargeexchange should in-
crease with increasing L-shell (because of the decreasing
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exospheric neutral atomic hydrogen concentration
[H]). Thus it would appear- that the theory used so far
successfully for He and CNO ions at a few MeV en-
ergies cannot explain the decay of the Z29 ions at E
210 MeV per ion. The reason for this was suggested by
Hoverstadt et al. (1981) who pointed out that the gyro-
radii for these very energetic heavy ions become so
large that the Alfven criterion for the validity of the
adiabatic radiation belt approximation is no longer ful-
filled. These ions are thus exhibiting a non-adiabatic (or
quasi-adiabatic) behavior for which the theory still has
to be developed, for example by studying the non-adia-
batic ion trajectories (e.g. Stormer, 1955). The net result
might be to lower the residence times in the trapping
region.

Theoretical Considerations

Theoretical studies of the motion of high energy par—
ticles in the earth’s magnetic field were carried out ear-
ly in the century by Stormer and his contemporaries,
their work, summarized in the book by Stormer (1955),
followed the single particle trajectory tracing approach.
The particles were thought to originate in the sun and
follow deterministic trajectories in the earth’s dipolar-
like magnetic field. In the general case, this is a difficult

mathematical problem, and even for a static geomag-
netic field, no explicit analytic solution has been found.
Great simplification can be achieved over much of the
energy range of interest for the earth’s radiation belts
when the three approximate periodic motions of trapped
particles are considered (Alfven and Falthammar,
1963). The fluctuating nature of the geomagnetic field
causes perturbations in these periodic motions, leading
to particle energy changes, pitch angle scattering and
radial transport. The general theory for these processes
is well established, e.g. reviews by F'althammar (1968),
Hess (1968), Roederer (1970), Schulz and Lanzerotti
(1974), Schulz (1975), Spjeldvik (1979), Lyons (1979).
Calculations of radiation belt particle fluxes have also
been carried out based on the diffusion theory (Nakada
and Mead, 1965; Cornwall, 1972; Lyons and Thorne,
1973; Spjeldvik, 1977; Spjeldvik and Fritz, 1978a, b;
Spjeldvik, 1981b).

The recognition that heavy ions play an important
role in the radiation belts has led to greater emphasis
on the precise ionic composition (Cornwall and Schulz,
1979) and to consideration of the different ionic charge
states (Spjeldvik, 1979). In the following the current sta—
tus of radiation belt ion modeling is outlined, em-
phasizing the macroscopic properties and the use in de—
veloping predictive models of the inner magnetosphere.

Trapped radiation belt ions are subject to fluc—
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tuations in the large scale geoelectric and geomagnetic
fields, and they may interact with various modes of plas-
ma waves. In a macroscopic sense, this leads to radial
diffusion and pitch angle diffusion. Energy degradation
by Coulomb collisions cause a “flow” in velocity space
and charge exchange reactions may lead to sudden un-
trapping of the ions. The overall effect of these pro—
cesses may be written as a multi-mode diffusion equa-
t10n

WM ô1D ”'157:57); a ma—
ô AJ Ö AIu

+5 Km). fil +5; l<E>fl
+ZAij—ZAIIfI+SI. (1)

S represents a particle source internal to the trapping
region, and ,u, J and (j) are the three adiabatic in-
variants, z is the canonical pitch angle variable where z
=4) y’ T(y’) dy’ and y=sin ocO where do is the equatorial
pitch angle and z is given approximately by

mum—ya T(0)—fi[T(0)—T(1)](1—y11/4)
with T(y) being the bounce time dependence of equa-
torial pitch angle (Hamlin et al., 1961; Schulz, in press
1981). <AJ/At>I. and (Au/ADI. are the stochastic degra-
dation rates in the u and J invariants caused by Cou-
lomb collisions and AI]. is the charge exchange factor
for transformation from state i to state j (e.g. Cornwall,
1972; Spjeldvik, 1979). For protons there is just one
charge state (i=1) and the last two terms reduce to
_A10f1' Although it is, in principle, possible to solve
this equation, there is no analytic solution expressable
by a known function for the general case. Even a pure-
ly numerical solution is laborious since a four-dimen-
sional parameter space spanned by M, J, d) and i plus
time must be considered. The solution in this general
case has not yet been obtained, and every numerical
simulation has studied simplified cases. A steady-state
time independent approximation is most often used.
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Lyons and Thorne (1973), in their steady state ra-
dial diffusion study of radiation belt electrons, replaced

ô ô
the pitch angle diffusion term with —[D-, A]:

âz “lôz
f1

rp(E, L)
tation lifetime versus scattering into the atmospheric

where rp(E, L) is the overall electron precipi-

ô A
bounce loss cone. They also replaced —— (<—l£> fI) by. 8,11 At

1—— where ”Emu, is the single particle Coulomb col-
T coul

. . . . . 1 dE ‘1
lis1on “11fe time” defined from rq: (Ed?) . Of

course, the correct ensemble time scale for an arbitrary
equatorial pitch angle ocO is defined as

(f1%(<2‘%>1n>+g((391m):
but such a quantity cannot be specified a priori since it
depends on the solution to the diffusion problem itself.
For electrons there is no charge exchange process to
consider. A significant simplification also comes from
considering only one pitch angle, most often the equa-
torially mirroring particles only (i.e. where J20) are
studied. These considerations reduced the electron
problem of Lyons and Thorne (1973) to a one-dimen-
sional approximate case of radial transport only. Al-
though the accuracy of some of their simplifications
may be called into question, their solution retained
much of the essential physics, and they obtained results
in good agreement with in-situ electron observations.

In modeling protons and other ions Nakada and
Mead (1965), Cornwall (1972), Blake et a1. (1973), Spjeld—
vik (1977) and Spjeldvik and Fritz (1978a, b) retained
the radial diffusion term, the Coulomb collision term,
and the charge exhange term(s). But they also restricted
attention to equatorially mirroring ions, and for ener-
getic ions the pitch angle scattering term was neglected
altogether (by assuming DZZ~O). Figure 26 shows an ex-

105 — 105 _
3 h 3 F
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p
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Fig. 27. Theoretical radial profiles of radiation belt helium ion
fluxes calculated from the steady state model of Spjeldvik and
Fritz (1978a) with outer zone boundary conditions assigned
at L=7. Dashed curves depict charge state 1 (i.e. He+) while
solid curved depict charge state 2 (i.e. He++), and the
curved are given for 40, 100, 400, 1,000, 4,000 and 10,000 keV per
ion. The relative charge state distribution indicates the dom-
inance of He+ + above ~1MeV per ion while He+ are
most abundant at lower energies

ample of the proton model result for OCO=7t/2 (from
Spjeldvik, 1977). These calculations reproduce the well
known observational result that protons are not distrib-
uted into two belts, but occupy a single radiation zone
encompassing the entire trapping region, and such that
the more energetic protons have their flux peak at the
lower L-shells. Spectrally, these calculations show that
the proton spectra in the interior of the radiation belts
turn over and exhibit positive ôj/ôL-Values (with j(E, L)
= pzf(p, L) where p is the proton momentum) at the
lower energies.

A similar treatment of energetic helium ions gave
the theoretical distributions illustrated in Fig. 27 (from
Spjeldvik and Fritz, 1978a): Notice that the lowest he-
lium ion charge state is dominant below ~1MeV while
the second charge state is most important above this
energy. This result is essentially independent of the ion
charge state boundary condition applied in the outer
radiation zone, thus charge state redistribution pro-
cesses resulting from collisions between the energetic
ions and exospheric particles are important in most of
the trapping region. Qualitatively the theoretical helium
ion fluxes also peak at lower L-shells with increasing
ion energy, and their spectra show positive öj/ÖL—Values
below ~1MeV at L535. Some interesting spectral
features arise from the combined influences of energy-
dependent radial diffusion and energy dependent losses.
The parameter used for radial diffusion (Cornwall,
1972) leads to preferential loss of helium ions at ~100—
1,000keV total ion energy; for details, see Spjeldvik
and Fritz (1978a). The theoretical results are probably
not strictly valid below ~ 100 keV since convective pro-
cesses may be more important than diffusion at and be-
low ring current energies.

Two examples of model results for oxygen ions are
depicted in Fig. 28. In the left panels a flux boundary
condition was imposed at L=6.6 under the assumption
that only O+ was present (corresponding to a purely
ionospheric ion source at all energies), and in the right
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Fig. 28. Computed atomic oxygen ion fluxes in the earth’s ra-
diation belts assuming an ionospheric source of O+ at the
outer zone boundary (left panels) or alternating a solar
source of 06+ ions at the outer boundary (right panels). The
six lowest positive charge states are permitted, and the dif—
fusion coefficients have the same values as in the calculations
in Figs. 26 and 27. Charge state numbers are given on the
curves. The panels show radial profiles at 10, 100, 1,000,
10,000 keV per ion. Detailed description of the theoretical cal-
culations are found in Spjeldvik and Fritz (1978b)

panels the identical spectra were taken at L=6.6 but
with solely O6+ present (an implicit assumption of an
extraterrestrial ion source). The calculated oxygen ion
fluxes and charge state distributions in the interior of
the radiation belts were found to be fairly similar in
both cases, however, except near the outer zone bound-
ary. This is explicitly shown in Fig. 29 for 4MeV oxy-
gen ions subject to the ionospheric (left panel) and so-
lar wind (right panel) source assumptions. Notice that
below a charge state redistribution zone of width
AL~ 1.5 L-shell units a characterisitc charge state dis-
tribution is formed. In this case with C)4+ ions domi-
nant. For specific details about expected charge state
distribution properties and the uncertainties in the cal—
culations from which they are derived, see the review
by Spjeldvik (1979).

In all the model calculations carried out so far for
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Fig. 29. Normalized charge state distributions for 4 MeV
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seen that at L-shells below a narrow transition zone (ALM 1.5)
the charge state distributions become practically independent
of the ion source characteristics and that at this energy the
fourth charge state predominates the charge state distribution

radiation belt ions, rates of radial transport due to fluc—
tuations in the large scale electric and magnetic fields
have assumed that the fluctuation power spectra follow
P(v):v‘2 dependences (where v is the fluctuation fre-
quency). That may not always be the case (Arthur et
al., 1978; Holzworth and Mozer, 1979), and whenever
the power is not exactly "2, DM (or equivalently DLL)
will depend on ‚u (and possibly J). Westphalen and
Spjeldvik (1982) have suggested a method by which the
time averaged Ju-dependence of DM, may be deduced
from inner zone (L~1.2) trapped particle spectra in the
keV and lower MeV range, below the energy range
where the cosmic ray albedo neutron decay source
(CRAND) is important. The actual determination of
D a, {,(p, J) remains to be implemented, however. Detailed
investigations of a number of theoretical aSpects of the
inner edge of the radiation belts have recently been
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made by Jentsch and Wibberenz (1980) and Jentsch
(1981), but are beyond scope of the present review.

Figure 30 shows a comparison of theoretically com-
puted proton, helium and oxygen ion fluxes at E=0.1
—20 MeV per ion. Notice that in the heart of the ra-
diation belts, L=3.25, theory predicts that protons
should be the dominant ion species from ~100 to
~1,000keV per ion while helium and oxygen ions
should be more numerous when compared at equal to-
tal ion energy in the MeV range. The curves are drawn
for three different values of the magnetic radial dif-
fusion coefficient, with one fixed electric radial diffusion
coefficient, and given observed outer zone boundary
conditions; for details see Spjeldvik and Fritz (1928b).
Much of the Explorer 45 ion composition data for
equatorially mirroring ions support these theoretical re-
sults over the limited energy range where the data are
available. However, a critical test can only be made
when simultaneous proton and heavy ion data are
available over a much more extensive energy range.
Further studies of the ISEE spacecraft data would be in
order.

Comparison of Theory and Observation
Ionic composition observations have been made over
two energy ranges, below a few tens of keV and above
several hundred keV. Figure 31 (from Williams, 1980)
shows the quiet time integral radiation belt particle en-
ergy density. It can be seen that the main contribution
to the energy density comes from the intermediate en—
ergies where our current composition knowledge is
lacking. There is much evidence supporting the idea
that a substantial fraction of the lower-energy ring cur—
rent ion pOpulation is of ionOSpheric origin (Lundin et
al., 1980; Lennartsson et al., 1981; Lennartsson and
Sharp, in press 1982; Williams, 1980; Young et al.,
1982), perhaps mixed with solar wind ions, and that the
higher energy ions are of extraterrestrial origin (eg.
Hovestadt et al., 1978b). Below ~20 keV per ion obser-
vations point to H+, He+, 0+, 0++ in variable rel-
ative abundances, and above ~500 keV per ion the ob—
servations reveal ions of hydrogen, helium, carbon, oxy-
gen and heavier ions. The energetic heavy ions are also

Protons Helium ions Atomic oxygen ions ‚ _ _ . . ,
105 _ j1(H*1 _ j llHe*l+j1{He“l — f, . s F1g130. Theoretical ion Icomposrtton of the earth sT L=3.25 ' L=3.25 ' ï p.10 "l radiation belts. Sensmvity comparison of protons,

._. 101' E Z N=1
L=3.25 helium ions, and oxygen ions due to variations in the

_‘ Ë 103 L _ magnetic diffusive ion transport rate as quantified by
'j ï r the magnetic diffusion coefficient DE}. The spectral
ä Ë lÛ _ : curves shown for each ion species represent a flux
= m 101 _ summation over all applicable charge states at an L-
E ä Ü

h _ shell of 3.25, where the ion fluxes generally maximize
Ë "Ë 10 _ in the lower range. The spectral coverage in these
à o 10—1 panels extends over the energy range 100 keV to
È Ë " 20 MeV per ion. The curves labeled A, B, and Ca Ë: l0“: _ correspond to D‘ä’ values of 2 >< 10‘ 10 >< L“), 10—9H

10—3 _ >< L1”, and 10‘8 >< LmRfi/day, respectively, with DE?
a

‘ "' taken as 2 >< 10—Ô >< L1 “/(L4+(aM/i)2) Riv/day where ‚um,
lÜ : : is measured in MeV/Gauss and i is the ionic

I I HILL“ 1 I IIIIIII I I IIIILu I I IIIIIII Charge Statfi number

to? 103 10" in? 103 10" 102 103 10“
Ion energy (keVl
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Fig.3]. Integral ring current and radiation belt energy
density for quiet time conditions. Indicated are the
energy ranges where partial information about the
ionic composition is available from experimental data.
The contribution to the trapped particle energy
density is greatest where this curve is steepest, and
that energy range coincides with the energy range
where the actual radiation belt composition is
unknown
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observed to be in the higher charge states (D. Hove-
stadt, personal communication, 1979).

Unfortunately, most instruments do not permit the
determination of the precise ionic charge state distribu-
tion. At a given ion energy, the total contribution of a
given ion species, 1:21}, is measured. To compare the

theoretically calculated particle distributions with such
observations requires the summation of the theoretical
results over all ionic charge states. The radiation belt
transport and loss relation (1) then yields:

w lD¢¢%l+£lDzzi—ilat —Œ

î51<ii>f1+ôi1<âë>f1
where quantities with no charge state subscript are aver-
aged over all the available' ionization states. The ion
pitch angle and radial diffusion coefficients become:

ô
D¢4> ZD¢¢1aÖ—qä/Zö—ga

Öf- 5fD =zz ZDZZ'—ÖZ 1 ôzi

(2)

(3)

while the energy degradation effects on the first and
second adiabatic invariants is now described by:

<%>=2<%%>fl/‚Zfi-
<%?>=;<%%>.W
For the distribution of a given ion species summed
over all charge states the charge exchange expressions
reduce to a simple weighted loss term where

AZAiofi/Zfia

(4)

(5)

f=Zfl, (a

10000
Composition

partially known

and

S=Zs.
As a consequence, one may apply, to the summed dis—
tribution function f, an equation similar to that of the
distribution function fi for individual charge states but
where the proper coefficients are weighted by the
charge state distribution and its derivatives.

In general, the different coefficients vary significant-
ly with the ionic charge state. As an example, the Corn-
wall (1972) model radial diffusion coefficients DLL
(simply related to D¢¢by a Jacobian transformation) for
electric fluctuations?may be written in the form

(7)

L10

L4 +(MM/i)2
where the sub—coefficient C‘E) depends on the electric
field fluctuation magnitude (and has values in the range
2X10_6—2X 10”5 R125 per day) and NM is the magnetic
moment in MeV per Gauss. This expression is valid for
equatorially mirroring particles; D‘LEZ and D(LM’‚ vary
somewhat with equatorial pitch angle (e g. Schulz,
1975) At multi-MeV energies the second term in the
denominator of (8) dominates and thus D‘ffiioci2 where i
is the ionic charge state number, and in the high energy
limit

(E) _ (E) (8)

(8)
:f/

Öf-
D(E)~C(E)L10 “—221

2
l.1- ÖL

In this limit the ionic charge state distribution is biased
towards the higher charge states attainable, and for this
reason the effective radial diffusion coefficient may be-
come quite large. A similar situation may exist for ion
pitch angle diffusion although the specific details re—
main to be investigated.

It is also worth noting that the effective rate of ion
loss through charge state neutralization (e.g. the pro-
cess Q++H—+Q+H+; where underlining denotes the
energetic particle) scales with the ratio fl/Z fi. This im—

plies that when f1< fl. for 122, the timelscale of ion
loss due to charge exchange will be very long. Coulomb
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collisions, on the other hand, generally have an energy 107 l 1 1 1 111111 1 1 1 111111 î 1 1 11 111|
degradation rate following an i2 dependence (Rossi and o
Olbert, 1970). Thus, ions in the higher ionic charge T: 106 _
states will be degraded in energy at a rate higher than 2
those in the lower charge states; e.g. an 06+ ion will 7;
have an energy degradation rate 36 times higher than Ë I05 __
an O+ ion at the same energy. Consequently, one “"0
would expect the spectral shapes of such ions to vary N93 4
with charge state. 'E |0 __

The Charge state information for geomagnetically 3
trapped ions cannot be used to infer the ion origin con- Ë! |03 —
clusively. Spjeldvik and Fritz (1978b) have demonstrat— L: _- - g .—x—. Manner 4ed that charge state altering reactions soon transform E 2 1..... o o 3

A
the ionic charge state according to internal radiation ‘2 l0 _

‚_„ EEplorerIZ
belt processes. To some limited extent a similar situa— Ë o Explorer 45 Orb1197
tion might exist for the elemental abundance of trapped D 101— A EXP'Orer 45 0’131‘667
ions, since mass dependent processes can change the rel-
ative abundances. The latter process is particularly im- 0 J l l J_ _ I0 11111111 11111111 11111111portant below a few hundred keV ion energies. 1 |0 100 1000

Given suitable boundary conditions in the outer ra- E n e r g y ( k eV )diation zone, it is possible to compute numerically the
radiation belt theoretical distributions of several dif-
ferent ion species. Since these ions are subject to mass
and charge dependent interactions with the plasma—
sphere and exosphere, their relative abundance will re-
sult from a combination of source strength and internal
radiation belt processes.

Figure 32 shows a direct comparison of proton (ion)
observations from Explorer 45 at L35 and ATS-6 at L
=6.6, and theoretical proton spectra at different L-
shells. The outer zone proton fluxes were modeled from
the ATS—6 observations so critical comparison can be
made only at lower L—shells. Unfortunately, the cov-
erage of uncontaminated Explorer 45 data is substan-
tially less at the lower L-shells, particularly below L~3.
Nevertheless, the comparison shows a fair agreement,
strengthening the idea that the 100—1,000 keV ions are
protons. This finding can be further tested by attempt-
ing to match the fluxes of another ion species with the
proton (ion) data, and this was done by Spjeldvik
(1977) who found it difficult to accomplish such a match
unless rather extreme assumptions on the rate of
radial diffusion together with virtual absence of protons

Fig. 33. Comparison between Explorer 45 ion observations at
L=4.5 and data form OGO 3, Explorer 12, and Mariner 4.
Also shown are the theoretically predicted proton fluxes
shown as the solid curve. Ion observations at tens of keV may
not be protons (see the text). At this L-shell the Explorer 45
data below 40 keV are judged questionable (Spjeldvik, 1977)

were adopted. Thus, the available indirect evidence sup-
ports the finding that these ions probably are protons,
and to the extent of the valid data from Explorer 45
there is a good agreement between theory and obser-
vation at radiation belt energies. There is no agreement
at ring current energies (E< 100 keV), however. That is
depicted in Fig. 33 which compares the theoretical pro-
ton spectrum at L=4.5 with data from Mariner 4,
OGO-3, Explorer 12 and Explorer 45. Presumably
some of this discrepancy below ~100 keV stems from
the possibility that the majority of these ions may not
be protons, and some from the effect of non-diffusive
transport process operating at these energies.

A similar comparison can also be made for the hea-
vier ions, but only over a short energy range. Figure 34
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Fig. 34. Radiation belt helium ion radial profiles; comparison
between theory and experiment. Circles are observed differen—
tial fluxes from the heavy ion experiment on Explorer 45
averaged over the energy passbands A063 (1.16—1.74 MeV) and
A064 (1.74—3.15MeV) on three consecutive geomagnetically
quiet days, June 2—4, 1972. The lines are theoretical predictions.
For the A043 channels (upper panels) the theoretical curves
represent differential fluxes at 2MeV (solid), 1.5 MeV (dashed
and 1.2 MeV (dot-dashed). For the Aoc4 channels (the lower
panels) the theoretical curves represent differential fluxes at
3MeV (solid) and 2MeV (dashed) (for details, see Spjeldvik
and Fritz, 1978a)

depicts a comparison of Explorer 45 helium ion obser-
vations at 1.16—1.74 and 1.74—3.15MeV per ion with
theoretical results at 1.2, 1.5 and 2, and 2 and 3MeV
per ion respectively. The agreement is quite good for
the three quiet days of data used here. A much more
critical comparison would be to extend the energy
range, particularly towards lower energies where the
theory predicts spectral turnover below ~1MeV. The
comparison of oxygen ion theoretical radial distribu—
tion and available CNO data is given in Fig. 35, and in
spite of the uncertainty in the theoretical curves owing
to the input parameter estimates (most notably in the
charge exchange cross sections, Spjeldvik and Fritz,
1978b) a fair agreement was achieved. As in the case of
helium ions, there is a need for more critical compari-
son. The data on carbon and oxygen ions now avail—
able from the new instruments on ISEE-l can be used
for this purpose when data from suitable spacecraft or-
bits close to the geomagnetic equatorial plane are se-
lected.

Future Outlook

The last decade has been one of increasing emphasis on
precise ionic measurements in the earth’s radiation
belts. Foremost has been the desire to establish the ion
identity and their individual spectral and anisotropy
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characteristics. Development of fast pulse resolution
electronic circuity for spacecruft use has enabled resear-
chers to develop time-of—flight instruments where not
only the differential (dE/dx) and total (E) energy de-
position of energetic ions incident on solid state detec-
tors could be measured. but also the ionic orbital flight
time over a fixed path length within the instrument.
Several such instruments have been built and flown.
Details of future heavy ion detectors now being devel-
oped for the NASA/OPEN mission have been pub-
lished (Spjeldvik, 1981a; Wilken et a1., 1982). Besides
three solid state detectors and an ion flight path, such
instruments utilize electrostatic deflection of (low en-
ergy) secondary electrons emitted by the thin detectors.
That eliminates the need for magnets (a weight saving),
and microchannel plates provide position sensitive sec—
ondary electron measurements. These instruments are
expected to provide good mass and energy information
from about 200 keV per ion to tens of MeV.

A problem encountered in the in-situ measurements
of minor species is related to the often low geometric
factor of the instrument. Ions at tens of keV energies
can be deflected by a strong electrostatic field (as is
commonly done in some mass spectrometer design),
and the principle now being invoked is to make the
instrument aperture into an annular (ring) shape such
that incoming ions are deflected and focused onto a
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smaller area detector (D. Bryan and D. Hardy, personal
communications, 1980). An instrument now also being
developed for the Swedish/VIKING and the NA-
SA/OPEN mission uses this annular (toroidal) aperture
geometry (Wilken et al., 1982), and incoming ions are
first deflected by a (variable) electric field, then post-
accelerated by a known amount and finally detected in
a solid state detector. This type of instrument bears the
promise of closing the now existing gap in our ability
to determine the ion identity at upper ring current en-
ergies. Other ion detectors may also be under develop—
ment, but their current state of design and proprietary
considerations preclude a discussion here. Nevertheless,
it can be anticipated that the ionic mass and charge
composition of the earth’s radiation belts will be stud-
ied intensively during the coming years.
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Abstract. We report the first direct determination of the
charge states of energetic helium ions in the outer radiation
belt. Our measurements, in the range L: 3—4, revealed un-
expected high fluxes of singly ionized helium below 1 MeV/
nucleon: We found a He‘L/He2+ ratio of0.4_-t0.1 at L: 3.3
with a steep decrease to ~0.04 at L=3.7 at energies of
0.50—0.57 MeV/nucleon. The data were obtained with the
MPE/Uo experiment aboard the ISEE-l spacecraft dur-
ing a near equator (B/BO< 1.025) perigee pass on 17 Nov
1977. The observations suggest that fast cross—L transport
during magnetic storms and non-adiabatic motion may play
an important role for the distribution of helium ions at
MeV energies in the outer radiation belt.

Key words: Earth’s outer radiation belt — Helium ionic
charge composition — Radial diffusion

Introduction

The observation of ions heavier than protons in the Earth’s
radiation belt has been recognized for a long time as provid-
ing a test for our understanding of radiation belt accelera-
tion, propagation and loss processes (Cornwall, 1972; Kri-
migis, 1973; Blake, 1973). In addition, these tracer ions
give unique insight into the sources of the trapped radia-
tion: Large He+ and O+ fluxes at suprathermal energies
as discovered at low altitudes and in the storm—time ring
current (Shelley et al., 1972; Sharp et al., 1974, 1977; Bal-
siger et al., 1980) suggest strongly that the ionosphere is
an important source of the trapped radiation. At somewhat
higher energies (Z 0.4 MeV/nucleon) the first unambiguous
measurement of carbon and oxygen ions reported by Hove—
stadt et al. (1978 a) revealed a C/O-ratio of ~1 at L>2.7,
thus given strong support for the idea of an extraterrestrial
source of these more energetic trapped ions in the outer
radiation belt. Furthermore, there is now increasing evi-
dence that heavy ions are not always a minor species but
may also in part determine the radiation belt dynamics:
Tinsley (1976) and Lyons and Evans (1976), for example,
pointed out that at ring-current energies Z > 1 ions (possibly
He+) rather than protons may be the dominant species.

* Based on a paper given at the Symposium on Plasma and Ener-
getic Particles in the Magnetosphere, EGS Meeting, 23—27 Au-
gust 1982, Leeds, U.K.

Offprint requests to: B. Klecker

Observations on the distribution of energetic helium in
the Earth’s radiation belt have been reported by many au—
thors (Blake and Paulikas, 1972; Fritz and Williams, 1973;
Fennell et al., 1974; and more recently by Fritz and Spjeld-
vik, 1978; Hovestadt et al., 1978 a, 1981 a; Blake et al.,
1980; Spjeldvik and Fritz, 1981). These observational
results have been complemented by extensive numerical cal-
culations, modeling the transport of energetic ions in the
radiation belt (Cornwall, 1972; Spjeldvik and Fritz, 1978a,
b). These computations demonstrated the fundamental im—
portance of charge exchange reactions for the distribution
of heavy ions in the stationary radiation belt.

The model calculations predict, that, at low energies
(< 0.25 MeV/nuc) and small L-values (LS 3), singly ionized
helium is more abundant than doubly ionized helium. At
higher energies (>0.5 MeV/nuc), however, doubly ionized
helium dominates over He+. These results are derived for
a quiet magnetosphere assuming steady state conditions.
If nonstationary transport during geomagnetically dis-
turbed time periods plays a significant role, deviations from
the stationary charge state distributions can be expected.
A direct measurement of the ion charge states in the MeV
energy range was, until recently, beyond experimental capa-
bilities. In this paper we report the first direct measurement
of the charge states of helium at energies >0.5 MeV/nu-
cleon obtained with the Max-Planck-Institut/University of
Maryland experiment aboard the ISEE-l spacecraft in
1977.

Satellite and Instrumentation

The data were obtained with the Ultra—Low—Energy-Z-E-Q
measuring analyzer (ULEZEQ) of the Max-Planck-Institut/
University of Maryland experiment on ISEE-1.

The ISEE-1 satellite was launched into an eccentric orbit
with an initial apogee of ~23 RE, a perigee of ~600 km,
an inclination of 28.70 and a period of ~57 h. During the
first months of the mission the spacecraft moved, during
one out of five low altitude passes, close to the geomagnetic
equator over an extended range of L-values. Thus it is possi-
ble to study the characteristics of equatorially mirroring
ions in great detail.

The ULEZEQ sensor is mounted with its look direction
perpendicular to the spin axis of ISEE-l, which is spinning
nearly perpendicular to the ecliptic plane at ~20 rpm. The
sensor combines the energy/charge determination in an elec—
trostatic deflection analyzer with a dE/dx vs E measurement
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Fig.1. Cross-sectional view of the ULEZEQ sensor on ISEE—1

Table l. ULEZEQ Responsea

Rate-ID Particle Energy range Comment

UHP 1 proton 0.45—1.2 MeV/nuc Rate channel
UHP 2 proton 1.20—3.0 MeV/nuc Rate channel
UHA helium 0.25—30 MeV/nuc Rate channel
UHH Z222 >03 MeV/nuc (O) Rate channel

:> 0.2 MeV/nuc (Fe) Rate channel
HE 1 helium 0.42—0.50 MeV/nuc PHA events,
HE 2 helium 0.50—0.52 MeV/nuc normalized with
HE 3 helium 0.57—067 MeV/nuc UHA-rate.
HE 4 helium 0.67-0.95 MeV/nuc

3‘ Geometrical Factor: ~0.02 omzsr

to derive both the ionic and nuclear charge as well as the
energy of the particles between 0.3 and 3 MeV/nucleon.
A schematic cross section of the sensor is shown in Fig. 1.
For ions passing through the multislit collimator and the
electrostatic deflection analyzer and stopping in the position
sensitive solid state detector (PSD), three parameters are
measured: (1) the energy loss, 2113, in a thin window, flow-
through, proportional counter (PC), (2) the deflection, x,
and (3) the residual energy, ER“, in the position sensitive
detector. These three parameters, in principle, unambigu-
ously determine the nuclear charge 2, the ionic charge Q,
and the energy E of the incoming ion. The energy response
of the sensor is summarized in Table 1. A detailed descrip-
tion of the experiment may be found elsewhere (Hovestadt
eta1., 1978 b).

Ckarge Determination

The ionic charge Q can be derived from the position signal
(x. ER“) and the incident energy (Ein) of the particles. How-
ever, due to non—uniformities in the resistive layer (palladi-
um) of the position sensitive detector, which were estab-
lished after the launch of ISEE-l, the position signal does
not depend linearly on the actual deflection of the particles.
In order to regain the position calibration we evaluated
the position response of the PSD of our experiment on
[SEE-1 using in-flight data obtained during a large solar
flare in September 1978. Figure 2 shows the position re-
sponse for He2 + as a function of incident energy. The corre-
sponding response of the PSD of our sensor of identical
design on ISEE-3 is shown for comparison. The unit of
the position response corresponds to the maximum deflec—
tion of the ions. Figure 2 indicates that the position signal

I I l I | I I I I | I I I I

m10“ |HEaII-IE2I -"
(f) .. 0.67 0.57 0.50 MEWNUC _
2 l l | „o ISEE-lC) - „CH-m _
Ü. ___,o—' ..o

U) _ ÙHD..—o—-v—°""° _

ËE’ °l
h o ÏSEE-3 ‘

Z for“

Q 0.5 h“ ira-0" —
Ë '- Off-0H. —

U") Ho";D _ ,wor _
Ü. 0,..0

0 I I I _I_ | I I I I | I I I I_
-l0.2 0.4 0.6 1/E {Mew

Fig. 2. Position response of the position sensitive detectors on
ISEE-l and ISEE-3, respectively. Data obtained for a large solar
flare (day 268 0:00—270 11.00 UT, 1978) have been used

of the PSD on ISEE-1 becomes insensitive to the actual
deflection at energies 230.7 MeV/nucleon. We restricted the
charge analysis therefore to the energy range 0.5—0.6? Mew
nucleon, where the charge resolution, although degraded
relative to ISEE-3, is sufficient to separate clearly the he-
lium charge states. This energy range has been subdivided
into two energy bins, denoted HE 2 and HE 3, in Fig. 2.

Observations

We analyzed the helium charge state distribution during
the low altitude pass of ISEE-l on 17 Nov 1977. This orbit
was selected because the magnetosphere was reasonably
quiet during this day (Kp<::3, DST> —50 y) and the time
period met our requirements of (1) having good data cover;
age and high time resolution due to high data rate and
(2) ISEE-1 being close to the geomagnetic equator. It
should, however, be noted that the preceding period of 6
days was not quiet with an average Kp index of ~4 and
a maximum Kp value of 6— for 6 h. During the time period
analyzed, ISEE-1 was very close to the equator (B/Bne‘.
1.025). This is essential for the present analysis: Due to
the pitch angle distribution of equatorially mirroring helium
ions, which is sharply peaked at 90” (Fritz and Williams,
1973; Blake et al., 1980; Hovestadteta1., 1981 a; Fritz and
Spjeldvik, 1982), the counting statistic for off-equator
passes would not be sufficient for a detailed charge analysis
with good spatial resolution.

We restricted our analysis to L‘s-3.2 in order to mini-
mize the influence of the background due to the high fluxes
of energetic protons. Figure 3 shows a typical example of
the AE versus ER“ pulse height matrix obtained during
the time period 20:46—20: 51 UT on 17 Nov 1977, (1523.6—
3.8). HE 1, HE 2, HE 3, and HE 4 denote four boxes along
the He-track used for the evaluation of helium energy
spectra. The energy scale indicates the incident energy of
4He ions. This pulse height matrix demonstrates that
protons, pile-up counts produced by protons, and helium
ions are clearly separated. Note that the number of events
along the proton track is considerably reduced relative to
the helium and proton pile-up counts. This is due to the
electronic selection system which significantly suppresses
all counts in the shaded lower left area of the matrix.
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100 [CHNR]
1.12 [MeV/Nuc]

Helium Charge Analysis

Ionic charge histograms for helium ions are derived by first
preselecting the helium in the AE versus ER“ pulse height
matrix and subsequently converting the position signal into
a charge scale using the results of the lSEE-l in—flight cali-
bration as described above. In Fig. 4 helium charge histo—
grams are presented for two energy ranges (0.5—0.57,
0.57—0.67 MeV/Nuc, labelled HE 2 and HE 3 in Fig. 3) and
for four L-intervals between [.232 and L=4.0. We find
a significant amount of singly ionized helium at low L-
values (L16 3.6) in both energy ranges with a drop of the
He+/He2+-ratio down to the sensitivity level of the experi—
ment at LE 3.6. The maxima of the charge histograms in
the higher energy range (right panel) are not centered at
integral charge state numbers. This reflects the uncertainties
in the charge determination of helium which become larger
with increasing energy. The L-dependence of the He+/
HEN-ratio in the energy range 0.50—0.57 MeV/nucleon is
shown more quantitatively in Fig. 5. The He+ /He2 +-ratios
have been derived by fitting two gaussians to the corre—
sponding charge histograms H(Q) of Fig. 4, using a least
square fit procedure with 5 free parameters:
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F(Q)=oqo+a.exp[—(%)Z]
+azexp|:—(QA-—gz)2:l. (1)

F(Q) is optimized with respect to the coefficients 0:1, 0:2,
and a possible background 010 using a linear regression pro-
cedure. The width of the charge distribution (characterized
by AQ) and the center of the He2+ distribution (Q2) are
adjusted by an iterative method to allow for small varia-
tions in the instrumental parameters.

The resulting minimum variance double gaussian F(Q)
is shown in Fig. 4 (dashed lines). The He+/He2+-ratios are
calculated by numerically integrating the gaussian fits to
the distributions of HeJr and He”. The errors as given
in Fig. 5 are derived as a combination of the standard devia-
tion of the fit and the statistical errors resulting from the
integrals of the He+ and He2+ distribution, respectively.
It can be seen in Fig.5 that the He+/He2+-ratio drops
from 0.4i0.1 at L=3.2—3.4 to 0.075i0.03 at L=3.4—3.6
and to ~0.04 at 12:43.6.

Energy Spectra and Distribution Function

Perpendicular differential helium fluxes (jl) at the equator
(li/30421025) are presented in Fig. 6. These fluxes have
been derived from spin averages of the helium pulse height
matrices and of the total helium counting rate. using the
given angle between the spacecraft spin axis and the local
magnetic field direction. For the pitch-angle distribution
of helium ions the functional form j(n:) =ji'3ifl"(fifi) =jL-(B/
BOY/2 has been assumed. where a: is the pitch angle of the
particles. For n a value of 10 has been used which is in
good agreement with experimental results in this energy
range (Blake et al.. 1980; Hovestadt et al.. 1981 a; Fritz and
Spjeldvik, 1982). The helium pulse height counts are con-
verted to j1 on a 64 s time basis. Figure 6 shows that the
helium Spectra steepen considerably with increasing L-value
with a spectral index 32: “4.3 at L=3.5 and y: —7.1 at
1.23.9. With the spectra of equatorially mirroring helium
ions as a function of L-value we are able to calculate the
distribution functionf~jl-L3 for several values of the first
adiabatic invariant 11. Figure 7 shows the distribution func-
tion of helium for several values of the magnetic moment
p (200—600 MeV/Gauss). Above L~3.5 these curves have
a positive slope indicating an inward radial transport of
these ions. It should be noted that this result is derived
for the total (He+ + He“) helium population. The individ-
ual distribution functions of He+ and He2+ cannot be cal-
culated because the ionic charge analysis is only possible
for a very limited energy range, as discussed above.

Discussion

The results of our analysis of the energy Spectra and ionic
charge composition of helium during the near equator peri—
gee pass of ISEE—l on 17 Nov 1977, can be summarized
as follows:

— significant fluxes of singly ionized helium (HEW
He“ =0.4i0.1) have been observed at low L—values (L:
3.3)

— the He+/He2+-ratio exhibits a sudden decrease from
a value of m0.4 at L=3.3 to ~0.04 at £23.?
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— the helium energy spectra at the equator become
steeper with increasing distance from the Earth

— the distribution function f(u, L) of helium, evaluated
at constant magnetic moment (200—600 MeV/Gauss) exhib—
its a positive radial gradient for L2 3.5.

Among these results the most striking feature is the high
He+/He2+-ratio at L=3.3 and the steep decrease towards
higher L-values. The positive slope of the helium distribu—
tion function f(L) and the steepening of the spectra with
increasing distance from the Earth are, at least qualitatively,
consistent with conventional steady state radial diffusion
models, where the particle distribution is determined by
cross-L diffusion from an outer boundary to the inner radi-
ation belt and by losses due to charge exchange reactions
and coulomb interactions. However, the sudden decrease
of the He+/He2+-ratio as observed between L=3.3 and
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243

3.7 during the perigee pass on 17 Nov 1977, seems to be
not consistent with such a stationary model.

The numerical calculations of Spjeldvik and Fritz
(1978 a, 1981) showed that, for steady state conditions, the
He+/He2+-ratio at 0.5 MeV/nucleon is almost constant
with L. Spjeldvik and Fritz (1981) obtained He‘L/He2+ ~
0.02—0.03 between L=3 and 5. Cornwall (1972) also ob-
tained He‘L/He2+ ~const with L but with a much higher
value of ~0.5—1.0 between L= 3 and 4.5 at 0.5 MeV/nucle-
on. However, this discrepancy may be due to the different
boundary conditions in u—space and/or to different values
of the charge exchange cross sections used by Cornwall
(1972). Furthermore, the upper boundary in u-space was,
in his calculation, at u=880 MeV/Gauss and thus may
strongly influence the results at 0.5 MeV/nucleon, which
corresponds to u>230 MeV/Gauss for L> 3.3.

Both model calculations revealed small variations of the
He+/He2+—ratio with L which are certainly much less than
the factor of ~10 observed during the perigee pass on
17 Nov 1977. Qualitatively, only a small variation of the
He+/He2+-ratio with radial distance (at constant energy)
can be expected, because in this range of energies and L-
Values the He+ /He2 +-ratio is determined predominantly by
charge exchange reactions. This is due to the fact that at
L~3—4 and E~0.5 MeV/nucleon, the typical time scales
for coulomb energy degradation, charge exchange losses,
and diffusive transport during magnetospherically quiet
times are much larger than the time scales for charge ex-
change reactions. This is illustrated in Table 2 which shows
typical transport and loss time scales for energetic helium
ions in the radiation belt. The time scales for coulomb losses
(e) and charge exchange losses (ICE) are taken from Spjeld-
vik and Fritz (1981). The time scale for diffusive transport
(ID) has been calculated adopting

DLL=2 X10_10'L1°+2 ><10’5-L10/(L4+(n/Q)2)[RE/d] (2)
for the radial diffusion coefficient, where the first term is
due to magnetic field fluctuations and the second term
arises from electric field fluctuations; u and Q are the mag-
netic moment in MeV/Gauss and the ionic charge, respec-
tively. The same function DLL has been used by Spjeldvik
(1977) and by Spjeldvik and Fritz (1978 a) for their model
calculations of proton and helium ion distributions in the
quiet time radiation belt and resulted in a reasonably good
fit to their quiet time experimental data. The time scales
for charge exchange reactions 112(He+ —> He“) and
121(He2+ —> He+) have been calculated with

Tij=iaij<H>Ü]—1 (3)

Table 2. Typical transport and loss time scales for energetic helium ions in the radiation belt

a a
L E TCb TCE Tub T21 T1 2

He + He2 +
(MeV/nuc) (days) (days) (days) (days) (days)

2.95 0.5 412 54,500 21,400 6,420 151 2.2
3.55 0.5 965 71,400 7,100 2,700 290 4.2
4.0 0.5 1,660 115,000 2,990 1,420 433 6.3
4.45 0.5 19,000 174,000 1,250 730 590 8.6
5.05 0.5 308,000 240,000 404 292 900 14.5

a Spjeldvik and Fritz, 1981b Calculated with Eq. (2)
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using the charge exchange cross sections (GU) given in
Spjeldvik and Fritz (1978 a) and assuming a neutral hydro-
gen density (<H>) of the Earth’s exosphere (at a tempera—
ture of 9500 K) as given by Tinsley (1976). The time scales
derived with (3) will, of course, rely strongly on the accuracy
of the charge exchange cross sections used. The cross sec-
tions compiled by Spjeldvik and Fritz (1978a), however,
seem to agree reasonably well with experimental values
(Allison, 1958; Pivovar et al., 1962).

From Table 2 it can be seen that the dominant (smallest)
time scales, determining the relative abundance of HeJr and
He“, are r12 and r21 and that the dominant loss process
for He+ in this range of energy and radial distance is the
He+ —>He2+ charge exchange reaction with a time scale
r12 of only ~6 days at L=4. Because of this small time
scale it is unlikely that small variations of the parameters
used for the model calculations may result in drastic chan-
ges of the radial dependence of the He+/He2+—ratio. How-
ever, non~stationary processes on time scales rwrlz could
result in large deviations from the stationary distribution
of helium ions.

Non-Stationary Processes

The perigee pass on 17 Nov 1977 is in the recovery phase
of a magnetic storm (DST~ ~75 nT) with increased geo-
magnetic activity (maximum Kp ~ 6—) starting about 6 days
before our measurement. Therefore, it is conceivable that
non-stationary processes such as direct injection of helium
ions into the region L~3.2—3.6 or fast (adiabatic) cross-L
transport may be important. The latter has been proposed,
for example by Lyons and Williams (1980), to explain sud-
den temporal changes of the trapped proton distribution
in the outer radiation belt. Below we will discuss both possi-
bilities briefly.

(1) Direct Injection of Energetic Solar Helium Ions. Al-
though the possibility of direct trapping of solar particles
has been discarded until recently (Krimigis, 1970; Blake
and Paulikas, 1972), the study of helium ions during mag-
netic storms by Spjeldvik and Fritz (1981) appears to
suggest that non-diffusive injection processes occasionally
play an important role during geomagnetic disturbances
following large solar particle events. Furthermore, large
abundances of singly ionized helium in low energy solar
flare particles (He‘L/He2+ ~.20) have been discovered re-
cently (Hovestadt et al., 1981 b). However, neither shortly
before nor after the perigee pass under discussion has an
intensity increase of the low energy solar ion population
been observed in interplanetary space. Therefore, we con-
clude that direct injection of solar particles is not very likely
to constitute the source of He+ observed on 17 Nov 1977,
although it may be important for the 4Aug 1972 event
studied by Spjeldvik and Fritz (1981).

(2) Fast Cross-L Drift of the Ions: Lyons and Williams
(1980) explained flux increases in the trapped low energy
ion population observed during geomagnetic storms at L:
2.5—4 by an inward drift of the ions, driven by an equatorial
azimuthal electric field. The time scale of this process is
of the order of the drift period and would be sufficiently
fast to transport singly ionized helium down to L=3.3.
However, Lyons and Williams (1980) did not observe an
inward drift at energies Z 100 keV. The latter fact is a natu-
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ral consequence of the proposed drift mechanism which
is effective only for ions with a drift period comparable
to or larger then the time scale for which large azimuthal
electric fields exist (typical a few hours, the time scale of
a magnetic storm). The drift period of equatorically mirror—
ing non-relativistic ions in a dipole field is given by

I‘m-fl: 0.73 - g - Ê hours, (4)

where E is the energy of the ions in MeV. Thus, the drift
period at 2 MeV for singly ionized helium at L= 3.5 is only
6 min and a factor of 20 smaller than the drift period of
100 keV protons. Therefore it seems unlikely that this pro-
cess could lead to effective radial transport in the energy
range of our observations.

(3) Fast Diffusive Transport. Another possibility is a fast
diffusive transport of the helium ions. During the 4 days
of increased geomagnetic activity preceding our measure-
ment the Kp index was ~5 for a 24 h time period with
a maximum value of 6' for 6 h. It is conceivable that the
radial diffusion coefficient was greatly increased and, conse-
quently, the time scale for radial diffusion was significantly
reduced during this time period, as illustrated in Fig. 8.
The three curves labelled Kp=2, 4, 6 show the time scale
for radial diffusion assuming nonstationary radial transport
(uzconst) by azimuthal electric field fluctuations. For the
equatorial power spectra P(v) of electric field fluctuations
an empirical formula of Mozer (1971) has been used which
takes into account the Kp-dependence of P(v):

P,-(v)=1001L—2,80 exp(0.4 Kp)v7 1'6i0'3 (mV)2/m2HZ (5)
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Pi(v) is the power in the i th component of the perpendicular
(azimuthal and radial) electric field fluctuations at the equa-
tor and v the particle drift frequency in cph. The relation
between the electric field power spectrum and the diffusion
time scale is given by (Falthammar, 1965):

4Bä
P(v)'

Taking the first Fourier component and the maximum
value in the allowed parameter range of (5), we calculated
the minimum value of “CD for singly ionized helium at
245 MeV/Gauss. The data point at L=6 has been calcu—
lated from another measurement of electric field power
spectra by Holzworth and Mozer (1979) during a time peri-
od with an average Kp index of ~2. The typical time scale
TD obtained with (2) for a quiet magnetosphere is shown
for comparison. Also shown in Fig. 8 are the time scales
110, r12, and r21 for charge exchange reactions, evaluated
with (3) at constant magnetic moment u: 245 MeV/Gauss,
which corresponds to E =0.53 MeV/nucleon at L=3.3. It
is evident from Fig. 8 that fast cross—L diffusion of low
energy helium ions during magnetospherically disturbed
time periods on time scales comparable with the charge
exchange time scale 112 seems to be possible. At low ener-
gies and large radial distances, however, helium ions are
expected to be predominantly singly ionized with He+/
He2 + >1 at L24 and E S 0.25 MeV/nucleon (Spjeldvik and
Fritz (1978 a)). Thus it is conceivable that due to fast diffu-
sive radial transport the high He+/He2+-ratios which most
likely exist at large L-values in the lower energy range,
will appear at low L-values in the high energy range. There,
singly ionized helium can be observed for a few days before
it decays by charge-exchange with neutral hydrogen of the
earth’s exosphere. The high He+ /He2 + observed at L = 3.2—
3.6 could, therefore, be explained, at least qualitatively, by
nonstationary processes in the magnetosphere. Whether this
scenario provides a quantitative explanation for both the
high He+/He2+-ratio at L=3.3 and the sudden decrease
above L=3.3 can be verified only by solving the time de—
pendent transport equations for He+ and He“, including
the simultaneous radial diffusive transport, the charge ex—
change processes and Coulomb energy loss as discussed
above. However, such an analysis has not yet been per—
formed.

In addition to time dependent effects, non-adiabatic
processes, as the violation of the first adiabatic invariant,
may play an important role. This has been suggested by
Hovestadt et al. (1978a) in order to explain the absence
of iron (Fe/O<0.01) at energies of 0.44.5 MeV/nucleon
in the trapping region of the outer radiation belt. A simple
criterion, which can be used to separate adiabatic and non-
adiabatic particle motion, is the Alfvén criterion which
states that for adiabatic motion the gyroradius p of the
particles has to be small compared with the scale length
of the perpendicular magnetic field gradient:

(6)TDN

VB'— $0.1.,0 i B
The gyroradii of iron and oxygen ions at the same energy/
nucleon differ by only a factor of ~2. Therefore, if the
interpretation of Hovestadt et al. (1978 a) holds, small dif—
ferences in rigidity result in large intensity differences of
the trapped particle distribution. The gyroradii of He+ and
He2+ in the energy range of our measurements are compa—
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rable to the gyroradii of iron and oxygen in the energy
range investigated by Hovestadt et a1. (1978 a). Rigidity de-
pendent processes which suppress iron ions relative to
oxygen and carbon in the outer radiation belt must there—
fore also influence the distribution of singly ionized helium
relative to doubly ionized helium.

In summary, we found high abundances of singly ion-
ized helium (HeJr/He2+ =0.4i0.1) at L=3.3 during one
perigee pass of ISEE-l on 17 Nov 1977, with a sudden
decrease of the He+ /He2 + ratio by a factor of ~10 between
L: 3.3 and 3.7. We have shown that non-stationary and/or
non-adiabatic processes may play an important role for
the distribution of helium ions in the outer radiation belt.
To clarify whether this is a persistent feature, a more sys-
tematic study of singly and doubly ionized helium during
quiet and disturbed time periods is currently in progress.
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High Energy Electrons at Altitudes 500 km
Near the Equator"
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Abstract. Measurements provided by a high-energy electron
spectrometer on board a low altitude polar orbiting satellite
allowed the determination of fluxes of electrons with energy
above 100 MeV which were stably trapped or quasi-trapped
in the radiation belt at L=1.13—1.16. Relatively high fluxes
of trapped electrons at minimum-B—equator are reported,
(18,200i2,000) m'Z-s'l-e1 and (10,400i 1,500) m—2
s‘ 1-sr_ 1 for 32-100 MeV and >300 MeV, respectively. The
sharp increase of the electron flux with decreasing B in
the region, where stably trapped particles are detected, cor—
responds to pitch angle distribution at the equator of the
form J(t9)~sin"9, where n = 65 i 15. The shape of the pitch
angle distribution, together with relatively high fluxes of
electrons, supports the assumption that they are generated
due to the decay of particles produced in interaction of
high energy protons trapped in the inner radiation belt with
the residual atmoSphere.

* Based on a paper given at the Symposium on Plasma and Ener-
getic Particles in the Magnetosphere, EGS Meeting, 23—27 Au-
gust 1982, Leeds, U.K.
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Introduction

Although the characteristics of electrons with energies up
to several MeV trapped in the Earth’s radiation belt at
low altittudes have been studied for many years (for in-
stance Imhof and Smith, 1965), the picture of electron pop—
ulation at higher energies is not so complete to date.

The existence of a radiation belt composed of electrons
with energies above 100 MeV was suggested by Grigorov
(1977). Further, the measurements on board Cosmos 490
and Salyut 6 confirmed this assumption (Basilova et al.,
1978; Basilova et al., 1982a, b, c; Galper et al., 1981).

This paper follows the works mentioned above and ex-
tends the analysis of high energy electrons in the equatorial
region using the experimental material obtained during
measurements by the apparatus SEZ—lO on board Intercos-
mos—17 satellite.
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Experiment

The satellite Intercosmos—17 had a circular orbit with alti-
tude 500 km and inclination 83.5”. The apparatus SEZ—IO
placed on board the satellite was a spectrometer for elec-
trons with energies 0.1—300 GeV. The detector consists of
two telescopes, one of them under a lead filter with a thick-
ness corresponding to 3 radiation length units. Electrons
impacting on the filter produce electron-photon cascade
and are not registered in the detector of singly charged
particles. The flux of electrons is determined as the differ-
ence of counting rates between the telescope without the
lead filter and the one with it. The filter changed its position
periodically above the two telescopes.
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--0 Fig. 2a and b. Registration of g 100 MeV electrons ( )
and g 300 MeV (———) for passes when data recording was
possible with 0.3 s resolution. Given are L, B, minimum
altitude of mirror points Hm," and pitch angle at.
a for 13. Dec. 197?, 15.48—16.00 UT
b for 17. Jan 1978, 08.07—08.18 UT

The telescopes consist of scintillators, a Cherenkov de-
tector and an energy detector of the sandwich type com-
bined of lead and scintillator sheets — the shower calorime-
ter. The telescope without the filter measures the flux of
electrons and protons, the telescope with the filter detects
the slightly attenuated flux of protons. The attenuation co-
efficient K= 0.93 i 0.02 was obtained experimentally in cali-
bration by the beam of protons with energy 1.24 GeV. It
is supposed that K is independent of proton energy. The
detector of energy has 8 intergral energy levels with thresh-
old energies 0.1, 0.3, 1, 3, 10, 30, 100 and 300 GeV, respec—
tively. A more detailed description of the apparatus is pre-
sented in (Grigorov et a1., 1978).

The opening angle of the telescope was 22° and the
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Fig. 3. Dependence of counting rate of electron detectors on B
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3.— Ee>300 MeV and cx=870i3°

geometrical factor of the detector was 7 cmZ-sr. The axis
of the telescope was oriented perpendicularly to the orbital
plane. This fact allowed the determination of the flux of
particles with relatively high pitch angles. For given L, the
value of the angle oc between the axis of the detector and
local B depends on the longitude. For our analysis, where
L< 1.4, the value of a, computed from the knowledge of
B components and orientation of the detector, had a
minimum value of 650.

Observations

Individual passes of the satellite through the low latitude
region can give the picture of the electron fluxes which
are stably trapped or quasi-trapped in the radiation belt.
Boundaries of trapping, quasi-trapping and albedo particles
are given as lines in the L—B plane or L—ocmin plane, where
am denotes the pitch angle of the particles at the peak
of the given field line. By the term “trapped” for given
L we mean particles for which the line of mirror points
is not lower than 60 km above the Earth (Basilova et al.,
1982a) at any longitude. Albedo particles have a maximum
altitude of their mirror points at 60 km. Particles for which
B is between the values of boundaries described, are quasi-
trapped.

Here we are analyzing fragments of orbits, through the
region L=1.10—1.40. Two examples of recording of the
counting rate are given in Fig. 1. In the basic telemetry
regime they are accumulated counts in 5 s intervals in both
telescopes, with and without the lead filter. The fragments
of the orbit correspond to that part of L—B plane where
stable trapping is not possible and only quasi-trapped and/
or albedo particles can be registered here. More clearly,
the geomagnetic field model IGRF 1975 gives, for the alti-
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tude 500 km and for L: 1.15, the region of stable trapping
defined above in B<0.233-10’4 T and for L=1.30 B<
0.248-10‘4 T. The given L shell reaches the satellite at
higher B on the top pass of Fig. 1 than on the bottom
one. The difference is in the orientation of the detector.
For the upper part of Fig. 1 oc changes its value from
90.90—889O while at the lower part oc=80.0°—81.4°. The
comparison of the two passes shows the dependence of the
flux of quasi-trapped electrons on angle oc.

Because of the relatively low counting rate correspond-
ing to the flux of electrons Ee> 100 MeV in the quasi-trap-
ping region, the detailed analysis of the flux profile in nar-
row L intervals is impossible. Coming to the region of lower
B, where stably trapped particles may also be present, the
flux of electrons increases. The basic telemetry regime is
able to measure reliably only up to 6 counts per 3, and
this makes a limit for using this regime only up to approxi-
mately Hm": 100 km for orientations of the detector with
angle a: 90 i 6°.

Several orbits through the region of low B (for L up
to L = 1.16, practically to minimum-B—equator) in the Brazil
magnetic anomaly were examined carefully, especially those
with an alternative telemetry regime, when counts are accu-
mulated in 0.3 3 intervals. The profiles of electron fluxes
with Ee> 100 MeV and Ee> 300 MeV, respectively, ob-
tained in two passes through the region with low B are
presented in Fig. 2a, b. The flux increases sharply at B<
0.21 x 10—4 T in comparison with that of quasi-trapped
electrons.

Combination of the two telemetry regimes gives the pos-
sibility of obtaining the altitude profile, i.e. the dependence
of electron flux on B for a given L. We have chosen the
interval L=1.13—1.16, because at these L we can measure,
at altitude 500 km, particles practically at the minimum
B value. On the other hand we must take a finite width
AL because of low statistics.

Compilation of the data obtained from 23 passes of the
L region mentioned above at various longitudes and in two
oc intervals, for 5 s recordings, together with passes of the
satellite through the low B region in the Brazil magnetic
anomaly, for 0.3 s recordings, is presented on Fig. 3.

A very sharp dependence of the flux on B up to
0.24x10‘4 T is seen. Fitting the data for oc=90i60 as
B—"/2 we obtain the value of n=65i15. From that we
can estimate the pitch angle distribution at the equator as
sin"0, where 6 is the equatorial pitch angle of the particles.
In the stably trapping region the strong pitch angle depen-
dence may also be deduced from the significant change
of flux with angle oc.

Discussion and Conclusion

Analysis of 23 passes of the satellite Intercosmos-17
through the near—equatorial region allowed the determina-
tion, for L=1.13—1.16, of fluxes of quasi-trapped, as well
as of stably trapped electrons. Typical values of the quasi-
trapped electron flux are, for oc=90i60, 33 i24 m'z-s_ 1-
sr‘1 and 27i23 m‘Z-s—1 -sr‘1 for >100 and >300 MeV
respectively (see the values centered near B=0.26-10“4 T
in Fig. 3). No significant dependence on B was obtained
for quasi—trapped particles.

A sharp increase of flux, for oc=90-|_-6, consistent with
B_"/2, where n=65i 15, is seen for a decrease of B under
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the limit of stable trapping. The highest fluxes registered
were (18,200i2,000) m“2-s'1'sr’1 and (10,400i1,500)
m_2°s_ 1-sr‘ 1 for >100 MeV and > 300 MeV, respective-
ly. They were detected for L: 1.15 and Hm," =420 km.

Clear dependence of the electron flux on pitch angle
is detected for the stably trapped particles.

The high fluxes of electrons registered here and the
shape of their pitch angle distribution, with the high energy
protons at the lower edge of the radiation belt, (Fischer
et al., 1977) are difficult to explain only as a result of an
interaction of primary cosmic rays with the atmosphere of
the Earth, as was suggested for fluxes of electrons registered
under the radiation belts. It is possible that the source of
relatively high fluxes of energetic electrons is the interaction
of high energy protons (E >1 GeV) of the inner radiation
belt with the residual atmosphere. Preliminary estimates
show that the results of measurements presented here are
not in contradiction with this assumption.

Further progress in understanding production and loss
mechanisms for the high energy electron component in the
equatorial region needs to extend the statistics of passes
of the satellite through the low latitudinal region as well
as careful estimation of electron production due u —> e decay
of charged pions created by high energy protons from inner
radiation belt in interaction with the atmosphere. Spectral
characteristics as well as more detailed pitch angle distribu-
tions of electrons for various L in comparison with high
energy proton spectra given for instance by Hovestadt et a1.
(1972) and Valot and Engelmann (1973) are needed.

Acknowledgements. The authors would like to thank Dr. S.N. Kuz-
netsov for his valuable discussions on the results presented here.
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