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NEAR EARTH MAGNETIC DISTURBANCE IN
TOTAL FIELD AT HIGH LATITUDES
II. INTERPRETATION OF DATA FROM OGO'S 2, 4, AND 6
by
R. A, Langel
ABSTRACT - -

Variations in the scalar magnetic field (AB) from the polar orbiting OGO 2,
4, and 6 spacecraft, with supporting vector magnetic field data from surface ob-
servatories, are analyzed at dipole latitudes above 55°. Data from all degrees
of magnetic disturbance are included with emphasis on periods when Kp = 2" to
3t, Although individual satellite passes, at low altitudes, confirm the existence
of electrojet currents, neither individual satellite passes norﬂvcontours of average
AB are consistent with latitudinally narrow electrojet currents as the principal
source of AB at the satellite. The total field variations at the satellite form a
region of positive AB between about 22 and 10" MLT and a region of negative
AB between about 10" and 22" MLT. Further characteristics are given by Langel
(1973b). The ratio of AB magnitudes in these positive and negative regions is
variable. The characteristics of the negative AB region indicate a latitudinally
broad ionospheric source. Equivalent current systems were derived from satel-
life déta in the negative AB region for summer, winter, and equinox seasons for
Kp = 27 to 37. Comparison of the surface magnetic disturbance caused by the

equivalent current with the measured average surface disturbance shows good

. Preceding page blank



agreement except in localized details. . Because AB decreases very slowly with
altitude in the positive AB region, it is not possible to account for this disturbance
in terms of ionospheric currents. The contribution to the satellite AB due to a
model electrojet, which reproduced the measured average surface horizontal dis-
turbance, was computed. Whenthe contribution to AB from this model electrojet
is removed from the measured satellite AB, the remaining AB is constant with
_altitude within experimental error. This non-electrojet AB.is estimated to be
about 50-807, 20-307, and 7-157, respectively, for Kp> 4-, 2~ to 3*, and 1~
to 17, It is concluded that most, if not all, of the non-electrojet positive AB is
extra-ionospheric in origin. Some of this non-ionospheric AB is caused by the
Equatorial Current Sheet (Ring Current), but some data cannot be accounted for
in terms of this source. Definitive identification of all sources of positive AB is

not possible at this time.
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NEAR EARTH MAGNETIC DISTURBANCE IN
TOTAL FIELD AT HIGH LATITUDES

II. INTERPRETATION OF DATA FROM OGO'S 2, 4, AND 6

INTRODUCTION

This paper is an analysis of high latitude magnetic field data from the Polar
Orbiting Geophysical Observatory (POGO) satellites OGO 2, 4, and 6, supple-
mented by data from magnetic observatories on the earth's surface. "High
latitude" is defined as auroral belt and polar cap latitudes (invariant latitudes
above about 55°). The POGO magnetometers measured the magnitude, but not
the direction, of B. The quantity analyzed is AB = |B| - M| , where M is a
mathematical model of the quiet time field. A summary of the accuracy of | B ,
the characteristics of the field model (denoted POGO(8/71)) used for M, and the
average characteristics of AB are given in a companion paper (Langel, 1973b)
which will henceforth be denoted paper I.

Paper I describes the average characteristics of AB as a function of geo-
magnetic season, Kp, and altitude. Geomagnetic season was defined relative to

the dipole latitude of the sub-solar point, 6 namely:

sun ?
o .
|0sun| < 10° is equinox,

Gsun > 10° is northern summer, and

Osun < =10° is northern winter.

Data subdivision by Kp was into four levels: (1) Kp = 0 to 0*, (2)Kp =1"to 1t,

(3) Kp = 2~ to 3%, and (4) Kp > 4-. Data division by altitude was into the ranges



<550km., 550-700km., 700-900km., and >900km. For details regarding the
spacecraft and experiment, the data accuracy, and the statistics of the averaging
process, the reader should consult paper I and the references therein.

In paper I it was shown that the basic pattern of AB is a positive disturbance
between 220 and 10" MLT (magnetic local time) and a negative disturbance between
100 and 22" MLT. These regions were designated the positive AB region and the
negative AB region, respectively. Both regions have broad maxima. In the posi-
tive AB region the maximum is between ol and 50 MLT, and in the negative AB
region it is between 14h and 18" MLT. Equatorward of approximately 65°, AB re-
verses weakly, i.e., the peak value in the reversed region is usually much less
than one fifth the magnitude of the peak value in the poleward region. As an ex-
ample, Figure 1 shows average ABcontours in the northern hemisphere for Kp=2~
to 837. These averages are for the usual (geographic) equinox months (summer =
May through Aug.; winter = Nov. through Feb.; equinox = Mar., Apr., Sept.,
Oct.). Comparison with Figure 2 of paper I for geomagnetic equinox shows no
substantial differences between the averages for the two definitions of season;
this is also true for the other seasons and Kp ranges. The major characteristics
of AB are noted in paper I and will not be repeated here.

Previous Results from Surface Data

Magnetic disturbance measured at surface observatories are conveniently
represented by equivalent current systems (i.e., systems of currents in the

E-region ionosphere which would cause the magnetic variations observed on the



ground). Two categories of such current systems exist, namely: (1) those sys-
tems which contain intense currents confined to about 6° or less in latitudinal
extent, flowing along the statistical auroral belts, and (2) those systems in
which all dimensions are spatially broad and in which sharp boundaries through
which large changes in current magnitude occur are not present. The first
category will be referred to as an "electrojet system' or a jet-type current
throughout this study. Current closure from the jet-type currents may occur via
spatially broad currents.

The dominant magnetic field variations at high latitudes are thought to be
due to a system of currents called the ""auroral (or polar) electrojet system"
which falls into category (1) above. Figure 2 (a combination of a figure from
Feldstein, 1969, and one from Sugiura and Heppner, 1972) shows, schematically,
four equivalent current systems discussed in the literature in recent years. A
feature of all four systems is a high concentration of westward current, the
westward electrojet, in the 22h to 61 MLT (magnetic local time) region. Three
of these systems (a, ¢, and d) include an eastward electrojet in the evening.
Current closure is shown to occur at lower latitudes and over the polar cap.
Although closure of actual current flow is probably not confined to the ionosphere
(see e.g. Heppner et al., 1971), it is widely believed that electrojet currents
(particularly the westward electrojet) do ‘indeed flow in the ionospheric E-region.
Those observed features of observatory magnetic data (e.g. Heppner, 1954)
which are represented by the equivalent current systems of Figure 2 include:

(1) positive variations in H (the horizontal component of the field) in the evening
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auroral belt (~ 19h - 23h MLT), (2) negative variations_‘ in H in the morning
auroral belt-¢~23h - 6" MLT), and (3) a horizontal variation approximately di-
rected from 21 to 14" MLT across the polar cap. Positive and negative varia-
tions in H are called ""bays" because the AH trace on a magnetogram often re-
sembles a topographic bay. A reversal in AZ (the magnetic variation in the
vertical direction) occurs in the auroral belt near the latitude of maximum AH.
Stagg (1935) noted that the magnitude of high latitude magnetic disturbances
is larger in summer months than in winter months. This relationship was in-
vestigated by Meng and Akasofu (1968) using the near conjugate pairs of stations
College - Macquarie and Reykjavik - Syowa. They found that the ratio of peak
magnitudes of positive bays of the summer station to the winter station ranged
from 1 to 5 with the average equal to 2. A tendency exists for the ratio to de-
crease as time progresses from early afternoon to midnight. Ratios for negative
bays were closer to one. They concluded that the conductivity in the positive
bay region is controlled by solar radiation rather than particle precipitation.
Kamide and Fukushima (1972) suggest two types of positive bays: (1) a broad
variation in the evening sector which is controlled by ionization due to solar
radiation and exhibits a large seasonal change and (2) event-type bays in the
nightside auroral region. The event-type bays did not show a seasonal variation.
Fukushima (1962), using individual station K-indices, showed that magnetic

disturbance is present in the sunlit polar cap region, even during periods of

magnetic quiet at lower latitudes. He noted a large seasonal variation in this



polar cap disturbance from 10-20+ in winter to 50-2007 in summer. Further
study of quiet time polar cap disturbance was carried out by Nagata and Kokubun
(1962), who derived the quiet day current system shown in Figure 3 (a and b).
This is an example of a current system with broad spatial dimensions and
no electrojet. They also analytically extended the low latitude Sq current sys-
tem to high latitudes and subtracted it from the current of Figure 3 (a and b).
The resulting current system was called Sg. In contrast to the current shown
in Figure 3 (a and b), Kawasaki and Akasofu (1967) and Feldstein and Zaitzev
(1967, 1968) find no disturbance near midnight during quiet intervals; rather the
disturbance is confined to the sunlit portion of the polar cap. The resulting single
vortex current system of Feldstein and Zaitzev, called DPC, is shown in Figure
3c.

Nishida and co-workers (1966) noted that certain fluctuations in polar cap
and equatorial magnetic field occur in-phase. Analysis of such data (see also
Nishida, 1968a, b, 1971; Nishida and Maezawa, 1971) led these workers to iden-
tify these disturbances with Slzl, except that they noted that the disturbance is
worldwide and not confined to the polar regions. An example of the current sys-
tem, called DP2 or SP, derived by Nishida and co-workers is given in Figure
3 (d and e).

Noting that the seasonal change in Sg is very much like the seasonal change
in positive bay intensity found by Meng and Akasofu (1968), Kokubun (1971) sug-

gests that the eastward current causing positive bays is more like S{’l than like



a jet-type current, i.e., broad in latitudinal extent rather than jet-like, and
conductivity controlled by solar radiation rather than particle precipitation.

Features of the Present Study

Although other ''types' of magnetic variation do occur at high latitudes,
those due to the electrojet system are predominant. Transverse ionospheric
conductivities above the E-region are small (both electrons and protons move
essentially with an ExB drift), and magnetospheric currents (ring current, tail
current, magnetopause currents) are at large distances from the low orbiting
(400-1510km.) POGO. Because POGO is much closer to the E-region than to
other known sources, and because of the dominance of the electrojet system in
the observatory data, it was expected that the main cause of AB at the POGO
would be the electrojet system. This study, however, will show that the princi-
pal source for AB at the POGO cannot be a jet-type current.

With the exceptions of some rocket-borne magnetic field measurements and
a limited number of single component transverse magnetic field measurements
from satellite, previous studies of high latitude magnetic fields have utilized
data only at the earth's surface. The POGO data makes it possible to study
average magnetic field characteristics as a function of altitude. Knowledge of
the altitude dependence of magnetic variations enables us to demonstrate that
certain magnetic variations are ionospheric in origin while others are not. Ad-
ditional features of the data include: (1) the possibility of direct comparison of

POGO data above the ionospheric E-region with observatory data below the



ionosphere as the satellite passes over individual observatories, and (2) the

ability to obtain a closely spaced latitude profile across the auroral belt in about

5 minutes, a time short enough so that most of the measured magnetic variations
are spatial rather than temporal.

Although a unique resolution of the measured disturbance into portions due
to individual sources is not attainable, it is possible to show some of the major
characteristics of the sources which produce a AB variation at POGO altitudes.
In particular, we will show that: (1) the source of AB at sunlit local times, par-
ticularly from about 10" to 180 MLT, is an ionospheric current with characteris-
tics similar to those of the DPC current system proposed by Feldstein and co-
workers (Figure 3c) for quiet summer days, and with seasonal properties similar
to those found for these MLT by Stagg (1935), Fukushima (1962), Negata and
Kokubun (1962), and Meng and Akasofu (1968), and (2) the dominant source of
AB from 211 to 9" MLT is not ionospheric in origin, although the westward elec-
trojet does contribute. AB from both the eastward and westward electrojets is
apparent in the low altitude POGO data, and such data will be discussed in a sub-
sequent paper, but these sources are not the main contributors to AB.
GENERATION OF EQUIVALENT CURRENTS

It was shown in paper I that AZ = AB is a good approximation at the latitudes
considered. Using this assumption, it is possible to compute a potential, Ve,
which represents the disturbance field at satellite altitudes. The assumption

AB = AZ is tested by computing the vector disturbance from Ve and comparing



the resulting AB and AZ. As will be shown, AZ and AB from this computation
are nearly equal, which gives justification to the procedure. If a further as-
sumption is made that the source currents for the field described by Ve flow at
115km., itis possible to derive a current function, y , which describes the re-
quired currents, and a potential function, Vi, which describes the disturbance
due to the currents, y, at altitudes below 115km. In particular, Vi can be used
to compute the vector disturbance field due to Y at the earth's surface.

Determinations of the disturbance functions Ve, Vi, and Yy were carried out
for each season and for all Kp ranges. Comparison of the altitude dependence of
the measured AB and the AB predicted by Ve showed that the altitude variation
in the positive AB region could not be reproduced by this type of current system
for any season and Kp range. For example, Figure 4 shows the altitude varia-
tion of the contours of maximum disturbance from both the average data and for
the field from Ve for the (geographic) equinox and summer months for Kp =2~
to 3¥. The computed altitude variation in the positive AB region falls off far
~more rapidly with altitude than does the measured altitude variation. In the
negative AB region the altitude variation is reproduced in a reasonable fashion.
The inability to reproduce AB in the positive AB region is not surprising in view
of the small decrease in AB with altitude discussed in paper I.

Another shortcoming of the derived current system in the positive AB re-
gion is that the resulting disturbance at the earth's surface largely disagrees

with the measured average disturbance (Langel, 1973a) at the earth's surface.



It is concluded that the positive AB region cannot be accounted for by a current
system of the type derived here because of a breakdown of the assumption that
all currents are located below satellite altitudes.
EQUIVALENT IONOSPHERIC CURRENTS AS SOURCES FOR THE NEGATIVE
AB REGION

As the altitude variation of AB from the derived potential function is in
agreement with the measured altitude variation in the negative AB region, cur-
rent systems are derived for this region only. Contours computed from the
resulting Ve for months 3, 4, 9 and 10 for Kp = 2~ to 3* are shown in Figure 5.
AB is given by the solid contours, and AZ is given by the dashed contours. Com-
parison indicates that AZ and AB are close enough to give confidence in the
procedure used.

Figure 5 is to be compared with the measured negative AB regions in Fig-
ure 1. Computed contours for months 11, 12, 1, 2 and for months 5, 6, 7, 8
have also been compared with the corresponding measured data. In all cases
the major features of the computed contours are in good agreement with the
major features of the measured contours. In particular, measured and com-
puted amplitude levels at all altitudes are generally within 5v, which is as close
as would be expected considering the uncertainties in the data and the assump-
tions in the determination of Ve.

Figure 6 shows contours of the current functions derived for each season

and drawn so that 10* amps flows between contour lines. Arrows on certain



flow lines indicate current direction. The current patterns in Figure 6 are quite
similar to DPC and to the dayside vortices of S(Il’ and DP2 (Figure 3). The cur-
rent systems derived in this chapter will be denoted as HLS (High Latitude, Sun-
lit) for convenience of discussion.

Comparison of the Surface Disturbance from HLS to the Measured Surface

Disturbance

A test of the reality of HLS is to compare the surface disturbance which
HLS would cause to the measured surface disturbance. Langel (1973a) published
average surface disturbance patterns for the same Kp ranges and geomagnetic
seasons for which average satellite AB patterns have been computed for the
POGO data. The surface data was also subdivided by interplanetary magnetic
sector. Differences in AB between interplanetary magnetic sectors do occur in
the POGO data and will be discussed in a subsequent paper. In this seci;ion the
computed surface disturbance from HLS for summer, Kp = 2~ to 3%, for both
Away and Toward interplanetary magnetic sectors, is compared with the corre-
sponding measured average surface data from Langel (1973a).

The computed AZ is shown in Figure 7 and the computed vector horizontal
field is shown in the bottom portions of Figures 9 and 10. The actual average
surface disturbance (from Langel, 1973a), which did not enter the computation
determining  and Vi, is shown in the top portions of Figures 8, 9, and 10.
Comparing first Figure 7 with Figure 8, results for the Toward éector are re-

markably similar for MLT 12h to 18, The major differences are that the
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maximum contour of the measured data is -160+, while that of the computed
curve is -130+; and, the m_easured maximum is near 14h, whereas the computed
maximum is near 16h. Thé correspondence of the lower latitude positive AZ is
even closer. The separate disturbance ‘peak near 20" from ’phe measured data

is not evident on the computed curve.

For Away sectors the correspondence is not as good. Two maxima near
-100v are evident in the measured data near 11h_ and 16h, while one maximum
of greater than -140 v near 15-16" is evident in the computed curve, which ac-
curately reflects the measured AB at the satellites. Langel (1973a) noted that the
surface disturbance near 11" was consistent with a more localized current. The
disturbance at satellite altitude from such a current would decrease in amplitude
more rapidly with distance than would the disturbance from a more widespread
current. Furthermore, as the vertical distance from the "two'' sources (i.e.,
spatially broad current near 16N and spatially limited current near 11-121) in-
creases to a distance comparable with their horizontal separation, the integra-
tion of disturbance from the two sources will cause the combined disturbance to
merge into one peak. In view of this effect and the small spatial extent of the
dayside peak in the measured data, the calculated result is considered to be in
fair agreement with the measured data.

Comparison of the measured horizontal disturbance with the computed dis-
turbance in Figures 9 and 10 shows a remarkable similarity both in direction

and magnitude. From 161 to 20N the magnitude of positive bays is greater for
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Toward than Away sectors for both the measured data and the disturbance due

to the HLS currents. Directions are comparable except near 14-16" and 80°-84°
for Away sectors, where the measured vectors are directed toward the west or
south and the computed vectors are directed toward the east. These measured
vectors are one of the evidences for the localized current near 110 (Langel, 1973a)
which would not be detected in AB at the altitude of the POGO.' Note also that the
Y component of the computed vectors in the positive bay region is in the same
direction as the measured Y component, except near 70° between 12D and 14h.

The horizontal disturbance magnitude on the dawn side of the polar cap is
considerably smaller for the computed vectors than for the measured vectors
because the current associated with the positive AB region or the westward
electrojet has not been included.

It should be emphasized that HLS is an equivalent current system. High
conductivity gradients between the nightside and sunlit polar cap and at the edges
of regions of ionizing particle precipitation make it unlikely that the actual cur-
rent flow in these regions is as smooth as HLS. Because of the agreement with

| surface data, however, it is concluded that, with necessary modification to
account for gradients in electric field and conductivity, and the resulting mag-
netic field aligned currents, a current system with characteristics similar to
HLS is a common feature of the ionosphere and can account for both the negative
AB region in the POGO data and for the average characteristics of positive bays

at the earth's surface from about 12-18" MLT.
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The Direction of Ionospheric Current Over the Polar Cap

Most equivalent current systems derived from observatory data show cur-
rent flow approximately directed from 20" to 8" MLT across the polar cap (see,
e.g., Figure 2). Electric field measurements using barium clouds (Heppner et
al., 1971) have indicated that nightside polar cap electric fields are directed
nearly dawn to dusk. Such an electric field would result in a Hall current di-
rected from 0" to 12" and a Pedersen current directed from dawn to dusk. No
combination of currents in these directions can result in a current directed from
20 to 8h. (Surface magnetic field disturbance during the time when the barium
measurements were made were roughly consistent with a 20M to 8N overhead
current direction, which could not have resulted from the measured electric
field direction.) The direction of the HLS current over the polar cap (Figure 6)
is more nearly midnight to noon than previous equivalent current systems, but
still seems to be in some disagreement with the electric field directions. These
HLS directions, derived only from POGO magnetic field data, are in good agree-
ment with the average surface data, which confirms the current flow direction.
Heppner et al., (1971) proposed a solution to this directional discrepancy based
on the distribution of field aligned currents. As will be shown, however, such
currents do not seem to be able to cause a horizontal magnetic disturbance of
the required amplitude.

Because real current flow in the dark portion of the polar cap may be dif-

ferent from HLS (see the discussion of conductivity gradients in the previous
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section), and because the electric field measurements cited are limited in local
time (to the nightside, near twilight) and latitude, the extent of the discrepancy
is not presently known. Recent average electric potential patterns derived by
Bohse and Aggson (1973) are skewed from noon-midnight in a direction more
consistent with the magnetic field data. These patterns, however, have a large
degree of uncertainty and so are not conclusive. Maynard (personal communica-
tion) has recently measured the perpendicular electric field in the polar cap near
noon with a rocket~borne instrument. In this instance, the electric field was
directed rc;ughly from 4h 3oming 16h 3omin MLT, which more closely agrees
with the magnetic data than does the barium results. A discrepancy of about 20°
exists between the electric field at the rocket and the direction of the overhead
Hall current required to produce the measured surface magnetic disturbance
below the rocket. The existence of an overhead Pedersen current would widen
the discrepency. Final resolution of this problem will have to await extensive
vector electric field measurements and vector magnetic field measurements
from low altitude satellites.

SEPARATION OF POSITIVE AB SOURCES

A Numerical Model Electrojet Current which Reproduces the Average Surface

Horizontal Disturbance

For this discussion it is assumed that a westward electrojet does exist in

the ionospheric E-region at 22M to 6-10P MLT, and that an eastward electrojet
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exists from about 15" to 221 MLT. While both of these currents will contribute
to AB at the POGO, the analysis shows that: '

1. The contribution due to the eastward electrojet is negligible except at

extremely low altitudes,

2. the contribution due to the westward electrojet is iﬁiportant, but not

dominant.
In particular, the field variations in the positive AB region consist of an altitude
dependent contribution from the westward electrojet and a contribution from
another (unspecified) source(s) which results in a AB with amplitude relatively
constant with altitude.

To test this hypothesis several numerical model electrojet systems have
been constructed which reproduée the main features of the average horizontal
disturbance at the earth's surface. In particular, the surface data from Langel
(1973a) were used as a guide in the construction of most of these models.
Heppner et al. (1971) have suggested that, on the average, the electrojet cur-
rents may be closed via field aligned currents flowing into the ionosphere in the
7h to 13" MLT sector and out of the ionosphere in the 19" - 1t MLT sector (near
the Harang discontinuity). This suggestion was followed in the construction of
the models, with some modifications in order to reproduce the measured aver-
ages. In particula'r, in our models the field aligned currents flow into the ion-
osphere near 6h - 10P MLT and near 13" - 15" MLT and out of the ionosphere

near 210 to 1h MLT.
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The finite conductivity of the earth implies that a changing ionospheric cur-
rent will induce a current within the earth. One technique which has been utilized
in constructing models to fit experimental data is to represent the field, exter-
nal to the earth, due to the induced current by the field due to an image current
within the earth. The intensity and depth of the image current are chdsen éo
that the combined fields of the image current and the (primary) ionospheric cur-
rent reproduce the measured field (e.g. Forbush and Casaverde, 1961; Scrase,
1967). This is the method utilized in the models described in the present study.
By varying the current strength in the ionosphere, and the current strength and
depth of the induced currents in our models (within reasonable limits), it is pos-
sible to hold AH nearly constant while varying AZ by about 30-50% (at the earth's
surface). Comparison of the contributions of the field aligned and ionospheric
portions of the current systems indicated that, except in the immediate vicinity
of the field aligned currents, the major contribution (> 80%) of the resulting
fields is due to the ionospheric portion. Because the contribution of the induced
currents corresponding to the field aligned current segments is still smaller
than the contribution from the primary field aligned segments, this portion of
the induced current was omitted so as to increase the speed of computation.

Uncertainties in the parameters of the induced current, the correct average
configuration of field aligned current, and the amount of current over the polar
cap, limit the value of these models. It is possible, however, to make a semi-

quantitative estimate of the effect of electrojet-type currents on the satellite
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data. The existence of a westward electrojet in the ionospheric E-region is re-

garded to be established, which implies that the estimate of the effects of this cur-

rent at satellite altitudes approximates a real contribution to the measured AB.

A series of models have been constructed, with variations in current distri-

bution and in the strength of the induced currents, which approximate the meas-

ured horizontal disturbance at the earth's surface derived by Langel (1973a) for

Kp =2~ to 3t during equinox. As an example, Figure 11 (top) shows contours of

AZ and the horizontal vector disturbance at the earth's surface from one of these

models.

(1)

(2)

(3)

4

On comparison with the measured data we note:

The computed positive Y component in the negative bay region is in the
correct direction, although not quite of the right magnitude, to match
the measured data. This direction results from the model current mov-
ing from higher latitudes to lower latitudes from the dayside to the night-
side and from the distribution of field aligned current.

The positive Y component in the positive bay region does not agree with
the measured data. (In this connection attention is called to the agree-
ment in Y direction between the measured data and the AH from the

HLS currents in Figures 9 and 10.)

The polar cap horizontal disturbance is in the same direction as the
measured data but is of much smaller magnitude.

AZ to the south of the electrojets is not in bad disagreement with the
measured data, but the AZ to the north of the electrojets is of con-
siderably smaller magnitude than that measured.
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’fhe éhé.racteristiés of fheée models thus indicate that:

(1) This field a.ligned cur;ent'distribution cannot account for the measured
horizontal disturbance over the polar cap. This does not rule out the
possibility that some other distribution of field aligned and ionospheric
current can account for the measured fields. However, the variety of
current configﬁrations for which calculations have been performed is
sufficient to conclude that systems wherein the field aligned current is
restricted to flow into and out of the region of electrojet current are un-
likely to account for the measured fields in the polar cap.

(2) Both surface and satellite magnetic disturbance between about 120 and
19" are due to a current with characteristics like HLS rather than a
jet-type current.

(8) AZ at the surface between 0h and 10" is not consistent with the west-
ward electrojet as the sole source of disturbance.

Characteristics of AB at Satellite Altitude due to the Ionospheric Electrojet

Major characteristics of the AB at POGO altitudes due to the electrojet can
be found from our numerical models. Figure 11 (bottom) illustrates the results
from one model. Major features of importance are:

(1) The contribution to satellite AB from the eastward electrojet is small

in both cases. (At 453km on Figure 11 a 57 contour, not shown, occurs

equatorward of the negative AB near 18h .)
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(2) AB from the westward electrojet is very small at 800km. (At 815km.
on Figure 11 a -5y contour, not shown, occurs equatorward of the
positive AB near 3h.)

(38) From the westward electrojet, AB near 500 km. has both positive and
negative peaks whose magnitude ratio is about 2/1.

(4) Comparison of the two altitudes indicates that |AB| drops off rapidly
with altitude.

The measured AB of Figure 1 and the AB due to the model electrojet shown in
Figure 11 are for the same season and magnetic disturbance level. Comparison
indicates a great contrast both in magnitude and in AB distribution. The posi-
tive AB due to the westward electrojet is about 1/2 and 1/4 the magnitude of the
measured positive AB at 453km. and 815km., respectively, and the magnitude
difference is even greater in the negative AB region. Differences of this magni-
tude are not likely to be the result of deficiencies in the numerical model. The
contrast in AB distribution is seen by noting that the N-S ratio of AB magnitude
at 453km is about 2/1 for the model electrojet and about 10/1 for the measured
data. It is clear that, on the average, jet-type currents are not the primary
source for either the positive or negative AB regions.

Remaining AB when the Contribution from the Electrojet is Removed

To estimate the AB not attributed to the westward electrojet, the AB com-
puted from each model electrojet, denoted AB,, has been subtracted from the

average AB measured by the POGO, denoted AB,, to get AB' (FABy - AB;).
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(This subtraction is physically meaningful where AB ~ AZ.) Contours of maxi-
mum disturbance were determined for AB'. In all cases the altitude variation of
AB' is reduced considerably from that of AB_,, but uncertainties in the models
and in AB_  do not allow us to determine the actual altitude variation of the AB
from non-electrojet sources. This disturbance could decrease very slowly with
altitude or be constant with altitude. It is also possible to construct a model
electrojet such that AB' increases slightly in magnitude with increasing altitude.

Surface AZ When the Non-Electrojet Contribution is Removed

Removal of the estimated AB contribution attributed to a westward electro-
jet from the measured AB leaves a AB which is approximately constant in alti-
tude. This implies that AZ measured at the earth's surface is also caused by
more than one source. If, then? an estimate of the altitude independent AZ is
subtrgcted from the measured AZ, theremaining AZ should approximate the AZ
due to the westward electrojet. This should resemble Figure 11 (top right).

The satellite AB for 700-900km. subdivided by interplanetary magnetic sec-
tor is utilized as an estimate of the '"constant altitude" AZ (= AB). This AB was
subtracted from the measured AZ for both interplanetary magnetic sectors, and
the modified AZ, presumably approximating the AZ caused by the average west-
ward electrojet, is shown in Figure 12. Comparison with Figure 11 (top right)
indicates that the modified AZ is in much better agreement with the numerical

model than is the original average AZ shown in Figure 8 (bottom). This con-

firms the interpretation of source distribution.
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EXAMPLES OF AB FROM INDIVIDUAL SATELLITE PASSES

Because average data alone may be misleading, we shall study the variation
of AB along individual satellite tracks, including a detailed comparison with
measurements from observatories close to the satellite path. Data examples
are selected to illustrate the following points:

(1) The major source of AB at satellite altitude is not a jet-type current.

(2) Between about 12h and 19h MLT, in the negative AB region, both the

surface disturbance and the satellite AB are consistent with the HLS
current system as the source.

Figure 11 (bottom) illustrates the characteristics of AB due to jet-type cur-
rents. In particular the ratio of |AB| to the north and south of the locus of zero
AB is about 2/1. This ratio (2/1) should be regarded as an upper bound because
currents in individual disturbance events, as opposed to the averages matched
by the models, are likely to have a smaller latitudinal extent or to be more
localized in longitude (corresponding to bays observed only in certain regions
of the auroral belt).

The Positive AB Region

An example from the positive AB region at midnight-early morning MLT is
shown in Figure 13. The thin line indicates the satellite path and is used as the
AB = 0 axis. The scale for AB is given by the short lines normal to the baseline
which project away from the baseline in the direction of positive AB. Labels on

the scale lines indicate the scale, and the altitude and universal time when the
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satellite was at the position where the scale line meets the baseline. The time
for a complete crossing (from 50° to 50° latitude) is approximately 20 minutes.

In Figure 13, AB is positive (=>1007) over a large portion of the polar cap
crossing and over the nightside auroral belt, with a peak of nearly 1507. The
magnitude of AB is relatively constant over a large portion of the region meas-
ured, a not uncommon occurrence. Several observatories are favorably situated
for comparison with the POGO data in and near the auroral belt in the night sec-
tor. A negative bay with AH ~ -4007 at SO (Sodankyla, Table 1 gives a list of
observatory mnemonics and positions), positive AZ at SO, and negative AZ at
DO indicate the presence of a westward electrojet with most of the current lo-
cated just to the south of SO but to the north of DO (the electrojet is presumably
located near the latitude of maximum |AH| and zero AZ). We particularly note
the negative AZ at DO, at LO, and even as far south as RS. At the satellite,
however, AB is always positive, in contrast to the variation expected from an
electrojet. In particular, near DO the satellite AB is +307 while the surface
AZ is < -1007. Furthermore, in the numerical models, a peak AB of 150+« at
an altitude above 800km, from an electrojet, would require a surface |AH| in
excess of 1500+, which is definitely not the case.

A line or ribbon of current near SO should result in a positive AB several
degrees to the north of SO in the region where the peak of the measured AB is
located. The interpretation is that at least two sources are present:

(1) a source which causes a relatively constant positive AB over much of

the polar cap and nightside auroral belt, and
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(2) the westward electrojet which causes a peak in positive AB near 72° and
which decreases AB at latitudes near 64°.

The Negative AB Region

A principal result of our study is that the source for the negative AB region
and for positive bays between about 12" and 18—19h MLT (i.é. , sunlit times) is
a current in the ionosphere similar to HLS. Individual pass data are consistent
with this interpretation but not with the notion of a jet—t&pe current source. All
of the negative AB region data shown in this section occurs in that portion of the
polar cap which is sunlit. It is the usual case for negative AB to occur at sunlit
local times after noon, with exceptions near 20-23" at low altitudes where nega-
tive AB is due to the eastward electrojet.

The characteristics of the peaks of the AB vafiation afe different for HLS
and for jet-type currents, and this difference is the important duantity used to
distinguish between the two types of sources. As already noted, at about 500km.
the ratio of peak |AB| to the north and south of a jet-type current is at most about
2/1. From Figure 5, the corresponding ratio for HLS is more nearly 7/1 and
possibly higher, i.e., the lower latitude |AB| is almost an order of magnitude
less than the higher latitude |AB|. The HLS currents also result in a positive
bay magnitude (at the surface) of the same order of magnitude as the peak dis-
turb_énce of negative AB at about 480km., and a peak surface AZ which is gen-
erally slightly larger in magnitude (factor of 1.1-1.6) than the satellite AB near

the peak of negative AB (again at 480km).
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Two passes which illustrate the major features of the negative AB region
are shown in Figures 14-15. In each case the satellite is at a low altitude (< 520
km.) during passage over the negative AB region, and both passes are at nearly
identical local times. Although the magnitude, location, and extent of the nega-
tive AB varies considerably, both passes have the common feature that |AB| to
the north of FC is much larger (> 6/1) than that to the south of FC. This fact
alone eliminatgs a jet-type current as the major source of disturbance. The
measured north-south IABI ratio is, however, consistent with the HLS current.
Pertinent parameters from both satellite and surface data are tabulated in Table
2 for the passes of Figures 14-15 and for a pass which we shall discuss subse-
quently. An asterisk beside a surface field magnitude indicates that the observa-
tion was taken at a location favorable for comparison with the vcharacteristics of
HLS models given in the previous paragraph. By 'favorable for comparison' is
meant: (a) for AZ comparison the station should be in the vicinity of the vortex
of the assumed HLS current, and (b) for AH comparison the station should be to
the south of the vortex of the assumed HLS current, approximately under the
eastward portion of the current. For example, on Sept. 2 the peak AB is -887,
the surface AH is between 327 and 60+ at the three observatories faborably lo-
cated for AH comparison, and the surface AZ is -1757 at RB, which is in a
location faborable for AZ comparison. These magnitudes, and those of the other
passes in the table, are all consistent with the HLS models. Note than an elec-
trojet causing positive bays of the magnitude shown in Table 2 could not possibly
produce the magnitude of AB measured at the satellite.
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Although the data discussed is in general agreement with the HLS models,
the diversity of the negative AB for these passes indicates a large variability in
strength and flow pattern of the source currents.

Another example, at a somewhat earlier MLT, is given in Figure 16 in
which the negative AB region is smaller in extent. In the examples of Figures
14-15 BL is located to the south of the negative AB peak, whereas in Figure 16
BL is located to the north of the peak. Langel (1973a) noted that the surface
data indicate a shift of the polar cap-auroral belt boundary near noon to the south
during Toward sectors as compared to Away sectors. A shift southward is also
expected at higher disturbance levels since under these conditions the auroral
oval is known to expand southward (Feldstein, 1969). Both of these differences
occur between the data of Figures 14-15 and Figure 16. In agreement with this
shift and with the HLS current models, BL now shows a negative AH, indicating
a polar-cap-like distribution rather than a positive bay; Other satellite-surface
comparisons (see, for example, Table 2) are also in reasonable agreement with
the HLS current models considering that the MLT of this pass is somewhat
earlier than' the MLT where the peak negative AB is expected; in particular, the
N-S |AB| has the same characteristics as the data in Figures 14-15.

Correlation of Negative and Positive AB Region Disturbance

Although disturbance is usually present in both the positive and negative AB
regions at the same time, there is not a one-to-one correlation in magnitude.

Also, disturbance of one type sometimes occurs in the absence of the other type.

25



Comparison of Figures 14-16 illustrates this point. Positive AB is negligible
in the data of Figure 15, small in the data of Figure 14, and moderate in Figure
16, whereas negative AB is significant in the data on all of these figures.

In none of these figures is |AB| to the south of the nightside auroral belt
significant, although negative bay activity is present in the surface data from
Figures 14 and 16. Thus the previous arguments against the westward electro-
jet as the source of the disturbance apply to this data also. It is noted that the
positive peak in the data of Figure 16 probably contains a contribution from the
westward electrojet.

Comparison of Satellite AB with Surface AZ in the Positive AB Region

To the north of the auroral belt, comparison of surface AZ with satellite .
AB when the satellite is directly over the observatory shows a high degree of
correlation if negative bay activity is small or is far to the south of the observa-
tory. Table 3 tabulates examples from Figures 14-16. For observatories near
the satellite path which are relatively unaffected by the electrojet, AZ is usually
almost equal to AB (within experimental error). This confirms that the non-
electrojet source(s) causes a AB which is relatively constant with altitude.

Relation of Satellite AB and the AE Index

The extent to which electrojet currents are a source of AB at the POGO has
already been noted. Examination of data from individual passes reveals further

details regarding the relationships between the occurrence of disturbance at the
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POGO in the positive and negative AB regions 4and the occurrence of electrojet
activity. Briefly: |
(1) When AE is high or moderate, the negative AB is always present at
sunlit MLT, as in Figure 16.
(2) Disturbance is often present in the negative AB region when AE is low
and sometimes when AE has been low for some hours (Figures 14-15).
(3) Quiet passes exist where the negative (and positive) AB is small.
Thus, while the level of disturbance in the negative AB region tends to be greater
on days which are magnetically disturbed than on days which are relatively quiet,
the negative AB region is not well correlated with electrojet activity.
Positive AB is usually:
(1) enhanced during periods of high electrojet activity,
(2) present for some hours after substantial electrojet activity has occurred
and died away (Figures 14 and 16), and
(3) small when very little electrojet activity is evident for some hours
prior to (and during) the data (Figure 15).
The second conclusion stated above is further illustrated in Figure 17.
Three passes are shown during which AE is > 5007, < 100Y and < 2007, re-
spectively. (The Soviet observatories, not used to compute this AE, would not
substantially modify AE during this period.) The positive AB during these passes
reaches 1507, 807, and 707, respectively. Significantly, for the second and

third passes the positive AB region does not extend as far to the south in the
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midnight sector,v and the AB distribution is close to é constant level throughout
each pass. These facts indicate fhat the electrojet system has become small
while the positive AB is only moderately reduced in magnitude.

Although much of the positive AB cannot be due to the electrojet, the magni-
tude of positive AB is correlated with electrojet activity to a greater extent than
the magnitude of negative AB. The correlation coefficient between AL and the
peak disturbance of individual passes through the positive AB region at altitudes
<550km. is 0.79.

THE EQUATORIAL CURRENT SHEET AS A SOURCE OF POSITIVE AB

A prominent feature of low latitude magnetic variation is a world-wide de-
pression in H, particularly during some phases of magnetic storms. It is cus-
tomary to resolve this variation into symmetric (Dst) and asymmetric (DS) com-
ponents with respect to the earth's dipole axis. These definitions arenot restricted
to times during magnetic storms. Dst has been computed by Sugiura and Poros
(1971) for the period 1957 to 1970. It has long been thought that during magnetic
storms the Dst variations are caused by an equatorial ring current. More re-
cent studies (e.g. Cain et al., 1962; Cahill, 1966; Cummings, 1966; Frank,
1967; Langel and Cain, 1968; Langel and Sweeney, 1971; Crooker and Siscoe,
1971) have shown that both Dst and low latitude DS are mainly due to sources ex-
ternal to the ionosphere, which implies an asymmetry in the ring current.
Sugiura (1972a, b) has identified the ring current as an equatorial current sheet

(ECS) which is a direct extension of the current sheet in the magnetotail.
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A zero Dst does not imply that there is no ECS, as there is some arbitrari-
ness in the assignment of a zero level for Dst (Sugiura, private communication).
Sugiura (1973) has recently shown that at zero Dst the average AB at 2-3Re is
-45% due to the quiet time ECS.

Because an ECS will result in positive AB at high latitudes, it must be con-
sidered as a source for the positive AB region. The relation between high lati-
tude positive AB and the ECS is now briefly explored. It is clear from the ref-
erences already cited, and from (unpublished) low latitude POGO data, that some
asymmétry in the ECS exists even at low Kp. Apparently, however, a model
does not exist which adequately represents the high latitude, low altitude, fields
from an ECS which causes such a nonsymmetric equatorial disturbance.

Previous analyses (Chapman and Price, 1930; Rikitake and Sato, 1957;
Langel and Sweeney, 1971) have noted that a time varying ring current will be
accompanied by an induced current within the earth. A potential function of the
form

V = [a<£>e + <E>2 i} cos 0, 1
a T |
where a is the radius of the earth and 0 is the (dipole) colatitude, waé\ found to
represent low and middle latitude data satisfactorily along a meridian. The
terms in "e" and "i" are the external (ECS) and internal (induced) potentials,
and the ratio R = i/e indicates the relative strength of the induced current. In
the studies cited, all of which utilized data during magnetic storms, R was found

to lie between 0.37 and 0. 39.
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To use (1) to estimate AB at high latitudes (e.g., approaching 6 = 0) for a
particular AB at the equator (0 = 7/2), the average equatorial AB from POGO
for Kp > 47, 27 to 3%, and 1™ to 1" has been computed. In all cases the equa-
torial AB is asymmetric .; the avefage éﬁuatorial AB is about -5 to =557, 0 to
~25+, and 0 to -15v for Kp >4~, 2" to 37, and 1" to 17, respectively. Using
(1) with R = 0.38, and taking the equatorial AB to be -557, -257, and -157,
respectively, gives a high latitude positive AB of 9.6, 4.47, and 2.67Y. These
positive AB values are negligible in comparison to the average non-electrojet
positive AB. If, however, R is between 0and 0.1, the high latitude AB, from (1),
becomes 40-50y, 18-257, and 11-157, respectively, which is sufficient to ac-
count for most of the average non-electrojet positive AB. Although these re-
sults indicate that the ECS could be the major source, the result is inconclusive
because R is not accurately known and the equatorial AB asymmetry is not taken
into account in the computation.

To investigate the statistical correlation between the positive AB region and
the ECS, it is assumed that Dst reflects the strength of the ECS. As a measure
of the positive AB, the quantity BP is defined as the peak value of positive AB
on each satellite pass. Only those passes whose local times are near the peak
value of the average positive AB are considered, and the satellite data is limited
to altitudes above 700km to minimize the electrojet contribution to BP. Be-
cause a correlation with the westward electrojet strength, as measured by the
AL index, is included in the analysis, the universal times of the satellite passes

are restricted so that at least one of the observatories used to compute AL is in
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the 1-5" MLT region. Figure 18 is a scatter plot of BP vs Dst. A linear least
squares fit to this data gives the equation
BP = 23.7 - 1.28Dst (v), (2)

with a standard deviation of 25y. If a term for AL is included in the least
squares fit, the result is

BP =15.6 - 0.97Dst - 0.139AL (v), 3)
with a standard deviation of 19.6v. The correlation coefficient between BP and
Dst is -0.63.

Although BP tends to increase with decreasing Dst, a correlation coefficient
of -0.63 is not high, and, moreover, a significant number of points are in large
disagreement with equations (2) and (3). These results must be regarded as in-
conclusive. While it is possible that the ECS contributes substantial positive AB
at high latitudes, it is also possible that the observed degree of correlation re-
sults from a tendency for all sources of near-earth magnetic disturbance to in-
crease in intensity at approximately the same time.

Magnetopause currents will have some effect both on Dst and on the AB
measured by the POGO. From model computations (see e.g. Mead, 1964) we
know that the equatorial field, in the vicinity of the earth's surface, from mag-
netopause currents is of the order of 257 with peak to peak daily variations of
the order of 8y. Variation of the magnetopause boundary from 12 to 9 Re could
cause an increase in the equatorial field at the surface of about 25y. This is the

range expected except during large sudden commencements. Variations in AB
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at high latitudes due to magnetopause currents are smaller than those at the
equator, for example, the model of Sugiura and Poros (1973) gives a positive AB,
at high latitudes, near the earth of 10-157 due to both magnetopause currents
and the ECS. It is concluded that magnetopause currents are not likely to con-
tribute substantially to the high latitude AB and contribute at most a 10-207
variation to Dst, except during large magnetopause compressions.

If the ECS contributes to the polar positive AB, it is unlikely that such a
contribution is restricted in MLT as is the measured positive AB region. The
implication is that a positive A B due to the ECS may be present over the entire
polar cap, and that the source of the negative AB region is strong enough toover-
whelm this positive AB. If this is true, and the resulting positive AB is not uni-
form in MLT, then the MLT distribution of positive and negative AB may be
somewhat different than shown in Figure 1. Comparison of summer and winter
average AB contour plots indicates that the shape of the negative AB region does
not change drastically from winter to summer, although the amplitude varies by
about a factor of 3 at altitudes <550km. This, together with the agreement be-
tween the average measured surface disturbance andthat computed from the HLS
currents, indicates that the measured MLT distribution of negative AB is closeto
the actual MLT distribution of negative AB caused by ionospheric currents (HLS).

Need for a Source of Positive AB other than the Equatorial Current Sheet and

the Electrojet

Examination of individual satellite passes indicates that, in many cases, an
estimated contribution of AB = 20 - Dst () from the ECS, together with a
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reasonable estimate of disturbance from the westward electrojet, is close to the
measured positive AB. However, it is also possible to find examples where the
measured positive AB is considerably different from these estimates.

Figure 19 illustrates several cases where the measured positive AB differs-
considerably from the estimated positive AB. | Consider first parts (a) and (b) of
the figure for which Dst is -7y and +47v, respectively. With regard to the elec-
trojets, AL is -20vy and -707, respectively, é.nd AH is indicated on tile plots for
selected non-AE observatories (AE observatories are underlined). For (a) the
maximum negative AH is -115v at BW near 7.5h MLT, well away from the POGO
track; observatories in the auroral belt at 0-4h MLT show very little disturbance.
For (b) auroral belt disturbance is égain small from 0-5" MLT, but there is
some negative bay activity from 6h to 12" MLT, namely AH = -2507, -1047, and
-340y at FC, BL, and GO, respectively. Of these, FC and (particularly) GO
are at some distance from the satellite track. At most, the contribution to
POGO AB for these altitudes should be 1/10 the maximum AH due to an electro-
jet, which gives about 12y for (a) and 357 for (b). We believe these estimates
are high because the observatories at which maximum {AH| occurs are not close
to the satellite path, and the surface disturbance is more localized than that
‘represented by the numerical electrojet models. A localized jet—currént will
result in less AB-at POGO than predicted by the models. Contributions from
the ECS for Dst = -7y and 47y should be no more than 33y and 207, respectively,
so that the maximum BP expected from electrojet and ECS is 457 and 557 for (a)
and (b}, reSpectiveky, while the measured BP are 60y and 727v.
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Plots (c) and (d) of the figure show data where BP is < 30 and <45v, re-
spectively (in fact, AB is less than 207 and 357, réspecfively, o{rér most of
these passeé), yet.' Dst is -297v and 64, respectivély, so that mﬁch higher posi-
tivé AB (about 49y and 847,‘ or more, depénding on the electrojet contribution)
would be expécted if the ECS and westward electrojet were the sources of the
positivé AB.

'SUMMARY AND CONCLUSIONS

Thi.s study has used magﬂetic fi'elld measurements froin the POGO spacecraft
a.nd‘from observatories to test prevalent concépts regarding the current systems
causing high latitude magnetic disturbance and to éxter.1d understanding of‘ fhei
morphology of the meaéured disturbance and its sources. Excluding variations
between interplanetary magnetic sectors, Figure 20 su.mmafizes the proposed
source current disfribution, and Table 4 indicates, in a broad sense, which
sources are believed to be important contributors to disturbance at various
altitudes.

The existence and characteristics of the eastward and westward electrojets
will be discussed more fully in a subsequent paper. In this study: (a) It is de-
monstrated that much of the positivé AB at the POGO, and positive AZ at the
sdrface, frorﬁ 22h o 10h MLT, is ﬁot d'u:e to an ionospheric source either of fhe
jet-type or of thé DP2 type; ‘Thé a\}erage electré'jet contribﬁtion to positive AB,
as determined frbnﬁ numeri;:al iﬁodels, is about 2'57 and 10& at 460km vand

800km, reépectively, for Kp = 2- td 3*. However, the measured maximum
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contour of the average positive AB (again for Kp = 2~ to 3%) is about 527 and

447 at 460km and 800km, respectively; the non-electrojet portion of the positive
AB is roughly constant with altitude, and its peak magnitude is estimated to be
about 50-807, 20-307, and 7-15Y for Kp >4-, 2~ to 3%, and 1~ to 1+, respec-
tively. A portion of this positive AB is likely due to the ECS, but some of the
data are not accounted for by estimates of AB from this source. Rough estimafeé
of the percentage of AB from electrojet and non-electrojet (mainly extra-
ionospheric) sources are given in Table 4. Surface AZ must also contain a com-
ponent from the ""constant'" AB (assuming AB =~ AZ), and indeed, if an estimate
of this "constant' AZ component is subtracted from the measured average sur-
face AZ, the remaining AZ is more consistent with an electrojet source than is
the measured AZ. (b) A need for an ionospheric current of broad dimensions,

the HLS current, is established at sunlit local times. In this region, roughly

from 12" to 22t MLT (the local time, near 19h, to which the HLS current ex-
tends is dependent on season), the magnetic field at the satellite is characteris-
tically weakened (AB < 0) above invariant latitudes of about 65°. That the nega-
tive AB region is essentially a ''daylight" phenomenon is indicated by its sea-
sonal variation (greatest magnitude in summer, least in winter) and by the
location of the peak of the average AB at about 15" MLT. A similar seasonal
variation is also present in the average surface data (Langel, 1973a). Average
AB in this region decreases rapidly with altitude; in fact, during winter the.

average negative AB above 900km. is negligible. Previous studies have suggested
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that the currents causing some of the positive bay disturbance are of broad lati-
tudinal dimensions and flow in the sunlit E-region of the ionosphere where their
intensity is determined by solar radiation controlled conductivity. Our measure-
ment of the altitude variation of AB in this region is strong evidence that the
satellite negative AB is caused by ionospheric currents below satellite altitudes
(400km). The fact that the negative AB region is negligible above 900km in
winter suggests strongly that all of the negative AB in this region is due to ion-
ospheric sources.

Not only is the HLS current able to cause the major features of the satellite
negative AB region, but it is also able to cause the major features of the surface
positive bay variations from 13" to 19" MLT and some of the features of the sur-
face polar cap magnetic variation. Such current systems are, of course, aver-
ages and do not represent localized phenomena often detected at observatories.

Modifications to such current systems will also be necessary to account for
spatial gradients in conductivity and electric field, and to account for the pres-
ence of field aligned currents. With such qualifications in mind, however, major
features of the derived current systems are probably representative of real cur-
rent flow. In particular, the general direction and approximate magnitude of
the model currents where the conductivity gradients are not large (perhaps for
solar zenith angles less than about 75°; see, e.g., Keneshea et al., 1970) are

expected to be close to the averages of the real eurrent.
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No attempt is made to show continuity in Figure 20 in some regions where
we believe that field aligned currents are important. This is particularly true
near dusk and dawn in the auroral belt and over the dark portion of the polar gap.
It is entirely possible that part or all of the HLS current flows into the eastward
electrojet.

The dashed curves on the morning side of noon indicate current flow needed
to account for the average horizontal disturbance at the earth's surface and for
positive AB during Toward interplanetary magnetic field sectors. Some observa-
tory data, such as that of Figure 19b, support the reality of this current but
seem to indicate closure via magnetic field aligned currents rather than by cur-
rents flowing into the westward electrojet.

In a subsequent paper it will be shown that variations in the positive and
negative AB regions do not correlate with DP2 fluctuations as defined by Nishida
and his co-workers (e.g. Nishida and Kokubun, 1971, and references therein).
However, the existence of a spatially broad ionospheric current in the positive
AB region is not ruled out. The inferred altitude variation of the non-electrojet
.contribution to the positive AB is uncertain enough that some contribution could
arise from a non-Ajet type-source at sunlit local times. If such a source exists
and is highly variable, it might account for the deviations of the positive AB from

that which is expected from the ECS and the westward electrojet.
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Table 1

Observatories Used in Analysis

Station Mnemonic Geoma?g.netic Geogl.'a.phic
Position Position
Latitude | Longitude | Latitude | Longitude
Alert AT 85.8 188.1 82°30° -62°30!
Baker Lake BL 73.7 315.2 64°20° -96°2!
Barrow BW 68.5 241.1 71°18' | -156°45"
Cape Chelyuskin CcC 66.2 176.4 77°43" 104°17°
College CcoO 64.6 256.5 64°52" ~147°50"
Dikson Is. DI 63.0 161.5 | 73°33' |  80°34"
Dombas DO 62.2 100.1 62°4! 9°7!
7 ?De;iz;:aya) DR 71.3 156.0 | 80°37 58°3!
Fort Churchill FC 68.7 322.8 58°48° -94°6!
Godhavn GO 79.8 32.5 69°14! -53°31!
Great Whale River GWR 66.5 347.4 55°16" -77°47"
Lovo LO 58.0 105.7 59°21 17°50!
Leirvogur LR 70.2 71.0 64°11" 21°42!
Meanook ME 61.8 301.1 54°30' | -113°20'
Mould Bay MLB 79.0 256.3 76°12! -119°24"
Newport NT 55.0 300.1 48°16" -117°7°
Resolute Bay RB 82.9 289.3 74°42' -94° 54"
Rude Skov RS 55.8 98.5 55°51" 12°27!
Sitka SI 59.9 275.4 57°4!" -135°20'
Sodankyla SO 63.7 119.9 67°22! 26°38!
Thule TH 88.9 358.0 77°29! -69°10'
Tiksi TI 60.4 191.4 71°35' 129°0¢
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Table 2

Comparison of Satellite and Ground Disturbance from the
Negative AB Region

Data is from Figures 14-16

D?.t_e of Pass

Field Quantity
9/2 9/5 9/19
Peak Satellite -AB -887 -53y -67y
Surface AH: FC 32y* 207* 52y*
BL 607* 40y* -193y
GWR 50* 607* 1207*
AZ at RB ~175v* - 120y
AZ at FC 107 -25y -507*
Kp during pass 1° 1- 4°
Interplanetary Sector Away Away Toward
*(Observation taken at a location favorable for comparison with the HLS current models.
Table 3
Comparison of Surface AZ with Satellite AB
. . Surface Satellite
Figure Station AZ (7) AB (1)
14 DR 5 10
15 DI 0 0
15 CcC 10 10-20
15 AT 10 8
16 AT 35 32
16 TH 40 35
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Table 4

Probable Sources for Disturbance at Various Altitudes

but is inconclusive otherwise.

MLT Range Disturbance Altitude
Characteristics|| o face 400 km 600km 800km 1000 km
Negative Bay
23h to (Surface AH) WEJ - - -
g-10h I | e S e B S RS
Positive AB WEJ (70%) WEJ (50%) WEJ (34%) WEJ (22%) WEJ (10%)
X-tra I. (30%)|X-tral. (50%)|X-tra I. (66%)|X-tra I. (78%)|X-tra I. (90%)
e | R | s - - - -
18-200 _____1________________ L L
(sunlit) Negative AB HLS HLS HLS HIS HLS
) Positive Bay EEJ _ _
18-20P to (Surface AH) (HLS) N
, I | +r - o ]
297 dark) N ive AB EEJ EEJ EEJ Very Small Disturbance
egative (HLS) (HLS) (HLS) ty
h Confused Region, can have positive or negative bays and positive or negative AB. Our study
8-10" to e 1 . . . . . .
13h indicates the existence of a broad current in this region during Toward interplanetary sectors

Abbreviations for sources: W E J = westward electrojet (ionospheric); E E J = eastward electrojet (ionospheric); HLS = HLS-like current

(ionospheric); X-tra 1. = non-ionospheric sources (ECS, Magnetopause Currents, etc.); (

) denotes possible source, our results inconclusive.



ALTITUDE<550 Km ALTITUDE 550-700 Km
00 ’

------ ~ DASHED LINES INDICATE UNCERTAINTY DUE TO MISSING DATA
B SHADED AREAS ARE AREAS OF NO DATA

Figure 1. Average AB from OGO 2, 4, and 6, northern hemisphere, Kp = 2~ to

3+, months 3, 4, 9, and 10. Coordinates are MLT and dipole
latitude.
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Figure 2. Equivalent current systems for the auroral electrojet. (a) is the
classical two-celled (DS) system, (b) is from Akasofu et al. (1965),
(c) is from Feldstein (1969), and (d) is from Sugiura and Heppner (1972).
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INTERPLANETARY
FIELD

RESOLUTE
BAY
(83°)

(-1°)

HUANCAYO

COLLEGE
(65°)

Figure 3.

15 18 (UT)
DECEMBER 2, 1963

(d)

Non-electrojet current systems. (a) and (b) are the northern hemi-
sphere equivalent current systems of mean daily variations on quiet
days from Nagata and Kokubun (1962). (a) is for the June solstice
and (b) is for the December solstice. 2 x 104amps flows between
stream lines. (c) is the DPC current from Feldstein (1969), 104
amps flows between streamlines. (d) and (e) are DP2 for Dec. 2, 1963,
from Nishida and Kokubun (1971). In (d) records of DP2 are shaded.
(e) is the equivalent current system of DP2 with 5 x 104 amp between
stream lines.
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400 800 1200 400 800 1200
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10 | 1-40
ot —4-30
-1-20

o———o0 MEASURED DATA
»———-x | EAST SQUARES FIT TO ALL DATA
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Figure 4. Altitude variation of AB from the measured data and from the best-

fit equivalent current system. Northern hemisphere.
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Figure 5. Disturbance (AB and AZ) computed from potential function derived
from data in the negative AB region. Northern hemisphere, Kp =
2~ to 3%, months 3, 4, 9, and 10. Coordinates are MLT and dipole
latitude.
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Figure 6. HLS currents derived from data in the negative AB region for Kp = 2™ to 3*. Current is assumed
to flow at 115km, 104 amps flows between stream lines. Coordinates are MLT and dipole latitude.



INTERPLANETARY MAGNETIC FIELD INTERPLANETARY MAGNETIC FIELD
AWAY FROM THE SUN TOWARD THE SUN

5h

10 vl

22h

18"

‘'Figure 7. AZ (7) at the earth's surface from the HLS current system for geomagnetic summer and Kp = 2~ to

3%, Coordinates are MLT and invariant latitude.
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IP MAGNETIC FIELD AWAY FROM THE SUN IP MAGNETIC FIELD TOWARD THE SUN

Figure 8.. Average AZ (7) at the earth's surface (Langel, 1973a). Geomagnetic
seasons, Kp = 2~ to 3*. Coordinates are MLT and invariant latitude.



MEASURED AVERAGE HORIZONTAL
DISTURBANCE AT THE EARTH’S SURFACE

HORIZONTAL DISTURBANCE AT THE
EARTH’S SURFACE FROM THE HLS CURRENT

Figure 9. Comparison betweenthe horizontal distur-
bance at the earth's surfacedueto HLSand
the measured horizontal disturbance at the
earth's surface for geomagnetic summer,
Kp = 2™ to 3* and Toward interplanetary
magnetic sectors. Coordinates are MLT
and invariant latitude.
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MEASURED AVERAGE HORIZONTAL
DISTURBANCE AT THE EARTH'S SURFACE

HORIZONTAL DISTURBANCE AT THE
EARTH’S SURFACE FROM THE HLS CURRENT

Figure 10. Comparison between the horizontal dis-
turbance at the earth's surface due to
HLS and the measured horizontal distur-
bance at the earth's surface for geomag-
netic summer, Kp =2~ to 3T and Away
interplanetary magnetic sectors. Co-
ordinates are MLT and invariant latitude.
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8 ah

h
. 22

50 60 0 ,
IR
S

AB(y) AT SATELLITE ALTITUDE

g 4h
o ol h
1 % 2
1m0 5 JO 80 9 / 2"
14" 22"
16" 20

18

Figure 11. Magnetic disturbance from model electrojet. Coordinates are
MLT and invariant latitude. The scale for the horizontal vec-
tors is 200y for a 10° displacement in latitude.
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Figure 12. Measured surface AZ (y) minus average AB at 700-900km altitude. Kp =27 to 3%, geomagnetic
equinox.
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Bp vs Dst. BP is the maximum AB from individual passes
over the polar cap between 2-5h MLT. All data is for Kp
<47, altitude >700km. x means the AL index is greater
than =150y, o means that AL is less than -150+.
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Figure 19. Example of OGO-6 data, northern hemisphere, where the positive
AB differs fromthat expected fromthe ECS and westward electrojet.
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Figure 20. Conceptual drawing of proposed ionospheric source currents.
The positive AB region is shaded. A probable additional source
is the Equatorial Current Sheet.
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