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ABSTRACT

The existence of field-aligned currents in the polar cap boundary
leyer as & permanent feature of the megnetosphere is shown on the basls
of the megnetic field observations from Tried at 800 km eltitude and
from Ogo 5 in the high-altitude magnetosphere. The results from these
satellites indicate that in the morning half of the boundary lseyer,
currents flow into the ionosphere, and that the current direction is
reversed, i.e, away from the ionoBphere, in the afterncon half of the
layer. These currents constitute e net current flowing into, or awey
from, the ilonosphere, as the Triad results clearly demonstrate. The
Tried date further indicate that the net current is a maximum nesr
1500 MLT and thet there may be a secondsry maximum during early morning
hours. According to the Isis 2 electron observations, the locations of
these maximums of field-aligned net current roughly match those of two
maximums in the isaintensity contours for 150 ev electrons. Tt is proposed
that the pole cap boundary current is driven by a current generator in the
magnetoteil, or ultimately in the solar wind. Examining the existing
particle observations, in particular, 'bhbse from ESRO 1A and 1B, it is
suggested that the large scale field-aligned curwents in the polar cap
boundary leyer are associated with the dominance of protons on the morning
gide and of electrons on the afternocon side near the poleward edge of the
pfecipitation zone along the auroral oval., Based on the ESRO 1A, 1B and
Isis 2 observabions, it is further sugges’ced that protons with energy
~ 1 kev and electrons with energy of the order of iOO ev, and possibly
up to about 1 kev, comprise the main carriers of the field-aligﬁed

currents flowing in the polar cap boundary layer.
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INTRODUCTION

The existence of a fisld-aligned current region along the auroral
oval wes demonstrated by the megnetlc f'ield observetions from satellite
1963-83C by Zmuda et al. (1966, 1967), from Explorer 22 by Zmuda et al.
(1970), and from AZUR by Theile end Praetorius (1973). These three
satellites were magnetically stabilized and the first two carried a
single~axie magnetometer and the third, a two-axis megnetometer. In
all cases the megnetometer measured transverse field perturbations which
were interpreted as being caused by field-sligned currents, following
the initial interpretation by Cummings and Dessler (1967). These
observations did not provide the current directions because spacecraft
attitude was not determined, Only for one pass of satellite 1963-83C
over the auroral zone during a highly disturbed period, Armstrong and
zmude (1970) determined spacecraft attitude and discussed the current
direction,

The Navy/APL satellite Triad is the first spacecraft that provided
vector megnetic field data from which field-aligned currents cen be
studied in detail., The initial Triad results were reported by Armstrong
and Zmuda (1973) and Armstrong (197h4). Subsequently, Zmuda and Armstrong
(197ha) gave statistical results showing the location of the field-aligned
current reglon along the auroral oval as a function of magnetic loeal time
for two Kp levels., Zmuda and Armstrong (1974b) furbher showed that the
field-aligned current region usually consiste of two current sheets with
oppositely directed currents. n the morning side, the current flow is

dovnward in the higher-letitude sheet and upwerd in the lower-lsatitude
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sheet, and these directlons are reversed on the efternoon side, Zmuda
and Armstrong (1974b) held the view that the amounts of the oppositely
directed currents in these two sheets are usuelly equal, implying a
current contimuity between the adjacent current sheets., The Triad
obsurvations were made at sbout 800 km altitude.

At much higher altitudes, transverse fileld perturbations have also
been interpreted as indicating field-aligned currents. Examples of
sabellite observatlons of isolated events at high altitudes include those from
ATS 1 by Coleman and McFherron (1970), from Heos 1 by Heerendel et al. (1971},
from Explorer 12 by Kavfman et al., (1972), and from Imp 5 By Fairfield and
Ness (1972). Aubry et al. (1972) and Feirfield (1973) showed the existence
of field-aligned currents on the high-latitude boundary of the plasma sheet
using date from Ogo 5 and Imps 4 and 5, respectively. In perticular,
Fairfield (1973) interpreted the signature of field-aligned current as
indicating the encounter of the spacecraft with the boundery of an expanding
plasma sheet at the time of a substorm. He showed that these field-aligned
c1rfents flow toward the ionosphere in the post-midnight quadrant and away
from the ionosphere in the pre-midnight quadrant.

The effort to establish the basic pattern of magnetospheric field-
aligned current system has been contimied by Sugiura {1975), Sugiura and
Potemra (1975), and Iijima and Potemra (1975), using Ogo 5 and Triad
observations. This paper describes the basic features of the field-aligned
currents near the polar cap bbundary that have been investigated by these
authors, and discusses the possible carrier of these currents on the basis

of the published results of electron and proton observetions,



-3 -
0GO 5 OBSERVATIONS AT HIGH ALTITUDES

Polar Cap Boundery Layer

Whether the transition from the 'closed' dipolar field to the 'open'
polar cap field is continuous or relatively abrupt with a boundery layer
in between is an interesting question. If such a boundsry layer exigts,
there will be a shear in the field across the boundary layer. Al: the
existing magnetcspheric fleld models have a continuous transition from
the low latitude field to the polar cap field. Sugiura (1975} has shoim |
that on many orbits the Ogo 5 satellite t¢bserved a field shear confined
in a relatively thin layer that can be interpreted as being the polar cap
boundary layer, In Figure 1, which gives an example of & crossing of such
a houndary layer, observed inelinabtion, I, declination, D, and the field
megnitude, B, are plotted on an outbound pass of 0go 5 on August 25, 1969;
the smooth solid lines are the respective quantities calculated from the
earth's main field model of Cain et al.(1967). The plot for D shows that
the field configuration is essentially dipolar to sbout 0340 UT, marked b
in Figure 1. After this time the field starts to deviate westward from
the direction of the reference field., At 0340 UT the spacecraft was at
8 geocentric distance of 7.1 Ry and at about 47°N dipole latitude. The
inveriant letitude of this position was approximately 75°N, and the megnetic
dipole local time (MLT) was neer 16 hours. The relatively sudden westwerd
deflection of the-fielﬁ at this location implies the presence of & welie
defined boundary between the dipolar field and a tail-like polar cap field.
The confinement of the change in D in a limited region and the absence of .

any notable changes in I and B corresponding to the change in D indicate
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the existence of a field-aligned current (upward in the case shown in
Figure 1) in the boundary layer. In Figure 1 the location of the current
layer is shown by the hatched band.

The question of how often Ogo 5 crossed the polar cap boundary layer
carrying field-aligned currents is a compliceted problem. The inclination
of the Ogo 5 orbit at launch was 51.3°. Consequently, whether or not a
polar cep boundary can be recognized 4n the Ogo 5 data from any given
orbit is dependent predominantly on the geometry of the orbit relative
to the boundery and not necessarily on the presence or sbsence of field-
aligned current in the boundery layer. This situation is entirely
different from the case of a polar orbiting satellite like Triad, where
the traversals of the relevant regions on each orbit are guaranteed.
Additionel factors that must be considered include (a) that the orbit
is sometimes nearly parallel to the magnetic fileld in the region of the
eroseing of the béundary layer, and (b) that because of the spreading of
the megnetic flux tubes with increasing albitude the field-aligned current
density decreases, These factors contribute greatly to the dAifficulty in
detecting the field-aligned current layer from Ogo 5. It was found that
during certain periods of the Ogo 5 lifetime the field-aligned current
layer was detected quite frequently, while there were long stretches of
period when & well-defined current layer was not detected. For instancé,
during the mgnth of August 1970 the polar cap boundery layer carrying
field-aligne& currents was detected with certainty on approximately 78%

of the orbits. More detailed discussions of this question ere given in

Sugiura (1975).




-5 =
Besed on the study of approximately 80 well-defined crossings of
the polaer cap boundary, Sugiura (1975) found thet the direction of the
field-aligned current in the bcundery layer hes & striking regulexrity.
The current flows into the lonosphere on the morning side aid flows away
from ‘the ionosphere on the afternoon side both in the northern and
southern hemispherea.

Auroral Belt

In the exemple shown in Figure 1, irregular field fluctuationa are
seen in D on the earthward side of the polar cap boundary. This is a
commonly observed feature and can be consldered es e characteristic of
the auroral belt magnetic flux. A more importent cheravteristic of the
aurcoral belt that was often observed by Ogo 5 is demonstrated in Figpure 2,
On this outbound pass on August 13, 1970, declination underwent an
eastward change on the low-latitude side of the polar cep boundery ab
which the westward field deflection bhegan. This indicates that there
was another figld-aligned current layer adjacent to, and equatorward of,
the current layer at the polar cap boundary. The direction of the current
flow in this second field-aligned current layer is opposite to that in
the polar cap boundary layer. Namely, in the example shown in Figure 2,
the.current flows awsy from the icnosphere in the polar cap boundary layer
and flows into the ionosphere in the lower-latitude current layer. These
are the current directions in the double layer system observed on the
afternoon side of the magnetosphere. On the morning side the current
directions are reVersed, that is, the flow is into the lonosphere in the

polar cap boundary layer and away from the ionosphere in the lower~latitude

layer,
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The signatures of the lower~latitude current layer are generally
less distinet than those of the higher-latitude current layer. Because
of the Limitations in the Ogo 5 spacecraft albtibude accuracy ab close
geocentric di.tances < 3 Rg, it is not possible to esteblish quantitetively
that the amount of current flowing in the hipgher-latitude current layer
is greater than that flowing in the lower-latitude layer. However, the
analysis so far made seems to support such e relation at least qualitatively.

The lower-latitude current layer was identified by Sugiura (1975) as
the euroral belt for several reasons. For instence, (a) during intense
megnetic disturbances the invariant latitudes of this current region
decrease; (b) thy width of the current region expands under disturbed
conditions, and (¢) the current direction in the layer is the same as
that in the lower-latitude current layer observed by Zmude and Armstrong
(1974b) from Tried at 800 km altitude in the northern hemisphere, The
features described under (a) and (b) ere in esgreement with the well-known
behavior of the auroral oval.

During megnetic disturbances the currents flowing in the field-aligned
current layers becoﬁe intense and often multiple cwrrent leyers are cbserved.
Tigure 3 shows en example of such a multiple structure. It is interesting
that although there is a series of double layers, the basic pattern is
{the same as in the simple structure seen in Figure 2,

Conbinuity of the Polar Cap Boundary to the High-Latitude Boundary of

the Plasma Sheet

During the periods when Ogo 5 apogee is in the tail région the

spacecyraft, after passing the auroral belt and the polar cap boundary on



-7 -

its outbound orbit, steys in the polar cap magnetic Tlux for meny hours.

The observed field is usually steady and uneventful while the spacecraft

is in this region. This quiet cundition is aebruptly interrupted when

the spacecroft enters the dlemagnetic region, i.e. the plasme sheet, in

the north to south direction, At the time of the entrance into the plasma

sheet o distinet field deflection as represented by & change in D is

observed. This signature indica’ es the presence of a field-aliyned

current in the plasmae sheet boundary layer. The current direction is

away Irom the earth in the pre-midnight regicn and ls toward the earth

in the post-midnight region, These directions are the same as those deduced

by Fairfield (1973) from the Imp results as has already been mentioned.
Baged on the current continuity Sugiura (1975) concluded thet on

the night side the polar cap boundary current continues on to the surface

current on the high-latitude boundary of the plesme sheet., The dayside

field-aligned currents in the polar cey boundary layer that sre not connegted

to the plasma sheet boundery must flow on the magnetopause surface in the

antisolar direction. Where this division tekes place, on each side of noon,

is not as yet known.
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TRIAD OBSERVATIONS AT 800 KM ALTITUDE

Polar Cap Boundasry Gurren®

Recently Sugiura and Potemrs (1975) showed that the existence of
a net current frowing into, or away from, the ionosphere is a basic
festure of the field-aligned current system as observed by the Triad
satellite at 800 km altitude, This deduction is based on frequent
observations of a step-like level shift in the east-west component of
the magnetic field. Tigure U4 shows an example of such a level shift.

In the figure the A and B sensors are approximefely in the east-wast

and north-south directions, respectively, and the Z sensor axis is
vertical; more detailed information on the sensor axes is found in
Armstrong and Zmude (1973). The uncertainties in spacecraft attitude

and the magnetic field conteminations from the spacecraft make it
impossitle to accuratley determine the reference level for the magnetometer
measurements. In Figure 4 the components of the difference field (i.e. the
observed field minus the IGRF) are plotted relative to the level for the
first data point.

To conduct a stebistical analysis of such level shifts the following
set of selection rules was spplied: (a) that the duration of time in
which the main part of the change in the east-west component tekes place
is short compared with the time scales of characteristic smooth variations
that we ascribde to spacecraft attitude changes and (b) that the amplitude
of the level shift is so large that the ambiguity in the reference level
is no problem in determining whether or not there is e level shift,

Figure 5 shows the frequency of occurrence of level shifts as a function

&
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of megnetic local time. There is a distinet meximum in the frequency
of occurrence near 1500-1600 MLYT. There is an indlcation of a secondery
maximun in the early morning hours,

The three-hourly average magnitudes of level shifts are plotted in
Figure 6 for two Kp groups, Kp < 2 and KP > 2. For both Kp groups there
is a maximwm in the amplitude of level shift in the 1500-1800 MLT region.
For the Kp > 2 group ‘the amplitude has & broad meximum during the morning
hourg, but for the lower Kp group there sre not enough ceges to determine
whether or not there ls such a secondary maximum, Assuming an infinite
current sheet model, the current density integrated over the thickness
of the current layer, J, is equal to ﬁB/uo, where AB is the magnitude of
the level shift in the east-west component. Figure 6 thus shows that the
net current flowing in the current leyer has a maximum near 21500-1800 MLT.

In Figure 7 the magnitude of AB is plotted egainst Kp. The average
AB for each Kp value is indicated by open circles together with the
standard deviation merked by a vertical bar. There is a tendency that
AB increases with increasing Kp. An interesting point is that AB does
not tend to zero as Kp tends to zero. This is consistent with the view
that the existence of a net curreni flowing into or awey from the
ionosphere is a permanent feature of the magnetosphere, Figure 8 shows
the average inveriant latitudes of the poleward and eguatorward boundaries
of the current layer and the average thickness of the layer, both as fuactions
of MIT and for the two Kp group.

Comparing these Triad resulbts with the Ogo 5 results there is no

gquestion in that the field-aligned current layer discussed sbove is
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the current layer observed by Oge 5 and identified as the polar cap

boundery layer. This current layer also is the same as the polewerd

current layer in the double layer model of Zmuda and Armstrong (1L97hb).
COMPARISON WITH A MODEL CURRENT SYSTEM

Ap has elready been mentioned, the Triad observations do not provide
the zero levels for the three components, Also, the spacecraft abttitude
is not accurstely known. I other words, the base-~lines, which are not
necessarily stroight lines in %he date plots such as 18 shown in Figure L
sbove, are not known. It 1l of interest, therefore, to compare the observed
results with a theoretilcal . .inl., Preliminary results of such a comperison
are glven below,

Ag o Tirst step a fleld-eligned current sheet in & dipole field
configuration was used as & model. The sheet current is represented by
densely spnced line currents along the dipole fileld lines, The current
flows from the éqwmtor to the ionosphere (to 100 km eltitude) in the
morning hemisphere end from the ionosphere to ‘the equatorial plene in the
afternoon hemisphere. In this preliminery report we discuss the fields
produced by these field-eligned portions of the current system. Strietly
speaking, the integral of the current must be made over an ..tire cloged
circult. However, what is discussed here is the contribution to the
field from the field-aligned portions of a current system., This step is
considered to be important beceuse the field dlstribution in some.regions
greatly depend on the pattern of closure currents.

Figure 9 shows the field distribution from the model field-aligned

currents along a circular pass at a constant altitude of 800 km in four
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meridian half-plan~s simulating Tried orbits., The meridian half-plenes
are specified by the azimuthal angle §, measured eastward from midnight;
that is, & is dipole local time in angular measure., Thus § = 90°, 60°,
30°, and 5° correspond to G600, 0400, 0200, and Q020 dipole local time
respectively. The fleld distribution in other quedrenfs can be obtained
from the first quadrant by a set of symmetry relations. The current
intensity is normalized so that the level shift is roughly 120y, a very
small size, representing an extremely dquiet condition. Rather unexpected
results were obtained. TFirst, a steep slope is found in By on fthe equator
side of the current sheet, and this slope steepens as midnight is approached,
Secondly, while By in the polar cap is nearly flat at & = 90°, a gradient
in By develops as § decreases, ond near midnight (@ = 5°) the gradient in
By becomes steep and almost antisymmetric with respect to the current
gheet, Thirdly, tLz Bp componsnul, which is zero at & = 90°, increases
as & deviates from this meridian, reaching a maximum at midnight (and noon).
Without true baselines it is difficvlt to compare the Trisd observations
with this behavior of Be.in‘the model., However, it is clear that an
arbitrarily selected smoothed background curve would not provide a relisble
base~line for the Tried dats.

It is of interest to see how the By profile changes with altitude.
The resv.l‘_bs, ghown in Figure 10, indicate that with increasing dltitude,
fhe gradient in By decreases, and that the profile approaches that expected
from an infinite current sheet. This shows the gignificancz of the effects

of the curvature in the current sheet.
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Figure 11 presents the diurnal variations in the msgnetic fileld at
the ground expected from the field-aligned currents of the present model.
The vesults show that the effects on the ground are appreclable. The
field in the polar cap 1s roughly uniform and is directed towsrd the sun,
However, as has been pointed out, the ionospheric closure current will
generally modify this field pattern. Tor instance, if the closure
current is a Pedersen current over the polar cap, the field leaskage below
the ionosphere in expected to be small,

It is emphasized that these results are preliminary and are presented
here only to indicate several factors that have to be taken into aceount
in Iinterpreting satellite obgervations of field-aligned currents and in
interpreting megnetic field variations in the polar cap. Comperison of
the model with the Triad observation and improvements and modifications
of the model are still left for fubture work, A study with a more realistic
field mode) than & dipole fiell for the geometrical configuration of the
field-aligned current sheet is also being made.

DISCUSSICNS

Current Carriers

An extensive search in the literature for possible candidates for
the current carriers has not producéd any conclusive results. IHowever,
the results from Isis 2 discussed by McDiarmid et al. (1975) and those
from ESRO 1A pfesented by ﬁultqvist et al. (1974) provide promising clues
to the question of what the current carriers might be for the fileld-aligned
cur:ents flowing in the polar cap boundary region. The paper by MeDiarmid

et al. (1975) has been discussed by Sugiura and Potemra (1975) relative
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to their study of Triad results,

MeDiermid et al., (1975) gave average iasintensity contours for
electrons of various energies: 0.15, 1.3, 9.6, and > 22 kev, Of
particular interest is the contour mep for 150 ev electrons (their
Figure 4), which shows intensity meximums neer 1500 and 0300 MLT. The
afternoon meximum 1s at roughly the same local time and inveriant
latitude as tle maximum field-aligned current -~eglon determined from
the Triad results. Thus, so far as the loeation of this maximum electron
intensity is concerned, we mey favorably view the interpretation that low
energy (~ 150 ev) electrons precipitated in this reglon contribute to the
field-aligned current, According to McDiarmid et al.(l975), the location
of the afternoon maximum electron intensity shifts toward midnight with
inereasing enervgy. TFor 1.3 kev electrons, there are two afternoon maximums,
one centered near 1600-1700 and the other about 2100 MLT., The contours for
9.6 kev electrons show a single afternoon maximum near 2300 MLT, Thus
electrons with energies from about 150 ev to 1 kev mey be regarded as
being a candidate for the current carrier for the upward field-aligned
current iy the afternoon sector. The 150 ev energy is the lowest energy
that McDiarmid et al. measured, and is not necessarily the lowest energy
of the electrons precipitated in the relevant region,

It should be kept in mind that the isointensity contours represent
an avérage pattern, and that on individual passes, profiles have a great
veriability. Lerge variabilities are common to all perticle date (e.g.,
Frank and Ackerson, 1972; Gurnett and Frank, 1973; Hoffman, 1972; Hultqvist

et al., 1974), and indeed., sach large verisbilities in particle fluxes and
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the relatively small veriebility in the field-aligned currents mekes it
doubtful if perticle intensities correlate with Tield-aligned currents
of the type discussed here, Indeed, on the basis of the existing dats
on precipitated electrons and protons and on field-aligned currents 1t
can be stated that in genersl, there is no Simple one-to-one carrespondence
between particle precipitation regions end field-aligned current regions.
It seems certain to the present author that any etbempts to directly
correlate large scale Tield-aligned curyrents such as those treated in
this paper with either precipltated electrons or protons seperately will
be futile. Currents carried by precipitated particles with charges of
cne sign appeoar 'to be compensated to & large extent either by precipitated
particles of opposite charge or by particles of the same charge flowing
outward from the ilonosphere, or in some cases, by both. It is the
difference between the opposing currents that results in the large scale
field-aligned currents. Nevertheless, it is meaningful to investigate
particle precipitation patterns because it is more Llikely than not that
large diffefences between opposing currents occur in, or in the vicinity
of, regions of high particle intensity. It is in this sense that the
region of maximum (150 ev) electron intensity in the afternocon observed
by McDiarmid et al., (1975) was discussed above. The maximum electron
intensity neér 0300 may or mey not be related to the morning maximum in
the net field-aligned curxent, If they are correlated, this must mean
either that the intensity of precipitated protons exceeds that of electrons
or that the thermal electrons are streaming upward in greater intensity then

the precipitated electrons.
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The view that the difference setween precipitated electrons and
protons is important is supported by the study made by Hultqvist et al,
(1974). These authors swmarized their observations of protons and
electrons in the kev energy range on ESRO 1A and 1B. 'They note that

by and large the protons and electron profiles coinecide fairly well in

all local time sectors. Therefore, at least in the kev energy range,

it is unlikely that any isolatéd population of electrons or protons
constitutes a current carrier; it is the difference between the electron
and proton intensities that forms the current.

An examination of the electron and proton intensities presented by
Hultqvist et al. (19T74) for the dayside indicates that there are a number
of cases which show protons extending more poleward than electrons on the
morning side and electrons dominating over protons near the polewerd edge
ol the particle zone on the afternoon side. Examples of such cases are
shown in Figures 12 and 13, for the pre-noon and post-noon situations,

respectively. In each of these figures the location of the trapping

boundary for electrons with energy > 40 kev determined on the same satellite

ig indicated by a vertical line. It 1s inberesting to note that in both
cases the proton or electron dominance is observed at inveriant latitudes
immediately above the invariant latitude of the 40 kev electron trapping
boundaxry.

Hultgvist et al. (197h) state that the kev protons seem to be a more
permanent feature of the upper atmosphere in the auroral oval than the kev

electrons are. This feature, combined with the tendency that on the

morning side, protons extend further toward the pole than electrons do,
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would be consistent with the view that protons in the kev energy might
be a current carrier in this time sector. The observations by MeDiarmid
et al, (1975) and Hulbtqvist et al. (1974) are consistent with the idea
thet precipitated electrons with energy from 100 ev to a few kilo elecﬁron
volts contribute appreciebly to the fleld-aligned currents in the afternoon.
However, there considerations are still speculative in nature and should
not be regerded as presenting evidence for the carriers of the field-
aligned currents discussed in this paper.

Rocket obgervations of field-aligned currents and precipitated
particles associated with auroral arecs have been reviewed by Arnoldy (1974).
These observatlons are concerned with detalled structures in the field-

aligned current system, and as such they cannot be directly incorporated

into the gross picture of the large scale field-aligned current system

dealtv with in the present paper in this phase of the study. As the

relations between the particle precipitation and visual auroras and between
the perticle precipitation and field-aligned currents are not as yet clear,

it is not expected to find a clear-cut correlation between the auroras and
the large scale field-aligned currents. However, from a comparison of

Triad deta on three passes with ground-based auroral and megnetic observations
Armstrong et al. (1975) have found that the poleward arc ccincided wish the
northernmost boundery of the field-aligned current region and that all the
visual auroral wrcs lay within the field-aligned currsant region. As these
authors point out, more comprehensive analysis is required to establish

such feabures.
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Current System

In the study by Iijima and Potemra (1975) the field-aligned current
layer discussed above is called current region 1, and the current region
adjacent to, and equatorward of, region 1 is called current region 2.
The current direction in zegion 2 ls opposite to that in region 1,
namely, the current flow is upward and awey from the ionosphere on the
morning side and dowmward and into the lonosphere on the afterncon side,
in sgreement with the current pattern derived from the Triad data by
Zmuda and Armstreng (1974b) and from the Ogo 5 data by Sugiura (1975).

A fleld-eligned current system consistent with these observetions
is shown in Figure 14. On the night side of the magnetosphere the
current flows from the tail into the lonosphere in the post-midnight
sector and flows from the ionosphere to the tail in the pre-midnight
sector. These currents, indicated by Cpa-1 in Figure 14, flow on the
surface of the high-latitude boundary of the plasme sheet; this boundary
becomes the polar cap boundery near the earth. The current in the lower-
latitude layer flows from the ionosphere to the equatorial region on the:
morning side and flows from the equatorial region to the ionosphere on
the afternocon side as indicated by Cpg-2 in Figure 14, The currents in
these two sections are connected by the equatorial current.

As has already been mentioned, the polar cap boundary current near
NooIL is likely to flow on the megnetopause iﬁ the antisolar direction.
The currente in the lower-~latitude layer flow to the equatorial region
everywhere because the magnetic field along which these currents flow is

essentially dipolar, according to the Ogo 5 observations, The polar cap

g T —TYY
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boundary cuwrents (Cpg~l) represent o more permenent feature than do tne
currents in the Llower-latitude layer (Cpg-2), As Iijima and Potemra (1975)
have shown, the latter currents are directly associated with substorm
activity.

Sugiura (1975) proposed that the polar cap boundary currents are
driven by a current generator in the tail, or ultimetely in the solar
wind. These field-aligned currents can thus be thought of as being =
boundary phenomenon teking place in the boundery region between two
distinetly different plasma regimes. The existence of the auroral oval
iteelf is a boundary phenomenon and the auroral ercs and other visual
features of the aurore themselves may be regarded as being boundary
phenomens. oceurring on finer scales, all taking place in the large scale,
broad boundary region.

| CONCLUSTION

The Triad and Ogo 5 observations have shown the existence of a
field-aligned current system consisting of currents flowing in the polar
cap boundary layer and those flowing in ancother layer situsted eguatorward
of the boundary layer. In the polar cap boundary leyer, which is identified
as the high~latitude boundaxry of the plasma sheet in the nightside
megnetosphere, the current flows into the ionosphere from *the tail on the
morning side and flows away from the ionosphere into the tail on the after-
noon side. It is proposed that this current system is driven by a current
generator in the tail.

In the lower labitude current layer which lies in the dipolar field

region of the magnetosphere, the current direction is from the lonosphere
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toward the equator on the morning side end is reversed on the afternoon
gide. According to Iijims end Potemra (1975) the currents in this layer
are more directly associated with substorm activity. The closure of this
field-aligned curient gystem is likely to be vis the magnetospheric
equatoriel curren!; system.

Nou particle date available at present provide a definitive answer
to the question of what the carriers of the.field-aligned currents are.
A sgtatistical analysis of the Isis 2 electron results by McDiarmid et al.
(1975) suggests that precipitated electrons with energy 130 ev to about
1 kev are good candidates for the carrier of the net current flowing in
the afternoon portion of the polar cap boundery current layer. On the
basis of the analysis of ESRC 1A and 1B particle observations by Hultgvist
et al. (1974) it is suggested that protons in the kev energy range may be
the carrier of the net current flowing into the ionosphere in the polar
cap boundary layer on the morning side. |
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FIGURES

Figure 1. Indicating a fileld-aligned current layer (hatched band) at the
polar cep boundary, separaiing the megnetiec flux in the polar
cap (PC) from that in the surorel belt (Au), (after Sugiurs, 1975).

Figpre 2, An example of the {ield-aligned current layer adjeacent to, and
equatorward of, the current layer at the poler cap boundary
(after Sugiura, 1975).

Figure 3. An example showing multiple double-leyer structures in the fileld-
aligned current system observed during a disturbed period (after
Sugiura, 1975},

Figure 4. A step-like level shift in the east-west component of the
megnetic field observed by the Triad megnetometer; the A and B
axes are horizontal and roughly in the directions of geomagnetic
dipole eest-west and north-south; the Z exis is vertical (after
Sugiura and Potemra, 1975).

Figure 5, The number of Triad passes examined and the frequency of
occurrence of level shifts, both as funetions of magnetie local
time (after Sugiura and Potemra, 1975).

Figure 6. Three-hourly aversge magnitudes of level shifts observed by
Trisd, indiceting en afternoon peak (after Sugiura and Potemra,
1975).

Figure 7. Megnitudes of level shifts observed by Triasd as a function of
Kp, without regard to local time., The average amplitude and
the standard devietion are shown for each Kp value (after Sugiura

and Potemra, 1975).
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Figure 8.

Figure 9.

Tlgure 10.

Figur=s 1L,

Figure 12,

Figure 13,

Figure 1h4.

-2 -
The average position and the thicknesa of the fileld-aligned
current layer cerrying net current, observed by Tried, as
functione of megnetic local time {ofter Suglura and Potemra,
1975).
The megnetie field profile calculated from a fleld-alipned
current model ab a constant altitude of 800 km; $ represents
local time in angular meesure.
The magnetic field profile calculeted from a field-aligned
current model for different altitudes.
The magnetic Tfield distribution in the polar cap region on
the ground calculeted from s field-eligned current model.
ESRO 1A observations of electrons and protons. An example
showing protons extending more poleward than electrons in
the pre-noon region. The vertical line indicebtes the location
of the 40 kev electron trapping boundary., Sae Figure 13 for
symbols used for different energies. (After Hulbgvist et al.,
1974 ).
ESRO 1A observations of electrons and protons. An exemple
showing electrons dominating over protons near the poleward
edge of the particle zone in the post-noon region. The
verticle line indicates the location of the 4O kev electron
trapping boundary. (After Hultqvist et al., 197h).
A model for the magnetospheric field-aligned current sysbem.
System Cpp~1l flows in the polar cap boundary laeyer which
bédomes the high latitude boundary of the plasma sheet on the
night side. System Cpg-2 involves the equatoriel current for

closure. (After Sugiura, 1975).
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