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An application of Ampére’ slaw to the MAGSAT orbit and data enabled usto study the net space current (total
intensity 1) flowing through the plane enclosed by the satellite orbit, and its dependence on the ground magnetic
disturbance revealed in the Kp- or AE-index. Even on magnetically quiet days, MAGSAT often (or sometimes
persistently) detected minor or moderate disturbances in the polar regions, in particular inside the auroral oval,
without increasing Kp- or AE-values. Such disturbances are attributable to field-aligned currentsinto or out of the
ionosphere, which produce a magnetic field (of toroidal nature) detectable above the ionosphere associated with
aweak magnetic field on the ground, resulting in an occasional poor correlation of | with Kp- or AE-indices. The
calculated I-values on quiet days are shown to be the order of 10° A, with a small-range UT variation. During
magnetic storms or substorms the I-values become one order of magnitude greater, and the net space current is
alwaysantisunward, with itsintensity roughly proportional to the AE-index values. The antisunward space current
under the MAGSAT level is the Pedersen current in the ionosphere, and it constitutes the return current of the
westward partial ring current (flowing at a distance of several earth radii in the dusk-side magnetosphere) along
with thefield-aligned currents between the partial ring current and the high-latitude ionospherein the dayside and
nightside hemispheres. The antisunward ionospheric current under the MAGSAT level contributesto anoticeable
enhancement inthe dawn-dusk asymmetry of theH-decreaseat MAGSAT level incomparisonwiththeground data
at the devel oping stage of magnetic storms or substorms.

1. Introduction

According to Ampere's law, a complete line-integration
of the magnetic field tangential to any closed circuit gives
thetotal current | (times L) penetrating the plane enclosed
by the integral circuit, with the relation of

I =(1/ Mo)f B.ds, )
where B isthelocal magnetic field component tangential to
the integral path, and o (=47 107 H-m™1) is the perme-
ability of the vacuum space.

The magnetic field observed on and above the earth is
contributed mainly from the solid earth, and partly from
electric currentsflowingintheearth’ senvironmental space.
The“space current” we named in the present paper consists
of (i) thering currentinthemagnetosphere, (ii) field-aligned
currents into and out of the ionosphere, and (iii) horizontal
currentintheionosphere. Inthe calculation of | with Eq. (1),
any magnetic field originating from magnetized bodies or
closed el ectriccurrentsdoesnot contributeat all tothel-value,
even intense auroral electrojetsif their return currents flow
entirely intheionosphere. Inthespaceabovetheionosphere,
we have to bear in mind the presence of non-potential
magneticfield associated with field-aligned currents, which
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produce atoroidal magnetic field with converted horizontal
currents in the ionosphere. A model for the coupling of
radial and azimuthal current loops is shown in Kan et al.
(1990). Thetoroidal magneticfieldthusformed existsinand
above the ionosphere, and it scarcely leaks down to the
ground.

The MAGSAT operation in 1979-1980 afforded us an
ideal opportunity to apply Ampére's law to calculate the
total intensity of net space current under the satellite orbit,
overcoming the following practical constraints that (1) the
magnetic field cannot be known simultaneously at all points
along the satellite orbit, but it takes about 1.5 hours to
complete its measurement over an entire MAGSAT orhit,
and (2) the earth rotates eastward with an angular speed of
about 23° per one revolution of MAGSAT. We already
published papersonthenet spacecurrent under theMAGSAT
orbit (Suzuki and Fukushima, 1982, 1984; Suzuki et al.,
1985), though our earliest 1982 paper must be discarded due
to a lack of the necessary correction for eliminating the
spurious effect arising from the earth’ srotation (seethelast
paragraph of Section 2). Inthemeantimetheaccuracy of our
numerical analysiswasimproved, and it became possibleto
comparethespacecurrent behaviourson quiet days, disturbed
days, and during substorms.

2. MAGSAT Orbit and Method of Analysis

The MAGSAT was launched on October 30, 1979, and it
remained in orbit over 7 months. The magnetic tapes we
received from NASA contained the in situ vector magnetic
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field datafor 180 days from November 2, 1979 to May 11,
1980. We selected therefrom the data of 90 days, mostly
quiet and highly disturbed daysuntil April 18, 1980, exclud-
ing moderately disturbed days.

MAGSAT was in a sun-synchronous orbit with 96.76°
inclination in the twilight meridian, and its orbit plane
deviated dlightly from the 06-18 h LT plane, so as to
intersect the equatorial plane at about 17 hand 05 h LT
meridians. The MAGSAT orbit with the highest latitude of
+83° was inclined towards the sunlit side in the northern
hemisphere and towards the night sidein the southern polar
region, asshowninFig. 1withtheso-called“auroral zones’,
here designated as the oval regions with incoming and
outflowing field-aligned currents detected by the Triad
satellite (taken from figure 13(b) of lijima and Potemra,
1978). Needless to say, MAGSAT itself contributed very

to the sun

18" Meridian
6" Meridian

to the sun

Fig. 1. MAGSAT orbits (thick solid lines) over the polar regions around
06 h UT. The geomagnetic poles (x marks) rotate around the geo-
graphic pole eastward with time along with the hatched auroral ovals.

much to our knowledge on the pattern of magnetic field
disturbancesrecorded abovetheionosphere associated with
field-aligned currents at high latitudes (e.g., Bythrow and
Potemra, 1983; Zanetti etal., 1983; Engebretsonetal., 1984;
lyemori et al., 1985; Barfield et al., 1986; Fujii and lijima,
1987), including By-dependent and northward | M F-rel ated
NBZ currentsinside the ordinary auroral oval (lijimaet al.,
1984; Zanetti et al., 1984; lijima and Shibaji, 1987).

The apogee and perigee of the MAGSAT were 561 and
352 km above the earth, respectively, at theinitial stage of
the satellite operation, with gradual descent with time. The
revolution period of MAGSAT was 93 minutes after the
launch, and it was reduced finally to 91 minutes. Figure 2
showstwo MAGSAT orbitsabovetherotating earth, oneon
November 5, 1979 (aweek after the launch), and the other
on April 13,1980 (at thelast stage of theinterval of our data
analysis). A gradual latitudinal shift of the apogee and
perigeeof MAGSAT isresulted fromitsrotation around the
spheroidal earth (Langel, 1982; Langel et al., 1982).

The method of our analysis was reported in our earlier
papers, so that only a brief summary is given below. The
satellite measured vector magnetic fields as frequently as
every 1/16 second, in other words with a spatial distance of
about 450 m over the entire earth. We calculated first one
second average values of the observed magnetic field
component tangential tothesatelliteorbit (which aredenoted
here by Big), and we substracted the contribution from the
global magnetic field derived from the MGST (4/81) model
(denoted here by Bin), so that we can write here as

B, = Bio ~Bim- ()

In order to calculate the I-value with Eqg. (1), the integrand
can be either B or By of Eq. (2) along the closed MAGSAT
orbit, because the Bim-integration is to vanish due to the
curlfree nature of the magnetic field of Bim.

Dueto the earth’ s eastward rotation under the MAGSAT

Yov.5 1079

Fig. 2. MAGSAT heightsabovetherotating earth at the beginning (Nov.
5, 1979) and the ending (Apr. 13, 1980) of the satellite operation. The
height range of 300-500 km is hatched.
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orbit, the sub-satellite locus of each MAGSAT orbit on the
rotating earth crosses the preceding locus near the highest
latitude of about 83.2° in the northern and southern polar
regions (seefigure 5 of Suzuki et al. (1985) paper, or figure
2 of Suzuki and Fukushima(1984) paper), andthesecrossing
points are taken as the starting and ending pointsfor the Bi-
integration along every orbit of MAGSAT. The choice of
these terminal points will contribute hopefully to minimiz-
ing the error in the numerical B-integration, because both
Bio- and Bim-valuesareminimumtherealongevery MAGSAT
orbit. We adopted both the northern and southern highest-
latitude terminal points as the starting points for the line-
integration of B, so that thelatter half of anintegration path
overlapswiththeformer half of thenext path, soasto double
the total number of the integral paths.

In the calculation of | with Eq. (1), the integrand is the
scalar product of Bt and ds. Bi-vectors (to the direction of
MAGSAT flightintheinertial space) arenot alwaysparallel
to ds (composing the MAGSAT loci on the rotating earth),
although the angle between B; and dsisin fact very small,
amounting at most to 3.6° on the equator. If the calculation
of l iscarried out with |By|-|ds|, instead of B;-ds, the cal culated
I-value contains a spurious effect arising from the earth’s
rotation under the MAGSAT orbit.

3. Magnetic Field Component along MAGSAT
Orbit, B, and Its Latitude Dependence

Figure 3 shows the latitudinal dependence of the “ob-
served minus MGST (4/81)-model values® of the geomag-
netic field component tangential tothe MAGSAT orbit, i.e.,
Bi-values, on

(a) avery quiet day of November 5, 1979

(Kp = 0+, 00, 0+, 1,1 1., 1o, 0+),
(b) adisturbed day of November 13, 1979
(Kp =40, 5., 4., 4+, 49, 50, 5+, 4+),
(c) aday with substorm on April 6, 1980
(Kp =04, 2+, 1+, 5, 50, 50, 5+, 3+)
In these three diagrams each horizontal lineisadatum line
for Bi-values for each MAGSAT orhit; its starting and
ending UT timesareindicated respectively at |eft- and right-
sidemargins. Theleft halvesof the Bi-curvesarefor thedusk
meridian from the southern terminal points, while the right
halvesarefor thedawn meridian from thenorth polar region
back to theinitial terminal pointsin the south polar region.
TheBi-scales arethe samefor all diagrams, asindicated for
400 nT range at the top. The Bi-values in the diagrams are
plotted for every 4 seconds, though 1-second values were
caculated. In middle and low latitudes over the earth, the
southward magneticfieldisrevealed aspositive Bi-valuesin
the dawn meridian and as negative Bi-values in the dusk
meridian.

Taking a glance at three diagrams in Fig. 3, we notice
immediately the following characteristics of Bi-curves,
namely:

(1) Onavery quiet day of November 5, 1979, shown in
Fig. 3(a), and during quiet interval of April 6, 1980 shown
in the top half of Fig. 3(c), small Bi-fluctuations (less than
400 nT inrange) were detected only near the northernmost
and southernmost regions of the MAGSAT orbit, and not at
al in the auroral zone. The observed fluctuations were

generally of greater amplitude in the southern (summer)
hemispherethanin the northern (winter) hemisphere. lijima
et al. (1984), Zanetti et al. (1984), and lijima and Shibaji
(1987) discovered the existence of NBZ (meaning “North-
ward Bz") field-aligned currents inside the auroral zonein
the polar region when theinterplanetary magnetic field was
northward.

(2) During magnetic disturbances including substorms,
Bi-curvesare characterized by adistinct appearanceof apair
of horns(separated by 4500+ 1000 km) with superimposing
rapid fluctuations at high latitudes in both the northern and
southern polar regions, asshownin Figs. 3(b) and 3(c). The
locations of these horns show a systematic diurnal variation
in geographic latitude with Universal Time; the lowest and
highest latitude of the leading horns is seen respectively
around 23 h and 11 h UT in both the northern and southern
polar regions. Figure 4 illustratesthe UT dependence of the
MAGSAT paths on a map with fixed positions for the
auroral zonesand thegeomagnetic axispol es (marked by x),
with the geographic poles(marked by +) rotating around the
geomagnetic polesonceaday. TheUT dependenceof Bi-horn
latitudes revealed in Figs. 3(b) and 3(c) can be reasonably
explained by means of Fig. 4.

(3) The shapes of Bi-horns with superimposing rapid
fluctuationsrecordedfor consecutiveMAGSAT orbits(with
the repetition period of about 1.5 hours) during magnetic
disturbances are generally rather different one another. In
the four columnar series of Bi-horns in Fig. 3(b), only the
negative Bi-excursionson the dusk sideinthenorthern polar
region maintain nearly the same form for consecutive
MAGSAT orbits throughout the day. Thiswould mean that
the geomagnetic disturbancein the northern auroral zoneon
the dusk side seemed to be rather steady throughout a
disturbed day of November 13, 1979.

(4) On the other hand, Bi-horns with rapid fluctuations
observed generally on the dawn side often show quite
different shapes for consecutive MAGSAT orbits, as are
clearly seenin Figs. 3(b) and 3(c). For example, during 11—
18 h UT on November 13, 1979, Bi-horns on the dawn side
in the north polar region changed from an intense positive
pulse in a narrow region to a very low-level disturbance,
followed by an intense negative pulsein anarrow region, a
broad negative excursion over a wide area, and then an
oscillation of moderate magnitude. InFig. 3(c) weseeinthe
dawn-side auroral zone in the north polar region an ex-
traordinarily intense negative Bi-spike for 2 hours or so
during the substorm on April 6, 1980. The poor correlation
between these consecutive Bi-curves will indicate that the
geomagnetic disturbance observed in the auroral zones on
the dawn side seems to be extremely variable with time, in
other wordssporadic, in contrast tothe magnetic disturbance
on the dusk-side in the northern hemisphere observed on
November 13, 1979, when the northern polar region wasin
the dark hemisphere.

(5) Atmiddleandlow latitudes, Bi-curvesareusualy very
smooth, not only on quiet days but also on disturbed daysor
during magnetic substorms. Since B; picks up only the
magnetic field component in the direction of MAGSAT
flight, it is unaffected by the east-west toroidal magnetic
fieldinthedusk-sideionosphereinthenorth and south of the
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Fig. 3. Bi-variationson (a) Nov. 5, 1979, aquiet day, (b) Nov. 13, 1979, with moderate disturbance throughout aday, and (c) April 6, 1980, aday with
asevere substorm. The sensitivity scale is common to all three days, as shown at the top of the diagrams. Each row isfor one closed orbit, starting
and ending at UT indicated at the left and right margins.

magnetic dip equator (discovered by Maeda et al., 1982, negative on the dusk side, meaning that a southward mag-
1985). neticfieldisobserved on both thedawn and dusk sidesof the

(6) Ondisturbed days, Bi-deviationsfromthedatumline  earth at middleand low latitudes. Wenoticein Fig. 3(b) that
at middle and low latitudes are much greater than on quiet  negative Bi-deviations in the dusk meridian observed by
days, and they are always positive on the dawn side and MAGSAT above the ionosphere are usually greater in
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Fig. 3. (continued).

magnitude in comparison with positive ones in the dawn
meridian. A similar dawn-dusk asymmetry of Bi-deviations
isperceivablealsoonquiet days, though small inmagnitude.

(7) The contribution to Bi-values at high latitudes origi-
natestoaconsiderableextentfromthefactthat theMAGSAT

paths are not perpendicular to the field-aligned current
sheetsalong and inside the auroral oval inthe polar regions,
as is demonstrated in Fig. 1, so that the toroidal magnetic
fieldbetweenthetwo parallel sheetsof field-aligned currents
into and out of theionosphere contributes considerably to By
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detected by MAGSAT.

(8) It isinteresting to note here that Bi-values scarcely
exceeded 1000 nT in its absolute magnitude, whereas the
geomagnetic disturbance observed on the ground and by

Fig. 3. (continued).

MAGSAT often exceeded 1000 nT in the auroral zone on
disturbed days. There areanumber of illustrationsfor great
geomagnetic disturbancefieldsdetected at high I atitudes by
MAGSAT, e.g., inthepapersby Hugheset al. (1982), lijima
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Fig. 4. TheMAGSAT orbit trajectoriesdepending on UT shown on the polar mapswith fixed positions of the auroral zones; the geographic polesrotate

around the geomagnetic poles (x marks) in these maps.

etal. (1982), Klumpar and Greer (1982), Wallisetal. (1982),
Zanetti and Potemra(1982), Zanetti et al. (1982), Kamide et
al. (1984), Potemra et al. (1984), Lanchester and Wallis
(1985), Barfield et al. (1986), lijima and Shibaji (1987),
Y amauchi and Araki (1989), lyemori (1990), and Y amada
etal. (1990). Figure6 of lyemori’s(1990) paper givesusan
impression that most of great magnetic disturbancesat high
latitudesarenearly perpendicular totheMAGSAT paths, so
that they do not affect Bi-curves so much throughout the
MAGSAT flight, even though the horizontal component of
the geomagnetic field must have been disturbed very often
morethan 1000 nT at high latitudes. The maximum B-value
we had obtained throughout our analysis was 1500 nT, and
such great Bi-values were recorded very rarely.

4. Intensity of theSpaceCurrentthroughthePlane
Enclosed by MAGSAT Orbit
Thissection dealswith thetotal intensity of space current
under the MAGSAT level, i.e., the net sunward or
antisunward current passing through the plane enclosed by
thesatelliteorbit, whichisdenoted by | throughout the present

paper, calculated with Ampére’s law shown in Eg. (1) in
Section 1. Since the MAGSAT flew over the earth with a
period of 93-91 minutes, and the numerical integration of
Bi-values along the satellite orbit was carried out for each
path starting from the northernmost and southernmost points
of the sub-satellite locus (as explained in Section 2), the
calculated values of | are to be interpreted as the average
intensity of the net space current under the MAGSAT orbit
for every 45.5-46.5 minutes of time. Throughout this paper
the sign of | istaken positive for the sunward current, and
negative for the antisunward current under the MAGSAT
orbit.

Figure 5 shows the calculated current intensities |, with
small full square marksfor every 46.5 minutesintervals, for
8 days (4 quiet and 4 disturbed days) including threetypical
days shown in Fig. 3 with observed B:-values along indi-
vidual MAGSAT orbits. The geomagnetic activity on these
8 days is indicated by the Kp-index values (above the ab-
scissas for each three-hour interval) and the AE-indices
(givenevery minute; published by theDataAnalysisCenter,
WDC-C2 for Geomagnetism, Kyoto University, 1986),
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Fig. 5. Intensitiesof total space currentsunder the MAGSAT orbit for 4 quiet and 4 disturbed days, shown by full square marks connected with vertical
lines. The scale for the current intensity is shown at the left-side ordinate in 10% A. Numeral figuresin the diagram are 3-hour Kp's. Curves are AE
indices (shown downward positive) with the scale at the right-side ordinate.
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positive downward for the convenience of comparison with
all calculated I-values.

A simple estimation for the accuracy of | calculation is
given here. If Brisassumed to bewithin an accuracy of 3nT
everywhere along the MAGSAT orbit, the integrated error
for | will be 3 nT x 2/rx (6370 + MAGSAT height) km/Lig
at most, i.e., 1.2 x 105 A.

On disturbed days the space current intensity | under the
MAGSAT orbit is one order of magnitude greater, i.e., 10
A, and it is always negative. The intensity of antisunward
space current under the dawn-dusk MAGSAT orbit plane
shows a high correlation with the simultaneous AE-index

51

values, evenon April 6, 1980, with asubstorm of only afew
hoursduration. ItisseeninFig. 5that | of 106 A corresponds
roughly to 500 nT of the AE index.

Although we see ageneral parallelism of curves between
the AE-indicesand I-valuesin Fig. 5, thereare occasionally
some nhoticeable discrepancies between the calculated |-
valuesand the AE-curves. For thedaysshowninFig. 3, such
discrepancies are seen for the I-values of the following in-
tervals, i.e.,

Nov. 5, 1979: I-values centering at 00.68, 02.24, 03.80,
14.75, 15.52, and 16.31 UT,

Nov. 13, 1979: I-values centering at 15.73, 16.51, and
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Fig. 6. Calculated intensity of space current under the MA

GSAT orbit for Kp values of 0g, 19, 20, 30, 4o, and 5.
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Fig. 7. Spacecurrent intensity under theMAGSAT orbit for Kp = 0y and 0, daysin November—December 1979 (with O marks) and March-April 1980
(with* marks). No essential differenceis seen between these two groups despite a considerable descent of the MAGSAT apogee after 4 months of

the satellite flight.

17.29 UT,

Apr. 6, 1980:
and 12.40 UT.
These discrepanciesbetween thecal culated | -valuesand the
AE-index values can bewell understood if we scrutinizethe
original Bi-curves (shown in Fig. 3) used for calculating |-
values. For a quiet day of November 5, 1979, the discrep-
anciesoriginate from minor disturbancestaking placeinthe
northern and southern polar regions. It is also worth noting
here that the I-values at UT 14-17 hours for al four ex-
amples of quiet days shown in Fig. 5 are positive, arising
from minor magnetic disturbances over the antarctic area.

On a disturbed day of November 13, 1979, three large
amplitude negativel-deviationsduring 15-18 UT aredueto
agreat and broad negative Bi-excursion observed at 1496—
1729 UT. On April 6, 1980, we see a positive Bi-deviation
of a considerable magnitude in the southern polar region
around 04 UT. Itisinteresting to point out that an extremely
great negative Bi-spike contributed to the large negative |-
value at the time of the substorm on this day.

Figure 6 shows a composite diagram for the net current
intensities under the MAGSAT, for various Kp-values (O,
1o, 20, 30, 4o, and =5¢) from the data of 90 days. We readily
noticeadiurnal variationin I, with asmall amplitude, when
Kp-values are small (up to Kp = 2p), with aslight negative
level around 03—-05 h UT and a slight positive level around
10-14 h UT. For Kp-indices of 49 or more, the |-value be-
comes negative almost without exception regardless of
hours of a day. Figure 6 gives us an impression that the
calculated |-values are apparently more sensitive to Kp-
valuesfor 1521 hUT. Thecal culated | -valuesseemto show
a better correlation with the simultaneous AE-indices hav-
ing much higher time-resol ution than the three-hour indices
Kp. We have to remember that Kp is based simply on the
maximum range of magnetic field disturbance (and not the
averagedisturbance) in each three-hour interval observed at
12 designated stations situated at geomagnetic latitudes 47—
62°.

Itisal sochecked herewhether or not thecal culated I-values
showed a noticeabl e decrease during the MAGSAT opera-

I-values centering at 03.97, 10.10, 11.64,

tion with agradual lowering of the satellite height over the
earth. We see from Fig. 2 that the cross-section area en-
closed by the MAGSAT orbit above the earth decreased
approximately 30% during the period from November 5,
1979to April 13, 1980. Figure 7 showsthel-valuesfor quiet
periods with Kp = Og and 0 during November—December
1979 and March—April 1980, plotted with different marksin
one diagram. We notice no essential difference of the I-
values for these two groups, despite a considerable descent
of the MAGSAT apogeein 4 months. Thisfact will indicate
that the antisunward space current during geomagnetic
disturbance seemsto flow mostly within 320 km above the
earth, in the ionospheric E and F regions.

Although the diurnal variation in UT of I-values on ex-
tremely quiet days, revedled in Fig. 7, might suggest a
possiblepresenceof spacecurrent under theMAGSAT orbit
(with its direction fixed to the rotating earth, in this case
from the African side to the Pacific side), we must check
beforehand very carefully whether or not the MGST (4/81)
model was accurate enough to allow us to discuss the
reliability on such aweak space current fixed to the earth.

5. Dawn-Dusk Asymmetry of the Southward
Magnetic Disturbance Field at Low Latitudes
during Magnetic Storms on the Ground and at
the MAGSAT Level

It has been known for a long time that the southward

magnetic disturbance field observed at middle and low
latitudes during magnetic storms (denoted hereafter by AH
in this paper) shows a noticeable dawn-dusk asymmetry on
theground, greater intheevening thaninthemorning sector.
Before the space age, the dawn-dusk AH-asymmetry on the
ground was attributed to the eastward (at dawn) and west-
ward (at dusk) currents flowing in the ionosphere. If this
interpretation werereally correct, the AH-asymmetry above
theionospherewould bereversed (i.e., southward AH is>0
at dawn and <0 at dusk) in contrast to the dawn-dusk AH-
asymmetry observed on the ground.

Since1960' s, when satellitemeasurementsbecamepopul ar
in space research, the dawn-dusk AH-asymmetry has been
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discussed in connection with “partial ring current system”,
and various model s have been proposed, e.g., by Cummings
(1966), Crooker and Siscoe (1971, 1981), Crooker and
McPherron (1972), Kamide and Fukushima (1972) and
others, as reviewed by Fukushima and Kamide (1973).
Figure 8 (taken from Suzuki et al. (1985)) is an idealized
simple picturefor thethree-dimensional partial ring current
coexisting with asymmetric ring current in thegeomagnetic
equatorial plane, which consists of the following three
segments:

(i) awestward partial ring current of 2-108 A with 180°
longitudinal extent (replaced by aline-current on the equa-
torial plane on the afternoon side at the geocentric distance
of 4 earth radii),

(i) field-aligned currentsinthemagnetosphere, replaced
by line-currents of 10% A each in the northern and southern
hemispheresin the noon-midnight meridian (although they
must be practically current sheets over a wide longitude
range), towards and away from the ionosphere on the day-
side and the nightside, respectively, and

(iii) antisunward horizontal current of 2-108 A flowingin
the ionosphere below the MAGSAT level.

It hasbeenwidely accepted that apartial ring current system
with the above three segments is favourable to explain the

GRS RING CURRENT
B

Fig. 8. A model of electric circuit on disturbed days with a partial ring
current, which accountsfor the observed dawn-dusk asymmetry of the
southward magnetic field and the anti sunward space current below the
MAGSAT level (after Suzuki et al., 1985).

dawn-dusk AH-asymmetry observed during magnetic storms
on the ground at middle and low latitudes.

The dawn-dusk asymmetry of the southward external
disturbance field during magnetic storms observed at the
MAGSAT level wasfirst reported by Y anagisawa (1984) for
the entire period of MAGSAT operation from November
1979 through May 1980. A part of hisresult is shown here
in Fig. 9 (reproduced from Suzuki et al. (1985)), where the
top diagram shows the southward magnetic disturbance
field at theequator onthe dawn and dusk meridians(denoted
by E1) measured withMAGSAT. Wenoticeimmediately in
El-curves in Fig. 9 that a remarkable dawn-dusk AH-
asymmetry up to several tensof nT (southward AH ismuch
stronger on the dusk side than on the dawn side) seen only
during initial stage of magnetic storms, and the asymmetry
seems to disappear in their decaying stage.

6. Antisunward Current in the lonosphere as a
Possible Contributor to the Enhanced Dawn-
Dusk AH-Asymmetry above the lonosphere
Observed by MAGSAT

Among the three segments of the schematic partial ring
current system shown in Fig. 8, the segments (i) and (ii) are
not capable of producing a marked dawn-dusk AH-asym-
metry, because they flow in the magnetosphere far from the
earth. Suzuki et al. (1985) advocated that the antisunward
space current under the MAGSAT orbit, i.e., the segment
(iii) of the partial ring current system, would be a possible
contributor to the enhanced dawn-dusk AH-asymmetry
observed at the MAGSAT level.

Figure 10 illustrates the dawn-dusk cross-section of the
antisunward current in the ionosphere, if the electric con-
ductivity issimply assumed to be uniform everywhere over
the earth. In such a case, the electric currents (fed by field-
aligned currents into the ionosphere on the dayside) spread
over the ionosphere uniformly from the points of current
injectioninthenorthern and southern sunlit hemispheres, so
that the current density at the equator in the dawn-dusk
meridian is (2:108 A)/(4-10* km) = 50 A/km. The iono-
spheric current of this amount produces a horizontal mag-

O Dawn side data
+ Dusk side data

120 200 ¥ 240 280 320 400
4 Kp
ZJI it
{
0+ — —
0 i) 80 120 60 200 240 2
; passNvpes© %0 W W00
1979 Nov.
2 5 10 15 20 P

Fig. 9. Comparison of the southward magnetic disturbancefield at the MAGSAT level (denoted by E1), Dst and Kp index values for the period of 3—
27 November 1979. Thedawn-dusk asymmetry in E1-val uesisnoticeabl e during the devel oping stages of magnetic storms(after Y anagisawa, 1984).
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NAGSAT ORB1T
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Fig. 10. Dawn-dusk asymmetry of the resultant magnetic field observed at the MAGSAT level, which consists of AH produced by the antisunward
current flowing intheionosphere and aquasi-uniform southward H originated from magnetospheric ring current. A typical pattern of theasymmetric
By curve shown at the bottom isfor aMAGSAT orbit of N - S — N seen from the sun, in contrast to the illustration in Fig. 3.

netic field of approximately 30 nT northward on the dawn
side, and southward on the dusk side, resulting in the total
AH-asymmetry of 60 nT abovetheionosphere. Onthe other
hand, no magnetic field is produced on the ground by the
antisunward current flowing in the ionosphere surrounding
the earth (Fukushima, 1976).

It seems therefore to be quite reasonable to surmise that
theoccasional enhancement of the dawn-dusk asymmetry in
E1 up to 40-80 nT shown in Fig. 9 will be attributable to a
rapid development and subsequent decay of a partia ring
current system (with the current intensity of about 2-10° A
or so) in the early phase of magnetic storms. However, itis
of course necessary to carry out aquantitative estimation on
the pattern of antisunward current flowingin theionosphere
and associated magnetic effect, with reasonable models for
the ionospheric conductivity over the earth.

In fact the height-integrated conductivity of the iono-
sphere is greater on the afternoon side than on the morning
side, so that the antisunward current in the ionosphere is
stronger on the afternoon side. This dawn-dusk asymmetry
of the antisunward current in the ionosphere produces a
northward magnetic field at middle and low latitudes on the
ground on the afternoon side, and a southward magnetic
field on the morning side, in the opposite direction to the
magnetic field produced above theionosphere. lyemori and
Rao (1996) reported that the Dst field (based on the H-de-
crease observed on the ground at some selected middlie-
latitude stations) shows a tendency to recover storm-time
worl dwideH-decreaseafter substormonsets(identifiedfrom
the sudden AL-index drop, pi2 onsets, or low-latitude posi-

tive bay commencements). A pparent contradiction between
the H-decrease during storms and its recovery during
substorms might be reasonably interpreted with the
antisunward currentintheionosphere (asegment of apartial
ring current system), whose associated magnetic field isin
the opposite direction on the ground (bel ow theionosphere)
and at the MAGSAT level (above the ionosphere).

7. Conclusions

Ampere's law was applied to the data obtained by the
MAGSAT satellite to study the total intensity of space
current penetrating through the dawn-dusk plane enclosed
by the satellite orbit. The following results were obtained
through our analysis, i.e.:

(1) The component of magnetic field in the direction of
MAGSAT orbit (denoted by B; in this paper) shows very
often (or sometimes persistently) minor or moderate fluc-
tuations in the polar regions, in particular well inside the
auroral oval, evenonextremely qui et dayswithoutincreasing
Kp- or AE-indices. Theseminor disturbancesdetected above
the ionosphere are attributable to the magnetic field (of
toroidal nature) associated with field-aligned currents into
or out of theionosphere. The quiet-day B fluctuationsare of
greater magnitude in the summer hemisphere than in the
winter hemisphere.

(2) Ondisturbed daysor during magnetic substorms, B-
curves along the MAGSAT orbit show distinct horn-like
excursions over the auroral oval. The Bi-deviations for
successive orbits (with 1.5 hours time intervals) indicate
that the eastward electrojet on the dusk side seems to be
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rather stable, particularly in the winter season, in compari-
son with the westward electrojet on the morning side show-
ing frequent sporadic changes.

(3) Theline-integration of Bi-values over the MAGSAT
orbit enables us with Ampére’'s law to know the total
intensity of electric currents penetrating the plane enclosed
by the MAGSAT orbit (denoted by | in this paper).

(4) Thecalculated I-valuefor quiet daysisaslow asthe
order of 10° A, with a small-range UT variation, slightly
sunward over 10-19 h UT and antisunward over 01-07 h
UT. However, it is necessary to check the accuracy of
MGST(4/81) model before we discuss such a weak space
current fixed to the rotating earth.

(5) In disturbed conditions, the calculated |-values be-
comeoneorder of magnitudegreater, i.e., to afew times 10°
A, always antisunward, with their intensity nearly in pro-
portion to the simultaneous AE-index values.

(6) The space current under the MAGSAT seems to be
reasonably interpreted as areturn current of the partial ring
current in the magnetosphere; the return current starts as a
bundle of field-aligned currents from the dayside magne-
tosphereto the polar ionosphere, whereit is converted to an
antisunward Pedersen current in the lower ionosphere, and
it leavestheionosphereasabundleof field-aligned currents
back to the partia ring current in the night-side magneto-
sphere.

(7) The dawn-dusk asymmetry of the H-decrease ob-
served by MAGSAT is enhanced every time at the initial
stage of magnetic storms or during substorms. This asym-
metry seemsto be caused by arapid development and decay
of a partial ring current in the afternoon-side magneto-
sphere, and the ionospheric segment of the partial ring
current system seems to be responsible for the observed
dawn-dusk asymmetry above the ionosphere, because the
antisunward ionospheric current produces a southward
magnetic field at the MAGSAT level in the dusk meridian,
andanorthwardfieldinthedawnmeridian, soastointensify
the dawn-dusk asymmetry. Our interpretation seemsalso to
contribute to understand the difference between magnetic
signatures observed on the ground and at the satellite level.

(8) We expect that some future satellites for world mag-
netic surveys(such as Danish @rsted satellite) will beuseful
for finding the space current under the satellite orbit for
various local-time meridians, which are necessary for usto
construct a more comprehensive picture for the spatial
structure of the partial ring current system during magnetic
storms and substorms.
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