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Abstract. Plasma drift and particle measurements from the DMSP spacecraft for
the three Geospace Environmental Modeling (GEM) campaign periods (January

27-29, March 28-29, and July 20-21, 1992) have been used to study the relationship
between the plasma convection reversal and the poleward boundary of the diffuse
auroral zone characterized by hard electron precipitation with energies greater than
0.45 keV. This boundary, named the hard auroral precipitation boundary (or the

HAP boundary) in this paper, is often regarded as the ionospheric footprint of the
boundary between the central plasma sheet (CPS) and the boundary plasma sheet
(BPS). By examining simultaneous ion drift and particle measurements from about
500 satellite passes we find that the large-scale plasma flow in the morning and

evening sectors changes its direction within the auroral oval at the HAP boundary.
However, exceptions are found in the early morning sector between 0300 and 0600
MLT, where the convection reversal is sometimes (in 30% of the DMSP crossings)
displaced poleward relative to the HAP boundary. It is shown that the shape of

the region bordered by the HAP boundary can be roughly represented by a circle,

whose size is influenced by the IMF B, component. There is roughly a linear
correlation between the diameter of this circle and the cross-polar-cap potential
drop, with the best correlation coefficient of 0.65 for winter season. Our study
suggests that the HAP boundary corresponds to the magnetospheric boundary
between the quasi-dipolar region and the region with more stretched field lines, and
the source of the region 1 field-aligned current is located near the HAP boundary.
A By-dependent shift of the HAP boundary with respect to the noon-midnight
meridian is also found. In the northern hemisphere, the shift is dawnward for
positive B, and duskward for negative By; in the southern hemisphere, the shift is

opposite to that in the northern hemisphere.

1. Introduction

Attempts have been made previously to study the
relationship between the auroral oval boundary and
the ionospheric convection reversal, and the most com-
mon point of view is that the convection reversal oc-
curs somewhere between the trapping boundary of en-
ergetic electrons and the poleward boundary of the au-
roral oval, as identified by the discrete auroral forms
[Heelis et al., 1980; Newell et al., 1991; Nishida et al.,
1993] Previous studies have been conducted either on
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statistical bases or through spatially limited observa-
tions. The assimilative mapping of ionospheric electro-
dynamics (AMIE) technique, developed by Richmond
and Kamide [1988], provides us with global convection
patterns in both northern and southern polar regions.
These convection patterns are derived by combining a
variety of observations, including ground magnetic data
from a world-wide network of observatories, and radar
and spacecraft measurements of ion drift velocities. The
polar-orbiting spacecraft, such as the Defense Meteoro-
logical Satellite Program (DMSP) spacecraft, also pro-
vide information about the features of auroral precipi-
tating particles. Thus we have a good opportunity to
compare auroral boundaries with the structures of iono-
spheric convection in a global fashion, particularly with
the convection reversals. The convection reversal is de-
fined as the locus of points where the convection flow
changes its direction from sunward, typically in the au-
roral oval, to antisunward, typically in the polar cap.

15,423



15,424

In this paper we shall examine the relationship of the
convection reversal and the poleward boundary of the
diffuse auroral zone. This boundary separates the dif-
fuse auroral precipitation of hard electrons in the lower-
latitude part of the auroral oval from the discrete auro-
ral precipitation of soft electrons in the higher-latitude
part of the oval. We thus call it the hard auroral pre-
cipitation boundary (hereinafter referred to as the HAP
boundary). It should be noted that the HAP boundary
is similar but not identical to the transition boundary
introduced by Makita et al. [1983, 1985]. Although
both of them are the boundary between the hard and
soft zones of auroral electron precipitation, the transi-
tion boundary is defined by where the average energy
falls below 0.5 keV [Makita et al., 1983, 1985], whereas
the HAP boundary in our analysis uses electron energy
of 0.45 keV as a threshold.

2. Method

The separation of the hard and soft zones is diffi-
cult in cases when intense spikes of accelerated electrons
with energies > 1 keV are observed on the background
of soft electron precipitation with energies < 0.5 keV. In
such cases the hard electron precipitation is embedded
into the regions with soft precipitation and the bound-
ary between the hard and soft zones becomes ambigu-
ous. To overcome this difficulty, we apply the algorithm
similar to the one developed by Troshichev et al. [1996]
to identify the poleward boundary of the oval. We per-
formed a sliding average of particle flux over 1° latitude
and define a threshold level as the limit of precipitation
in the hard zone. In so doing, we should bear in mind
that the intensity of particle fluxes in both hard and
soft zones can change considerably from case to case
so that a specific flux threshold chosen for one set of
conditions might not be appropriate under other con-
ditions. This problem can be solved if the flux values
are normalized in some fashion. In our analysis we take
the maximum values of electron number flux with ener-
gies > 0.45 keV during each ascending and descending
portion of the satellite polar pass as an appropriate nor-
malization factor for each oval crossing. Figure 1 shows
the typical behavior of this 1°-averaged and normalized
electron number flux for the dawn and dusk sectors of
the polar region. One can see that electron flux in the
auroral oval is much higher than that in the higher-
latitude polar region. The boundary between these two
regions is generally sharp. As seen in Figure 1, the val-
ues of 0.1, 0.15, and 0.20 are practically at the same
latitude position. So we choose the value of 0.15 as the
threshold level for the identification of the HAP bound-
ary between the diffuse and discrete zones of the auroral
oval. Sometimes, during very quiet periods, typically
during intervals of northward interplanetary magnetic
field (IMF), the intensity of the spikes of accelerated
electrons in the central polar region is so large that the
averaged fluxes of electrons with energies > 0.45 keV in
the polar cap and within the auroral oval turn out to be
comparable. In such cases the low-latitude band of the

TROSHICHEV ET AL.: CONVECTION REVERSAL AND AURORAL BOUNDARY

precipitating electrons is considered as the “hard” zone
and its poleward edge is correspondingly regarded as
the transition boundary. We have examined about 500
DMSP polar crossings in both northern and southern
hemispheres. The HAP boundary has been identified in
three fourths of these crossings. In the rest of the cases,
the spacecraft either did not cross the HAP boundary
(i-e., the orbit was at lower latitudes) or the boundary
cannot be identified owing to very low level of particle
precipitation.

The AMIE procedure is an optimally constrained,
weighted least squares fit of coefficients to the observed
data. The procedure first modifies statistical conductiv-
ity models by incorporating direct and indirect obser-
vations of the height-integrated conductances to pro-
vide an improved temporal and spatial resolution of
high-latitude ionospheric conductivity. Energy fluxes
and average energies of the auroral precipitating elec-
trons measured by the polar-orbiting satellites, such as
DMSP and TIROS-NOAA spacecraft, are used to cal-
culate the height-integrated Pedersen and Hall conduc-
tivities, based on the empirical formulas of Robinson
et al. [1987]. In addition, the magnetic perturbations
measured by ground magnetometers are also used to
modify the ionospheric conductivities [Ahn et al., 1983].
Once a reliable conductivity distribution is derived, the
ionospheric convection pattern can be estimated from
the direct ion drift observations by satellites and radars,
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Figure 1. Distributions of normalized electron number
flux for the dawn and dusk sectors in the polar region.
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and from the inversion of magnetic perturbations. Ad-
ditionally, an a priori statistical potential model is ap-
plied, which provides a first-order estimate of the iono-
spheric potentials where there are no in situ measure-
ments. The different data sets are weighted by the in-
verse square of their effective errors so that less reliable
data contribute less to the fitting. The detailed fitting
procedure has been described by Richmond and Kamide
[1988] and Richmond [1992]. AMIE uses apex coordi-
nates [ VanZandt et al., 1972; Richmond, 1995], with the
apex latitude being similar to the invariant latitude and
corrected geomagnetic latitude in high-latitude regions.
All data are converted to apex coordinates before being
fed into AMIE. The current grid size of AMIE is about
1.7° in latitude and 10° in longitude.

3. Results

Patterns of the high-latitude ionospheric electrody-
namic fields are constructed by using the AMIE tech-
nique for a total of 7 days from the three Geospace
Environmental Modeling (GEM) periods: January 27-
29, March 28-29, and July 20-21, 1992. To derive these
patterns, we have utilized the satellite ion drift and pre-
cipitating particle measurements that are taken within
+15 min of each analyzed time. Radar observations of
plasma drift within £5 min and ground magnetometer
data averaged over 5 min in the vicinity of each given
time are also used in the AMIE fitting procedure.

Figure 2 shows representative patterns of plasma con-
vection (top row) and field-aligned current (bottom
row) for different IMF orientations. Figure 2a shows
the typical two-cell convection pattern observed when
the IMF is southward, with antisunward convection in
the high-latitude polar cap and return sunward convec-
tion in lower latitudes in the auroral zone. The two-cell
pattern with dawn-dusk asymmetry due to the influence
of the IMF azimuthal component is shown in Figure 2c.
Figure 2e is a pattern of four cells, with two reversed
cells in the central polar region and two weaker and
distorted cells at lower latitudes. Such pattern is typi-
cal for strongly northward IMF conditions [Knipp et al.,
1993; Lu et al., 1994]. The large black dots on these pat-
terns indicate the location identified as the HAP bound-
ary where the normalized electron flux drops below the
threshold level of 0.15. One can see that the convec-
tion reversal often coincides with the HAP boundary,
even under northward IMF conditions. In the case of
strongly northward IMF (Figure 2¢), the lower-latitude
convection reversals, not the high-latitude ones, are lo-
cated along the HAP boundary. When one of the cells,
morning or evening, encompasses almost the whole po-
lar region under the influence of the large IMF y com-
ponent, velocity shears rather than reversals are often
observed at some locations along the HAP boundary
(Figure 2c). To distinguish from the flow reversal which
separates sunward and antisunward convection, in this
paper the velocity shear includes locations where there
is a discontinuity in the flow speed but not necessary in
the flow direction.
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Figure 3 presents the statistical relationship between
the convection reversal and the HAP boundary in the
morning and evening sectors of the northern and south-
ern polar regions. All events of simultaneous obser-
vations of the convection reversal and HAP boundary
are divided into five categories: concurrence of the two
boundaries within 1 degree; with 1-3 deg of displace-
ment, poleward and equatorward; and with more than
3 deg of poleward and equatorward displacement. The
displacement is positive if the convection boundary is
equatorward of the HAP boundary; otherwise, it is neg-
ative. The solid lines in Figure 3 are for the cases with
the convection reversals, and the dashed lines are for
those with the velocity shears. One can see that the
HAP boundary in the evening sector coincides with ei-
ther the convection reversal or the velocity shear in an
overwhelming majority of cases. Cases with displace-
ments toward pole or equator happen with almost equal
probability. In contrast to the evening sector, the HAP
boundary in the morning sector coincides with the con-
vection reversal only in 60% of the auroral oval cross-
ings, and there is an apparent equatorward displace-
ment of the HAP boundary with respect to the convec-
tion reversal usually in the 0300-0600 MLT sector. It is
noteworthy that the concurrence of the HAP boundary
and the convection reversal takes place independent of
magnetic activity or the sign of the IMF B, component.
The velocity shear in our examination is seen more of-
ten in the evening sector, where a round-shaped nega-
tive potential cell becomes spatially dominant owing to
the B, effect.

If the location of the HAP boundary is determined by
more than three points, we can estimate the shape of
the region bordered by the HAP boundary. This region
is likely to be circular regardless of the IMF orientation.
These circles are also drawn in Figure 2. Thus we con-
clude that the poleward boundary of the homogeneous
hard electron precipitation (i.e., the HAP boundary)
forms a circle in the polar region. For simplicity, we
call this circle the HAP circle. The large-scale electric
fields change their orientation along this HAP circle or
somewhat poleward of it in the morning sector.

In spite of small-scale structures of the field-aligned
currents, the large-scale distributions (the bottom row
in Figure 2) show upward region 1 and downward re-
gion 2 currents on the duskside, and downward region
1 and upward region 2 currents on the dawnside, sim-
ilar to the statistical patterns of Iijima and Potemra
[1978]. When the IMF B, is strongly positive (Figure
2d), the afternoonside upward region 1 current expands
into the morning side, and overlaps in longitude with
the downward region 1 current in the prenoon sector.
This most poleward field-aligned current coincides with
the mantle precipitation and thus is often referred to as
the “mantle current” [Bythrow et al., 1988; Erlandson
et al., 1988]. During strongly northward IMF condition
(e.g., Figure 2f), there is an extra pair of field-aligned
currents in the central polar cap. These are the so-
called NBZ currents [e.g., Iijima et al., 1984; Potemra
et al., 1984; Zanetti et al., 1984]. By examining the
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patterns of field-aligned current, we find that the HAP
circle often resides at the center of the region 1 current,
except in the morning sector where it is sometimes lo-
cated at the boundary between the region 1 and region
2 currents.

The diameter of the HAP circle seems to be related
to the cross-polar electric potential drop, as determined
by the AMIE technique. Figure 4 illustrates the re-
lation between the cross-polar-cap potential drop and
the diameter of the HAP circle obtained for the three
seasons: local summer, local winter, and equinox, and
for all seasons. Satellite passes over the northern po-
lar region in July and over the southern polar region in
January are combined under local summer conditions.
Similarly, data from both hemispheres are included in
the plot for the local winter season. A general trend to-
ward the increase of electric potential with the increase
of the diameter of the HAP circle is seen in Figure 4,
but the data points are scattered, and the correlation
coefficient exceeds 0.50 only in the cases of winter and
all season. The difference in techniques of estimating
the electric potential and the diameter of the HAP cir-
cle seems to be the main reason for the incompatibility
of these two parameters: the cross-polar-cap potential
drop has been estimated as the potential difference be-
tween of the foci of the dominant positive and negative
potential (or convection) cells, which are sometimes lo-
cated poleward of and at different distances from the
HAP circle.

During the 7 days under study, the IMF data were
available only for half the time. We have carefully ex-
amined the AMIE patterns that correspond to relatively
stable IMF conditions, in which the signs of the IMF
components were unchanged for at least 1 hour prior to
the given time. Figure 5 presents the scatterplots of the
diameter of the HAP circle versus the IMF B, for both
summer and winter seasons. A higher correlation co-
efficient (r = -0.75) and proportionality factor of -0.51
deg/nT are found for the summer season. For the win-
ter season, the correlation coefficient is -0.53 and the
proportionality factor is -0.33 deg/nT.

The center of the HAP circle is apparently shifted
with respect to the noon-midnight meridian when the
IMF B, becomes dominant, as shown in Figure 2c. To
illustrate if there is any systematic variation in shift
corresponding to the change of the IMF B, we plot in
Figure 6 the dawn-dusk shift with respect to the noon-
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midnight meridian versus B,. A positive value repre-
sents a dawnward shift and a negative value a duskward
shift. In the northern hemisphere, the shift is duskward
for negative By, and dawnward for positive B, for both
hemispheres. In the southern hemisphere, the shift is
opposite to that in the northern hemisphere. The mag-
nitude of the correlation coefficient is about the same
in the two hemispheres, and the proportionality factor
is also similar but with opposite signs.

4. Discussion

Similar to the transition boundary of Makita et al.
[1983, 1985], the HAP boundary introduced in this pa-
per is the boundary that divides the hard and soft
zones of auroral electron precipitation. According to
Winningham et al. [1975], these two zones are con-
nected with the central plasma sheet (CPS) located on
the near-Earth quasi-dipolar field lines and with the
boundary plasma sheet (BPS) that occupies the region
with more stretched field lines, respectively. Statisti-
cal surveys by Heelis et al. [1980] and Lassen et al.
[1988] have shown a circular shape of the boundary be-
tween the BPS and CPS. Our study, which is based
on nearly instantaneous global ionospheric mapping,
demonstrates for the first time that a circle is a good
approximate form for the HAP boundary (and therefore
for the boundary between the BPS and CPS). The pole-
ward boundary of the CPS (i.e., the boundary dividing
the discrete aurora from the diffuse aurora) is also as-
sociated with the stable trapping boundary of energetic
electrons [Deehr et al., 1976; Valchuk et al., 1979; Lyons
and Evans, 1984; Weiss et al., 1992]. Relying on these
results, we can regard the HAP boundary identified by
our method as the boundary between the quasi-dipolar
field line region, containing the trapped energetic elec-
trons, and the stretched field line region, in which stable
trapping becomes impossible. If so, the quasi-circular
shape of the HAP boundary at the low altitudes is nat-
urally explained by the appropriate form of the region
of quasi-dipolar field lines in the inner magnetosphere.
Though the HAP boundary can often be approximated
as a circle, we realize that it is not always a perfect fit
to all data points. As illustrated in Figures 2a and 2c,
while most of the dots are fitted well by the circle, a
single dot in the morning sector is outside the circle.

Figure 2. (top) Patterns of ionospheric convection for different interplanetary magnetic field
(IMF) orientations. The arrows indicate the convection velocities measured by DMSP along the
satellite tracks, but in units of electric field. The potential contours are 5 kV. The contours are
shown as solid where the assimilative mapping of ionospheric electrodynamics procedure infers
an uncertainty of less than 50% in the large-scale electric field; otherwise the contours are dashed.
The total cross-polar-cap potential drop given at the upper right is the difference between the
most positive and most negative potentials. The dots indicate the hard auroral precipitation
(HAP) boundary identified from the DMSP particle measurements (see text for details). The
heavy solid circle represents the HAP boundary. (bottom) Distributions of field-aligned current
density, with solid lines representing the downward current and dashed lines the upward current.
The contour interval is 0.54A /m?, starting at +0.25uA/m?. The total downward field-aligned
current integrated over the area poleward of 50° latitude is given at the upper right.
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Figure 3. Displacement of the convection reversal with respect to the HAP boundary in the
morning and evening sector of the northern and southern polar regions. The displacement is
positive if the convection reversal is equatorward of the HAP boundary; otherwise, it is negative.
The solid lines are for the cases with convection reversals, and the dashed lines are for the cases

with velocity shears.

This is usually true when the IMF B, becomes large.
Nevertheless, the simplified circle still represents well
the approximate shape of the HAP boundary, and geo-
metrically it makes things easier to further examine the
variations of the HAP boundary in response to the IMF
orientations.

General concurrence between the HAP boundary, the
convection reversal, and the region 1 field-aligned cur-
rent implies that the region 1 field-aligned currents also
originate along the stable trapping boundary. Previous
studies have presented various opinions concerning the
location of the region 1 current source: in the part of
the plasma sheet closest to its inner edge [Stern, 1983];
at the low-latitude boundary layer (LLBL) [ Vasyliunas,
1979; Kaufmann et al., 1993; Stasiewicz, 1991]; in the
plasma sheet [Friis-Christensen and Lassen, 1991; Birn,
1989]; and in the main (central) plasma sheet [ Valchuk
et al., 1979; Frank et al., 1981; Ohtani et al., 1988].
Since the magnetospheric regions LLBL and BPS are
topologically the same [ Vasyliunas, 1979], it can be con-
sidered that the region 1 currents are generated within
the BPS region. Our results make it possible to believe
that the source of the region 1 currents lies closely to
the HAP boundary. Exceptions may take place in the
morning sector, where the convection reversal is often
displaced by a few degrees toward the pole. Such dis-
placement has been shown in studies by Heelis et al.
[1980] and Nishida et al. [1993] as a common phenom-
ena in the morning hours. Our results show that the
poleward displacement of the convection reversal occurs
in 30% of the crossings.

The interaction of the solar wind with the magne-
tosphere directly controls the high-latitude ionospheric
electrodynamic features, such as plasma convection and
auroral precipitation. As a result, the size of the polar
cap as well as the auroral oval varies with the orien-

tation and strength of the IMF, especially the z com-
ponent of the IMF [Holzworth and Meng, 1975; Meng
et al., 1977; Reiff et al., 1981; Wygant et al., 1983;
Holzer et al., 1986; Lockwood et al., 1990]. On the basis
of DMSP auroral images, Holzworth and Meng [1984]
found that the diameter of the auroral circle increases
about 1° with an increase of southward B, by 1 nT.
Our study has also shown a clear dependence of the di-
ameter of the HAP circle on B, but the proportionality
factor is somewhat smaller, e.g., —0.51 £ 0.10 deg/nT
in the summer hemisphere and —0.33 £ 0.09 deg/nT in
the winter hemisphere. It is not surprising to see such
discrepancy between two independent studies. The au-
roral circle was defined by Holzworth and Meng [1984]
as the poleward edge of the auroral oval from DMSP
images; whereas in our study the circle represents the
auroral HAP boundary determined from the DMSP pre-
cipitating particle observations. As discussed above, the
HAP boundary is roughly coincident with the poleward
boundary of the trapping particles so the HAP bound-
aries in the two hemispheres should be connected by
the same field lines. In other words, the HAP bound-
ary should be on the closed magnetic field lines. Thus
one would expect that, in magnetic coordinates, the di-
ameters of the HAP boundaries in the two hemispheres
must be the same in order to maintain the total mag-
netic flux balance. This is consistent with the fact that
the average diameter of the HAP circle is about the
same in the two hemispheres: 33.6° for the summer
hemisphere and 33.5° for the winter hemisphere. Tak-
ing into account the statistical uncertainty associated
with the fitted parameters, the difference in proportion-
ality factor between the two seasons from our regression
fitting should not be considered as significant.

While the z component of the IMF determines the
size of the auroral oval, the y component of the IMF
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Figure 4. Scatterplots of the cross-polar-cap potential drop versus the diameter of the HAP
circle for different seasons. The solid line shows a linear regression fit.

mainly controls the dawn-dusk motion of the oval. A
clear trend of the dawn-dusk shift of the auroral oval
on the IMF B, is shown in Figure 6. For positive B,
the auroral oval is shifted toward dawn in the north-
ern hemisphere and toward dusk in the southern hemi-
sphere, and vice versa for negative B,. A similar ten-
dency was also noted by Holzworth and Meng [1984],

who found that the center of the auroral circle shifted
about 3° duskward in the southern hemisphere when B,
changed from negative to strongly positive. Such dawn-
dusk shift of the auroral oval may be attributed to the
magnetic tension force due to a large IMF B, compo-
nent. Under the influence of the IMF B,, numerous ob-
servations have shown that the dayside ionospheric plas-
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tom) winter seasons.

mas flow dawnward when B, is positive and duskward
when B, is negative in the northern hemisphere, and
vice versa in the southern hemisphere [Heelis, 1984;
Reiff and Burch, 1985; Heppner and Maynard, 1987;
Greenwald et al., 1990; Lu et al., 1994], which therefore
causes open flux tubes to be transported asymmetri-
cally towards dawn or dusk (depending on By) [Xu et
al., 1995].

5. Conclusions

A specific technique has been applied to identify the
HAP boundary that divides the diffuse and discrete au-
roral electron precipitation. The general form of the
HAP boundary is approximately circular in the polar
region. The convection reversal and the center of the
region 1 current are often found to coincide with this
HAP boundary but sometimes lie poleward of it in the
morning sector. We thus conclude that the HAP bound-
ary corresponds generally to the boundary between the
quasi-dipolar region in the inner magnetosphere and the
region with stretched field lines, and the source of the
region 1 field-aligned current is located in the vicinity
of this boundary. The diameter of the HAP circle is ap-
parently influenced by the IMF B,. With a southward
increase of B, by 1 nT, the increase of the diameter
is about 0.4°. The average diameter of the HAP circle
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Figure 6. Correlation between the IMF B, and the
dawn-dusk shift of the center of the HAP circle in the
(top) northern and (bottom) southern hemispheres.

is 33.5°. A reasonably good correlation has also been
found between the dawn-dusk shift of the circle center
and the IMF By. In the northern hemisphere, the cen-
ter of the HAP circle moves towards dawn (dusk) with
By > 0 (By < 0). In the southern hemisphere, the
HAP circle shifts in the opposite direction to that in
the northern hemisphere.
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