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The data from the SSJ/4 detector on the Defense Meteorological Satellite Program (DMSP) F6 
satellite are used to study the difference in the location of the equatorward boundaries of auroral ion and 
electron precipitation, and the variation in the difference with magnetic local time and activity. Large 
geometric factors of the ion sensors of the SSJ/4 detector make identification of the ion boundary 
unambiguous in most cases. In this study, approximately 900 boundaries each for electrons and ions 
were determined from all DMSP F6 auroral passes in January of 1983. The boundaries occur over local 
times from 0400 to 0700 on the morningside of the oval and from 1700 to 2100 on the eveningside. The 
ion and electron boundaries both move systematically to lower latitudes with increasing magnetic 
activity, as measured by Kp. Over the evening sector sampled, the ion boundary is on average 1.4 ø 
equatorward of the electron boundary, with the difference commonly ranging up to 3 ø. For the morning 
sector sampled, the ion boundary is on average 2.6 ø poleward of the electron boundary with a significant 
number of cases with differences above 5.0 ø . The separation between the electron and ion boundaries is 
not dependent on Kp but does increase with MLT from midnight toward noon on both the morningside 
and the eveningside of the oval. The separation in boundaries can be explained by motion in a large- 
scale, quasi-static convection electric field if the time for development of the ion boundary is explicitly 
taken into account and if ion pitch angle diffusion is highly energy dependent. 

1. INTRODUCTION 

A number of statistical studies have been published on the 
location of the equatorward boundary of auroral electron pre- 
cipitation measured at low altitude, and the systematic vari- 
ation of the boundary with geomagnetic activity, substorm, 
and solar wind parameters (see Karnide and Winnin•tharn 
[1977], Gussenhoven et al. [1981, 1983], Hardy et al. [1981], 
Makita et al. [1983], Sauvaud et al. [1983], and Nakai et al. 
[1986]; see also the recent review article by Feldstein and 
Galperin [1985] and references therein). In several of these 
studies the systematic boundary variations were used to evalu- 
ate models of the large-scale, quasi-stationary, magnetospheric 
electric field by associating the low-altitude precipitating elec- 
tron boundaries with Alfv•n layers at high altitudes (and 
specifically the inner edge of the central plasma sheet). For 
this the following assumptions are made: (1) The electric field 
is slowly varying. (2) The polarization electric field associated 
with any difference in the auroral ion and electron motions is 
small, or is neutralized by another particle population, or is 
included in the model field (i.e., the model field is self- 
consistent, by accident or otherwise). (3) The electron pitch 
angle diffusion is slow enough not to exhaust the density in a 
flux tube in the time required for formation of a convection 
boundary but is fast enough to maintain a sufficient flux level 
in the loss cone so that the bulk motions of the electrons can 

be followed with the loss cone population. On a statistical 
basis these assumptions have proved to be reasonably good 
for electrons. Fontaine and Blanc [1983] showed that electron 
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boundaries established under the combination of convection 

and strong pitch angle diffusion are dominated by depletion of 
the flux tube and are not in agreement with measured values 
(they are too high at low altitudes). The first statistical maps of 
the measured electric field at geosynchronous altitude [Baurn- 
johann et al., 1985] are in reasonable agreement with models 
that give good predictions for the low-altitude electron pre- 
cipitation boundaries due to convection only. 

Despite the success of relating the low-altitude electron 
boundaries to magnetospheric processes, similar analysis ef- 
forts have not been made using low-altitude ion boundaries. 
Auroral ion fluxes are smaller than electron fluxes by 1-2 
orders of magnitude in the auroral energy range (100 eV to 50 
keV), but ion detectors on polar-orbiting satellites typically 
have had the same geometric factors as electron detectors. As 
a result the ions have been measured at low count rates that, 
in turn, have made the determination of the ion boundaries 
difficult. 

The most systematic determinations of the extent of ion 
precipitation and the relationship of electron and proton 
fluxes have been made photometrically, and principally from 
the ground (see the review by Eather [1967]; also Vallance- 
Jones [1974, 1982], Fukunishi [1975], and Lambert and Sut- 
cliffe [1981]). These authors show that proton diffuse aurora, 

as measured by H• and H• emissions, can extend below the 
electron diffuse aurora on the eveningside of the oval and that 
the electron diffuse aurora dominates on the morningside. 

Precipitating particle measurements at low altitudes have 
given less clear results (see the review by Hultqvist [1979] and 
references therein). Lui et al. [1977] found the thermal plasma 
and ion equatorward boundaries to be in good agreement 
with one another on the eveningside of the oval. This con- 
clusion was qualified since their detectors extended in energy 
only up to 26 keV and the energy flux was still increasing at 
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Orbital coverage in magnetic local time and corrected geomagnetic latitude for DMSP F6. The solid (dashed) line 
encloses the regions covered in the north (south) pole. 

the boundary. Hultqvist •1979] compared evening ion bound- 
aries to published measurements of the postmidnight plasma- 
pause and found the ion boundaries generally higher. Sauvaud 
et al. •1981] studied ion precipitation on the morningside of 
the oval. There they found a very low energy population on 
the equatorward edge of the precipitation and concluded that 
it originates in the ionosphere, not the central plasma sheet. 
Other evidence for this has been given by Galperin et al. 
[1978] and Sauvaud et al. [1985]. If the same assumptions 
used to explain electron boundaries hold for proton transport, 
the particle motion resulting from the convection electric field 
will bring the proton population closer to the earth at all local 
times [Cowley and Ashour-Abdalla, 1976a, b; Ejiri, 1978; South- 
wood and Kaye, 1979]. Low-altitude equatorward proton 
boundaries would then be found below the corresponding 
electron boundaries at all magnetic local times. 

At high altitudes, Smith and Hoffman [1974] have demon- 
strated the existence of "proton noses" in the dusk sector. The 
noses consist of kilovolt protons found within the plasma- 
pause and at smaller radial distances than the plasma sheet 
electrons. The fact that protons are not as far inside the plas- 
masphere as their motion in a constant dawn-to-dusk electric 
field permits led Ejiri et al. [1978] to suggest modifications in 
the electric field model. The pitch angle distributions of the 
nose protons are strongly peaked at 90 ø . Thus the flux in the 
loss cone would be small and probably would produce no 
measurable signature at low altitudes. 

Statistical maps of the moments of the electron and ion 
distributions measured by the SCATHA satellite at near- 
geosynchronous altitudes (5.5 to 8.5 Re)by Mullen and Gus- 
senhoven [1983] show a well-defined density peak for electrons 
in the 100-eV to 20-keV energy range, at 5-6 Re, and between 
local times from 1900 to 0300 hours (through midnight). There 
is no corresponding drop-off in the ion density at altitudes 
below the peak in the electron density. This indicates that the 

plasma sheet ions, at least for these local times, access regions 
nearer the earth than electrons. 

Many of the studies listed above have attempted to es- 
tablish a consistent picture of transport and loss in the inner 
magnetosphere that applies separately to ions and electrons. 
In addition, there are magnetospheric processes that are di- 
rectly associated with the difference between the location of 
the inner edge of the electron and ion plasma sheet popu- 
lations. The difference in ion and electron trajectories gener- 
ates polarization currents that alter the imposed electric field. 
Polarization electric fields created in this fashion have been 

suggested as the source for the region 2 Birkeland currents 
(see Alfw3n and Falthammar [1963] and Schield et al. [1969]; 
see also the review article by Stern [1983]). Ashour-Abdalla 
and Thorne [1978], on the basis of the observations of the 
near-coincidence of the regions of ion and electron diffuse 
aurora, suggested that the energy source for the strong pitch 
angle diffusion of ions in the plasma sheet reservoir is broad- 
band electrostatic noise generated by field-aligned currents. 

In this study we use the Defense Meteorological Satellite 
Program (DMSP) precipitating ion and electron data to study 
the differences in the equatorward precipitation boundaries of 
the two populations on the dawnside and duskside of the 
auroral oval. The large geometric factors for the electron and 
ion detectors on DMSP make the accurate determination of 

the boundaries possible. We show that there are systematic 
differences which are almost always present. The differences 
are such that the boundaries can be reasonably represented by 
two circles offset in the dawn-dusk direction with the ions 

(electrons) reaching lower latitudes on the duskside (dawn- 
side). To explain these patterns, we conclude that for ion 
boundary formation the time constants for pitch angle diffu- 
sion and for convection need to be explicitly taken into ac- 
count. The constants may be highly dependent on energy, as 
has already been pointed out by Ejiri [1978]. We will point 
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Fig. 2a. Integral flux in (cm: s sr)- • (bottom panel), energy flux in keV/cm: s sr (middle panel), and average energy in 
keV (top panel) of precipitating electrons measured by the DMSP F6 satellite passing over the north pole on January 13, 
1983. These values are plotted as functions of universal time (in seconds), geographic latitude and longitude, corrected 
geomagnetic latitude and longitude, and magnetic local time. The magnetic coordinates are projected along the magnetic 
field to an altitude of 110 km. The vertical lines at 60.6 ø and 69.1 ø indicate the morning and evening electron equatorward 
auroral boundaries. 

out features of electron and ion precipitation on the bound- 
aries which support these conclusions. 

2. ORBIT AND INSTRUMENTATION 

DMSP F6 is a three-axis-stabilized satellite, launched into a 

sun-synchronous, dawn-dusk, circular orbit in December 1982. 
The altitude of the satellite is 840 km, the orbital period is 101 
min, and the nominal inclination is 98.7 ø. Owing to the offset 
between the earth spin axis and the magnetic axis, the orbit 
covers a significant range in magnetic local time (MLT)- 
corrected geomagnetic latitude (MLAT) coordinates. This 
coverage is shown in Figure 1. The south pole orbital cover- 
age (dashed line) is offset from the pole toward magnetic local 
noon; the north pole orbital coverage (solid line) is offset 
toward magnetic local midnight. 

The SSJ/4 sensor on DMSP F6 (also flown on F7, and 
scheduled for F8 through F14) consists of four cylindrical 
curved plate electrostatic analyzers arranged in two pairs, one 
pair to measure electrons and one pair ions. Each pair mea- 

sures the particle fluxes in 20 energy channels between 30 eV 
and 30,000 eV. The apertures of the analyzers always face 
local vertical such that at auroral and polar cap latitudes they 
detect precipitating, rather than backscattered or trapped par- 
ticles. The analyzers for ions and electrons are identical except 
that the polarities on the plates are opposite and the low- 
energy ion apertures are larger than the low-energy electron 
apertures. One electron (ion) analyzer covers the energy range 
from 30 eV to 1 keV with a geometric factor of 2.2 x 10 -'• 
cm 2 sr (3.2 x 10 -2 cm 2 sr) and a AE/E of 9.8% (9.8%). The 
other electron (ion) analyzer covers the energy range from 1 to 
30 keV with a geometric factor of 8.7 x 10 -½ cm 2 sr (8.6 
x 10 -½ cm • sr) and a AE/E of 9.3% (9.3%). For ions the 

geometric factors of this instrument are unusually large in 
comparison to others flown at comparable altitudes, resulting 
in count levels well above background in the auroral oval. 
Both electron and ion detectors employ postacceleration (100 
V for electrons; 1000 V for ions) to insure unit channeltron 
efficiency at low energies. A complete 20-point spectrum for 
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Fig. 2b. Same as Figure 2a for ions, with the vertical lines at 65.4 ø and 68.2 ø indicating the morning and evening ion 
equatorward auroral boundaries. 

both electrons and for ions is returned once per second. De- 
tails of the detector and its calibration are given by Hardy et 
al. [-1984]. 

3. DATA SELECTION AND DATA BASE 

Figures 2a and 2b are survey plots of the SSJ/4 electron and 
ion data, respectively, for a DMSP F6 north polar pass on 
January 13, 1983, during which Kp was 3--. In each figure, 
three quantities are plotted from top to bottom as a function 
of universal time in seconds: the particle average energy 
(EAVE) in keV, the particle total energy flux (JETOT) in 
keV/cm 2 s sr, and the total particle number flux (JTOT) in 
particles/cm: s sr. At 2-min intervals the bottom of the figure 
is annotated with the satellite's geographic latitude and lon- 
gitude; and the corrected geomagnetic latitude (MLAT), lon- 
gitude, and magnetic local time (MLT), projected along the 
magnetic field to 110 km. For the pass shown in Figure 2 the 
satellite traversed the morning auroral oval (0400-0500 MLT), 
the polar cap (up to 88.9 ø MLAT), and the evening oval 
(1700-1800 MLT). The slight rise in the flux level from 10800 
to 10980 s UT results from a low level of counts in the detec- 

tor from penetrating particles from the radiation belts. 
In Figure 2 the equatorward precipitating electron and ion 

boundaries ai-e indicated by vertical lines. The criteria which 
are used for selection of electron boundaries from these data 

have been extensively documented [Gussenhoven et al., 1981, 
1983] and will not be repeated here. The electron boundaries, 
in this case, are unambiguous and are at 60.6 ø MLAT in the 
0400-0500 MLT zone and 69.1 ø MLAT in the 1700-1800 

MLT zone. 

In Figure 2b the ion boundaries are also clear and are 
chosen from increases in JTOT above equatorwai'd back- 
ground values. The boundaries chosen are at 65.4 ø MLAT in 
the 0400-0500 MLT zone and 68.2 ø MLAT in the 1700-1800 

MLT zone. Typically, the ion flux increases rapidly with in- 
creasing latitude at the boundary, and the boundaries are easy 
to determine. There are cases, however, in which the ion 
number flux fluctuates widely at the equatorward edge of pre- 
cipitation, with the fluctuations extending over several degrees 
of latitude. The latitudinal extent of these fluctuations is larger 
than in corresponding cases for electrons, and even though the 
fluctuations are at low flux levels, the boundary was chosen at 
the lowest latitude to which the fluctuations extended. On 

occasion, the diffuse auroral ion precipitation on one side of 
the oval appeared as a double or divided population (i.e., two 
regions of elevated flux separated by a region at or near back- 
ground flux levels). This occurred more frequently on the mor- 
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Fig. 3a. Occurrence plot for differences, AA = A e -- Ai, between all electron and ion boundary pairs measured on the 
morningside. Values of AA are binned in units of 0.2 ø MLAT. The vertical line shows the mean difference. 

ningside. In these cases the boundary was chosen for the 
region at the lower latitudes. 

The latitudinal variations in the average energy of the pre- 
cipitating electron and ion boundaries that are presented in 

Figure 2 are typical of dawn-dusk DMSP passes. For ions the 
average energy reaches higher values in the evening auroral 
oval than in the morning. For electrons the average energy 
varies in the opposite sense. On both sides of the oval the 
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Fig. 3b. Same as Figure 3a for electron and ion boundary pairs measured on the eveningside. 
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TABLE 1. Boundary Separation by Kp 

Kp Mean (Morning) Mean (Evening) 

0-2+ -2.72 ø _-+ 1.73 ø (n = 184) + 1.45 ø _-+ 1.13 ø (n = 288) 
> 3-- -2.55 ø _+ 1.70 ø (n = 248) + 1.30 ø _+ 1.28 ø (n = 271) 

electron average energy is generally smaller than the ion 
average energy. This behavior is the same as that found for the 
source populations measured at near-geosynchronous orbit 
[Garrett et al., 1981; Mullen and Gussenhoven, 1983]. It is 
consistent with convective motion in a dawn-dusk electric 

field when the ions and electrons have a common, uniform 
source in which the initial electron average energy is less than 
the initial ion average energy. In Figure 2 the electron average 
energy on both sides of the oval increases with increasing 
latitude from the equatorward boundary. Generally, the dis- 
persion is much smoother than in the case shown here. This 
variation is also consistent with convective motion, since the 
radial distance from the earth of electron Alfv6n layers in- 
creases with increasing energy. By contrast, on the eveningside 
of the oval the ion average energy increases abruptly at the 
equatorward edge and then decreases. (In Figure 2 there is a 
small spur of low-energy flux ions which has also been includ- 
ed in choosing the evening boundary.) On the equatorward 
edge of the morning oval there is a relatively broad region of 
low (less than 1 keV) average energy, low number flux ions 

extending for several degrees before the sharp onset of a hot 
ion population. $auvaud et al. [1981] have reported that this 
cold ion population on the morningside of the oval is ob- 
served following increases in AE (substorms). These authors 
pointed out the difficulty in assessing the degree of consistency 
these observations have with convective motion in a quasi- 
static electric field because of the complex, energy-dependent 
nature of the ion Alfv6n boundaries. 

For the pass in Figure 2, as is the general case, the electron 
(ion) boundary lies more equatorward of the ion (electron) 
boundary on the morningside (eveningside) of the oval. 

For this study, the electron and ion boundaries were deter- 
mined for each DMSP F6 pass in January 1983, giving a set of 
approximately 900 boundaries for ion precipitation and the 
same for electrons. For each pair of ion and electron bound- 
aries the appropriate Kp value was assigned; the difference 
between the two boundaries, AA - A e - A•, was determined; 
and the boundaries and their differences were binned in 

1-hour local time zones. Boundaries were excluded from the 
,: 

data set if the electron and ion boundaries in a given pair 
occurred in different local time bins' 15% of the morning 
boundaries and 6% of the evening boundaries had such differ- 
ences. Many of these cases occurred on the dayside where the 
satellite cuts the auroral oval obliquely. Magnetic local time 
zones for which there were at least I00 boundaries were 0400- 

0700 MLT and 1700-2100 MLT. For these zones, data were 

available for a Kp range from 0 + to 5, and linear regressions 
were performed on the boundary values against Kp. 
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-8 
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Same as Figure 3a but separated into 1-hour MLT bins. 
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Fig. 4b. Same as Figure 3b but separated into 1-hour MLT bins. 

4. ION AND ELECTRON BOUNDARY DIFFERENCES 

We illustrate the systematic variations in the equatorward 
boundaries using all of the January 1983 data. Figures 3a and 
3b are occurrence plots of AA for morning and evening 
boundary pairs, respectively. Boundaries for the entire MLT 
and Kp ranges are used, and the boundary differences (AA) are 
binned in units of 0.2 ø MLAT. Figure 3a shows that with few 
exceptions the morning electron boundary occurs at lower 
latitudes then the ion boundary. Of the 432 boundaries, 1:5 
electron boundaries are higher than ion boundaries (3%), and 
11 coincide (2.5%). The average difference is -2.62 ø + 1.71 ø 
MLAT, which is indicated by the vertical line in Figure 3a. 
For the evening boundaries (Figure 3b) the reverse is ob- 
served' the ion boundaries occur at lower latitude than the 

electron boundaries, with 34 of the 470 boundaries (7%) 
higher and 36 (8%) coincident. The average difference is 
+ 1.37 ø + 1.21ø MLAT. 

We next consider the variation in the difference with Kp 
and MLT. The data were separated into two Kp ranges, 0 to 
2 +, and > 3--, and the averages of the differences in electron 
and ion boundaries for the morningside and eveningside of the 
oval were again calculated. The results are given in Table 1. 
The differences between the averages of the two Kp ranges are 

small: 0.18 ø on the morningside, and 0.13 ø on the eveningside, 
indicating no activity dependence. 

Figures 4a and 4b are occurrence plots for AA as a function 
of local time in 1-hour zones for morning and evening bound- 
ary pairs, respectively. In both figures the local time zone 
closest to midnight is plotted in the bottom panel, moving 
toward dayside in the upper panels. As in Figure 3, the 
average AA is indicated by a vertical line in each panel. Figure 
4 shows that the closer the MLT zone is to midnight, the 
smaller the average divergence between the electron and ion 
equatorward boundaries. Not only does the average difference 
between the boundary pairs increase for MLT zones on the 
dayside, but the spread in the distribution of differences also 
tends to increase. 

Finally, we performed a linear regression on all boundary 
points in a given MLT zone with Kp. In Figures 5a and 5b the 
linear fit to the data is shown for the 0400-0500 and the 

1800-1900 MLT zones, respectively. The average boundary 
values for each Kp value are plotted as solid (open) circles for 
electron (ion) boundary averages. (Note: the linear regressions 
were performed on the full data set in each zone, not on the 
averages.) Like the electron boundaries, the equatorward edge 
of the ion precipitation expands to low latitude with increas- 
ing Kp. In addition, the offset between the electron and ion 
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Fig. 5a. Mean values and standard deviations in each Kp bin for 
electrons (solid circles) and ions (open circles) as a function of Kp for 
the 0400-0500 MLT sector. The solid (dashed) line results from a 
linear regression performed with individual boundary determinations 
of electrons (ions). 

boundaries exists over the entire Kp range sampled. The 
0400-0500 MLT equatorward electron boundaries are on 
average about 2ø-3 ø lower than the ion boundaries; and the 
1800-1900 MLT equatorward electron boundaries are 1ø-2 ø 
higher than the ion boundaries. The linear regression results 
for the MLT zones in which there are • 100 boundaries are 

_ 

given in Table 2. Here, n is the number of boundaries in the 
given MLT zone, A 0 is the intercept at Kp - 0, 0• is the slope 
in degrees of MLAT per unit Kp, and cc is the correlation 
coefficient. 

The electron results can be compared to those previously 
published for the DMSP F2 and F4 data in which a much 
larger data set was used [Gussenhoven et al., 1981, 1983]. Be- 
cause the distribution of boundaries in Kp range is narrower 
here than in these earlier studies, the correlation coefficients 

are somewhat smaller than for the larger data set. In addition, 
in the earlier studies the evening electron boundaries had 
negative slopes that increased with MLT toward midnight. In 
this study, no such consistent trend is found. We attribute 
these differences to the small data samples and the nonuni- 
form distribution of boundaries in Kp. Similarly, the regres- 
sion values for ions should only be taken as preliminary. Fur- 
ther statistical studies of the characteristics of the auroral ion 

boundary are currently in progress. 
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Fig. 5b. 
Kp 

Same as Figure 5a for the 1800-1900 MLT sector. 

TABLE 2. Linear Regression Results 

Electrons Ions 

MLT N A o cx cc N A o cx cc 

0400--0500 179 65.9 -1.68 -0.60 176 69.1 -1.96 -0.65 
0500--0600 130 66.7 -1.62 -0.61 113 69.7 -1.59 -0.62 
0600--0700 132 67.5 -1.57 -0.53 118 70.0 -1.30 -0.54 

1700-1800 96 72.5 -1.45 --0.64 104 70.7 -1.40 -0.64 
1800-1900 160 70.6 -1.16 -0.55 162 69.1 -1.20 -0.59 
1900-2000 99 71.4 -2.01 -0.72 108 69.5 -1.75 --0.71 
2000-2100 109 68.8 -1.17 -0.55 97 67.9 -1.10 0.55 

5. CONCLUSIONS AND DISCUSSION 

From the measurement of approximately 1800 electron and 
ion boundaries in January 1983 we determined the following: 

1. The systematic variation of the equatorward boundary 
of ion precipitation with magnetic activity is similar to that of 
the equatorward boundary of electron precipitation: both 
boundaries move to lower latitudes in a regular fashion with 
increasing magnetic activity measured by Kp. 

2. On the morningside of the oval, from 0400 to 0800 
MLT, the electron equatorward boundary is, on average, 2.6 ø 
MLAT lower than the equatorward ion boundary. 

3. On the eveningside of the oval, from 1700 to 2200 
MLT, the equatorward electron boundary is, on average, 1.4 ø 
MLAT higher than the equatorward ion boundary. 

4. The difference between the electron and ion equator- 
ward boundaries is not a function of Kp. 

5. The difference between the equatorward electron and 
ion boundaries on both morningside and eveningside of the 
oval increases with local time toward noon. 

The electron and ion boundaries, for each level of activity, 
can be modeled by two circles offset from the geomagnetic 
pole and each other. That a circular fit to the electron bound- 
ary is a good approximation has been shown by Gussenhoven 
et al. [1983]. The electron boundary from Gussenhoven et al. 
[1983] is reproduced in Figure 6 for Kp 0 (5) by the heavy 
solid (dashed) line along with the average values of the elec- 
tron boundaries from the present study (crosses) for Kp 0 (5). 
The morning values lie close to the circles, while the evening 
values fall at slightly higher latitudes. The average ion bound- 
ary values are also shown in Figure 6 (solid circles) and are fit 
to circles. For the ion circles the centers are along the mid- 
night meridian (the electron centers are on the 0240 MLT 
meridian) and at the same latitude as the electron circle cen- 
ters (87.6 ø and 85.8 ø for Kp 0 and 5, respectively). 

At least three approaches can be taken to interpret the 
electron and ion boundary differences in the context of large- 
scale convective motions in a dipole magnetic field. 

The first is to self-consistently calculate the electric field and 
particle motions using only exteriorly imposed boundary con- 
ditions. Karlson [1971] performed such a calculation with a 
highly idealized, two-component (defined by temperature) 
population for both electrons and ions. He assumed a dipole 
magnetic field and confined the calculation to the equatorial 
plane. He found that the resulting statistically formed for- 
bidden regions (equatorial boundaries) for the hot populations 
were offset circles, in the same direction that we measure. The 

changes in the self-consistently generated cross-tail electric 
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Fig. 6. Circular fits to electron (ion) boundaries for Kp 0 and 5 from 
Gussenhoven et al. [1983] (data set presented here). 

field from a constant value are small except at the boundary of 
the forbidden region. Only general features of the system were 
expected from such a calculation because of the many sim- 
plifying assumptions made. Alternatively, R. A. Wolf et al. 
(Effects of magnetospheric convection on the magnetic struc- 
ture of the near magnetotail, submitted to Journal of Geophysi- 
cal Research, 1986) calculated self-consistent near-earth tail 
magnetic fields from imposed electric fields to show the time- 
dependent generation of plasma and field conditions for insta- 
bilities as an explanation for substorm development. Although 
there is no question concerning the superiority of nonlinear, 
self-consistent approaches to plasma sheet dynamics over 
linear ones, they are very difficult to execute to the degree that 
they give quantitative results suitable for comparison to 
measurement. 

A second approach to explaining the measured boundary 
differences is to assume that the ion source region is the iono- 
sphere, while the electron source region remains the plasma 
sheet. Evidence that the major ion population on the equator- 
ward edge of the morning oval is oxygen rich (ionospheric in 
origin) has been given by Sauvaud et al. [1985]. Trajectory 
calculations for upwelling ions in a convection electric field 

are not detailed enough, as yet, for direct comparison to 
measurement. 

A third approach, and one that we examine more closely, 
assumes that static models for the large-scale cross-tail electric 
field, such as those proposed by Volland [1973], Stern [1975], 
Ejiri et al. [1978], and Baumjohann et al. [1985], are reason- 
ably correct for the appropriate levels of magnetic activity, 
and that the near source of the low-altitude populations pre- 
cipitating at the equatorward edge of the auroral region is the 
central plasma sheet. In these models any polarization charge 
that results from differences in the ion and electron motions is 

removed by a nonauroral particle source. The currents re- 
quired to balance the polarization charge are in the right sense 
for region 2 Birkeland currents. In these models the overall 
forbidden region for ions is always smaller than for electrons. 
That is, in the completely static case, ions penetrate at all local 
times to radial distances within the plasmapause. To explain 
why they are not seen there except on the eveningside, and 
even there not to the extent predicted, requires more careful 
examination of time constants of drift and pitch angle diffu- 
sion. 

We reformat the calculations of Ejiri [1978] to illustrate 
this. They are shown in Figure 7. In his calculations, ions are 
started at L = 10 from 2000 to 0400 MLT in a cross-tail 

electric field that is 0.57 mV/m at L - 10, with a radial depen- 
dence such that the plasmapause at the stagnation point is at 
L = 5 (representative of a Kp level of 4). The magnetic field is 
a dipole. In the two panels of Figure 7 we show the advancing 
fronts of ions in the ecliptic plane, for four values of the mag- 
netic moment, # = 0, 13, 52, and 206 eV/nT, and for two 
different elapsed times, 1 and 4 hours. Ions that are more field 
aligned will have similar fronts but will lie closer to the earth. 
Particles of all # values on the L = 10 crescent will fall on 
separate fronts according to their # value. The # = 0 case is 
also appropriate for electrons and can be thought of as the 
advancing front for the whole electron population since higher 
energies will be dispersed behind this front. The teardrop- 
shaped plasmapause (also the # = 0 boundary after an infi- 
nitely long elapsed time) from the same calculation is shown in 
each plot. 

Even after 1 hour, and long before the plasmapause has 
been reached by the zero-energy electrons (and ions), a disper- 
sion in the boundaries in # occurs that is in the same sense as 
the dispersion that we measure. The ions advance earthward 
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Fig. 7. Boundary fronts in the ecliptic plane for 90 ø particles of different magnetic moment after 1 and 4 hours of 
convection electric field drift from a source at 10 R e. 
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of the electrons in the evening and fall behind the electrons in 
the morning. After 4 hours the # = 52 ions have advanced 
within the stationary plasmapause (they have an energy of 
! 7.6 keV on the dusk meridian) and are well earthward of the 
# = 0 front. On the morningside the # = 52 ions (E = 10.8 
keV on the dawn meridian) are well outside both the # = 0 
front and the plasmapause. The lower #-valued ions have sys- 
tematic variations in the same sense. The energy-dependent 
charge fronts in Figure 7 are created solely from energy- and 
charge-dependent time scales of the convective motion. They 
are in good agreement with the measurements in the dusk to 
predmidnight sector, giving the correct energy dispersion, as 
well. In the postmidnight region, however, they indicate that 
(1) the electron and ion earthward boundaries should coincide 
(zero-energy boundaries) and (2) the energy dispersion for the 
two populations should be in the same sense. Both are in 
disagreement with the measured precipitation characteristics. 

Two additional features of ion transport and loss could 
bring the observed ion boundaries on the morningside into 
agreement with convective motions. First, the low-energy 
plasma sheet ions (in the 1-keV range) could experience less 
efficient pitch angle diffusion than those with higher energies 
(the 10-keV range). If this were the case, the low-energy ions 
would have empty loss cones, and no ions would be observed 
at low altitudes. This would shift the morning ion boundary 
poleward and not affect the evening boundary. Second, an- 
other source (presumably the ionosphere) could provide a low- 
energy population earthward of the 10-keV population but 
beyond the low-energy electron population. This would place 
warm ions on the equatorward boundary but not restrict them 
to plasma sheet positions. Sauvaud et al. [1985] have present- 
ed evidence for this latter process. 

Finally, we stress that in our approach to the boundary 
problem we assume that there is validity in dealing statis- 
tically with the cross-tail electric field and particle convection. 
At the very least this provides an ordering of the importance 
of various magnetospheric processes. It may be the case that a 
nonlinear treatment involving charge neutralization, time- 
dependent E and B fields, wave production, pitch angle diffu- 
sion, and loss is inherently more self-ordering. In any case the 
systematic expansion of both the electron and ion boundaries 
with increasing magnetic activity, as we have described here, 
indicates that the system is well ordered. 
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