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Polar rain gradients and field-aligned polar cap potentials
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[1] ACE SWEPAM measurements of solar wind field-aligned electrons have been
compared with simultaneous measurements of polar rain electrons precipitating over the
polar cap and detected by DMSP spacecraft. Such comparisons allow investigation

of cross-polar-cap gradients in the intensity of otherwise-steady polar rain. The generally
good agreement of the distribution functions, f, from the two data sources confirms

that direct entry of solar electrons along open field lines is indeed the cause of polar rain.
The agreement between the data sets is typically best on the side of the polar cap

with most intense polar rain but the DMSP {’s in less intense regions can be brought into
agreement with ACE measurements by shifting all energies by a fixed amounts that
range from tens to several hundred eV. In most cases these shifts are positive which
implies that field-aligned potentials of these amounts exist on polar cap field lines which
tend to retard the entry of electrons and produce the observed gradients. These
retarding potentials undoubtedly appear in order to prevent the entry of low-energy
electrons and maintain charge quasi-neutrality that would otherwise be violated since most
tailward flowing magnetosheath ions are unable to follow polar rain electrons down to
the polar cap. In more limited regions near the boundary of the polar cap there is
sometimes evidence for field-aligned potentials of the opposite sign that accelerate polar
rain electrons. A solar electron burst is also studied and it is concluded that electrons from
such bursts can enter the magnetotail and precipitate in the same manner as polar rain.
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1. Introduction

[2] Uniform precipitation of few-hundred-eV electrons
over Earth’s polar caps has been known as polar rain since
its discovery in 1974 [Winningham and Heikkila, 1974].
This precipitation is generally more intense over one polar
cap than the other, with the “preferred” hemisphere
depending on the sunward or antisunward orientation of
the IMF (Interplanetary Magnetic Field, i.e., the negative or
positive interplanetary sector structure) [e.g., see Shirai et
al., 1998, and references therein]. Fairfield and Scudder
[1985] argued that that the source of polar rain is field-
aligned electrons of the solar wind “strahl” that carry a heat
flux outward from the Sun. Those electrons following field
lines that connect to the magnetotail can move all the way to
low altitudes over the polar cap. (It should be appreciated
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that when solar wind electrons move along field lines and
conserve their first adiabatic invariant, pu = B/V?Z, where
B is the magnetic field strength and V, the velocity
component perpendicular to the field, only those electrons
within about 1 degree of field alignment reach the DMSP
(Defense Meteorology Satellite Program) altitude of 835 km;
all larger pitch angles mirror in the increasingly stronger tail
fields at higher altitudes.) Positive sector field lines pointing
outward from the Sun connect to the northern tail lobe so
that the outward moving strahl electrons precipitate in the
north. In such a positive sector the southern hemisphere is
connected to IMF field lines leading to the outer heliosphere
so only weaker fluxes in the antistrahl direction precipitate
in the south. In negative sectors everything reverses and the
southern hemisphere becomes the preferred hemisphere.

[3] A number of studies tend to confirm the Fairfield/
Scudder scenario. Greenspan et al. [1986] compared elec-
trons at ISEE 1 at approximately 20 Re in the tail with those
at the DMSP spacecraft at low altitudes over the polar cap.
(Louisville’s theorem dictates that the distribution functions
can be directly compared at all locations along the field
line.) Baker et al. [1986] detected bidirectional field-aligned
electrons on ISEE 3 in the distant tail; the outgoing
electrons are explained as incoming electrons that had
mirrored in the strong magnetic fields at lower altitudes
and returned to the spacecraft. Motion of the tail allowed
them to see north and south lobes in rapid succession where
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Figure 1. Four plots of ACE electron distribution

functions plotted versus pitch angle. The largest electron
fluxes are moving antisunward and appear at either 0° or
180° depending on the direction of the IMF.

they could see the presence/absence of the electrons asso-
ciated with the preferred/unpreferred polar cap. Baker et al.
[1987] found generally favorable comparisons between
ISEE 3 electron flux measurements and DMSP flux meas-
urements at low altitudes. Shirai et al. [1998] studied
Geotail electrons near the tail boundary and they could
sometimes see the bidirectional electrons rotate with the
field as the spacecraft crossed into the magnetotail, presum-
ably through a rotational discontinuity. In other crossings
with abrupt magnetic field changes (undoubtedly tangential
discontinuities), they saw only the unidirectional strahl
electrons in the magnetosheath adjacent to the bidirectional
electrons in the lobe. Gosling et al. [1986] looked at unusual
cases where polar rain of equal intensity was present over
both polar caps. They found bidirectional solar wind heat flux
present in these cases that could explain their observations.

[4] Other observations presented features not readily
explained by the simple model of direct electron access to
the polar cap. Meng et al. [1977] presented evidence for a
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dawn/dusk intensity gradient across the polar cap whose
direction depended on the IMF. When the interplanetary B,
was positive (negative), the northern hemisphere fluxes tended
to be higher near dawn (dusk). Higher fluxes were also noted to
be associated with stronger polar cap convection electric fields.
A statistical study of the polar rain [Gussenhoven et al., 1984]
used one year’s worth of DMSP passes to construct polar cap
maps of average polar rain flux intensity and average energy.
These maps revealed a large day/night gradient in polar rain
flux with high fluxes associated with low average energies.

[5] Wing et al. [1996] extended a theoretical model of
Onsager et al. [1993] in order to explain the entry of
magnetosheath electrons into the dayside ionosphere. Real-
izing that higher velocity magnetosheath electrons would
have easier access to the polar cap via open field lines than
the tailward flowing ions, they introduced a potential that
would prevent the entry of low-energy electrons that would
otherwise create a charge imbalance. With potentials not
larger than a few hundred eV they were able to explain the
observations rather well.

[6] Assolar coronal electrons follow field lines outto 1 AU,
they tend to move adiabatically and become more field-
aligned as the magnetic field strength decreases. This
alignment will occur, however, only as long as coulomb
collisions or any other scattering mechanism do not broaden
the pitch angle distribution. Indeed Ogilvie et al. [2000], in
studying 9 intervals with very low solar wind density, found
strahl pitch angle distributions with widths less than their
3.5 degree instrumental threshold. For higher densities and
more typical conditions the distributions can have widths of
several tens of degrees [e.g., Pagel et al., 2007, and
references therein]. Collisional scattering can only partially
explain such broad distributions and some other unknown
broadening mechanism must also be active.

[7] In the present paper we report results of a direct,
detailed comparison of field-aligned solar wind electrons
measured by the SWEPAM (Solar Wind Electron Proton
Alpha Monitor) experiment on the ACE spacecraft with the
precipitating electrons measured simultaneously by several
DMSP spacecraft at low altitudes over the polar cap. Similar
day to day changes in the distribution functions at both
locations confirm the direct entry mechanism. The primary
objective, however, is to study the polar cap gradients by
comparing the relatively steady solar wind electrons with
the spatially varying DMSP electrons. These ACE/DMSP
differences are interpreted as evidence for field-aligned
potentials that can explain the polar cap gradients.

2. Observing Spacecraft

[8] Solar wind electrons from 73 eV to 1.37 keV have
been continually measured by the ACE SWEPAM electro-
static analyzer since the August 1997 launch [McComas et
al., 1998]. The ACE magnetic field measurements [Smith et
al., 1998] are used to sort the electron data into 20, 9° pitch
angle bins for successive 64 s intervals. In this paper we will
be concerned primarily with the 2 bins containing those
particles aligned most parallel and antiparallel to the field
since those are the electrons that are able to follow field
lines down to low altitudes. Four examples are shown in
Figure 1 where electron distribution functions, f, are plotted
versus pitch angle. When the slope of the pitch angle
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Figure 2. Three passes of different DMSP spacecraft over the southern polar cap on 31 July 2000. Data
from each pass include the velocity component V,, perpendicular to the spacecraft trajectory followed by
spectrograms representing precipitating electrons and ions. Gradients in the precipitating electron
intensity are apparent. Field-aligned potentials and their points of determination are indicated by numbers
above the associated bars (see text and Figure 3).
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Figure 3. (a) ACE and DMSP F14 electron distribution

functions plotted versus energy for the first pass shown in
Figure 2. ACE data at 180° are shown by the heavy red
trace and DMSP data from four different 20 s intervals are
shown by the four thinner traces. (c¢) Same data shifted to
the right to best overlay the ACE data. The shifts are
interpreted as field-aligned potentials that have decelerated
the precipitating electrons and their magnitudes are
indicated here and in Figure 2. (b) and (d) Similar data
from the F13 pass in Figure 2.

distribution is steep as near 0° on 7 September 2000, the
most field-aligned f value is probably higher than the
samples obtained from measurements throughout the 0—9°
bin (which is plotted at the central angle of 4.5°). For this
reason the two most field-aligned points are used to extrap-
olate to a zero degree value which is normally slightly
higher than the 9° point. This procedure seems to produce
somewhat better agreement with the DMSP data but does
not significantly effect the conclusions in the paper.

[9] For many years a series of DMSP spacecraft have
orbited Earth in circular polar orbits near 835 km altitude.
These spacecraft have periods of about 100 min and carry
electrostatic analyzers that measure precipitating ions and
electrons with one second time resolution. The electrons
energies range from 30 eV to 30 keV in 19 logarithmically
spaced buckets. In recent years these spacecraft have also
carried ion drift meters and retarding potential analyzers to
measure plasma velocity along and perpendicular to the
orbital motion [Rich and Hairston, 1994]. The perpendicular
velocity has greater accuracy and we will utilize only this V,
velocity which is readily available at 4 s time resolution.

3. Observations

[10] To study the gradient in polar rain precipitation and
its relation to the solar wind electrons, 4 d (10 June, 31 July,
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7 September 2000 and 10 July 2001) were selected on the
basis of their extended intervals of southward IMF which
invariably leads to an open polar cap and steady polar rain.
Online plots of ACE SWEPAM electrons http://swepam-
pub.lanl.gov/plots/ were also scanned to assure the presence
of field-aligned electrons with relatively few time varia-
tions. Electron distribution functions were used for these 4 d
along with 22 and 24 October 2003 that were of interest
because they bracket a day that was of interest for its very
northward IMF. Examples of pitch angle distributions on 4
different days illustrate cases from a toward sector with a
maximum at 180° and an away sector with maximum at 0°
in Figures la and lc, respectively. Figures 1b and 1d show
maxima at both 0° and 180° which indicates closed inter-
planetary field lines with both ends leading back to the Sun.

[11] On 31 July 2000, 3 different DMSP spacecraft
measured clear polar rain as they passed over the southern
polar cap between 1800 and 1830 UT during a toward IMF
sector with negative By. Figure 2 shows spectrograms for
electrons and ions at these spacecraft, F14, F15 and F13.
Above the spectrograms are the DMSP velocity components
perpendicular to the spacecraft trajectory. Magnetic latitude
and magnetic local time are tabulated below the spectro-
grams of each spacecraft. Solid vertical lines indicate the
high-latitude boundaries of precipitating magnetospheric
energetic electrons. Field lines poleward of this boundary
are mostly open field lines. The region between the solid
line and the dashed lines are probably low-latitude boundary
layer and may be open or closed. Poleward of the dashed
vertical lines is polar rain with gradients that are readily
apparent. Greater polar rain intensities are present on the
dawn side of the polar cap in agreement with Meng et al.
[1977] for —By IMF conditions.

[12] Figure 3 shows electron distribution functions plot-
ted versus energy for electrons precipitating at DMSP F14
on the left and F15 on the right. The four thin colored lines
correspond to the averages for four 20 s periods as indicated
by the start times in the top panels. Black triangles indicate
the one count level for DMSP data. The red diamonds
connected by a heavy red line display ACE data averaged
for the interval 1730—1740. The ACE time interval pre-
cedes the DMSP interval by some 40 min to allow for the
ACE field lines to convect to Earth. Although the electrons
are moving outward from the Sun very rapidly, the electrons
on any field line are presumed to reflect a relatively steady
source near the Sun [Gosling et al., 2004b]. The time shift is
introduced to allow the relevant field lines to convect to
Earth. In this 31 July case the electrons are very steady so
the time delay is not important, but on other days the ACE
electrons exhibit time variations and choosing the appropri-
ate delay is more important. The two DMSP passes had
quite similar trajectories and were only separated in time by
about 15 min. The similarities of intensities at the two
spacecraft imply good intercalibration at the two DMSP
spacecraft and their traces have a similar relationship to
ACE. In the bottom plots the DMSP traces have been
shifted in energy by the amounts indicated on the plots to
best make them agree with ACE. The excellent agreement
here and on other plots will be interpreted as evidence for
field-aligned potentials whose spatial variation creates the
polar rain gradient. A similar plot for F13 (not shown)
reveals similar potentials when its traces are aligned. These
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Figure 4. DMSP Trajectories of the three polar cap passes of Figure 1 are shown in a view of the
southern polar cap looking down through the Earth. V velocities are shown perpendicular to the
trajectories. These data along with SuperDARN velocity vectors associated with the dots have been used
to calculate the polar cap potentials represented by the underlying thin dashed lines. Field-aligned
potential from Figures 2 and 3 are indicated by large red numbers at their positions of determination. A
heavy black line is drawn through the heavy crosses representing the high-latitude boundary of energetic
precipitation represented by vertical lines in Figure 2.

potentials and their spatial locations are indicated in Figure 2
by the bars and associated numbers over the electron
spectrograms. Note that the positive shifts needed to restore
the agreement with ACE imply that the precipitating elec-
trons have been decelerated by the field-aligned potential.

[13] Figure 4 summarizes the above results and places
them in context. This view of the southern polar cap looking
through the Earth from the north shows the trajectories of
the three DMSP spacecraft with the color-coded, measured
velocities perpendicular to the trajectory. The black X’s
mark the high-latitude boundary of precipitating energetic
electrons indicated by the solid vertical lines in Figure 2; the
solid heavy line is sketched in to represent a possible polar
cap boundary based on these points. The underlying con-
tours are electric potentials (equivalently ionospheric flow
lines) calculated from SuperDARN radar data [Chisham et
al., 2007] along with the DMSP velocity measurements
using the potential fitting technique of Ruohoniemi and
Baker [1998] and Shepherd and Ruohoniemi [2000]. The
available SuperDARN line of sight velocity measurements
are overplotted.

[14] The black labels indicate these perpendicular poten-
tials in keV. The heavy red numbers are the field-aligned
potentials from Figure 3 plus those for F13. These field-
aligned potentials range from 50 eV near 1000 LT to about
160 eV on the dusk side and delineate a gradient consistent
with that reported by Meng et al. [1977]. Note that the dusk
side polar cap boundaries are well defined by the low-
latitude termination of antisolar flow, whereas on the dawn
side there is a flow reversal poleward of the solid line. A
higher-latitude boundary indicated by the dashed lines in
Figure 2 denotes the low-latitude boundary of unequivocal
polar rain. (It is generally accepted that the regions desig-
nated mantle and polar rain are both on open field lines with
the distinguishing feature between the two being that a
measureable fraction of hot ions in the downtail plasma
flow move opposite to this bulk velocity, reach DMSP
altitude and create the mantle classification [Newell et al.,
1991c]. Since we are concerned only with electrons in this
paper, we will not distinguish between these two catego-
ries.) The region between these dawn side lines is classified
as LLBL, mantle or BPS in the automated scheme of Newell
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Figure 5. Two northern hemisphere passes of DMSP F15 and F13 on 10 July 2001 in the same format

as Figure 2.

et al. [1991a], all of which may be on open field lines. The
convection reversals were often found to be in the LLBL by
Newell et al. [1991Db].

[15] A second example during a period of very southward
IMF with only a small negative By comes from 10 July
2001 when three spacecraft crossed the northern polar cap
between 1810 and 1905. The F15 and F13 passes are shown
in Figure 5 in the same format as Figure 2. F15 moved
across the polar cap from 2050 LT to 0950 MLT and
detected what is undoubtedly the day/night gradient dis-
cussed by Gussenhoven et al. [1984]. F13 moved across the
polar cap from 1820 to 0640 MLT and observed little dawn/
dusk asymmetry, probably because of the almost directly
southward IMF. F14 has a data gap near the pole but it
detected polar rain and dusk and dawn boundary crossings
near 2025 and 0840 MLT. Figure 6 compares the electron
distribution functions at DMSP and ACE, with the heavy
black trace representing data at 0° pitch angle that enters the
northern hemisphere. The 4 thin lines again represent
DMSP data at 4 locations across the polar cap and in the
bottom panels these traces again overlay ACE data when
shifted by the amounts indicated. Figure 7 again shows the
polar view of the three spacecraft. The largest decelerating
potentials are seen on the night side by both F14 and F15.

[16] Another feature apparent in Figure 5 is the intense
low-energy electron precipitation present detected by F15

near dawn at 1822 10 s UT. The source of these electrons is
not clear. When their distribution functions are compared
with ACE they are larger, but they can be shifted to the left
to achieve rather good agreement with ACE, suggesting an
acceleration process. This event occurs in the morning and
is probably related to the cusp or its longitudinal extension.
It is also possible that the higher intensities are due to higher
densities of the subsolar magnetosheath and scattering into
the loss cone.

[17] A third example comes from 24 October 2003
between 1100 and 1500 UT when the IMF was very steady
and southward with a negative By component. Three
consecutive passes of F13 over the northern polar cap are
shown in Figure 8 in the same format as Figures 2 and 5
with the corresponding distribution functions in Figure 9.
The expected gradient for negative IMF By in the northern
hemisphere is exhibited by the weak fluxes during early
morning hours at 1307 and 1447 UT. The third pass near
0930 LT (1124 UT) does not show a decrease at its more
dayside location. Near the three dusk crossings of the polar
cap boundary in Figure 8 (near 1114, 1254 and 1436), there
is a gradual enhancement in the electron flux on approach-
ing the dusk boundary from higher latitudes. The gradual
nature of this increase suggests that these enhancements
may be due to acceleration of polar rain electrons. This idea
is supported by the distribution functions shown in Figure 9
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Figure 6. ACE and DMSP distribution functions in the
same format as Figure 3. ACE data are represented by the
heavy black trace in this northern hemisphere example.
Both F15 and F13 can be aligned with ACE with a positive
shift in energy.

for the first two passes where the thin black traces in
Figures 9a and 9b correspond to the enhanced flux regions
and are seen to be larger than the ACE values. Figures 9c and
9d show how negative shifts of these DMSP traces, by
80 and 450 eV respectively, produce very good agreement
with ACE. The lack of significant F13 fluxes below about
600 eV at 1254 35 s suggests that ACE electrons below
about 150 eV did not pass through the region where higher
energies were accelerated. As in earlier examples, the other
intervals across the polar cap can be aligned with ACE with
positive shifts. The third F13 pass not shown in Figure 9
shows equally good agreement. Three F15 passes during
this interval cross dusk at later local times and do not show
the pre-dusk flux enhancements seen by F13 at earlier local
times. The F15 locations and their calculated potentials are
shown in Figure 10 which summarizes the results of the
previous two figures including the negative (accelerating)
potentials in the pre-noon and dusk regions. The SuperDARN
velocity data here have been averaged (within fixed MLT-
mlat bins) over 5 h of UT. This makes it possible to utilize
multiple passes of the DMSP satellites. The SuperDARN data
have been averaged within 10 deg azimuth bins and resolved
statistical model vectors are also depicted. The most decel-
eration is seen at dawn as is typical for negative IMF B,

4. Solar Electron Event

[18] In addition to the relatively steady solar heat flux that
produces polar rain, the Sun often emits bursts of electrons

A10203

at energies that can range from ~100 eV to hundreds of keV
[Lin, 1985]. Such burst have sudden onsets and slower
decays that display energy dispersion, with higher energies
arriving at 1 AU before lower energies [e.g., Gosling et al.,
2003, and references therein]. Many energetic solar electron
bursts do not extend down to energies below 1 keV in
detectable numbers; on the other hand, many low-energy
bursts are not observed at energies greater than 20 keV
[Gosling et al., 2003, 2004a]. Such observations have been
interpreted as due to both varying locations of the source
region and propagation conditions between Sun and Earth
[Gosling et al., 2003, 2004a; Wang et al., 2006]. Lower-
energy events tend to be better associated with type 3 radio
bursts whereas higher-energy events are more apt to be
associated with solar flares and coronal mass ejections
(CMEs).

[19] On 10 June 2000 the ACE SWEPAM experiment
detected a low-energy electron burst beginning at ~1730 UT
at 1.37 keV, the ACE EPAM (Electron Proton Alpha
Monitor) experiment detected a 3-order-of-magnitude in-
crease in >35 keV electrons beginning at ~1710 UT, and
DMSP detected unusually energetic electrons over the north
polar cap as we describe below. Energetic electrons from
solar electron events have long been known to enter the
magnetotail and in fact were early evidence that tail field
lines were connected to the IMF [Lin and Anderson, 1966].
More recently, Anderson et al. [2000] used Polar observa-
tions to detect X-ray emissions over the polar cap that were
associated with >10 keV precipitating solar electrons mea-
sured with DMSP. To our knowledge, however, the precip-
itation of solar electron bursts over the polar cap at energies
<10 keV has not been previously reported.

[20] Figure 11a shows SWEPAM fluxes at 22 + 4.5° pitch
angle and various energies on 10 June 2000. This particular
pitch angle is used because low counting statistics at smaller
pitch angles preclude observation of the increase at 1730
that is marked with a vertical dashed line in Figure 1la.
Figure 11b shows data from the Wind Waves experiment
which reveal three type 3 radio bursts at 1527, 1549 and
1656 UT that are potentially associated with the electron
burst. (It happens that the Wind spacecraft was at perigee in
the magnetosphere at this time and intense auroral kilo-
metric radiation around several hundred kHz obscured the
decreasing frequencies with time that are typically associ-
ated with type 3 events.) Gopalswamy et al. [2001] discuss
the 1656 event, its association with a M5.2 solar flare, and
an interaction of coronal mass ejections. The high-energy
event detected by EPAM was apparently associated with the
flare, the CME, and the 1656 radio burst since a 35 keV
field-aligned electron can travel 1 AU in about 23 min. This
time interval is consistent with the observed arrival time and
with electrons being accelerated near the time of the flare
and/or CME and prior to the 1656 type 3 event [Wang et al.,
2006].

[21] A 1.37 keV electron takes ~1.9 h to travel 1 AU so
the low-energy electron increase at 1730 in Figure 1la
clearly cannot be associated with the large 1656 event some
19 min earlier. However, the 1730 onset follows the 1527
and 1549 type 3 radio bursts by 2.0 and 1.7 h respectively
which gives the highest-energy SWEPAM electrons time to
arrive if they are generated near the time of the weak 1527
burst or perhaps slightly prior to the 1549 type 3 radio burst.
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Figure 7. A view of the northern polar cap on 10 July 2001 in the same format as Figure 4. The highest
potentials occur at night and evening locations.
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Figure 8. Three consecutive passes of F13 over the northern polar cap during an interval of steady
southward IMF on 24 October 2003. The format is the same as Figures 2 and 5. Note that the polar rain
extends to higher energies on this day. Enhanced fluxes near dusk suggest accelerating potentials.
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Figure 9. Distribution functions on two of the F13 passes
shown in Figure 8. Note that the intense fluxes near the
dusk boundary represented by thin black lines in Figures 9a
and 9b agree well with ACE when shifted to the left,
implying accelerating field-aligned potentials.

An additional increase in the 1.37 keV energy electrons near
1800 is conceivably associated with the 1549 event. Energy
dispersion occurs, as can be seen most clearly by the
increasingly later arrival of the peaks in fat the lower energies
that are marked by x’s in Figure 11a. Which type 3 event
this dispersion is associated with is not clear due to the
multiple events. The reason for the simultaneous increase
at the several higher energies at 1730 (lack of energy
dispersion) is not clear although Gosling et al. [2004b,
2004c] have noted how movements in the electron source
regions and braiding of IMF field lines can produce such
events.

[22] Figure 12 shows precipitating electrons during 4
northern hemisphere passes of various DMSP spacecraft
that occurred between 1820 and 2010 UT on 10 June 2000.
A clearly outward directed IMF dictates that solar burst
electrons will precipitate in the northern hemisphere. F13
data in Figure 12a show normal polar rain but with a faint
hint of electrons just above 4 keV. (The horizontal yellow
line at 4 keV in these plots is to help the reader distinguish
energy differences on the various passes.) A 5 keV electron
will travel 1 AU in ~1 h so it is likely that these electrons
observed ~80 min after 1656 type 3 onset and the accom-
panying flare are associated with this faint trace. On the next
DMSP pass of F15 almost an hour later (1920), electrons
are clearly seen up to almost 4 keV but there is a relative
deficiency of electrons near 700 eV. This deficiency is

A10203

reasonable since such electrons take at least 2.6 h to travel
1 AU which is greater than the 1.8 h since the 1656 type
3 onset. Thirty minutes later F14 observed similar, slightly
lower-energy electrons above a similar slightly lower-energy
deficiency. Around 2000 UT when F13 again made a pass,
the solar electrons associated with the event had begun to
decrease. Two earlier DMSP passes near 1640 and 1740 (not
shown) show no evidence of electrons greater than 2 keV
which helps eliminate the 1527 and 1549 events as sources
for the energetic DMSP electrons.

[23] In Figure 13 the four panels each show four DMSP
phase space density plots where the traces have been shifted
to make the energies below 800 eV agree with ACE. The
times of the traces in Figure 13 can be determined from the
bars and the associated energy shifts in Figure 12. The earliest
pass shown in Figure 13a exhibits fairly good agreement
between ACE and F13 below 1 keV; DMSP counts are at
background levels for energies above 1500 eV except near
3 keV which corresponds to the faint trace of electrons in
Figure 12. SWEPAM clectrons for the time 1720-1725
have been used in Figure 13a in accord with the usual
assumption of a time independent source and convection of
the relevant field lines from ACE to Earth. Figure 13b
shows data from the time soon after the arrival of the more
energetic solar electrons in Figure 12b. Now the SWEPAM
data are averaged from 1900 to 1910 to reflect the fact that
fluxes change with time. Enhancements of the 712, 987 and
1370 eV SWEPAM energies channels probably are associ-
ated with one of the 2 earlier solar bursts because it is too
early for such energies to have arrived from the 1656 event.
Higher energies could have arrived from the 1656 event and
this is particularly likely in view of the lack of such energies
from the earlier events at earlier times as mentioned above.
The reason for the unusually large disagreement between
DMSP and ACE near 1000 eV is not clear but may well
result from the importance of both time variations in the
electron flux and convection of field lines. It is also possible
these higher energies are more field-aligned than usual such
that they do not fill the 9-degree-SWEPAM pitch angle bin.
Averaging over the bin would lead to an artificially low
value. The solar wind density is unusually low on this day
(1-2/cc) which will reduce scattering by coulomb collisions
and enhance field alignment. It should also be noted that the
high DMSP values just above 2 keV create a bump-on-tail
electron distribution function. Since only the most field-
aligned solar wind electrons make it down to the polar cap,
that bump translates into a field-aligned bump in the
upstream solar wind electron distribution. Bumps-on-tails
in reduced (integrated over all perpendicular velocities)
electron distributions are responsible for producing Lang-
miur waves that in turn produce the type 3 radio bursts [e.g.,
Lin, 1985; Ergun et al., 1998].

[24] To summarize the solar electron events, it appears
that two or three type 3-associated solar electron bursts
arrived at Earth near the same time. A low-energy burst
originating near 1527 and/or 1549 was measured by ACE
SWEPAM beginning near 1730. A later event beginning
near 1656 produced electrons above the SWEPAM energy
range that were detected by ACE EPAM and by the higher
DMSP energies. As would be expected, solar electron bursts
can be detected over Earth’s polar caps in the same manner
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Figure 10. A view of the northern polar cap on 24 October 2003 in the same format as Figures 4 and 7
Negative potentials corresponding to accelerated electrons are seen near noon and near dusk.
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Figure 11. (a) ACE SWEPAM distribution functions at
22° pitch angle and various energies plotted versus time.
(b) Wind waves data with white arrows denoting the three
type 3 radio bursts associated with solar electron bursts
detected by SWEPAM in the solar wind and DMSP over the
polar cap. Bars mark the times of DMSP passes. Crosses
mark the peaks at various energies that show energy
dispersion following the 1549 type 3 onset.

as the solar wind strahl/heat flux electrons that produce
polar rain.

5. Summary and Discussion

[25] To study cross-polar-cap gradients in the polar rain,
the solar wind electrons measured by ACE have been
compared to simultanecous measurements of precipitating
electrons by DMSP spacecraft. Six days were investigated
where the IMF was very southward in order to insure open
polar cap field lines with smoothly varying polar rain.
Electron distribution functions, f, from DMSP were aver-
aged (usually for 20 s) at several locations across the polar
cap in order to represent the polar cap gradient. Distribution
functions of field-aligned (or anti-field-aligned) electrons at
ACE were also averaged (usually over 10 min intervals) for
comparison with DMSP in the appropriate hemisphere.

[26] When these simultaneous measurements were over-
laid on f versus energy plots, generally good agreement was
found, thus confirming the generally accepted idea that the
solar wind heat flux or strahl is the source of polar rain. It
was further noted, however, that the ACE f values usually
exceeded those of DMSP but that shifting the DMSP trace
in energy by amounts ranging from tens to a few hundred
eV significantly improved the agreement with ACE. The
simplest explanation of this fact is that a field-aligned
potential existed between the interplanetary electron source
and the arriving electrons at 835 km altitude. The fact that
an increase in DMSP energy was usually required to obtain
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agreement implies that the entering electrons had been
decelerated by an inward directed field-aligned E field.

[27] On individual DMSP passes, the most intense pre-
cipitation generally required the least energy shift. In the
northern hemisphere the regions of most intense precipita-
tion and least energy shift tended to occur on the dawn
(dusk) sides for positive (negative) IMF By in the pattern
first noted by Meng et al. [1977]. Everything reverses in the
southern hemisphere as is commonly known for such polar
cap phenomena. It was also clear that the nightside precip-
itation is less intense, as was found by Gussenhoven et al.
[1984], requiring a larger DMSP energy shift to achieve
agreement with ACE. The dawn/dusk gradient implies that
the most intense precipitation tends to be associated with the
smaller polar cap crescent convection cell more directly
associated with the cusp and more recently opened field
lines. The less intense precipitation with greater retarding
potentials tends to be associated with the larger more
circular cell with field lines that go further down the tail.
It should also be noted that the deduced inward-directed
field-aligned E fields will tend to retard outward moving
ions.

[28] The most likely explanation for the deduced polar
cap field-aligned potentials is based on an idea proposed by
several workers [e.g., Reiff et al., 1977; Fairfield and
Scudder, 1985], developed quantitatively by Wing et al.
[1996], extended in Newell and Wing [1998] and Wing et al.
[2001] and summarized by Wing et al. [2005]; while field-
aligned electrons follow the magnetic field lines into the
magnetotail and polar cap, the more massive tailward
moving magnetosheath ions are unable to do the same. To
prevent a charge imbalance, a potential must be created to
prevent enough low-energy electrons from entering the
magnetosphere and traveling down to the polar cap and
violating qusai-neutrality. Wing et al. [1996] added this
potential to the ion entry model of Onsager et al. [1993]
in order to better describe the entry of electrons. With the
resulting model they were able to replicate with reasonable
accuracy the entry of electrons to the LLBL, the cusp, the
mantle and part of the dayside polar rain. A remaining
problem in the model is the artificial capping of the
potential at 250 eV that was necessary in order not to
exclude all incoming electrons. The reason for this problem
is most likely the omission of an ionosphere and resulting
polar wind electrons in the model [Wing et al., 2005]. The
magnetic field model used in their original model limited
results to field lines entering the tail earthward of X=—10Re
but later use of an improved magnetic field model [Newell
and Wing, 1998; Wing et al., 2001; see also Wing et al.,
2005] extended the results to X = —50 Re. The predicted
potentials for the polar rain were found to be similar to those
found above.

[20] In addition to the normal polar rain electrons, sepa-
rate low-energy and high-energy solar electron bursts were
identified in the solar wind by SWEPAM and EPAM data
and in precipitating DMSP data. On the basis of transit
times from Sun to Earth, it was argued that the more
energetic DMSP electrons were associated with one type
3 radio burst while lower-energy electrons were more likely
associated with an earlier burst. This precipitation of elec-
trons from a solar electron burst is apparently the first report
at energies below 10 keV that such electrons enter the
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Figure 12. Four passes of the several DMSP spacecraft over the northern polar cap during the solar
electron event on 10 June 2000.
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Figure 13. ACE and shifted DMSP electron distribution
functions for the four passes in Figure 12. The unusual
excesses in Figures 13b—13d at higher energies are due to
the solar electron bursts. The flat portion of Figure 13b is
due to the earliest arrival of higher energies and the resulting
marginal bump-on-tail distribution may be that thought to
lead to the type 3 radiation.

magnetotail and precipitate in the same manner as polar rain
electrons.

[30] An additional feature found on a number of passes is
the intense precipitation at the boundary of the polar cap as
detected by F15 at 1822 in Figure 5. This intense precip-
itation can usually be made to agree with ACE by moving
the DMSP values to lower-energy. Such a shift can be
interpreted as an accelerating potential, but it may also be
due to the fact that field lines near the cusp traverse the
dayside magnetosheath where interplanetary densities have
increased significantly on passing through the bow shock.
Such higher densities may explain the more intense precip-
itation. (It is implicitly assumed that polar cap field lines
leading to the more distant tail exit to the interplanetary
medium where the bow shock is weak or non-existent.) A
related example near the dusk polar cap boundary shows an
enhanced precipitation intensity that seems to evolve grad-
ually from the polar rain. This raises the question of whether
or not this precipitation is accelerated polar rain on open
field lines. If future work can resolve this question, the
answer could lead to an improved understanding of the
structure and dynamics of the magnetosphere.
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