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Abstract. The polar rain electrons near the open–closed field

line boundary on the nightside often exhibit energy-latitude

dispersion, in which the energy decreases with decreasing

latitude. The solar wind electrons from the last open-field

line would E×B drift equatorward as they move toward the

ionosphere, resulting in the observed dispersion. This pro-

cess is modeled successfully by an open-field line particle

precipitation model. The existing method for determining the

magnetotail X line distance from the electron dispersion un-

derestimates the electron path length from the X line to the

ionosphere by at least 33 %. The best estimate of the path

length comes from using the two highest energy electrons in

the dispersion region. The magnetic field line open–closed

boundary is located poleward of the highest energy electrons

in the dispersion region, which in turn is located poleward of

Defense Meteorological Satellite Program (DMSP) b6, b5e,

and b5i boundaries. In the four events examined, b6 is lo-

cated at least 0.7–1.5◦ equatorward of the magnetic field line

open–closed boundary. The energy-latitude dispersion seen

in the electron overhang may result from the plasma sheet

electron curvature and gradient drifts into the newly closed

field line.

Keywords. Magnetospheric physics (polar cap phenomena)

1 Introduction

Magnetic reconnection is an important process in space and

plasma physics. On the dayside, magnetic reconnection be-

tween the interplanetary magnetic field (IMF) and the mag-

netospheric magnetic field lines causes the closed magneto-

spheric field lines to become open. These open field lines at

both the Northern Hemisphere and Southern Hemisphere are

carried by the solar wind to the nightside, where they recon-

nect to form a closed field line in the magnetotail (Dungey,

1961).

As a result of the magnetic reconnection on the dayside,

the shocked solar wind can enter the magnetosphere and a

fraction precipitates into the ionosphere. The solar wind en-

try points and the processes at the magnetopause lead to

four types of particle precipitation regions: open-field low-

latitude boundary (LLBL), cusp, mantle, and polar rain (e.g.,

Newell et al., 1991; Wing et al., 1996, 2001). The polar rain

occupies most of the polar cap and consists mainly of precip-

itating solar wind suprathermal electrons (Fairfield and Scud-

der, 1985; Wing et al., 1996).

The energy-latitude dispersion in the polar rain electron

flux was sometimes observed near the nightside auroral oval

by the Akebono and Defense Meteorological Satellite Pro-

gram (DMSP) satellites (Shirai et al., 1997; Zhang et al.,

2011). The red lines in Fig. 1 mark the poleward boundary

of the energy-latitude dispersion in the DMSP observations.

Shirai et al. (1997) attributed the energy-latitude dispersion

to being a signature of the last injected solar wind suprather-

mal electrons before the open field-lines reconnect in the

magnetotail and become closed. Because of the duskward

crosstail electric field (e.g., Pedersen et al., 1985), these so-

lar wind electrons from the last open-field line would un-

dergo E×B equatorward convection as they move toward

the ionosphere, leading to the observed energy-latitude dis-

persion. The polar rain electron energy dispersion has been

used to estimate the electron path length from the X line to

the ionosphere and the X line location in the magnetotail

(Shirai et al., 1997; Alexeev et al., 2006; Zhang et al., 2011).

This dispersion method seems reasonable in principle, but

the validation of the method has been difficult because of the

lack of coincident in situ reconnection measurements in the

magnetotail.

Published by Copernicus Publications on behalf of the European Geosciences Union.



40 S. Wing and Y. L. Zhang: The nightside magnetic field line open–closed boundary

Figure 1. (a) and (c) DMSP observations of the auroral oval and polar cap. (b) and (d) zoom in on the nightside region where the polar rain

meets the poleward edge of the auroral oval in (a) and (b), respectively. (b) and (d) show the polar rain energy-latitude dispersion, b6, and

b5e. The vertical red lines indicate the location of the highest energy polar rain electrons in the dispersion region while the vertical black

lines indicate b6.

Newell et al. (1996) identified a few useful boundaries near

the poleward edge of the nightside auroral oval, namely b5e,

b5i, and b6. b5e and b5i indicate the region near the poleward

boundary of the auroral oval where the precipitating elec-

tron and ion differential energy flux, respectively, drop off

sharply, typically by an order of magnitude over a short dis-

tance (< 0.2◦). Usually, b5e and b5i are close to each other.

b6 is defined as the poleward edge of the subvisual drizzle,

which is the region of weak ion and electron precipitation

typically poleward of both b5e and b5i. The locations of b6

and b5e in Fig. 1b and d are indicated by the labels below the

bottom panel. Studies have used b6 (e.g., Boakes et al., 2008;

Longden et al., 2010) or a halfway point between b5 (either

b5e or b5i) and b6 (Hubert et al., 2006) as the best available

proxy for the magnetic field open–closed boundary. These

studies also show that, in general, there are systematic dis-

crepancies between the open–closed boundary obtained from

DMSP and those obtained from optical images, but the exact

causes of these discrepancies are not entirely clear.

At the Johns Hopkins University Applied Physics Labo-

ratory (JHU/APL), Wing et al. (1996, 2001) developed an

open-field line particle precipitation model (APL-OPM) to

model precipitating ions and electrons in the open-field line

LLBL, cusp, mantle, and polar rain. APL-OPM, which was

developed for studying dayside particle precipitation, can be

extended to model the nightside electron energy-latitude dis-
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persion. Because the nightside open–closed boundary (mag-

netotail X line) is known and can even be arbitrarily set in

APL-OPM, the model can be a useful tool to evaluate how

well the polar rain dispersion can be used to estimate the

X line location.

In the present study, we model the polar rain electron en-

ergy dispersion using a modified APL-OPM (Wing et al.,

1996, 2001). Based on this model, we examine the accuracy

of the existing method for using the dispersion to estimate

electron path length and X line distance. Finally, we exam-

ine the issue of where the magnetic field line open–closed

boundary is located based on our modeling and observational

work.

2 Modeling the polar rain energy-latitude dispersion

2.1 APL-OPM description

APL-OPM has been fully described in Wing et al. (1996,

2001). Therefore, only a brief description is provided here.

For a given IMF orientation, solar wind temperature, veloc-

ity, density, ionospheric convection speed, and dipole tilt an-

gle, the model computes the phase space density of the pre-

cipitating ions and electrons in three steps. In the first step,

the model traces the precipitating particles from the iono-

sphere back along the guiding centers to the magnetopause

entry point using the T96 magnetic field model (Tsyganenko

and Stern, 1996) and SuperDARN electric field (Ruohoniemi

and Greenwald, 1996), assuming conservation of magnetic

moment and negligible parallel electric field. In the second

step, the model computes acceleration (j ·E > 0) or deceler-

ation (j ·E < 0) imparted on the particles when they cross

the magnetopause current layers from the magnetosheath

to the magnetosphere (e.g., Cowley and Owen, 1989; Hill

and Reiff, 1977). From this calculation, the model obtains

the velocity that the particle originally has in the magne-

tosheath. Finally, it computes the phase space density of par-

ticles with that velocity using the gas-dynamics calculations

of Spreiter and Stahara (1985) with the assumption that elec-

trons have Maxwellian and ions have κ distributions. In addi-

tion, APL-OPM imposes charge quasi-neutrality with a self-

adjusting parallel electric field at the magnetopause and in-

cludes suprathermal electrons, which are crucial for polar

rain modeling. Wing et al. (1996, 2001) showed that APL-

OPM can model not just the cusp but also open-field line

LLBL, mantle, and polar rain particles.

2.2 APL-OPM extension to the nightside

In order to study the nightside polar rain near the open–

closed boundary, we make the following modifications to

APL-OPM. The magnetotail reconnection site (the last

open–closed boundary) is arbitrarily set at X =−50RE,

which is the tail boundary of the model. All the field lines that

cross the Y–Z plane off the equatorial plane at X =−50RE

are considered open and filled with solar wind suprathermal

electrons, which are assumed to enter the magnetosphere at

X <−50RE and travel to X =−50RE unmodified. These

assumptions are supported by observations. For example,

Fig. 1 shows that the nominal polar rain electrons on the

nightside have fairly uniform energy fluxes (Newell et al.,

1996), suggesting that the magnetosheath and magnetopause

properties as well as the processes at the entry point are fairly

uniform at the entry points at these locations in the deep tail.

Note that this choice of the X line might not and most likely

would not be consistent with the SuperDARN electric field,

but it is not the goal of the present study to model a specific

observation. We only require that the electric field has a sig-

nificant duskward component, which it typically does (e.g.,

Pedersen et al., 1985). In order to accentuate the polar rain

energy-latitude dispersion, the SuperDARN nightside poten-

tial is multiplied by an arbitrary factor of 10 (any reason-

ably large duskward electric field would work for the purpose

of the present study). In mapping the electric field from the

ionosphere to the magnetosphere, we assume that the parallel

electric field is negligible.

As in our previous APL-OPM runs, we set the altitude of

“detected” particle at 1.13RE, which corresponds to the typi-

cal DMSP spacecraft altitude. The model DMSP trajectory is

set to nearly noon-meridian orbit. We trace 19 electrons and

ions with energies from 32 eV to 30 keV in 19 logarithmi-

cally equally spaced steps, the same energies as the 19 elec-

tron and ion channels in the DMSP SSJ4 instrument (Hardy

et al., 1986). The magnetic coordinates used for displaying

the DMSP and model calculations are the altitude-adjusted

corrected geomagnetic (AACGM) coordinates (Baker and

Wing, 1989).

The present study investigates only the nightside polar rain

electrons, which mainly consist of solar wind suprathermal

electrons. We ran the model with the following input parame-

ters: IMF (Bx , By , Bz)= (−3.4,−0.5,−12.3) nT, solar wind

thermal n= 11 cm−3, Ti = 1×105 K (8.6 eV), Te = 3×104 K

(2.6 eV), V = 400 km s−1, suprathermal (halo) electron ns =

0.2 cm−3, Ts = 1×106 K (86 eV), κ = 7. The electric field is

obtained from SuperDARN convection pattern for strongly

southward IMF (Ruohoniemi and Greenwald, 1996). This

is essentially the same run for the strongly southward IMF

case presented in Wing et al. (2001), except that here we ex-

tend the run to the nightside, whereas Wing et al. (2001)

only presents the model calculation for the dayside. Fig-

ure 2 shows the model calculation of the polar rain elec-

tron spectra along the model DMSP path. The model cal-

culation for the dayside showing particle precipitation in the

open-field line LLBL, cusp, and mantle is shown in Fig. 2

in Wing et al. (2001) and is not shown here. In Fig. 2, the

spectra between 12:11:40 and 12:11:47 universal time (UT)

represent typical spatially uniform polar rain electrons. The

small fluxes seen at 12:11:55 UT are just numerical arti-

facts. The energy-latitude dispersion can be seen between

www.ann-geophys.net/33/39/2015/ AnGeo Comm., 33, 39–46, 2015
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Modeled Polar Rain at DMSP Altitude
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Figure 2. Polar rain electron dispersion from the APL-OPM

model calculation. The electron spectra between 12:11:40 and

12:11:49 UT represent the typical polar rain. There is a clear elec-

tron energy-latitude dispersion after 12:11:49 UT. The white trian-

gles, which indicate the highest energy detected at a given latitude,

give a measure of the energy-latitude dispersion. They are used to

determine the electron path lengths between DMSP altitude and

magnetotail reconnection site. The vertical red line marks the lo-

cation of the highest energy polar rain electrons in the dispersion

region.

12:11:50 and 12:12:01 UT, where the highest electron energy

for each spectrum or latitude, which is marked by the white

triangle, decreases with decreasing latitude. The last open-

field line is encountered slightly before 12:11:50 UT, which

marks the time when the highest energy electron arrives in

the ionosphere. After entering the magnetosphere, because

of the dominant duskward electric field, the electrons un-

dergo E×B equatorward convection as they move to the

ionosphere. Hence, lower-energy electrons arrive at succes-

sively lower latitudes in the ionosphere. This energy-latitude

dispersion is analogous to the dayside cusp ion dispersion

resulting from the dayside reconnection, except that because

of the E×B poleward convection in the cusp, the energy

decreases with increasing latitude (e.g., Wing et al., 1996,

2001). This polar rain electron energy dispersion has been

previously observed (Shirai et al., 1997; Zhang et al., 2011).

This simple model calculation successfully demonstrates

quantitatively that the magnetotail reconnection and plasma

E×B equatorward convection can lead to the polar rain

energy-latitude dispersion near the open–closed boundary.

3 Estimation of electron path length

3.1 Estimation of electron path length in the model

In the model, the electron path length from the reconnec-

tion site to the polar ionosphere can be calculated. In gen-

eral, the path length has a dependence on the energy. The

lower-energy electrons would have more time to E×B drift

to lower latitudes that have shorter magnetic field lines, re-

sulting in shorter path lengths. For example, the 462 eV elec-

trons (marked by the top or first white triangle in Fig. 2) have

a path length of 64RE, whereas the 32 eV electrons (the bot-

tom triangles in Fig. 2) have a path length of 56RE. The

direct straight line distance (50RE) between the center of

the Earth and the X line is about 78 % of the path length

S (64RE) of the highest energy electron. This difference can

be attributed to the curvature of the magnetic field lines and

cross-field drift of the electrons.

A method for estimating the electron path length based

on the polar rain electron energy dispersion has been devel-

oped (Shirai et al., 1997; Alexeev et al., 2006). The method

is briefly summarized here. An electron with a constant ve-

locity V1 would take time (t1–t0) to travel a distance S1 (see

Eq. 1), where t0 is the time of the reconnection (the last solar

wind electron injection), t1 is the time for the electron to be

observed in the ionosphere (e.g., by DMSP satellite), and S1

is electron path length from X line to the ionosphere. Equa-

tion (2) applies to an electron with a different velocity (V2).

S1 is not usually the same as S2.

t1− t0 =
S1

V1

(1)

t2− t0 =
S2

V2

(2)

While t1, t2, V1, and V2 can be measured by low-altitude

satellites, t0, S1, and S2 are unknown. Equations (1) and

(2) are not sufficient to solve the three unknown parame-

ters. Hence, an assumption is needed. If we assume that

S1 ≈ S2 = S and plasma is frozen in, we obtain Eq. (3),

1t = t1− t2 = S

(
1

V1

−
1

V2

)
, (3)

where1t = the difference of the arrival time between the two

electrons.

Because of nonzero E×B drift, within 1t the electrons

also move a distance L in the direction of E×B drift at the

ionosphere altitude. So, 1t = L/Vp, where Vp is the E×B

drift speed. However, electron observations are usually made

from satellites moving at speed Vs. Hence, 1t in the satel-

lite reference frame (1t∗) can be expressed as 1t∗ = L/Vs,

assuming that the X line location and reconnection rate are

steady or quasi-steady for at least several seconds. Therefore,

1t = (Vs/Vp)1t
∗ for the case where Vs is parallel to Vp. If

Vs and Vp are not parallel, then a component of Vp that is par-

allel to Vs would be used instead. By replacing1t in Eq. (3),

we obtain the expression for the electron path length (S):

S =

(
Vs1t

∗

Vp

)
(

1
V1
−

1
V2

) . (4)

This equation is similar to the one used by Alexeev et

al. (2006). In Eq. (4), the error in Vp is a major source of the
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Table 1. Dispersion time, energy, and electron path lengths estimated by Eq. (4) in the model run shown in Fig. 2 (see text). The fifth row

lists the electron path lengths calculated from the given electron pairs.

Position First Second Third Fourth Fifth Sixth

Time (UT) 12:11:50 12:11:51 12:11:52 12:11:53 12:11:54 12:11:55

Time relative to first electron (s) 0 1 2 3 4 5

Energy (eV) 462 314 215 147 100 69

Path length (RE) 43 39 36 32 29

Electron pair (first, second) (first, third) (first, fourth) (first, fifth) (first, sixth)

uncertainty in S because Vs, 1t , V1, and V2 can usually be

accurately determined. Equations (3) and (4) are derived with

the assumption S1 = S2 = S, which also introduces some in-

accuracies.

The model is run with Vs = 7.8 km s−1, which is the

DMSP satellite speed, and Vp =E×B drift= 1.7 km s−1,

where E is the same as the model E described in Sect. 2.2

and B is obtained from the International Geomagnetic Ref-

erence Field (IGRF) at the DMSP satellite location. Using

Eq. (4), we calculate S for five pairs of selected triangles

in Fig. 2: (first, second), (first, third), (first, fourth), (first,

fifth), and (first, sixth). Table 1 shows the time (UT) of

these selected points, their energies, and the resulting elec-

tron path lengths (S). There is a trade-off in errors of us-

ing a pair of electrons that are close vs. far apart in energy.

Using two electrons having a large energy difference, e.g.,

the pair (first, sixth) in Table 1, would reduce the error in L

and 1t∗ but would decrease the validity of the assumption

of S1 = S2 = S. The latter generally turns out to be a more

dominant source of error. Table 1 shows that S ranges from

43 to 29RE and averages to 36RE, which are much shorter

than the actual path lengths as determined from electron trac-

ing in the model (64–56 with an average of 60RE). Hence,

the calculation here shows that the method can underestimate

the actual electron path length on average by about 40 %. The

best result comes from using the highest two energies, pair

(first, second), which results in S= 43RE and which under-

estimates the actual electron path length (64RE) by 33 %.

The underestimation error would decrease with increasing

electron energy and vice versa. As discussed in the beginning

of this section, S decreases when lower energy electrons are

used. Hence, using a pair of lower energy electrons even if

they are from adjacent energy channels (minimizing 1S =

|S1–S2|) could lead to a larger error than using pair (first,

second). For example, S for the pairs (second, third), (third,

fourth), and (fourth, fifth) are 36, 30, and 24RE, respectively.

For the same reason, we have not used the last five triangles

in Fig. 2, which would result in smaller electron path lengths

and larger error than pair (first, second).

3.2 A couple examples from DMSP observations

To illustrate, we apply the above method to two real DMSP

dispersion events: one for weakly northward and one for

strongly southward IMF. We choose these two events be-

cause (1) we would like to show that even with unusu-

ally large polar rain electron energies, up to a few keV,

the energy-latitude dispersion can still be observed and

(2) higher energy would give more accurate estimates of the

path length S and X line distance. Figure 3a shows the po-

lar rain dispersion event on 17 April 2002. The associated

IMF is GSM (X, Y , Z)= (−6, 13, 1) nT, indicating a weakly

northward IMF Bz and a dominant IMF By . As discussed in

Sect. 3.1, the method would give the most accurate estimate

of S by using the two highest energy electrons (the top two

triangles), which correspond to (19:48:23, 19:48:24) UT and

electron energies (3040, 1393) respectively. Using Eq. (4),

Vs = 7.8 km s−1 (DMSP satellite speed), and ionospheric

plasma drift speed along DMSP path Vp = 1.73 km s−1 (Su-

perDARN convection map (Ruohoniemi and Greenwald,

1996) and DMSP SSIES observations), we obtain path length

S= 49RE. However, if the method underestimates S by 33 %

as obtained by the APL-OPM run in Sect. 3.1, the actual

S is probably closer to 73RE. Assuming the same ratio

(∼ 78 %) between the reconnection X line location (50RE)

and the electron path length (64RE) obtained in the APL-

OPM model run in Sect. 3.1, the X line location is estimated

at X = 78 %× (−73RE)=−57RE.

Figure 3b shows another example of polar rain elec-

tron dispersion on 2 August 2002. The two highest energy

electrons (the top two triangles) correspond to (01:25:14,

01:25:15) and electron energies (1393, 640) respectively. The

IMF condition for this event is GSM (X, Y , Z)= (1.5, −10,

−11) nT, indicating a strongly southward IMF. Using the

method, we obtained electron path length S= 74RE, but the

actual S may be closer to 111RE, assuming the same 33 %

underestimation error obtained in Sect. 3.1. The X line loca-

tion is estimated at X= 78 %× (−111RE)=−87RE.

4 Where is the nightside magnetic field line

open–closed boundary?

Many studies used the poleward edge of the subvisual driz-

zle (b6) or poleward edge of the auroral oval as the magnetic

field open–closed boundary in the particle precipitation ob-

servations (e.g., Boakes et al., 2008; Longden et al., 2010).

Hubert et al. (2006) used the halfway point between b6 and

www.ann-geophys.net/33/39/2015/ AnGeo Comm., 33, 39–46, 2015
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Figure 3. Polar rain electron dispersion observed by DMSP F15 at (a) 17 April 2002 19:48 UT and (b) 2 August 2002 01:24 UT. The white

triangles, which indicate the highest energy detected at a given latitude, give a measure of the energy-latitude dispersion. The vertical red

lines mark the location of the highest energy polar rain electrons in the dispersion region while the vertical white lines mark b6.

b5 (b5e and b5i are assumed to be identical) as the demarca-

tion for open–closed boundary. Longden et al. (2010) found

that the open–closed boundary determined from IMAGE ul-

traviolet (UV) Wideband Imaging Camera (WIC) and Spec-

trographic Imager SI-13 images are systematically poleward

of DMSP b6 on the nightside by about 1–2◦ in magnetic lati-

tude (mlat), except perhaps near dawn for SI-13 open–closed

boundary. Similarly, Boakes et al. (2008) found that IMAGE

WIC open–closed boundary is systematically poleward of

DMSP b6, except near dawn. The WIC (140–190 nm) and SI-

13 (135 nm) emissions respond mostly to electron precipita-

tion. Previous studies suggested correction algorithm for the

magnetic field open–closed boundary obtained from auroral

UV images based on the assumption that DMSP b6 gives the

best estimate of this boundary (e.g., Boakes et al., 2008).

Irrespective of the auroral imagery and DMSP particle

boundary comparisons above, there may be a reason to ex-

pect that the open–closed boundary is located poleward of

b6. The magnetic field line open–closed boundary should

correspond to the last open field line. In the presence of the

dawn–dusk electric field, the electrons on the last open field

line in the magnetotail would E×B to lower latitude as they

travel to ionosphere. As a result, the dispersion region is typi-

cally equatorward of the open–closed boundary. The amount

of the equatorward displacement would depend on the elec-

tron velocity (energy), the poleward component of E×B,

and the electron path length from the magnetotail X line to

the ionosphere. In the model run discussed in Sect. 2.2, partly

because of the moderate X line distance (50RE), the last

open-field line is located just slightly less than 0.1◦ poleward

of the highest energy electrons in the energy-latitude disper-

sion region. Larger X line distance would result in a larger

displacement. Nevertheless, the highest energy electrons in

the dispersion region can still serve as a better proxy for the

open–closed boundary than b6, b5e, or b5i (the auroral oval

poleward boundaries).

The highest energy electrons in the dispersion region are

indicated with a vertical red line in Figs. 1, 2, and 3, which

can be taken as the latitudinal lower bound of the open–

closed boundary. As can be seen in Figs. 1 and 3, the vertical

red line is poleward of b6, which is indicated by a vertical

black and white line, respectively. For example, in Fig. 1b,

b6 is located at−71.5◦ mlat whereas the red line is located at

−72.2◦ mlat. Hence, the open–closed boundary is located at

least 0.7◦ or about 88 km more poleward than b6. In Fig. 1d,

the open–closed boundary is located at least 1.2◦ or 150 km

poleward of b6 (b6= 74.3◦ mlat and the red line = 75.5◦

mlat). The solar wind condition for the 16 June 1992 event

shown in Fig. 1a and b is fairly moderate, IMF GSM (X,

Y , Z)= (7, −2, −2) nT, |Vsw| = 360 km s−1, nsw = 7 cm−3.

There is no solar wind data for the 22 March 1984 event

shown in Fig. 1c and d, but the magnetic activity indices

indicate that the magnetic condition is moderately active,

Kp= 4+, Dst=−35 nT, and AL=−100 nT. For the two

events in Fig. 3a and b, the open–closed boundary is lo-

cated at least 0.7◦ (88 km) and 1.5◦ (165 km) poleward of

b6, respectively. Our result is consistent with Sergeev and

Bösinger (1993), which examines energetic (> 30 keV) par-

ticle precipitation during moderately active times and con-

cludes that the actual open–closed boundary may lie pole-

ward of the auroral oval detected by auroral particles (0.3–

20 keV).

However, the energy-latitude dispersion is not observed

in every DMSP polar pass. It would be expected that the

dispersion can only be observed when there is a significant

E×B drift during the electron flight from the magnetotail

X line to the ionosphere. The conditions that would be fa-

vorable to observe the energy-latitude dispersion are strong

dawn–dusk electric field, large X line distance, and unusu-

ally low electron energy. The example shown in Fig. 1a and

b, the 16 June 1992 event, suggests that the polar rain elec-

tron energy-latitude dispersion can be observed even when

the solar wind driver is mild and IMFBy andBz are relatively
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small. The examples shown in Fig. 3 show that the dispersion

can also be observed even when the polar rain electron ener-

gies are unusually high, on the order of a few keV, but the

IMF By or Bz is unusually large for these two events. When

the dispersion is not observable, the open–closed boundary

may be approximated by the location where polar rain ends

near the nightside auroral oval or where the polar rain meets

the auroral oval, in cases where they do meet.

5 The electron overhang

As can be seen in Figs. 1 and 3, equatorward of the polar rain

dispersion regions, there is sometimes a gap, a region of lit-

tle electron precipitation (Meng and Kroehl, 1977), followed

by hot electrons (up to several keV or even a few tens of

keV) that are sometimes referred to as “electron overhang”,

which can be seen as a poleward extension of the nightside

auroral oval electrons. The electrons in the overhang region

have energies that are similar to those in the plasma sheet

and higher than those in the polar rain. The overhang region

often overlaps with the polar rain dispersion region such that

the same flux tube can contain electrons from both regions

as shown in Fig. 1. The overhang electrons are not well un-

derstood (Newell et al., 1996), although, in general, they are

believed to originate from the plasma sheet (Shirai et al.,

1997). The auroral UV open–closed boundary, which was

sometimes found located poleward of b6 (e.g., Boakes et al.,

2008; Longden et al., 2010), may correspond to the poleward

boundary of the overhang electrons.

After reconnection, the supply of the solar wind electrons

is shut off. So, after all the field-aligned polar rain elec-

trons precipitate into the ionosphere, the loss cone would be-

come empty, which may explain the gap region. Apparently,

it takes some time for the plasma sheet electrons from the sur-

rounding closed field lines to curvature and gradient drift into

the newly closed field line and get pitch angle scattered. Con-

sistent with the curvature and gradient drifts, which are en-

ergy dependent, the higher energy electrons would first drift

into the flux tube. Then, as the flux tube continues to con-

vect earthward (or equatorward in the ionosphere), the lower

energy plasma sheet electrons would arrive. This would be

consistent with the energy-latitude dispersion often seen in

the overhang region seen in Figs. 1 and 3.

In order for the plasma sheet electrons to be observed

by DMSP at low altitude, there has to be a mechanism for

pitch-angle scattering. A leading mechanism for pitch-angle

scattering is electron interactions with waves such as VLF

whistler-mode chorus wave (e.g., Thorne, 2010; Summers et

al., 1998; Gkioulidou et al., 2012; Wing et al., 2013). How-

ever, the wave–electron interaction may preferentially pitch-

angle scatter electrons with certain energies. We plan to cal-

culate the energy dependence of the wave–electron interac-

tion in a future study.

6 Summary and conclusion

APL-OPM successfully models the polar rain electron

energy-latitude dispersion and demonstrates quantitatively

that this dispersion results from the solar wind suprathermal

electron entries in the last open-field line and E×B equator-

ward convection. Using APL-OPM, we find that the existing

method for obtaining electron path length from the X line to

the ionosphere underestimates path lengths by at least 33 %.

The best estimate is obtained by using the two highest energy

electrons in the dispersion region.

The magnetic field line open–closed boundary is located

slightly poleward of the highest energy electrons observed

in the polar rain dispersion region, which, in turn is located

poleward of b6, b5e, and b5i (DMSP auroral oval poleward

boundaries). In our model run, partly because of the mod-

erate X line distance (50RE), the open–closed boundary is

located just slightly less than 0.1◦ poleward of the high-

est energy electrons in the energy-latitude dispersion region.

Larger X line distance would result in a larger displace-

ment. Regardless, the location of the highest energy electrons

would be a more accurate proxy for the open–closed bound-

ary than b6, b5i, or b5e. In the four DMSP cases examined,

the open–closed boundary is located at least 0.7–1.5◦ pole-

ward of b6. Previous studies presented formulas to correct

the open–closed boundary location obtained from the auroral

UV imagery based on the assumption that b6 is the best avail-

able proxy. The present study suggests that these formulas

need to be modified. However, the polar rain energy-latitude

dispersion is not always observable, which may depend on

the magnetotail electric field, theX line distance, and the po-

lar rain electron energy. For a future study, we will investigate

statistically how often the energy-latitude dispersion can be

observed. Finally, the energy-latitude dispersion seen in the

electron overhang may result from the plasma sheet electron

curvature and gradient drifts into the newly closed field line.

The auroral UV open–closed boundary may correspond to

the poleward boundary of this electron overhang.
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