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Abstract. Non-adiabatic motion of plasma sheet protons
causes pitch-angle scattering and isotropic precipitation to
the ionosphere, which forms the proton auroral oval. This
mechanism related to current sheet scattering (CSS) pro-
vides a specific energy-latitude dispersion pattern near
the equatorward boundary of proton isotropic precipitation
(isotropy boundary, 1B), with precipitation sharply decreas-
ing at higher (lower) latitude for protons with lower (higher)
energy. However, this boundary maps to the inner magneto-
sphere, where wave-induced scattering may provide differ-
ent dispersion patterns as recently demonstrated by Liang et
al. (2014). Motivated by the potential usage of the 1Bs for
the magnetotail monitoring as well as by the need to better
understand the mechanisms forming the proton 1B, we inves-
tigate statistically the details of particle flux patterns near the
proton 1B using NOAA-POES polar spacecraft observations
made during September 2009. By comparing precipitated-
to-trapped flux ratio (Jo/Jgo) at >30 and >80keV proton
energies, we found a relatively small number of simple CSS-
type dispersion events (only 31 %). The clear reversed (wave-
induced) dispersion patterns were very rare (5%). The most
frequent pattern had nearly coinciding IBs at two energies
(63%). The structured precipitation with multiple IBs was
very frequent (60 %), that is, with two or more significant
Jo/Joo dropouts. The average latitudinal width of multiple
IB structures was about 1°. Investigation of dozens of paired
auroral zone crossings of POES satellites showed that the 1B
pattern is stable on a timescale of less than 2 min (a few pro-
ton bounce periods) but can evolve on a longer (several min-
utes) scale, suggesting temporal changes in some mesoscale
structures in the equatorial magnetosphere.

We discuss the possible role of CSS-related and wave-
induced mechanisms and their possible coupling to interpret
the emerging complicated patterns of proton isotropy bound-
aries.

Keywords. Magnetospheric physics (energetic particles
precipitating)

1 Introduction

In the loss-cone trap geometry of the geomagnetic field, the
adiabatic motion of charged particles conserves the empty
loss cone in the particle distributions. However, in the re-
gions where the particle gyroradius p is comparable to the
magnetic curvature radius (R.) and adiabatic approximation
is violated (when, roughly, R./p < 10; Alfven and Faltham-
mar, 1963), pitch-angle scattering occurs, which fills the loss
cone providing the particle precipitation into the ionosphere.
In the Earth’s magnetosphere, for the protons with energies
of a few keV to hundreds of keV, the boundary between adi-
abatic and non-adiabatic particle motion is located near the
center of the tail current sheet on the nightside at » ~6-9 Re
(e.g., Sergeev and Tsyganenko, 1982; Yue et al., 2014). This
mechanism (later referred to as the current sheet scattering,
or CSS-related) is rather well investigated: it is now widely
recognized as the main mechanism which causes the nearly
isotropic proton angular distributions in the tail plasma sheet
(e.g., Ganushkina et al., 2005; Wang et al., 2012; Yue et
al., 2014) and which provides the extended proton precip-
itation into the auroral oval (Donovan et al., 2003; Meu-
rant et al., 2007). In the ionosphere, the distinctive signature
of the CSS mechanism is the energy-dispersed equatorward
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boundary of the isotropic precipitation (isotropy boundary,
IB), whereas the poleward boundary is usually the boundary
where the particle flux becomes very low, e.g., at the polar
cap boundary or radiation belt termination. In the tail current
sheet, the normal (B;) and radial (B,) magnetic field compo-
nents control the angular scattering amplitude. The criterion
separating full loss-cone coverage (strong scattering) from
partial (incomplete) cone-filling conditions is approximately
K =R./p~ B%/(dB,/dz-G) =8, where G = mV/e is the
particle rigidity (e.g., Sergeev and Tsyganenko, 1982; Del-
court et al., 1996). With increasing tail current (that is, with
B, decreasing in the inner magnetosphere), the location of
the K ~ 8 boundary shifts earthward and the latitude of its
ionospheric projection (isotropy boundary, 1B) shifts equa-
torward too, by roughly 1.5° of corrected geomagnetic lat-
itude (CGLat) per each 10nT B, depression at geostation-
ary orbit. High correlation systematically exists between the
observed B, or field inclination at the geostationary orbit
(GEOQ), and the latitude of proton IB (Sergeev et al., 1983,
1993; Newell et al., 1998) or its optical proxies (Donovan
et al., 2003; Meurant et al., 2007). Moreover, statistically
the IB locations predicted using different data-based mag-
netospheric models usually agree with their observed loca-
tions within the uncertainty of those statistical models (e.g.,
Sergeev and Gvozdevsky 1995; Shevchenko et al., 2010; Yue
et al., 2014), which is evaluated to be a couple degrees of lat-
itude (e.g., Shevchenko et al., 2010; Nishimura et al., 2011).

In the magnetotail configuration with B, monotonically
decreasing outward, the CSS mechanism provides a sharp
cutoff and a specific rigidity—latitude dispersion pattern, with
the isotropy boundary being at a higher (lower) latitude for
protons with lower (higher) energy (as well as for much
higher latitudes for electrons). It can be used to confirm
the CSS origin, if observed. Such a dispersion pattern was
documented in magnetospheric observations (West et al.,
1978), first observed for energetic electrons and protons by
Imhof et al. (1977) near the ionosphere, and later also con-
firmed on many occasions by NOAA-POES observations of
>30keV particles (see, e.g., Sergeev et al., 2012, and ref-
erences therein) and by FAST observations of <20keV pro-
tons (Yue et al., 2014). However, recently, Liang et al. (2014)
also reported a comparable number of FAST auroral zone
crossings showing the reverse type of dispersion of 1-20 keV
protons. They also provided wave observations in the mag-
netically conjugate equatorial magnetosphere region as well
as theoretical arguments supporting the idea that such re-
verse dispersion precipitation was probably produced by the
wave—particle interaction with the electromagnetic ion cy-
clotron (EMIC) waves. These results call into question the
role and applicability of the CSS mechanism. They also sug-
gest a number of questions to answer; for example, are these
results specific for the low-energy part of the proton spec-
trum? What is the morphology of the proton precipitation in
the energy range from tens to hundreds of keVs near proton
IB? How are these results compatible to the bulk of evidence
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supporting the CSS-related pitch-angle scattering of plasma
sheet protons?

In fact, evidence of wave—particle interaction is also ample
in the literature, especially for electrons (e.g., Horne et al.,
2005). For energetic protons, which are the exclusive topic
of interest in this paper, two types of nightside precipitation
were previously identified. One is several degrees latitude-
wide long-duration and azimuthally extended precipitation
with a partly filled loss cone (Jo/Jgo<1), which is observed
equatorward from the proton isotropy boundary, called the
low-latitude proton precipitation (LLPP) (Gvozdevsky et al.,
1997). The LLPP particle flux significantly increases during
intense substorms and then decays with a long characteris-
tic timescale of ~ 9h. Because of that it may also be found
during very quiet time periods following the substorms. The
long decay and the observed loss-cone anisotropy imply a
moderate pitch-angle diffusion of energetic protons. During
substorm, the Jo/Joo flux ratio increases up to ~ 1, so it may
obscure the true isotropy boundary formed by the CSS mech-
anism, especially during storm times and in the evening sec-
tor (Dubyagin et al., 2013). Another well-documented pre-
cipitation type is the intense detached proton precipitation
regions (often appearing as spikes) on the 1B equatorward
side (Yahnin and Yahnina, 2007; Usanova et al., 2010). These
localized precipitations are known to correlate with isolated
hydrogen auroral emission patches, and they show a close
relationship to the Pcl-range pulsations, which is evidence
for the interaction with EMIC waves. On many occasions
these latitudinally detached wave-induced precipitations are
observed in vicinity of the plasmapause. It is not known for
sure whether similar wave-induced precipitation can be ob-
served in the more poleward region near the proton isotropy
boundary.

Motivated by the potential importance of the proton IBs
as tracers of the magnetotail configuration as well as by the
need to better understand the mechanisms forming the pro-
ton IBs, in this paper, we investigate the patterns of trapped
(Jt) and precipitated (Jp) proton fluxes at a few energies near
the proton IB using observations made by NOAA-POES po-
lar spacecraft. We select September 2009 as the period for
this statistical study for two reasons. First, we expected that
possible wave effects could be minimized during weak mag-
netospheric activity at the solar minimum. Second, during
this month, two POES spacecraft (NOAA-18 and NOAA-
19) flew in the same orbital plane but at slightly different
altitudes and with slightly different orbital periods, provid-
ing an opportunity to investigate how stable the IB patterns
are (which had never been done before) and which kind of
evolution they display.

2 Observations

We use the observations of trapped (J;) and precipitating
(Jp) energetic ion and electron fluxes provided by the Space
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Environment Monitor-2 (SEM-2)/Medium Energy Proton
and Electron Detector (MEPED) and Total Energy Detec-
tor (TED) instruments onboard the low-altitude (~ 850 km)
polar-orbiting NOAA-POES spacecraft. Data are available
at 2 s time resolution from http://ngdc.noaa.gov/stp/satellite/
poes/. Here, we use the low-energy MEPED channels for
protons, nominally 30-80keV (P1), 80-240keV (P2) and
240-800 keV (P3) (Evans and Greer, 2004); the latter chan-
nel provides a low count rate during quiet periods and is not
used in the following statistical study of energy dispersion.
For survey purposes, we also use the total energy flux of pre-
cipitated auroral electrons (JEe) and auroral protons (JEp)
from the TED instrument (covering 0.05-20 keV energies).
Sharp equatorward cutoff of the TED proton energy flux pro-
vides a proxy of proton isotropy boundary (IB) at 10-20 keV
energies, known as the b2i boundary (Newell et al., 1998).

2.1 Particle flux structure near the isotropy boundaries
and its stability: analysis of “string-of-pearls”
oval-skimming passes of the NOAA-POES
spacecraft pair

A variable particle flux structure observed near the isotropy
boundaries poses questions which need to be answered: how
stable are these structures/dispersion patterns, and do they
evolve in time and longitude (and at which scales)? To
partly answer these questions, we analyze the conjunction
orbits of the NOAA-19 and NOAA-18 satellites. NOAA-19
was launched in February 2009 into a Sun-synchronous or-
bit with the same orbital plane as NOAA-18 had. Due to
the difference in their orbital periods by the mid-September
2009, the spacecraft achieved a flying configuration in which
they crossed the auroral zone nearly simultaneously (within
1 min) at nearly the same latitude and longitude. Also, at the
beginning (end) of September, the NOAA-19 satellite led
(trailed) the NOAA-18 satellite by roughly 5min, allowing
for the temporal stability of the IB structure to be looked into.
Such a “string-of-pearls-type” flying configuration is help-
ful to resolve the temporal/spatial origin of the observed IB
structures. From all such observations in September 2009, we
further selected the oval-skimming crossings of the southern
auroral zone, during which two spacecraft moved along the
same orbit. This orbit crossed the isotropy boundaries on the
nightside from low latitude, then passed along the auroral
oval, and then crossed again the isotropy boundaries toward
lower latitudes on the duskside.

Figure 1 provides an example of quiet-time oval-skimming
crossing by two spacecraft on 13 September 2009. During
the nightside crossings (left panels), both spacecraft observe
a kind of standard dispersion with a low-energy (<20KkeV)
flux peak boundary (b2i) staying at higher latitude (65.5°)
compared to the major precipitated flux decrease of 30 and
80 keV protons, which cluster near ~ 65° CGLat. It also
shows some dropouts of precipitated flux, later referred to as
the IB structure. Obviously, the precipitated flux structure in
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this case is more complicated than the classical sharp dropout
of the Jy/Jgo ratio expected at the IB. Different from that,
both spacecraft in the duskside crossing (right panels) show
virtually no dispersion, and the proton isotropy boundaries
cluster near the same location (66.7°) in the 30 and 80 keV
channels where the b2i boundary is also observed. Such an
IB grouping in the nearby energy channels is rather fre-
quently observed, as will be shown below. General features
of each crossing are reproduced at both spacecraft, which
flew one after the other with a time delay of 1.5 min during
this event. Note that the bounce period of 100 keV protons at
L~ 8 is about half a minute, so the flux pattern looks stable
on the scale of few bounce periods, and therefore it repre-
sents a truly spatial pattern.

Figure 2 provides two examples of a more complicated
and dynamical situation in which between two crossings the
precipitated fluxes evolve considerably in the localized lati-
tudinal range near the IBs. Note that the trapped fluxes (black
curves) as well as the precipitated fluxes in two regions lo-
cated poleward and equatorward of this latitudinally local-
ized ~ 1° CGLat-wide region change little between the two
crossings. In the first case (a), during first passage, NOAA-
19 observed a sharp isotropy boundary in the 30 keV channel
at —66.5°, whereas 4min later the clear IB in this channel
was recorded at 65.5° by NOAA-18. Similarly, in the second
case (b), after the IB recorded by NOAA-19 at 67.5°, 4min
later NOAA-18 observed a large drop in precipitated flux
between 67.5 and 68.5°. The changes in the 80 keV energy
channel are similar but smaller in magnitude. In these exam-
ples, considerable (~ 1° CGLat-wide) latitudinal IB shifts do
not occur because of global flux redistribution or because of
the overall shift of the entire pattern. Rather, they occur due
to the localized enhancement or depletion of the precipitated
flux in the localized region near the previous IB (without ob-
vious changes in the surrounding regions and without any
large change in the trapped flux distribution). As we shall ar-
gue later, such a kind of evolution can be characteristic of
the resonant wave—particle interaction suddenly enhanced in
this localized region. We should also note that, in the 80 keV
channel, the transition of Jp/Jgo ~ 1 to the small values in
first case occurred very gradually, similar to what is expected
(and typically observed) near the boundary between adia-
batic and non-adiabatic particle scattering in the magnetotail.

Visual inspection of 27 oval-skimming crossings allowed
us to quantitatively characterize the stability of the observed
flux structure, classified into three categories (1: no IB dis-
persion; 2: standard 1B dispersion; and 3: structure near the
IB), depending on the time delays, dT, between the passages
of two spacecraft. Small latitudinal shifts of the entire pattern
were ignored. By comparing the recordings of two space-
craft, the IB flux pattern was found to be the same in seven
of nine cases if dT <2min, in five of nine cases if dT was
2 to 4 min, and in three of nine cases for dT =4-6 min. This
limited statistical study implies that the flux structure near
the proton isotropy boundary is conserved on a few bounce
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Figure 1. Proton flux variations during oval-skimming passages by the NOAA-19 (top) and NOAA-18 spacecraft (bottom). Spaces below the
precipitated flux (Jg) are shaded grey, and trapped flux is shown by the solid line. Dots show the measurements at 2 s resolution. The bottom
panel for each spacecraft shows the precipitated-to-trapped flux ratio for two energy channels (30 keV — black; 80 keV — green). Vertical lines
mark the sharp flux ratio changes which can be used to identify the isotropy boundaries.

timescales, but this spatial structure can evolve significantly
on the timescale of the order of 5min or more during quiet
periods.

2.2 IB energy dispersion patterns and their occurrence
and parameters

To illustrate the dispersion pattern in the global context and
its variability, Fig. 3 (left panel) examines the latitudinal
locations of the isotropy boundaries at different energies
in three dozen NOAA-19 passes, which occurred during a
very quiet period on 26 September 2009 followed by a few
episodes of intense substorm activity later on this day and on
the following day. To exclude possible local time variations,
only the postmidnight crossings (00:00-04:00 MLT) are plot-
ted here. During both quiet and active times, on many occa-
sions we observe the IB latitudes decreasing in the order of
increasing particle rigidity (from left to right): 30 keV elec-
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trons; then <20, 30 and 80 keV protons; and finally 250 keV
protons (during rare cases when their count rates exceeded
10 protonscm~2s~1). This is the standard pattern predicted
by the CSS mechanism. That pattern does not change much
between quiet and active time periods, except for the lati-
tudinal shifts of the entire pattern attributed to the chang-
ing stretching of the magnetotail field lines. In addition, it
is not altered much in the presence of LLPP (right column
of Fig. 3), indicating the enhanced wave activity in the inner
magnetosphere. However, some apparent deviations from the
simple behavior predicted by the CSS mechanism are evident
in Fig. 3. Particularly, the reverse order of latitudinal dis-
persion (higher-energy IB stays at higher latitude compared
to low-energy IB) is sometimes observed. As different from
inverse dispersion patterns of low-energy protons shown by
Liang et al. (2014) which occupied their entire broad energy
range 1-20 keV, in the high-energy range such global anoma-
lies are infrequent. As a rule, only one channel stays at an
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Figure 2. Examples of latitudinal profiles of time-evolving precipitation near the isotropy boundary observed by NOAA-19 (bold lines) and
NOAA-18 (thin lines) observed on 2 September 2009 with a 5min delay (a) and on 5 September (b) with an ~ 4 min time delay. Black and
green color of the lines in the bottom panel as well as vertical lines correspond to the 30 and 80 keV energy channels. Red lines show the

precipitated flux.

CGLat, degree AE index LLPP, number
74 73 72 71 70 69 68 67 66 65 64 0 200 400 600 800 01234

““““
@ E1>30keV 10 20 30 40 1
Vb2i1-20 keV. Kp*10
@P1>30 keV
AP2>80 keV
#P3>250keV | 1 91

© o w o

o N

26 september 2009
UT, hours

®

N

N
Ly
9

© o w o
Bk

124
- b v &
1

55 | e — "

18]

27 september 2009
UT, hours

*
D

21 —»

241

Figure 3. Survey of activity and IB dispersion patterns on 26 and
27 September 2009. From left to right: IB locations at different en-
ergies during NOAA-19 crossings in postmidnight MLT; AE and
Kp activity; and number of LLPP precipitation events (equatorward
of proton IB locations) in 3h UT bins identified in the NOAA-19
data.

anomalous location, whereas locations of other channels are
ordered as usual (see, for example, the crossing at 19:30 UT
on 26 September, where 30 keV IB occurs at the most equa-
torward location).

Another, more frequent deviation from the standard pat-
tern occurs when two (rarely three) IBs group at the same
latitude in the nearby channels. This can be seen at the last
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pass on 26 September (all boundaries coincided) and first
pass on 27 September (b2i and 30keV; 80 and 250 keV
IBs are also grouped by pairs). With a 2s sampling rate
and 100 min orbital period of the NOAA-POES spacecraft,
the latitudinal resolution of particle detectors is about 0.12°;
therefore, as is shown below, we formally define two bound-
aries as separated in space if their IB latitudes are separated
by >0.2° (that is, by more than two time resolution steps),
whereas those recorded within two time steps are consid-
ered as being coincident in space. For a numerical estimate
of CSS-predicted energy dispersion, we computed the pre-
dicted isotropy boundaries at the midnight meridian using the
criterion K¢y = R./p = 8 for the T96 model (Sergeev et al.,
1983). It was found that the latitudinal difference between
30 and 80 keV proton IBs varies slightly for different solar
wind and interplanetary magnetic field (IMF) conditions, and
is about 0.6-0.7° CGLat. Visually, this value is larger com-
pared to the IB latitudinal difference observed in the majority
of cases shown in Fig. 3, so this aspect requires a quantitative
investigation.

To study the occurrence and distribution of dispersion pat-
terns quantitatively, we can basically rely upon the observa-
tions in the two proton channels >30keV (pl) and >80 keV
(p2), which provide sufficient count rates for both quiet and
disturbed conditions. We formally define the isotropy bound-
ary as the start of significant (more than a factor of 3) and
sharp (shorter than 10 s) dropout of the Jp/ Jog flux ratio from
its nearly isotropic state (Jo/Joo ~ 1 (10 %)) on the equa-
torward side from the isotropic precipitation zone. In Figs. 4
and 5, we illustrate a few types of possible dispersion pat-
terns. Besides precipitated and trapped flux variations, the
bottom panel in these figures shows the Jo/Jgo ratios, cor-
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rected for secular variation in channel energies (according to
Asikainen et al., 2012). Low-energy proton precipitated flux
is also shown for reference.

The first example (Fig. 4a) illustrates a simple standard
dispersion pattern of the type predicted by the CSS mecha-
nism (our StandD group). The low-energy b2i boundary (to-
tal energy flux drop in the equatorward direction in the up-
per panel) and isotropy boundaries at 30 and 80keV stay
at 70.5, 70.2 and 69.9° CGLat, respectively, in the South-
ern Hemisphere. For this group of events (StandD group)
we require |IBL30| — |IBL80|>0.2°. Next, Fig. 4b illustrates
the case with virtually no IB dispersion between the 30 and
80 keV channels; here both IBs stay at 69.3°, and in this case
the b2i boundary can be determined slightly poleward. Our
formal criterion imposed for this group (NoD group) was
[IBL(pl) — IBL(p2)|<0.2°).

The behavior illustrated in Fig. 4c is unusual: here in the
30keV channel, the IB stays at a lower latitude than in the
80 keV channel, which is inconsistent with the predictions
of the CSS mechanism. This is representative of a group of
anomalous dispersion (ANOM) events, for which we require
[IBL80| — |IBL30|>0.2°. In this case (but not necessarily al-
ways), the b2i boundary does not follow the anomaly and is
slightly shifted to a higher latitude. We note that there were
small variations in the Jy/Jgo flux ratio in the ~ 1 CGLat-
wide zone poleward of the 1B which did not exceed a factor
of 2. If these variations were stronger (exceeding a factor of
3), this event would be classified as part of the next group,
the group of structured IB.

Figure 5a shows an example of two temporal drops of
Jo/ Joo ratio (exceeding a factor of 2) in the 30 keV channel
before the final sharp drop (IB2) taken as a formal isotropy
boundary, which in this case shows no IB energy disper-
sion between the 30 and 80 keV channels. A second transient
variation is also seen simultaneously in the 80 keV channel,
with the Jo/Joo drop being larger in the 30 keV than in the
80 keV channel (green trace above the black trace in the bot-
tom panel; this is what we expect from the CSS mechanism).
These are quite typical features for this group of structural
events (STR group), which otherwise includes a variation in
the number of transient drops, in their latitudinal extension,
in the dispersion at the IB2 boundary, etc. An important pa-
rameter for this group could be the latitudinal difference be-
tween the first and last Jy/Jgo drops (IB1-I1B2, in this case
about 1.1°), which shows the spread of possible locations of
the IB. One more useful potential indicator of CSS-related
isotropy boundary may also be the precipitated flux peak lo-
cation (IB0).

Three other examples also include the pronounced
(anisotropic) LLPP precipitation extending equatorward
from the isotropy boundary. Formally, we identified the
LLPP if steady Jo/Jgo>0.1 in the 30 or 80 keV channel (or
both) exists in the region extending for more than 1.5° CGLat
equatorward of isotropic precipitation. In the case of Fig. 5b,
the IB determination does not suffer from LLPP presence,
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whereas in other cases (Fig. 5¢, d) its existence causes some
uncertainty. This is due to significant LLPP flux variations
which can be mixed with true IB (Fig. 5¢), or due to a grad-
ual decrease in Jy/ Jgo With decreasing latitude, which makes
the 1B determination questionable (Fig. 5d). Therefore, when
compiling statistics and studying the occurrence of various
IB patterns, we have to carefully take into account the pres-
ence of LLPP and its possible interference with isotropic pre-
cipitation.

Surprisingly, although September 2009 was one of the
most quiet months of the deepest solar cycle minimum, there
are still a lot of wave-scattered LLPPs — they were observed
in one-third of all passes. Figure 6 shows the daily occur-
rence of NOAA-19 nightside auroral crossings showing the
LLPP signatures. Some days have a lot of LLPP samples,
suggesting widespread enhanced wave activity in the mag-
netosphere, while some do not show LLPP at all. Similar to
Gvozdevsky et al. (1997), we notice grouping of the LLPP
days, with LLPPs starting together with enhanced AE and
KP, and continuing (subsiding) for 1-2 days after the activity
diminished, as can also be noticed in Fig. 3. Different from
Gvozdevsky et al. (1997), the activity magnitude required to
produce the LLPP is rather modest, being only about 300-
400nT in the AE index and Kp ~2-3 in our case.

2.3 Statistics of different isotropy boundary dispersion
patterns

To statistically characterize the occurrence and the activ-
ity and MLT dependencies of different IB patterns, we an-
alyzed all passes of NOAA-19 in September 2009 (orbit-
ing in postmidnight—postnoon orbital plane) and MetOp-2
(a POES-type spacecraft carrying the same instruments but
flying in the premidnight—prenoon plane) observations dur-
ing first two weeks of September 2009, altogether providing
558 isotropy boundary crossings on the nightside. The oc-
currence numbers of different IB patterns are summarized
in Table 1 and illustrated in Figs. 7 and 8. The relative oc-
currence of different dispersion types, displayed in Fig. 7a,
shows a rather weak MLT variation, except for a slight ten-
dency towards appearance of anomalous dispersion events
in the postmidnight sector. The number of anomalous events
is, however, very small (5%). The CSS-like (normal) dis-
persion is seen in one-third of all events. The most frequent
“no-dispersion” events group (63 %) also does not display
significant MLT variation (Fig. 7b). Similarly, Fig. 7c shows
no significant MLT-dependent changes for appearance of the
structured IBs, and the same is the case for appearance of
widespread LLPP precipitation on the low-latitude side of
the proton isotropy boundary. The structured IBs are very
frequent (they are seen in 60 % of all cases) and the LLPPs
are observed in 41 % of all events. In addition, Table 1 illus-
trates that the occurrence of different types and amounts of
latitudinal dispersion does not depend on the presence of the
LLPPs.
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Table 1. Occurrence of latitudinal shifts of the 30 keV and 80 keV
proton I1Bs (and average IB latitudinal dispersion)

Type Standard No dispersion  Anomalous
(occurrence) dispersion dispersion
All data (558) 0.41°(177)  0.05°(351) —0.43°(30)
Without LLPP (328)  0.38° 0.06° 0.38°

With LLPP (230) 0.43° 0.04° 0.30°

We also studied the activity (AE index) dependence of dif-
ferent characteristics. Figure 8a shows that the relative occur-
rence of IB dispersion types is similar for three different lev-
els in the AE index, and Fig. 8b shows the same for relative
occurrence of LLPPs. The absence of visible AE dependence
(using 1 h average values) is not quite clear for us; however
we have to caution that there were no storms and very few
strong activity events in September 2009.

The latitudinal differences between the isotropy bound-
aries in the 30 and 80 keV energy channels in CSS-like dis-
persion events are displayed in Fig. 9 (bottom). The values
above 0.5° (comparable to the model predictions using the
T96 model) are rather rare; most of points cluster at lower
values, so the average latitudinal shift is about 0.4° CGLat.
Another important number corresponds to the latitudinal dif-
ference between possible poleward-most (IBO or IB1) and
equatorward-most (IB2) positions of true isotropy bound-
aries in the numerous class of structured (multiple) IBs. (The
notations IBO, IB1 and IB2 are illustrated in Fig. 4 and the
corresponding caption.) As follows from Fig. 9 (top), in ex-
treme cases this characteristic of the IB uncertainty can be as
large as 2° CGLat, although its median value varies between
0.5° and 1°, being slightly larger for the 80 keV channel and
showing a tendency to increase from premidnight to postmid-
night MLT hours.
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for the groups showing structured I1Bs and LLPP (b).

3 Discussion

As discussed in the Introduction, the current sheet scattering
(CSS) mechanism is commonly accepted as the main mecha-
nism which scatters protons in the plasma sheet (to form their
isotropic distributions) and provide the extended regions of
their isotropic precipitation in the auroral oval. Inside the tail
current sheet where R./p falls well below K¢ = 8, the par-
ticle pitch-angle change during each of the crossings of the
current sheet is so strong (some tens of degrees) that this ro-
bust scattering mechanism quickly destroys the proton angu-
lar anisotropy. However, in the magnetic flux tubes near the
isotropy boundary, where R./p ~ 8, the pitch-angle change
is about the size of the loss cone, as small as just 1-2°. In
this case some pitch-angle anisotropy may survive. In con-
trast with the more distant plasma sheet domain, here and in
the inner region the plasma instabilities can grow, which re-
quire some proton anisotropy to be excited, like in the case of
EMIC waves. Therefore, two competing mechanisms, CSS
and wave-induced scattering, can in principle be both at play
in the vicinity of the proton isotropy boundary.
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The distinctive feature of the CSS mechanism is a spe-
cific energy—latitude dispersion pattern near the equatorward
boundary of proton IB, with a sharp isotropic precipitation
boundary occurring at higher (lower) latitude for protons
having lower (higher) energy. Such dispersions have been
previously demonstrated in the magnetosphere (West et al.,
1978), at low altitudes (Imhof, et al. 1977, 1979; Sergeev et
al., 2012; Yue et al., 2013) and at middle altitudes (a few Re)
(e.g., Ganushkina et al., 2005). This forms the basic frame of
energy-latitude dispersion, which does not change between
quiet and disturbed conditions (see, e.g., Fig. 3). However,
the real picture is not always that simple, as has been re-
cently shown by Liang et al. (2014) and in the present paper.
As follows from the study presented in Sect. 2.1, the disper-
sion patterns have details which may vary from one auro-
ral zone crossing to another, although they are truly spatial
(but slowly changing) structures as follows from our study of
two-satellite observations made in “string-of-pearls” flying
configuration (Sect. 2.1).

However, the results for auroral protons (<20KkeV; Liang
et al., 2014) and for energetic protons (>30keV, present
study) are different. At low proton energies (1-20 keV), the
cases with clear reverse energy dispersion pattern are fre-
quent (77 reverse dispersion events against 108 standard dis-
persion events); they often occupy the entire 1-20keV en-
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ergy range and tend to be seen preferentially in the post-
midnight MLT sector (Fig. 2 of Liang et al., 2014). How-
ever, for energetic protons, the reverse dispersion pattern
never occupies the entire energy range; the reverse (anoma-
lous) dispersion between 30 and >80keV energies are rare
(5%) and they show only a slight tendency for the MLT
variation (Fig. 7). These differences between low-energy and
high-energy proton dispersions are not surprising, taking into
account the fact that wave—particle interactions are energy-
selective process and that only low-energy protons are sub-
ject to the field-aligned acceleration, which can also con-
tribute to the apparent deviations in the energy—latitude dis-
persion pattern. Also, the EMIC waves that may efficiently
pitch-angle-scatter the >30 keV protons are more likely He™
band rather than H* band, so the differences may actually re-
flect the statistical characteristics of He-band EMIC waves.
Summarizing our findings from studying the latitudinal
shifts between the 30 and 80 keV proton IBs, we focus on
two basic deviations from the CSS prediction. The first is
that the structured IB patterns (multiple 1Bs) are common,
and the second is that the latitude—energy dispersion scale
is usually much smaller compared to the expectations from
model computations. Even for the standard dispersion event
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group, the average shift (0.4°) is half as large compared to the
T96 predictions mentioned in the Sect. 2; this value is actu-
ally not far from the low limit (0.2°) allowed for this group.
Also, the standard dispersion events are two times less fre-
quent as compared to the events showing no latitude—energy
dispersion (Sect. 2.2). Previously, similar conclusions of very
steep rigidity-dependent IB latitudinal profile have been ob-
tained in a study of several growth phase events by Sergeev et
al. (2012), which covered the entire available rigidity range
between 30 keV electrons and 250 keV protons.

In terms of the pure CSS model, the steep IB profile may
be explained by very large but localized dB,/dr magnetic
field gradients (see, e.g., Fig. 10). For example, let us sug-
gest that IBs of 30 and 80keV protons fall within the lat-
itudinal distance of 0.2° and that dB, /dz is not changing
much on this small radial scale in the equatorial plane. From
the criterion R./p ~ Bz2/(dB,/dz-G) = 8, one then obtains
the scaling Bg,/B.,, = (80/30)%/4 = 1.28 (B.4, and B.,, are
B, values at the equatorial IB mapping locations for cor-
responding energies 80 and 30 keV). Numerically, with ra-
dial scale 0.2 R, corresponding to the latitudinal shift 0.2°
in T96 models, this implies a B, change of 9nT for the
mean field of B;,, =30nT. For reference, the gyroradius of
36 keV protons in the 30 n'T magnetic field is 0.14 Re. Such a
locally enhanced gradient comparable to a few proton gy-
roradius scales is not impossible. For example, in the re-
gion of interest (6-8 R¢), a similar radially localized “mag-
netic wall” can be formed by the enhanced convection dur-
ing the substorm growth phase, as has been shown numeri-
cally by particle tracing in the self-consistent magnetic field
of Rice Convection Model (RCM) simulation (see Figs. 4
and 5 of Yang et al., 2013). Narrow structures of plasma
pressure and currents can also form during the flow burst
interaction with the plasma sheet (Yang et al., 2014). Previ-
ously, thin plasma boundaries (of 30 keV proton gyroradius
scale) have been inferred based on Cluster observations and
interpreted as a result of flow burst interaction with the in-
ner magnetosphere (Sergeev et al., 2003). In addition, one
may also speculate that the scattering threshold condition
R./p~ B?/(dB,/dz - G) = 8 should also be modified in the
presence of sharp (energetic proton gyroscale) radial B-field
structures, and this may be an interesting topic for a future
study.

However, it is hard to form the magnetic wall on a much
larger radial scale and for extended time periods, as occurs
frequently in our case. The multiplicity of “nearby IB struc-
tures” can in principle be produced by the fluctuating B, ra-
dial profile (e.g., formed by the multiple flow bursts). How-
ever, it is unlikely that multiple IB structures of that kind,
which span 1-2° CGLat, may continue and exist for half of
all observation time, especially during quiet periods. The ap-
pearance of “magnetic-wall-type” gradients should be tested
observationally in future, for example by using inbound or
outbound equatorial traversals of multiple THEMIS space-
craft across the inner magnetosphere.
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Figure 10. Undisturbed equatorial B profile (blue dashed line) and
hypothetical “magnetic-wall-type” profile (red line) which can pro-
vide “no-dispersion” isotropy boundary signature.

Another possibility to explain unusually sharp (and multi-
ple) variations in the Jy/Jgo ratio is to suggest that the reso-
nant wave—particle interaction acts in the plasma tubes near
the proton isotropy boundaries, e.g., when the EMIC waves
are excited there, as shown by Liang et al. (2014). The per-
pendicular pressure anisotropy, which is required to excite
the EMIC waves (e.g., Cornwall et al., 1970), can be natu-
rally produced by the inward convection acting in the strong
B-gradient region (e.g., Smets et al., 1999) where the pro-
ton IB is located. As already mentioned above, the pitch-
angle scattering amplitudes near the IB are small (about 1-2°
during one current sheet traversal), so they may not destroy
the buildup of pressure anisotropy due to the (large-scale
or localized) inward convection. In the presence of proton
anisotropy, the sharp (and multiple) variations in the Jo/Jgo
ratio can be mediated by the spatial variations in some other
parameter, by either the plasma density or magnetic field.
However, all these aspects should be combined and tested
in a quantitative model.

Common appearance of apparent multiple 1Bs puts con-
straints on using the proton IBs to monitor the magnetotail
configuration and its changes. First, the latitudinal width of
1° CGLat of the region of multiple IBs (2° in the extreme
cases) characterizes an uncertainty in the current IB deter-
minations. If the wave-induced processes are responsible for
this phenomenon, the usage of the poleward-most boundary
of registered multiple 1Bs can be recommended. Second, in
this case the usage of equatorward-most IB (IB2 in the case
of Fig. 5a) together with the criterion R./p ~ 8 would result
in a systematic error of 1-2° compared to the actual results.
Particularly, this can partly account for a 1-2° disagreement
between predicted and observed isotropy boundaries in the
testing of adapted models by Shevchenko et al. (2010). Fur-
ther investigations of the proton-scattering mechanism, act-
ing in the vicinity of proton isotropy boundaries, are highly
desirable. These should include the observational THEMIS-
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or CLUSTER-based studies of waves and magnetic field
structures in the equatorial magnetosphere region which is
conjugate to the IBs, as well as the trajectory simulations of
magnetic moment conservation and angular particle scatter-
ing in the presence of possible large radial B, gradients.

4 Conclusions

Whereas, on a global scale, the rigidity-dependent pattern of
isotropy boundaries of protons and electrons is organized ac-
cording to the current sheet scattering (CSS) mechanism, our
study has shown that the dispersion pattern of 30-100 keV
energy proton IBs represents a variable spatial structure,
which often shows unexpectedly low latitude—energy disper-
sion (between 30 and 80 keV energies of protons) and mul-
tiple IB-like transitions of (precipitated to trapped) flux ra-
tio, in addition to less frequent CSS-type standard dispersion.
The region of structured flux ratio has the scale size of about
1°, which limits the accuracy of proton IB determination to
be used for magnetotail monitoring and applications. This
combination of facts (most probably) points out that another
mechanism, the wave-induced particle scattering (probably
by EMIC waves), acts effectively in the plasma tubes extend-
ing ~ 1 R earthward from the nominal boundary between
the adiabatic and non-adiabatic particle motion boundary.
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