
Journal of Geophysical Research: Space Physics

Formation of 30 KeV Proton Isotropic Boundaries During
Geomagnetic Storms

S. Dubyagin1 , N. Yu. Ganushkina1,2 , and V. Sergeev3

1Finnish Meteorological Institute, Helsinki, Finland, 2Climate and Space Sciences and Engineering Department, University
of Michigan, Ann Arbor, MI, USA, 3Department of Earth’s Physics, St. Petersburg State University, St. Petersburg, Russia

Abstract We study the origin of the 30 keV proton isotropic boundary (IB) in the nightside auroral zone
during geomagnetic storms, particularly, to address the recent results that the adiabaticity parameter K
(ratio of the magnetic field line curvature radius to the particle gyroradius at the equator) on the IB field line
can be much larger comparing to its theoretical estimate K ∼ 8 for the field line curvature (FLC) scattering
mechanism. During nine storms in 2011–2013, we investigate ∼2,000 IBs observed by low-altitude Polar
Operational Environmental Satellites (POES) satellites and apply the TS05 magnetospheric model to
estimate the K value in the equatorial part of the IB field line. The statistical distribution of the estimated
K parameter, while being rather broad, is centered on K = 9–13. For smaller subset of ∼250 IBs, the
concurrent magnetic field measurements on board Time History of Events and Macroscale Interaction
During Substorms probes in the equatorial magnetotail were used to correct the estimated K-values
accounting for the TS05 deviations from the real magnetic configuration. After correction, the K distribution
becomes narrower, being still centered on K = 9–12. Different estimates give percentages of events with
K < 13, which can be attributed to IBs formed by FLC scattering, between 60% and 80%. Finally, we have
not found any dependence of the K distribution on magnetic local time and IB latitude, except for events
with IB located at extremely low latitudes (<59∘). These findings imply that the FLC scattering is a dominant
mechanism of IB formation operating in a variety of magnetospheric conditions.

1. Introduction

The low-altitude observations of energetic particle fluxes always show the extended region of isotropic ion
precipitation (e.g., Imhof et al., 1977; Søraas et al., 1977) which forms the proton auroral oval (Donovan, Jackel,
Voronkov, et al., 2003). The low-latitude edge of this region is called the isotropic boundary (IB). This isotropic
precipitation reveals a strong pitch angle diffusion, associated with violation of the first adiabatic invariant,
which is capable to fill the loss cone during one traversal across the current sheet (Ganushkina et al., 2005;
Sergeev et al., 1983, 1993). The IB delineates a boundary where the pitch angle scattering suddenly becomes
less effective when moving inward, to lower latitude in the ionosphere, where the fluxes in the loss cone
center become much lower than the fluxes of the locally trapped particles. The most frequently debated
mechanisms of strong pitch angle scattering responsible for isotropic proton precipitation on the nightside
include the field-line-curvature-related (FLC) scattering (e.g., Sergeev et al., 1983, 1993) and the scattering
by electromagnetic ion cyclotron (EMIC) waves (e.g., Erlandson & Ukhorskiy, 2001; Kennel & Petschek, 1966;
Liang et al., 2014).

A distinguishing feature of the FLC Petersburg a very robust and much better understood in comparison to
wave-particle interaction process. The amplitude of pitch angle scattering depends on the ratio RC∕𝜌 where
RC is the magnetic field line curvature radius and 𝜌 is the particle gyroradius in the current sheet center. It
is beyond question that for RC∕𝜌 ≪ 10, the adiabatic regime is severely violated and particle trajectories
become chaotic in one particle current sheet crossing (Büchner & Zelenyi, 1989). This condition is fulfilled in
the vast space of the tail plasma sheet outside r ∼ 12–15RE , naturally providing isotropic proton distributions
in the plasma sheet (Wang et al., 2013) as well as extended isotropic precipitation in the proton auroral oval
(Donovan, Jackel, Voronkov, et al., 2003). However, which particular mechanism is responsible for the proton
precipitation in vicinity of the proton isotropy boundary is still under the discussion.

Analyses of charged particle trajectories in the simplified magnetic field models of the magnetotail current
sheet (e.g., Delcourt et al., 1996; Sergeev et al., 1983) have shown that the condition for the complete loss
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cone filling by FLC scattering is K = RC∕𝜌 ≤ 8. This equation can be rewritten as

RC

𝜌
≈

eB2
Z

mVdBr∕dZ
=

eB2
Z√

2mEdBr∕dZ
≤ 8 (1)

Here BZ , Br are the magnetic field Z and radial components, m, V, E are the particle mass, velocity, and energy,
respectively. According to the relation (1), if the FLC scattering mechanism is responsible for the isotropy
boundary formation, the IB location should strongly depend on the BZ value in the conjugate current sheet.
This prediction has a strong observational support (e.g., Donovan, Jackel, Klumpar, et al., 2003; Sergeev et al.,
1993); it can be used for remote sensing of the magnetotail magnetic configuration. Another prediction of
the FLC scattering mechanism is that for a typical magnetotail configuration with equatorial BZ increasing
monotonically toward the Earth, the IBs for low-energy particles has to be observed poleward from the IBs
for high energy particles. Such energy dispersion, indeed, is predominantly seen in the nightside observa-
tions (Imhof et al., 1979; Sergeev, Chernyaeva, Apatenkov, et al., 2015). The inverse order of energy dispersion
(called as “anomalous” dispersion), which is usually attributed to the wave-particle interaction process, can
also be sometimes observed (Donovan, Jackel, Klumpar, et al., 2003; Liang et al., 2014; Sergeev, Chernyaeva,
Apatenkov, et al., 2015). Unlike the FLC scattering mechanism, the particle interaction with EMIC waves
theoretically can produce both types of the IB dispersion (Liang et al., 2014).

Different from FLC mechanism, the EMIC waves excitation and efficiency of the pitch angle scattering by EMIC
waves depend on many factors (Kennel & Petschek, 1966; Usanova et al., 2016). Horne and Thorne (1993)
showed theoretically that the plasmapause is a preferred location of EMIC waves excitations. Although this
result was not fully supported observationally (Fraser & Nguyen, 2001), some authors did found on many occa-
sions that the ions were scattered into loss cone by EMIC waves near the plasmapause (e.g., Xiong et al., 2016;
Yahnin & Yahnina, 2007; Yuan et al., 2012). More generally, the theory predicts that EMIC wave excitation is
favored by the presence of the cold ion population in addition to the anisotropic hot one (Gary et al., 1995)
and that ion composition also plays a role (Kozyra et al., 1984). Meanwhile, the ambient magnetic field mag-
nitude is also an important factor because it defines a particle resonance energy (Kennel & Petschek, 1966;
Liang et al., 2014). Taken together, being dependent on combination of many different factors to provide the
strong diffusion rate and isotropic precipitation, the wave-particle interaction is evaluated as much less prob-
able (anyway, less frequent) player in isotropy boundary formation. This is supported by the fact that IBs are
always observed at all magnetic local times (MLTs) and under any conditions, while the EMIC wave occurrence
strongly depends on MLT and geomagnetic activity (Halford et al., 2010; Keika et al., 2013; Usanova et al., 2012).

For a long time since Sergeev et al. (1993), it was generally accepted that FLC scattering is the main mech-
anism of IB formation during low and moderate geomagnetic activity. This was questioned by the results
of a few recent studies. In one approach, the statistics of standard and anomalous energy dispersion types
was investigated. At low energies (1–20 keV), Liang et al. (2014) found numerous cases of the inverse proton
energy dispersion and showed a couple of cases in which EMIC waves were directly observed in the equatorial
magnetosphere in the sector where the inverse IB dispersion was identified. At higher proton energies (30 to
80 keV, which are preferable for remote sensing purposes), the situation seems to be different. According to
large statistics presented in Sergeev, Chernyaeva, Apatenkov, et al. (2015), the inverse dispersion is rare (∼ 5%);
however, near the isotropy boundary, the precipitation was found to display a complicated structure in almost
half of events, including coincident IBs in 30 and 80 keV proton energy channels, frequent multiple dropouts of
precipitated-to-trapped flux ratio near the IB location, and observations of newly emerging isotropic precipi-
tation equatorward of the previous IB, which are hard to explain with a simple FLC-based model. Uncertainty in
the IB identification in such events may influence their interpretation; therefore, a further study of this aspect
is desired.

Another approach to this problem is to verify experimentally the scattering condition (equation (1)), namely,
evaluate magnetospheric conditions in the equatorial part of the magnetic field line on which the proton
IB is observed, estimate the local K-value in that place, and compare this value to its theoretical prediction
(K = 8). Generally, one has to use some magnetic field model to compute the K value and to preform
mapping of the field line where the IB is observed. Various magnetospheric models have been used for
this purpose, including the empirical models (e.g., Ganushkina et al., 2005), the adaptive empirical models
(e.g., Kubyshkina et al., 1999; Pulkkinen et al., 1992; Sergeev, Chernyaeva, Angelopoulos, et al., 2015), and
the magnetohydrodynamics (MHD) global magnetospheric simulations (Gilson et al., 2012; Ilie et al., 2015).
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Accuracy of the model in representing the actual configuration is of the largest importance in such compar-
isons; the validation of the model’s accuracy is also the least elaborated part of that kind of research. In two
most recent attempts, it was found that the estimated K value distribution for 30 keV protons is shifted to
much larger values compared to the theoretical K = 8. Median K values were 20 and 33, correspondingly, for
32 and 40 IB crossings considered in Sergeev, Chernyaeva, Angelopoulos, et al. (2015) and Ilie et al. (2015). This
may imply that isotropy boundaries could be formed significantly inward from the K = 8 magnetic shell, sug-
gesting a possible need of complementary proton scattering mechanisms in those regions acting, at least, in
a significant percentage of cases. There were big differences in the models used (adaptive model and global
MHD model, in Sergeev, Chernyaeva, Angelopoulos, et al. (2015) and Ilie et al. (2015), accordingly), as well as
in the model validation (error estimation) tools applied in these papers, which makes a direct comparison of
their results difficult. Anyway, the results of both studies cannot be generalized because the IB crossing data
sets included a relatively small number of events and most of them occurred during quiet conditions.

An important aspect of the problem is the possible differences in the IB formation between quiet and storm
times. Few studies specially addressed the peculiarities of the IB formation during storm periods though
some authors used the storm time IBs in their studies assuming one or another mechanism of their forma-
tion (Asikainen et al., 2010; Søraas et al., 2002). Dubyagin et al. (2013) analyzed the nightside IBs observed
during one storm event and found that the anomalous IB dispersion is mostly observed in the dusk sec-
tor (MLT 18–21) during the main phase of the storm. The statistical studies confirmed that the EMIC wave
occurrence also peaks in the dusk sector during the main phase (Halford et al., 2010; Usanova et al., 2012).
However, these authors found that the EMIC waves occurrence rate is quite low, especially for the inner mag-
netosphere (being less than 10% for 1 h MLT by 1RE bin). Concerning the proton precipitation, Gvozdevsky
et al. (1997) found that during and after strong magnetospheric disturbances, a weak pitch angle scattering
(anisotropic precipitation) is seen equatorward from the IB. It might be speculated that for some events and/or
in some regions, the wave-particle interaction can become so strong that the flux inside the loss cone would
approach its value outside it, so that isotropic precipitation formed by the FLC scattering in the poleward part
would merge with the isotropic precipitation caused by the wave-particle interaction process in the equatorial
part. In such a case, the observed IB would be formed by such (yet unspecified) wave scattering mechanism.
Also, Yahnin and Yahnina (2007) found that the source region of intense EMIC waves is often the localized
region where the injected hot ions encounter the plasmasphere. However, although the ion injections are
stronger and penetrate deeper during the storm periods, the plasmasphere also shrinks inward. Taking all
these into consideration, it is not immediately obvious that the wave-related mechanism of the IB formation
dominates during the geomagnetic storm periods. These aspects also need further study.

Our study is aimed to advance the understanding of the pitch angle scattering mechanism leading to the IB
formation, with proper inclusion of the storm time periods. By analyzing the loss cone filling rate behavior
near the IB, we take into account the uncertainty in possible identification of the isotropy boundaries and
its dependence on the storm activity. Like in Sergeev, Chernyaeva, Angelopoulos, et al. (2015) and Ilie et al.
(2015), we use the magnetospheric model to evaluate the K values in the magnetosphere and pay attention
to the proper model validation; however, we do it on the larger statistics (thousands against a few tens of
events) to evaluate statistically the most probable value of K parameter in our database.

Here we use the data of seven NOAA/POES low-orbital satellites to detect the isotropic boundaries near the
midnight meridian during nine storm events. The brief description of data and instrumentation is presented
in section 2. The data selection procedures are described in section 3.1. In section 3.2 we investigate statisti-
cal properties of the IB data set and present concise analysis of outliers. In section 3.3, we use the empirical
models to estimate K parameter on the IB field line. To control the model accuracy, we use the concurrent
measurements of the magnetic field in the equatorial magnetosphere on board Time History of Events and
Macroscale Interaction During Substorms (THEMIS) spacecraft located at R ≤ 10RE . The detailed analysis of a
few representative events is presented in section 3.4. The results are discussed and the conclusions are drawn
in sections 4 and 5, respectively.

2. Data and Instrumentation

The low-altitude measurements are obtained from Space Environment Monitor-2 (SEM-2) (Evans & Greer,
2000) on board NOAA/POES satellites. SEM-2 consists of two detectors: (1) Total Energy Detector (TED) which
measures energy flux of thermal protons and electrons in the energy range 50 eV–20 keV and (2) Medium
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Table 1
List of Storm Events Selected for the Analysis

Date/Time min( SYM-H )
2011-05-27/16:00:00, 2011-05-31/00:00:00 −94

2011-08-05/18:00:00, 2011-08-08/00:00:00 −126

2012-04-23/03:00:00, 2012-04-26/00:00:00 −125

2012-06-16/20:00:00, 2012-06-20/00:00:00 −69

2012-07-14/18:00:00, 2012-07-18/00:00:00 −123

2012-09-30/11:00:00, 2012-10-03/00:00:00 −138

2012-10-08/00:00:00, 2012-10-11/00:00:00 −116

2013-05-31/16:00:00, 2013-06-03/00:00:00 −137

2013-06-27/14:00:00, 2013-07-01/00:00:00 −111

Note. Dates are formatted as yyyy-mm-dd.

Energy Proton and Electron Detector (MEPED) which measures flux of the energetic protons and electrons
from two orthogonal directions in a few energy channels. We use only two proton energy channels designated
as P1 and P2, with nominal low-energy thresholds 30 and 80 keV, respectively. One MEPED proton telescope
is oriented nearly along the local zenith, and it is referred to as 0∘ telescope because it measures precipitating
particles with ∼0∘ pitch angles when a satellite is at the auroral latitudes. Another telescope points in a per-
pendicular direction, nearly in opposite direction to satellite velocity; it is referred to as 90∘ telescope, and it
mostly detects the flux of locally trapped particles. This configuration allows the determination of the bound-
ary between isotropic and anisotropic precipitations which is the focus of this study. The TED and MEPED
detectors have a time resolution of 2 s, but the accumulation cycles of the 0∘ and 90∘ MEPED telescopes are
offset by 1 s. For purely meridional orbits, the 2-s period corresponds to satellite displacement of∼0.12∘ in lati-
tude. We use the data from seven NOAA/POES satellites: NOAA-15 to NOAA-19 and METOP-01 and METOP-02.
The data of METOP-01 satellite were available since October 2012, and NOAA-17 was not operating after
April 2013. The satellites are positioned using the altitude-adjusted corrected geomagnetic (AACGM) coordi-
nates (latitude and MLT) (Baker & Wing, 1989), computed using numerical field line tracing. The coordinates
were adjusted to the geocentric distance r = 1RE .

Magnetospheric observations come from the flux gate magnetometers (Auster et al., 2008) on board three
innermost probes of THEMIS mission (Angelopoulos, 2008). The spin resolution (∼3 s) data were averaged
over 1 min.

3. Data Analysis
3.1. Isotropic Boundary Selection
Since our study relies on the concurrent observations at low altitudes and in the equatorial magnetosphere,
we selected nine storms during 2011–2013 when THEMIS apogees were on the nightside. These storms
are listed in Table 1. They are moderate storms with peak SYM-H values around −100 nT. The 3–4-day long
intervals include a sudden commencement (if it took place), the main phase, and one or two days of the
recovery phase.

The isotropic boundaries were selected using a visual inspection of the data of the lowest energy channel (P1)
of the MEPED proton detector. A nominal low-energy threshold of this channel is 30 keV, but the real energy
can be somewhat higher due to the detector degradation (but always lower than the energy of P2 channel, see
more details in Appendix A). In this study, we do not determine isotropic boundaries for P2 channel, and hence
we do not analyze the IB energy-latitude dispersion. For P1 channel, we select only IBs within 21–03 h MLT.
This limitation was imposed to concentrate on the region where the empirical models are expected to be the
most accurate (e.g., magnetotail twist effect in presence of strong BY interplanetary magnetic field is minimal).

Since the storm time precipitations may have complicated structure, special caution should be taken when
selecting IBs. Figure 1 shows four representative examples of the low-altitude proton flux observations during
four different auroral region transits by METOP-02 and NOAA-19 satellites.

Figure 1a shows a typical latitudinal profile of the energetic proton fluxes. The isotropic precipitation from the
plasma sheet is localized at latitude∼62–72∘. The low-latitude part (latitude∼50–60∘) is occupied by strongly
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Figure 1. Examples of proton flux latitudinal profiles. The black and red lines show precipitating and locally trapped
fluxes, respectively. The green and blue dashed vertical lines mark the polar cap boundary and isotropic boundary,
respectively. In the bottom panel, two dashed blue lines mark the low-latitude and high-latitude limits of the IB
determination uncertainty interval. MEPED = Medium Energy Proton and Electron Detector; AACGM = altitude-adjusted
corrected geomagnetic.

anisotropic fluxes: the fluxes of the locally trapped particles (red line) are >2 order of magnitude higher than
the fluxes in the loss cone (black line). There is a plateau-like region of the moderate anisotropy between
these two regions (latitude ∼60–62∘) which is supposedly caused by a wave-particle interaction process.
The morphology and occurrence of such precipitation pattern were discussed by Gvozdevsky et al. (1997).
The isotropic boundary can be unambiguously defined for this auroral region crossings at 62.06∘ (blue vertical
line). The transition (marked by green vertical line) between substantial fluxes from the plasma sheet region
and nearly zero fluxes from the polar cap region can be clearly discerned at 72.3∘.

Figure 1b demonstrates a more complicated precipitation pattern. There is a localized region of the
isotropic precipitations at ∼53.5∘ detached from the extended plasma sheet isotropic precipitations (latitude
∼57–66∘). Such localized low-latitude isotropic precipitations are attributed to the wave-particle interaction
process (Søraas et al., 2013; Yahnin & Yahnina, 2007). IB was defined as an equatorial boundary of the plasma
sheet isotropic precipitation at 56.9∘. Note relatively high anisotropic fluxes in the polar cap for this event.
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These fluxes are likely resulted from the 90∘ telescope contamination by the energetic neutral atoms from the
ring current region (Søraas & Sorbo, 2013), and the increased flux in the loss cone was likely resulted from the
solar proton event.

The pattern of the latitudinal profile in Figure 1c is somewhat similar to the previous event. There is a localized
isotropic precipitation at ∼61.5∘ detached from the bulk of the isotropic precipitations (latitude ∼63.5–72∘).
However, for this event, the fluxes between these two regions are only slightly anisotropic (mostly <1 order
of magnitude difference) and structured. An even more complicated pattern can be seen in Figure 1d.
The wide region equatorward from the isotropic plasma sheet precipitations is occupied by alternating
isotropic/anisotropic fluxes (latitude ∼62–67.5∘). Such precipitation patterns are difficult to explain by either
FLC scattering or wave-particle interaction alone. In the former case, the radial profile of K parameter should
have quasi-periodic variations over an extended region. In the latter case, the intense waves in specific fre-
quency range must be persistent over a wide range of radial distances which seems to be unrealistic given
complexity and energy-selectivity of the criteria for wave-related pitch angle scattering. On the other hand,
we cannot rule out the possibility that low- or middle-altitude processes can disturb isotropy of precipitating
fluxes (though currently such mechanisms have not been supported observationally). In these cases, the IB
formed by FLC scattering is projected to the low-latitude side of the region of alternating isotropy.

Given the uncertainty of the IB definition for such events, we opted to identify the upper and low bounds
in latitudes which indicate the “uncertainty interval” of IB selection. These locations are referred to as LL
(low-latitude) and HL (high-latitude) IBs. They are shown in Figure 1d as a blue dashed lines. The HL IB was
defined as follows: moving from the polar cap boundary to equator, we define HL IB as the last point of
isotropic precipitation before the first occurrence of anisotropic precipitation. Note, however, that we ignore
the localized regions of anisotropy in the close vicinity of the polar cap boundary as it can be seen in Figure 1b
(latitude ∼65.5–68.3∘) and Figure 1c (latitude ∼69.5–70.5∘). We also ignored single point deviations from
isotropy as it can be seen in Figure 1d (lat.∼66.5 or ∼67.5∘). It should be mentioned that although, in general,
polar cap is identified rather unambiguously as a region at high-latitudes with zero or small and constant flux
level in all energy channels, it could not be observed for some orbits, for example, for those skimming along
the oval. In these cases, we started our algorithm from the point of highest latitude.

Unfortunately, it is hard to formulate strict formal criteria for LL IB. We tried the following criteria. First, it is
located at a lower latitude than HL IB. Next, the fluxes between HL and LL IBs should satisfy the following
criteria:

1. The deviations from isotropy should be within a factor of 10.
2. There should be an alternation between isotropy and anisotropy (20% deviations from isotropy are consid-

ered as isotropic).
3. The LL IB is defined as the last point with less than factor 4 deviation from isotropy.

Even in an ideal case, IB cannot be defined with accuracy better than 0.12∘ along the orbit (∼2-s detector reso-
lution). In addition, there is an uncertainty of calibration for degraded detectors. These factors were taken into
account during selection HL and LL IBs for all crossings of the auroral region. Since the latitudinal difference
less than 0.2∘ cannot be visually resolved in Figure 1, the IBs are shown as single lines in three top panels where
an uncertainty of IB identification was very small. In total, 2,277 pairs of HL and LL IBs have been selected.
This data set also includes the time intervals before the storms. We deliberately extended the intervals in com-
parison to those in Table 1 rounding the time of the storm beginning to the beginning of a day. These prestorm
events were included to investigate the IB evolution during a transition from prestorm to storm conditions.
The number of events which are strictly inside the intervals specified in Table 1 is 1,900.

3.2. Statistical Properties of Isotropic Boundary Data Set
Having almost 2,000 storm time IBs selected, we start our analysis by exploring statistical properties of this
data set. First, we investigated the response of the IB locations to a variation of the geomagnetic activity.
Many authors noticed a good correlation between the proton IB latitude and Dst index (Asikainen et al., 2010;
Ganushkina et al., 2005; Hauge & Søraas, 1975; Lvova et al., 2005; Søraas et al., 2002). Instead of Dst, we use here
a pressure-corrected SYM-H index as it was proposed by Burton et al. (1975) : SYM-H∗ = SYM-H−15.8

√
Pdyn +

20 nT. This correction is needed because Dst and SYM-H indices include, apart from contributions from the
ring and tail currents, also a contribution from the magnetopause current, which is controlled by dynamic
pressure. The magnetopause currents affect the magnetic field in the dayside magnetosphere and on the
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Figure 2. Absolute value of proton isotropic boundary (IB) altitude-adjusted corrected geomagnetic latitude versus
SYM-H∗ for low-latitude IB data set. Triangles and cross symbols correspond to main and recovery phases, respectively.
Color shows IB magnetic local time (MLT).

ground (Dst and SYM-H), but its influence is much less prominent at the location of the IB formation. Thus, we
subtract the magnetopause current contribution using the Burton et al. (1975) equation.

Figure 2 shows the dependence of the IB AACGM latitude on SYM-H∗ for LL IB data set. For this figure, we only
use data from those satellites for which the energy of P1 MEPED channel less than 50 keV (that is, with the
detector revealing only moderate degradation, see Appendix A). The absolute value of latitude is shown to
incorporate the observations from both hemispheres in one figure.

Color corresponds to MLT of IB observation (dark blue is used for the premidnight sector and green-red for
the postmidnight sector). We also computed the time derivative of the smoothed SYM-H∗ index to analyze
the relation with storm phases. To remove substorm-related short-scale variations and to smooth the orig-
inal 1-min resolution data, we use Fourier transform to filter out harmonics with periods shorter than 3 h.
Triangles correspond to the SYM-H∗ decrease periods with dSYM-H∗∕dt < −0.1 nT∕min (main phase), and
crosses represent SYM-H∗ increase or stagnation with dSYM-H∗∕dt >−0.1 nT∕min (recovery and quiet peri-
ods). It can be seen that there are triangles in the region of positive SYM-H∗ values. It should be noted that
pressure-corrected SYM-H is supposed to be zero or negative, and that means that Burton’s pressure correc-
tion has failed for these events. Our algorithm detected a drop of SYM-H∗ caused by dynamic pressure drop
and marked these events as a main phase. However, further in the paper, these events can be easily identified
in figures (e.g., Figure 6) as we use color to show SYM-H∗ value.

A few results are immediately obvious from Figure 2. First one is that IBs move equatorward with SYM-H∗

decrease. It also can be seen that the most equatorial IBs belong to the 21–24 MLT sector (blue color), indi-
cating a dawn-dusk asymmetry, and that the low envelope of the data point cloud is formed by triangles,
which correspond to the storm main phase. Note, however, that triangles also form the upper envelop for
SYM-H < −75 nT. These outliers will be further investigated below. The figure in the same format as Figure 2
but plotted for HL IB data set (not shown), displayed only minor difference with Figure 2, demonstrating that
on average, the latitudinal difference between HL and LL IBs is much smaller than the latitudinal data point
scatter in Figure 2. The detailed inspection showed that the difference between LL and HL IBs was >0.2∘ for
29%, >0.5∘ for 15%, and it was as large as >1∘ for 9% of events. We investigated the IB uncertainty depen-
dence both on the MLT and on the geomagnetic activity. No clear dependence on MLT was found. However,
the IBs with the uncertainty of >1∘ were more frequent during large negative SYM-H∗, that is during the main
phase and near the peak of the magnetic storm.

It can be seen that there are numerous outliers from the main cloud of points in Figure 2. Since such IBs can be
presumably formed by different pitch angle scattering mechanism, we investigate this subgroup separately.
To identify these events, for both HL and LL IB data sets we fitted the IB dependencies on SYM-H and Pdyn
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by the following expression:

ΛIB = G0(MLT) + G1(MLT) ⋅ SYM-H + G1(MLT) ⋅ Pdyn (2)

Here ΛIB is an absolute value of the IB latitude, and

Gi(MLT) = Ai + Bi ⋅ sin
(MLT

12h
𝜋

)
+ Ci ⋅ cos

(MLT
12h

𝜋

)
(3)

is the function of MLT. Ai, Bi , and Ci are the free parameters (found using standard least squares fit).

The goodness of the fit was evaluated using correlation coefficient (CC) and rms deviation (𝛿) between the
observed IBs and those predicted by equation (2). The LL IB data set revealed higher fit quality (CC = 0.82 and
𝛿 = 1.57∘) as compared to the HL IB data set (CC= 0.76 and 𝛿 = 1.83∘). For this reason, we take LL IB data set fit
as our reference model of the IB response to variation of the geomagnetic activity. Finally, we selected those
anomalous events when LL IBs were located at latitudes one 𝛿 higher than those predicted by our reference
model (189 events).

Next, for these selected events, we investigate how the precipitated and trapped proton fluxes vary between
and around the predicted and observed IBs. Specifically, how fast the fluxes become anisotropic at latitudes
lower than observed IB and whether there are any specific features associated with the predicted IB location.
To superpose latitudinal profiles for all 189 anomalous events on a single axis, the normalized latitude (Λ∗)
was computed for each event as following:

Λ∗ =
|Λ| − |Λobserved

IB |
|Λobserved

IB | − |Λpredicted
IB | (4)

HereΛ is AACGM latitude for a particular event,Λobserved
IB andΛpredicted

IB are observed LL IB latitude and that pre-
dicted for this event using equation (2). As a result of this coordinate transformation, the latitudes of observed
and predicted IBs correspond to the points Λ∗ = 0 and Λ∗ = −1, respectively.

For all 189 anomalous events, the percentiles of the precipitated-to-trapped flux ratio (ratio of fluxes mea-
sured by 0∘ and 90∘ MEPED P1 telescopes) were computed for a normalized latitude bin size of 0.1. Figure 3
shows these percentiles versus normalized latitude. The lines having color from dark blue to red correspond
to percentiles from 10% to 90% with 10% increment. It should be noted that the fluxes can still be anisotropic
at latitudes higher than observed LL IB (Λ∗ = 0) because moderate anisotropy is allowed between LL and
HL IBs. Nevertheless, the precipitated-to-trapped flux ratio is very close to 1 in the Λ∗ > 0 region, indicating
that the HL IB is located close to LL IB for a majority of selected events. On a negative side from Λ∗ = 0 point,
all percentiles reveal a sharp drop by a factor of 3–10 and stay at this level between Λ∗ = 0 and Λ∗ = −1
(that is, between observed IB and that predicted by equation (2). At latitudes lower than predicted IB latitude,
the precipitated-to-trapped flux ratio decreases by 1–2 orders of magnitude.

We tried different selection criteria for the anomalous events to show that the drop of the precipitated-
to-trapped flux ratio at Λ∗ is not a coincidence. Only 28 events were found for stricter selection with
|Λobserved

IB |> |Λpredicted
IB | + 2𝛿, but the aforementioned features were even more evident (the drop of the ratio

at Λ∗ = −1 was steeper). Usage of the HL IB latitudes instead of Λobserved
IB also led to the similar results. These

results demonstrate that although equation (2) fails to predict the IB location for these events, the predicted
latitude corresponds to a special point where the pitch angle distribution of precipitating protons makes
a transition from slightly anisotropic on the poleward side to strongly anisotropic one, with almost totally
depleted loss cone, on its equatorial side.

For these events, the latitudinal profiles of the 0∘ and 90∘ fluxes closely remind those of the specific events
investigated by Gvozdevsky et al. (1997). The authors argued that the extended region of the moderate
anisotropy to the equator from IB is formed by wave-particle interaction. On the other hand, as an objection to
this scenario, it should be mentioned that the intense wave-related scattering is believed to be spatially local-
ized (around plasmapause) but the regions of moderately anisotropic precipitations occupy a broad range of
latitudes in Figure 3 (larger than 𝛿 = 1.57∘, owing to selection criteria).
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Figure 3. Percentiles of the precipitated-to-trapped flux ratio versus normalized latitude for the subset of anomalous
events (see the text). The 10% – 90% percentiles are shown with 10% increment.

3.3. K Parameter Estimation at the Isotropic Boundary
After surveying statistical properties of our IB data set, we move to the main focus of our paper: K parameter
estimation on IB field line. We use the empirical magnetospheric magnetic field model to trace a field line from
the observed IB location at the NOAA/POES orbit to the equatorial plane and to compute the K parameter at
the point of the model magnetic field minimum. We use the Tsyganenko and Sitnov (2005) model (hereafter
TS05) that was specially designed to describe the storm time magnetosphere. The TS05 input parameters
were available for 1,841 event during the storm time intervals listed in Table 1.

The model field lines were traced from both HL and LL IB locations to the equatorial plane where the curva-
ture radius and gyroradius were estimated at the point of the magnetic field minimum. The gyroradius was
estimated for the particle energy corresponding to the low-energy limit of the P1 MEPED channel taking into
account the calibration factors (see Appendix A). It should be noted that for 7% of HL IBs and for 3% of LL IBs,
the traced field line went outside of r = 15RE downtail, beyond TS05 model validity limit, and K parameter
could not be estimated. Although it seems to be unrealistic and could be a result of wrong field line map-
ping (owning to the model inaccuracy), we do not discard these events because it would create a bias toward
larger K values in our statistics. Indeed, the model field lines traced from the IB location can as well go closer to
the Earth than the real field line. In this case, the model’s inaccuracy would not lead to such big error in terms
of distance (due to the influence of the strong dipole field), but the error can be much larger in terms of K
(due to stronger magnetic field gradient). For these reasons, we just assigned K = 0.1 for all these events
because K values less than 1 are expected in the distant tail (e.g., Yue et al., 2014).

Figure 4a shows the histograms of estimated K parameters for two data sets. Shaded black and red histograms
represent HL and LL IB data sets, respectively. Figure 4b shows similar histogram but for a subset of events with
the latitudinal difference between HL and LL IBs (uncertainty of IB determination) being within 0.2∘, which
will be referred to as “clean” IB data set (1,275 data records or∼70% of the original data set). The solid triangles
mark the median values which were 10.7, 12.4, and 12.6 for HL, LL, and clean data sets, respectively. Although
all three distributions were centered at K ≈ 10–13, they are very broad. The increased number of occurrences
in the first bin (especially for HL histogram) is due to the contribution of the events with K = 0.1 assigned by
hands if traced field line goes beyond r = 15RE as discussed above. We also analyzed the dependence of the
obtained K parameters on MLT but found no clear trend.

When attempting to interpret Figure 4 in terms of pitch angle scattering mechanism one has to take into
account the following problems. First of all, the critical value of K = 8 was obtained by calculating particle
trajectories in the idealized current sheet magnetic field configurations (like those presented by TS05), and
it should be considered as a rough estimate. Its actual value may change around this number depending on
the different current distribution across the current sheet (Delcourt et al., 2006), due to strong guide field (BY )
component (Delcourt et al., 2000), because of enhanced radial B gradients and other deviation from simplified
magnetospheric models, which may be especially significant during magnetic storms. Second, there can be
uncertainties in the IB determination of different kind, which should introduce a scatter of so-determined
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Figure 4. Histograms of K parameter estimated for observed isotropic boundary (IB) field lines using TS05. Panel (a):
Shaded gray and red colors correspond to high-latitude (HL) and low-latitude (LL) IBs, respectively. Panel (b): The same
as panel (a) but for clean IBs. Solid triangles mark the median values. The percentage shows the fraction of K values in
the sectors separated by the black dashed lines.

(mapped) K values even if the model is perfect. Uncontrolled model deviations from reality and mapping
errors also contribute to the scatter and are considered as a major source of errors. For understanding of how
far the predicted equatorial IB location stays from the mapped one it could be instructive to know how the
deviations of the mapped K parameter from K = 8 correspond to the distance between their equatorial points,
particularly, to learn which K range is associated with distance difference of, say, 0.5–1RE . This issue can be
addressed using the TS05 model.

We analyzed the radial profiles of the K parameter in TS05 model. For HL IB data set we computed the K(r)
profiles (at B minimum) at the MLT meridians corresponding to the IB observations. We emphasize that the
choice of IB data set plays no role here because IB latitude is not used. We only use the TS05 input parameters
corresponding to IB observation time (as a representation of storm time external conditions) and IB MLTs (just
because they cover 21–03 MLT sector). For every profile, we defined dR(K) = r(K) − r(K = 8), where r(K)
is a geocentric distance to the point with corresponding K parameter. dR can be plotted as a function of K .
Figure 5 shows statistical distribution of the dR(K) profiles for the events shown in Figure 4.

The percentiles of dR were computed for all TS05 model’s K(r) profiles for K parameter bin size of 1. In
Figure 5, the dR percentiles ranging from 10% to 90% with 10% increment are shown versus K as blue-to-red
curves. The black curve (lowest percentile) crosses dR = −1RE (bottom horizontal dashed line) line at K≈13.
It means that the model’s K = 13 point is located within 1 RE from the point with K = 8 for 90% of the
model’s configurations. On the other hand, red curve (highest percentile) crosses dR = +1RE line at K ≈ 4.5
meaning that the point with K = 4.5 is located within 1 RE from the point with K = 8 for 90% of configura-
tions. In other words, the model’s estimation of K parameter between 4.5 and 13 corresponds to field lines
whose equatorial points cluster in a very narrow region, being within 1 RE from the model field line with K =8.
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Figure 5. Statistical relation between K and dR obtained using TS05. Here dR is a distance between the point with
specific K (shown on the horizontal axis) and the point with K = 8. Percentiles of dR are shown ranging from 10% to 90%
with 10% increment.

Since the accuracy of 1 RE is a quite optimistic estimate for the ionosphere-magnetosphere mapping, the K
values within this range can be considered as supporting FLC scattering mechanism of IB formation. If the
allowed field line deviation from the line with K = 8 is 0.5RE , the interval K = 6–10 corresponds to 90% of
events fitting this stricter limit. It should be noted that even for K = 30, two highest percentiles in Figure 5
(red and yellow curves) are still higher than dR = −1RE line, indicating that for ∼20% of events, the point
with K = 30 is located within 1 RE from the point with K = 8. These points obviously correspond to the
configurations with a very strong radial gradient of the equatorial magnetic field.

Coming back to Figure 4, 37%, 37%, and 38% of events are inside K = 4.5–13 interval for HL, LL, and clean IB
data sets, respectively. Since we found that the points with K = 4.5–13 are spatially very close (within 1 RE) to
K = 8 point in the TS05 model (see Figure 5), this percentage can be considered as a rough estimate for the
occurrence rate of IBs formed by FLC scattering. However, we cannot be sure that the K values outside this
interval necessarily correspond to IBs formed by some other mechanism because there is no information on
the actual model mapping accuracy for these events, which could be much worse than 1RE . Next step will be
to evaluate the deviations of the model configuration from the real one and attempt to correct the mapped
K values.

Since the TS05 model is statistical in nature, its deviation from the real configuration for a particular event
can be large, especially during dynamic storm events. For this reason, the independent control of the model
accuracy is needed. To evaluate the model accuracy for a particular event, we compare the magnetic field
measurements at the THEMIS probes with those predicted by the models. To control the model in the region
of the expected IB projection, we selected those events in which the THEMIS probes were within r = 4–10RE

and within ±1 h in MLT from observed IB. This selection reduced a number of IBs in our data set to 244.

Which measurable parameters are suitable to control the model performance? The IB formation is controlled
by B2

Z∕(dBX∕dz) (equation (1)). However, the deviation of the solar wind velocity from the radial direction can
be as large as several degrees, and the current sheet can undergo strong large-scale flapping oscillations.
It means that the model prediction of the current sheet position (Z coordinate) and BX can often be unreliable.
On the other hand, for the thin current sheet (1-D-like) configurations, BZ is nearly constant across the current
sheet. It means that even if the model prediction of the current sheet position is wrong, the model estimations
of BZ are less affected. Since the equatorial BZ is the main parameter which controls the mapping and it enters
equation (1) as a second-degree power exponent, we use the difference of the BOBS

Z and BMOD
Z as a proper

indicator of the model accuracy (GSM coordinates are used).

There were often 2 or 3 THEMIS probes in conjunction with IB (r = 4–10RE , ±1 h from IB). In such cases, we
use the average over all probes in the region:

ΔBZ = ⟨BOBS
Z − BMOD

Z ⟩ = 1
N

∑
i=1,…,N

(
BOBS

Zi − BMOD
Zi

)
(5)
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Figure 7. Panels (a) and (b): the histograms of K parameter for events with |ΔBZ | < 5 nT. Panels (c) and (d): histograms
of K parameter mathematically shifted to ΔBZ = 0 line. The format is the same as in Figure 4. HL = high latitude;
LL = low-latitude; IBs = isotropic boundaries.

Figure 6 shows the TS05 model estimations of the mapped K parameter against ΔBZ for HL (a), LL (b), and

clean (c) IB data sets. The clean IB data set supported by THEMIS observation comprises only 169 events. Color

corresponds to SYM-H∗ as shown on the right (positive SYM-H∗ is shown by black). Triangle and cross sym-

bols correspond to the main and recovery phases as defined in section 3.1. Negative ΔBZ corresponds to the

events when model BZ is stronger than real BZ , that is, the model overestimates K parameter (see equation (1)).

In addition, it means that the model is understretched and the equatorial projection of the IB field line is closer

to the Earth than the real field line, and again K parameter is overestimated. The opposite is true for positive

ΔBZ : the model underestimates K parameter for such events. The expected ΔBZ control is obvious in all three

panels of Figure 6; the clouds of points obviously have the negative slopes.

We selected those events in which the modeled and measured magnetic field agree to within 5 nT and com-

puted the median of K parameter for the events. This region is marked in Figure 6 by the red vertical dashed

lines and the median K values are shown in red font at the bottom of the panels. It can be seen that median

values vary between 9.2 and 10.6, being close to K = 8 expected for the FLC scattering mechanism. Figures 7a

and 7b show the histograms of the K parameter for the events with |ΔBZ| < 5 nT for the HL and LL (panel a)

and clean (panel b) IB data sets. If compared to Figure 4, the scatter of K values was reduced, with the

percentage of events with K > 13 changing from 40%–47% in Figure 4 to 29%–34% in Figures 7a and 7b.

We checked how the percentage of the events with K < 13 (which can be attributed to the FLC scattering

mechanism) depended on the allowed model accuracy. For LL IB data set, we found 64%, 68%, 76%, and 77%

for |ΔBZ| less than 10, 5, 2, and 1 nT, respectively. The number of events for these four subsets was 138, 80, 37,

and 22, respectively. This sequence is converging to ∼80% of the events with K < 13 for ΔBZ = 0. The similar

numbers were obtained for HL IBs, and clean IBs data sets (except for the fact that there are fewer events in

the clean data set).

However, it should be also noted that the majority of events in the region of the high model accuracy cor-

respond to the periods of low and moderate disturbances (SYM-H∗ >−40 nT). In addition, the main phase

is represented by eight points only and K > 13 for five of them. On the other hand, there are more events

corresponding to active storm periods in the region of large negative ΔBZ . Now we attempt to correct
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Figure 8. Corrected K values versus absolute value of isotropic boundary (IB) latitude for high-latitude (HL) (a) and
low-latitude (LL) (b) data sets. Dashed lines mark K = 8 level. Color shows IB magnetic local tide (MLT).

the K-distributions. Since the K parameter values in Figure 6 demonstrate clear dependence on ΔBZ , we try to
subtract this trend mathematically shifting K values to the ΔBZ = 0 line. We fit the points with |ΔBZ| < 20 nT
using a linear regression in log-linear scale:

log K = C1 + C2 ⋅ ΔBZ (6)

C1 and C2 are free parameters found using standard least squares minimization. The resulting fits are shown in
all panels of Figure 6 by black dashed line. Using the obtained C2 parameter, the K values can be corrected as

K∗ = K ⋅ exp
(
−C2ΔBZ

)
(7)

Here and throughout the paper the asterisk symbol is used to differentiate the K parameter corrected using
equation (7) (K∗) from original uncorrected value (K). Equation (7) essentially performs a projection of the
points onto the ΔBZ = 0 line along a direction parallel to the dashed line, and this correction was applied to
all K values irrespective of ΔBZ . Note that correcting factor exponentially depends on ΔBZ , demonstrating a
high sensitivity of the estimated K parameter to the model error in BZ . For example, the model’s BZ error of
5 nT leads to ∼30% error of estimated K .

Figures 7c and 7d show the histograms of K∗ in the same format as panels (a) and (b). It can be seen that the
percentages of events for three selected intervals of K parameter are quite similar to those obtained if only
events with |ΔBZ| < 5 nT are considered. K∗ > 13 was found for ∼30%–40% of events; the percentage is 10%
lower than that in Figure 4. The difference is even more evident for higher K values, the percentage of events
with K > 20 is almost twice lower (∼ 15%) in Figures 7c and 7d as compared to∼25% in Figure 4. The difference
is even more pronounced for events with K > 30, 5% and 14% in Figures 7d and 4b, respectively. This means
that considerable part of high K events in the uncorrected K distributions are false numbers, caused by the
understretched magnetic configuration in the model. At the same time, the distributions in Figures 7c and 7d
still peak within K = 4.5–13, with median values of K∗ being 9.2, 10.9, and 11.1 for HL, LL, and clean data sets,
respectively.

Figure 8 shows the estimated K∗ values against the IB latitude for HL (top) and LL (bottom) IB data sets. Color
corresponds to MLT. For IBs located at latitudes ∼59–66∘, the estimated K∗ values show no dependence on IB
latitude. However, the K∗ values are systematically higher than 8 for IBs located lower than ∼59∘ and system-
atically lower than 8 for those located higher than ∼66∘. This does not necessarily mean that IBs at latitudes
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Table 2
Selected Events Categorized According to the Predicted K Parameter

Satellite Date/Time SYM-H∗ K IB Latitude Color

NOAA-15 2013-06-29/06:16:24 −112 0.48 −63.43 Blue

NOAA-17 2012-07-16/00:24:46 −100 2.4 −65.06 Blue

NOAA-18 2012-04-24/02:31:45 −124 9.7 −59.44 Red

NOAA-18 2012-07-15/17:52:06 −113 8.15 −60.00 Red

NOAA-19 2013-06-01/11:10:25 −91 7.0 −62.37 Red

NOAA-19 2013-06-01/13:58:47 −82 9.6 62.41 Red

NOAA-17 2012-10-01/08:36:28 −96 23.9 −60.52 Green

NOAA-19 2012-04-24/02:25:48 −123 28.8 −58.35 Green

lower than 59∘ are formed in the region of higher K . Indeed, the method which was used to correct for the
model bias (equation (7)) is quite primitive and can fail for large ΔBZ . We did find that ΔBZ was greater than
10 nT for all IBs at latitudes lower than 59∘. In addition, K∗ is systematically lower for IBs located at high lati-
tudes, indicating that the model fails to describe these configurations (no other explanation can be devised
for low K∗ values). It can be speculated that the model is accurate for regular configurations with IB latitudes
in ∼60–66∘ range, but it becomes biased for extreme events just as for IB latitudes lower than 59∘ so for IB
latitudes higher than 66∘. It is important that there is no clear dependence of K∗-parameter on MLT for these
data sets, while this dependence is rather obvious in Figure 2 for IB latitude. We also plotted the histograms of
K∗ for different MLT sectors (not shown), but again, no distinct difference was found. It should be noted that
this is exactly what expected for the FLC scattering mechanism of IB formation: K ≈ 8 irrespective of where IB
is projected to.

Finally, we inspected the K values for the high-latitude outlier events which were selected in section 3.2.
Unfortunately, there were no suitable THEMIS observations available for the majority of these events and the
correction of the K values could not be applied. Since the results presented in section 3.2 imply that the lati-
tude predicted by equation (2) (Λ∗ = −1 in Figure 3) corresponds to the low-latitude boundary of some pitch
angle scattering mechanism, we also investigated the conditions in the equatorial region for these points
as well as for observed IBs. The median K values of 4.5 and 19.3 were found for the observed and predicted
IBs, respectively. For observed IBs, K values within 4.5–13 range was found in 42% of events. On the other
hand, for predicted IBs, the fraction of such events was only 21%. That is, if the observed and predicted IBs
are compared, these are rather observed IBs which agree with the FLC scattering mechanism of IB formation.
The somewhat lower K values for these events are likely caused by the mapping errors.

3.4. Detailed Analysis of Selected Events
To gain further insight about what causes the diversity of the K values, we present a detailed analysis of a few
selected events. Figures 7a and 7b show that for the events when the TS05 model is in a good agreement
with magnetic field measurements the distribution of K parameter, though still broad, peaks at K ≈ 9–11.
However, for these events (region marked by vertical dashed lines in Figure 6), there are only 9–10 points
(9 for HL and 10 for LL IB data sets) corresponding to the storm peak periods with SYM-H∗ < −80 nT and
these points are scattered between K ≈ 1 and K ≈ 30 (not shown). Of these 10 events, we selected those
belonging to one of three groups according to their K value: K > 20, 6 < K < 10, and K < 3. The central K
interval corresponds to the K values expected for FLC scattering. The values of K = 6 and 10 were chosen as
those corresponding to the points located within 0.5RE from the point with K = 8 (see Figure 5). Two other
K intervals correspond to K values that cannot be easily explained using FLC scattering mechanism. The IBs
with K > 20 can be hypothetically formed by the wave-particle interaction, but we do not have a plausible
explanation for the events with K < 3 other than inaccurate model predictions. Luckily, the same events were
selected for both LL and HL data sets. These events are listed in Table 2. All parameters correspond to LL IBs,
but those for HL IBs were very close.

We analyze these events in details trying to figure out what is the difference between the evens with K
expected for the FLC scattering mechanism and other events. The columns of Table 2 are (from left to right)
satellite name, IB observation time, the SYM-H index, K parameter at the IB field line computed using TS05,
the observed IB latitude, and the last column is explained later. We inspected all available observations
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Figure 9. The SYM-H∗ (magenta curve) with the overlapped latitude of observed high-latitude and low-latitude
isotropic boundary (absolute value, black and red crosses, respectively). Thick colored crosses correspond to the
isotropic boundary latitudes for events listed in Table 2 (see text).

during these events in an attempt to find the characteristics which would be discriminating between these
three groups. However, nothing specific was found in THEMIS observations, model predictions, or shape of
latitudinal profiles of the low-altitude fluxes except for one event which will be discussed later.

Figure 9 shows survey plots for the storms when IBs listed in Table 2 were observed. Each panel of Figure 9
shows the SYM-H∗ index (magenta curve, the axis is on the right) with the overlapped latitudes of observed
HL IBs (black crosses, the axis is on the left). LL IBs are shown by small red crosses if the difference in lat-
itude with respect to HL IB was greater than 0.5∘. IBs listed in Table 2 are shown by thick colored cross
symbols. Red, green, and blue colors correspond to 6 < K < 10 (expected for the FLC scattering), K > 20
(possibly wave-particle interaction), and K < 3 (wrong mapping or some unknown mechanism of the pitch
angle distribution transformation), respectively.

It can be seen that the IB latitudes follow the variations of SYM-H∗ closely except for transient periods when
the IB latitude shows up and down excursions (e.g., 23 April 2012/22:00 to 24 April 2012/02:00). A prominent
difference between HL and LL IBs can be seen during these IB excursions. Two IBs with K < 3 (blue thick cross
symbols) lie clearly above the main sequence of IBs. Two IBs with K > 20 (green thick cross symbols), though
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Figure 10. The latitudinal profiles of the observed parameters. (a) Integrated proton energy flux (E = 1–20 keV),
(b) electron energy flux (E = 1–20 keV), (c) integrated proton number fluxes (E > 45 keV), (d) integrated proton number
fluxes (E > 80 keV). Black dashed vertical line marks the isotropic boundary position. Red dashed vertical line marks the
equatormost isotropic boundary (see text). MEPED = Medium Energy Proton and Electron Detector;
AACGM = altitude-adjusted corrected geomagnetic.

less evident, seem to lie at the bottom envelope of the main IB sequence. Finally, IBs with K values in 6–10
range appear to lie on the main IB sequence or at a bit higher latitudes, as those in Figure 9d.

In almost all events in Table 2 latitudinal profiles of the low-altitude fluxes looked typical; a gradual increase
of the fluxes from the polar boundary toward IB, then the anisotropic region where 0∘ flux still persists at the
level roughly 1 order of magnitude below 90∘ flux level before diminishing sharply at ∼55–59∘. However, the
event 16 July 2012/00:24 (second line in Table 2) was apparently anomalous.

The latitudinal profiles of the fluxes measured at low altitude for this event are presented in Figure 10. These
observations were made by NOAA-17 satellite at ∼21 MLT during the early recovery phase. Figures 10a and
10b present the precipitated energy fluxes of thermal (< 20 keV) protons and electrons, respectively (mea-
sured by TED electrostatic analyzer). Figure 10c shows precipitated (thick) and trapped (thin) proton fluxes in
P1 energy channel (E > 45 keV) of MEPED detector. The location of HL IB is marked by the black dashed ver-
tical line. The LL IB (not shown) was defined very close to HL IB for this event. Figure 10d shows precipitated
and trapped proton fluxes in P2 channel (E > 80 keV). It can be seen in Figure 10c that there is a region of
isotropic precipitations to the equator from IB. The two isotropy regions are separated by anisotropic precip-
itations (1 order of magnitude difference between 0∘ and 90∘ fluxes). It can be argued that LL IB should be
placed at the equatorial side of the equatormost isotropic precipitations (red dashed line). However, one of
the requirements for LL IB selection was that the flux between HL and LL IBs should reveal alternating isotropy

DUBYAGIN ET AL. 3452



Journal of Geophysical Research: Space Physics 10.1002/2017JA024587

-70 -68 -66 -64 -62 -60 -58 -56 -54
AACGM latitude, [deg.]

1

10

100

1000

10000

100000

M
E

P
E

D
 P

2
[c

ou
nt

s/
s]

1

10

100

1000

10000

100000

1000000

M
E

P
E

D
 P

1
[c

ou
nt

s/
s]

0.01

0.1

1

10

100

T
E

D
 e

le
ct

ro
ns

   
1-

20
 k

eV

0.01

0.1

1

T
E

D
 p

ro
to

ns
   

1-
20

 k
eV

NOAA-18   ~02:32 UT
NOAA-19   ~02:26 UT

24

18 06

(a)

(b)

(c)

(d)

April 24, 2012

Figure 11. The latitudinal profiles of the observed parameters for two consecutive auroral oval crossings separated by
∼6-min NOAA-18 and NOAA-19 observations are shown in blue and red, respectively. The insert between (a) and (b)
panels shows the segments of the orbits. MEPED = Medium Energy Proton and Electron Detector; TED = Total Energy
Detector; AACGM = altitude-adjusted corrected geomagnetic.

(see section 3.1), but this was not the case for the present event. The equatormost isotropic precipitations
of energetic ions (E > 45 keV) coincide with localized precipitations of thermal ions (E < 20 keV, Figure 10a).
These features fit the definition of Localized Precipitation of Energetic Protons type 2 structure associated with
EMIC waves at plasmapause (Yahnin & Yahnina, 2007; Yahnina et al., 2003). Interestingly, that the anisotropy
region between −65∘ and −61∘ of latitude, so obvious in Figure 10c, can be barely discerned in Figure 10d
for the protons with higher energies (P2 channel). Note also that all proton structures are embedded into the
electron plasma sheet precipitation (see Figure 10b). The K parameter estimated for the IB field line using TS05
was rather small (K = 2.4). Figure 9b shows that this IB (blue cross) is located at significantly higher latitude
than adjacent IBs. In fact, a few adjacent IBs are located at 58–60∘, just where the detached region of isotropic
precipitation is seen in Figure 10c. Unfortunately, the adjacent IBs were not in conjunction with THEMIS or
there was a large difference between the model field and magnetic measurements and accurate K parameter
estimate could not be done. Using TS05, we traced the field line from the point of the equatormost boundary
of isotropic precipitation (marked by red dashed vertical line in Figure 10c) located at −59.4∘ latitude. K value
of 10.6 was found for the equatorial projection of this field line which is not so much different from K = 8
expected for the FLC scattering mechanism.

Table 2 shows that two events occurred for approximately the same time on 24 April 2012. For the second
event, K = 28.8 was found. Since these two IBs were observed at approximately the same time (∼6-min dif-
ference) and approximately the same MLT (∼1-h difference), we plot both latitudinal profiles in one figure.
Figure 11 shows the observations of two satellites in the same format as Figure 10. The insert between
Figures 11a and 11b shows the segments of the orbits. Both satellites crossed the auroral oval from the equator
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to the pole. The IB was first detected by NOAA-19 at 23.4 MLT, and ∼6 min later it was detected by NOAA-18
at 0.2 MLT. It can be seen that the equatorial part of the latitudinal profiles has a similar shape but is displaced
by ∼1∘ of latitude. The TS05 model projected one IB to the region with K ≈ 10 and another to the region
with K ≈ 29.

It is rather difficult to separate spatial and temporal effects in this event. The low-altitude observations can
be interpreted as a poleward IB movement or a strong azimuthal dependence (IB at 23 MLT is at ∼1∘ higher
latitude in comparison to that at midnight). Note, however, that the situation definitely was rather dynamic
because the satellites crossed the polar cap boundary at the same MLT but it was displaced by ∼1∘ equa-
torward for NOAA-18 passage. There were three THEMIS probes in conjunction with low-altitude satellites.
The probes were located near the midnight (YGSM = −0.3–−0.2RE) between r = 4RE and r = 5.5RE in
the region of strong magnetic field (BZ = 60–100 nT) and strong magnetic field gradient. It is interesting
that the TS05 model overestimated BZ at the innermost probe position and underestimated it at two outer
probes. That means that BOBS

Z − BMOD
Z is negative for innermost probe and positive for outer probes. That

is, the model overestimates the BZ gradient. When ΔBZ is computed using equation (5), the contributions
from different probes partly cancel each other out. If ΔBZ were computed with absolute values of the sum
members, ΔBZ values would be 6.9 and 4.5 nT for NOAA-19 and NOAA-18, respectively. In such a case, the
IB with K = 28.8 (NOAA-19) would not pass our criterion for the 5 nT model agreement with the measure-
ments. In addition, MLT conjunction between THEMIS probes and low-altitude satellite is worse for NOAA-19 IB
(∼1 h difference in MLT).

4. Discussion

Our study was initially motivated by two reasons. One was an expectation that during magnetic storms, the
generally enhanced level of wave activity plays an increasing role in proton precipitation and, possibly, in
the formation of the proton isotropic boundary (IB). Another reason was the recently raised doubts about
the role of FLC-scattering as a dominant mechanism of IB formation, particularly, a large percentage of high
K-parameter values found at the equatorial end of the IB field line, whereas the K ∼ 8 was expected in case
of the FLC-related mechanism (Ilie et al., 2015; Sergeev, Chernyaeva, Angelopoulos, et al., 2015). It should be
noted that both papers used the models in the same way like we use in our study, but they had a small number
(only a few dozen) events at their disposal.

Studying the IB-related K values in ∼ 2,000 events, we have found that although the distribution is rather
broad, it is centered not far from the theoretical estimate (median(K) < 13 in all plots of Figure 4). Moreover,
we found that the points with K values inside 4.5–13 interval are located in the narrow region within 1RE from
the K = 8 location as dictated by strong radial B gradients in the quasi-dipole magnetic field. Such events
constitute a large part of all events, being more than a third of all events in the uncorrected K distribution
(Figure 4) and about a half in the corrected K distribution (Figure 7).

For a smaller subset of events (∼250), we were also able to control independently the accuracy of model pre-
dictions by comparing them to magnetic observations at the THEMIS probes approximately conjugated with
low-altitude IBs. Like in previous similar comparisons based on geostationary spacecraft and IB observations
(Donovan, Jackel, Voronkov, et al., 2003), we found a very clear correlation between ΔBZ and the K parameter
estimations (Figure 6). Using this dependence, the K values were tentatively corrected to take into account
the model deviations from the actual magnetic field observations. We use asterisk symbol to differentiate the
corrected K∗ value from original uncorrected K value. After being corrected, K∗ distribution was centered at
K∗ ∼ 10 (Figure 7). This is not as terribly different from the corrected average value of K∗ ∼ 17 (for 30 keV
proton IB) and K∗ ∼ 13 (for 80 keV proton IB) found by Sergeev, Chernyaeva, Angelopoulos, et al. (2015), but
it is very far from median value K ∼ 33 of Ilie et al. (2015). We remind that global MHD model was used for
mapping in the latter paper. It should be noted that a good agreement of the modeled and observed BZ does
not fully guarantee an accurate estimation of K parameter because equation (1) also includes dBX /dZ in the
denominator. Unfortunately, multispacecraft configurations allowing the estimation of dBX /dZ in the current
sheet center at the proper range of radial distance occur quite rarely. We emphasize that sufficient statistics
and appropriate tools allowing to exclude a systematic bias in model predictions are both very essential in
this kind of studies, and in our paper, we attempted to improve in both aspects.
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Another effect of the correction was that the K∗ distribution also became more narrow, especially at large K∗

values; the percentage of events with K∗ > 30 was reduced to 5%, twice as small compared to those found
before the correction (Figure 4). The demonstration that large width of K distributions comes mainly from
inaccurate model predictions is another important conclusion of our study. This is consistent with findings
by Sergeev, Chernyaeva, Angelopoulos, et al. (2015) who used a more sophisticated model adapted to the
data of the THEMIS spacecraft cluster and found that samples with K > 32 occurred only in the data set in
which the spacecraft distance from the IB field line was greater than 2RE (a very rigorous requirement). The
existence of large scatter into the lower K region is one more argument in favor of model inaccuracies as a
basic origin of strong scatter in K space: the pitch angle scattering amplitude is known to grow exponentially
with decreasing K , so the pitch angle scattering amplitude is normally ∼10 times larger at K ∼ 4 than at K ∼ 8
(Delcourt et al., 1996).

To a large extent, the inaccurate B field representation should be the main origin of large K∗ scatter which
still remains after the correction was applied. This is especially obvious during active conditions when the
magnetic configuration can be drastically different at nearby locations (say, inside and outside of the plasma
bubbles/Burst Bulk Flows), when large temporal variations occur (see an example in Figure 11 and rapid vari-
ations of the IB latitude in Figure 9) and when the B field values and its gradients inevitably deviate from
their smooth representation in the average empirical models. At the same time, the theoretical threshold of
strong scatter can also vary depending on the unusual steep radial BZ gradients, etc. Its very large changes
were demonstrated in current sheet geometries for different transverse distributions of electric current den-
sity (Delcourt et al., 1996, 2006) or even for additional guide component (BY ) of the magnetic field (Delcourt
et al., 2000). It should be noted that the analytical functions, defining a geometry of the current sheet in the
empirical models, are rather simple and, in fact, are not necessarily physically self-consistent with thermal
plasma (Zaharia & Cheng, 2003). Some efforts toward developing a plasma-magnetic field consistent magne-
tospheric model and using it for studying pitch angle scattering mechanism were recently made (see Yue et al.,
2014, and references therein), but at present, this model still lacks a flexibility in the representation of differ-
ent states of the magnetospheric activity. The actual range of possible K threshold variations for ∼30–80 keV
proton IB still remains unspecified, and this definitely requires future studies.

There are another two important results indicating that wave-particle interaction plays a minor role, if any, in
the IB formation. First, we found no appreciable dependence of the K∗ parameter distribution on MLT, whereas
the IB latitude reveals rather clear dependence in Figure 2. However, if the waves played an essential role, such
dependence would be expected because occurrences of the EMIC waves (Halford et al., 2010; Usanova et al.,
2012) and anomalous IB dispersion (Dubyagin et al., 2013) both reveal strong dependence on MLT. On the
other hand, it might be speculated that negative result was due to a limited number of events ∼250 or/and
because the IBs on the dusk flank (15–21 MLT) were not considered. Second, the K∗ parameters estimations
do not reveal visible dependence on the IB latitude, except for events with IB located at extremely low or
high latitudes (<59∘ or >66∘), for which the K parameter correction could fail. The findings imply that the FLC
scattering is a persistent mechanism of IB formation operating in a variety of magnetospheric conditions.

An additional contribution to large K scattering may also come from the uncertainty in the IB identification
itself, and this is what we also addressed in our study. We found that the uncertainty of IB selection is highly
critical for ∼10% of events. However, even uncertainty as small as ∼0.5∘, found for ∼15% of events, can lead
to a significant uncertainty in estimated K values. Although it does not affect the main statistical results of
our study, it can be of key importance for case studies (as demonstrated in Figure 10). The problem of the IB
identification during storm activity deserves to be addressed in the future studies, possibly, using supportive
information from other detectors/telescopes.

Although our results clearly emphasize the dominant role of FLC-scattering for IB formation, still two indi-
cations can be interpreted as rare manifestations of the wave-particle interaction in the IB vicinity. The first
indication is high K values found for IB latitude lower than ∼59∘. Since the wave-related precipitations were
observed mostly at low latitudes (Yahnin & Yahnina, 2007), these IB could be formed by wave-particle interac-
tion process. Less than 10% of IBs are located at latitude lower than 59∘, but they are of special interest because
they all correspond to SYM-H∗ minimum period (Figure 2). Second, we discovered a specific class of events,
when the empirical formula (equation (2) describing the IB latitude variation with SYM-H and Pdyn fails to pre-
dict the IB location but instead predicts the location of the equatorial cutoff of the moderately anisotropic
precipitation in the loss cone, mapped to the region of high K parameter (see Figure 3). For these events,
the real IBs are located at significantly higher latitudes. The latitudinal profiles of the 0∘ and 90∘ fluxes closely
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remind those for the specific events investigated by (Gvozdevsky et al., 1997) and called Low-Latitude Proton
Precipitation. The most plausible mechanism explaining the moderately anisotropic precipitations between
the observed and predicted IBs is a moderate scattering by the electromagnetic waves. It is very puzzling
why, in some cases, equation (2), which was obtained using the large data set of IBs mostly formed by FLC
scattering, predicts the location of some specific boundary formed by wave-particle interaction process.
As a possible explanation, it can be speculated that the wave-related IBs constitute a larger part of all IBs than
it seems from the analysis of K distribution. However, not willing to speculate on this topic further, we leave
this puzzle to future research. The estimate for occurrence rate of the wave-related IBs can be also found as a
percentage of events with K > 13 in Figure 7, which is 30%–40%.

5. Conclusions

Using a large data set of the low-altitude IB observations (∼2,000 IB determinations during nine geomagnetic
storms), we used the TS05 model to estimate the adiabaticity parameter K (ratio of the magnetic field line
curvature radius to the particle gyroradius) at the equatorial part of the IB field line during nine moderate
geomagnetic storms. The concurrent magnetic field measurements onboard THEMIS probes in the equatorial
magnetotail were used to control the TS05 deviations from the real magnetic configuration. It was found that
the TS05 configuration is systematically understretched during the intervals of an SYM-H minimum, and this
leads to K parameter overestimation. For small group of events with THEMIS data available, we introduced a
tentative K parameter correction which compensates the model bias based on BZ difference between model
prediction and THEMIS observation. This correction resulted in a significant reduction of the statistical scat-
ter in the corrected K∗ parameter distribution, demonstrating the importance of the independent control of
the model accuracy for this kind of studies. Contrary to the findings of Sergeev, Chernyaeva, Angelopoulos,
et al. (2015) and Ilie et al. (2015), we found the median K parameter value of 9–12 being close to K = 8
expected for the FLC scattering mechanism of IB formation. Numerical tests with the TS05 model showed
that K values in 4.5–13 interval correspond to the points located within 1RE from the K = 8 field line; corre-
spondingly, we consider the K < 13 values as those indicating the FLC mechanism. Different estimates give
percentages of such events between 60% and 80%. The remaining 20%–40% provide an upper estimate for
the occurrence of IBs formed by the wave-particle interaction process. Finally, we did not find any appreciable
dependence of the K parameter distribution on MLT, whereas the IB latitude reveals rather clear MLT asymme-
try. Although the IB latitude undergoes dramatic variations during storm time, the K parameter distribution
also does not show a clear dependence on the IB latitude, except for events with IB located at extremely low
latitudes (<59∘). Summarizing our findings we conclude that the pitch angle scattering on the curved field
lines is a dominant mechanism of the energetic proton isotropic boundary formation operating in a variety of
magnetospheric conditions.

Appendix A: NOAA/POES Proton MEPED Detector Calibrations

The proton SEM-2 MEPED detector measures fluxes in a few energy channels (P1, P2, P3, … ). There are two
solid-state telescopes for each of energy channels. One telescope points to local zenith (it is referred to as
0∘ telescope) and another points along the satellite orbit (referred to as 90∘ telescope). At auroral latitudes,
the 0∘ telescope detects ion fluxes precipitating into a loss cone. The 90∘ telescope detects fluxes of the
locally trapped ions. The proton MEPED detector is subjected to degradation which leads to an increase of
the low-energy threshold (Asikainen et al., 2012; Ødegaard et al., 2016; Sandanger et al., 2015). The shift of the
low-energy threshold is described using the calibration factor 𝛼 so that Ecorrected = 𝛼 ⋅ Enominal. Asikainen et al.
(2012) provided the 𝛼 values up to the year 2011. Sandanger et al. (2015) used different method and provided
the 𝛼 values for later years (not for all satellites). There is some (moderate) discrepancy between the 𝛼 values
obtained in these two works. Taking into account all these results, we use the 𝛼 values as given in Table A1
to estimate the low-energy limit for P1 proton 0∘ detector. However, the 90∘ telescope is subjected to even
stronger degradation. It means that its low-energy limit is even higher than that for 0∘ detector.

Generally, a recomputation of the fluxes to the nominal energy range requires the information about the
spectrum (Asikainen et al., 2012), and in any case, this procedure is rather complex. Instead of doing this, we
use the P1 0∘ telescope flux without any correction (just assuming that the flux corresponds to the energy
of the channel estimated using 𝛼 factors). However, since Ecorrected is different for 0∘ and 90∘ telescopes,
the 90∘ flux must be scaled to the 0∘ telescope energy range. The algorithm of such scaling was developed
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Table A1
𝛼 Values for the 0∘ Telescope for P1 Energy Channel

Year \Satellite 01 02 15 16 17 18 19

2011 1.0 1.09 2.16 1.53 1.47 1.01 1.00

2012 1.0 1.12 2.20 1.57 1.51 1.04 1.03

2013 1.0 1.13 2.22 1.59 1.53 1.05 1.04

Note. The satellite index is specified in the top row.

in Dubyagin et al. (2013); however, it worked well only for certain oval crossings. The possible reason for the
poor algorithm performance can be a contamination of the MEPED data by energetic neutral atoms from ring
current regions (a level of contamination is different for inbound and outbound oval crossings) (Søraas et al.,
2003; Søraas & Sorbo, 2013). In addition, the detector also responds to heavier ions (see section 4 of Søraas
et al. (2002), for more details), which are ubiquitous during storms. For this reason, we develop a simplified
approach. We determine correction separately for every auroral oval crossing. It is assumed that correction
for 90∘ flux can be represented as a constant multiplier. We search for such multiplier that the resulting 90∘

flux fits the 0∘ flux in the region where the isotropy is expected. This region was defined as a region poleward
from the maximum of the 0∘ flux (so called b2i-boundary; Newell et al., 1996). The 90∘ flux calibration factor
was computed as a median(flux0/flux90) in the isotropy region.
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