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Abstract –Context: The main challenge in atmospheric ionisation modelling is that sparse measurements
are used to derive a global precipitation pattern. Typically this requires intense interpolation or scaling of
long-term average maps. In some regions however, the particle flux might be similar and a combination of
these regions would not limit the results even though it would dramatically improve the spatial and tem-
poral data coverage.
Aims: The paper intends to statistically analyse the particle flux distribution close to the geomagnetic poles
labelled as Polar Particle Flux Distribution (PPFD) and identify similar distributions in neighbouring bins.
Those bins are grouped and the size of the PPFD area is estimated. The benefit is that single measurements
within the PPFD area should be able to represent the particle flux for the whole area at a given time.
Methods: We use spatially binned energetic particle flux distributions measured by POES and Metop space-
craft during 2001–2018 to identify a Kp-dependent area with a similar flux distribution as the one found
close to the geomagnetic poles (|magn.lat| > 86�). First, the particle flux is mapped on a magnetic local time
(MLT) vs. magnetic latitude grid. In the second step, the gridded data is split up according to Kp levels
(forming the final bins). Third, the particle flux in every bin has been recalculated in order to replace
zero-count rates with rates based on longer measurement periods which results in a more realistic low flux
end of the particle distribution. Then the binned flux distributions are compared to the PPFD. A “D-test”
indicates the similarity. A threshold for the D-test is defined using the standard deviation of D-test values
inside the (|magn.lat| > 86�) area. Bins that meet the threshold are attributed as PPFD area.
Results: PPFDs and the corresponding PPFD areas have been determined for all investigated particle chan-
nels, covering an energy range of 154 eV–300 keV for electrons and 154 eV–2.5 MeV for protons. Con-
cerning low energy channels a gradual flux increase with rising Kp has been identified. High energy
channels show a combination of background population and solar particle event (SPE) population that adds
up with increasing Kp. The size of the PPFD area depends on particle species, energy and geomagnetic
disturbance, as well as MLT. The main findings are: a) There are small but characteristic hemispheric dif-
ferences. b) Only above a certain energy threshold do the PPFD areas increase with particle energy. c) A
clear enlargement with rising Kp is identified – with exceptions for very low Kp. d) The centre of the PPFD
area is shifted towards midnight and moves with Kp. Asymmetries of the boundaries could be explained by
auroral intensity. e) For low-energy particles the main restriction of the PPFD area seems to be the auroral
precipitation.
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1 Introduction

This section gives an overview of particle precipitation in
the high-latitude polar ionosphere and shows which attempts
have been made in order to characterise it. It will also state
why none of the existing descriptions matches our needs for
particle precipitation modelling.

Polar Cap (PC): In the PC, the magnetic field lines are gen-
erally assumed to be open and connected to the solar wind,

whereas the field lines outside the PC are closed (except of
the cusp) and map to the plasma sheet and the plasma sheet
boundary layer in the magnetosphere. These two substantially
different magnetic and plasma domains are separated by a polar
cap boundary (e.g., Sergeev, 1990; Newell et al., 2009). Early
spacecraft observations revealed a very simple precipitation pat-
tern of solar energetic electrons in the PC: a plateau pattern with
intense and nearly homogeneous flux with a sharp drop-off to
lower latitudes (for high energies e.g. Evans & Stone, 1972;
Sergeev et al., 1987; Newell et al., 2009) or a rapid transition
to even more intense auroral oval precipitation (e.g. Fig. 1 in*Corresponding author: olesya@ionization.de
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Wissing et al., 2008; Evans & Greer, 2006). It should be noted
that Scholer (1972) found a factor 2 variation in flux measure-
ments within a singular central polar cap crossing, concluding
that it might be a time-delayed effect due to a magnetic discon-
tinuity in the IMF that reconnects with deeper layers of the tail
as it propagates outward. PC dynamics and associated particle
precipitation are a reflection of different magnetospheric pro-
cesses, such as the Dungey Cycle (Dungey, 1961; Milan
et al., 2003) which leads to a day-night asymmetry in the
precipitation pattern. In the substorm cycle, contraction and
expansion of PC take place (Meng & Makita, 1986). Given
its dependence on By it shows an additional asymmetry in the
dusk-dawn direction (Lukianova & Kozlovsky, 2011). PC
dynamics become even more complicated during geomagnetic
storms (McEwen, 1998). It is important to note that particle pre-
cipitation is not always a good indicator of the PC. High energy
particles originating from the interplanetary medium, in particu-
lar protons, may also precipitate outside the PC and thus partly
overlap with auroral precipitation.

Polar Rain: The polar rain describes the precipitation of
electrons (of a few hundred eV) originating from the solar cor-
ona (Winningham & Heikkila, 1974; Newell et al., 2009). As
such the spatially homogeneous polar rain is used as an indica-
tor for open field lines (Shirai et al., 1998). The orientation
of the interplanetary field can cause hemispheric differences
(Yeager & Frank, 1976).

Solar Energetic Particle (SEP) plateau region: The SEP
plateau region indicates the area of intense and mostly homoge-
neous solar particle flux. While this region may coincide with
the PC at the low geomagnetic disturbance and for lower parti-
cle energies, there may be significant differences during other
conditions. Theoretically, it has been shown by Smart et al.
(1969) that high-energy protons (as well as electrons) from out-
side the magnetosphere may reach lower latitudes than their
low-energy equivalent. Additionally, there is a clear local time
asymmetry in the cutoff rigidities. The energy dependence of
the low latitude boundary can be seen e.g. in Figure 1 of
Bornebusch et al. (2010). For a single orbit, the SEP plateau
region borders can be determined (Feldstein & Starkov,
1967). Statistical analysis as by Bikkuzina et al. (1998) might
be used to define the corresponding area. Consequently, the
SEP plateau region depends on particle species and energy.
For very high energies of the galactic cosmic rays even the term
cut-off latitudes has been introduced (see e.g. Herbst et al.,
2013).

Auroral Oval (AO) boundaries: The poleward boundary of
the AO is of interest for the high-latitude polar ionosphere as it
locates the occurrence of an auroral particle population. The AO
boundaries are determined with radars (e.g. Chisham et al.,
2004; Aikio et al., 2006), ground-based optical photometers
(e.g. Blanchard et al., 1995; Johnsen et al., 2012), or magne-
tometers (e.g. Gary et al., 1998), but these methods have some
limitations and are not favoured Lukianova & Kozlovsky
(2013). The most popular approach to define the AO boundaries
are satellite observations. Here it is possible to distinguish two
main streams: a) optical measurements of auroral emission
(e.g. Murphree et al., 1991; Lukianova & Kozlovsky, 2013)
and b) in-situ particle measurements (e.g. Hardy et al., 1985;
Newell et al., 2009). The identification of AO boundaries using
the spectra of precipitating particles is considered the most

reliable method (e.g. Gussenhoven & Brautigam, 1994; Sotirelis
et al., 2005). Sometimes a) and b) are even used in combination
(e.g. Kauristie et al., 1999; Baker et al., 2000). Satellite obser-
vations help to better understand the correlation between AO
boundaries and geomagnetic activity (e.g. Craven & Frank,
1987; Milan et al., 2003; Carbary, 2005). While b) is direct
information about the precipitating fluxes, it lacks spatial infor-
mation. Thus several orbits have to be combined somehow in
order to get a global picture. The optical measurements in
a) return spatial information, but only represent a proxy without
spectral information.

The problem with all these definitions is that they describe
(e.g. the spatial pattern) of single particle sources. For example
the location of polar rain, the spatial extent of SEPs or the loca-
tion of auroral precipitation. However, when modelling particle
precipitation and atmospheric ionisation the problem is more the
other way around. Based on sparse measurements of a com-
bined particle spectrum of different sources we need to know
where these energy-dependent fluxes can be applied. And this
area should also be clearly predefined and not determined on
an event basis, as the satellite coverage may be limited (e.g.
not enough passes to estimate the SPE region).

Therefore, we decided to compare the (long-term) particle
flux spectrum in order to define an area with similar flux char-
acteristics as measured at the geomagnetic poles.

2 Data sets

Precipitating fluxes are observed by several satellites, placed
in low-altitude polar orbits. These are in-situ measurements
along the path of the satellite. We used a long-term data set from
the Polar Orbiting Environmental Satellites (POES) during 18
years (2001–2018) in combination with different levels of geo-
magnetic activity and the Magnetic Apex coordinate system.
We also had to recalculate the particle flux as it contains high
fractions of zero counts that do not allow a good statistical anal-
ysis. This section describes the data sets and how the data has
been processed.

2.1 Particle data

Time profiles of 16 s averaged electron fluxes ranging from
0.15 to 300 keV and protons from 0.15 to 2500 keV measured
on board the polar orbiting NOAA/POES and their successor,
the Metop satellites (Evans & Greer, 2006), have been used
for the period 2001–2018. The 16 s averages have always been
derived from 2 s native satellite resolution using the binary for-
mat before 2014 and the netCDF format afterwards. All avail-
able data from POES 15, 16, 17, 18, 19 and Metop 01 and
02 have been included, except for POES 16 after 2006 as it is
known that the TED data is erroneous (Evans, 2008).

The POES satellites have Sun-synchronous orbits at alti-
tudes of �820 km (with �100-minute periods of revolution)
and an inclination of �98.5�. The satellites have initially been
placed in orbits that should cross the equator at a fixed local
time either being morning-evening or day-night sector. How-
ever, these orbits were drifting slightly with time, allowing us
to investigate the effect of local time on particle fluxes.
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Information about the different energy channels can be
found in Table 1. All figures in this paper are given in differen-
tial particle flux in 1/(MeV m2 s sr). The differential flux has
been obtained from the particle count rates by dividing the en-
ergy range and, a geometric factor has been applied as sug-
gested in Evans & Greer (2006). For that purpose, we used
the 0� detectors only and did not assume on the pitch angle dis-
tribution. Please note that the MEPED electron channels are
sensitive to energetic proton cross-talk (Yando et al., 2011).
Consequently, we neglected the MEPED electron channels if
the high-energy proton channel P7 shows more than two counts
per second. The cross-talk check is done using the 2 s time res-
olution before averaging. The corresponding channel names are
indicated by an appended “corr”. As electron events are also
occurring without solar energetic protons (see e.g. Nesse Tyssøy
et al., 2022), the particular PC size can be determined from
those electron events.

Please note that the proton detectors measure ions, but the
contribution of heavier ions is expected to be negligible. Hence-
forth it will be assumed that the observed ion fluxes are proton
fluxes.

2.2 Coordinate system and spatial grid

Particle precipitation depends on the magnetic field. Thus it
is affected by geomagnetic disturbances, shows variation with
local time and undergoes temporal changes. Therefore analysing
statistical particle precipitation on a geographic grid is impracti-
cal. In order to eliminate (or at least minimise) these effects a
magnetic coordinate system has been chosen.

For this analysis, the Modified Magnetic Apex 110 km
coordinates (Richmond, 1995) have been used. These are based
on the International Geomagnetic Reference Field (IGRF)
model which allows for a static flux pattern in time even though
the geographic position of e.g. the poles changes. The coordi-
nates follow the magnetic field lines, meaning that a charged
particle which is moving on a particular field line would always
stay on the same magnetic longitude and latitude. Additionally,
we chose 110 km as the reference altitude since the majority of

particles get stopped here (or at least the magnetic field becomes
less important than particle interactions with the atmosphere).

The benefit of these magnetic coordinates is that the particle
precipitation does not show significant variation with longitude
any more. Thus we can neglect the longitude and concentrate on
latitudinal MLT variations.

Note that the widely used Altitude Adjusted Corrected
GeoMagnetic (AACGM) coordinates and the Apex coordinates
are practically identical poleward of 50� (see Fig. 7 in Laundal
& Richmond, 2017) and that the herein-applied 110 km modi-
fication of the Apex coordinates has no substantial effect on the
used 2� MLat � 1 h MLT grid resolution. Thus the results may
be used in an AACGM grid without further transformation.

2.3 Kp binning of particle data

The Kp-index is a planetary-wide measurement of variations
in the magnetic field relative to a standard quiet day value, deter-
mined at 3 h time resolution and averaged over 13 geomagnetic

Figure 1. Original particle flux as given by the satellites is plotted against the recalculated flux. The cumulated distribution function (CDF, see
x-axis) represents the probability that a specific particle flux (or less) appears.

Table 1. Channels and nominal energy range from the POES and
Metop satellites which have been used. The construction of mep0e1–
e2corr and mep0e2–e3corr is explained in Section 2.1.

Instrument Channel Energy range

Electrons Ted band 4 154–224 eV
band 8 688–1000 eV
band 11 2.115–3.075 keV
band 14 6.503–9.457 keV

MEPED mep0e1–e2corr 30–100 keV
mep0e2–e3corr 100–300 keV

Protons TED band 4 154–224 eV
band 8 688–1000 eV
band 11 2.115–3.075 keV
band 14 6.503–9.457 keV

MEPED mep0P1 30–80 keV
mep0P2 80–240 keV
mep0P3 240–800 keV
mep0P4 0.8–2.5 MeV
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stations located between 44� and 60� latitudes. Therefore it is
sensitive to several current systems (e.g. the ring current) and
describes magnetospheric activity with a global perspective
(Bartels et al., 1939). For example, the AO boundaries are cor-
related with the Kp index (e.g. Carbary, 2005; Nsumei et al.,
2008; Wagner & Neuhäuser, 2019).

Concerning high energetic particles, Leske et al. (2001)
described the geomagnetic cutoff variations during an SPE
and found a good correlation with geomagnetic indices (DST:
0.76 and, slightly better, Kp: �0.77). We choose the Kp index
as it reacts better during the onset of a storm (Leske et al.,
2001). Thus typical disadvantages such as the limited amount
of levels and the eventual nonlinear relation with the geomag-
netic cutoff variation (as suggested by Leske et al., 2001, their
Fig. 6) does not impact our study since the data is binned any-
way. The coarse temporal resolution may be a slight downside,
but it is not expected that ionisation models run with a signifi-
cantly higher temporal resolution.

A practical argument for using the Kp index is also that
most particle precipitation models are based on Kp (e.g. Hardy
et al., 1985; Zhang & Paxton, 2008; Wissing & Kallenrode,
2009; Sigernes et al., 2011; Wagner & Neuhäuser, 2019), thus
a description of the polar flux based on Kp would allow a sim-
ple integration in such models.

The particle data in our work has been split up into 7 Kp-
level groups: 0–0.7, 1–1.7, 2–2.7, 3–3.7, 4–4.7, 5–5.7, 6–9.
As the Kp-levels are not equally populated (low Kp-levels occur
more frequently), the amount of satellites is not constant and the
local time sectors are not evenly covered, single data points
(with 1 h MLT-resolution, 2� latitudinal resolution and the
Kp-binning) may contain a different amount of the 16 s aver-
ages. In detail, the number of measurements at a particular
bin will sum up to about 100 for the highest Kp-level and rises
to more than 20,000 individual 16 s measurements for the lower
levels. In minutes this means about 30 min for the highest level
at every place and several days at each place for the lower
levels. Due to the averaging Poisson noise is significantly
reduced against single measurements and considered negligible
for this study.

2.4 Recalculation of the particle flux

The starting point for this section is that the flux data is split
up into a magnetic latitude vs. MLT grid and binned into differ-
ent Kp levels. In addition to the fine spatial grid, we also have a
combined cell for all data |magn.lat| > 86� which is also binned
by Kp and acts as a reference flux distribution.

As shown in Table 2 a significant fraction of the flux values
consists of zeros. Especially the low energetic TED channels 11
and 14 are affected, as they consist of up to 89% zeros for quiet
geomagnetic conditions. A zero in the data set simply means
that the sensitive detector area is not big enough to be hit by
a particle of such low flux within the 16 s integration time. In
order to assess such low particle fluxes we have to increase
the integration time by combining multiple 16 s measurements.

For this purpose, we replaced consecutive zeros and the first
non-zero value after that with their mean. In other words, each
of the contributing 16 s intervals is replaced by the mean value.
Fig. 1 shows typical examples of the (sorted) recalculated flux
in comparison to the (sorted) original flux. Note that the zeros
that do not show up in the logarithmic scale can be identified

by the missing dashed lines. As seen for 16% and 43% zeros
the recalculated data set is in good agreement with the original
fluxes. In addition, the low flux end shows up and the steep rise
on the left indicates a low probability for very low fluxes as one
would also expect from a normal distribution (or – in our case –
a lognormal distribution that is mapped on a logarithmic axis).
TED proton band 14 contains 88% of zeros and here the orig-
inal flux is significantly modified by the recalculation. The orig-
inal flux however is significantly biased by the low flux
statistics. It causes zero counts in many time slots but it also
causes too many counts in a few neighbouring time slots. So
none of them represents the real flux. This is corrected by the
recalculation.

3 Polar particle flux distribution

This section analyses the PPFD based on the recalculated
flux for |magn.lat.| > 86�. Figure 2 shows the PPFDs for the
lowest electron channel (TED electron band 4, upper panel)
as well as for the highest electron channel (mep0e2–e3corr,
lower panel) for different Kp levels. In both cases, the flux val-
ues spread over more than 4 orders of magnitude, showing that
there is no ideal Kp-dependency on a 16-second value basis.

The TED electron band 4 (Fig. 2, top) is a typical example
of a low-energy channel. Its distributions have an almost Gaus-
sian shape (since the x-axis is logarithmic this is equivalent to a
log-normal distribution in linear scale). There is an obvious Kp
dependency as the total distribution shifts to higher fluxes for
higher geomagnetic disturbance without a significant asymmet-
ric component. This is also supported by the agreement of med-
ian (dashed line) and mean (solid line) of the (logarithmic)
distributions.

Figure 2 (bottom) is a typical example of a high-energy par-
ticle channel. This channel does not show a shift of the total dis-
tribution but a low flux background population and an increased
probability for a second high flux particle population (at about
107.7/(MeV m2 s sr)) that occurs at raised Kp only (slightly
enhanced for Kp 5–5.7, significantly enhanced for Kp 6–9).

While the shape of the low Kp background population at
low flux stays almost the same throughout the different Kp
levels, the fraction of the high flux population determines the

Table 2. Fraction of zero count rates in the central polar cap flux.

Channel 0s at Kp 0–0.7 0s at Kp 6–9

TED electron band 4 10% 4%
TED electron band 8 64% 20%
TED electron band 11 87% 50%
TED electron band 14 89% 73%
mep0e1–e2corr 20% 8%
mep0e2–e3corr 8% 4%
TED proton band 4 71% 60%
TED proton band 8 43% 28%
TED proton band 11 86% 79%
TED proton band 14 88% 78%
mep0P1 16% 2%
mep0P2 5% 3%
mep0P3 28% 14%
mep0P4 71% 33%
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contribution of these two populations in every Kp level. For
higher Kp levels the intense flux fractions rise, shifting the mean
to higher fluxes, while the median in many cases is not an ideal
indicator for the combined distributions.

This second population can be attributed to solar particle
events (SPEs). The SEP fraction should show a higher fluctua-
tion than the background population. Higher Kp-level groups
are more affected by SEPs as both have the same driver. These
can be gradual events that have their origin in coronal mass
ejection-driven shocks and may last for a couple of days or
short-term impulsive events caused by flares (Cane et al.,
1986). It should be noted that a gradual event may also be
accompanied by energetic storm particles (ESPs) that are accel-
erated at a greater distance to the Sun and that appear directly at
the passage of the geomagnetic storm (Cohen, 2006). According
to Kallenrode 2003, there should be a continuous transition
between gradual and impulsive events. Therefore, SEPs and
geomagnetic disturbances often come in pairs. Figure 2 shows

this in form of the second maximum (of SEPs) for Kp 6–9
which is clearly separated from the non-SPE population.

The channels in Figure 2 have been selected because the
amount of zero counts is rather low in order to present unbiased
data. Using recalculated fluxes the aforementioned statements
on the different behaviour of low and high energetic channels
also hold for the channels that contain a significant fraction of
zero counts (compare Table 2 and following discussion of
Fig. 3).

Figure 3 extends the presentation of the flux probabilities in
Figure 2 to all particles and Kp combinations in this study.
Some of the particle flux distributions show multiple narrow
peaks within a particular flux range, especially the MEPED pro-
ton channels between 2 � 104�107/(MeV m2 s sr). This is an
artefact caused by the limited flux resolution and can also be
identified in Figure 1 (as stepped function of mep0P1).

The typical evolution of the low energetic particle flux dis-
tribution with Kp (as also shown in Fig. 2, top) can be identified

Figure 2. The figure shows typical flux distributions in the central polar cap (�86� north and south) for selected Kp levels. The lowest electron
channel is presented in upper panel, the highest electron channel is given in the lower panel. The dashed lines are the corresponding medians
and the solid lines are the means.
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for all TED channels. This is also indicated by the median (hor-
izontal line in Fig. 3) which steadily increases with Kp (most
obvious for TED electrons).

In contrast to that the second particle population is seen in
all MEPED channels for the highest Kp-level and to some
degree also in the second highest. The relative contribution of
the second particle population increases with energy, which is
clearly seen for protons. For the highest proton channel in this
study, mep0P4, the SPE contribution at Kp 6–9 is even bigger
than the non-SPE population. Concerning the relative contribu-
tion of the SPE population there might be a smooth transition
from the clearly visible fraction in the high energetic MEPED
proton channels to an insignificant component in the low ener-
getic TED channels. Especially for the high energetic channels
(protons and electrons) the median is relatively stable for low
Kp but jumps up at the highest geomagnetic disturbance.

Note that a good argument for the recalculated flux is given
by the distributions of TED electron bands 4 and 14. Even

though TED 14 contains 89% zeros (for the lowest Kp-level),
its distribution is similar to that of TED 4 which just contains
10% of zeros.

Note also that the dot marks the non-logarithmic mean of
the distribution. Given the higher impact of high flux values
the non-logarithmic mean is more sensible for the second parti-
cle population and thus shows a stronger and more even Kp
dependence for the MEPED channels than the median.

4 Spatial extent of the polar particle flux
distribution

We assume that a similar probability for the same flux in
neighbouring bins (throughout the whole particle flux spectrum)
makes it very likely to detect a similar flux (within typical sta-
tistical variation) at any given time step. Or, from another per-
spective, it sounds very unlikely to end up with the same

Figure 3. The figure shows the central polar cap flux distributions (�86� north and south). The median is indicated by a horizontal line, the
dots represent the mean of the respective distribution.
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cumulated flux probability in the spatial bins if these bins show
a systematic flux difference in simultaneous measurements as
expected e.g. for different particle sources.

Following that assumption, the spatial extent of the PPFD
area is of interest for particle precipitation modelling as a few
particle measurements inside this area might be used to describe
the particle flux in the whole PPFD area for a particular time.
Given that the region is significantly bigger than |magn.lat.| >
86� it might also be used to further increase particle statistics.
The next section presents the method that is used to determine
the PPFD area, while Section 4.2 presents the results.

4.1 Method

The spatial extent of the PPFD area is determined by com-
paring the flux distributions in all bins to the reference flux dis-
tribution in |magn.lat.| > 86�. The total time of measurement of
the reference distribution is significantly higher than for a single
bin, ranging from 20 h for the highest Kp-level to 94 days for
the lowest level.

The particle distributions may contain multiple peaks (as for
MEPED channels at high Kp) or stepped functions in case of
the limited flux resolution which ends up in non-normal distri-
butions. Thus we needed a comparison test that expresses the
similarity of two arbitrary distributions. Our test works as
follows: First, the measurements of the reference distribution
as well as the test-distribution are sorted. As the particle flux
varies on orders of magnitude, we use the logarithmic values.
The sorted order of the flux observations is scaled to the range
0–1 (see x-axis in Fig. 4). This essentially is a cumulative dis-
tribution function (CDF). In the second step, the absolute
(logarithmic) flux difference between every point of the refer-
ence population and the interpolated reference distribution at
the same point is determined. The sum of all points results in
a characteristic value for the similarity of the two distributions,
labelled as D:

� ¼ Rijftest; i � fref ; interpolated at ij
N test

; ð1Þ

with f being the logarithmic particle fluxes and Ntest being the
number of measurements in the test data set. In principle the
D-test integrates the area between the two distribution curves,
but at the points of the test distribution. We accepted D-tests
with 10 or more data points per bin.

The D-test has been applied to every bin, ending up with a
spatial matrix expressing the similarity. As already mentioned in
Section 2.3 the bins are not equally populated. Given the
uneven spatial coverage of satellites, neighbouring bins may
be populated by zero, dozens or even ten thousand data points.
In order to fill the matrix and reduce the impact of sparsely pop-
ulated bins on the accuracy of the D-test we applied the follow-
ing method: Bins with less than 10 data points (no D-test) are
identified as well as those that consist of less than 1/10th of
the amount of data points compared to neighbouring MLT bins
on the same latitude. These statistically poor bins are recalcu-
lated by a weighted linear fit, where the weighting is based
on the number of measurements in the used bins. For every
recalculated bin the closest three neighbours on both sides as
well as the same bin (if a D-test has been made) enter the regres-
sion. As a result, the similarity matrix is filled and outliers that
may occur due to sparely populated bins are recalculated while
preserving MLT variations and keeping bins with good statistics
untouched.

The similarity matrix now contains D-test values for every
bin and we need to set a threshold that defines the bins which
show the same flux distribution as the PPFD. The threshold also
needs to be Kp-dependent as the statistical flux fluctuations
increase with Kp and in addition to that the lower number of
data points in high Kp levels also reduces the accuracy of the
D-test. The standard deviation r of the D-test values for all bins
inside |magn.lat.| > 86� should provide a good estimate of
the statistical variation that appears inside the PPFD area.

Figure 4. The figure shows the comparison of the central polar cap flux distribution (�86� north and south) and a single bin. The difference is
indicated by the D-test. The blue-shaded area counts the fraction of single bin cumulative distribution functions (CDFs) inside the central polar
cap as indication of the low statistical variation.
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Consequently, we selected all bins with D < 3r for a prelimi-
nary PPFD area.

The statistical variation of the single CDFs inside the
|magn.lat.| > 86� is shown as a shaded area in Figure 4. The col-
our indicates the fraction of CDFs inside a corresponding flux
range. The variation inside the central polar cap CDFs is extre-
mely small. In most cases, a single flux range contains more
than 80% of the CDFs. Thus 18 years seem to be more than
enough to get a good statistical representative flux distribution
even on a single spatial bin basis.

Continuing with the preliminary PPFD area, we apply a
simple algorithm in order to prevent single excluded bins inside
the PPFD area as well as to prevent outliers. Starting from the
maximum of the auroral precipitation, two patterns are identified
for each MLT sector on the path towards the magnetic pole: if a
bin is specified as a preliminary PPFD area followed by three
bins that are not specified as such, this is ignored as probably
being an outlier. If a bin is not specified as a preliminary PPFD
area followed by a bin that belongs to a preliminary PPFD area,
the latter one is accepted as a lower latitude boundary of the (fi-
nal) PPFD area in this MLT sector. This results in the PPFD
areas presented in the following part of the paper.

4.2 Results

Figure 5 shows the PPFD area (marked in red) mapped on
the bin-averaged flux distribution. In particular, for Figure 5
(bottom) the D-test selects a region that is not only similar in
the shape of the flux distribution but the PPFD area is also very
similar in terms of the logarithmic mean. Regarding that Figure 5
(top) is based on significantly fewer data points (which also con-
tain higher fluctuations due to elevated Kp) this statement also
holds for mep0P4 at high Kp levels.

Figure 5 (bottom) is a typical example of a particle channel
with a significant auroral particle contribution. Here the PPFD
area is enclosed by high average flux. Figure 5 (top) in contrast
shows a highly energetic proton channel, which has a relatively
small auroral component. Here the flux in the bins surrounding
the PPFD area is just slightly enhanced except for the morning
sector, where no elevated flux average can be found. As seen in
Figure 3 the SPE contribution for mep0P4 is rather high, which
leads to a high mean flux plateau in the PPFD area.

Focusing on the PPFD area, the polar plots in Figure 6 show
the proton channel mep0P3 for both hemispheres. This chan-
nel stands paradigmatic for the hemispheric differences in all

Figure 5. Bin-averaged particle flux distribution for the entire data set for a particle channel with weak auroral contribution (top) and strong
auroral contribution (bottom). The PPFD area is indicated in red.
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particle channels. Typically both hemispheres show rather sim-
ilar PPFD areas. Noticeable differences are restricted to the
MLT range 20–23 h, in particular to 22–23 h where the border
in the northern hemisphere approaches the geomagnetic pole. In
rare cases, the MLT range of 2–4 h may also be affected. Given
that many particle channels and Kp combinations show this
behaviour, we refer to Figure 4 which shows the flux distribu-
tion of a bin inside this anomaly (at 80–82N, 22–23 h MLT) in
comparison to the reference PPFD. Even though the local time
sector close to midnight in the north is not well covered by
satellite data, we can exclude this technical reason. There are
sufficient data points to expect an adequate D-test. In contrast,
Figure 4 clearly shows that especially the centre of the bin’s par-
ticle distribution is shifted to a lower flux in comparison to the
PPFD.

For the electron channels – which show a similar pattern –

the reason might be the polar rain gap that is known to occur in
the same region. It was mentioned first by Torbert et al. (1981).
Section 2 in Newell et al. (2009) describes a midnight-noon gra-
dient in polar rain. A possible source is discussed in Newell and
Meng (1990) as being reconnected field lines in the magnetotail
lobes. Hemispheric asymmetries in the polar rain are reported as
well (Yeager & Frank, 1976). The reason for the similar proton
discrepancy however is not known.

We may conclude that the PPFD area can represent the par-
ticle flux in the whole area, but especially in the northern hemi-
sphere bins with different flux distributions are excluded, which
effectively declines the PPFD area in the midnight-noon direc-
tion. Apart from that there are no characteristic differences
between the hemispheres. Thus the latter part of the paper dis-
cusses results for the southern hemisphere only.

Figure 7 gives an overview of the PPFD area for different
energy channels and its Kp dependence. While the upper
panel shows protons with increasing particle energy from left
to right, the lower panel presents the same for electrons. Note

that the empirical PPFD areas are given in Tables S1–S3 in
the Supplementary materials.

We start with the similarities found in the PPFD areas of all
channels. The centre of the PPFD area is clearly shifted towards
midnight for low Kp levels (about 85�–87�S). This offset is a
well-known feature that also can be observed for the electron polar
cap since auroral oval studies by Feldstein & Starkov (1967) or as
shown in a statistical analysis by Bikkuzina et al. (1998).

We continue with the description of the Kp dependence of
the PPFD area for low energetic protons and electrons as mea-
sured with the TED channels as well as mep0e1–e2corr,
mep0P1 and mep0P2 (latter three not shown). For increasing
Kp levels the centre is moving towards the afternoon sector
(low energy electrons, see Fig. 7: TED electron band 8/14) or
evening sector (low energy protons, see Fig. 7: TED proton
band 11). During the shift the PPFD area is increasing in size,
roughly doubling it. There is a tendency of the PPFD area to
enlarge towards the direction where the auroral precipitation is
weakest. For TED electron band 14, this is 12–15 MLT (com-
pare Fig. 3 in Yakovchuk & Wissing, 2019), and for the lowest
three TED proton bands, this is the evening sector (compare
upper panels of Fig. 4 in Yakovchuk & Wissing, 2019). Apart
from that all low energetic channels – regardless of particle spe-
cies – have a very similar PPFD area for a given Kp level. The
upper energy threshold for this behaviour is about 240 keV for
protons and 100 keV for electrons. Note that the energy thresh-
old is taken from the channels’ energy range (see Table 1).

Above these energy thresholds, we can see an increase in the
size of the PPFD area that sometimes depends on particle
energy. For protons, this statement is justified by two particle
channels, and for the electrons just one channel above the
threshold is available. We can identify the enlargement of the
PPFD area with Kp. However, this does not hold for all Kp
levels. The PPFD area of the lowest Kp-level (for mep0P4
the two lowest Kp levels) are the clear exception and forms a

Figure 6. The boundary of empirically determined PPFD area for the proton channel mep0P3 is shown for southern (left) and northern (right)
hemispheres at different Kp levels in MLAT vs. MLT coordinates. The polar plots are centred on one of the magnetic poles.
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large PPFD area, partly even bigger than the one of Kp 6–9.
The reason is the missing auroral particle precipitation at low
Kp in these channels. As soon as the Kp-level rises the auroral
component changes the particle distribution and thus the D-test
value increases. For low-energy channels the auroral component
is always significant, thus these channels are not affected.

Note that the PPFD area is a lower estimate of the region where
similar flux can be found for a given time. Polar rain, SEP and
auroral flux determine the size of the PPFD area. However, these
populations do not have the same boundary. Thus the PPFD area
is defined as a region where the SEP population and polar rain may
occur but no significant auroral precipitation is detected.

In addition to that temporal variations may occur. Substorms
for example have a different precipitation pattern (Figs. 3–5 in
Yakovchuk &Wissing, 2019) and thus may decrease the size of
the PPFD area in a multi-year flux distribution. Fortunately,
these effects do not limit our results. The paper aims to define
an area that has the same flux characteristics. In accordance with
this requirement, it is an advantage to exclude regions that
(sometimes) show different particle populations than the refer-
ence distribution does.

5 Inter-comparison of our results

The spatial extent of the PPFD area is restricted by the
occurrence of particle populations. The existence of an auroral
particle distribution should be a major component that delimits
the PPFD area. Therefore we decided to compare our results
with Kp-dependent auroral UV measurements from Figures 4
and 6 in Carbary (2005) that are taken as an indicator for auroral
precipitation.

Using near-global images of the Polar Ultraviolet Imager
(Torr et al., 1995) in the Northern hemisphere Carbary (2005)
obtained the auroral boundaries. He used more than 40,000
UV images grouped by Kp-level during 4 months of 1997.
He gridded the data in corrected geomagnetic latitude (CGM-
MLAT) and MLT, a coordinate system being very similar to
modified Apex magnetic coordinates (Baker & Wing, 1989),
therefore we can directly compare the results. Among other
things, Carbary (2005) identified the polar border of the mean
UV aurora.

Figure 8 shows the corresponding comparison. The top
panel presents all proton PPFD areas for selected Kp levels.

Figure 7. Position of PPFD areas for selected proton channels (top row) selected electron channels (bottom row). Data for all Kp levels are
shown in MLAT-MLT coordinates, where MLAT is a modified Apex magnetic latitude and MLT is the corresponding local time.
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Additionally, the poleward position of the UV aurora is indi-
cated by black squares. Note that we apply the results of
Carbary (2005) to the southern hemisphere. However, the north-
ern hemisphere has the same particle characteristics (see Fig. 6).
The lower panel shows electrons with the same setup.

Starting with the electrons (lower panel of Fig. 8), practi-
cally all PPFD areas are located poleward of the AO boundary.
This especially holds for Kp values up to 5.7 (left and middle
column of Fig. 8). The explanation is straightforward as the
additional auroral particle distribution increases the D-test value.
In more detail (see left column, lower panel of Fig. 8), the PPFD
area is shifted towards the evening sector in relation to the UV
boundary. The reason is the weak auroral precipitation in speci-
fic MLTs and has already been noted in the discussion of
Figure 7. For illustration we marked MLTs of very weak auroral
electron/proton precipitation by a dotted line using the electron
channel mep0e2–e3corr (red) and the proton channel mep0P3
(orange). The information on the intensity of the auroral precip-
itation has been taken from Figures 3 and 4 in Yakovchuk &

Wissing (2019). Precisely in these MLTs of very weak auroral
contribution, the PPFD area surpassed the UV boundary. In
contrast, the enhanced auroral precipitation on the morning side
may lead to a bigger distance of the PPFD area. This can be
explained by the chance that high flux from the auroral oval
may contribute to neighbouring bins when the AO is shifting
during geomagnetic fluctuations (substorms for example).
On the evening side, however, the weak AO cannot affect
neighbouring bins in a similar way.

For Kp 6–9 (lower panel, right column) the AO boundary
does not limit the spatial extent of the PPFD area in all channels.
Especially for mep0e2–e3corr the enhanced fraction of the SPE
population in comparison to the relatively weak auroral distribu-
tion leads to a PPFD area that stretches over the UV boundary
towards the day side. In the morning sector, the PPFD area is
significantly enlarged as well but a value of the UV boundary
comparison is missing. Note that there are two sets of squares
in this figure, a smaller one indicating the UV boundary for
Kp 6–6.7 and a bigger square for Kp 7–8.

Figure 8. Comparison of the PPFD areas from all channels at selected Kp levels with the corresponding poleward boundary of the auroral UV
measurements (black squares) from Figures 4 and 6 in Carbary (2005).
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The protons in Figure 8 (upper panel) can also be divided
into a group of low energetic channels (up to 240 keV) where
the occurrence of an auroral population limits the spatial extent
of the PPFD area. The mep0P3 channel shows a bigger PPFD
area that mostly matches the poleward AO boundary. Only
for enhanced Kp levels starting from Kp 4–4.7 the UV bound-
ary is crossed. For the highest proton channel as well as for an
increasing amount of channels with rising Kp the auroral precip-
itation becomes negligible for the whole flux distribution and
thus the UV boundary does not limit the spatial extent of the
PPFD area any more.

6 Conclusions

This work describes the particle flux distribution at the geo-
magnetic poles and shows a method to find areas with similar
flux distributions based on measurements from NOAA POES/
Metop spacecraft during 2001–2018. The following findings
have been made:

1. Even high fractions of zero count rates can be recalculated
using longer integration times.

2. The PPFD for low energy channels shows a gradual flux
increase with rising geomagnetic disturbance. In high-
energy channels, the background population is mostly
unaltered while a separate SPE population adds up with
increasing Kp.

3. The D-test determines the similarity of arbitrary
distributions.

4. Hemispheric differences of the PPFD area are mostly neg-
ligible in the chosen coordinate system (modified Apex
110 km). A characteristic exception throughout different
channels and Kp levels can be found in the northern
pre-midnight sector. The centre of the flux distribution
is shifted to lower flux levels. For electrons, this might
be attributed to polar rain asymmetries.

5. The PPFD area seems to be constant below a characteris-
tic energy threshold. For electrons, the threshold is about
100 keV and for protons about 240 keV. Above that
energy the PPFD area increases.

6. The PPFD area shows a clear enlargement with geomag-
netic disturbance. But at Kp 0–0.7 channels without sig-
nificant auroral precipitation may exhibit an
exceptionally large PPFD area.

7. The centre of the PPFD area is shifted towards midnight.
With increasing Kp it shifts towards the geomagnetic pole
(protons) or the afternoon sector (electrons). The asymme-
try can be explained by the intensity of the surrounding
auroral precipitation.

8. As far as low energetic particles are considered the PPFD
area is mainly restricted by the auroral particle flux.

9. The coordinates of the PPFD area are appended as
Supplementary materials. Since the PPFD is found in all
these bins, we also expect similar fluxes for a given time.
Thus measurements at any place inside the PPFD area
should be a good proxy for the whole PPFD area.

Please note that the PPFD area is not the same as the
SEP plateau region. Given that the PPFD contains all particle

populations at the geomagnetic pole, the PPFD area can be
defined as the intersection of the polar rain area and the SEP pla-
teau region, while bins with significant auroral populations are
removed. Therefore, the PPFD area is expected to be smaller
than the SEP plateau region.
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The empirical definition of the PPFD area represents a
region with similar flux characteristics. In consequence mea-
surements at any point inside this area may be used to represent
the whole PPFD area. This may be of special interest to particle
precipitation/ionisation models. Tables S1, S2 and S3 in the
supplementary information contain area definitions in MLT
and Modified Magnetic Apex 110 km coordinates (based on
IGRF and similar to AACGM coordinates) and can thus be con-
verted into geographic coordinates for arbitrary times.

Table S1: Magnetic apex latitude and MLT of the polar par-
ticle flux distribution area equatorial boundary for low energy
electrons in relation to Kp.

Table S2: Magnetic apex latitude and MLT of the polar par-
ticle flux distribution area equatorial boundary for high energy
electrons and low energy protons.

Table S3: Magnetic apex latitude and MLT of the polar par-
ticle flux distribution area equatorial boundary for high energy
protons.
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