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Abstract Surface charging by keV (kiloelectron Volt) electrons can pose a serious risk for satellites.
There is a need for physical models with the correct and validated dynamical behavior. The 18.5-month
(2013–2015) output from the continuous operation online in real time as a nowcast of the Inner
Magnetosphere Particle Transport and Acceleration Model (IMPTAM) is compared to the GOES 13
MAGnetospheric Electron Detector (MAGED) data for 40, 75, and 150 keV energies. The observed and
modeled electron fluxes were organized by Magnetic Local Time (MLT) and IMPTAM driving parameters;
the observed Interplanetary Magnetic Field (IMF) BZ , BY , and |B|; the solar wind speed VSW ; the dynamic
pressure PSW ; and Kp and SYM-H indices. The peaks for modeled fluxes are shifted toward midnight, but
the ratio between the observed and modeled fluxes at around 06 MLT is close to 1. All the statistical
patterns exhibit very similar features with the largest differences of about 1 order of magnitude at 18–24
MLT. Based on binary event analysis, 20–78% of threshold crossings are reproduced, but Heidke skill scores
are low. The modeled fluxes are off by a factor of 2 in terms of the median symmetric accuracy. The
direction of the error varies with energy: overprediction by 50% for 40 keV, overprediction by 2 for 75 keV,
and underprediction by 18% for 150 keV. The revealed discrepancies are due to the boundary conditions
developed for ions but used for electrons, absence of substorm effects, representations of electric and
magnetic fields which can result in not enough adiabatic acceleration, and simple models for
electron lifetimes.

1. Introduction
According to the Index of Objects Launched into Outer Space (http://www.unoosa.org/oosa/osoindex/)
maintained by the United Nations Office for Outer Space Affairs, there were about 1,980 active satellites in
orbit in April 2018. Many of them traverse the variable radiation environment in the magnetosphere. One
of the primary constituents of the radiation environment is the electrons with energies ranging from one to
tens of kiloelectron Volts (keV). One obvious example of their importance is their role as the seed popula-
tion, being further accelerated to megaelectron volt energies by various processes in the Earth's radiation
belts (e.g., Boyd et al., 2016; Chen et al., 2007; Horne et al., 2005; Jaynes et al., 2015; Li et al., 2014). At
the same time, plasma sheet electron and ion distributions get altered into unstable forms, exciting various
plasma waves (notably very low frequency chorus and electromagnetic ion cyclotron waves) that can either
energize or scatter relativistic particles (Chen et al., 2006; Foster et al., 2017; Green & Kivelson, 2001, 2004,
Kennel & Petschek, 1966; Kennel & Thorne, 1967; Shprits et al., 2006; Usanova et al., 2014). Megaelectron
Volt (MeV) electrons are one of the major sources of damaging space weather effects on space assets inside
the radiation belts (see, e.g., Baker et al., 2018, and references therein).

The electrons with energies of tens of keVs do not penetrate deep into the satellite materials but stay
near the surface, posing a serious risk for satellites in the form of surface charging (Davis et al., 2008;
Garrett, 1981; Lanzerotti et al., 1998; Thomsen et al., 2013). The electron fluxes at these keV energies vary
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significantly with geomagnetic activity on the scale of minutes or even shorter. Their dynamics is deter-
mined by convective and substorm-associated electric fields in the magnetosphere (Ganushkina et al., 2013,
2014; Kerns et al., 1994; Liemohn et al., 1998; Mauk & Meng, 1983). When a satellite anomaly due to sur-
face charging occurs, the radiation environment may be more extreme than that given by the specification
models used for design (Iucci et al., 2005; Matéo-Vélez et al., 2018). However, data may not be available at
the location of the satellite to determine the cause of the anomaly. Thus, there is a need for physical mod-
els with the correct dynamical behavior that can be used to reconstruct the radiation environment at any
location at any satellite orbit. Prediction models of MeV electron fluxes do daily averaging (Balikhin et al.,
2016), even though less than 1-hr variability is important for them. This was taken into account in VERB
(Subbotin & Shprits, 2009; http://rbm.epss.ucla.edu/realtime-forecast/) and BAS (Glauert et al., 2014;
http://fp7-spacecast.eu/index.php?page=he_forecasts) radiation belt codes, for example. For keV electron
fluxes, smaller-scale variations do not allow averaging over an orbit/day/hour and they must be considered
while modeling the fluxes.

Several modeling attempts for keV electron dynamics have been made (e.g., Chen et al., 2006; Jordanova
et al., 2005, 2014; Miyoshi et al., 2006) focusing mainly on the application to specific events. A couple of
models, namely, the Fok Ring Current Model (FRC) (Fok & Moore, 1997; Fok et al., 1999, 2001) and the
Comprehensive Inner-Magnetosphere Ionosphere (CIMI) model (Fok et al., 2001, 2011, 2014), run online
at the Community Coordinated Modeling Center (http://ccmc.gsfc.nasa.gov/index.php) in near real time
but without real-time comparison with the observations. The purely empirical model for electron flux for
1 eV to 40 keV at GEO (Denton et al., 2015, 2016, 2017) based on LANL data (http://gemelli.spacescience.
org/mdenton/) and dependent on the Kp index, daily F10.7 index, and −VSW BZ is not well suited for mod-
eling of the specific events and of the fast variations of keV electrons due to its limited number of driving
parameters. Another empirical model, the MSSL Electron Population Model, based on Cluster PEACE and
EFW instrument data from 2001 to 2014 provides the omnidirectional 10 eV to 40 keV electron popula-
tion parameterized by solar wind velocity and Kp index at MEO (L = 4–6) and GEO (L = 6–7). It is
not accessible without registration to the ESA Space Radiation Expert Service Centre, and the resolutions
of the grids in Magnetic Local Time (MLT), energy, and driving parameters are quite low. A very differ-
ent approach is used in the SNB3GEO models (e.g., Balikhin et al., 2011; http://www.ssg.group.shef.ac.uk/
USSW/UOSSW.html) based on Multi-Input Single-Output Nonlinear AutoRegressive Moving Average with
eXogenous inputs methodologies (Leontaritis & Billings, 1985a, 1985b). Boynton et al. (2016) extended the
forecast to lower energies of 30 to 600 keV electrons using MAGnetospheric Electron Detector (MAGED)
GOES satellite data which is now shown under the H2020 PROGRESS project (https://ssg.group.shef.ac.uk/
progress2/html/index.phtml). In general, it is challenging to forecast keV electrons 1 day ahead because the
same-day variations in the solar wind affect the current electron flux. In Boynton et al. (2016), the past 24-hr
averages for each hour were computed, and they represented 1-hr forecasts but without smaller-time-scale
variations.

The Inner Magnetosphere Particle Transport and Acceleration Model (IMPTAM) (Ganushkina et al., 2013,
2014, 2015) was developed for low-energy (< 200 keV) electrons and has been operating online in real time
since February 2013 under the EU-funded projects (http://fp7-spacecast.eu, imptam.fmi.fi) and at http://
csem.engin.umich.edu/tools/imptam with the most recent version running at https://ssg.group.shef.ac.uk/
progress2/html/index.phtml and at http://citrine.engin.umich.edu/imptam/. The model covers the whole
inner magnetosphere from 3 RE up to 10 RE distances. It is driven by the real-time solar wind and Inter-
planetary Magnetic Field (IMF) parameters and geomagnetic indices and provides the outputs of the keV
electron fluxes at a given time step at all L shells and at all satellite orbits within the computational domain.
So far, the output of IMPTAM is compared with the only data set available in real time for keV electrons in
the inner magnetosphere which is the geostationary GOES 13 or GOES 15 (whenever available) MAGED
data on electron fluxes at three energies (40, 75, and 150 keV). A preliminary validation study (Ganushkina
et al., 2015) demonstrated that IMPTAM provides a now-cast of keV electrons comparable to the observa-
tions so that the same order of magnitude variations of the observed fluxes were reproduced. At the same
time, the validation study was done only for 4 months of IMPTAM performance.

The quality of any model is determined by how well this model predicts the quantities being modeled
as compared to real data and how much it deviates from the observations. The direct data-model, or
observed-modeled electron flux, comparison alone cannot fully quantitatively reveal the model perfor-
mance. There are several metrics to assess the model's quality. In the validation study by Ganushkina et al.
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(2015), we computed (1) the normalized root-mean-square deviation (Walther & Moore, 2005; Wilks,
2006) and the associated standard deviations of the observations and (2) the binary event tables (Jolliffe &
Stephenson, 2012) and Heidke skill scores (HSS) (Balch, 2008; Doswell et al., 1990; Heidke, 1926) based
on them. For 4 months of IMPTAM performance, the normalized root-mean-square deviation ranged from
0.015 to 0.0324, and the hit rates were reasonable (0.159–0.739) with the best hit rate reached for 75 keV
electrons (0.367–0.739), but the HSS were rather small (0.17 and below).

There is a need to evaluate the model performance on larger data sets and with more appropriate metrics. In
the case of keV electron fluxes, there are several orders of magnitude differences at different locations along
the geostationary orbit and during quiet and disturbed conditions with different levels of variability. There-
fore, using of scale-dependent accuracy measures as simple model error or mean error can be problematic,
since it can result in very large values due to the outliers in the data and in the model (Morley et al., 2018).

In the present paper we extend the study of Ganushkina et al. (2015) on the performance of IMPTAM by
analyzing 18.5 months of IMPTAM output during its continuous operation online in near-real time. In
section 2, the GOES 13 MAGED data used in the study are briefly described along with the method of deter-
mining the flight direction-integrated differential electron fluxes following Sillanpää et al. (2017). Section
3 presents IMPTAM settings and driving parameters (solar wind and IMF parameters and geomagnetic
indices) which were kept unchanged during the whole period analyzed in the paper. The comparative anal-
ysis of long-term variations of keV electron fluxes modeled by IMPTAM and measured by the GOES 13
MAGED instrument as dependent on IMPTAM driving parameters is given in section 4. To evaluate quan-
titatively IMPTAM's overall performance, independent of its driving parameters, the appropriate metrics
are introduced and computed in section 5. The obtained results are discussed and conclusions are given in
section 6.

2. Data for IMPTAM Validation: GOES MAGED Electron Fluxes at
Geostationary Orbit
The only data on keV electrons in the inner Earth's magnetosphere which can be used for comparison with
modeled electron fluxes by IMPTAM in real time are the measurements by the geostationary GOES 13 (or
GOES 14 and 15, whenever available) MAGED instrument. The MAGED instrument is a set of nine col-
limated solid state telescopes (Hanser, 2011; Rowland & Weigel, 2012). The nine detectors, or telescopes,
each with a 30◦ full-angle conical field of view, form a cruciform field of regard with the central telescope 1
pointing anti-earthward. Each telescope measures electron fluxes in five energy channels of 30–50, 50–100,
100–200, 200–350, and 350–600 keV. The MAGED archival data are provided as directional differential elec-
tron fluxes in units of cm−2·s−1·sr−1·keV−1 determined for the midpoint of the five energy ranges (i.e., at 40,
75, 150, 275, and 475 keV) and given separately for all nine telescopes, as well as the pitch angles calcu-
lated from the GOES Magnetometer 1 data (Rodriguez, 2014). We consider the first three energy channels.
Using electron fluxes measured by separate telescopes provides sparse information on the full distribution
function at the GOES location, although they can be used to estimate the complete pitch-angle distribution
(Hartley et al., 2013). Coverage of pitch angles of electrons entering a certain telescope varies with time,
magnetic field changes being one of the reasons for that. Instead of determining the pitch angles measured
by separate telescopes and using the corresponding fluxes of nine separate values from the nine telescopes,
we compute one omnidirectionally averaged flux value for each of the energies of 40, 75, and 150 keV flight
direction-integrated differential electron fluxes, following the method presented in Sillanpää et al. (2017).
Here we briefly summarize the procedure.

Several assumptions are made when computing the flight direction-integrated differential electron flux,
namely, that the directional electron fluxes are (1) cylindrically symmetric with respect to the direction of
the magnetic field (i.e., fluxes are uniform in all directions with the same pitch angle) and (2) symmetrically
reflected with respect to the plane perpendicular to the magnetic field (i.e., fluxes for pitch angles 𝛼 from 0◦

to 90◦ are the same as from 90◦ to 180◦, J(180◦ − 𝛼) = J(𝛼)).

The flight direction-integrated differential electron flux for each energy channel can be computed using the
directional differential electron fluxes of individual telescopes in order to get the differential fluxes in all
directions then integrating these fluxes over the full solid angle of 4𝜋. To avoid the confusion which may arise
due to differences in units for the computed flight direction-integrated differential electron fluxes (Roberts,
1965), the directional differential electron fluxes provided by separate telescopes, and fluxes modeled by

GANUSHKINA ET AL. 689



Space Weather 10.1029/2018SW002028

IMPTAM, we obtain the flight direction-integrated differential electron flux J in units of cm−2·s−1·sr−1·keV−1

by normalizing the computed values by 4𝜋:

J = 1
4𝜋 ∫4𝜋

J(Ω)dΩ = 1
4𝜋

· 2 · 2𝜋 ∫
𝜋∕2

0
J(𝛼) sin(𝛼)d𝛼 =

=
n∑

i=1
Ji ∫

𝛼i1

𝛼i0

sin(𝛼)d𝛼 =
n∑

i=1
Ji[− cos(𝛼i1) + cos(𝛼i0)],

(1)

where

Ji =
sin(𝛼i0) · Ji0 + sin(𝛼i1) · Ji1

sin(𝛼i0) + sin(𝛼i1)
, (2)

and J(𝛺) is the directional flux as a function of the solid angle 𝛺, Ji is the differential flux for each pitch
angle interval i which is the actual pitch angles of the telescopes, Ji0 is the differential flux by a detector at
the beginning of a pitch angle interval i, and Ji1 is the differential flux at the end of the interval with the
corresponding pitch angles 𝛼i0 and 𝛼i1, respectively.

In the present study we use the GOES 13 MAGED data of electron fluxes and the data for the pitch angles
of each telescope with 5-min averaging from http://satdat.ngdc.noaa.gov/sem/goes/data/new_avg/.

3. IMPTAM Setup for Modeling of keV Electron Fluxes at GOES 13
Locations
The IMPTAM, version for electrons (Ganushkina et al., 2013, 2014, 2015), traces distributions of electrons
in the drift approximation (first and second adiabatic invariants conserved) with arbitrary pitch angles from
the plasma sheet (starting at 10 RE) to the inner L shell regions (3 RE) with energies reaching up to hundreds
of keVs in time-dependent magnetic and electric fields. We obtain the changes in the electron distribution
function f(R, 𝜙, t,Ekin, 𝛼), where R and 𝜙 are the radial and azimuthal coordinates in the equatorial plane,
respectively, t is the time, Ekin is the particle energy, and 𝛼 is the particle pitch angle, considering the drift
velocity as a combination of the E × B drift velocity and the velocities of gradient and curvature drifts. Even
though the grid for distance is in R, the L values are computed inside IMPTAM. Liouville's theorem is used
to gain information on the entire distribution function with losses taken into account. For electron losses,
we consider the convection outflow and pitch angle diffusion. In IMPTAM we do not use the pitch angle
diffusion coefficients directly but electron lifetimes computed from them. When running IMPTAM online
in real time, we used two model representations for the electron lifetimes 𝜏, one of Chen et al. (2005) at dis-
tances from 10 RE, where our IMPTAM outer boundary was located, to 6 RE and the other of Shprits et al.
(2007) at distances from 6 to 3 RE, which was the IMPTAM inner boundary. The Chen et al. (2005) repre-
sentation does not include any dependence on the geomagnetic activity, but it includes an MLT dependence
and it can be applied when we model electron motion from the plasma sheet to geostationary orbit. The
Shprits et al. (2007) representation does not include an MLT dependence, but it includes the Kp dependence
which is important when we apply these electron lifetimes at distances inside geostationary orbit. Shprits
et al. (2007) addressed only interactions due to chorus waves; hiss waves are not taken into account, but this
is acceptable for the comparison between the modeled and observed electron fluxes at geostationary orbit.
For the obtained distribution function, we apply radial diffusion by solving the radial diffusion equation
(Schulz & Lanzerotti, 1974). Kp-dependent radial diffusion coefficients DLL for the magnetic field fluctua-
tions are computed following Brautigam and Albert (2000). After that, we repeat the order of calculation:
First, we solve transport with losses and then apply the diffusion. More detailed description of IMPTAM is
given in Ganushkina et al. (2014, 2015).

The IMPTAM nowcast (imptam.fmi.fi) for low-energy (1-200 keV) electrons in the inner magnetosphere
has been operating online since February 2013 in near-real time under the FP7 SPACECAST (http://
fp7-spacecast.eu), SPACESTORM (http://www.spacestorm.eu/), and H2020 PROGRESS (https://ssg.group.
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shef.ac.uk/progress2/html/) projects funded by the European Commission. Real-time geostationary GOES
13 MAGED data on electron fluxes for three energies of 40, 75, and 150 keV have been used for comparison
and validation of IMPTAM running online (Ganushkina et al., 2015). IMPTAM is driven by the solar wind
and IMF parameters and geomagnetic indices obtained in real time.

Inside IMPTAM, the set of models which was found to provide best agreement with the measured electron
fluxes at geostationary orbit is used, namely, (1) a dipole model for the internal magnetic field, (2) T96 model
Tsyganenko (1995) for the external magnetic field, and (3) Boyle et al. (1997) polar cap potential mapped
to the magnetosphere. The T96 model uses the Dst index, solar wind pressure PSW , and IMF BY and BZ
components as input parameters. We recompute the magnetic field configuration in the entire modeling
domain every 5 min using the observed, 5-min averaged PSW and IMF BY and BZ , and, instead of hourly
Dst index, we use 5-min SYM-H index for consistency with other parameters. Wanliss and Showalter (2006)
showed that the Dst and SYM-H indices correlate with a coefficient higher than 0.9, indicating that they
can be used interchangeably. Furthermore, Katus and Liemohn (2013) demonstrated that, during storm
times, these indices are close to each other but can vary from each by up to 20%. This is an acceptable
difference that allows for a higher time resolution of this input parameter to the T96 model. The electric field
(Boyle et al., 1997) is determined using the solar wind speed VSW , the IMF strength |B|, and its components
BY and BZ (via IMF clock angle 𝜃IMF) dependent on radial distance and MLT. We set the model boundary
at 10 RE and use the kappa electron distribution function. Parameters of the kappa distribution function
are the number density n and temperature T in the plasma sheet given by the empirical model derived
from Geotail data by Tsyganenko and Mukai (2003). In IMPTAM simulation, the electron n is assumed
to be the same as that for ions in the model, but Te/Ti = 0.2 is taken into account. The Tsyganenko and
Mukai (2003) model uses as input parameters the solar wind speed VSW and density NSW as well as the BZ
component of IMF. Kp index is a parameter for the radial diffusion coefficients DLL and Shprits et al. (2007)
electron lifetimes. Thus, the IMPTAM driving parameters are (1) the IMF BZ and (2) BY components, (3) the
IMF strength |B|, (4) the solar wind speed VSW and (5) dynamic pressure PSW , and (6) Kp and (7) SYM-H
indices. These parameters are of primary interest in data-model comparison. The comparison between the
keV electron fluxes modeled by IMPTAM and measured by GOES 13 MAGED instrument presented here is
for the period from 20 September 2013 (by then, the initial checks of IMPTAM running online which started
in February 2013 were done) to 31 March 2015. During this period, the model's settings were not changed.
For the IMPTAM input parameters, we used the openly available ACE data (http://services.swpc.noaa.gov/
text/) together with data from OMNIWeb (http://omniweb.gsfc.nasa.gov/) and the World Data Center for
Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html).

4. Comparative Analysis of Long-Term Variations of keV Electron Fluxes
Modeled by IMPTAM and Measured by GOES 13 MAGED Instrument at
Geostationary Orbit
We use the 5-min averaging for GOES 13 MAGED data and the 5-min IMPTAM output as flight
direction-integrated differential fluxes for energies of 40, 75, and 150 keV that are directly comparable during
the period between 20 September 2013 and 31 March 2015. The direct data-model comparison during two
periods, 2 months of July–August 2013 and 4 months of January–April 2014, was analyzed in Ganushkina
et al. (2015). Time series of the observed and modeled fluxes over a 18.5-month period are presented in
Figure 1 together with IMPTAM driving parameters. Since keV electron fluxes vary at rather short time
scales, the conclusions which can be made from Figure 1 are limited to the following:

1. The modeled 40 keV electron fluxes vary within the range observed by GOES 13 MAGED, but at the same
time, sharp dropouts are not reproduced.

2. The modeled 75 keV electron fluxes have a narrower range than observed but fail to fit the dropouts and
smaller fluxes.

3. In general, statement (2) is true also for 150 keV electrons.

Looking at Figure 1, it is very difficult to make any conclusions about the influence of driving parameters
upon the modeled fluxes. Therefore, we analyze in detail the observed and modeled electron fluxes orga-
nized by MLT along the GOES 13 orbit and the IMPTAM driving parameters (IMF BZ , BY components, and
strength |B|, VSW , PSW , Kp, and SYM-H) instead of direct data-model comparison for the modeled period.
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Figure 1. IMPTAM performance run in real time: the observed fluxes (black lines) at GOES 13 together with the
modeled fluxes for (a) 40 keV (red line), (b) 75 keV (blue line), and (c) 150 keV electrons (green line) with model
driving parameters as observed. (d) IMF BZ (pink line), IMF BY (orange line), IMF B (black line), (e) solar wind
velocity, (f) solar wind dynamic pressure, and geomagnetic indices (g) Kp and (h) SYM-H.

This approach can provide more insights into the influence of the different parameters on the IMPTAM
performance quality. Figures 2–8 present the comparison results. The MAGED electron fluxes (panels a, d,
and g) and the IMPTAM modeled electron fluxes (panels b, e, and h) for the three energies of 40, 75, and
150 keV are plotted in the same logarithmic scale. Panels (c), (f), and (i) present the ratio between the mod-
eled and observed fluxes in the logarithmic scale. Panel (j) shows the data counts for the occurrence of a
corresponding driving parameter.

Figure 2 shows the modeled (panels on the left) and the observed (panels in the middle) electron fluxes
binned by MLT with 1-hr step and IMF BZ with 1-nT step. The fluxes were computed as the average fluxes
from all data points which fall into certain bins but plotted in the logarithmic scale. In addition, the ratio
between the modeled and observed fluxes, after averaging those fluxes in each bin, is shown in panels on
the right, also plotted in logarithmic scale. The way this ratio was computed, when one average (of modeled
fluxes in a bin) was divided by another average (of observed fluxes in a bin), results in higher fluxes being
given more weight in it. The ratio of the averaged values (

∑
IMPTAM𝑓 lux∑

GOES𝑓 lux
) will not be equal to the averaged

ratio of the same values (
∑ IMPTAM𝑓 lux

GOES𝑓 lux
) in which lower fluxes will have more influence. In our present study,

we compute the ratio between the averaged values, since we wanted to focus on the ability of IMPTAM to
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Figure 2. Flight direction-integrated differential electron fluxes in logarithmic scale for the energies of 40, 75, and 150 keV computed from the GOES 13
MAGED data (a, d, and g) and modeled by the IMPTAM (b, e, and h) binned by MLT and IMF BZ , and then averaged, together with the ratio between them in
logarithmic scale (c, f, and i). (j) The data counts for the IMF BZ occurrence.

reproduce the higher fluxes which can be reached by keV electrons at the geostationary orbit. This focus is
due to the fact that the surface potential of a spacecraft can become significant ranging from several to tens
of kilovolts as long as electron fluxes exceed a spacecraft-dependent threshold level. For specific spacecraft
and their surfaces, certain electron energies are of most importance and the threshold depends on them. For
example, at the LANL satellites, the most important energies for surface charging were found to be ranging
from 5 to 50 keV (Matéo-Vélez et al., 2018; Thomsen et al., 2013). For GOES, we do not possess readily such
information; therefore, the range of higher fluxes, observed and modeled, was given special attention here
and the ratio was computed between the averaged values.

Since this Figure 2 contains all the points with corresponding IMF BZ values, Figure 2j gives the distribution
of data counts within the observed range of MLT and IMF BZ . From Figure 2j, we can see that the maximum
occurrence of data points is for IMF BZ from 0 to +5 nT with about 104 points per bin, and all points above
+10 nT and below −8 nT constitute less than 10% of the maximum number of points in that MLT range.
Points with IMF BZ above +20 nT and below −15 nT are already less than 1% of the maximum number of
points. Therefore, for our analysis, the main attention will be paid to the modeled and observed fluxes which
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Figure 3. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and IMF BY and then averaged with IMF BY data occurrence.

fall into the IMF BZ range of −10 to 10 nT (same absolute values for negative and positive BZ are chosen to
make the analysis of Figure 2 easier).

The observed 40 keV electron fluxes (Figure 2a) exhibit the clear peak reaching to 106 cm−2·s−1·sr−1·keV−1 for
negative IMF BZ (0 to−10 nT) located at a rather wide midnight-dawn-noon sector of 00–12 MLT. The 40 keV
electron flux for positive IMF BZ in this MLT sector and for all values of IMF BZ in the noon-dusk-midnight
sector is about the same, being of 5–8 · 104 cm−2·s−1·sr−1·keV−1. For higher energies the pattern of electron
flux dependence on MLT and IMF BZ is very similar with fluxes being lower. The peak values for 75 keV
electrons (Figure 2d) are around 5 · 105 cm−2·s−1·sr−1·keV−1, and for 150 keV electrons (Figure 2g) they are
about 5 ·104 cm−2·s−1·sr−1·keV−1 and located on the dawn sector. In general, the observed geostationary keV
electron fluxes are very clearly organized by IMF BZ with maximum fluxes located at around 06 MLT.

One particular location of higher observed fluxes can be seen very close to 04–06 MLT for IMF BZ of about
−18 to −12 nT. Comparing this location to the number of data points presented in Figure 2j tells us that
such high fluxes can be the result of averaging over a small number of points where higher values of the
observed fluxes get larger weights. This can be unrealistic and very different if there would have been more
statistically valuable data points. The same is true for smaller peaks seen at 12–16 MLT for IMF BZ above
20 nT.
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Figure 4. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and IMF |B| and then averaged with IMF |B| data occurrence.

Keeping in mind the number of actual data points corresponding to different IMF BZ is especially important
when analyzing the modeled fluxes. If we concentrate at the range of −10 to 10 nT of IMF BZ , it can be
seen that the modeled electron fluxes have similar peaks for negative IMF BZ (Figures 2b, 2e, and 2h) but
the maxima of the peaks are located not at around 06 MLT as observed but shifted toward midnight being
between 00 and 06 MLT. The modeled fluxes have peaks at large (> 10 nT) positive IMF BZ at around 18–06
MLT for all three energies which are not seen in the observed fluxes. At the locations of these peaks, the
difference of 1 to 2 orders of magnitude can be seen (Figures 2c, 2f, and 2i). As was stated above, this is the
IMF BZ range where the number of data points was less than 10% of the maximum number of points in that
MLT range. For negative IMF BZ , the ratio can also reach 1 to 2 orders of magnitude but it is mainly for IMF
BZ below −10 nT. At the same time, the ratio between the modeled and the observed fluxes at 00–12 MLT
where the observed peak is located is close to 1 and up to 10 for several values of IMF BZ for the presented
statistics.

In a similar way as presented in Figure 2, Figure 3 shows the modeled and the observed electron fluxes
binned by MLT and IMF BY , and then averaged, together with the ratio between them and the distribution
of data counts within the observed range of MLT and IMF BY . Following the same estimates as for Figure 2j,
we can say that all points above +12 nT and below −10 nT constitute less than 10% of the maximum number
of points in any given MLT range, so our analysis is concentrated at the range between −10 and +10 nT for
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Figure 5. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and solar wind speed VSW and then averaged with VSW data
occurrence.

IMF BY . The observed 40 keV electron fluxes (Figure 3a) show the x-shaped peak, again located at around 06
MLT, with values of about 5·105 cm−2·s−1·sr−1·keV−1. The peak widens in MLT (from midnight to noon) with
the increase of negative and positive values of IMF BY in magnitude being narrower (± 2 hr from 06 MLT)
for IMF BY close to 0. Similar peaks, but an order of magnitude lower and shifted a little more toward noon
than the previous ones, are visible for 75 keV (Figure 3d) and 150 keV electrons (Figure 3g). The modeled
fluxes exhibit very similar x-shaped structure but shifted toward midnight (Figures 3b, 3e, and 3h). Due to
this shift, the modeled fluxes are 1 to 2 orders of magnitude higher than the observed ones at around 18–02
MLT for both positive and negative IMF BY values. At 06–12 MLT the ratio is close to 1 or smaller indicating
the difference in fluxes with the modeled smaller than the observed up to 1 order of magnitude (Figures 3c,
3f, and 3i).

Figure 4 presents the modeled and observed electron fluxes binned by MLT and IMF total strength |B|, and
then averaged, together with the ratio between them and the distribution of data counts within the observed
range of MLT and IMF |B|. Figure 4j indicates that the data-model comparison needs to be done for IMF
|B| below about 20 nT. The observed fluxes show quite similar features as in Figure 2 with peaks at 00–12
MLT but with inverted-V shapes and with an order of magnitude lower and shifted more toward noon than
the previous ones with energy (Figures 4a, 4d, and 4g). The modeled fluxes can reach of 1 to 2 orders of

GANUSHKINA ET AL. 696



Space Weather 10.1029/2018SW002028

Figure 6. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and solar wind dynamic pressure PSW and then averaged with
PSW data occurrence.

magnitude difference at 18–06 MLT for larger (10 to 20 nT) values of IMF |B| (Figures 4b, 4e, and 4h), but
at 06–12 MLT for IMF |B| < 15 nT, the ratio between them and the observed ones is close to 1 (Figures 4c,
4f, and 4i).

Figure 5 presents the modeled and observed electron fluxes binned by MLT with 1-hr step and solar wind
speed VSW with 20-km/s step, and then averaged, together with the ratio between them and the distribution
of data counts within the observed range of MLT and VSW . Based on Figure 5j, data points with correspond-
ing VSW above 700 km/s constitute less than 10% from the maximum number of points per bin and the
corresponding structures in the observed and modeled fluxes can be disregarded. The U-shaped peaks in the
observed electron fluxes are located at 00–12 MLT as in previous figures, and the fluxes increase with the
increase of VSW covering larger range of MLT. The modeled fluxes of about 5 · 105–106 cm−2·s−1·sr−1·keV−1

for 40 keV electrons are present at a wider than observed range of MLTs (20–04) for VSW above 200 km/s.
The same is true for 75 keV but with order of magnitude lower fluxes (or 2 orders of magnitude for 150 keV).
Shifts of the peaks to midnight instead of dawn are also present. Looking at the ratio, we can see that the
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Figure 7. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and Kp index and then averaged with Kp data occurrence.

modeled fluxes are rather close to the observed ones at 06–12 MLT. The main overestimation is seen at
around midnight with about 1 order of magnitude.

Figure 6 demonstrates the modeled and observed electron fluxes binned by MLT with 1-hr step and solar
wind dynamic pressure PSW with 1-nPa step, and then averaged, together with the ratio between them and
the distribution of data counts within the observed range of MLT and PSW . As can be seen in Figure 6j,
analyzing the observed and modeled fluxes with PSW above 10 nPa can lead to unreasonable conclusions,
since the number of points there is less than 10% from the maximum number of points per bin. The largest
observed 40 keV electron fluxes (Figure 6a) are located at 00–12 MLT peaking at around 06 MLT and increas-
ing with the increase of PSW . Similar features are seen for 75 and 150 keV electron fluxes (Figures 6d and 6g)
but with peaks shifted toward noon and with order of magnitude smaller values as in all figures described
above. The modeled fluxes are higher than the observed ones at 18–06 MLT with the difference reaching
about 1.5 orders of magnitude at around midnight and 18 MLT. Again, in the MLT sector of 06–12 for PSW <

10 nPa, the ratio between the modeled and observed fluxes can be close to 1.
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Figure 8. Similar to Figure 2, but the observed and modeled electron fluxes are binned by MLT and SYM-H index and then averaged with SYM-H data
occurrence.

In addition to the IMF and solar wind parameters, we present the statistical dependencies on the geomag-
netic indices Kp and SYM-H which are also the driving parameters for IMPTAM. Figure 7 presents the
modeled and observed electron fluxes binned by MLT with 1-hr step and Kp index with four steps when
moving from one Kp value to the next, and then averaged, together with the ratio between them and the
distribution of data counts within the observed range of MLT and Kp. Contrary to the IMF and solar wind
parameters, many more data points need to be considered in our analysis, except of those with Kp>5 as can
be seen in Figure 7j. The similar pattern how the observed electron fluxes depend on the Kp index along the
geostationary orbit was previously reported using LANL MPA data Korth et al. (1999) and Polar HYDRA
data Friedel et al. (2001). It is rather similar to the one for VSW (Figure 5) with the U-shaped peaks on the
dawnside with fluxes increasing as Kp increases. The modeled fluxes exhibit 2 orders of magnitude differ-
ence at around midnight for Kp greater than 5, but these correspond to statistically less meaningful bins.
They are close to the observed fluxes at 06–12 MLT with the ratio of 1 or less.

Figure 8 shows the modeled and observed electron fluxes binned by MLT with 1-hr step and SYM-H index
with 5-nT step, and then averaged, together with the ratio between them and the distribution of data counts
within the observed range of MLT and SYM-H. According to Figure 8j, we take into account the data points
with SYM-H below 50 nT and above −60 nT. The observed 40 keV fluxes (Figure 8a) exhibit a clear peak
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Figure 9. Scatter plots of GOES MAGED electron fluxes versus modeled fluxes by IMPTAM for (a) 40, (b) 75, and (c) 150 keV overplotted with population
density of the data, together with thresholds used for binary event analysis marked by red lines.

for negative SYM-H values located at 00–06 MLT. This peak is present for 75 keV (Figure 8b) and 150 keV
(Figure 8c) electron fluxes with an order of magnitude smaller fluxes but similar MLT location. The modeled
fluxes again show the shift toward midnight and order of magntiude overestimates at 18–24 MLT. The ratio
is close to 1 at around 06–12 MLT.

5. Metrics for Model Performance
The quality of any model is determined by how well this model predicts the quantities being modeled as
compared to the real data and how much it deviates from the observations. There are several metrics to assess
the model's quality, and many of them have been successfully applied to terrestrial weather forecast models
(Jolliffe & Stephenson, 2012; Murphy, 1993; Thornes & Stephenson, 2001). With the intense development of
space weather forecast models, similar metrics can be applied for them, too (e.g., Ganushkina et al., 2015;
Lopez et al., 2007; Morley, 2016, 2018; Pulkkinen et al., 2013; Welling & Ridley, 2010).

Before computing the necessary metrics, in Figure 9, we present the scatter plots of GOES MAGED elec-
tron fluxes versus fluxes by IMPTAM for (a) 40, (b) 75, and (c) 150 keV. We overplot the fluxes with the
scatter density which converts the population density of the data into a logarithmic gradient. This loga-
rithmic gradient of the points is denoted by the color bar in these plots. As expected, there is no obvious
one-to-one correlation. The observed dropouts (lowest fluxes for all three energies) are not reproduced (mod-
eled fluxes stay high). It is also seen that there are times of low modeled fluxes that are not observed. These
are dropouts from magnetopause shadowing in the model that were not seen at GOES. Despite these “wings”
of the distribution, there is a large cloud of points within an order of magnitude along the one-to-one black
diagonal line.

To evaluate the quality of the electron flux forecasts made by the IMPTAM, we employ the binary event
analysis (Jolliffe & Stephenson, 2012). This methodology first divides the time series data into nonoverlap-
ping time windows. Each interval is then categorized by the behavior of the model and observation with
respect to a given threshold: It is considered a “hit” if the model and data both cross the threshold, a “miss”
if the observation does but the model does not, a “false positive” if the model does but the data do not, and a
“true negative” if neither cross. The thresholds for each energy level are given in the first column of 1, and
Figure 9 shows them as red lines over the scatter plots. Ideally, these thresholds need to be meaningful for
applications based on the fact that the surface charging can begin when electron fluxes exceed the thresh-
old level which is spacecraft and energy dependent. Since we do not know them for GOES MAGED data,
the selection of threshold levels is somewhat arbitrary. Any particular percentile of the observed flux is no
more meaningful, either, since the surface potential on a satellite is not determined by a specific percentile.
Therefore, in the present study we select several thresholds so that binary event metrics have enough events
(i.e., threshold crossings) to be useful and the thresholds correspond to our previous analysis Ganushkina
et al. (2015) to be able to compare the results.

Following our previous work (Ganushkina et al., 2015), the window width is set to 1 hr. One hour is rather
long as compared to the model output every 5 min, the flux can vary significantly within an hour, but in
the present study, the selected window is chosen to test “bulk activity.” The second to fifth columns in 1
contain the actual numbers of hits, false positives, misses, and true negatives. Descriptive metrics and skill
scores can be calculated from them. One metric is the “hit rate,” or the ratio of correctly predicted threshold
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Table 1
Binary Event Analysis Results for Each Energy Channel as a Function of Flux Threshold

Threshold False True False Heidke
(cm−2·s−1·sr−1·keV−1) Hit positive Miss negative Hit rate alarm rate skill score

40 keV electron fluxes
5 ·104 2,051 3,458 868 3,419 0.703 0.503 0.159
1 ·105 801 3,217 553 5,225 0.592 0.381 0.115
2 ·105 346 2,154 344 6,952 0.501 0.237 0.120
3 ·105 180 1,702 197 7,717 0.477 0.181 0.102
4 ·105 84 1,403 128 8,181 0.396 0.146 0.063

75 keV electron fluxes
3 ·104 1,707 5,048 473 2,598 0.783 0.660 0.070
5 ·104 634 4,303 394 4,495 0.617 0.489 0.048
1 ·105 154 2,753 226 6,693 0.405 0.291 0.027

150 keV electron fluxes
3 ·103 3,717 1,790 2,931 730 0.559 0.710 −0.133
3.5 ·103 3,112 2,062 2,996 998 0.509 0.674 −0.153
1 ·104 299 2,561 1,125 5,183 0.210 0.331 −0.086

crossings to all observed crossings. It ranges from 0 to 1, with 1 being perfect. Next is “false alarm rate,” or
the fraction of false alarms to all nonevent intervals. Here 0 is perfect and 1 indicates the model predicts
a crossing at all times. Finally, the “Heidke skill score,” which is the fraction of correct predictions when
adjusted for those expected from pure random chance, is calculated. This value has the range [−1, 1] where
1 is perfect and 0 corresponds to a performance that is indistinguishable from random chance. The results
for this analysis are shown in 1. In general, the model has an appreciable hit rate (20–78% of threshold
crossings are reproduced depending on energy and threshold; see 1) for all energy levels and all thresholds.
However, this is offset by considerable false alarm rates (crossings were incorrectly predicted during 14% to
50% of nonevent times; see 1), which keep the HSS modest at best. For 40 keV electrons, the model correctly
forecasts 6% to 16% more events than what is expected from a random forecast (and a bit lower values,
3–7%, for 75 keV). For 150 keV electrons, the performance is worse than a random forecast as the numbers
are negative. In summary, the model is performing best at the 40 keV channel and for lower thresholds. It
struggles at the 150 keV channel. The scores are in line with those reported in Ganushkina et al. (2015), with
improvements found in the 40 keV channel predictions.

The IMPTAM performance level presented above is rather expected, since in case of electron fluxes observed
by GOES MAGED, there are several orders of magnitude differences between the fluxes at different loca-
tions along geostationary orbit and during quiet and disturbed conditions with different levels of variability.
For this reason, for example, using the scale-dependent accuracy measures such as simple model error or
mean error can be problematic, since it can result in very large values due to the outliers in the data and
in the model. Outliers influence the model performance significantly more than small deviations from the
observations (Morley et al., 2018). Morley et al. (2018) presented a very thorough analysis of other descrip-
tive metrics which can help better to illustrate the performance of the model. In our study, we follow the
Morley et al. (2018) findings.

The first metric used here is the well-known Pearson correlation coefficient, a measure of linear correla-
tion between the observations and model results. Next is “median symmetric accuracy” (designated as 𝜁)
expressed as

𝜁 = 100(exp(M(|loge(Qi)|)) − 1), (3)

where Qi =
𝑦i
xi

is the accuracy ratio, which is the ratio between the modeled yi and the observed xi fluxes. As
was shown in Tofallis (2015), loge(Q) is best for the data with the variance depending on the magnitude of the
variable which is the case for radiation belt electron fluxes and where this metric has been previously used
(e.g., Morley, 2016; Reeves et al., 2011). Absolute values of loge(Q) makes sure that the metric is symmetric
(when the values of the modeled and observed fluxes are switched, the error is the same). The median
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Table 2
Descriptive Metrics for Each Energy Channel

Energy channel
40 keV 75 keV 150 keV

Correlation coefficient 0.1300 0.0390 −0.1227
Accuracy (𝜁) 232.75% 244.36% 292.40%
Bias (SSPB) 049.04% 189.34% −17.86%

Note. SSPB = symmetric signed percentage bias.

function M and then exponent is used to return to the original units and scale. One is subtracted so that the
metric is in the [0,∞) range; multiplying by 100 gives the equivalent percentage error. Median symmetric
accuracy can be interpreted as the median percentage error. For example, if 𝜁 = 50%, the model is most
frequently reporting values that are 50% larger or smaller than the observation at any given point.

The final metric used here is symmetric signed percentage bias (SSPB). The bias describes the difference
between the average model output and the average observation. A negative bias indicates a systematic under-
prediction, whereas a positive bias indicates a systematic overprediction. Morley et al. (2018) presented a
new measure of bias based on the log accuracy ratio

SSPB = 100sgn(M(loge(Qi)))(exp(|M(loge(Qi))|) − 1). (4)

The magnitude of the bias is estimated by taking the absolute value of M(loge(Qi)), 1 is subtracted so that
the lower limit is 0, the direction of the bias is found using the signum function, and the metric is multiplied
by 100 to express it as a percentage. This value reports the median bias of the model as a percentage of the
observed value. For example, if SSPB = −50%, the model is biased toward underprediction, most frequently
reporting values that are 50% less than the corresponding observations. Both 𝜁 and SSPB are defined in detail
by Morley et al. (2018). While other measures of bias and accuracy exist, these are robust to data that spans
orders of magnitude, as is the case with inner magnetosphere electron fluxes.

The correlation, accuracy, and bias metrics for the IMPTAM data set compared to GOES 13 are shown in
2. Overall correlation is weak and appears inversely proportional to electron energy. 𝜁 values demonstrate
that the predictions are typically off by 200% (of almost 300% for 150 keV electrons). SSPB shows that the
direction of the error varies with energy. Considered together with the binary event analysis, performance
is best at the 40 keV level.

6. Discussion and Conclusions
We presented the validation study of the performance of the model for electrons with energies of 1 to
few hundreds of keVs (IMPTAM) at geostationary orbit. keV electrons are important constituents of the
near-Earth's radiation environment being the seed population for further acceleration to megaelectron volt
energies in the radiation belts and posing a serious risk of surface charging for satellites. The 18.5 months of
IMPTAM output taken from its continuous operation online in real time was compared to the correspond-
ing data from the GOES 13 MAGED instrument for the flight direction-integrated differential fluxes for
energies of 40, 75, and 150 keV. In addition to the direct data-model comparison during the entire modeled
period (as was done in Ganushkina et al., 2015), the observed and modeled electron fluxes were organized
by MLT along the GOES 13 orbit and the solar wind and IMF parameters and geomagnetic indices (IMF
BZ , BY components, strength |B|, VSW, PSW, Kp, and SYM-H) which are the driving parameters for IMPTAM
and then compared. This approach provided more insights into the influence of the different parameters on
the IMPTAM performance quality.

All the statistical patterns for all three energies binned by MLT and IMPTAM driving parameters have their
peaks in electron fluxes at the dawnside as would be expected from the motion of electrons in the inner mag-
netosphere, but the peaks for modeled fluxes are located not at around 06 MLT as for the observed fluxes
but shifted toward midnight being between 00 and 06 MLT. This does not mean that the electrons in IMP-
TAM do not drift dawnward (the ratio between the observed and modeled fluxes at around 06 MLT is very
close to 1). This indicates that the modeled flux at around midnight is too high. There are several possible
reasons for this. One of them is the representation of electron losses by introducing electron lifetimes as a
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combination of Chen et al. (2005) and Shprits et al. (2007) electron lifetimes for strong and weak diffusion,
respectively. The Shprits et al. (2007) representation does not include the MLT dependence, but it has the
Kp dependence which is important when we apply these electron lifetimes at distances inside geostationary
orbit. There is no dependence on geomagnetic activity in the Chen et al. (2005) representation, but the MLT
dependence is present (although rather homogeneous and weak as can be seen in Figure 5 of Chen et al.,
2005) and it can be applied when we model electron motion from the plasma sheet to geostationary orbit.
The model for electron lifetimes used in the present paper lacks the realistic distribution of waves as com-
pared to, for example, the model of electron lifetimes due to interactions with chorus waves by Orlova and
Shprits (2014) and with hiss waves by Orlova et al. (2016). These models are now incorporated into the new
version of IMPTAM. For the 18.5 months of IMPTAM run, we used what was available at that time and the
run was done without any changes.

Another reason for the excessive amount of electrons around midnight is the symmetry in the models used
inside IMPTAM. For the electric field model, we used the Boyle et al. (1997) polar cap potential dependent
on IMF and solar wind parameters but applied this to a Volland-Stern-type two-cell convection pattern. Our
choice was based on the need for dependence on IMF and solar wind parameters yet keeping it a rather
simple model. There exist numerous models which can be used for the global convection electric field in
the magnetosphere. In reality, particle transport from the plasma sheet does not occur in the Boyle-type
potential. There are studies on penetration electric field (e.g., Liemohn et al., 2004; Ridley & Liemohn, 2002),
concentrations of potential in narrow channels resulting in a fast transport of plasma sheet particles to the
inner magnetosphere Chen et al. (2003), and existence of an extra potential well near local midnight (Fok
et al., 2001, 2003). Usage of a simple representation for the electric field contributes to the presence of higher
than observed fluxes at midnight. We are now in the process of testing the Weimer (2005) electric field
model incorporated into IMPTAM which depends on the IMF clock angle, IMF total field and components,
VSW, PSW, and AL index. For magnetic field, several of the latest models, such as the TA15 Tsyganenko
and Andreeva (2015) model and the RBF (Radial Basis Function) model (Andreeva & Tsyganenko, 2016;
Tsyganenko & Andreeva, 2016) are now being considered.

The third reason is related to using the Tsyganenko and Mukai (2003) model for boundary conditions at
10 RE in the plasma sheet. Limitations of Tsyganenko and Mukai (2003) applied for electrons are discussed
in Dubyagin et al. (2016). The modeled fluxes are affected by the model's parameterization for plasma
sheet density and temperature and its simple sin2(MLT) dependence. Dawn-dusk asymmetric terms are not
included which sets the maximum location of density and temperature at around midnight. As for model
parameters, for example, there will be an influx of electrons during both negative and positive IMF BZ , and
for positive IMF BZ , the dependence is still proportional to the absolute value of BZ . The distribution at the
boundary fitted by the kappa shape with parameters as the electron number density and temperature in the
plasma sheet which were obtained at distances between 6 and 11 RE based on THEMIS data was given in
Dubyagin et al. (2016) empirical model; usage of it will improve critically the IMPTAM outputs.

It needs to be mentioned that the version of IMPTAM used in the present paper did not include the effects
from the substorm-associated electromagnetic fields. Substorms are a crucial factor in the transport and
acceleration of keV electrons. Many satellite anomalies due to surface charging at geostationary orbit occur
at night and early dawn (e.g., Fennell et al., 2001; O'Brien & Space Weather, 2009) where a hot plasma is
injected from the magnetotail during substorms. Ganushkina et al. (2013, 2014), when modeling specific
storm events, launched electromagnetic pulses given by Sarris et al. (2002) at each substorm onset deter-
mined from the AE index and scaled the amplitude according to the maximum values of the AE index.
Addition of effects from substorms can influence the long-term IMPTAM performance.

All the statistical patterns for all three energies binned by MLT and IMPTAM driving parameters exhibit very
similar shapes for the observed and modeled fluxes. The differences of 1 to 2 orders of magnitude are present,
though. At the same time, the largest differences are mainly seen for such ranges of driving parameters when
the number of data points (observed and modeled fluxes) is much less than 10% from the maximum number
of points in a bin in that MLT range. For example, unrealistically high modeled fluxes were obtained at large
(> 10 nT) positive IMF BZ at around 18–06 MLT. If during our analysis we concentrate only at the ranges of
IMPTAM driving parameters where the number of data points is statistically significant and disregard those
which constitute less than 10%, the average difference will be about 1 order of magnitude. At the same time,
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as was mentioned above, the ratio between the observed and modeled fluxes at around 06 MLT is very close
to 1.

Sillanpää et al. (2017) conducted the analysis of GOES 13 MAGED data for 5 years (2011–2015) and devel-
oped an empirical model for the electron fluxes at geostationary orbit. They found that IMF BZ and solar
wind speed VSW with time delay of 1.5 hr were the parameters that produced the best correlation between
the modeled and observed electron fluxes, so the model used those two driving parameters. Both parameters
are the driving parameters in IMPTAM. The ratio between the modeled and the observed fluxes at 00–12
MLT is close to 1 (with upper value of up to 10) for IMF BZ range of −10 to 10 nT which has most of the
data points (Figure 2). The same is true for modeled fluxes corresponding to VSW < 700 km/s: main overes-
timation of about 1 order of magnitude is seen at around midnight (Figure 5). This reasonable agreement
between the MAGED and IMPTAM fluxes is a valuable achievement for IMPTAM validation.

To evaluate the quality of the electron flux forecasts made by the IMPTAM, we employed the binary event
analysis. The window width was set to 1 hr which is rather long, since the flux can vary significantly within
an hour, but in the present study, the selected window is chosen to test bulk activity. It was found that, in
general, IMPTAM performs with the hit rate of 20–78% of threshold crossings reproduced depending on
energy and threshold (see Table 1). The HSS are rather low (0.159 at best for 40 keV electrons and negative
values (−0.133) for 150 keV electrons) due to considerable false alarm rates (incorrect predictions during
14% to 50% of nonevent times). The model is best at the 40 keV channel and for lower thresholds. This is very
similar to that what was found in the previous study (Ganushkina et al., 2015), although some improvements
are present for the 40 keV electrons. Three more metrics, namely, correlation, accuracy, and bias metrics,
were used for the IMPTAM output compared to GOES 13 data. Overall correlation is rather weak and appears
inversely proportional to electron energy. Median symmetric accuracy values demonstrate that the modeled
fluxes are off by a factor of 2 (up to 3 for 150 keV electrons). Symmetric signed percentage bias shows that
the direction of the error varies with energy: the model overpredicts by 50% for 40 keV, underpredicts by
18% for 150 keV, and overpredicts by almost 200% for 75 keV electrons. As was mentioned in section 5, it is
hard to expect the perfect performance of IMPTAM due to variations of several orders of magnitudes seen
in keV electron fluxes which are strongly dependent on location and geomagnetic conditions. The main
factors influencing the IMPTAM performance, especially at 150 keV, are the (1) boundary conditions were
developed for ions but used here for electrons, (2) absence of substorm effects, (3) representations of electric
and magnetic fields which can result in not enough adiabatic acceleration, and (4) effects from wave-particle
interactions introduced as simple electron lifetimes. Ongoing work for IMPTAM improvement takes into
account these factors. The HSS are also influenced by the somewhat arbitrary selection of the thresholds for
its calculation and the window width. The analysis conducted here provides insights into the representation
of physical processes inside the IMPTAM. Special attention should be paid to these issues when improving
IMPTAM in the future.

It needs to be stressed here that the analysis presented is for “nowcast” IMPTAM output which is in contrast
to “pastcast” when finalized, not real-time driving parameters can be used, and the IMPTAM setup can be
varied to achieve the best fit to the data. The present study analyzes the IMPTAM output when it was run
online in real time continuously, without introducing any changes into its structure and with the driving
parameters always taken as real time parameters. It was a specific intention to present the IMPTAM per-
formance on a sufficiently long time period without any interventions into its operation and without any
pastcast-type approach.

Keeping in mind the points discussed above, the conclusions are the following:

1. The peaks for IMPTAM modeled fluxes are located not at around 06 MLT as for the observed GOES 13
MAGED fluxes but shifted toward midnight at all statistical patterns binned by MLT and IMPTAM driving
parameters for all three energies.

2. All the statistical patterns for all three energies binned by MLT and IMPTAM driving parameters exhibit
very similar features for the observed and modeled fluxes with the largest differences of about 1 order of
magnitude. Differences of 2 orders of magnitude are seen for all IMPTAM parameters when the number
of data points is less than 10% from the maximum number per bin. At the same time, the ratio between
the observed and modeled fluxes at around 06 MLT is very close to 1.

3. The IMF BZ and solar wind speed VSW are the parameters which organize best the observed and modeled
electron fluxes.

GANUSHKINA ET AL. 704



Space Weather 10.1029/2018SW002028

4. The applied metrics demonstrate that (a) in binary event analysis, 20–78% of threshold crossings are
reproduced depending on energy and threshold, but HSS are not higher than 0.159 for 40 keV electrons
and negative for 150 keV electrons due to incorrect predictions during 14% to 50% of nonevent times;
(b) the correlations are weak; (c) modeled fluxes are off by 200% (and up to 300% for 150 keV electrons)
in terms of the median symmetric accuracy; and (d) symmetric signed percentage bias shows that the
direction of the error varies with energy: overprediction by 50% (40 keV), overprediction by 200% (75 keV),
and underprediction by 18% (150 keV). Performance is best at the 40 keV level.

5. The revealed discrepancies are due to the models inside IMPTAM, such as (a) boundary conditions devel-
oped for ions but used for electrons, (b) absence of substorm effects, (c) representations of electric and
magnetic fields which can result in not enough adiabatic acceleration, and (a) effects from wave-particle
interactions introduced as simple electron lifetimes.

There is a further need to evaluate the model performance on larger data sets and with more appropri-
ate metrics. The models like IMPTAM provide the information about the radiation environment which is
vital and necessary to have in order to estimate the surface charging effects on satellites. When an anomaly
occurs, the radiation environment may be more extreme than that given by the specification models used for
design. The existence of an operational model, fully validated and run in real time, is extremely important
for determining the possible reason for that anomaly.

References

Andreeva, V. A., & Tsyganenko, N. A. (2016). Reconstructing the magnetosphere from data using radial basis functions. Journal of
Geophysical Research: Space Physics, 121, 2249–2263. https://doi.org/10.1002/2015JA022242

Baker, D., Erickson, P. J., Fennell, J. F., Foster, J. C., Jaynes, A. N., & Verronen, P. T. (2018). Space weather effects in the Earth's radiation
belts. Space Science Reviews, 214, 17. https://doi.org/10.1007/s11214-017-0452-7

Balch, C. C. (2008). Updated verification of the Space Weather Prediction Center's solar energetic particle prediction model. Space Weather,
6, S01001. https://doi.org/10.1029/2007SW000337

Balikhin, M. A., Boynton, R. J., Walker, S. N., Borovsky, J. E., Billings, S. A., & Wei, H. L. (2011). Using the NARMAX approach to model
the evolution of energetic electrons fluxes at geostationary orbit. Geophysical Research Letters, 38, L18105. https://doi.org/10.1029/
2011GL048980

Balikhin, M. A., Rodriguez, J. V., Boynton, R. J., Walker, S. N., Aryan, H., Sibeck, D. G., & Billings, SA. (2016). Comparative analysis
of NOAA REFM and SNB3GEO tools for the forecast of the fluxes of high energy electrons at GEO. Space Weather, 14, 22–31. https://
doi.org/10.1002/2015SW001303

Boyd, A. J., Spence, H. E., Huang, C.-L., Reeves, G. D., Baker, D. N., Turner, D. L., et al. (2016). Statistical properties of the radiation belt
seed population. Journal of Geophysical Research: Space Physics, 121, 7636–7646. https://doi.org/10.1002/2016JA022652

Boyle, C. B., Reiff, P. H., & Hairston, M. R. (1997). Empirical polar cap potentials. Journal of Geophysical Research, 102(A1), 111–125.
Boynton, R. J., Balikhin, M. A., Sibeck, D. G., Walker, S. N., Billings, S. A., & Ganushkina, N. (2016). Electron flux models for different

energies at geostationary orbit. Space Weather, 14, 846–860. https://doi.org/10.1002/2016SW001506
Brautigam, D. H., & Albert, J. M. (2000). Radial diffusion analysis of outer radiation belt electrons during the October 9, 1990, magnetic

storm. Journal of Geophysical Research, 105(A1), 291–309. https://doi.org/10.1029/1999JA900344
Chen, Y., Friedel, R. H. W., & Reeves, G. D. (2006). Phase space density distributions of energetic electrons in the outer radiation belt during

two Geospace Environment Modeling Inner Magnetosphere/Storms selected storms. Journal of Geophysical Research, 111, A11S04.
https://doi.org/10.1029/2006JA011703

Chen, Y., Reeves, G. D., & Friedel, R. H. W. (2007). The energization of relativistic electrons in the outer Van Allen radiation belt. Nature
Physics, 3, 614–617. https://doi.org/10.1038/nphys655

Chen, M. W., Schulz, M., Anderson, P. C., Lu, G., Germany, G., & West, M. (2005). Storm time distributions of diffuse auroral electron
energy and X-ray flux: Comparison of drift-loss simulations with observations. Journal of Geophysical Research, 110, A03210. https://
doi.org/10.1029/2004JA010725

Chen, M. W., Schulz, M., Lu, G., & Lyons, L. R. (2003). Quasi-steady drift paths in a model magnetosphere with AMIE electric field:
Implications for ring current formation. Journal of Geophysical Research, 108(A5), 1180. https://doi.org/10.1029/2002JA009584

Davis, V. A., Mandell, M. J., & Thomsen, M. F. (2008). Representation of the measured geosynchronous plasma environment in spacecraft
charging calculations. Journal of Geophysical Research, 113, A10204. https://doi.org/10.1029/2008JA013116

Denton, M. H., Henderson, M. G., Jordanova, V. K., Thomsen, M. F., Borovsky, J. E., Woodroffe, J., et al. (2016). An improved empirical
model of electron and ion fluxes at geosynchronous orbit based on upstream solar wind conditions. Space Weather, 14, 511–523. https://
doi.org/10.1002/2016SW001409

Denton, M. H., Reeves, G. D., Larsen, B. A., Friedel, R. H. W., Thomsen, M. F., Fernandes, P. A., et al. (2017). On the origin of low-energy
electrons in the inner magnetosphere: Fluxes and pitch-angle distributions. Journal of Geophysical Research: Space Physics, 122,
1789–1802. https://doi.org/10.1002/2016JA023648

Denton, M. H., Thomsen, MF., Jordanova, V. K., Henderson, M. G., Borovsky, J. E., Denton, J. S., et al. (2015). An empirical model of electron
and ion fluxes derived from observations at geosynchronous orbit. Space Weather, 13, 233–249. https://doi.org/10.1002/2015SW001168

Doswell, C. A. III, Davies-Jones, R., & Keller, D. L. (1990). On summary measures of skill in rare event forecasting based on contingency
tables. Weather Forecasting, 5, 576–585.

Dubyagin, S., Ganushkina, N. Y., Sillanpää, I., & Runov, A. (2016). Solar wind-driven variations of electron plasma sheet densities and
temperatures beyond geostationary orbit during storm times. Journal of Geophysical Research: Space Physics, 121, 8343–8360. https://
doi.org/10.1002/2016JA022947

Fennell, J. F., Koons, H. C., Roeder, J. L., & Blake, J. B. (2001). Spacecraft charging: Observations and relationship to satellite anomalies
(Vol. 476). Noordwijk, Netherlands: European Space Agency.

Acknowledgments
The projects leading to these
results have received funding
from the European Union
Seventh Framework Programme
(FP7/2007-2013) under grant
agreement 606716 SPACESTORM and
from the European Union's Horizon
2020 research and innovation
program under grant agreement
637302 PROGRESS. N. Ganushkina
thanks the International Space Science
Institute in Bern, Switzerland, for
their support of the international
teams on “Analysis of Cluster Inner
Magnetosphere Campaign data,
in application of the dynamics of
waves and wave-particle interaction
within the outer radiation belt”
and “Ring current modeling:
Uncommon assumptions and common
misconceptions.” The contribution by
S. Dubyagin has been supported by the
framework of the Finnish Centre of
Excellence in Research of Sustainable
Space (Academy of Finland decisions
312351 and 312390), which we
gratefully acknowledge. The work at
the University of Michigan was partly
supported by the National Aeronautics
and Space Administration under grant
agreement NNX17AI48G and by the
National Science Foundation under
grant agreement NSF 1663770. The
work at the University of Colorado
was supported by the National Centers
for Environmental Information
under cooperative agreement
NA17OAR4320101. The IMPTAM
output can be found at the website
(https://umich.box.com/s/
axce0pxezdrudkwldfn5r6vwg92zylzz).
The authors thank Agnit
Mukhopadhyay for his help with
Figure 9.

GANUSHKINA ET AL. 705

https://doi.org/10.1002/2015JA022242
https://doi.org/10.1007/s11214-017-0452-7
https://doi.org/10.1029/2007SW000337
https://doi.org/10.1029/2011GL048980
https://doi.org/10.1029/2011GL048980
https://doi.org/10.1002/2015SW001303
https://doi.org/10.1002/2015SW001303
https://doi.org/10.1002/2016JA022652
https://doi.org/10.1002/2016SW001506
https://doi.org/10.1029/1999JA900344
https://doi.org/10.1029/2006JA011703
https://doi.org/10.1038/nphys655
https://doi.org/10.1029/2004JA010725
https://doi.org/10.1029/2004JA010725
https://doi.org/10.1029/2002JA009584
https://doi.org/10.1029/2008JA013116
https://doi.org/10.1002/2016SW001409
https://doi.org/10.1002/2016SW001409
https://doi.org/10.1002/2016JA023648
https://doi.org/10.1002/2015SW001168
https://doi.org/10.1002/2016JA022947
https://doi.org/10.1002/2016JA022947
https://umich.box.com/s/axce0pxezdrudkwldfn5r6vwg92zylzz
https://umich.box.com/s/axce0pxezdrudkwldfn5r6vwg92zylzz


Space Weather 10.1029/2018SW002028

Fok, M.-C., Buzulukova, N. Y., Chen, S.-H., Glocer, A., Nagai, T., Valek, P., & Perez, J. D. (2014). The Comprehensive
Inner Magnetosphere-Ionosphere Model. Journal of Geophysical Research: Space Physics, 119, 7522–7540. https://doi.org/10.1002/
2014JA020239

Fok, M.-C., Glocer, A., Zheng, Q., Horne, R. B., Meredith, N. P., Albert, J. M., & Nagai, T. (2011). Recent developments in the Radiation
Belt Environment model. Journal of Atmospheric and Solar-Terrestrial Physics, 73(11), 1435–1443.

Fok, M.-C., & Moore, T. E. (1997). Ring current modeling in a realistic magnetic field configuration. Geophysical Research Letters,
24(14), 1775–1778.

Fok, M.-C., Moore, T. E., & Delcourt, DC. (1999). Modeling of inner plasma sheet and ring current during substorms. Journal of Geophysical
Research, 104(A7), 14,557–14,569.

Fok, M.-C., Moore, T. E., Wilson, G. R., Perez, J. D., Zhang, X. X., Brandt, P. C., et al. (2003). Global ENA image simulations. Space Science
Reviews, 109(1), 77–103.

Fok, M.-C., Wolf, R. A., Spiro, R. W., & Moore, T. E. (2001). Comprehensive computational model of Earth's ring current. Journal of
Geophysical Research, 106(A5), 8417–8424.

Foster, J. C., Erickson, P. J., Omura, Y., Baker, D. N., Kletzing, C. A., & Claudepierre, S. G. (2017). Van Allen Probes observations of prompt
MeV radiation belt electron acceleration in nonlinear interactions with VLF chorus. Journal of Geophysical Research: Space Physics, 122,
324–339. https://doi.org/10.1002/2016JA023429

Friedel, R. H. W., Korth, H., Henderson, M. G., Thomsen, M. F., & Scudder, J. D. (2001). Plasma sheet access to the inner magnetosphere.
Journal of Geophysical Research, 106(A4), 5845–5858.

Ganushkina, N. Y., Amariutei, O. A., Shprits, Y. Y., & Liemohn, M. W. (2013). Transport of the plasma sheet electrons to the geostationary
distances. Journal of Geophysical Research: Space Physics, 118, 82–98. https://doi.org/10.1029/2012JA017923

Ganushkina, N. Y., Amariutei, O. A., Welling, D., & Heynderickx, D. (2015). Nowcast model for low-energy electrons in the inner
magnetosphere. Space Weather, 13, 16–34. https://doi.org/10.1002/2014SW001098

Ganushkina, N. Y., Liemohn, M. W., Amariutei, O. A., & Pitchford, D. (2014). Low-energy electrons (5–50 keV) in the inner magnetosphere.
Journal of Geophysical Research: Space Physics, 119, 246–259. https://doi.org/10.1002/2013JA019304

Garrett, H. B. (1981). The charging of spacecraft surfaces. Reviews of Geophysics, 19(4), 577–616.
Glauert, S. A., Horne, R. B., & Meredith, N. P. (2014). Three-dimensional electron radiation belt simulations using the BAS Radiation Belt

Model with new diffusion models for chorus, plasmaspheric hiss, and lightning-generated whistlers. Journal of Geophysical Research:
Space Physics, 119, 268–289. https://doi.org/10.1002/2013JA019281

Green, J. C., & Kivelson, M. G. (2001). A tale of two theories: How the adiabatic response and ULF waves affect relativistic electrons. Journal
of Geophysical Research, 106(A11), 25,777–25,791.

Green, J. C., & Kivelson, M. G. (2004). Relativistic electrons in the outer radiation belt: Differentiating between acceleration mechanisms.
Journal of Geophysical Research, 109, A03213. https://doi.org/10.1029/2003JA010153

Hanser, F. A. (2011). EPS/HEPAD calibration and data handbook. Tech. Rep. GOESN-ENG-048D, Assurance Technology Corporation,
Carlisle, MA. Retrieved from http://www.ngdc.noaa.gov/stp/satellite/goes/documentation.html

Hartley, D. P., Denton, M. H., Green, J. C., Onsager, T. G., Rodriguez, J. V., & Singer, H. J. (2013). Case studies of the impact of high-speed
solar wind streams on the electron radiation belt at geosynchronous orbit: Flux, magnetic field, and phase space density. Journal of
Geophysical Research: Space Physics, 118, 6964–6979. https://doi.org/10.1002/2013JA018923

Heidke, P. (1926). Berechnung Des Erfolges Und Der Gte Der Windstrkevorhersagen Im Sturmwarnungsdienst. Geografiska Annaler
Nature, 8, 301–349.

Horne, R. B., Thorne, R. M., Shprits, Y. Y., Meredith, N. P., Glauert, S. A., Smith, A. J., et al. (2005). Wave acceleration of electrons in the
Van Allen radiation belts. Nature, 437, 227–230. https://doi.org/10.1038/nature03939

Iucci, N., Levitin, A. E., Belov, A. V., Eroshenko, E. A., Ptitsyna, N. G., Villoresi, G., et al. (2005). Space weather conditions and spacecraft
anomalies in different orbits. Space Weather, 3, S01001. https://doi.org/10.1002/2003SW000056

Jaynes, A. N., Baker, D. N., Singer, H. J., Rodriguez, J. V., Loto'aniu, T. M., Ali, A. F., et al. (2015). Source and seed populations for relativistic
electrons: Their roles in radiation belt changes. Journal of Geophysical Research: Space Physics, 120, 7240–7254. https://doi.org/10.1002/
2015JA021234

Jolliffe, I. T., & Stephenson, D. B. (Eds.) (2012). Forecast verification, A practinioner's guide in atmospheric science (2nd ed.). Wiley.
Retrieved from https://www.wiley.com/en-us/Forecast+Verification%3A+A+Practitioner%27s+Guide+in+Atmospheric+Science
%2C+2nd+Edition-p-9780470660713

Jordanova, V. K., Miyoshi, Y., & Geophysical Research Letters (2005). Relativistic model of ring current and radiation belt ions and electrons:
Initial results, 32, L14104. https://doi.org/10.1029/2005GL023020

Jordanova, V. K., Yu, Y., Niehof, J. T., Skoug, R. M., Reeves, G. D., Kletzing, C. A., et al. (2014). Simulations of inner magnetosphere dynamics
with an expanded RAM-SCB model and comparisons with Van Allen Probes observations. Geophysical Research Letters, 41, 2687–2694.
https://doi.org/10.1002/2014GL059533

Katus, R. M., & Liemohn, M. W. (2013). Similarities and differences in low- to middle-latitude geomagnetic indices. Journal of Geophysical
Research: Space Physics, 118, 5149–5156. https://doi.org/10.1002/jgra.50501

Kennel, C. F., & Petschek, H. E. (1966). Limit on stably trapped particle fluxes. Journal of Geophysical Research, 71(1), 1–28.
Kennel, C. F., & Thorne, R. M. (1967). Unstable growth of unducted whistlers propagating at an angle to the geomagnetic field. Journal of

Geophysical Research, 72(3), 871–878.
Kerns, K. J., Hardy, D. A., & Gussenhoven, M. S. (1994). Modeling of convection boundaries seen by CRRES in 120-eV to 28-keV particles.

Journal of Geophysical Research, 99(A2), 2403–2414.
Korth, H., Thomsen, M. F., Borovsky, J. E., & McComas, D. J. (1999). Plasma sheet access to geosynchronous orbit. Journal of Geophysical

Research, 104(A11), 25,047–25,061.
Lanzerotti, L. J., LaFleur, K., Maclennan, C. G., & Maurer, D. W. (1998). Geosynchronous spacecraft charging in January 1997. Geophysical

Research Letters, 25(15), 2967–2970.
Leontaritis, I. J., & Billings, S. A. (1985a). Input-output parametric models for non-linear systems part I: Deterministic non-linear systems.

International Journal of Control, 41(2), 303–328.
Leontaritis, I. J., & Billings, S. A. (1985b). Input-output parametric models for non-linear systems part II: Stochastic non-linear systems.

International Journal of Control, 41(2), 329–344.
Li, W., Thorne, R. M., Ma, Q., Ni, B., Bortnik, J., Baker, D. N., et al. (2014). Radiation belt electron acceleration by chorus waves during the

17 March 2013 storm. Journal of Geophysical Research: Space Physics, 119, 4681–4693. https://doi.org/10.1002/2014JA019945
Liemohn, M. W., Khazanov, G. V., & Kozyra, J. U. (1998). Banded electron structure formation in the inner magnetosphere. Geophysical

Research Letters, 25(6), 877–880.

GANUSHKINA ET AL. 706

https://doi.org/10.1002/2014JA020239
https://doi.org/10.1002/2014JA020239
https://doi.org/10.1002/2016JA023429
https://doi.org/10.1029/2012JA017923
https://doi.org/10.1002/2014SW001098
https://doi.org/10.1002/2013JA019304
https://doi.org/10.1002/2013JA019281
https://doi.org/10.1029/2003JA010153
http://www.ngdc.noaa.gov/stp/satellite/goes/documentation.html
https://doi.org/10.1002/2013JA018923
https://doi.org/10.1038/nature03939
https://doi.org/10.1002/2003SW000056
https://doi.org/10.1002/2015JA021234
https://doi.org/10.1002/2015JA021234
https://www.wiley.com/en-us/Forecast+Verification%3A+A+Practitioner%27s+Guide+in+Atmospheric+Science%2C+2nd+Edition-p-9780470660713
https://www.wiley.com/en-us/Forecast+Verification%3A+A+Practitioner%27s+Guide+in+Atmospheric+Science%2C+2nd+Edition-p-9780470660713
https://doi.org/10.1029/2005GL023020
https://doi.org/10.1002/2014GL059533
https://doi.org/10.1002/jgra.50501
https://doi.org/10.1002/2014JA019945


Space Weather 10.1029/2018SW002028

Liemohn, M. W., Ridley, A. J., Gallagher, D. L., Ober, D. M., & Kozyra, J. U. (2004). Dependence of plasmaspheric morphology on the
electric field description during the recovery phase of the 17 April 2002 magnetic storm. Journal of Geophysical Research, 109, A03209.
https://doi.org/10.1029/2003JA010304

Lopez, R. E., Hernandez, S., Wiltberger, M., Huang, C.-L., Kepko, E. L., Spence, H., et al. (2007). Predicting magnetopause crossings at
geosynchronous orbit during the Halloween storms. Space Weather, 5, S01005. https://doi.org/10.1029/2006SW000222

Matéo-Vélez, J.-C., Sicard, A., Payan, D., Ganushkina, N., Meredith, N. P., & Sillanpää, I. (2018). Spacecraft surface charging induced by
severe environments at geosynchronous orbit. Space Weather, 16, 89–106. https://doi.org/10.1002/2017SW001689

Mauk, B. H., & Meng, C.-I. (1983). Characterization of geostationary particle signatures based on the “Injection Boundary” Model. Journal
of Geophysical Research, 88(A4), 3055–3071.

Miyoshi, Y. S., Jordanova, V. K., Morioka, A., Thomsen, M. F., Reeves, G. D., Evans, D. S., & Green, J. C. (2006). Observations and modeling
of energetic electron dynamics during the October 2001 storm. Journal of Geophysical Research, 111, A11S02. https://doi.org/10.1029/
2005JA011351

Morley, S. K. (2016). Alternatives to accuracy and bias metrics based on percentage errors for radiation belt modeling applications. Tech.
Rep. LA-UR-16-24592). Los Alamos, NM: Los Alamos National Laboratory. https://doi.org/10.2172/1260362

Morley, S. K., Brito, T. V., & Welling, D. T. (2018). Measures of model performance based on the log accuracy ratio. Space Weather, 16,
69–88. https://doi.org/10.1002/2017SW001669

Murphy, A. H. (1993). What is a good forecast? An essay on the nature of goodness in weather forecasting. Weather and Forecasting,
8(2), 281–293.

O'Brien, T. P., & Space Weather (2009). SEAES-GEO: A spacecraft environmental anomalies expert system for geosynchronous orbit, 7,
09003. https://doi.org/10.1029/2009SW000473

Orlova, K., & Shprits, Y. (2014). Model of lifetimes of the outer radiation belt electrons in a realistic magnetic field using realistic chorus
wave parameters. Journal of Geophysical Research: Space Physics, 119, 770–780. https://doi.org/10.1002/2013JA019596

Orlova, K., Shprits, Y., & Spasojevic, M. (2016). New global loss model of energetic and relativistic electrons based on Van Allen Probes
measurements. Journal of Geophysical Research: Space Physics, 121, 1308–1314. https://doi.org/10.1002/2015JA021878

Pulkkinen, A., Rasttter, L., Kuznetsova, M., Singer, H., Balch, C., Weimer, D., et al. (2013). Community-wide validation of Geospace model
ground magnetic field perturbation predictions to support model transition to operations. Space Weather, 11, 369–385. https://doi.org/
10.1002/swe.20056

Reeves, G. D., Morley, S. K., Friedel, R. H. W., Henderson, M. G., Cayton, T. E., Cunningham, G., et al. (2011). On the relationship between
relativistic electron flux and solar wind velocity: Paulikas and Blake revisited. Journal of Geophysical Research, 116, A02213. https://doi.
org/10.1029/2010JA015735

Ridley, A. J., & Liemohn, M. W. (2002). A model-derived storm time asymmetric ring current driven electric field description. Journal of
Geophysical Research, 107, 1151. https://doi.org/10.1029/2001JA000051

Roberts, C. S. (1965). On the relationship between the unidirectional and omnidirectional flux of trapped particles on a magnetic line of
force. Journal of Geophysical Research, 70(11), 2517–2527.

Rodriguez, J. V. (2014). GOES 13-15 MAGE/PD pitch angles. Algorithm theoretical basis document, version 1.0, NOAA NESDIS NGDC.
Retrieved from http://www.ngdc.noaa.gov/stp/satellite/goes/documentation.html

Rowland, W., & Weigel, R. S. (2012). Intracalibration of particle detectors on a three-axis stabilized geostationary platform. Space Weather,
10, S11002. https://doi.org/10.1029/2012SW000816

Sarris, T. E., Li, X., Tsaggas, N., & Paschalidis, N. (2002). Modeling energetic particle injections in dynamic pulse fields with varying
propagation speeds. Journal of Geophysical Research, 107(A3), 1033. https://doi.org/10.1029/2001JA900166

Schulz, M., & Lanzerotti, L. J. (1974). Particle diffusion in the radiation belts, Physics and Chemistry in Space (Vol. 7). New York:
Springer-Verlag.

Shprits, Y. Y., Meredith, N. P., & Thorne, R. M. (2007). Parameterization of radiation belt electron loss timescales due to interactions with
chorus waves. Geophysical Research Letters, 34, L11110. https://doi.org/10.1029/2006GL029050

Shprits, Y. Y., Thorne, R. M., Horne, R. B., & Summers, D. (2006). Bounce-averaged diffusion coefficients for field-aligned chorus waves.
Journal of Geophysical Research, 111, A10225. https://doi.org/10.1029/2006JA011725

Sillanpää, I., Ganushkina, N. Y., Dubyagin, S., & Rodriguez, J. V. (2017). Electron fluxes at geostationary orbit from GOES MAGED data.
Space Weather, 15, 1602–1614. https://doi.org/10.1002/2017SW001698

Subbotin, D. A., & Shprits, Y. Y. (2009). Three-dimensional modeling of the radiation belts using the Versatile Electron Radiation Belt
(VERB) code. Space Weather, 7, S10001. https://doi.org/10.1029/2008SW000452

Thomsen, M. F., Henderson, M. G., & Jordanova, V. K. (2013). Statistical properties of the surface-charging environment at geosynchronous
orbit. Space Weather, 11, 237–244. https://doi.org/10.1002/swe.20049

Thornes, J. E., & Stephenson, D. B. (2001). How to judge the quality and value of weather forecast products. Meteorological Applications,
8(3), 307–314.

Tofallis, C. (2015). A better measure of relative prediction accuracy for model selection and model estimation. Journal of the Operational
Research Society, 66(8), 1352–1362. https://doi.org/10.1057/jors.2014.103

Tsyganenko, N. A. (1995). Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause. Journal of
Geophysical Research, 100(A4), 5599–5612.

Tsyganenko, N. A., & Andreeva, V. A. (2015). A forecasting model of the magnetosphere driven by an optimal solar wind coupling function.
Journal of Geophysical Research: Space Physics, 120, 8401–8425. https://doi.org/10.1002/2015JA021641

Tsyganenko, N. A., & Andreeva, V. A. (2016). An empirical RBF model of the magnetosphere parameterized by interplanetary and
ground-based drivers. Journal of Geophysical Research: Space Physics, 121, 10,786–10,802. https://doi.org/10.1002/2016JA023217

Tsyganenko, N. A., & Mukai, T. (2003). Tail plasma sheet models derived from Geotail particle data. Journal of Geophysical Research,
108(A3), 1136.

Usanova, M. E., Drozdov, A., Orlova, K., Mann, I. R., Shprits, Y., Robertson, M. T., et al. (2014). Effect of EMIC waves on relativistic and
ultrarelativistic electron populations: Ground-based and Van Allen Probes observations. Geophysical Research Letters, 41, 1375–1381.
https://doi.org/10.1002/2013GL059024

Walther, B. A., & Moore, J. L. (2005). The concepts of bias, precision and accuracy, and their use in testing the performance of species
richness estimators, with a literature review of estimator performance. Ecography, 28(6), 815–829.

Wanliss, J. A., & Showalter, K. M. (2006). High-resolution global storm index: Dst versus SYM-H. Journal of Geophysical Research, 111,
A02202. https://doi.org/10.1029/2005JA011034

Weimer, D. R. (2005). Improved ionospheric electrodynamic models and application to calculating Joule heating rates. Journal of
Geophysical Research, 110, A05306. https://doi.org/10.1029/2004JA010884

GANUSHKINA ET AL. 707

https://doi.org/10.1029/2003JA010304
https://doi.org/10.1029/2006SW000222
https://doi.org/10.1002/2017SW001689
https://doi.org/10.1029/2005JA011351
https://doi.org/10.1029/2005JA011351
https://doi.org/10.2172/1260362
https://doi.org/10.1002/2017SW001669
https://doi.org/10.1029/2009SW000473
https://doi.org/10.1002/2013JA019596
https://doi.org/10.1002/2015JA021878
https://doi.org/10.1002/swe.20056
https://doi.org/10.1002/swe.20056
https://doi.org/10.1029/2010JA015735
https://doi.org/10.1029/2010JA015735
https://doi.org/10.1029/2001JA000051
http://www.ngdc.noaa.gov/stp/satellite/goes/documentation.html
https://doi.org/10.1029/2012SW000816
https://doi.org/10.1029/2001JA900166
https://doi.org/10.1029/2006GL029050
https://doi.org/10.1029/2006JA011725
https://doi.org/10.1002/2017SW001698
https://doi.org/10.1029/2008SW000452
https://doi.org/10.1002/swe.20049
https://doi.org/10.1057/jors.2014.103
https://doi.org/10.1002/2015JA021641
https://doi.org/10.1002/2016JA023217
https://doi.org/10.1002/2013GL059024
https://doi.org/10.1029/2005JA011034
https://doi.org/10.1029/2004JA010884


Space Weather 10.1029/2018SW002028

Welling, D. T., & Ridley, A. J. (2010). Validation of SWMF magnetic field and plasma. Space Weather, 8, S03002. https://doi.org/10.1029/
2009SW000494

Wilks, D. S. (2006). Statistical methods in the atmospheric sciences (2nd ed.). Academic Press. Retrieved from https://books.google.com/
books/about/Statistical_Methods_in_the_Atmospheric_S.html?id=fxPiH9Ef9VoC&printsec=frontcover&source=kp_read_button#
v=onepage&q&f=false

GANUSHKINA ET AL. 708

https://doi.org/10.1029/2009SW000494
https://doi.org/10.1029/2009SW000494
https://books.google.com/books/about/Statistical_Methods_in_the_Atmospheric_S.html?id=fxPiH9Ef9VoC&printsec=frontcover&source=kp_read_button#v=onepage&q&f=false
https://books.google.com/books/about/Statistical_Methods_in_the_Atmospheric_S.html?id=fxPiH9Ef9VoC&printsec=frontcover&source=kp_read_button#v=onepage&q&f=false
https://books.google.com/books/about/Statistical_Methods_in_the_Atmospheric_S.html?id=fxPiH9Ef9VoC&printsec=frontcover&source=kp_read_button#v=onepage&q&f=false

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


