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The paper reviews studies of the dynamics of relativistic electrons in the geosynchronous region. It lists the physical
processes that lead to the acceleration of electrons filling the outer radiation belt. As one of the space weather fac-
tors, high-energy electron fluxes pose a serious threat to the operation of satellite equipment in one of the most pop-
ulated orbital regions. Necessity is emphasized for efforts to develop methods for forecasting the situation in this
part of the magnetosphere, possible predictors are listed, and their classification is given. An example of a predic-
tive model for forecasting relativistic electron flux with a 1-2-day lead time is proposed. Some questions of practi-
cal organization of prediction are discussed; the main objectives of short-term, medium-term, and long-term fore-
casts are listed.
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INTRODUCTION

One of the first scientific achievements at the onset of the space age was the discovery of terrestrial radiation belts
made by J. Van Allen and teams under the charge of S.N. Vernov and V.I. Krasovsky in 1958 [Temny, 1993]. V.I. Kra-
sovsky was the first to suggest that electrons detected by the third Soviet satellite could not reach the dense atmosphere as
they had been captured by the geomagnetic field. This discovery led to the formation of a full-fledged field of research
into the dynamics of energetic particle fluxes in the geomagnetic field. On the one hand, the permanent presence of
charged particle fluxes in the magnetosphere is the most important characteristic of its state, and on the other, radiation

belts can pose a serious threat to moon-bound manned spacecraft and hinder normal operation of satellite equipment.

Earth’s magnetosphere is thought to have two constantly existing radiation belts: the inner belt formed mainly
by protons, and the outer one filled by energetic electrons. This division is largely arbitrary since, for example, the
magnetic shell L=1.2-1.5 exhibits a stable electron belt with E>20 MeV [Galper et al., 1983]. The position of the
proton flux maximum depends on their energy and shifts from L=1.5 to L=3 with energy decreasing from 100 MeV
to 1 MeV. The peak intensity of electron fluxes for almost the entire energy range (from 40 keV to 2 MeV) is within
magnetic shells L=5-6. At geosynchronous orbit, the ~1 MeV electron density is by three orders of magnitude high-
er than the proton density with the same energy. This maintains roughly equal energy density of these particles [Bo-
rovsky et al., 2016]. As inferred from observations of geosynchronous satellites, the electron energy spectrum in the
range from 50 keV to 1.5 MeV obeys a power law; the exponent can vary widely from —6 to —2 [Freeman et al.,
1998; Xiao et al., 2008].
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Figure 1. Location of radiation belts and orbits of different spacecraft [https://encrypted-
tbn0.gstatic.com/images?q=tbn: ANd9GcQRReeel Y4ANuZm-hTm8qUT6aNUkZ53jtpeCd8eo6d-pL88X2DVNZw]

In this review, we restrict ourselves to the analysis of the role of radiation belts in the formation of space
weather. High-energy electrons in the outer radiation belt are often called Killer electrons. Why do relativistic elec-
trons represent a threat? Forty percent of all near-Earth satellites are at geosynchronous orbit, i.e. in the outer part of

the outer radiation belt.

They perform communication, navigation, reconnaissance, and other functions. Relativistic electrons can cause
deep dielectric charging of satellites and damage them or lead to malfunction. Furthermore, energetic charged parti-
cles induce degradation of spacecraft solar batteries and generate impulse noise in data acquisition and transmission

systems. Figure 1 shows the location of the radiation belts and orbits of different spacecraft.

All this necessitates predicting the behavior of relativistic electrons at geosynchronous orbit. One of the first
who drew attention to the hazards inherent in the outer radiation belt enhancement was D.N. Baker [Baker et al.,
1987; Baker, 2000, 2001; Baker et al., 1998, 2001]. In our country, a large series of research works on the effect of
energetic particle fluxes on spacecraft operation was carried out at the Institute of Physics of the Earth of the Rus-
sian Academy of Sciences by V.A. Pilipenko and N.V. Romanova [Pilipenko, Romanova, 2005; Romanova et al.,
2005; Pilipenko et al, 2006.; Romanova, Pilipenko, 2009; Romanova et al., 2009]. In recent years, many papers have
been published on different methods of forecasting sudden enhancements of charged particle fluxes in the radiation
belts. First of all, it was found that the energetic-electron population of the outer radiation belt increases with Earth’s
magnetosphere immersed in high-speed solar wind streams, which cause geomagnetic storms [Paulikas, Blake,
1979; Mathie, Mann, 2001; Miyoshi, Kataoka, 2005, 2008; Reeves et al., 2013]. However, only half of magnetic
storms leads to an enhancement of the outer radiation belt [Reeves et al., 2003]. The rest either retain the intensity of
the belt at the prestorm level or even bring about weakening of electron fluxes. Therefore, along with the processes
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triggered by magnetic disturbances, the refilling of the radiation belts is driven by other processes. The outstanding
complexity of the interaction between the solar wind and the magnetosphere, which causes acceleration of charged
particles and refiling of the radiation belts with them, produces multifactorial dependence of relativistic fluxes on
the state of the magnetosphere and interplanetary medium. At the same time, this dependence is ambiguous. This
even more significantly impedes the development of methods for radiation belt forecasting.

This review describes current knowledge of only one aspect of the problem of radiation belts, namely of the
dynamics of the high-energy electron component in the outer radiation belt, which is revealed by measurements at
geosynchronous orbit, as well as methods for forecasting relativistic electron fluxes proposed to date. First, we re-
view the main characteristics of the outer radiation belt, and then discuss its dynamics during geomagnetic disturb-
ances. Next, we describe the existing approaches to electron flux forecasting, discuss the choice of predictors for this
forecast and, finally, propose an example of the predictive model enabling us to estimate relativistic electron fluxes
with a 1-2-day lead time.

1. MAIN CHARACTERISTICS OF THE OUTER RADIATION BELT

1.1. Energy sources and sinks

The state of the outer radiation belt, i.e. flux intensity, density of electron component particles, is conditioned
by the dynamic equilibrium between particle sources and electron losses due to various processes. Both are extreme-
ly diverse, thus further hindering the forecasting of charged particle fluxes. Particle sources can be classified into
two groups: primary sources ensuring the arrival of low-energy electrons (under 10 keV), and secondary ones repre-
sented by processes of electron acceleration up to relativistic energies (over 1 MeV). The primary sources involve
capturing particles from the interplanetary medium when the magnetopause shifts during sudden compressions of
the magnetosphere by the solar wind [Tverskoi, 1964], injecting particles from the geomagnetic tail to the region of
trapped radiation [Tverskoi, 1968], and transporting charged particles in the magnetosphere with diffusion under the

influence of nonstationary electric fields [Parker, 1960; Schulz, Lanzerotti, 1974].

Virtually all the secondary sources described in literature are associated with stochastic radial transport of drift-
ing electrons to magnetic shells, which are closer to Earth, due to wave—particle interaction, but researchers propose
a wide variety of mechanisms for this interaction [Schulz, Lanzerotti, 1974 Brautigam, Albert, 2000; Ozeke et al.,
2014]. The recirculation model is often mentioned [Fujimoto, Nishida, 1990]: slow electron diffusion across mag-
netic shells at low heights under the action of electric field fluctuations with a quasi-period of 1 s and an intensity of
a few tens of millivolts per meter, which is comparable with the amplitude of geomagnetic pulsations at high lati-
tudes. This model was repeatedly supplemented with other mechanisms, for example, Ukhorskiy et al. [2014] sug-
gest taking into account bifurcations of drift orbits in the model. This increases by an order of magnitude the radial
drift velocity and energy accumulation for large values of the pitch angle of particles in the equatorial region. Accel-
eration drivers, i.e. those waves with which accelerating electrons interact, can be both long-period Pc4-Pc5 ULF
pulsations [Elkington et al., 1999; Hudson et al., 2000; Mathie, Mann, 2001; Gubar, 2010], and VLF waves [Horne,
Thorne, 1998; Summers et al., 2007; Simms et al., 2015]. ULF oscillations accelerate electrons through the drift-
resonance mechanism when the period of particle drift around Earth coincides with the period of ULF oscillations
[Elkington et al., 1999]. The period of rotation of relativistic charged particles around Earth (in minutes) is [Kuz-

netsov, 2010]
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where K=1.25-0.25¢c0s*An. Here E is the particle energy (MeV), E, for electron is 0.51 MeV, A, is the geomagnetic
latitude of reflection point. For electrons with E~2 MeV the period of rotation t is ~5-7 minutes, this is a range of

Pc5 geomagnetic pulsations.

In turn, whistler modes of VVLF radiation can enter into resonance with the gyrofrequency of electrons and accelerate
them through electron cyclotron instability [Li et al., 2005]. Many authors believe that electrons are simultaneously accel-
erated to relativistic velocities due to the double effect of ULF and VLF oscillations [O'Brien et al., 2003; Li et al., 2005;
Roeder et al., 2005].

However, the same oscillations, depending on specific conditions, can also weaken the energetic electron flux
in the radiation belt, taking the particle energy or converting electrons into the loss cone, i.e. they can act as one of
the channels of radiation belt energy sink [Roeder et al., 2005]. There is a recorded case [Shprits et al., 2016] when
ion-cyclotron waves led to an increase in the population of relativistic electrons with energies of ~1 MeV and at the
same time induced scattering of ultra-relativistic electrons with an energy over 4 MeV into the loss cone. Other
causes of the decrease in the relativistic electron flux at geosynchronous orbit are: 1) particle losses at the magneto-
pause and 2) “swelling” of electron drift orbits under the impact of the increased ring current field [Ukhorskiy et al.,

2015]. Both the processes usually occur during the main phase of a geomagnetic storm.

Let us also mention the exotic models that invoke Jovian relativistic electrons [Baker et al., 1979] and solar
wind electrons penetrating through cusp [Sheldon et al., 1998] to explain the dynamics of the terrestrial outer radia-

tion belt.
1.2. Behavior of the radiation belt during disturbances

Magnetic storms significantly change electron belt conditions, depopulating or populating it [Frieda et al.,
2002; Reeves et al., 2003]. However, only half of the storms lead to the final relativistic electron flux enhancement
at geosynchronous orbit. Figure 2 shows the typical behavior of energetic electron fluxes Je;; during a magnetospher-
ic storm, which was obtained by the epoch superposition method for 31 magnetic storms. All these storms were gen-
erated by magnetospheric effects of corotating interaction regions (CIR) of fast and slow solar wind [Potapov,
2013]. For the 0-epoch we take the moment of contact between the front of CIR solar wind stream and the magneto-

pause.

The sudden drop in the electron flux at the initial phase of the storm is attributed to the above-mentioned effect
of the ring current field, which increases sharply during the storm, particle losses at the magnetopause playing the
main role at geosynchronous orbit [Ukhorskiy et al., 2015]. Electrons during their azimuthal drift are brought out of
the last closed drift shell and cross the magnetopause having approached Earth, going into the interplanetary medi-
um [Turner et al., 2012; Kessel, 2016]. These losses are aggravated by outward radial diffusion, which pushes the

particles to this loss zone through the magnetopause [Schulz, Lanzerotti, 1974 Kessel, 2016].
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Figure 2. Variations of magnetospheric electron fluxes with energies over 600 keV (a) and 2 MeV (b) during
the period of CIR high-speed solar wind streams, obtained by the method of superposed epochs from measurements
at geostationary satellites GOES-8 and -12: black curves indicate hourly average values, gray ones show the moving

average over 25 points [Potapov, 2013]

The sharp drop in the electron fluxes during the main storm phase is followed by their enhancement. It concurs with
the recovery phase of the magnetic storm. Electron fluxes with moderate energies recover somewhat faster, on average for
40 hours as compared to two days in the case of particles with energy higher than 2 MeV. As noted above, a key role in
filling the external radiation belt belongs to two processes: 1) drift resonance interaction of so-called seed electrons (parti-
cles with energies from tens to hundreds of electron volts) with Pc5 pulsations [Elkington et al., 1999; Hudson et al., 2000;
Gubar, 2010]; 2) cyclotron resonance of electrons with VLF emissions — whistler and chorus waves, and other VLF

types, as well as with ion-cyclotron waves [Horne, Thorne, 1998; Summers, Ma, 2000; Summers et al., 2007].

We cannot also rule out the contribution of stochastic mechanisms of acceleration due to electron flux effects
of pulses or irregular field perturbations, which lead to breakdown of the third invariant, excursion of orbits of
trapped particles to lower heights with simultaneous acceleration [Green, Kivelson, 2004]. In any case, all the mech-
anisms of electron acceleration to relativistic velocities require the presence of seed electrons in the magnetosphere,

which are usually represented by particles injected from the geomagnetic tail during substorms.

2. PROBLEM OF PREDICTING HIGH-ENERGY ELECTRON COMPONENT
OF THE OUTER RADIATION BELT

To date, literature has offered dozens of methods for forecasting electron fluxes in the outer radiation belt
[Baker et al., 1990; Ling et al., 2010; Weigel et al., 2003; Ukhorskiy et al., 2004; Li et al., 2001; Perry et al., 2010;
Sakaguchi et al., 2015; Efitorov et al., 2016; Potapov et al., 2016]. They differ in: 1) selection of predictors; 2) fore-
casting methods; 3) lead time. The number of predictors in wuse varies from one [http:

Ihwww.swpc.noaa.gov/products/Relativistic-Electron-forecast-the model] to 26 [Simms et al., 2014]. As forecasting
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methods researchers most often employ linear filters [Baker et al., 1990], formed on the basis of the multivariate
analysis [Simms et al., 2014, 2016; Potapov et al., 2016], in particular using the Kalman filter [Sakaguchi et al.,
2015], as well as nonlinear methods such as neural networks [Ling et al., 2010; Wide et al., 2016] and nonlinear
autoregressive moving average modeling (NARMAX) [Balikhin et al, 2011]. By the lead time, forecasts are divided
into short-, medium-, and long-term.

2.1. Predictors of relativistic electron flux enhancements

Selection of predictors is an important preliminary procedure of any forecast. Which predictors are commonly

used for devising methods of forecasting relativistic electron fluxes?

It is clear that electron acceleration processes begin working only under non-stationary conditions. Magneto-
spheric disturbances can contribute to the increase in population of the outer radiation belt in two ways. First, during
magnetic storms and substorms, seed electrons from the tail are ejected and captured in the geomagnetic field. This
is followed by precipitation of particles in auroral regions with simultaneous generation of transient ionospheric
currents and irregular magnetic variations over a wide frequency range. Hence, indicators of upcoming rise in the
energetic electron density at geosynchronous orbit can be auroral activity indices such as AE [Baker, et al., 1990; Li
et al., 2009], as well as indices of activity of irregular Pil geomagnetic pulsations [Degtyarev et al., 2009a, b, 2010].
Second, during disturbances, the intensity of various pulses and nonstationary magnetic field oscillations grows sig-
nificantly. This can trigger stochastic mechanisms of electron acceleration. The level of such disturbances is best
monitored by such indices as the planetary index K, and the ring current intensity index Dst; therefore these indices
can also be used as predictors [Nagai, 1988; Lyatsky, Khazanov, 2008].

However, as already noted, only half of magnetic storms lead to an enhancement of energetic electron flux as
compared to the prestorm period, and, moreover, there is no direct correlation between storm intensity and degree of

flux enhancement. Accordingly, there should be some additional factors capable of acting as predictors.

From a physics perspective, the best predictors are indices of those processes which are involved in the accel-
eration of electrons to relativistic energies and can explain variations in particle fluxes at geosynchronous orbit.
They are primarily the amplitude of Pc4—5 ULF oscillations (a long-term series of indices characterizing the intensi-
ty of these oscillations on Earth, in the solar wind, and at geostationary orbit, is given on the website [ulf.gcras.ru]),
the amplitude of VLF emissions (whistler and chorus waves, etc.), and indices of magnetic disturbance. All of them
in certain models can be recalculated into effective electron diffusion coefficients, i.e. they can characterize the dif-
fusion pumping of particle energy. From a statistical point of view, the best predictors are the parameters which
have the highest correlation with relativistic electron fluxes alone or in conjunction with other parameters in the
multidimensional correlation analysis. In reality, the two criteria for optimal selection of predictors do not always
coincide. So, based on pair correlation coefficients, the solar wind velocity Vg, has the closest relationship with the
electron flux [Paulikas, Blake, 1979; Lyons et al., 2005; Reeves et al., 2011, 2013; Kellerman, Shprits, 2012]. How-
ever, there is no reasonable mechanism capable of explaining the direct effect of the velocity at which the solar wind
plasma flows round the magnetosphere on the intensity of the outer radiation belt. There is surely an indirect effect.

It is primarily related to the fact that high-speed solar wind streams bring ultra-low frequency MHD waves, which
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either partially penetrate into the magnetosphere or modulate ULF activity within the magnetosphere [Potapov et al.,
2012; Potapov, 2013]. The intensity of ULF oscillations both in the solar wind and on Earth is just the second pa-
rameter with respect to the strength of the relationship with the density of relativistic electrons [Mann et al., 2004;
Romanova et al., 2007; Romanova, Pilipenko, 2009; Potapov et al., 2012].

Thus, predictors can be direct, describing the direct effect on a predicted process, and proxies characterizing
some of features of the process and replacing the direct predictors if information about the latter is not available or
sufficient. In our case, as the proxy-predictor we can take the solar wind speed, despite its having the highest corre-
lation coefficient with the electron flux, while amplitudes of ULF oscillations and VLF radiation are direct predic-
tors. One set of predictive parameters often includes predictors of both types.

Another important feature of predictive parameters is how far in advance they can warn us of a change of the
parameter predicted (in our case, the relativistic electron flux), i.e. the forecast lead time Atz. So, for example, for the
amplitude of ULF oscillations on Earth and in the solar wind, the lead time is 2—-3 days, for the solar wind velocity
At=2 days, and the lead time At of changes of the ecliptic component of the interplanetary magnetic field (IMF) is O
days, i.e. this parameter varies simultaneously with the electron flux in the magnetosphere.

The table lists the predictors most commonly used for working out methods of forecasting the relativistic elec-
tron flux. It also identifies their type (direct or proxy) and the approximate value of the forecast lead time. Question
marks indicate either the absence of data or discrepancy between sources.

2.2. Forecast lead time

As noted above, forecasts can be short-, medium-, and long-term.

The short-term forecast is needed for rapid response. After receiving advance alarm, operators of satellite sys-
tems can prepare themselves for disruptions, put the onboard equipment into low power mode, and activate safety
equipment. Some predictors have a two-three-day lead time with respect to enhancement of relativistic electron
fluxes; therefore we can produce a forecast with a lead time of up to three days. It can be promptly corrected if first
it is made using only three-day advance predictors and then is adjusted involving 48- and 24-hour predictors. Next,
we propose an example of how a short-term forecast is prepared.

The medium-term forecast in our case gives an alarm about possible approach of a high-speed solar wind
stream to the magnetosphere. The lead time of this forecast can be up to 5-6 days if current data on the direction of
propagation of coronal mass ejection or the stream path from the coronal hole are available. This forecast relies only
on observations of coronal mass ejections and coronal holes. Its technique actually coincides with the forecast of
geomagnetic disturbances that is based on the monitoring of the Sun’s behavior. At the moment when the front of a

high-speed solar wind stream interacts with the magnetosphere, the short-term forecast process begins.

The long-term forecast is not so much a prediction as recommendations for planning space projects. These rec-
ommendations can arise from the data on the dependence of relativistic electron flux frequency and intensity on the
solar cycle phase, in combination with the forecast for the cycle itself. To date, we have enough measurements of
particle fluxes to get an idea about their cyclic variations. Figure 3 gives an example of how the average monthly

flux of relativistic electrons varied during solar cycle 23.
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Data on long-term variations of correlation coefficients between electron flux and different predictors may also be

useful for the long-term forecast [Potapov et al., 2014; Myagkova, Dolenko, 2016].

Predictors often used for predicting the relativistic electron flux at geosynchronous orbit

ITead Type of ITead Type of
Solar wind (SW) parameters | time, oredictor Magnetospheric parameters time, predictor
days days

SW speed Vg, 2 Proxy Auroral electrojet index AE ? Proxy

SW plasma density N, 1 Proxy | Planetary index K, ? Proxy

IMF southward component 1 Proxy | Geomagnetic index Dst ? Proxy

B, ?

Projection of the IMF B, 0 Proxy | Maximum daily flux of seed electrons 1 Direct

vector on the plane of the Jel

ecliptic

SW variations dVew/Vew 0 Proxy | Amplitude of ULF on the ground Ay 2(3) Direct

?

Variations of IMF 6 B/B 1 Proxy | Amplitude of ULF oscillations at the 2 Direct
geostationary orbit Ag

SW dynamic pressure Pgyn 1 Direct | Intensity of VLF oscillations on the ? Direct

(? ground I

ULF amplitude in SW Ay, 2(3) Proxy Intensity of VLF oscillations in the ? Direct
magnetosphere |

Interplanetary electric field 1 Proxy | Horizontal magnetic field component Direct
H, at geosynchronous orbit

Variations of N, 1 Proxy | Amplitude of Pil pulsations Apj; Proxy
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Figure 3. Solar-cyclic variation of daily integral electron flux with energy of 2 MeV at geosynchronous orbit is

indicated by the blue curve. The orange curve depicts the variation of sunspot number (Wolf number)
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Figure 4 shows how the solar wind velocity and the cumulative amplitude of on-ground ULF oscillations in the
Pc5 range (150-600 s) is correlated with the relativistic electron fluxes during the solar cycle. It is seen that, first,
the correlation level is approximately equal for the solar wind velocity and ULF amplitude, and, second, the correla-
tion is minimum during maximum solar activity and maximum during minimum solar activity and during the decay

phase of solar cycle 23. The cumulative amplitude is calculated as

A= Y Iog[A(i)]exp(—ﬂ),
j=i-3u u

where p is the period of time over which data on amplitude are accumulated to obtain A, [Romanova et al, 2007.].

The authors of the method for calculating the cumulative amplitude demonstrated its closer relationship with ener-

getic electron fluxes as compared to the normal amplitude and attributed this to the presence of the cumulative effect

of some diffusion processes: long-lived ULF wave activity is more important for electron acceleration than individ-

ual bursts of wave activity.

Note that the dependences illustrated in Figures 3, 4 are valid for the normal behavior of solar cycle. If it is abnormal,

as it was during the anomalous minimum of 2008-2009, there were deviations from the regularities shown here.
3. AN EXAMPLE OF SHORT-TERM FORECAST

Let us give an example of the forecast that is based on the multivariate linear regression analysis of eight parameters
acting as predictors. Unlike other studies relying on the multivariate statistical analysis [Simms et al., 2014, 2015,
2016; Sakaguchi et al., 2015], in this case, there is an additional element in the forecast procedure, which allows us

to revise regression coefficients obtained from the preliminary analysis of regression relationships [Potapov et al., 2016].

l:l Ainl Vs Je| Correlation

0.8 - VSW Vs Je| Correlation 710
s Sunspot Number

_jE
>
3 06 | 7702
: | | g
£ ] =4
@ =
w c
= =
3 0.4+ 50 %
Q
o k
n: _ |

0.2 I I | i | i | 0

1996 1998 2000 2002 2004 2006

Figure 4. Semiannual values of the correlation coefficient between relativistic electron flux and solar wind ve-
locity (blue bars) and with the cumulative on-ground amplitude of Pc5 ULF oscillations (brown bars) as compared

to the variation in solar activity (orange curve) during solar cycle 23 [Potapov et al., 2014]

65



A.S. Potapov

As predictors we take daily averages of the following parameters: 1) solar wind velocity (Vy,); 2) amplitude of Pc4-
5 ULF oscillations as inferred from ground-based (A,) and solar wind (As,) observations; 3) horizontal component
of the magnetic field at geosynchronous orbit (H,); 4) density of solar wind protons (Ny); 5) solar wind dynamic
pressure (Payn); 6) interplanetary electric field (E,); 7) maximum daytime flux Jeoo Of seed electrons with energy of
about 600 keV, measured at geosynchronous orbit. The first four predictors have a forecast lead time Az equal to two
days, for the last four, Az=1 day. All raw data for the regression analysis and testing are taken over the period from
1996 to 2006. These data, after checking continuity of the time series, were split into two datasets. The former in-
cludes 184 daily measurements for the second half of 1999. This set is used to obtain initial coefficients for the mul-
tiple regression analysis. The latter entails 184 measurements for the second half of 2005. It also has no gaps in daily
data. This set was used as a reference sample and to form an additional running window during the multiple regres-

sion analysis.

The conventional multiple regression analysis is as follows. A sample consisting of a number of independent
parameters and one predictable parameter is employed to calculate coefficients for the multiple regression analysis.
Resulting coefficients are utilized to compute values of the predictable parameter from the set of predictors from the

reference sample. Thus, the reference sample simulates real-time measurements.

However, forecast results will be unsatisfactory, provided that the character of the relationship and, con-
sequently, the regression coefficients between time intervals of data acquisition from master and reference
samples change. To avoid this, in the described predictive model the regression coefficients are adjusted. For
this purpose, an additional sample in the form of a 30-day running window is entered into the multiple regres-
sion analysis model. It is taken from the reference sample and is just before the forecast day, each time being
shifted forward by one day. In the real forecast process, this running window follows the real day of forecast.
Values of predictors of the additional sample are added to the master sample, and the joint sample is used to
calculate new regression coefficients for each day. Figure 5 explains the scheme of the multiple regression

analysis, through application of the running window [Potapov et al., 2016].

The model produces two types of forecast: two-day forecast based on the four predictors having a two-day lead

time of the electron flux, and one-day forecast based on all the eight predictors.

Some results obtained by the predictive model are shown in Figure 6. The top panel (Figure 6, a) presents re-
sults of the estimated logarithm of the total daily relativistic electron flux 1gJe from the model with the one-day
forecast based on all the eight predictors. The solid black line indicates flux measurements, the dashed line depicts
values derived from the regression coefficients calculated in the traditional multiple regression analysis, and the gray
line shows estimations based on coefficients computed by the running window method. Figure 6, b, c illustrates the
behavior of the squared deviation of forecast 1gJ; from actual flux values IgJyes. As in Figure 6, a, gray lines refer to
forecasts made with the running window method; and dashed ones, with the traditional method. Two bottom panels

also show values of the standard error of prediction olest (standard forecast) and O est (with running window).
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Figure 6. Results of the estimated logarithm of electron flux from the model with the one-day forecast based

on eight predictors (a); variations in squared deviation of forecast 1gJ; from actual flux values 1gJs for the variant

with the two-day forecast relying on four predictors (b); the same for the variant with the one-day forecast based on

eight predictors (c) [Potapov et al., 2016]

CONCLUSION

In conclusion, practical aspects of forecasting organization are discussed. Not all predictors are available in the

real-time mode. For example, the geomagnetic index AE is published on public websites not earlier than two weeks

after recording, and only preliminary K, and Dst indices are accessible on-line. However, there is no tried and tested

procedure for acquisition and distribution of data on some other predictors (say, the amplitude of the on-ground ULF

or VLF oscillations). It is not surprising, therefore, that the only currently valid forecast is based on one predictor —

the solar wind velocity [http://www.swpc.noaa.gov/products/relativistic-electron-forecast-model], whereby its accu-

racy is low, and, as admitted by the authors of the method, errors in estimates especially increase during maximum

solar activity when the magnetosphere is often attacked by high-speed solar wind streams.

Thus, organization of real-time forecasting capable of warning about possible threats to orbiting objects at geo-

synchronous orbit requires serious preparation.
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The first step is to choose the optimal forecast model using, where possible, on-line predictors, taking into ac-
count the lead time of forecast with them and their prognostic potential. Then, it is necessary to develop a reliable
data acquisition system providing real-time data on parameters chosen as predictors. In elaborating the algorithm for
prognostic estimates, it is desirable to make allowance for the regular correction of algorithm parameters (regression
coefficients if the multiple regression method is employed) through application of running window or another meth-
od. Finally, we should regularly check the accuracy and reliability of the forecast, thus providing its real-time cor-

rection.

Medium-term forecasts impose other requirements. It is essential that they can, at least with 50% probability,
predict the arrival of shock waves at Earth at the front of high-speed streams with two- or three-day lead time. This
would give us a 3-5 day period of preparation for bursts of relativistic particles. Unfortunately, such reliability of

medium-term forecast is unattainable.

In this review, we described the main characteristics of the electronic component of Earth’s outer radiation belt
in the geosynchronous orbit region, listed physical processes leading to electron acceleration, emphasized the need
to develop high-energy electron forecasting methods in the said region, described the main potential predictors, and

proposed an example of the predictive model for estimating electron fluxes with a 1-2-day lead time.

This work was supported by the Russian Foundation for Basic Research (grant No. 16-05-00631 and 16-05-00056)
and the project No. 0344-2015-0018 of Program 7 of the RAS Presidium.
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