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Abstract This study demonstrates the feasibility and reliability of using observations from low Earth
orbit (LEO) to forecast and nowcast relativistic electrons in the outer radiation belt. We first report a high
cross-energy, cross-pitch-angle coherence discovered between the trapped MeV electrons and precipitating
approximately hundreds (~100s) of keV electrons—observed by satellites with very different altitudes—with
correlation coefficients as high as ≳ 0.85. Based upon the coherence, we then tested the feasibility of
applying linear prediction filters to LEO data to predict the arrival of new MeV electrons during geomagnetic
storms, as well as their evolving distributions afterward. Reliability of these predictive filters is quantified by
the performance efficiency with values as high as 0.74 when driven merely by LEO observations (or up to 0.94
with the inclusion of in situ MeV electron measurements). Finally, a hypothesis based upon the wave-particle
resonance theory is proposed to explain the coherence, and a first-principle electron tracing model yields
supporting evidence.

1. Introduction

Relativistic electrons trapped in the Earth’s outer radiation belt (~3–8 Earth radii) have been observed to be
highly dynamic [e.g., Baker et al., 1986]. One intriguing phenomenon is that electron fluxes can increase sig-
nificantly after some storms but not change much in other storms. This event-specific behavior has been
reported previously [Reeves et al., 2003; Chen et al., 2007] and recently reconfirmed by the latest observations
from Van Allen Probes (also previously known as RBSP) [Mauk et al., 2013] as the selected storms in Figure 1.
This phenomenon is indeed the consequence of competitions between transport, energization, and loss pro-
cesses for individual storms, for which our current understanding is unfortunately still incomplete.

Meanwhile, our growing reliance on satellite technology for telecommunication, navigation, and other appli-
cations presents a pressing and practical need for nowcasting and forecasting the near-Earth radiation envir-
onment. In particular, it is well established that relativistic electrons, often equivalently called MeV electrons
due to their high kinetic energy, not only contribute to the total dose effects [Srour and Mcgarrity, 1988] but
also cause deep dielectric charging [Scherer et al., 2005] in spaceborne electronics and thus can result in
malfunction or even a sudden total loss of satellites [e.g., Reagan et al., 1983; Baker et al., 1987]. Indeed,
MeV electrons may increase by a factor of ~104 in a major event (e.g., the 2003 Halloween Storm reported
by Baker et al. [2004]), and a prediction of this incoming danger with even a short warning time of several
hours would be invaluable for securing our billion-dollar space assets.

One way to make predictions is to employ a physics-based radiation belt model that has both relevant phy-
sics appropriately included and reliable input parameters provided. Unfortunately, the current R&D models
cannot satisfy either of these two conditions. On the one hand, almost all existing radiation belt models,
e.g., Salammbô codes [Beutier and Boscher, 1995], RBE [Fok et al., 2008], VERB [Subbotin and Shprits, 2009],
DREAM 3D [Reeves et al., 2012; Tu et al., 2013], and the latest BAS radiation belt model [Glauert et al., 2014]
as well as REM [Zheng et al., 2014], simulate the ULF- and VLF-wave related diffusive processes in the
Fokker-Planck formalism. Through quasi-linear diffusion coefficients, these models are ready to incorporate
the latest research discoveries including the effects of chorus waves [e.g., Thorne et al., 2013] as well as the
contribution of a seed population for MeV electron acceleration [Tu et al., 2014]. However, critical questions
regarding electron dynamics remain open, and thus, there may be missing physics in the models. For exam-
ple, the role of magnetosonic waves in acceleratingMeV electrons has been suggested [Horne et al., 2007] but
is still undetermined, and what process dominates the loss of MeV electrons is also under debate:
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Precipitation caused by electromagnetic ion cyclotron waves [e.g., Horne and Thorne, 1998; Li et al., 2014] or
enhanced magnetopause shadowing in association with outward radial diffusion [e.g., Turner et al., 2012;
Hudson et al., 2014].

On the other hand, it is equally or even more challenging to prepare appropriate and reliable input
parameters for driving these models. Sparse in situ measurements may not directly determine global
distributions, while average values from empirical models have large uncertainties and thus do not capture
event-specific dynamics. For example, with statistical global distributions of waves, the RBE model and the
recent SPACECAST framework [Horne et al., 2013] can make short-term (hourly) predictions on MeV electrons,
while recent studies show that using event-specific chorus wave distributions can greatly improve the model
performance [Chen et al., 2014a; Tu et al., 2014]. Nevertheless, although the correlation between chorus and
precipitating approximately tens of keV electrons can be confirmed by the latest Van Allen Probes data
(see Figure S1 in the supporting information), how to routinely obtain event-specific global distributions
of waves, to specify seed electron populations, and the background plasma conditions, particularly in
the absence of Van Allen Probes, will remain obstacles for physics-based models to make predictions
(e.g., 1 day forecast) with high fidelity.

Other predictive models exist that are more or less based on empirical relations—sometimes with unspecified
physics—between the upstream solar wind conditions, geomagnetic parameters, and MeV electrons. Examples
include the Relativistic Electron Forecast Model (REFM) operated by NOAA, based on Baker et al. [1990], the

Figure 1. Electrons in the outer radiation belt response coherently to geomagnetic storms. (a)Dst (black) and Kp (gray) indices during a ~260 day period in 2013. The three
red vertical lines mark out selected storms with similar minimum Dst~�60 nT. (b) Radial distributions of spin-averaged fluxes for 1MeV electrons, measured by MagEIS on
board RBSP-a, are plotted as a function of time. (c, d) Count rates (CRs) for>100 keV and>300 keV electrons, i.e., measurements from the 90° telescopes of MEPED E2 and
E3 electron channels on board POES NOAA-15, are presented in the same format. (e) At L=4.6, ratios between CRs for >100 keV electrons and fluxes for 1MeV electrons
evolve with time. (f) Time series of >300 keV CRs (blue) compare to 1MeV fluxes (red) at L=4.6. All electron data are binned by 5 h in time and 0.2 in L shell.
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prediction model by Li et al. [2001, 2011], and a code developed by Lyatsky and Khazanov [2008]. These three
models aim to make predictions specifically for the geosynchronous orbit.

This work explores a new approach to predicting the variation of relativistic electron fluxes in the outer radiation
belt—mostly relying upon observations merely from low Earth orbit (LEO)—by taking advantage of the coher-
ence between trapped MeV and precipitating ~100s keV electrons. In contrast to previous studies [e.g.,
Kanekal et al., 2001; Sicart-Piet et al., 2014], we focus on the coherence between electrons with different energies
by examining simultaneous high- and low-altitude observations (details in section 2), then utilize the coherence
for first-of-a-kind models to forecast and nowcast MeV electrons (section 3), and also suggest a hypothesis to
explain the coherence that is backed up by model simulations (section 4). Further discussions and plans for next
steps are presented in section 5, followed by conclusions in section 6.

2. Cross-Energy, Cross-Pitch-Angle Coherence in Outer Belt Electrons

We start by examining 1MeVelectrons data from a high-altitude equatorial mission—one of the Van Allen
Probes [Blake et al., 2013]—and simultaneous ~100s keV electron precipitation data from the Polar
Operational Environment Satellite (POES) NOAA-15 in LEO [Evans and Greer, 2000] to investigate the cross-
energy (MeV versus ~100s keV) cross-pitch-angle (trapped versus precipitating) coherence. In this work we
use POES data from the 90° (antivelocity-pointing) telescope that measures outer belt electrons near and/or
cross the loss cone and thus registers more dynamic features than those from the 0° (zenith-pointing) telescope
(more details in Text S2). For simplicity and to distinguish from the “trapped” populationmeasured by Van Allen
Probes, hereinafter we often use the term “precipitation” loosely to refer to the electron population with small
equatorial pitch angles measured by POES. Data used here were downloaded from the missions’ public web-
sites ranging from October 2012 to November 2013, and we use a time bin size of 5 h to allow for Van Allen
Probes’ full coverage of the outer belt each time bin. From example data in Figure 1, one can first confirm
the event-specific behaviors of 1MeVelectrons—i.e., very different recovering levels—in the three selected
moderate storms (b). Then, the global cross-energy, cross-pitch-angle coherence can be identified by compar-
ing distributions for different electron groups shown in Figures 1b–1d, and a one-to-one temporal relation
clearly exists across the outer belt between the intensifications of >100 keV, >300 keV electrons precipitation
(Figures 1c and 1d), and the increments of trapped 1MeVelectrons (Figure 1b).

Indeed, more details can be revealed when electron intensities are compared at each specific L shell. As
in Figure 1e, the intensified precipitation at L = 4.6 always leads MeV electron energization. The appear-
ance of each spike (one example in the green circle) in the ratio curve always indicates an arrival of new
MeV electrons: the leading edge of the spike corresponds to the preceding intensification of >100 keV
precipitation, and the width of the spike marks the arrival of MeV electrons lagged by hours to a day.
This time difference should enable us to give advance warnings ofMeV electron enhancements (i.e., forecasting
the energization events). Meanwhile, Figure 1f shows that the >300 keV precipitating electrons resemble
the 1MeV trapped electrons to a striking degree, regardless of the storm phase, the maximum level
after energization, and the decay speed. This should help us remote sense MeV electrons in real time
(i.e., nowcasting the variations).

To further quantify the observed relationships, we proceeded to compute the time-shifted correlation
between the long-term, simultaneous observations of MeV, and ~100s keV electrons to quantify the
cross-energy, cross-pitch-angle coherence. Not surprisingly, large correlation coefficient (CC) values are
found between the 5-hourly binned POES and Van Allen Probe data (Figure 2). For both distributions
in Figures 2a and 2b, the maximum (average) CC values are generally > 0.7 (≳0.5) at each L shell
between ~3.6 and 5.0. The typical lead time of ~100s keV electrons can be identified from the location
of maximum CC. Specifically for L = 4.6, CC values in Figure 2c have a maximum of 0.78 (0.85) between
>100 (>300) keV precipitating and 1MeV trapped electrons, and the typical lead time for >100 (>300) keV
electrons is ~20 (~5) hours ahead of 1MeV electrons. It is noticeable that, although not the maximum,
the CC value at ~25h lead time for >300 keV is still >0.80. Therefore, our calculations demonstrate the
existence of significant cross-energy, cross-pitch-angle coherence in outer belt electrons, and this newly
discovered coherence as well as the lead time in the precipitating electron populations motivates us to pursue
predictive models for 1MeV electrons.
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3. Nowcasting and Forecasting MeV Electrons From LEO

In this preliminary study, we test developing linear filters to predict the energization and evolution of
1MeVelectrons using LEO data as inputs, and again the L shell 4.6 is selected. Specifically, here
1MeVelectrons fluxes are predicted by the moving average linear filter [Detman and Vassiliadis, 1997] J = Aj,
where J is the predicted MeV electrons for n time steps ahead of the current time t, j are the ~100s keV electron
CRs at times t, t� 1,…, t�m+1 (m is the total number of data points needed by the filter), and the filter vector
A is determined by applying a singular value decomposition algorithm to training data set.

Predictions results are presented in Figure 3. Here observations in the first 12 days are used as training data
set for deriving the filter A, and m is set to be 8 (15) points for >100 (>300) keV electrons. Predictions are
made for various time steps ahead: short-term nowcasting for one time step (i.e., 5 h predictions) and
long-time forecasting for five time steps (i.e., 25 h predictions). Prediction values are not only plotted to show
how closely they trace 1MeV electrons measurements, also the performance of filters are gauged by values of

performance efficiency defined as PE ¼ 1�
X

i
lg jip
� �

� lg jim
� �h i2

X
i
lg fJm
� �

� lg jim
� �h i2 , where subscripts p and m for flux j

indicate predicted and measured values, respectively, and fJm is the mean value of the observations.
PE = 1 indicates predictions perfectly fit observations point to point, PE = 0 means predictions fit observa-
tions with the same average and same variation, and PE< 0 means predictions perform worse than simply
using the average of observations. Here filters driven merely by>100 keV electrons data have the lowest PE
values (but still positive as in Figures 3a1 and 3a2); however, these low PEs are mainly caused by mismatch
during the decay of MeV electrons, and the filters are indeed quite successful in catching the commence-
ments of MeV electron enhancement events. Filters driven merely by >300 keV data are shown in
Figures 3b1 and 3b2 to trace 1MeV measurements very closely, and the one time step nowcasting results
have a much higher PE value of 0.74, which is comparable to the value of 0.71 for REFM at GEO for one time
step predictions of daily averaged fluxes. The PE for 25 h forecasting is still as high as 0.66 due to the large
CC value, which is different from REFM whose PE degrades quickly with increasing forecasting time steps
(http://services.swpc.noaa.gov/text/relativistic-electron-fluence-statistics.txt). It should be pointed out that
these filters do successfully predict the event-specific response of MeV electrons in the three selected
storms in Figure 1 that are on days of ~10, 38, and 231, respectively.

We further tested filters driven by both>300keV data from POES as well as 1MeV data at the current time from
Van Allen Probes, and the predictions agree even better with impressively high PE values of 0.94 (0.77)

Figure 2. Cross-energy, cross-pitch-angle correlations between trapped 1MeV and precipitating ~100s keV electrons. (a) Correlation coefficient (CC) values
between >100 keV and 1MeV electrons are presented as a function of lag time and L shells. Positive lag time means variations in RBSP fluxes lag by those in
POES data (i.e., changes in POES data lead). Electron intensities in logarithm are used for the calculation. (b) CC values between >300 keV and 1MeV electrons in
the same format. (c) The CC curves for >100 keV and 1MeV (blue) as well as >300 keV and 1MeV (red) at L = 4.6.
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for nowcasting (forecasting) as in Figures 3c1 and 3c2. It is not surprising to see model improvement with
the additional input of 1MeV data. Therefore, this last filter has the best predictions when in situ data of
1MeV electrons are available; however, even with inputs solely from LEO data, the previous filters can still
provide reliable predictions.

4. A Hypothesis Explaining the Coherence

The observed coherence is not accidental, and our hypothesis is that this cross-energy, cross-pitch-angle
coherence is the natural consequence of the dominance of wave-particle interactions (WPI) in the region.
Indeed, when considering how electrons resonate with waves and change their velocities, it is well known that,
e.g., in the cyclotron resonance with chorus waves, electrons gain (lose) energy with increasing (decreasing)
pitch angle when electrons diffuse along the diffusion surfaces [Kennel and Petschek, 1966].

To test this hypothesis, we developed a first-principle model to trace the movements and resonance of elec-
trons with chorus waves (i.e., a Lagrangian description of electrons). Figure 4a illustrates the velocity space in
which test electrons are traced along a field line betweenmirror points in amagnetic field dipole: Without the
presence of waves, an electron (e.g., the red diamond symbol) will simply move along the gray circle with
varying pitch angles but constant kinetic energy; however, when resonating with chorus waves (the green
region), the electron will instead move along the blue diffusive ellipse and have increasing (decreasing)
energy whose value is determined by the increment (decrement) in pitch angle. Here it is assumed that elec-
trons have normal resonance with right-handed whistler-mode chorus waves within the 0.1–0.9 fce range.
Within the WPI region, for a given plasma parameter, the coordinates of a test electron in velocity space
decide the resonance wave’s frequency, and then the diffusion ellipse is determined by conservation of
the electron’s energy in the rest frame of waves [Walker, 1993]. For simplicity we assume uniform wave-
particle resonance distributed along each field line, and without specifying wave characteristics and efficien-
cies, we assign different perturbations to electron’s pitch angle to represent the strength of WPI: the larger
the pitch angle changes, the stronger the WPI is. Also, in order to see how electron’s energy vary with pitch
angle, we also assume electrons start from near the loss cone and then increase their equatorial pitch angle
systematically after each bounce movement, although the results can be interpreted in either way—with
increasing or decreasing pitch angles. Curves from two case studies are plotted in Figure 4b: With a small per-
turbation (0.5°) in an electron’s pitch angle after each WPI, the red curve indicates that an electron starting
with ~1.5MeV energy and a pitch angle of ~80° may precipitate with a ~300 keV energy when reaching
the loss cone, while with a much stronger WPI (7.0° in pitch angle change), the originally trapped
~1.5MeV electrons may precipitate with a much lower energy of ~100 keV (the black curve).

Figure 3. Nowcasting and forecasting 1MeV electrons fluxes using LEO electron data as inputs. Black curves are measured 1MeV electrons and red are predictions.
Figures 3a1, 3b1, and 3c1 present nowcasting results (i.e., short-range 5 h predictions), and Figures 3a2, 3b2, and 3c2 present forecasting results with 25 h in advance.
(a1 and a2) Predictions driven by POES >100 keV electrons data only, and the performance efficiency (PE) values are 0.008 for nowcasting and 0.29 for forecasting,
respectively. (b1 and b2) Predictions driven by POES>300 keV electrons data only, and the PE values are 0.74 and 0.66, respectively. (c1 and c2) Predictions driven by
POES >300 keV electrons data as well as the current 1MeV electrons measurement, and the PE values are 0.94 and 0.77, respectively.
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Although simplified with assumptions (e.g., no Landau resonance, idealized wave resonance distribu-
tions, and assigned perturbation values in pitch angle instead of random values), this first-principle
model yields results that support our hypothesis and can explain the observed cross-energy, cross-
pitch-angle coherence as illustrated by Figures 4c and 4d. During the energization of MeV electrons,
after the seed (substorm) electrons are injected as in Figure 4c, due to the very strong WPI, a majority
of those electrons are diffused toward the loss cone while a small portion can be accelerated up to above
MeV levels. In other words, MeV electron energization and 100 keV precipitation should be the two con-
sequences from the same wave-particle resonance event between the injected seed electron population
and chorus waves. This picture agrees with the black curve in Figuer 4b. And because the diffusion speed
is generally faster for lower energy than higher energy [e.g., Li et al., 2007], one always witnesses the
intensified precipitating 100 keV electrons leading the arrival of new MeV electrons. That is, the precipi-
tating 100 keV electrons are the precursor of MeV electron acceleration, similar to a canary in a coal mine
warning about poisonous gases. In the same vein, during the slow decay periods of MeV electrons
(Figure 4d), due to the weaker but relatively steady and efficient WPI, MeV electrons are continuously dif-
fused into the loss cone with decreasing energy at ~300 keV (like the red curve in Figure 4b). Any
changes in MeV electrons will have consequences to 300 keV precipitating electrons, which thus explain
the similar temporal profiles between MeV and 300 keV electrons.

Figure 4. Model simulations support a hypothesis explaining the cross-energy, cross-pitch-angle coherence. (a) The
model traces test electrons in the velocity space. Inside the wave-particle resonance region (green), electron’s velocity
components determine the frequency of resonate wave (black) and the electron moves along a resonance diffusion
curve (blue) when its pitch angle changes. The resonance ellipses are calculated for chorus waves within 0.1–0.9 fce with
the plasma parameter fpe/fce = 2, where fpe and fce are plasma and electron cyclotron frequencies. (b) Originally trapped
~1.5 MeV electrons precipitate with lower energies: ~300 keV (red) with 0.5° pitch angle change per wave kick or
~100 keV (black) with 7° pitch angle change. (c) The correlation during energization events can be explained by the black
curve in Figure 4b, with strong diffusions ongoing in both directions. (d) The correlation during MeV electron decay
periods can be explained by the red curve in Figure 4b.
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5. Discussions

First, to confirm the newly discovered coherence is genuine but not due to the contamination of MeV elec-
trons on POES MEPED ~100s keV detectors, we further examine the pitch angle resolved MAGEIS data from
Van Allen Probes. Using the method described in Chen et al. [2014b], we were able to derive “pseudo” POES
data from MAGEIS observations during the same period whose dynamics with L between 3.6 and 5.0 are
much alike to those in the real POES observations (see one example in Figure S3). Thus, the possibility of con-
taminations from MeV electrons on POES ~100s keV electron data can be ruled out. (Indeed, in the case that
POES data were contaminated by MeV electrons, we should have seen the increments in POES data lag—
instead of precede—those of MeV electrons in MAGEIS since extra time are needed for MeV electrons being
diffused into the loss cone.) One additional advantage for these pseudo POES data is that they have much bet-
ter energy resolution and thus may be used for exploring the coherence dependence on a broader electron
energy range for different L shells, which we leave for our future study. In addition, contaminations from
~100s keV protons on POES electron measurements have also been mitigated following the method used in
our previous study [Chen et al., 2012].

Next, considering the CC values at other L shells are similar or even higher than those at L=4.6 (Figure 2), it is
reasonable to expect those filters to perform similarly at L shells between ~3.6 and 5.0. Then, for larger L shells
dominated by process(es) other than WPI (e.g., radial diffusion), it is possible to use other techniques (e.g.,
data assimilation) to ingest the forecasts, made from our filters over the above range of L shells, into a radia-
tion belt model so as to predict event-specific behaviors of MeV electrons for the whole outer belt region. We
again leave this for our next study.

Finally, the first-principle model in section 4 implements a simplified physics picture and can be improved by
simulating with realistic waves and plasma backgrounds and Monte Carlo algorithms. However, results from
that model do provide intuitive and simple explanations for the observed coherence. Also, these results imply
that electrons that are originally trapped with the energy of 1MeV should precipitate with energies broadly
distributed over < 1MeV. This is different from the prevailing assumption of the same energy that is often
used in past works, such as examining the effects of precipitation on the trapped electrons. At last, although
the magnetopause boundary does not play an important part in affecting MeV electrons at L shells between
3.6 and 5.0, radial diffusion may still play some role here by contributing to the time lags in the coherence
(see Text S4 for more discussions). Quantifying the role of radial diffusion compared to WPI requires simula-
tions with more sophisticated models that we leave for the future. Anyway, it is reasonable to expect reliable
radiation belt models to be able to reproduce the observed coherence.

6. Conclusions

In this work, we have (1) presented a new discovery of cross-energy, cross-pitch-angle coherence for outer
radiation belt electrons; (2) based on this discovery, developed highly reliable predictive models for
1MeV electrons at L=4.6 with inputs from NOAA POES 100s keV observations, and these models can be
expanded to other L shells; (3) we proposed a hypothesis to explain this coherence based upon calculations
from an analytic, first-principle wave-particle resonance interaction model. In summary, our results unveil
new knowledge on radiation belt dynamics, add new science significance to the long existing NOAA POES
space infrastructure, and provide a new approach for predicting MeV electrons with high fidelity.
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