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Abstract We investigate the timing and relative influence of VLF in the chorus frequency range
observed by the DEMETER spacecraft and ULF wave activity from ground stations on daily changes in
electron flux (0.23 to over 2.9 MeV) observed by the HEO-3 spacecraft. At each L-shell, we use multiple
regression to investigate the effects of each wave type and each daily lag independent of the others. We
find that reduction and enhancement of electrons occur at different timescales. Chorus power spectral
density and ULF wave power are associated with immediate electron decreases on the same day but with
flux enhancement 1-2 days later. ULF is nearly always more influential than chorus on both increases

and decreases of flux, although chorus is often a significant factor. There was virtually no difference in
correlations of ULF Pc3, Pc4, or Pc5 with electron flux. A synergistic interaction between chorus and ULF
waves means that enhancement is most effective when both waves are present, pointing to a two-step
process where local acceleration by chorus waves first energizes electrons which are then brought to even
higher energies by inward radial diffusion due to ULF waves. However, decreases in flux due to these
waves act additively. Chorus and ULF waves combined are most effective at describing changes in electron
flux at >1.5 MeV. At lower L (2-3), correlations between ULF and VLF (likely hiss) with electron flux were
low. The most successful models, over L = 4-6, explained up to 47.1% of the variation in the data.

Plain Language Summary Low-frequency electromagnetic waves in the Earth’s radiation
belt are associated with immediate (same day) decreases in the electron population, but appear to increase
the number of electrons 1-2 days later. This is most prominent in the outer radiation belt, at an equatorial
distance of 4-6 Earth radii.

1. Introduction

Both chorus and ULF Pc5 waves are thought to influence electron flux levels, increasing them in some situ-
ations and decreasing them in others. Observations of single storms show that interactions with chorus can
scatter electrons into the loss cone (Clilverd et al., 2016; Horne & Thorne, 2003; Shprits et al., 2007, 2008;
Thorne et al., 2005) while ULF Pc5 waves can lead to loss through a combination of outward radial diffusion
and magnetopause shadowing (Katsavrias et al., 2015; Kellerman & Shprits, 2012; Loto’aniu et al., 2010;
Mann et al., 2012; Ozeke et al., 2020; Turner et al., 2012). However, chorus may also result in flux enhance-
ment through local acceleration (Horne et al., 2005; Katsavrias et al., 2015; Reeves, 2013; Shprits et al., 2008;
Summers et al., 1998), while ULF Pc5 waves accelerate electrons through inward radial diffusion (e.g., Hao
et al., 2019; Katsavrias et al., 2019; Mann et al., 2004) and direct interaction (Claudepierre et al., 2013; Hao
et al., 2014; Zong et al., 2009, 2017).

Both wave types often occur simultaneously before or during changes in electron flux levels (Li et al., 2005).
It requires further investigation to determine whether they contribute equally to electron flux levels.
Katsavrias et al. (2015) found that over L = 3-5, the electron population above 300 MeV/G increased when
both chorus (inferred from the ratio of precipitating to trapped electron fluxes using POES data in low
Earth orbit) and ULF wave power were high, but depleted when only ULF wave activity was high. They
interpreted this to mean that chorus was the dominant driver of electron acceleration, but ULF waves, via
outward diffusion, resulted in depletion. In a different pair of storms, inferred chorus appeared to acceler-
ate electrons to relativistic energies while ULF waves further accelerated this population to ultrarelativistic
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Figure 1. Mean daily electron fluxes at four energy ranges (>0.23, >0.6,
>1.5, and >2.9 MeV) over L = 2-9 (northern hemisphere).
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Figure 2. Mean daily lower band chorus PSD over L = 2-6
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energies through inward radial diffusion (Katsavrias et al., 2019). Using
results from superposed epoch analysis, flux enhancements were associ-
ated with VLF activity (inferred from microbursts) around L = 4.5, but at
L-shells above that, the flux association was stronger with ULF activity
(O'Brien et al., 2003). Analyzing effects simultaneously using multiple
regression, ULF wave power at geosynchronous orbit was found to be of
somewhat more influence on electron flux levels (>1.5 MeV) than satel-
lite-observed chorus power spectral density (L. Simms et al., 2018; L. E.
Simms et al., 2018).

There is, however, still a need to investigate these simultaneous wave ef-
fects by L-shell, over multiple days, using analyses which study the ef-
fect of each factor independent of the others. We use partial correlation
analysis to study the influence of each wave type over several days. From
these analyses, we are able to determine both when the waves are most
influential, and to separate the positive and negative effects that occur on
different days. Using multiple regression, we study the separate effects
of each wave type on each day. We also explore the nonlinear action of
waves on electron flux by including quadratic terms, and whether ULF
and VLF waves act both additively and synergistically by including a mul-
tiplicative term (Neter et al., 1985).

In this study, we use electron flux data (HEO-3 satellite) gathered at each
L-shell (L = 2-8.99). We use satellite-observed VLF power spectral den-
sity (PSD) in the lower band chorus range from the DEMETER satellite,
binned by L-shell over L = 2-6.99. These waves are assumed to be pre-
dominately chorus above L = 3 and predominately hiss below this (Bort-
nik et al., 2008; Carpenter & Park, 1973). This differs from previous stud-
ies of VLF correlation by L-shell with electron flux as the VLF measure is
neither a proxy from microburst observation nor ground-based VLF data
which does not as accurately reflect VLF wave activity occurring in space
(Simms et al., 2019). We compare the effects of ULF Pc3, Pc4, and Pc5
data from ground-based stations, Pc5 from L > 3.

[ ]Pc3
[ Pc4
I Pc5 =

~ [lim [N
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Figure 3. Mean daily ULF power (Pc3, Pc4, and Pc5) at McMAC stations BENN (L = 2.5), GLYN (L = 3.4), and
CARISMA stations PINA (L = 4.06), ISLL (L = 5.15), GILL (L = 6.15), and FCHU (L = 7.44). BENN, Bennington;
FCHU, Fort Churchill; GLYN, Glyndon, Island Lake; GILL, Gillam; PINA, Pinawa; ISLL.
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Table 1

Correlation of Same Day (Lag 0) and Previous Day (Lag 1) Hiss (L < 3)
and Chorus (L > 3) PSD With >1.5 MeV Electron Flux Daily Change

L-Shell Same day (lag 0) Day previous (lag 1)
PA=12=2:99 0.04 0.03
L=3-399 0.07 0.15
L =4-4.99 —0.02 0.37
L =5-5.99 —0.02 0.35
L =6-6.99 —0.05 0.30
a.L=2-2.99
r=20.03

Daily Change in Log, ,>1.5 MeV Electrons/sec

Figure 4. Scatterplots of mean daily lower band chorus log;,PSD on
previous day (Lag 1) versus daily change in >1.5 MeV logjeelectron flux
channel over L = 2-6 (a—e). The correlation coefficient (r) is given for each

b. L = 3-3.99

=015

Lag 1 Log,, Chorus PSD

L. PSD, power spectral density.

2. Data and Statistical Methods

Data covered the time period August 11, 2004 to July 27, 2007. Electron
flux data were obtained from the HEO-3 satellite which lies in a roughly
12 h highly elliptical orbit with good data coverage in the L range from 2
to 9 (Fennell et al., 2004; Fennell & Roeder, 2008). The orbit is such that it
cycles through all MLT. We use the E2 telescope channel (>0.23 MeV) and
the omnidirectional sensors E4-E6 channels (>0.6, >1.5, and >2.9 MeV)
(all sampling number of electrons/second) with observations binned by
L-shell (IGRF) with, for example, L = 2 including L = 2.0-2.99. The E2
telescope temperature rose with altitude at L > 5 which increased noise
levels. This may mean that results in the >0.23 MeV channel at higher
L are less reliable. We use only data collected over the northern hemi-
sphere (high altitude) where dwell time at each L-shell is longer. This re-
duced variability in the data as pitch angles differ between northern and
southern hemispheres. We did, however, retain both “even” and “odd”
orbits, which sample different MLT, to obtain a more representative av-
erage of the electron population. Note that L is correlated with latitude,
with lower L-shells (L < 3) sampled from near the equator. As high ener-
gy protons can contaminate the electron channels, we removed days on
which solar proton events were occurring, as well as one day following
(ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt). However, there may also
be proton contamination outside solar proton events. To correct for this,
we removed data falling far above the cloud of data points when proton
versus electron counts are plotted (O'Brien, 2012). This removed more
lower L-shell observations (L < 4). For this reason, results from lower
L-shells are not as robust.

We obtained power spectral density (log;, [uV?/m?/Hz]) of VLF waves
(which may also be termed whistler mode waves) from dayside, north-
ern hemisphere passes (LT 10:30) from the Instrument Champ Electrique
(ICE) on the DEMETER satellite (Berthelier et al., 2006). There was good
data coverage over L = 2-6.99 (IGRF). We limit the VLF data to the lower
band chorus range (0.1-0.5 fce). We use dayside VLF because it is found
over a broader range of latitudes than nightside chorus and is not as in-
fluenced by geomagnetic activity (Agapitov et al., 2018; Li et al., 2009;
Thorne et al., 2010; Tsurutani & Smith, 1977). However, this VLF wave
band at lower L-shells (within the plasmasphere) is dominated by hiss
(Bortnik et al., 2008). Chorus waves predominate above the plasma-
pause (L ~ 3) and hiss within the plasmasphere below this (Carpenter &
Park, 1973). We therefore refer to these waves as hiss below L = 3, chorus
above that, and as the more general VLF when referring to both. This may
represent only a sample of overall global activity as satellites can only
sample one small area of the magnetosphere at a time. In particular, it
may result in a certain L-shell being more heavily sampled at a particular
local time. We note that the satellite data we use represent only a sample
of overall global activity of the magnetosphere. In particular, due to the
satellite orbit, each L-shell is only sampled at a particular latitude. This
completely confounds the two variables in data sets from satellites that
pass through several L-shells. It is possible, therefore, that differences
seen at different L-shells are really the result of changing latitude, or to a
combination of both L-shell and latitude.

ULF Pc3, Pc4, and Pc5 wave power (nT?/Hz) was obtained from individu-
al McMAC ground stations at L = 2.5 (Bennington or BENN) and L = 3.4
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Figure 5. Partial

log;oPSD lagged over 0-3 days and daily change in four electron log;oflux
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correlations between mean daily lower band chorus

energy ranges (>0.23, >0.6, >1.5, and >2.9 MeV) over L = 2-7 (a-f)
(northern hemisphere). Correlations <0.10 lie within the gray area.

N

a. ULF Pc3 (L=5)

(Glyndon or GLYN) and CARISMA ground stations at L = 4.06 (Pinawa
or PINA), L = 5.15 (Island Lake or ISLL), L = 6.15 (Gillam or GILL), and
L = 7.44 (Fort Churchill or FCHU). Wave power was calculated using a
Fourier transform with a 1 h window. This allows a good discernment of
waves down to the minimum (Pc5) frequency of 1.67 mHz. There were
strong correlations between the 3 ULF wave bands at all the ground sta-
tions, and each band correlated extremely similarly with electron flux.
In order to compare most easily to the ULF index, we use Pc5 in most of
our analyses, however, given the high correlations between bands, each
of Pc3, Pc4, and Pc5 are a nearly identical proxy for the other two. Daily
averaged ULF Pc5 wave power was obtained from a ground-based ULF
Pc5 index covering local times 05:00-15:00 in the Pc5 range (2-7 mHz)
obtained from magnetometers stationed at 60°-70°N CGM (Corrected
GeoMagnetic) latitude (Kozyreva et al., 2007).

The log values of lower band chorus PSD, ULF power, and flux data
were all daily averaged. Predictor variables (VLF and ULF wave activ-
ity) were lagged at 0 (same day; Lag 0), 1 (previous day; Lag 1), 2, and
3 days as most of the correlation between these waves and electron flux
occurs within this time frame (Mann, O'Brien, & Milling, 2004; L. Simms
et al., 2018). (Note that the Lag 3 waves occur first, with the Lag 0 waves
occurring last, on the day of the flux measurement.) For the correlation
and regression analyses, daily change in electron flux was calculated by
subtracting the daily average of the previous day from the current day’s
average. All single correlations reported are standard Pearson correlation
coefficients. Partial correlation between two factors fixes other variables
at a given level to control for their effects (Neter et al., 1985).

The flux observations show serial autocorrelation (p < 0.0001 using
Durbin-Watson test, see Neter et al., 1985), as each day is correlated with
the previous day. To correct for this, we include previous day’s flux as a
predictor in the regression models. The addition of the AR1 term reduces
the autocorrelation enough that we can have confidence in the p-values
of the statistical tests. The result of this is that the regressions are essen-
tially AR1 (autoregressive at one time step, represented by the previous
day’s flux term) differenced (as the observations are daily change) distrib-
uted lag transfer function models (Hyndman & Athanasopoulos, 2018;
Simms et al., 2019). The addition of a predictor measured on several days
previous (the distributed lags) allows this model to assess the effect of
that predictor over time rather than all at once. Nonlinear effects of waves

o
<

1
N

b. ULF Pc4 (L=5)
r=0.34 :

Daily Change Log,
>1.5 MeV Electrons/sec

Lag 1 Log,, ULF Power

Figure 6. Scatterplots of ULF power (Lag 1) and >1.5 MeV electron flux at L = 5. (a) ULF Pc3, (b) ULF Pc4, (c) ULF
Pc5. All ULF bands show nearly identical correlations with flux.
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Table 2

:5)

Partial Correlation of ULF Power (L
with Daily Change in Electrons/sec
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Figure 7. Partial correlations at L = 5 between mean daily ULF (a) Pc3, (b) Pc4, and (c) Pc5 over 0-3 days previous and
daily change in 4 electron logeflux energy ranges (>0.23, >0.6, >1.5, and >2.9 MeV).

on electron flux are explored by including quadratic terms in the regression analyses, while the synergistic
combined action of ULF and VLF waves is tested by including a multiplicative term (Neter et al., 1985).

We note that these data are only observational. Without the ability to randomly set the independent pre-
dictor variables in space physics studies, we are unable to infer causality, merely associations between var-
iables. Strictly speaking, we should only refer to these correlations as associations, however for ease of
discussion of the possible physical implications, we do refer to these, at times, as drivers or influences in
order to fully explain the conclusions we make.

Statistical analyses were performed in MATLAB.

3. Results

Daily average electron fluxes peak at L = 4, with lower values observed in the slot region (L = 2) and beyond
geosynchronous orbit (L > 6) (Figure 1). In contrast, log;, lower band chorus PSD (from DEMETER satel-
lite) increases steadily up to L = 6 (Figure 2).

The power of all three ULF bands from the ground stations (Pc3, Pc4, and Pc5) rise over L = 2—-6, with very
low power seen at L2 (Figure 3). ULF Pc4 has the highest power, but there are such high correlations be-
tween these three bands (0.9432-0.9989) that any band is an almost exact proxy for the other two.

3.1. Correlations Between VLF PSD and Electron Flux

Neither hiss nor chorus PSD on the same day (Lag 0) is strongly associated with electron flux difference at
>1.5 MeV with correlations ranging from —0.02 to 0.07 (Table 1). When chorus is measured the day before
(Lag 1), there are stronger correlations at L > 3, but all are below 0.40 (Figure 4 and Table 1).

Both hiss and flux differences show little spread below L = 3. Values are
tightly clustered at low VLF PSD (not much VLF is seen at these L-shells)

Correlation of Same Day (Lag 0) and Previous Day (Lag 1) ULF Pc5 Power and around 0 change in electrons. This may reduce the likelihood of see-
With >1.5 MeV Electron Flux Daily Change ing much influence of the VLF mode waves on changes in electron flux

L-Shell (a) Same day (lag 0) (b) Day previous (lag 1) at L = 2-2.99.
L =2 (BENN) 0.05 0.06 We perform partial correlations between VLF waves at each L-shell (2-6)
L =3 (GLYN) 0.06 0.19 over 0-3 days with daily flux difference at the four energy levels (Fig-
L = 4 (PINA) —0.19 0.33 ure 5, r < 0.10 lie within the gray band). At L = 2-2.99 (hiss), nearly all
L=5(ISLL) ~0.19 0.34 correlation magnitudes were less than 0.1. Over L = 4-5, chorus meas-
ured on the same day is associated with a drop in flux at the 3 higher
L =6(GILL) —0.20 0.30 . . . .
energies. Chorus measured one day before (Lag 1) is most associated with
L = 7 (FCHU) —0.20 0.18

an increase in flux at all four energies over L = 4-6. However, none of
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Daily Change in Log,,>1.5 MeV Electrons/sec

Figure 8. Scatterplots of mean daily ULF Pc5 log;, power on previous day
(Lag 1) versus daily change in >1.5 MeV log, electron flux channel over
L = 2-7 (a-f). The correlation coefficient (r) is given for each L.

the correlations exceed 0.4. These low correlations suggest that the chorus is not the only driver of electron

changes. However, we note that the partial correlation analysis differentiates the Lag 0 effect more clearly
than the simple correlation analysis of Table 1. Over L = 4-5, at >1.5 MeV, electron reductions at Lag 0 due
to chorus are stronger (L4: r = —0.32, L5: r = —0.21 in the partial correlations). The Lag 1 partial correlation
with flux enhancement is more similar (L4: r = 0.38, L5: r = 0.35 in the >1.5 MeV partial correlations) to
that found with simple correlation.

3.2. Correlations Between ULF Power and Electron Flux

Despite the obvious differences in power, extremely high correlations (0.9432-0.9989) between the three
ULF bands (Pc3, Pc4, and Pc5) suggest that any one could serve as an excellent proxy for the others. Sim-

) a.L=2
r=0.06

1

0 ranie-:

Lag 1 Log, yULF Pc5 Power

ple correlations between each ULF band (Lag 1) and >1.5 MeV electron
flux at L = 5 are identical (Figure 6). Partial correlations over 0-3 days
previous between ULF in each band with the daily differences in the four
electron flux energies at L = 5 show this to be the case (Figure 7). The
pattern of correlation was virtually the same between each ULF band and
electron flux. These correlations were similarly indistinguishable at the
other L-shells. We continue our analysis using ULF Pc5 data.

ULF power shows a similar pattern to that of the effect of chorus (or
hiss at the lower L-shells) on >1.5 MeV flux: Lag 1 correlations tend to
be positive and of greater magnitude than Lag 0 correlations. Both Lag 0
and Lag 1 correlations are greatest in magnitude over L = 4-7 (Table 2;
Figure 8). ULF Pc5 at L = 5 is the most highly correlated (r = 0.34).

Partial correlations of ULF power at each L-shell (1-7) with the flux dif-
ferences over 0-3 days lags show a similar pattern to that of VLF waves
(Figure 9). At L = 2, all correlations were low (close to or less than|0.11).
At L = 3, the most important ULF correlations are at Lag 1, but these are
all <0.25. Over L = 4-7, the peak in positive association occurs with pre-
vious day’s ULF, while the strongest negative correlations are with Lag 0
ULF. Using partial correlation analysis, we can more clearly see the elec-
tron decreases at Lag 0 associated with ULF waves than the individual
correlations of Table 2 would suggest. The middle range of flux energies
(>0.6 and >1.5 MeV) show the highest response (r as low as —0.4 at Lag
0 and as high as 0.4 at Lag 1). ULF power from 2 days previous is less
associated with flux changes and that from 3 days prior is below 10.10I.

3.3. The ULF Index Is a Reasonable Proxy for ULF Pc5 Power at
Each L-Shell

If ULF power measurements from each L-shell are not available, the
ULF index can be a practical replacement. The correlation of the index
with ULF Pc5 power at ground stations at each L-shell is reasonably high
(0.74-0.85, Table 3a). The correlation of daily change of electron flux at
each L-shell with the Lag one index is also very similar to that with each
ground station, despite not being centered on a particular L-shell (com-
pare Table 2b with Table 3b).

3.4. Combined Effects of Chorus and ULF Pc5

A key question is whether the two most important factors, chorus (at
L > 3) and ULF Pc5, each still correlate with flux changes when the other
factor is accounted for. To determine this, we perform multiple regres-
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Figure 9. Partial correlations between mean daily ULF Pc5 lagged over
0-3 days and daily change in four electron log,flux energy ranges (>0.23,
>0.6, >1.5, and >2.9 MeV) over L = 2-7 (a-f). Correlations <0.10 lie
within the gray area.

sions including both wave types, producing standardized regression co-
efficients so as to compare relative strengths of predictors on a common
scale. As the highest partial correlations were on Lag 0-2 (same day to
2 days previous) we include all these measures over L = 3-6, the L-shells
in which both chorus and ULF power have good data coverage and where
the individual correlations with flux were highest. Previous day’s flux
(Lag 1 daily flux change) is included as a predictor in the model to correct
for serial autocorrelation (leading to an essentially AR1 model).

Over L = 4-6, ULF Pc5 consistently shows a stronger influence than
chorus over Lag 0-1, with a negative influence at Lag 0 and positive
influence at Lag 1 (Figure 10; red line indicates statistically significant
coefficients). It is notable that above 0.6 MeV the influence of ULF Pc5
Lag two increases from low to high flux energy levels, while that at Lag
1 decreases. This indicates that it takes up to several days for processes
driven by these waves to accelerate electrons up to the higher energies. At
the 3 highest energies, ULF Pc5 influence at each time step is strongest
at L = 4 (decreasing through L = 6) and at >0.6 MeV flux (decreasing up
to >2.9 MeV). At L = 3, Lag 1 ULF is also much more important than
chorus. However, there is more effect of chorus at Lag 0 at the higher two
energies, and the ULF correlation is positive at the two lower energies.

This combined variable set (lags 0-2 of both chorus and ULF and previous
day’s flux) is most strongly associated with flux differences at >1.5 MeV.
R? (percent of variability in the data explained by the regression model)
peaks at 47.1% at L = 5 in the >1.5 MeV energy range. This corresponds
roughly to a correlation of 0.69 (the square root of R*). However, the vari-
ability explained is not much lower at the other three energies. The rough
correlation estimate is similar at >0.6 and > 2.9 MeV (r = 0.66 and 0.65),
but somewhat lower at >0.23 MeV (0.58). At each L-shell and energy, the
correlation of flux with chorus and ULF Pc5 combined is higher than in
the simple correlations. This indicates that both factors and all lags are
needed for a fuller description of flux changes.

3.5. Nonlinear Effects of Chorus and ULF Pc5 on Flux

However, these linear, additive models may not completely capture the
combined effects of chorus and ULF waves on electron flux. The effect
of each factor may be neither linear nor independent of the other wave
type. For each of Lag 0 and 1, we include squared terms to describe non-
linear effects, and a multiplicative interaction term to describe possible
synergistic effects between the chorus and ULF wave effects. Regression
surfaces show the predicted combined response of flux difference to both
wave types with the marginal effects shown by the slope of the surface at
each edge. The marginal effect is the effect of one predictor variable when
the other predictor is held constant at 0.

When waves are measured on the same day as flux change (Lag 0) chorus and ULF waves appear to act
independently. There is no strong multiplicative interaction visible in the surface plots (Figure 11). Over L
4-5, at the three higher energies, the linear response to ULF power is negative with an increasingly negative
response at higher ULF power (the nonlinear term). In contrast, at L = 3, ULF is associated with flux in-
creases, particularly at the lower energies. (This can also be seen in the regression coefficients of Figure 10.)

The response to VLF waves is linear and positive over L = 4-6.

However, a synergistic action is seen between wave types at Lag 1 at the three highest energies (Figure 12).
Flux responds more positively to the highest chorus or ULF levels when the other wave type is also at a high
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Table 3
Correlation of the ULF Pc5 Index with Each Ground Station (L-Shell) and with Electron Flux

(b) Electron flux with lag 1 ULF

L-Shell (a) ULF index with each ground station index
=12 0.74 0.05
L=3 0.83 0.19
L=4 0.85 0.38
L =I5 0.80 0.33
L=6 0.78 0.24
L=7 0.76 0.13

Note. ULFcorrelation with (a) ULF Pc5 power at individual ground stations, and (b) with next day's >1.5 MeV electron
flux daily change.

level. This can be seen on the surface plots in the unexpected rise in flux difference in the farthest corner
(black arrows in 12b mark some of the strongest examples of this). However, as much of the chorus and
ULF individual effects may be explained by their action within this multiplicative interaction term, the
remaining individual marginal effects may appear negative (blue and orange arrows of Figure 12b). This is
most notable with chorus and suggests that much of the positive effect of chorus is the result of joint action
with ULF waves rather than from its own individual, additive effects. Increased electron flux, therefore, may
be the result of a combination of processes driven by ULF and chorus waves. Flux enhancement is less likely
to occur when either wave type occurs alone. Although the nonlinear component of chorus waves still tends
to result in flux decreases, ULF waves show some positive, nonlinear effects, with the highest ULF power
resulting in higher flux increases (green arrow of Figure 12b).

4. Discussion

In this study, we find that chorus and ULF waves are most explanatory of daily relativistic flux changes over
L = 4-6, with their strongest influence seen on the >1.5 MeV electrons. Reductions and enhancements of
flux due to these waves occur at different time scales, with decreases occurring nearly simultaneously (on
the same day) with increased wave activity, while enhancement, particularly of higher energy electrons due
to ULF waves, occurs over a longer time scale. In this scenario, waves drive electron acceleration beginning
as early as 2 days before the flux measurement (Lag 2 wave measurement), with a peak in wave-driven
acceleration 1 day before (at energies below 2.9 MeV). Then, at an immediate time scale (Lag 0), ULF and
VLF waves may drive electron reductions. (However, we should note that because this is an observational
study without randomly assigned levels of the predictors, we can only suggest direct causality. It is possible
that Lag 1 waves prepare the magnetosphere to accelerate electrons via some other mechanism, or even that
wave production and changes in electron population are both driven by another, unmeasured factor. This
limitation in interpretation, however, is also shared by event-based studies.)

When measured on the same day as flux (Lag 0), chorus (above L = 3) and ULF waves predict electron
decreases (at >0.6 MeV and above). There was little association between flux changes at higher energies
and Lag 0 hiss (below L = 4), although we note a weak positive correlation at L = 3 in the >0.23 flux band.
We assume these decreases may represent electron loss. This short timescale has been previously noted for
VLF waves: loss due to scattering by chorus or hiss occurs at < 1 day (Summers et al., 2007) and within the
plasmasphere (Jaynes et al., 2014).

However, when measured on the previous day (Lag 1), these waves are associated with flux enhancements
on the following day, consistent with previous observations of chorus (at L > 3) and hiss (below L = 3) (Sum-
mers et al., 2007), as well as ULF influences on electron flux around 1 MeV (Elkington et al., 1999). Peak
correlations between ULF waves and electron flux have been noted at a lag of 2-3 days (Mann et al., 2004).
Our use of partial correlation analysis has refined the peak of the enhancement correlation to a 1 day lag by
removing the loss influences that occur more immediately.
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Figure 10. Standardized regression coefficients for each of L = 3-6 predicting daily change in four electron flux energy ranges (a. >0.23, b. >0.6, c. >1.5, and
d. >2.9 MeV) using lower band chorus PSD and ULF Pc5 power averaged over the same day (Lag 0; white), the previous day (Lag one; light blue), and 2 days
previous (Lag two; dark blue) (northern hemisphere). Red lines denote statistically significant coefficients. Percent of variation in flux difference explained
by the model is given at the top of each panel. This corresponds to the correlation (r) given within the panel. Lag one electron flux is added to each analysis to
correct for serial autocorrelation. ULF at GLYN for L = 3, PINA at L = 4, ISLL at L = 5, and GILL at L = 6. GLYN, Glyndon; GILL, Gillam; ISLL, Island Lake;
PINA, Pinawa; PSD, power spectral density.

Over L = 4-6, ULF Pc5 wave activity from two days previous (Lag 2) is also influential at higher L-shells
and/or at higher electron energies. At Lag 2 (waves measured two days before flux), above L = 3, the influ-
ence of ULF Pc5 increases from low to high electron energy levels, while that of the Lag 1 response drops
off. Enhancement processes due to ULF waves, therefore, appear to energize electrons in stages, bringing
them from lower to the highest energies over a period of days, a response that has been noted previously in
geomagnetic indices and solar wind speed (Rodger et al., 2010). This trend was seen for chorus influences
as well over L = 4-5, but it is much less marked. It is also notable that the Lag 2 ULF influence increases at
higher L-shells, while the influence of VLF waves drops off. The implications of these trends are that inward
radial diffusion, driven by ULF waves, takes some time (>1 day) to bring electrons to the higher energies,
and that radial diffusion is of more importance at L > 3 with increasing influence at higher L-shells.
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Figure 11. Predicting change in daily flux using linear and quadratic terms of Lag 0 log;o(ULF Pc5 power) and chorus log;o(PSD) as well as their multiplicative
interaction term over L = 3-6 (a-d) at four flux energy ranges (>0.23, >0.6, >1.5, and >2.9 MeV). Lag one electron flux is added to each analysis to correct
for serial autocorrelation. ULF at GLYN for L = 3, PINA at L = 4, ISLL at L = 5, and GILL at L = 6. GLYN, Glyndon; GILL, Gillam; ISLL, Island Lake; PINA,

Pinawa; PSD, power spectral density.

‘We note that L-shell and latitude are confounded in the HEO-3 data set, resulting in a correlation between
pitch angle and L-shell. As wave-particle interactions may depend on pitch angle, this may be at least part
of the reason behind the correlational differences seen between flux changes and waves at different L-shells
(Gannon et al., 2007; Shprits et al., 2008; West et al., 1973).

Previously, it was suggested that electron flux peaks are due to both VLF/ELF and ULF acceleration equally
near L = 4.5, but to ULF acceleration alone at and above geosynchronous orbit (O'Brien et al., 2003). How-
ever, we have here found that the association of ULF waves with flux changes is stronger than that with VLF
waves at all L-shells studied (at Lag 1). Although we note that the chorus (VLF) effect is strongest relative
to the ULF correlation at L = 4, its standardized regression coefficient is still always less than the corre-
sponding ULF coefficient. This difference in relative effect of VLF versus ULF between studies may result
from our use of satellite-observed VLF data which is a more accurate depiction of chorus rather than the
microburst proxy data used in the previous study. However, there are other differences. We do not analyze
flux changes solely following storms, choosing instead to measure daily changes; we use multiple regression
to statistically determine the simultaneous effects of VLF and ULF; and the levels of geomagnetic activity
between our time period of study (2004-2007) and that of the previous paper (1996-2001) are dissimilar.
All these differences may contribute to finding a stronger relative enhancement effect of ULF waves over
L = 3-6.
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Figure 12. Predicting change in daily flux using linear and quadratic terms of Lag 1 log;o(ULF Pc5 power) and chorus log;o(PSD) as well as their multiplicative
interaction term over L = 4-6 (a-d) at four flux energy ranges (>0.23, >0.6, >1.5, and >2.9 MeV). Black arrows indicate examples of strong multiplicative
interaction; blue arrows are examples of ULF effect becoming negative at high ULF power when the ULF-VLF multiplicative interaction is strong; green arrows
indicate nonlinear increased effect at high ULF power. Lag one electron flux is added to each analysis to correct for serial autocorrelation. ULF at GLYN for

L =3,PINAatL =4,ISLLatL = 5,and GILL at L = 6. GLYN, Glyndon; GILL, Gillam; ISLL, Island Lake; PINA, Pinawa; PSD, power spectral density.

Above L = 3, electron decreases (at Lag 0) are more strongly associated with ULF Pc5 wave activity than
with chorus. This has been previously observed in several storms (Katsavrias et al., 2015), but we show
this with a statistical analysis here. We also show that there is some contribution to electron reductions
from chorus, presumably due to scattering of electrons into the loss cone. The strongest effect of chorus on
electron decreases occurs at the highest electron energy (>2.9 MeV), with the influence dropping at each
higher L-shell.

4.1. Nonlinear Influences of ULF and VLF Wave Activity

While at Lag 1 the linear regression model shows ULF Pc5 wave power is more strongly associated with flux
changes than chorus, the addition of nonlinear (quadratic) and interaction (multiplicative) terms describes
a more nuanced relationship. Flux enhancement is more likely when both chorus and ULF waves are high.
Their action is more effective in combination than when alone. This was found previously for electrons at
geosynchronous orbit (L. E. Simms et al., 2018) but we now confirm this finding for lower L-shells. Not
all associations between flux change and wave activity are linear when the multiplicative interaction term
is included in the model, nor are they all positive. These marginal (individual) negative responses in the
nonlinear models result from much of the flux response being tied up in the multiplicative interaction term.
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They are what is left over after the more significant, and positive, interactive effect is accounted for. This
argues that the processes associated with chorus (local acceleration) and those associated with ULF waves
(inward radial diffusion) are both necessary to produce flux enhancements and do not act independently.
This is consistent with the proposed two-step process where local acceleration by chorus waves first energiz-
es electrons which are then brought to even higher energies by inward radial diffusion (Jaynes et al., 2015;
Katsavrias et al., 2019; Zhao et al., 2019).

The same cannot be said for flux decreases on the same day (Lag 0 analyses; L 4-6). In this case, chorus
and ULF waves act independently. There is no strong multiplicative interaction visible in the surface plots.
Those processes associated with loss due to chorus (which scatters electrons into the loss cone) and ULF
waves (via outward radial diffusion) are able to operate independently. There is some nonlinearity to the
flux response to ULF waves with a stronger decrease in flux at high ULF in the lowest energies and less
decrease in flux at high ULF in the higher energies.

5. Summary

(a) We use multiple regression to control for the effects of other variables and to determine the timescale
of electron decreases versus enhancement. By holding other factors constant in this way, we see that
the individual effects on electron reductions and enhancements due to chorus and ULF waves are often
stronger than it would appear from individual correlations

(b) Over L = 4-6 (4.0-6.99), both chorus and ULF Pc5 correlate with immediate electron decreases and
delayed enhancement

(c) ULF waves consistently show a stronger influence on electron enhancement than do chorus waves.
ULF power is also often more associated with immediate (same day) electron reductions than chorus

(d) There is a synergistic interaction between chorus and ULF wave activity on electron enhancement.
This means that their combined effect is stronger than would be expected. This points to a two-step
process of electron acceleration where local acceleration by chorus waves energizes electrons which
are subsequently brought to even higher energies by inward radial diffusion

(e) However, chorus and ULF waves may drive electron decreases additively. In other words, the actions of
the two wave types act independently

(f) Contributions of ULF Pc5 and hiss to electron decreases and enhancement are low below L = 4, and

minimal at L =2

Data Availability Statement

HEO-3 satellite data are available at: http://virbo.org/HEO.CDPP data are available at https://cdpp-archive.
cnes.fr/.CARISMA data are available at https://www.carisma.ca/carisma-data-repository. McMAC data can
be accessed through the CDAWeb at https://cdaweb.sci.gsfc.nasa.gov/index.html/. The ULF Pc5 index is
available at http://ulf.gcras.ru/plot_ulf.html.
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