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[1] An analysis of large-amplitude relativistic electron fluxes, J,, is given using models that
predict their appearance based on solar wind precursors. It has been noted that relativistic
electron flux bursts in the magnetosphere are associated with high-speed solar wind streams.
This observation is used to motivate several models that quantify the association in terms of 2 x
2 contingency tables. For each model, the minimal cost structure for which the model would be
useful is computed as a function of large threshold values of J.. The first model is based on the
observation that a threshold crossing in the daily averaged solar wind velocity, Vsw, tends to
precede large relativistic electron fluxes. The optimal ratio of correct to false alarms forecasts
found using this algorithm is 18:4 for a threshold corresponding to amplitudes of ], at L = 4.4
above ], = 10° particles/str-cm* s (corresponding to 110 total events). The second model allows for
jumps in the solar wind to be an event indicator and yields slight improvements in the forecast
ratio for larger values of J.. The dependence of the optimal forecast ratio on L shell is also
considered. It is shown that there are L values for which a threshold crossing of the daily average
of Vsw from below to above 600 km/sec is a sufficient condition for the appearance of large-
amplitude relativistic electron fluxes on one of the following three days. It is also shown that the
condition of a threshold crossing of Vs above 600 km/s is not a necessary condition, because

~80% of events were not preceded by this condition.
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1. Introduction

[2] A moderate correlation between the solar wind
velocity, Vsw, or a prediction filter of Vsw, and the log of the
relativistic electron flux, log(J,), has been shown. At geo-
synchronous altitudes (6.6Rg) the peak cross-correlation
between daily averages of Vsw and log(],) is 0.4 at a time
lag of 3 days [Baker et al., 1990; Vassiliadis et al., 2002]. A
linear moving average filter of Vs can explain ~50% of
the variance in log(J,) on a 1-day time scale [Baker et al.,
1990; Vassiliadis et al., 2002], and comparable results are
obtained using a semiempirical model [Li et al, 2001].
These models capture some of the driving of log(J.) by
high-speed solar wind streams, which often precede large
increases in the flux of relativistic electrons in the magne-
tosphere [Baker et al., 1998].

[3] Substantial energetic electron damage to satellites
usually only occurs when the integrated relativistic
electron flux is very large [Baker et al., 1987, Vampola,
1987]. Thus for forecasting purposes it is important to

Copyright 2003 by the American Geophysical Union.

predict whether there will be a large J, (an “event”) on
a given day in the future, in addition to predicting the
day-to-day amplitude of log(J,). Models that specify a
day-to-day value of log(J,) based on past solar wind
velocity measurements can be used to predict large
events. However, a model optimized to have a high
day-to-day data-model correlation between Vgw and
log(J.) will not necessarily be an optimal predictor of
a large event in J,.

[4] In this work we take a direct approach in predicting
when the relativistic electron flux will exceed a threshold
value. When a function of past measurements of the solar
wind velocity crosses a threshold value, a prediction of a
threshold crossing in ], is made. The event-forecast func-
tion is optimized to have the largest ratio of the number of
correct event forecasts to the number of incorrect event
forecasts, which is a prediction quality metric appropriate
for evaluating an event forecast from a user’s perspective
[Thomson, 2000].
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Figure 1. Vertical shaded bars mark fr, tr + 1, or ¢ + 2, the days when an event is forecast. Vertical
red lines mark fg, the day of an event in ]. A correctly forecasted event in ] is marked with a green
dot on the abscissa. The inset includes averages of time series around the day of threshold

crossing in J.

[5] High-speed streams have a characteristic velocity
feature; typically, over one day the solar wind velocity
increases from a value of 400 km/s or less to a value of
500 km/s or more, and its amplitude remains high over
several days. We test several forecast algorithms that are
based on and quantify the value of this observation as a
predictor. The first forecast scheme states that if Vs on
day t — 2 was less than a threshold value V. and Vsw on
day t — 11is greater than V,, an event is forecasted on days ¢,
t + 1, and t + 2. The second model considered allows an
event to be predicted if there is a large jump in the solar
wind velocity. Finally, the dependence of the threshold
model performance is evaluated in the range L = [1.1, 10].

2. Forecast Algorithm

[(] We first consider a simple forecast algorithm to
assess how reliably changes in the solar wind velocity
can be used to predict increases in the relativistic electron
flux at L = 4.4. This position was chosen because it
corresponds to the value for which the impulse response
of J, to Vsw is the largest [Vassiliadis et al., 2002]. The

algorithm uses the two prior daily averages of Vgsw to
make a forecast on a given day. This algorithm is moti-
vated by the observed association between elevated Vgw
and large increases in log(J,) [Blake et al., 1997; Baker et al.,
1997, O’Brien et al., 2001; Vassiliadis et al., 2003]. That is,
given an event in log(J,), there is generally an elevated Vg,
on the days preceding. For a precursor analysis, we need
to determine how often this solar wind signature will yield
an event in J,.

[71 Correlation analysis or epoch analysis centered on
the time of an energetic electron event can reveal an
association between an event and a driver. The inset of
Figure 1 shows the epoch averages of V,, Dy, and B, with
zero time corresponding to the first day for which ], was
above a large threshold. To assess the value of such an
association as a precursor, one must consider the proba-
bility of observing an event given a condition in the solar
wind before the energetic electron event. In the language of
Bayesian statistics, the posterior probability P(Event|Con-
Condition) must be calculated; the posterior cannot be
reconstructed from epoch or correlation analysis, which
yields P(Average Condition|Event).
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[8] The daily averaged ], data in the energy range of 2—
6 MeV were obtained from the Proton Electron Telescope on
the Solar Anomalous and Magnetospheric Particle Explorer
(SAMPEX) spacecraft. The daily averaged solar wind data
from WIND and the Advanced Composition Explorer
(ACE) were obtained from the OMNIWeb database. The
full data set consists of 1950 values of V,,(f) and J(t, L) atan L
shell resolution of 0.1 beginning on day 285 of 1994. Note
that we are using the daily averaged flux as a proxy for the
integrated flux, which is the quantity that is more closely
related to satellite failure; with the use of subdaily data, an
improved integrated flux quantity should be possible.

[9] The scaled velocity V is defined as

Vsw () = Vsw min
V(t) VSW max VSW min ' (1)
where Vsw min = 263 km/s and Vsw max = 824 km/s are the
minimum and maximum values of Vgy in the data set,
while the average value is 350 km/s. The scaled flux is
defined by J = J./],, with ], = 1000 particles/str-cm”ss.

[10] A threshold crossing event E on day f is defined as
any fr for which J(tz — 1) < J. and J(tg) > ], where ], is an
adjustable threshold parameter. The set of tp values is
found from a search of the ] time series. The first algorithm
forecasts an event in J on any day t; for which the set of
rules

Vite —1)> Ve and V(tp —2) < Ve and J(tp — 1) < J, (2)

is satisfied, where V. is an adjustable velocity threshold
parameter. The first rule, J(fx — 1) < ], prevents a forecast
from being made when ] is already above the threshold
value. The times #r that satisfy the above set of rules are
obtained from evaluation of both the | and V time series.

[11] Given the set of event days, fz, and event-forecasted
days, tr, from the above analysis, we define the number of
correct forecasts to be the number of {r values for which
there is one or more ¢ in the interval fr < t < fr + 2, so that
the forecast of an event is extended over 3 days.

[12] As noted in section 1, in many applications one is
interested in knowing if a key quantity crosses a threshold
value. If this is the case, the quality of the binary forecast
can be analyzed by the 2 x 2 contingency table shown in
Table 1. There are many possible ratios that can be derived
from this table, but in this work we focus on the two which
are most relevant from a user’s perspective: the forecast
ratio and the likelihood ratio.

[13] The forecast ratio can be used to determine if a
forecast algorithm has economic utility if mitigating action
is taken every time a forecast is made. If we assume that
(1) the forecast is always followed and (2) always forecast-
ing an event yields a net loss, then this ratio is the number
of correct forecasts (““Hits”’) to the number of false alarms
forecasts [Matthews, 1997; Thomson, 2000; Wilks, 2001]. We
label this ratio the forecast ratio Rp = Ny/N7. The ratio
follows from the restriction that the utility U = BNy —
CNy is positive, where B is the net monetary benefit

Table 1. Contingency Table With Notation Used in Text”

Observed
Forecast Yes No Total
Yes NH Nﬁ NF=NH+N]T]
No NM X NI? = NM + X
Total Ng =Ny + Ny Ng=Ng +x

Ny is the number of correct forecasts, Nj; is the number of false
alarms, N) is the number of events that were not predicted, and x
represents the number of intervals with no forecasts or events. The
total number of forecasts is Ny, while the total number of time
intervals without a warning is Ni. Both N + Nz and N + Nz sum to N,
the total number of warning plus nonwarning intervals. N may be less
than the number of points in the time series because forecasts are
extended over 3 days.

from having taken mitigating action based on a cor-
rectly forecasted event and C is the cost when action is
taken but no event occurs. Because the two parameters
C and B are system-dependent, the ratio Rr computed
here should be considered as a a minimum usefulness
ratio. Moreover, if C and B are known and Ry > C/B,
then the forecast algorithm is useful, and further eval-
uation of the algorithm should seek to maximize U.

[14] The second key metric is the likelihood ratio LR =
P(F|E)/P(F|E), where the numerator is the probability of
a forecast given an event occurred and the denominator
is the probability of a forecast given that there was no
event. From Table 1, LR = (Ny/N7)(Ng + x)/(Ny + Nj) =
(Nu/N7)(N5/Ng). If the odds of an event, given by the
ratio Ng/Ny, is stationary, then maximizing Ry is equiv-
alent to maximizing LR. If LR > 1, then the forecast has
merit in the sense that it is better than a coin-flip
forecast algorithm, for which LR = 1 [Matthews, 1997].
Note that the restriction LR > 1 also follows if we
demand that an “always forecast event” algorithm
has U < 0 and the considered forecast algorithm has
U>0.

[15] As an example of the computations of these two
ratios, consider Figure 1, which shows part of the two time
series from which the number of correct forecasts is
computed. In this time window, there are three forecasts.
There are three events in this interval, two of which were
forecasted according the algorithm. Thus the number of
events in | is Ng = 3, while the number of forecasts is Ng = 3.
The number of correct forecasts is Ny = 2, and the number
of false alarms is Nz = 1, giving Ry = 2, while LR = 37.3.

[16] For the algorithm given by equation 2, there are two
adjustable threshold parameters: V. and J.. Figure 2 shows
the Ry statistic computed using the full data set of daily
averaged Vsw and J, (1950 days) as a function of the two
parameters. To prevent solutions for which a small number
of forecasts are made, we set Ry = 0 at points where Nr < 20.

[17] The forecast ratio, Rr, has a strong dependence on
the two threshold parameters. The lower limit of |, = 1
corresponds to a value of ], for which 53% of the measure-
ments are below. Values of | above this value were chosen
to represent the “large-event” population. The optimal
choice of parameters is a large value (with respect to
Vave = 0.28) of V. for values of J. > 1. The maximum value
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Figure 2. Forecast quantities as a function of the threshold parameters [V,, ] ]. For | = 1, the peak
is located at V, = 0.6, which corresponds to V,, = 600 km/sec. Locations where Nr < 20 are marked

with crosses.

of Rp is 4.4; the algorithm correctly predicted 18 events,
while 4 forecasts were made after which no event
occurred. The curves shown in the lower panel correspond
to the largest value of R with respect to V. and show the
number of forecasts and events at the optimal value of V..
Contingency tables for three select values of J. are shown
the right side of Figure 2.

[18] Although the algorithm is most often correct when a
forecast is issued, many events went unpredicted. AtJ. =1,
there were 92 events for which no forecast was issued. As
noted earlier, from an practical standpoint this failure
mode is probably of less importance than that given by
the ratio Rr. From a modeling perspective, there are many
possible interpretations for a model that is almost always
correct when it makes a prediction but still misses many
events. One interpretation is that ], events are driven by
several processes, one of which is always active when Vg,
is very large while the unpredicted events are driven by a
process with a component that is independent of large V.

[19 The simple threshold model was motivated by the
observation that elevated values of solar wind velocity are
associated with large-flux events. To give this observation
an interpretation in terms of probability densities, Figure 3
shows the scatter diagram of the daily averaged velocity
data. The prediction region corresponding to equation 2 is
shown by the rectangle in the lower right section of
Figure 3. When a point appears in the area enclosed by
this region, a prediction of a large-flux event is made. For
each [V(t — 1), V(t — 2)] pair, a marker is shown to label the
day that ] first crossed the threshold value of J. = 1.
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Figure 3. All combinations of consecutive velocity
measurements for which J(f — 1) < ], are labeled with
crosses if B,(t — 1) > 0 or o if B,(t — 1) > 0. Combinations
of velocities for which a threshold crossing in | above
J.=1first occurred on day t, t + 1 or ¢ + 2 are also shown.
The rectangular area represents the prediction region
of equation 2. In this area, Ny = 18 and N5 = 4 giving
R}: = 4.4
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Figure 4. Forecast quantities as a function of the threshold parameters V,, and J.. For J. = 1, the
peak is located at V. = 0.4, which corresponds to V,, = 487 km/sec.

[20] From Figure 3, it is clear that although there is much
overlap of the events with the nonevents, there are regions
where more events would have been predicted. In two
dimensions (two V-lags), the problem of optimizing Rf is
equivalent to finding a region (or regions) on this scatter-
plot that yields the highest value of Rr or the lowest
amount of overlap of the probability density of Ny and
Ny. The restriction that Np > 20 is equivalent to stating
that the number of points enclosed by the prediction
region is greater than or equal to 20.

[21] In the case of event forecasting the number of data
points that we are fitting the model to is the actual number
of forecasts, as opposed to the number of points in the full
time series. To prevent over fitting, the number of free
parameters must be much smaller than the number of
forecasts. As an example, consider replacing the simple
rectangular decision region in Figure 3 with a complex
boundary so that 20 events are within the boundary and no
nonevents are within it. If the number of parameters that it
takes to describe the shape is on the order of 20, then it is
likely that the shape is a result of over fitting.

[22] It has been noted that the processes present during
geomagnetic storms and substorms may also contribute to
the appearance of energetic electrons (see review by Friedel
et al. [2002]). Because both storms and substorms are
driven primarily by a reconnection solar wind quantity,
VswBs, we can test the value of the daily average of B, as a
proxy for the existence of storms or substorms. The values
of [V(t — 1), V(t — 2)] in Figure 3 are coded by the average
value of B, on day t — 1. For both the events and the
nonevents in the prediction rectangle, there are approxi-

mately equal numbers of positive B, and negative B,
averages on the previous day. This indicates that the daily
average value of B, is not a good separator of events from
nonevents. It is likely that the behavior of B, does contain
additional precursor information on subdaily times scales,
from which a better substorm or storm proxy can be
derived, such as the time integral of B..

[23] Another example of a precursor indicator is ULF
activity [Rostoker et al., 1998; Mathie and Mann, 2000].
O’Brien et al. [2001] has shown an association (in terms of
an epoch time series centered on the peak of a geomag-
netic storm) between energetic electron activity and ele-
vated ULF power 24 hours before and after the peak of a
magnetic storm. This indicates that ULF wave power may
have a significant value as a precursor. One strong driver
of ULF activity in the magnetosphere is due to the Kelvin-
Helmbholtz instability [Southwood, 1968], which is in turn
driven by elevated solar wind velocity [Vennerstrom, 1999].
Because ULF activity is not completely predictable from
solar wind measurements, it is likely that ULF activity will
provide information that will improve large-event fore-
casts, although this would be at the expense of reduced
lead time. The analysis of non-SW precursors and subdaily
timescales will be considered in a future work.

[24] By visual inspection, the lower right quadrant of
Figure 3 has a high ratio of events (indicated by a colored
dot) to nonevents (indicated by an x or o with no colored
dot). Physically, this means that if there is a jump in the
daily averaged solar wind velocity over one day, an event
often followed on one of the next three days. Such a jump
in the daily averaged data can exist for many reasons,

5of7



WEIGEL ET AL.: PRECURSOR ANALYSIS OF MEV FLUX EVENTS

including a slow rise over the full day to a steep increase
over a short timescale due to a tangential discontinuity.
The present model does not distinguish between such
possibilities. Expanding the first model to allow for such
a prediction region gives a second model

Vit—=1)>Vaand V(t—2) < Ve and J(t —1) < J..  (3)

For this model the optimization is with respect to
2 parameters, V4 and V. Figure 4 shows the result of
evaluating Ry with the same grid resolution as used for
Figure 2.

[25s] The analysis of the jump model yields slightly
improved values of Rr. Comparison of the contingency
tables for the threshold and jump models at J. = 1 shows
that their elements are nearly the same; the jump model
had one fewer false alarm. The significance in this
improvement is small because the model with one addi-
tional parameter yielded only a change in one data point.
At higher values of ], the jump model also slightly out-
performs the threshold model in terms of the maximum
value of Rr. It can be concluded that a jump in the solar
wind velocity can yield slightly higher ratios of Ry for
certain values of ], but such jumps have little additional
information in comparison to knowledge of only a thresh-
old crossing.

3. L Shell Dependence of Ry

[26] Energetic electrons are known to have a response
to the solar wind that is highly dependent on L shell.
Figure 5 shows that the performance of the threshold
algorithm also has a strong L shell dependence. In
Figure 5a, the optimal value of Rr(J, V.) with J. values
ranging from 1 to 8 is plotted. (In general, the maximum
value of Rr occurs for low ], which is expected from the
Rp curves shown in Figures 2 and 4.) Figures 5b—5d show
the same result as 5a, except the grid of J. values
considered includes values above 0.1, 0.01, and.001, which
correspond to fluxes that exceed 100, 10, and 1 particle/
str-cm®-s, respectively.

[27] At the largest flux threshold, nonzero values of Rg
are found in the L shell range of [3, 5.6], as shown in
Figure 5a. For nearly all L shells the optimal value of V. is
0.6, corresponding to V,, = 600 km/s. The peak occurs at
L = 4.7, where the number of forecasts was 27, of which 3
were incorrect. As was the case for L = 4.4, many events
went unpredicted, as evidenced by the ratio of Ng/Ng = 4.6.

[28] Figures 5b—5d shows that if we change the value
defining a large energetic electron event to be smaller by
factors of 10, several new features are revealed. First is the
appearance of L shells for which every prediction was
correct. Second, the Rp ratios substantially increase (note
the change in scale). Finally, the region of elevated R shifts
toward higher L shells. The shift is due to the fact that as
the threshold value of ] is decreased, there is an increasing
number of events. At the very low threshold of J. = 0.001
(Figure 5d), corresponding to ], = 1 particle/str-cm®ss, the
region between L = 4—4.8 has zero Rg. This is a result of ],

10 ‘ — Max F{F
(a) NN,
N/10
— 10VC at optimal R
5t
0
30f

2 4 6 8 10

Figure 5. Maximum forecast metric Rr as a function of
L shell for different lower limits of critical flux J. with
(@)J.=1,(b)J.=0.1, (c) J. =0.01, and (d) J. = 0.001. These
scaled values of flux correspond to ], values of 1000,
100, 10, and 1 particles/ str-cm?'s, respectively. Rp values
were calculated for each L shell on the V. grid used in
Figure 2. Again we have considered values of R for
which N > 20.

rarely crossing below the threshold so that the number of
forecasts is not above 20. Also, the optimal velocity thresh-
old is lower between L = 4.8-5.6, with typical values of
400 km/s.

[29] From Figure 5, we conclude that at certain L shells
and flux threshold levels, a transition in the daily averaged
solar wind velocity from below to above 600 km/s is a
sufficient condition for an increase in the relativistic elec-
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tron fluxes above a threshold value, provided that the flux
initially below this threshold.

4. Discussion and Conclusions

[30] Large-amplitude relativistic electron flux events
have been implicated in causing disturbances that upset
satellite systems and have a component that is driven by
high-speed solar wind streams, which have a characteristic
velocity profile. Although on average a characteristic
velocity profile generally precedes electron events, such
characteristic velocity profiles do not always lead to a
high-flux event. Seeking to evaluate how useful the char-
acteristic velocity profile is as a precursor, we have devel-
oped a model that both statistically quantifies the
association and can be used to forecast large-amplitude
relativistic electron fluxes. The methodology is easily
extended to subdaily timescales and quantities that are
better proxies for satellite interruptions, e.g., the integrated
flux.

[31] A threshold model, which predicts an electron
event when the daily averaged solar wind velocity crosses
a threshold value, predicted 18 events and had 4 false
alarms for a velocity threshold of 600 km/sec at L = 4.4.
For this | threshold value, 110 events occurred. A gener-
alized threshold model which allowed for a jump in the
daily averaged solar wind velocity to be a large-event
predictor yielded slightly increased maximum R ratios.
Most of the improvement was observed for large values
of J..

[32] The threshold model was also analyzed for L =
[1.1, 10]. It was shown that at thresholds at or below 100
particles/str-cm”s there were many locations where very
few predictions were made after which no event occurred.
We interpret this as an indication that large-amplitude
fluxes may be driven by a process that is activated by (and
derivable from) large V, only. To verify this, one would
have to show that any other drivers did not simultaneously
appear with every V, event. Approximately 80% of large-
amplitude events were not predicted by the threshold
model. This indicates that these events may have been
activated by a process not completely derivable from daily
averaged values of Vg, alone.

[33] The approach and methods developed in this work
are a form of pattern recognition and can be further
generalized both by using a classification and density
approximation formalism (e.g., Silverman [1986]) and by
determining the optimal prediction regions in higher
dimensions (i.e., with more V,-lags and with other possi-
ble precursor variables). With this more general approach,
precursor indicators other than V,, can be systematically
tested.

[34] Acknowledgments. We thank S. G. Kanekal for providing
the processed SAMPEX data. IMF and ion velocity data were obtained
from the OMNI database at NSSDC.
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