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[1] In this paper we analyze the relationship between yearly variations in MeV radiation

belt electron ﬂuxes and solar wind velocity (Vsw). We ﬁnd that the long-term trends have
properties that are important for physical understanding of solar wind-magnetosphere
coupling processes and, potentially, for improvements of short-term space weather
forecasts. A statistical analysis of solar wind velocity shows that years with high average
solar wind velocity are not high simply due to a larger number of days with high Vsw.
Rather the entire distribution (median and percentiles) shifts along with the mean Vsw.
Similar behavior is seen in the MeV geosynchronous electron ﬂuxes. By subtracting out a
365 day running average baseline, we show that the distribution of log ﬂuxes around the
mean is remarkably stable from year to year within a solar cycle and from one solar cycle to
another. In contrast, the long-term trends in the baseline show signiﬁcant changes from
year to year and from one solar cycle to another suggesting that solar wind coupling to
radiation belt ﬂuxes is not constant but varies over long, as well as short, time scales. In
some epicycles, the mean ﬂux is strongly dependent on Vsw while in others the
dependence is weak. Similarly, a given average Vsw may produce high average ﬂuxes in
one epicycle and low average ﬂuxes in another. Future study of these epicycles and
the relative variations within them may improve both physical understanding of solar
wind-magnetosphere coupling and space weather forecasting.
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1.

Introduction

[2] In the radiation belts surrounding the Earth and other
magnetized planets, electrons are energized to many MeV
by processes that are not yet fully understood [Reeves et al.,
2009]. Ultimately, it is the solar wind that drives radiation
belt energization. Paulikas and Blake [1979] established that
the speed of the solar wind (Vsw) plays a key role in that
driving. More recently, Reeves et al. [2011] repeated and
extended that earlier work using data collected from 1989
to 2009. (That paper also includes more background discussion and references to many related works on this topic which
are not repeated here.) Their analysis revealed that the
relationship between solar wind velocity and geosynchronous
MeV electron ﬂuxes was not linear, as previously thought, but
rather showed a “triangle shape” with velocity-dependent
lower limit on ﬂuxes but a velocity-independent upper limit
on ﬂuxes.
[3] A curious feature that was noted by both Paulikas and
Blake and by Reeves et al. was that the longer the time
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average, the more nearly linear the relationship between
MeV electron ﬂux and Vsw appeared. In fact the conclusion
by Paulikas and Blake that the relationship was linear was
based largely on 6 month averages. The deviation from linearity at shorter times was interpreted as “scatter”, likely due
to other parameters. While Reeves et al. showed that the
distribution could not be explained by scatter around an
underlying linear relationship, they could not explain why
the distribution changed with the averaging interval.
[4] Using the same data set, Kellerman and Shprits [2012]
analyzed the relationship between Vsw and geosynchronous
electron ﬂux in terms of probability distribution functions.
The probability distributions, normalized to the number of
points in each range of Vsw, show that the trends in the most
probable ﬂux values as a function of Vsw are also reasonably linear. Since yearly averages are dominated by the most
probable values in each year, the two techniques are likely
illustrating the same underlying tendencies in the long-term
trends.
[5] Correlations between longer-term averages can arise
either because the quantities are correlated under most conditions or because correlations that occur in discrete events
dominate the averages. We know that periods of sustained
(days) high speed solar wind frequently originate in solar
coronal holes where plasma is free to stream outward along
open magnetic ﬂux tubes. The Sun’s rotation interlaces
those high-speed regions with slower solar wind producing
co-rotating interaction regions (CIRs) that, in turn, have
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1.1. Solar Wind Velocities
[7] This study uses data from 1989 to 2011. These data are an
extension of the data set previously published by Reeves et al.
[2011] (ftp://ftp.agu.org/apend/ja/2010ja015735). Geosynchronous electron data were averaged over 1 day and multiple satellites to provide a uniform data set without artifacts from diurnal
variation. Solar wind velocities were obtained from a similar
uniform data set described by Qin et al. [2007] (http://www.
dartmouth.edu/~rdenton/Data/solarwind.d).
[8] Figure 1 shows the mean log(ﬂux) of 1.8–3.5 MeV
electrons for each calendar year (1990–2011) as a function
of the mean solar wind velocity. Figure 2 shows the statistical characteristics of the distributions for each year. The red
dots show the median Vsw for each year. The variation of
the medians year to year is nearly the same as for the means
(blue dots). More surprisingly, the 25th and 75th percentiles
of the distributions (black lines) also track the mean and
median. The years with high average Vsw not only have more
days with high Vsw but also have fewer days with low Vsw.
[9] This does not, at ﬁrst, seem consistent with the picture
that some years (e.g., 1994 and 2003) have high average
Vsw because the averages are dominated by intervals of
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Figure 1. The correlation between yearly averages of
1.8–3.5 MeV geosynchronous electron ﬂuxes and solar wind
speed, Vsw, for the years 1990–2011. The red line shows a
linear ﬁt to the data.
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been linked to radiation belt intensiﬁcations [see, e.g.,
Reeves, 1998; Borovsky and Denton, 2006; Miyoshi and
Kataoka, 2008]. However, coronal holes producing CIRs
that impact the Earth only dominate solar wind conditions
in some years of declining phase of the solar cycle. Therefore the occurrence rate of coronal holes and CIRs may not
explain the correlations that exist in other phases of the solar
cycle.
[6] In this paper, we look at the relationship between longterm variations in MeV electron ﬂux and Vsw and try to
separate the relationship in the trends from the shorter-term
variations produced by CIRs and other solar wind structures.
We examine data averaged by calendar year as well as
365 day running averages. We also examine the variation
in daily averages relative to the 365 day running averages
to investigate how (or whether) variation around the trends
depends on the activity seen at different phases of the solar
cycle.
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Figure 2. This ﬁgure shows the statistics of solar wind
velocities by year. The red curve is the median velocity,
the blue points are the means, the black lines are the 25th
and 75th percentiles and the gray boxes show the 5th to
95th percentiles. In years with high-average speeds, not only
there are more days with exceptionally fast wind but there
are also fewer days with slow wind suggesting that the entire
distribution shifts to higher speeds.
coronal hole-generated CIRs. The years 1994 and 2003, indeed, have one (and sometimes three) persistent, recurring
high speed streams from coronal holes. The effect can be
seen in the high values of the 75th (black line) and 95th
(gray box) percentiles for those years. By itself, although,
this does not explain why the entire distribution is shifted
to higher speeds. One potential explanation is solar wind
processing as it propagates from the corona to Earth. As
high-speed regions push against the slower wind upstream
(producing a CIR), the trailing edge of the low speed region
is gradually accelerated. Likewise the trailing edge of the
high-speed region accelerates the slower-speed solar wind
that trails it. The net effect is that the distribution of solar
wind velocities near the Sun is “compressed” into a narrower
distribution around the mean Vsw by the time it reaches
Earth.
[10] The close correspondence between the mean, median,
and width of the distributions suggests that it is not only the
number of high-speed days in a given year that determines
the average. Therefore, we must use other techniques to separate the effects of discrete solar wind events from the effects of
long-term variations. One technique is to examine the daily
variation relative to the long-term trends. For that, we need
to use a continuous baseline without calendar year boundaries.
Starting again with the daily averages, we construct a 365 day
running average which we take as the baseline. Next, we
subtract that baseline from each daily Vsw value. The result
is a data set of rebaselined speeds that vary around zero. We
call the rebaselined speed V * = Vsw  hVswi365.
[11] Figure 3a shows the daily average Vsw and four
different running averages: 27, 90, 180, and 365 days. Averaging over 27 days removes much of the variation in daily
values. Averages of 27 days show clear trends from year to
year and over different phases of the solar cycle. Averaging
over longer periods (e.g., 365 days) smooths the baseline but
does not change the long-term trends. Figure 3b shows the
distribution of daily values of the rebaselined speed, V*,
which, by design, shows only the variation around the
long-term trends. (Since calculation of V* requires knowing
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Figure 3. We show how a 365 day running average can be used as a baseline against which to measure
relative variations. (a) Daily averages (gray) with 27 day (blue), 90 day (cyan), 180 day (green), and
365 day running averages are plotted. Averaging over one Carrington rotation smooths out much of the daily
variation and shows clear long-term trends. Further averaging smooths the data but does not fundamentally
change the trends. (b) Subtracting the 365 day running average from the daily values gives a rebaselined,
relative speed, V*.
the 365 day running average, half a year at the beginning and
end of our range is missing in the V* data set.)
[12] Figure 4a plots the probability distributions, as histograms, of solar wind speeds for all years in the data set
(black) and for one high-speed stream year, 2003 (red). In
the original solar wind data, 2003 is an exceptional year.
As we saw in Figure 2, the entire distribution of speeds is
shifted higher than the overall distribution. With the rebaselined data, however, we can quantitatively compare distribution around the means in 2003 with the overall distribution
observed from 1990 to 2011. As Figure 4b shows, rebaselining by subtracting the 365 day running average makes the
two distributions nearly identical.
[13] Figure 5 compares the probability distributions for all
22 years in our study interval. Since histograms are impractical for this purpose, the distributions are shown as cumulative probability distributions. The data for all years and for
2003 are exactly the same in Figures 4 and 5 but plotted in
different formats. Likewise, the median, 5th, 25th, 50th,
75th, and 95th percentiles can be directly compared to those
plotted in Figure 2.
[14] Figure 5a shows the large variability in the distribution of Vsw from year to year. The years 2003 and 1994 that
were dominated by high-speed streams from coronal holes
are plotted in red and orange, respectively, and clearly stand
out. In contrast 1997 (cyan) and 2009 (green), near-solar
minimum had exceptionally low speeds. The distribution
of over the entire interval is shown in black.
[15] The distribution of speeds, with the long-term baseline
removed (Figure 5b), shows strikingly different behavior.
Here we see that not just 2003 but all years have distributions
relative to the mean that are very similar to one another and to
the distribution for the entire interval.
[16] The distributions of rebaselined velocities show much
less variation than the original values but they are not constant
with solar cycle. Figure 5 (and Figure 2) shows that the highest-speed years, 1994 and 2003, have the widest distributions
with standard deviations of ~120 km/s. The slowest-speed
years, 1997 and 2009, have standard deviations a factor of
two narrower, ~ 60 km/s. The years 1994 and 2003 are not,
however, more skewed (skewness = 0.37 and 0.58,

respectively). Actually the slowest-speed years, 1997 and
2009, are more skewed (skewness = 0.91 and 0.80, respectively) and the years that are most skewed are 1992 and 1998.
[17] In ﬁnishing we note that the mean solar wind velocities vary by ~180 km/s: from 364 to 543 km/s while the
standard deviations vary by only ~60 km/s. The standard error
in the 365 day averages is less than the standard deviations
by a factor N½. Standard errors are in the range 3–7 km/s and
a T-test of the statistical signiﬁcance of the long-term trends
returns greater than 99% conﬁdence. Collectively, these statistics suggest that the long-term averages in solar wind velocity
have physical signiﬁcance that may provide insights that are
difﬁcult to see in the day-to-day variations.
1.2. Radiation Belt Electron Fluxes
[18] We next turn attention to radiation belt electron
ﬂuxes—speciﬁcally 1.8–3.5 MeV electron ﬂuxes from geosynchronous orbit. As with the solar wind speeds, we apply
a long-term baseline using 365 day running averages of the
log of the electron ﬂuxes (i.e., a geometric mean ﬂux). For
each day, we subtract the running average from the measured
daily ﬂux value using log(ﬂux) values. We call the rebaselined
ﬂux F* deﬁned by log(F *) = log(Flux)  h log(Flux)i365.
[19] The results are shown in Figures 6 and 7. Figure 6a
shows the distribution of ﬂuxes for the high-speed streamdominated year 2003 along with the distribution of ﬂuxes
for all years in our sample. Figure 6b shows the distribution
of rebaselined ﬂuxes. Figure 7 shows the cumulative probability distributions as a function of the original ﬂuxes
(Figure 7a) and as a function of the rebaselined ﬂuxes
(Figure 7b). We have again plotted the distribution for all
years in the data set (1990–2011) and for each year separately
highlighting the years 1994, 1997, 2003, and 2009.
[20] The rebaselining of MeV electron ﬂuxes shows many
of the same characteristics as for Vsw. In Figure 6, the distribution of ﬂuxes in 2003 shows that high-speed Vsw days
were much more common than in the distribution as a whole
(1990–2011). Rebaselining the ﬂuxes makes the two distributions much more similar but 2003 continues to show a
greater probability of high ﬂux days than the distribution as
a whole (skewness = 0.63). In Figure 7, however, we ﬁnd
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Figure 4. Vsw probability distributions plotted in histogram format for the full data set, 1990–2011
(gray) and the high-speed stream year, 2003 (red). (a) The probability distributions for the original (actual)
solar wind speeds, Vsw, show 2003 as a clear outlier year. (b) When the data are rebaselined (V*), the year
2003 looks surprisingly similar to the distribution for all years.
that rebaselining the ﬂuxes make the distributions from year
to year even more constant than was the case for Vsw. The
mean log(ﬂux) has a range of 1.6 (1.43 to 0.18) while the
standard deviations have a range of only 0.26 (0.59–0.85).
We also ﬁnd that the standard deviation in log(ﬂux) is not
correlated with the mean values. In other words, unlike
Vsw, higher ﬂux years do not necessarily have larger standard deviations than lower ﬂux years.
[21] It is also interesting that the skew of the distributions
of Vsw are different from the distributions of log(ﬂux).
Positive skew indicates a higher probability of lower values
and lower probability “tail” that stretches to higher values.
Negative skews are the opposite. In both data sets, individual years may have either positive or negative skew. However, the distribution of solar wind speeds (both Vsw and
V*) tend to have positive skew, i.e., a high velocity tail to
the distribution. The ﬂux distributions show more variation
in skew from year to year resulting in an overall distribution
that is nearly symmetric (skewness  0). The high ﬂux years
(e.g., 1994 and 2003) are the most skewed (0.6) but the
skew is opposite to that seen in Vsw with a low-probability
tail stretching to lower, not higher, values.

[22] The differences in the statistical distributions relative
to the means are manifestations of the nonlinear relationship
between Vsw and MeV electron ﬂux as shown by Reeves
et al. [2011]. However, while the differences in the distributions are interesting, they should not overshadow the key
ﬁnding here that separating out a long-term baseline organizes the distributions of both parameters extremely well.
1.3. Short-Term Variations of V* and F*
[23] We have seen that, for both Vsw and electron ﬂux, the
statistical variations relative to a long-term average baseline
are more constant over the solar cycle than the absolute value
of those parameters. Yet decades of research have established
physical relationships between electron ﬂuxes and solar wind
velocity during geomagnetic storms, CIRs, and other discrete
events. Therefore, if rebaselining somehow washes out or
distorts individual events, it could have negative impact on
our ability to understand or forecast the changes during those
events. Fortunately, that is not the case.
[24] Figure 8 shows the time histories and scatter plots
of electron ﬂux and solar wind speed for the year 1994.
Figures 8a and 8b are identical to Figure 5 of Reeves et al.
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Figure 5. Vsw probability distributions plotted in cumulative format showing (a) the distribution of original (actual) Vsw and (b) the distribution of rebaselined V*. The cumulative probabilities for the entire
data set are shown in black. The high-speed stream years, 1994 and 2003, and the slowest-speed years,
1997 and 2009, are highlighted.
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Figure 6. Probability distributions, in the same format as Figure 4, showing (a) original log(Flux) and
(b) rebaselined log(F*) for the full data set, 1990–2011 (gray) and the high-speed stream year, 2003 (red).
[2011]. The electron response to periodic high speed streams
from equatorial coronal holes is clearly seen in Figure 8a
and, as Reeves et al. showed, the scatter plot shows a clear
triangle shape that is strongly nonlinear and has low correlation coefﬁcients (both linear and nonlinear Kendal’s Tau).
[25] Figures 8c and 8d show the rebaselined ﬂux, F*, and
speed, V* in the same format. Clearly, the rebaselining has little
effect on the relative variations. An electron acceleration event
is still an acceleration event; a dropout is still a dropout and
the timings are, of course, the same. The characteristics of the
distribution of F* versus V* is the same as for ﬂux versus Vsw.
[26] While rebaselining relative to a long-term running
average clearly has little effect on events that last days to
weeks, it does have signiﬁcant implications for comparing
events at different phases of the solar cycle. An event that
produces a large change of ﬂux when the baseline is low will
produce a lower absolute ﬂux than an event that produces a
smaller enhancement when the baseline is high. Since the
distribution of F* and V* is more well ordered than the distributions of ﬂux and Vsw, we suggest that rebaselined events
may actually better quantify the solar wind-magnetosphere
coupling processes than the absolute values do. If this proves
to be true, then a forecast of the relative variation added to

the measured baseline could, potentially, be more accurate
than a forecast that tries to capture both simultaneously.
1.4. Long-Term Variations of Flux and Vsw
[27] We now consider the relationship between the baselines themselves. We have already discussed the fact that
the baselines vary more than the width of the distribution
around the baselines do. A T-test of the baselines shows that
the temporal variations are statistically signiﬁcant with
greater than 99% conﬁdence. Therefore, we now examine
the changes in long-term averages of ﬂux and Vsw and the
functional relationship between them.
[28] Figure 9 plots daily values of the 365 day running
averages of the log of 1.8–3.5 MeV electron ﬂuxes
(cm2-s-sr-kev)1 and solar wind speed (km/s). Our data sets
allow us to derive 365 day running averages from 23 March
1990 to 31 March 2011. In Figure 10, we have plotted ﬂux
as a function of Vsw. We have color-coded 2 year intervals
in Figures 9 and 10 to make it easier to relate the two views
of the data. In Figure 11, we independently plot trajectories
for 1990–1997 (primarily solar cycle 22) and for 1998–2011
(solar cycles 23 and early 24).
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Figure 7. Cumulative probability distributions, in the same format as Figure 5, showing (A) original log
(Flux) and (B) rebaselined log(F*). The high-speed stream years, 1994 and 2003, and the slowest-speed
years, 1997 and 2009, are highlighted. We again ﬁnd that the variation relative to the long-term baseline
shows little variation from year to year. The year 2009 stands out due to the fact that ﬂuxes dropped so low
that the instrument was measuring counts from cosmic ray backgrounds.
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Figure 8. A comparison of (a and b) daily values of electron ﬂux and solar wind speed plotted as a time series
(left column) and as a scatter plot (right column) [from Reeves et al., 2011] is shown. (c and d) Rebaselined
values, F* and V*, are also shown in the same format. On the time scale of individual acceleration and loss
events, rebaselining has little effect on the observed relationship between solar wind speed and electron ﬂux.
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Figure 9. The 365 day running averages of geosynchronous MeV electron ﬂux and solar wind. The long-term
trends in ﬂuxes (colored) and solar wind speed (gray)
show relative variations (increases and decreases) that
generally track one another but the variable offset in the
absolute values shows that the quantitative relationship
between the two parameters is not constant. The ﬂux curve
is color-coded in 2 year increments for easier comparison
with Figure 10.
[29] The plots of running averages show a much more
subtle and revealing relationship between radiation belt
ﬂuxes and solar wind driving than the plot of binned yearly

averages in Figure 1. They show not only why plots of
longer-term averages appear to show more linearity but also
why that apparent linearity is misleading.
[30] In Figure 9, we see that the long-term averages of ﬂux
and Vsw vary together in a highly coherent way. In general,
the increases and decreases occur nearly simultaneously. Times
of high average ﬂux correspond to times of high-average
Vsw and times of low-average ﬂux correspond to times of
low-average Vsw. However, we also see that the offset of the
two curves is not constant. The two curves are on different
scales and the absolute offset is arbitrary, but the fact that it
varies is signiﬁcant. It shows that, quantitatively, the functional
relationship between the two quantities is not constant in time.
[31] The time dependence of the relationship is even more
apparent when we plot ﬂux as a function of velocity (noting
that by “ﬂux” and “velocity” we mean, here, the long-term
running averages).
[32] Times when the ﬂux-Vsw trajectory (Figures 10 and 11)
is steep indicate times when the ﬂux depends strongly on Vsw
while times that the trajectory is fairly ﬂat indicate a weak
dependence. The ﬂux-Vsw trajectory shows strikingly different
behavior at different phases of the solar cycle and from one
solar cycle to another.
[33] Starting with 1990–1991 in orange (e.g., Figures 9 and
11a), the solar wind velocity and MeV electron ﬂuxes cover a
quite limited range of values and the electron ﬂux changes
little with changes in the solar wind speed. Starting in
1992, the ﬂux starts to increase dramatically even though
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Figure 10. Average geosynchronous MeV electron ﬂux as
a function of average solar wind speed using the same colorcoding as Figure 9. This format for the data shows epicycles
in the ﬂux-Vsw relationship that are quite distinct from one
another. The trajectories in ﬂux-Vsw not only show why
the longer-term averages appear more linearly correlated
but also show that the linear correlation in binned yearly
averages (Figure 1) is overly simplistic.
the solar wind speed does not. Starting in 1993 both the ﬂux
and speed rise sharply to a peak in 1994.
[34] It should be noted that the quality of the solar wind
observations are not uniform over the entire period from
1989 to 2011. Prior to the launch of Wind in 1994, solar
wind velocities were obtained by IMP which had gaps
in coverage when the satellite was in the magnetosphere.
However, the statistical distributions would suggest that
the effect of those gaps on daily average values of Vsw
does not signiﬁcantly degrade the quality of the daily
averages and the data coverage should have no effect on
the 365 day averages.
[35] An interesting feature of the trajectory in 1993 and
1994 is how similar the trajectory is on both the increasing phase and decreasing phase. That is not the case for
the increase and decrease seen around the peak which
was seen in 2003 when the increase was much steeper than
the decrease.
[36] Starting in 1998 (e.g., Figures 9 and 11b), ﬂux and
velocity both increase but the trajectory in Figure 11b is
fairly ﬂat indicating a weak dependence of electron ﬂux on
solar speed. In 2000 and 2001, while the ﬂux and Vsw are
decreasing, the slope of the trajectory is as steep as it is starting in 2002 when both values are increasing. This, again,
shows that the dependence of ﬂux on Vsw can be as strong
when speeds are declining as when they are increasing.
The average ﬂuxes and speeds peak in 1994 but while the
average solar wind speeds are noticeably higher than the
peak in solar cycle 22, the peak ﬂuxes are somewhat lower.
[37] As mentioned above, in solar cycle 23, the decrease
of ﬂux and Vsw from their peak follows a different, and ﬂatter, trajectory than the increase which is in contrast to the trajectory seen in solar cycle 22. The subsequent behavior is
also different. From 2005 to 2008, the average electron
ﬂuxes remain quite high while the average solar wind speeds
are quite modest. Apparently, during this interval even
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Figure 11. The same data and color-coding as Figure 10
were separated into years that primarily fall in (a) solar cycle
22 and (b) solar cycles 23–24. Epicycles within each solar
cycle show stronger or weaker coupling by the slope of the
trajectories (steeper or ﬂatter). Differences in the absolute
value of the average ﬂux levels for the same average Vsw
suggest that other solar wind parameters likely control the
“coupling efﬁciency” seen in different epicycles.
relatively slow solar wind speeds, on average, produce relatively high MeV electron ﬂuxes. This might suggest that the
solar wind-radiation belt coupling is more efﬁcient in that
epicycle than in others.
[38] In 2008, both the solar wind speed and relativistic electron ﬂux begin a dramatic decline with the average Vsw decreasing from approximately 460 to 360 km/s and electron ﬂux
decreasing from approximately 1 to 0.03 (cm2-s-sr-kev)1.
Both reach a minimum around October 2009 and then rise
very steeply again. The rapidity of the steep decrease and recovery of the ﬂuxes is notable and quite different from the previous minimum. It is also interesting that, while the minimum
average ﬂux values are strikingly different in the two cycles
(~0.03 versus 0.16 (cm2-s-sr-kev)1), the minimum average
solar wind speeds are similar (~360 versus 375 km/s).

2.

Discussion

[39] We have analyzed the relationship between long-term
trends in solar wind speed and geosynchronous electron ﬂux
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from 23 March 1990 to 31 March 2011 in order to better understand solar wind-magnetosphere coupling leading to the
acceleration and loss of radiation belt electron ﬂuxes. We
established a long-term baseline of solar wind speed and
1.8–3.5 MeV geosynchronous electron ﬂuxes by taking
365 day running averages with 1 day resolution. We also deﬁned two new “rebaselined” quantities F* and V* that measure the variation relative to the baselines.
[40] We ﬁrst investigated the physical signiﬁcance of the
long-term trends (or baselines). The highest average ﬂuxes
and solar wind speeds over the past two solar cycles were
observed in 1994 and 2003 when the solar wind contained
high-speed streams (and CIRs) from equatorial solar coronal
holes. A reasonable interpretation for the high averages in
those years might have been that those intervals simply
contained a greater number of days with high-speed solar
wind streams than other years in the solar cycle. We found
that years with high-average (mean) Vsw not only, as
expected, have more days with high Vsw but, surprisingly,
also have fewer days with low Vsw.
[41] We further examined the long- and short-term variation of solar wind speeds (Vsw) by comparing with distribution relative to the baseline (V*). We found that, while the
actual speeds (Vsw) showed considerable variation from
year to year, the distribution relative to the baseline (V*)
showed remarkably little variation. The 365 day running
average (baseline) actually shows more variation from year
to year than the distribution of velocities relative to that
baseline and establishes the physical signiﬁcance of the
long-term trends.
[42] We analyzed MeV electron ﬂuxes in the same manner
deﬁning the variation relative to the baseline, F*, as the difference between the daily averaged log(ﬂux) and its 365 day
running mean. The results were very similar to what we
found for solar wind speeds but the variation around the
means was even more constant over the 22 years of observations than that for solar wind speed.
[43] Removing the long-term trends from the data has
negligible effects on the day-to-day relationship between
electron ﬂux and Vsw (Figure 8). Individual events still have
the same temporal correlations and a scatter plot of ﬂux as a
function of Vsw still shows the triangle-shaped distribution
discussed by Reeves et al. [2011]. These results show that individual electron events and the long-term averages can each
be analyzed independently. They also suggest that radiation
belt acceleration or loss processes in individual events may
be superposed on top of the longer-term trends.
[44] We found that the long-term variations in MeV electron ﬂux and Vsw are considerably more complex than suggested by binned yearly averages (Figure 1). Daily values of
the average ﬂux as a function of the average Vsw show a dynamic trajectory with features that cannot be seen in discrete
yearly averages. (Other shorter, averaging intervals show
similar behavior—see Figure 3a.) The relationship between
radiation belt electron ﬂux and solar wind speed can depend
on the years, the phase of solar activity, or even which sunspot cycle the observations came from.
[45] There are epicycles when the trends follow one relationship and epicycles when the trends follow quite different
relationships. There are clearly times when there appears
to be a distinct (and sometimes linear) functional form
to the trajectory but the quantitative functional relationship

between ﬂux and Vsw changes. We see times when ﬂux is
a very strong function of Vsw (a steep trajectory) and other
times when ﬂux is only weakly dependent on solar wind velocity. Strong dependencies and weak dependencies can be
observed during different epicycles for the same range of average Vsw.
[46] There are also times when the scaling (or offset) between the two values can be quite different. In 1990–1991
and again 200–2001, moderate average solar wind speeds
produced moderate electron ﬂuxes, whereas from 2005 to
2008, very similar average speeds produced very high
ﬂuxes. Other studies have shown that a single solar wind
parameter (Vsw) is not sufﬁcient for characterizing the solar
wind driving of radiation belt ﬂuxes but, rather, higherorder terms and parameters such as density, IMF polarity,
etc. must be taken into account [see, e.g., Lyatsky and
Khazanov, 2008a, 2008b; Balikhin et al., 2011; Kellerman
and Shprits, 2012, and references therein]. We propose that
a better understanding of the functional relationship
between long-term averages of electron ﬂux and Vsw is
another tool for understanding which other solar wind
parameters might inﬂuence solar wind-radiation belt
coupling or, potentially, other solar wind-magnetosphere
coupling processes.
[47] The relationship between long-term variations in
radiation belt electron ﬂux and solar wind velocity also has
important uses in space weather forecasting. While there is
considerable variation in the functional relationship, there are
long epicycles in which that relationship seems to be
constant. The ﬂux-Vsw trajectory for 6 years (2004–2011) follows a very tight arc with very little deviation. The trajectory
for three more years (1993–1996) follows the same curve.
For those 10 years, the relationship is clearly nonlinear but
can be reasonably well ﬁt by a second-order polynomial.
[48] Another potential space weather forecasting application of these results is to forecast changes relative to the
current long-term baseline. We have already seen that the
statistical distribution of velocities and ﬂuxes around
the long-term trends shows less variation with year and solar
cycle phase than the long-term trends themselves. Therefore
if we know the long-term trend for the present epicycle, then
a prediction of how an individual event (e.g., a particular
CIR) will change the ﬂuxes relative to that mean may be
more reliable than a prediction of the absolute value of
the ﬂux.
[49] While this study cannot fully explain the relationship
between long-term radiation belt electron ﬂuxes and solar
wind speeds, we have found that such a relationship does exist and is fundamentally different than the relationship that
exists for individual acceleration or loss events. We propose
that further study of these long-term variations may have
high value for space weather predictions. We also propose
that understanding the long-term relationships may have
high value for better understanding of the physical processes
through which radiation belt ﬂuxes are driven by the solar
wind and, ultimately, by the variable Sun.
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