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ABSTRACT

An existing empirical model of the electron fluxes at geosynchronous orbit (GEO) is extended radially
outwards in the equatorial plane to ~6-20 Earth radii (Rg) using observations from the Research with
Adaptive Particle Imaging Detectors (RAPID) instrument on the CLUSTER spacecraft. The new
model provides electron flux predictions in the energy range ~45 eV to ~325 keV, as a function of
local-time and radial distance from the Earth, with geomagnetic activity parameterised by the Kp
index. The model outputs include the mean and median electron fluxes along with the standard
deviation, and the 5th, 25th, 75th and 95th percentiles for the given input conditions. The flux outputs
from the model are tested against in-sample observations from CLUSTER/RAPID, and out-of-sample
observations from THEMIS/SST with good prediction efficiency during quiet and active intervals, as
quantified by standard methods. This new model is intended to supplement current predictive
capabilities in the magnetosphere for spacecraft operations, as well as providing the necessary
boundary and/or input conditions for computational/physical models of the magnetospheric system
when the necessary in-situ observations are unavailable. Whilst the new model can certainly not
reproduce the rapid small-scale fluctuations inherent in spacecraft observations, it does provide a
coarse capability to predict the flux of electrons close to the equatorial plane, based on radial distance,

energy, local time, and geomagnetic activity, in regions where no in-situ assets are available.
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1. Introduction

When forecasting the flux environment in the magnetosphere, one of two approaches is generally
followed: (A) theoretical physical modelling of the magnetosphere is carried out, based on currently
understood physical laws, whereby equations are solved computationally to provide flux estimates for
the users. Such an approach is usually regarded as best practice for complete physical understanding,
although it can be computationally expensive and relies on a well-developed understanding of the
system being modeled (e.g. Fok et al. [1999]; Jordanova et al. [1997; 2003; 2018], Lyon et al. 12004];
Zaharia et al. [2005, 2006]; Toth et al. [2005]; Liemohn et al. [2006]); (B) empirical modelling of the
magnetosphere is carried out, whereby previously measured values of the flux under various conditions
are used to make predictions of what the future fluxes will be under similar conditions. This approach
relies on having extensive measurements of previous observations, under all necessary conditions, in
order to accurately predict future fluxes. Given the vast databases of flux observations in the
magnetosphere that are now available, this study utilizes the latter approach to extend a previously

implemented empirical model.

The majority of military, operational and communication satellites operate in the inner magnetosphere,
either at geosynchronous orbit (GEO) at 6.6 Rg (Earth radii), or closer to the Earth, and efforts to
predict the electron and ion fluxes in this inner-magnetosphere region have received most effort to date
(e.g. Thomsen et al. [2007]; O'Brien [2007]; Sicard-Piet et al. [2008]; O'Brien and Lemon [2009];
Hartley et al. [2014]; Ganushkina et al. [2013; 2014; 2015]; Boynton et al. [2013]; Ginet et al. [2014];
Sillanpdd et al.[2017]; Coleman et al. [2018]). The perceived "priority mismatch" between the
operational and scientific communities is also worthy of note [O'Brien et al., 2013]. Further from

GEO satellites are primarily deployed for scientific exploration in the outer magnetosphere and solar-
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wind. However, the need for accurate predictions in these regions still exists. During the early space
age, observations in the outer magnetosphere were sparse. However, over the past few decades there
have been several long-term missions that have greatly extended the amount of data gathered
throughout the outer magnetosphere (e.g. CLUSTER, THEMIS, GEOTAIL, MMS, etc). Models of the
different regions sampled have been constructed using some of these data, for example the ion
temperature, density, and pressure of the central plasma sheet [Tsyganenko and Mukai, 2003]. In the
current study we utilize electron observations from Imaging Electron Spectrometer detector (IES) that
forms part of the Research with Adaptive Particle Imaging Detectors (RAPID) instrument on the
CLUSTER spacecraft [Wilken et al., 1997; 2001; Daly and Kronberg, 2018; Daly, 2018] to extend
empirical models of ion and electron fluxes at GEO [Denton et al., 2015; 2016]. These previous
models, based on data from the LANL satellites, cover ion and electron energies from ~1 eV to ~40
keV. In the current study, we use the same empirical modelling framework to develop flux predictions

in the region radially outwards from GEO between ~6 and 20 Rg, close to the geomagnetic equator.

The new model is described in detail below. Comparisons are presented showing model predictions
alongside in-situ data from a variety of sources. Goodness-of-fit calculations between the model fluxes
and the observations are also presented. Finally, we discuss future work plans for possible
improvements in empirical modeling and further extensions of the other models in both the inner and

outer magneto spher c.

2. Data and Model Description

Our previously developed models (based on data from Los Alamos National Laboratory satellites)

provide users with predictions of the ion and/or electron fluxes at GEO for any magnetic local time
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(MLT), any energy (from ~1 eV to ~40 keV), and any activity, parameterized by either Kp or —v¢,B,
[Denton et al., 2015; 2016]. In the latter case, true forecasting of the fluxes is possible based on the
upstream solar wind conditions (e.g. from the ACE or DSCOVR satellites), with a lead time of ~1
hour. The mean, median, and standard deviation in each model-bin are calculated, while bi-linear
interpolation allows flux predictions to be made for any chosen input values. Both models return
predictions of the 5th, 25th, 75th, and 95th percentiles of the flux values for any chosen combination of
input values. In the -vy,B, version of the model, the data are binned according to the prevailing
upstream solar wind electric field (-vqB,), rather than the Kp index, and for this version tri-linear
interpolation is required to provide the flux forecasts. Due to the smaller database of
CLUSTER/RAPID measurements, particularly during highly disturbed periods, the Kp index (a

discrete variable) is used for the new flux model, rather than -v,B,.

Earlier in the mission, data from the Cluster Ion Spectrometry (CIS) instrument (~5-32000 eV/q) were
used to derive averaged ion parameters in the magnetosphere, [Denton and Taylor, 2008] and GPS
observations were also used to infer electron properties in this region [Denton and Cayton, 2011]. The
current study, and the model development, has evolved, in a somewhat convoluted manner, from those

previous efforts.

The original models were coded in FORTRAN 77 (F77) although FO0 and Python versions of the
models have also been developed. Testing of these models has been carried out against out-of-sample
observations by AMC-12 [Denton et al., 2015; 2016]. During both calm and disturbed periods a good
match is found between data and observations when quantified by either Root-Mean-Squared-

Deviation (RMSD) or Normalized Root-Mean-Squared-Deviation (NRMSD). These metrics have
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previously been used to assess flux model performance in comparison with data (e.g. Ganushkina et al.
[2013; 2014; 2015]; Liemohn et al. [2018]. See also Legates and McCabe Jr. [1999]). Our previously
constructed -vg,B, model has the ability to make true forecasts of the expected flux (if the upstream
value of the -vy,B, parameter is known). However, when compared with measured fluxes the
performance of the Kp version of the model compared with the -vy,B, version of the model (as

quantified by RMSD and NRMSD values) is quite similar.

One limitation of these current models is that they only output flux predictions at GEO. The new
model introduced below is a first attempt to extend the current models radially outwards from GEO
and is based on electron observations made by the C4 (Tango) spacecraft during the years 2001-2016,
inclusive. The CLUSTER/RAPID/IES omnidirectional flux data (using calibration file
RAP_IES_C4_V332.CAL) were downloaded directly from the Cluster Science Archive in March
2018,. These data take into account the decay/degradation of the IES dectector response with time as
detailed in full in Kronberg et al. [2018] and Daly [2018]. Additionally, it has been shown that in the
inner magnetosphere, there is contamination of the RAPID/IES fluxes due to energetic electrons and
ions present in the radiation belts and ring current [Kronberg et al. 2016; 2018]. This contamination
varies with radial location and affects all energy channels, although in the region L*=6-9, the
contamination is greatest in the top three energy channels and is dominated by >400 keV electrons.
Over L*=6-9 and the top three energy channels, the simulated contamination level ranges from 4.9% to
34.55% (using mean fluxes from the AE9/AP9 models) [Kronberg et al., 2016, Table 2]. The flux data
used in the model have not been corrected for contamination; users should be aware of the
contamination issue above 95 keV and refer to Kronberg et al. [2016] for further insight into the

problem. One further issue affects the fluxes from RAPID/IES, namely a very low non-zero
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background (well-below the one-count-per-second level), that is likely due to solar-cycle modulated
cosmic rays and has been quantified in detail by Kronberg et al. [2018] (see also Smirnov et al.
[2019]). It was decided not to subtract these low background values from the fluxes prior to inclusion
in the model. This decision was made based on the primary area of interest for the model being the
magnetosphere, rather than regions beyond the magnetosphere, in the solar wind, where the
background flux values are more of an issue. The model data grid itself (see Figure 3) does not specify
regions inside or outside the magnetosphere, being based on spatial location only, and hence flux
measurements from the solar wind, and the magnetosphere can both be present in a single bin. (Note:
Model users concerned with the low flux values present in the solar wind, where background noise

levels may be important, are referred directly to detailed work of Kronberg et al. [2018] on this topic).

In order to avoid complications in measuring and fully quantifying the pitch-angle distribution of the
electrons along a particular magnetic field line, this initial version of an outer magnetosphere flux
model only covers the region close to the GSM-xy plane (specifically where GSM-z values are
restricted to +2 Rg.). In the inner magnetosphere, this plane corresponds well with the location of the
neutral current sheet, although at greater radial distances from the Earth there can be large differences

between the current sheet location and the GSM-xy plane.

Figure 1 is a plot of example omnidirectional fluxes measured by CLUSTER/RAPID from 8th August
2002 to 26th September 2002. Due to the highly elliptical orbit, CLUSTER repeatedly cuts through
the GSM-xy plane (and the location of this intercept migrated as the mission orbit evolved). Here,
every 100th data point is plotted along the orbit for all spatial locations, however, only data from 6-20

Rg and from GSM-z *2 are included in the model. This spatial region was chosen to avoid high levels
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of contamination of the data in the region due to the radiation belts, but also to provide overlap
between this new model and our previous models that are valid at GEO (6.6 Rg). Figure 2 contains
plots of the flux distribution values for each of the six energy ranges of the RAPID instrument (the
approximate energy bins are 39.2-50.5, 50.5-68.1, 68.1-94.5, 94.5-127.5, 127.5-244.1, and 244.1-406.5
keV, with approximate centroid energies of 45, 59, 81, 110, 185, and 325 keV). In total, more than 3
million individual data points (from 2001 to 2016, inclusive) are used in the construction of the new

model.

Following the same model framework as introduced in Denton et al. [2015], in the current study all
available RAPID observations are binned into one of 14 bins in radial distance from 6 to 20 Rg (each
bin covers 1 Rg in radial distance), into one of 24 bins in local time (each bin covers 1 hour), and into
one of the six energy bins from ~40 to 406 keV. This binning used here is carried out for six discrete
values of the Kp index [Bartels et al., 1939; Thomsen, 2004]. The Kp bins used are: 0p<Kp<ly,
10<Kp<2y, 20<Kp<3p, 30<Kp<4y, 49<Kp<5p, and Kp=5, (note: sparse flux data for Kp values >5
necessitate the use of only six bins of Kp). Following the binning, the mean, median, and standard
deviation of the values in each bin are calculated along with the 5th, 25th, 75th and 9th percentiles of
all values. The resulting data-grid is a four-dimensional array (a tesseract) of each of these seven
quantities. Figure 3 contains example plots of the mean flux in each bin at an energy of 185 keV for
the six Kp bins listed above. The total number of data points contributing to each plot is also listed
(with example count plots provided as supplementary material). In regions beyond ~18 Rg there are

far fewer counts contributing to the model fluxes and these regions should be treated with caution.

The general morphology of the electrons in these plots is that the flux is greatest close to 6 Rg (i.e. near
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the outer edge of the electron radiation belt), and greater on the nightside than on the dayside. Dayside
fluxes beyond ~10 Rg largely represent sampling in the solar-wind plasma. Previous work by Asnes et
al. [2008] defined identification criteria for particular regions in the magnetosphere (for ions) based on
in-situ values of ion parameters such as plasma f; and ion pressure, P;. Here, the intention is not
specifically to separate out different regions in any spatial location. Rather, the aim is to quantify the
flux to be encountered by a satellite, regardless of which region it is situated within, and based on the

prevailing conditions, parameterized (solely in this model) by the Kp index.

Figure 4 contains further example plots of the mean electron flux for the Kp range 2o<Kp<3, at all six
energies listed above. The total number of data points contributing to each plot is also provided. As in
Figure 3, the fluxes shown here are greatest on the nightside of the Earth, and diminish with increasing
distance. Clearly, there is some inherent scatter between adjacent bins in the values shown in Figures 3
and 4. In order to provide model flux values in bins without any data, and also to avoid sharp jumps in
the flux values between each bin, we carry out limited interpolation and smoothing on these data. The
flux values plotted in Figure 5 are the same as those in Figure 4, but have been subjected to bi-linear
interpolation in radial distance and local time, and also smoothed using a box-car average over three
bins in local time and radial distance (cf. Denton et al. [2018]). The caveat remains that in regions
beyond ~18 Rg there are far fewer counts contributing to the model fluxes and these regions should be

treated with caution.

3. Comparison of Model Predictions with Observations

In order to compute a goodness-of-fit parameter for the model flux predictions, when compared to the

actual observations, we follow previous practice [Legates and McCabe Jr., 1999; Ganushkina et al.,
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2015; Denton et al., 2016] and utilize: (i) root-mean-squared deviation (RMSD), and (ii) normalized

root-mean-squared deviation (NRMSD). Specifically,

Zn: [(X imodel X, measured )2]
NRMSD =RMSD /(xX) =12 (x) (1)

n

where n is the number of data points over the range of the comparison and X is the mean value of the
parameter x during a specified interval (x=logo[flux] in this case). A value of zero for either of these
parameters would indicate the predictions are a perfect match to the observations during the interval
under consideration. NRMSD values <1 are generally considered to indicate a reasonable match

between model and data.

3.1 Comparison with in-sample CLUSTER/RAPID observations

A comparison of model predictions with CLUSTER/RAPID fluxes is a so-called in-sample
comparison, since the CLUSTER/RAPID fluxes themselves contributed to the flux model in the first
place. However, such a comparison is still a useful check on the temporal and spatial accuracy of the
model, and its integrity, under a variety of conditions. Figure 6 shows a comparison of the model
predictions and the observations from CLUSTER/RAPID, with the fluxes plotted as a function of day-
of-year (DOY) during a 20-day period in 2004. The mean flux prediction from the model is shown in
blue with the observed data plotted in red (for clarity, the percentiles of the model flux are omitted).
The Kp index is also shown, along with RMSD and NRMSD values computed for this interval.
During this period the CLUSTER orbit apogee was around 18 Rg close to local midnight and the
spacecraft repeatedly cut through the GSM-xy plane once every ~48 hours. Since the model is only
applicable close to this plane, the data and model predictions are only shown in this region (GSM-z <

+2). The Kp index varied considerably during this period as a high-speed solar-wind stream (HSS)

10
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passed by the magnetosphere (e.g. Denton et al. [2006]; McPherron and Weygand, [2006]; Borovsky
and Denton [2006]). However, the model flux predictions are generally well-aligned with the actual
observations (NRMSD<0.5), although it is clear that they fluctuate considerably less than the observed
data values. This is unsurprising given that the model values are dependent only upon Kp, local time,
and radial distance from the Earth, and these parameters change very slowly. The model values at the
highest Kp values are somewhat lower than observed but otherwise fall somewhere in the middle of

the observed fluxes throughout this interval.

Figure 7 contains plots of the data and model fluxes from DOY 258, at a higher time resolution, and at
multiple energies, but in a similar format as in Figure 6. Here, the model flux predictions (blue) are
again plotted alongside the observed fluxes (red). The mean, median, and percentiles are all plotted to
demonstrate the range of model flux prediction values during this period. The small-scale fluctuations
in the CLUSTER/RAPID flux observations during this pass through the equatorial plane are now much
more evident. The model values are inherently smooth due to the 3-hour cadence of the Kp index and
cannot represent the small-scale temporal and/or spatial fluctuations in the flux that are measured by
RAPID. At all six energies the model predictions show only small variations, although as indicated by
the RMSD and NRMSD values, they are generally reasonably well-aligned in absolute magnitude to
the observations. Other in-sample comparisons carried out show similar model-data agreement during

quiet and active periods.

3.2 Comparison with out-of-sample THEMIS/SST observations

As in the evaluation of previous models, in addition to in-sample testing, it is also necessary to perform

a 'real-world' test with data that are not incorporated with the actual model construction itself. Here,

11



237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

this out-of-sample testing is carried out with in-situ flux observations from the Solid State Telescope
(SST) carried on board the THEMIS-C spacecraft. The SST instrument measures electrons in the
range >30 keV to >300 keV [Angelopoulos, 2008; Angelopoulos et al., 2008] and here the fluxes are
examined during an active period in 2008. At this time the orbit of THEMIS-C was aligned for studies

of the magnetotail with an apogee in the pre-midnight sector, within the spatial domain of the model.

Note: Previous work identified offsets between measured electron fluxes from the THEMIS/SST and
the Synchronous Orbit Particle Analyzer (SOPA) onboard the LANL-0O1A satellite [Ni et al., 2011].
That study concluded "Compared to the LANL-OIA SOPA data, the THEMIS SST data underestimate
the electron fluxes within a factor of 2 for the 40—140 keV energy channels and overestimate the
electron fluxes within a factor of 3 for the 204-2159 keV energy channels". Given the SST data used
here are simply for large-scale model verification, no inter-calibration or cross-calibration between

THEMIS/SST, LANL/SOPA, and/or the CLUSTER/RAPID electron fluxes has been attempted.

Figure 8 shows example electron fluxes at ~142 keV (Level 2) measured by THEMIS/SST during a 6-
day period in 2008. This reasonably active period encompasses the passage of a HSS past the
magnetosphere, with Kp varying from ~0 to 6-. The SST electron flux during this interval is plotted
along with model predictions, in the same format as Figure 6 (red=data, blue=model, purple=Kp
index). Median and percentile values are again omitted for clarity. The THEMIS-C orbit in 2008 was
close to the equatorial plane and hence, there is a higher proportion of fluxes measured within the
model domain (~6-20 Rg and +2 GSM-z) than for the CLUSTER satellite. It is also worth noting that
in contrast to the CLUSTER satellite, THEMIS orbits rapidly in radial distance and local-time, whilst

the CLUSTER orbit cut through the equatorial plane repeatedly, at a roughly constant spatial position

12
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and fixed local time. During the interval plotted in Figure 8 the model fluxes track the large-scale
variations observed by THEMIS/SST very well, during both quite and active phases of the HSS,
(RMSD~0.94, NRMSD~0.2), with the absolute magnitude of the flux well-aligned between model and
data. The model does not capture the small-scale variations, but does capture the broad flux level at all

points during this period.

Figure 9 contains a series of plots detailing the electron fluxes at four representative energies (53 keV,
96 keV, 142 keV, and 207 keV) during DOY 69-70 of the active interval shown in Figure 8. In this
figure, the median and percentiles are also indicated by the dashed lines. During this interval the
THEMIS orbital apogee was on the nightside in the post-dusk sector (~21 LT). The model again is
well-aligned with the absolute magnitude of the electron flux at these four energies, although, similarly
to the CLUSTER/RAPID comparison with the model fluxes in Section 3.1, here the model does not
capture more rapid changes evident in the observations (that are likely due to small-scale spatial and/or
temporal features). The RMSD and NRMSD values for the four energies plotted provide a quantified

measure of the goodness-of-fit of model-to-data.

3.3 Comparison with original LANL/MPA flux model

As a final check of the model outputs, we perform a test comparison of the original Kp-based flux
model at geosynchronous orbit with the new model in the same location. Figure 10 contains a
summary of the results for Kp=2(. In general the absolute fluxes for each model are in good agreement
at GEO (the LANL flux model values fall within the inter-quartile range of the new CLUSTER model)
except in the region centred on local midnight (20:00-04:00 MLT). Here, the CLUSTER/RAPID

model fluxes are substantially lower than the model fluxes from LANL/MPA. No clear reason for this
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discrepency has been identified, except to state that there are significantly more individual
observations in this region from LANL/MPA (seven satellites with almost two full solar-cycles of
coverage), compared to CLUSTER/RAPID. Hence, at GEO, our general recommendation is to use the

original model.

4. Discussion and Summary

Predicting the flux environment within the magnetosphere is of interest to the scientific and operational
community. Accurate predictions help to confirm our understanding of the physics operating in the
region, whilst also helping to develop, build, and maintain robust satellites and on-orbit measurement
capabilities. Such predictions can follow either a theoretical or an empirical methodology and here we
have utilized the latter. Whilst much effort to date has considered the region close to Earth (either at
GEO, or inwards of GEO in the inner magnetosphere), the study described here has developed flux
predictions further afield in the magnetosphere. Electron flux values are predicted using an empirical
model, in the region from ~6-20 Rg, and provided to a user who inputs any permissible value of Kp,
radial distance, local-time, and energy. The flux values returned to the user are, based on the model
testing described above, a good match to the values actually measured on orbit by CLUSTER/RAPID
and THEMIS/SST.  Flux values on the nightside of the Earth, beyond GEO, are particularly useful
from a predictions perspective since the plasma sheet material on the nightside is likely to be
convected to the inner magnetosphere at some point in future, due to enhancements in the convective

electric field [Lavraud et al. [2005, 2006]; Denton et al. [2007; 2009; 2017] ).

However, there are many limitations to this newly developed model and these include: (i) the limited

energy range; (ii) the lack of ion predictions; (iii) the lack of compositional information; (iv) the
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inability of the model to capture small spatial/temporal scale fluctuations observed in the in-situ data.
Our intention is to address these issues by adding further data sources (particularly ion data) as time

and availability permit.

The observed fluxes fluctuate much more rapidly than the three-hour time cadence of the Kp index,
typically in response to dynamic changes in the solar wind that have timescales much less than one
hour in duration [King and Papitashvili, 2005]; (v) the Kp index itself is calculated from the K index,
and this is primarily based on magnetometer data taken at the Earth's surface. As a result, estimates of
flux at Earth (geosynchronous orbit), based on the Kp index, are only available on an instantaneous

basis (i.e. a 'nowcast'), rather than being true advance predictions (i.e. a 'forecast’).

Despite these limitations, the flux model is a useful first step on which to build in future. Potential
pathways to developing the model to address the above limitations include: (i) use of electron (and ion)
fluxes measured by other instruments on CLUSTER or on other satellites (e.g. GOES, THEMIS,
GEOTALIL, etc.); (ii) use of electron flux and ion flux and/or compositional information in the inner
magnetosphere (e.g. from the Radiation Belt Storm Probes mission); (iii) ingesting more data into the
model to decrease the spatial scale of the bins; (iv) cross-calibration of the fluxes between each
satellite to improve overall compatibility of including data from different instruments/missions; (v)
changing the activity index from Kp to -v4,B, or to a physically-derived coupling function (e.g. Newell
et al. [2007], Borovsky [2013, 2014], and McPherron et al.[2015]), if the abundance of data within the
model makes this a possibility. This would improve temporal resolution of the model predictions and
permit true forecasts to be made by driving the model direction with upstream solar-wind conditions.

Such developments are planned in the future.
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In summary:

1. A new model of the electron fluxes in the region from 6-20 Rg, close to the GSM-xy plane, has been
developed. This model is parameterised by local time, radial distance from Earth, energy, and the Kp
index.. The model provides estimates of the mean electron flux in this region, along with median,

standard-deviation and the 5th, 25th, 75th, and 95th percentile fluxes.

2. Comparison of the flux model predictions with in-sample CLUSTER/RAPID electron fluxes and
out-of-sample electron fluxes from THEMIS/SST demonstrates that the model reproduces the broad
variations in electron flux actually observed in-situ, as determined by Root-Mean-Squared-Deviation
(RMSD) and the Normalized Root-Mean-Squared Deviation (NRMSD). Small-scale temporal and/or

spatial fluctuations in the data are not resolved.

3. Observed fluxes are generally found to be almost always within the 5th to 95th percentile envelope

of the model predictions.

The model is freely available to users under the GNU General Public License v3.0 by contacting the

author directly or via the model webpage at http://gemelli.spacescience.org/mdenton/.
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LOG,, Electron Flux at 40-50 keV

LOG,, Electron Flux ot 85-128 keV

512
513  Figure 1. Example electron fluxes at two energies from CLUSTER/RAPID plotted in the GSM

514  coordinate system during the period from 8th August 2002 to 26th September 2002. The apogee of
515  the orbit, cutting through the xy-plane, was deep in the magnetotail on the nightside of the Earth during
516  this period, Every 100th data point is plotted.
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520

521  Figure 2. Flux probability distributions for the six energies of the CLUSTER/RAPID instrument.
522 Only data within the model domain are included in these distributions. Each distribution has an
523  extended tail, likely the region closest to the Earth (where the satellite spends the least amount of time
524  during each orbit).
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Figure 3. Schematic showing the binning scheme for the flux model in the GSM-xy plane. Six Kp
ranges are shown, for the energy 185 keV. The total number of counts contributing to each plot is also
given.



531

CLUSTER/RAPID 2001-2016 CLUSTER/RAPID 2001-2016

45 keV : LOG,, Electron Flux tem™ s ste' keV') 59 ke : LOG,, Ebectron Flux fem” 57 str' kieV™
Kp==3, and Kped, Kp>=3, and Kped,

LOG,, Electron Flux at 40-50 keV
LOG,, Electron Flux at 50-68 keV

A COGRDINATES -1 GEM COCRNINATES

TOTAL DATA POINTS=11T9ES TOTAL DATA POINTS=1LASw6T
CLUSTER/RAPID 2!!0 1-2016 CLUSTER/RAPID 2001-2016
#1 keV : LOG , Electron Flux feny” 57 str’ keV-') 110 ke : LOG , Electron Flux tem™ 5™ st keV™')

Kpo=3, wd Kped, Kpr=4, and Kped,

LOG,, Electron Flux at 68-95 ke¥
LOG ; Electron Flux at 95-128 keV

G COORDINATES - GEA COORDINATES

TOTAL DATA POINTS=10809%80 TOTAL DATA POINTS= 1RG4
CLUSTER/RAPID 2001-2016 CLUSTER/RAPID 2001-2016
185 eV 1 1AMG ,, Electron Fhue fem® 5" e eV 325 ke'¥ 1 LOG , Electron Flux jem™ s e’ eV

Kp==3, and Kp=d,

Kps=3, and Kp=4,

LOG,; Electron Flux at 128-244 keV
LOG,, Electron Flux at 244.407 keV

G CONRBINATES = G COORDINATES
532 TOTAL DATA POINTS= 16056900 TOTAL DATA POINTS=1143271

533

534  Figure 4. Schematic showing example plots of the mean flux in each bin in the GSM-xy plane. Six
535  energy ranges are shown, for 2p<Kp<3j. The total number of counts contributing to each plot is also
536  given.
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Figure 7. A detailed comparison of the observed electron fluxes (red/black) at six energies during
day-of-year 258 (14th September) in 2004 with model flux predictions (blue). During this interval
CLUSTER was cutting through the GSM-xy plane at a radial distance of ~18 Rg near local midnight.
The mean flux prediction is the blue/black line while the upper and lower quartiles are the large dashed
line (blue) and the 5th and 9th percentiles are the short dashed lines (blue). The median is the very
large dashed line (blue). The Kp index is also plotted (purple).
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558
559  Figure 8. Comparison of in-situ electron flux values from THEMIS/SST at 142 keV (red) from DOY

560  67-73 in 2008 during the passage of a HSS. Conditions transition from very calm (Kp~0) to disturbed
561  (Kp~6) Model flux predictions are plotted (blue) along with the Kp index (purple crosses, right axis).
562

32



563

564
565

566
567
568
569
570
571
572

_ . FLUX MODEL OUTPUT, 2008, ,  053keV, , ..., = ; . FLUX MODEL OUTPUT, 2008, , Qﬁ?.kPY ....... 3
E 'N;I;\-TSIHI..W'J’?l FLUX :\.1[il;l'.l.. - 8. E N‘R.\‘S[P:ﬂ:m‘-‘li FLUX \:ﬂh‘iil‘ =
5. 5.7 KF INDEX

LOG,, FLUX (em™ s str” eV™")

KPINDEX

LOG,, FLUX (em™ " str! eV

it [ 0. -1
T L) I T T T
Tl 70.10 70.20 T0.30 7000 Ti.10 70.20 70.30
DAY OF YEAR DAY OF YEAR
FLUX MODEL OUTPUT 2008 095 keV FLUX MODEL OUTPUT 2008 142 keV
" ] mMsp=1077 THEMIS DATA £ " rsp=rozss THEMIS DATA *
1 sraispao s FLI™ MOBEL = 1 nrmsnen3iaa0 FLUX MODEL -
2 KPINDEX i KPINDEX
o e ~
L L
% %
5 — 6. T
“G -'5
q; =5 v;
= i' - =
el — 4
g unl'u‘n g
B 4. e 5
I (T - S -3 o2
L T bbb CETEEE TRV B SRS
I . E: S
0.~
1.
A T T T 0.
T0.00 T0.10 70.20 T0.30 70.00 70.10 70.20 70.30
DAY OF YEAR DAY OF YEAR

Figure 9. A detailed comparison of the observed electron fluxes (red/black) at four energies during
DOY 69-70 (9-10th March) in 2008 with model flux predictions (blue). During this interval the
THEMIS orbital perigee was on the nightside in the post-dusk sector (~21 LT). The mean flux
prediction is the blue/black line while the upper and lower quartiles are the large dashed line (blue) and
the 5th and 9th percentiles are the short dashed lines (blue). The median is the very large dashed line
(blue). The Kp index is also plotted (purple).
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Model Comparison at GEO (6.6 R,)
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575  Figure 10. A comarison of the MPA flux model mean flux (thick blue line with circles) at 6.6 Rg and
576  the new CLUSTER/RAPID model mean flux (thick red line with circles). For the CLUSTERdata the
577  median (large dashes), upper and lower quartiles (short dashes) and 5th and 95th percentiles (medium
578  dashes) are also plotted.
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