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ABSTRACT

Knowledge of the plasma fluxes at geosynchronous orbim@ortant to both scientific and
operational investigations. We present a new empimcalel of the ion flux and the electron flux
at geosynchronous orbit (GEO) in the energy range ~1 eM@okeV. The model is based on a
total of 82 satellite-years of observations from the Magspheric Plasma Analyzer instruments on
Los Alamos National Laboratory satellites at GEThese data are assigned to a fixed grid of 24
local-times and 40 energies, at all possible values of Bplinear interpolation is used between
grid points to provide the ion flux and the electron flakues at any energy and local-time, and for
given values of geomagnetic activity (proxied by the 3-iuindex), and also for given values of
solar activity (proxied by the daily F10.7 index). Initt@mparison of the electron flux from the
model with data from a Compact Environmental Anomalgsse Il (CEASE-II), also located at
geosynchronous orbit, indicate a good match during both quiedisturbed periods. The model is

available for distribution as a FORTRAN code that lsammodified to suit user-requirements.
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1. Intr oduction

Geosynchronous orbit (GEO) is located at the approxinteiendary between the inner
magnetosphere (where plasma motion is largely domiratezb-rotation and gradient-curvature
drift), and the outer magnetosphere (where plasma masidargely dominated by the global
magnetospheric convection cycle). Many scientific nodé the plasma populations in the inner
magnetosphere use the ion and electron parameters aa&EPuUts or boundary conditions [e.q.,
Jordanova et al., 1998; 2003]. From an operational perspective, GEO is btileeanost popular
locations for satellite hardware since the orbitalqubof 24 hours ensures that satellites remain at
the same geographic longitude, and co-rotate along witkdhin. Over 400 satellites, used for
communications, scientific, and military purposes, angremtly on-orbit at GEO (e.g.
http://lwww.satsig.net/sslist.htm) at an equatorialatise of 6.6 Earth radii @@ Knowledge of the

particle flux environment at GEO is important when desigraind operating such satellites.

In light of the importance of GEO, both scientifigehnd operationally, the plasma environment in
this region is of great interest. We present hereva model of the flux of electrons and ions at
GEO, for energies between ~1 eV and ~40 keV, as a funafitocal-time, energy, geomagnetic
activity, and solar activity. This energy range encongm8se plasmasphere, the electron plasma
sheet, the ion plasma sheet, and the substorm-injeafed-thermal tails of both the electron and
ion plasma sheets. Each of these populations is encedmtegularly by satellites on station at

GEO.

The aim in developing a new model of the plasma environateGEO is to complement existing
models such as AP9/AE9/SPIBipet et al., 2014], IGE-2006 $icard-Piet et al., 2008] or the two-
Maxwellian ATS-6 models Hurvis et al., 1984]. Such models tend to be tailored towards

spacecraft operators and the operational community, ammemed primarily with hardware effects
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due to the harsh electron and ion flux environment (etgrnal charging, total dose over mission
lifetime). Other, scientific models such as the IMRT model of Ganushkina et al. [2013; 2015]
follow distributions of ions and electrons from thé pgasma sheet to the inner magnetosphere by
careful consideration of the physics in the region.thi current study, an empirical model that
utilizes the large data-sets that have been gathered roeee than two full solar-cycles is
developed, with respect to a limited energy range. Wiihrange the model address a range of
variables that affect the ion flux and the electitar. This first version of the model addresses the
variation of the ion and electron fluxes with resgedbcal time, energy, geomagnetic activity, and

solar activity.

The primary dataset that underpins this new model idatigest collection of calibrated electron
and ion fluxes from GEO in existence, namely theeseof measurements made by Los Alamos
National Laboratory (LANL) satellites. The aim thie model is to focus on a limited number of
energies, at the lower-end of the AP9/AE9 range. @ycentrating on a single spatial location
(GEO), it is possible to use the breadth of the datasaitow statistical investigation of the effects
of various solar wind and geophysical parameters upon &isenpl populations in this region. The
size of the LANL database means it is possible to mtefluxes as a function of geomagnetic-
activity, solar-activity, local-time, and energy, arehbe more-accurately describe the behavior of
these fluxes. In future it is hoped that the model bgllextended to allow users to predict the flux
at GEO as a function of other variables such as tlae wind velocity, magnetic field orientation,

and number density.

2. Observations

The ion and electron populations at GEO are routinedasured by Magnetospheric Plasma

Analyzer (MPA) instruments on-board multiple LANLtskites [Bame et al., 1993]. The full
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MPA dataset extends from 1989 to the present, covering mhan two full solar cycles (~100
satellite-years of data). MPA instruments are edetatic analyzers that measure the three-
dimensional energy-per-charge distributions of both mm$ electron between ~1 eV/q and ~40
keV/q [Bame et al., 1993;Thomsen et al., 1999]. The time cadence of the observations is suth tha
a single ten second snapshot of the distributions/agladle for analysis every 86 seconds. In
contrast to many other scientific satellites, the WLA$pacecraft platform is particularly well-suited
to observations of thermal ions since the spacechatges slightly negatively with respect to
infinity. Thus, all low-energy ions are readily detettat all times, typically accelerated towards
the spacecraft by the spacecraft potential. In cantesectrons moving towards the spacecraft are
decelerated (or totally repelled) by the negative potefiti@msen et al. 1999]. Although there are
no magnetometers on-board the LANL satellites, thgmatic-field direction can be derived from
the symmetry axis of the three-dimensional partiaridutions, allowing identification of the

components of the temperature parallel and perpendicutlae titeeld [Thomsen et al., 1999].

With respect to the low-energy ion population (<100 eV)AMiEstruments regularly observe ions
in the co-rotating plasmasphere during extended periodsliof geomagnetic activityrhomsen et
al., 1998;Denton et al., 2005;Denton and Borovsky, 2008;Borovsky and Denton, 2009]. MPA
instruments also measure thermal ions in plasmaspHhesicage plumes during instances of
erosion Elphic et al., 1996;Weiss et al., 1997;Goldstein et al., 2004;Denton and Borovsky, 2008]
and the return of cold ions to GEO during plasmasphefiding events [Thomsen et al., 1998;
Lawrence et al., 1999;u et al., 2001; Sandel and Denton, 2007;Borovsky and Denton, 2008;

Borovsky et al., 2013; 2014Denton and Borovsky, 2014].

MPA instruments also measure the medium-energy populétib®0 eV to 40 keV) of the ion

plasma sheet and the electron plasma sheet Bergvsky et al. [1997]; Thomsen et al. [1998,
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2003, 2007];Korth et al. [1999]; Denton et al. [2005; 2009]). These plasmas are typically
delivered into the inner magnetosphere, on drift pathsottiginate on the nightside of the Earth, at
distances >6.6 R During enhanced magnetospheric convection intervalstrefs and ions drift
inwards, crossing GEO close to local midnight (&lgpmsen et al. [2001], Denton et al. [2007]),
and subsequently drift either eastwards or westwards @rihenEarth, following drift-paths that
are charge-dependent and energy-dependentKerth et al. [1999]). However, the process by
which the plasma actually arrives close to GEO is yilesdsociated with particle injectionslfauk

and Meng, 1983] such as occur during substorieriderson et al., 2006a; 2006b].

In this study observations of the plasma flux, made by MRAruments on seven satellites
between 1990 and 2007, are analyzed. A plot of the cuneilatimber of years of data utilized in
this study, and the distribution of the data amongsviddal satellites, is shown in Figure 1, along
with the distribution of data from each satelliteaafinction of year. In total, 82 satellite-years of
observations are used in this study. The ion and efefitre distributions from LANL/MPA are
analyzed with respect to energy, local-time, geomagrattivity, and solar activity, with the
ultimate outcome being a model of the flux of ions aedteons at all energies between ~1 eV and

~40 keV, and at all local-times.

Example plots of the ion and electron fluxes asretion of local-time during a 24-hour period of
time are provided in Figure 2. The top panel of Figure 2 shibev®bserved ion flux during 30

December 2001 measured by LANL/MPA. The spacecraft enceuatptasmaspheric drainage
plume between ~4-8 UT and, except for this period, residea low-density plasma-sheet
environment for the rest of the day. Note, the lowgynéons in the plasmaspheric plume (<1
eV) are accelerated to ~10 eV by the negative spacqightial. The bottom panel of Figure 2

shows the electron flux during 8Mecember 2001 measured by LANL/MPA. The spacecraft
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resides in the electron plasma-sheet for most ofidnysexcept between ~4-8 UT. The high fluxes
seen prominently in the low-energy electron channed® V) are dominated by photo-electrons

produced at the spacecraft and should be disregarded.

3. Analysis

Earlier studies using the LANL/MPA dataset have examinedvéiniation in ion flux and electron
flux over more than a full solar cycl@Homsen et al. 2007]. The average fluxes for ions and
electrons for each year from 1990 to 2004 have been tabulalbong with percentile flux limits)
with the aim of providing users with useful informatisith which to guide satellite design and
testing. The purpose of the current study is to extenddinke carried out byrhomsen et al. [2007]

in order to generate a predictive model of the variatiof®th the ion flux and the electron flux, at
specific energies, with respect to a selection of geophlypiarameters. Rather than tabulated
values of ion flux and electron flux at a selectidnpoe-determined energies, here the aim is a
model that can provide the fluxes at all values of eneaxgg local-time, as a function of
geomagnetic and solar activity. By following similarthedology to that successfully utilized in
previous statistical studies of the LANL/MPA data (&grth et al. [1999], Denton et al. [2005;
2012], Thomsen et al. [2011], Borovsky and Denton [2006], MacDonald et al. [2008; 2010]), the
average variation of the measured ion and electroredlu®r a variety of conditions can be

determined.

As demonstrated byhomsen et al. [2007] the ion and electron fluxes measured by the seven
LANL/MPA instruments agree within ~20%, indicating goadilaration between satellites. Hence

it is appropriate to combine the measurements over tire database from all satellites, during all
years. However, we don not use ion data from spatd®89-046 after January 2000 because of

an intermittent instrument problem that began then. ddia-analysis technique used in this
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current study can be summarized as follows: (1) Assigi éadividual data point from each
satellite to the appropriate bin in a grid of 40 energiger{lg-spaced logarithmically from ~1 eV
to ~40 keV) and 24 local-times, for each of the 28 valddspo (2) calculate the mean, median,
standard deviation, and th& 25" 75" and 9%' percentiles in each bin where there are more than
5 individual data points; (3) interpolate between the binsgusi-linear interpolation to provide the
electron flux and the ion flux at all values of locahé and energy, at a fixed Kp. Note, when
calculating the mean of the values, the log of eadbevis taken first, then the mean of all logged

values is calculated.

Three salient points are worthy of note regarding theyaisal(i) Magnetosheath intervals are
identified and removed from all averaging. At times, wtiee solar wind pressure is very high, the
magnetopause may move inwards of GEO, and then LANe&lliszg will then reside in the
magnetosheath. Such intervals are removed fromnidigsas by only considering data where the
hot ion density (calculated from the moments of tHeidm distribution) is less than 5.0 ¢hand
the perpendicular ion temperature is greater than 2000TkdMBen et al., 1999;Denton et al.,
2005]. These criteria have been used in numerous previoussdtugdjeod effect (e.gKprth et al.
[1999], Denton et al. [2005]). (i) Since each MPA instrument has slightlffedent channel edge
energies, the energy values quoted for the averagesfluedew will differ slightly depending on
exactly how many data-points from each satellite dourtie to the averages. To allow for this, the
energies quoted in figures and tables below relate tavdiaged centre-energy from each satellite,
weighted by the number of satellite-years of data feawch satellite contributing to the averages.
The full list of edge-energies for the MPA instrumamsed in this study may be found Tinomsen

et al. [1999]. (iii) At times, particularly in eclipse, the LANspacecraft may charge very strongly
negative (1000s of volts) (see the appendiPeiton and Borovsky [2012] for a discussion of the

variation of the spacecraft potential as a functionlogfl-time and Kp). Although a robust



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

methodology is implemented to correct the ion and ladiuxes for all values of the spacecraft
potential [Thomsen et al., 1999], in the current study all periods when the measurezhiietis
extremely negative (< -500 V) are not included in the amlyNote: since the periods of greatest
negative charging typically occur for the highest valoé Kp, close to local midnight (when the
fluxes are most enhanced) the average fluxes for theseds are likely to be slightly under-

estimated.

3.1 Probability distributions of flux measurements

Figure 3 contains plots of the probability distributiortteé electron flux (left column) and the ion
flux (right column) at three example energies (~18 ke¥ keV, and ~300 eV), corresponding to
the 4", 11", and 18' energy channels of the LANL/MPA instrument. Theistrihutions pertain to
all data taken between 1990 and 2007 (a total of 82 satellite-gédata), following the analysis
technique described above (i.e. sheath intervals and pesfodsry strong spacecraft surface
charging are not included in the analysis). Statisticalrpaters for these distributions are given in
Table 1. For the electrons at ~18 keV and ~2 keV, ilearchat a double-peaked distribution
exists, and investigation reveals that these two pe&lte ite periods when the spacecratft are either
inside or outside the electron plasma sheet (also ammpith Figure 5, left column). For the
electrons at ~300 eV, the probability distribution of fusesflux values has a single peak, with an
extended tail at lower flux values. In contrast to é¢fectrons, the ion flux at all three energies

shown appears to be single-peaked.

3.1 Energy, local-time, and geomagnetic activity
Figure 4 contains example results obtained by analyzen§ ANL/MPA observations with respect
to energy, local-time, and geomagnetic activity, usimgtéthnique described above. The top row

shows the mean electron flux and the mean ion fluereaged over the entire MPA dataset for all
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intervals where the instantaneous Kp indBarfels et al., 1939] is equal to 2. Kp is utilized since
it is known to be a very good proxy for large-scale netgspheric convectiornriomsen, 2004]
and a good indicator of general geomagnetic activityyelsas being a parameter that is available
to users almost instantaneously (e.g. from the NOAA &paleather Prediction Center). The
bottom row of Figure 4 shows the same data as the wpout now plotted as a three-dimensional
surface to better reveal to the reader the relativeti@ns in each parameter. It is clear from
Figure 4 (and as shown in previous studies) that both thituw and the electron flux display well-
ordered variations with local-time. Examination of ghlots for all other Kp values demonstrates
that the fluxes are also well-ordered with the Kp ind&worth et al. [1999] demonstrated that the
observed patterns of electron and ion fluxes measurédRy/MPA at geosynchronous orbit can
be well-explained in terms of the particle energy, enebalance between the co-rotation electric
field and the convection electric field proxied by Kigofth et al., 1999;Korth and Thomsen,
2001]. For energies greater than ~100 eV, which are typiché@lasma sheet, the electrons (that
come from the plasma sheet at distances > §).6rBt arrive at GEO on the nightside of the Earth,
close to local midnight, and drift to the east. Theegponding plasma sheet ions first arrive at
GEO close to local midnight and drift to the westotiBelectrons and ions are susceptible to

energisation and loss processes as they #witth et al., 1999].

The mean electron flux shown in Figure 4 is well-ordevét respect to energy and local-time and
varies by over six orders of magnitude (over the full-raof@ossible Kp values — figures not
shown). In general the greatest measured electroesflaxe found at the lowest energies.
However, as discussed above, these fluxes are dowhibgitepacecraft-produced photoelectrons
reaching the MPA detector owing to differential spacecchfirging. Thus the electron fluxes
below ~40 eV should be ignored. For energies above ~\L(Dige clear that the electron flux is

both energy-dependent and local-time dependent, witlyribetest electron flux observed in the

10
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dawn region.

The mean ion flux also shows a well-ordered structut@ch varies by around five orders of
magnitude over the full range of possible Kp values (figmasshown). The highest fluxes are
found at the lowest energies (~10 eV) and corresponketontl ions from the plasmasphere and

from plasmaspheric drainage plumes.

Figure 5 contains plots of the mean electron flux arel rttean ion flux for three levels of
geomagnetic activity, proxied by the Kp index: Kp=0 (top Jokp=3 (middle row), and Kp=6
(bottom row). These levels correspond to periods of v activity (weak convection), moderate
activity (moderate convection), and high activity (sgramnvection), respectively. These figures
contain a wealth of detail into the morphology of fhiesma environment at GEO, as a function of
energy, local-time, and geomagnetic activity. Noteha three ion-flux plots in Figure 5 the dark
(low-flux) “lane” in the higher-energy ions on the dalgsi This dark lane represents the separation
between ions that travel from the nightside to the idayaround the dawnside of the Earth versus
around the duskside of the Earth. The total electrid bélinterestE, is a combination of the co-
rotation electric field and the cross-tail convectiorcile field. Lower-energy ions tend to follow
ExB drift paths - with co-rotation these paths carry irosn the nightside around dawnside to the
dayside; higher-energy ions tend to follow gradient-andgature drift paths - these paths carry
ions from the nightside around dusk to the dayside. laisatle near the energy that separates the
dawnward versus duskward paths penetrate deep into the diplodeiffer strong charge-exchange
losses with the hydrogen geocorona: hence the lowldluex on the dayside. Similarly, the electron
flux is reduced on the dayside due to the strong scatt&rgsyby plasma waves for eastward
drifting electrons [e.gJordanova et al., 2010a]. Again, due to domination by spacecraft-produced

photoelectrons, the electron fluxes below ~40 eV shbalignored.
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From the examples shown in Figure 4 and Figure 5, and fgoiadent plots for all other possible
values of the Kp index, it is clear that the averagetea and ion fluxes vary in a well-ordered
(but also locally-complex) manner with respect to ldoae, energy, and geomagnetic activity. In
order to construct a model for the user community thaelatively simple and straight-forward,
whilst also capturing the variations in the fluxes showrigure 4 and Figure 5, simple bi-linear
interpolation is used to obtain values of the electhox énd the ion flux at locations between the
cells, for any value of Kp and/or local-time. Thus, udimg model created from these data, a user
may specify any value of local-time and energy and beiged with an estimate of the electron

flux and the ion flux.

3.2 Solar EUV flux variations

The solar EUV flux incident on the Earth’s upper atmospheauses the formation of an
ionosphere with a peak number density of electrons armglusually found at an altitude of ~300
km. It is well-established that outflow from the i@pbere is the source of a variable proportion of
the plasma observed at GEO, both at low energiesnfalsphere) and at higher energies (plasma
sheet) (e.gBorovsky et al. [1997]; Yau and Andre [1997]; Nose et al. [2003]; Huddleston et al.
[2005]; Mouikis et al. [2010]; Welling and Ridley [2010]; Kronberg et al. [2014]). Since the solar
EUV flux is not constant, but changes both as a funaicthe solar rotation period (~27 days) and
over the solar-cycle (~11 years), the number densitypath ions and electrons in the upper
atmosphere also varies over these (and other) timescAleeasonably good proxy for solar EUV
radiation is the F10.7 index — a measure of the flux adént radiation with a wavelength of 10.7

cm — and also an index which is closely correlated stitispot number.

Previous work utilizing the LANL/MPA dataset has shatvat the fluxes of ions and of electrons
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at GEO are also strongly correlated with solar cyckn unsurprising result if one assumes that a
proportion of the plasma sheet ultimately originatesnfithe thermal plasma of the ionosphere.
Denton et al. [2005] showed that the electron number density (computedtiermoments of the
full LANL/MPA distributions) varied by roughly a factor o over a solar cycleThomsen et al.
[2007] further revealed the details of such changes byrdetieg the average ion flux and electron
flux, as a function of energy, with respect to th&asaycle. At low energies (<~50 eV) the ion
flux is higher at solar minimum than at solar maximuoy,a factor in excess of two. At higher
energies (> ~50 eV) the situation is reversed and thélux at solar maximum is at least double
that at solar minimum. The electron flux at thesergies is also greatest at solar maximum, with a
factor of at least two difference between solar mimmmand solar maximum (séidnomsen et al.

[2007)).

Although a fine-grained study of changes in the plasma popodatt GEO at all points over a
solar-cycle is beyond the scope of this current studyis ipossible to achieve a coarse
parameterization using three different ranges of the #index. Figure 6 contains plots of the
averaged electron flux (left column) and averaged ion (tight column) for low solar activity
(F10.7 < 100 : top row), moderate solar activity (¥0B10.7 < 170 : middle row) and high solar
activity (F10.7> 170 : bottom row), during all intervals where Kp=2. Aligh differences
between the ion flux and electron flux over the ¢hlevels of solar activity at a fixed energy are
observed, these differences are typically much lawan the changes that occur as a function of
geomagnetic activity and local-time. The differenasstypically of the order of a factor of two,

in agreement with the findings from earlier studiesrjton et al., 2005;Thomsen et al., 2007].

It should be noted that for very high values of the Kgekx (Kp > ~7) there is an inadequate

volume of data to completely fill the 4R4 grid of local-times and energies. In these instamgges i
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straight-forward for a user to fall back to the versairnthe model where all data are included,

regardless of the level of the F10.7 index. Example hmgdputs are contained in Table 2.

4. Model performance

4.1 Model comparison with M PA observations

Although comparing a model with a selection of the datd useonstruction of the model can be
misleading, it may also give a useful indication of hewll matched the model results are to
observations during particular intervals. A comparisothefmodel output with observations from
the MPA instrument on-board satellite 1994-084, during a repedsenfive day period in 1999,
can be found in Figure 7, along with a plot of the Kp index dutims period. The period over
which the comparison takes place is noteworthy in thaéncompasses calm geomagnetic
conditions, as well as very active conditions. Doi¢he high Kp values during this interval, the

model used in the comparison does not consider F10.7ioasat

The top panel of Figure 7 shows the measured and the modktede flux at an energy of 1.545
keV. The solid blue line is the mean calculated fromntoelel and the purple line is the median.
The dashed lines are th8 25" 75" and 98" percentiles. In general the model tracks the general
trend of the observations reasonably well during thisoderiThe model does not capture sudden
and sharp changes in the measured electron flux. Tdelerpanel of Figure 7 shows the measured
and modeled ion flux at an energy of 1.629 keV. The setidine is the mean calculated from the
model and the orange line is the median. The dashedalieg¢be 5, 25", 75" and 9% percentiles.

As with the electrons, the model tracks the obsematieasonably well during this period but does
not capture sudden and sharp changes in the measured ionMagel performance at other

energies in the MPA range is similar, with the modsgdtaring the general trend of the measured

14
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fluxes, but not capturing any sharp changes in flux ocauoirer a short timescale. Following the
same methodology used I63anushkina et al. [2015] to compare between model and observed
values we calculate the normalized root-mean-squared evidiRMSD) between the model
predictions and the measured fluxes. Here the NRMSlesdor electrons and ions during the
five day period in Figure 7 are 0.975 and 1.873, respectively. Vallesy unity indicate the
average error during the period in question is within alsisgandard deviation. Here, it is clear
that (at these energies), the electron predictiondetter matched to observations than the ion

predictions.

4.2 Independent testing of the electron flux predictions

An independent test of the electron flux from the mdded been performed in comparison with
data gathered by a different satellite on-orbit at GEhe AMC-12 satellite carries a Compact
Environmental Anomaly Sensor Il (CEASE-II) instrumentatgackage that measures the electron
distribution from ~1 keV to ~ 45 keV. A full descriptiohtbe CEASE-II package can be found in
Dichter et al. [1998]. Previous comparison of the CEASE-II data from AMCwith a complex
theoretical model during isolated substorms has been carridayGanushkina et al. [2014] who
found generally good agreement between model predictindsoaservations when substorm-

associated electromagnetic fields are taken intousatco

Figure 8 shows a comparison between the electron flasuned at the AMC-12 satellite and the
electron flux predicted by the model, during a five day menmn2013, along with a plot of the Kp

index. The period over which the comparison takes pkg®ieworthy in that it encompasses
calm geomagnetic conditions, as well as active camdit The format of the figure is the same as

that used in Figure 7.
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The top panel of Figure 8 shows the comparison betweelelnramd observations at an energy of
13.40 keV. The model fluxes track the trend of the meadlunees reasonably well during the first
two days. In the following days as Kp increases the médeés also increase, and become
somewhat higher than those actually observed. Durisgpiod the general trend in the model
fluxes is similar to that in the observations. Timeasured flux is almost always within the
envelope between thé"@nd 9%' percentiles of the model fluxes — an encouraging resTiite
middle panel of Figure 8 shows the comparison between naodebbservations at an energy of
5.28 keV. At this energy the model fluxes are less weliched to observations although the
measured flux is still found within the envelope betweendhand 9%' percentiles of the model
fluxes at almost all times, except during periods whenntieasured fluxes fall to very low levels.
The NRMSD values calculated for the five day perio&igure 8 are 1.895 (13.4 keV) and 2.053
(5.28 keV). As is clear from the plots, these rathghhvalues would be expected to fall
significantly should robust inter-calibration betweeM®@-12/CEASE-II and LANL/MPA were

carried out (or even more simply, if a constant valeee subtracted from the model values).

It is clear from the data shown in Figure 8 that at tithesCEASE-II sensor reports very low flux
values, whereas the model results, based on averaged flom LANL/MPA, are almost always
higher. Of course, whilst it would be ideal to obtain d@greement between model and data for
all flux levels, typically interest is greatest hethighest flux values. In this respect the current
model does track the measured flux variations from tRMdCAL2/CEASE-Il observations

reasonably well during the period in question.
A further comparison between the model fluxes and thesuned fluxes may be carried out by

examination of the energy spectra. The measured@beenergy spectrum can, and indeed does,

change very quickly depending on the prevalent conditiorthe magnetosphere. In comparison,
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the fluxes derived from the model change relatively sigodepending on the inputs of Kp and
local-time. Despite this, it can be informative t@mine the energy spectrum in each case to look
for agreements and disagreements in order to determias waigere systematic differences are
present. These may indicate periods of time, or ced@anditions, during which the model may

require modification.

Figure 9 contains a plot of two example electron ensmgctra from the CEASE-II instrument
during Day 61 of 2013, at local midnight (top panel) and atllooon (bottom panel). The model
predictions for these times are shown in red and thesuned data are shown in blue. The solid
line is the mean from the model and the dashed linesaimdithe %, 25", 75" and 9%
percentiles. It is clear to see that the model fliatelsoth noon and midnight vary in a quasi log-
linear manner. The fluxes predicted by the model duringpigod are somewhat higher than
those observed in both instances (cf. Figure 8). Howelvés also clear that the best match
between data and model for the two cases shown in Fgisréound at local noon where both the
magnitude of the predicted flux level, and the genemeslof the spectra, are both reasonably
well-matched to observations (mostly within the envelgiveen the Band 95' percentiles). At
local midnight the slope of the model spectrum is ste#mn that measured by CEASE-Il. In
addition, the satellite observations at noon and midrsgbw a local maximum at ~5-10 keV that

is not reproduced by the model.

Given that the CEASE-Il sensor and the LANL/MPA iostentation have not been inter-
calibrated, the results shown in Figure 8 and Figure 9 razeueaging, and would be likely to
improve even further upon intercalibration between theelléas. These results provide
independent evidence that this first incarnation of the mode be utilized to make coarse

predictions of the plasma flux environment at GEO. ddwiately, the CEASE-II sensor does not
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also measure the ion population below 40 keV. It is @drio test the model ion flux predictions

against independent observations at GEO in future using dekesets.

4.3 Modéd limitations

In the current incarnation of the model both thetetecand ion flux are predicted at any local-time
around Earth, at any specified energy between 1.034 eV aB@b4keV for electrons, and between
1.816 and 40.649 keV for ions, and at any specified Kp value. Dlelns not applicable for
times when the magnetosheath moves inwards of GEOaddlition, the model does not (yet)
include the effects of : (i) substorm dynamics, (iijpst@rm injections, or (iii) drift echoes or
dispersion features. Any of these three issues may@tant for some applications. In addition,
since LANL/MPA only measures the fluxes from ~1 eV #0keV then the model can only be
used to estimate the partial plasma pressure (and enanggylerather than the total plasma

pressure due to the complete distribution at all energies.

The current model does not provide “confidence limits“othier goodness-of-fit parameters to the
flux values provided. This is intentional. The mean \alftem the MPA observations are the

average value recorded by the instruments over the etdi@set. Along with the standard

deviation and the percentiles, these values provide adbreeans to gauge the likelihood of both
the electron and the ion flux obtaining a particulaelevin the opinion of the authors, accurate
estimates of uncertainties in the flux values amtically impossible to determine due to (a) the
rapidly changing background distribution of the plasmacgsithe ion and electron distributions at
GEO are highly complex, rarely Maxwellian, and evolapidly in time), and (b) the dependence
of the particle populations upon the time-history of tbh&arswind and the time-history of the

magnetosphere. At present, the probability distribsti@ee Table 1 and also Figure 3), and the

percentiles provided by the model (see Table 2 and also Eigure, and 9), offer some broad
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indications of the spread and the variance within the data.

4.4 Model availability and future development

The computer code implemented to perform the binning and iteirgerpolation scheme was

initially written in the IDL programming language. Howevéhe authors have also produced a
FORTRAN version of the code. This version of the coda be easily modified to suit user

requirements.

This initial report describes the status of the modelainuary 2015. The electron flux has been
tested against an independent data set and shown to givalyegeod results during quiet and
disturbed periods. Testing of the ion flux predicted k& tiodel against an independent data set
has not been carried out to date. We also aim ta@estiésults from the model to drive simulations
of the inner magnetosphere where fluxes from GEO aré as either boundary conditions or are
predicted by the model (e.gordanova et al. [1998], Zaharia et al. [2005; 2006] Jordanova et al.
[2010b], Katus et al. [2014]). Many current models use a limited range of boundangitions at
GEO that do not provide the level of detail with regardldoal-time, solar activity, and
geomagnetic activity, available in the model described.heHence, we hope for a marked
improvement in the output from future simulations, in panson with observations, when these

new model inputs are utilized.

Another area that is ripe for investigation is developined the model such that it can be driven by
incident solar-wind conditions (e.g. the solar wind e#lg Vsw, and the magnetic field
orientation, IMF-B). The magnetospheric system is ultimately drivethieysolar-wind, and hence
a model driven by upstream solar wind parameters would gitter pportunity topredict the

fluxes at some point in the future (i.e. a model drive’Vby and B or similar, e.gHartley et al.
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[2014]). This would contrast with the current model whiclsuke instantaneous local conditions
close to Earth (i.e. proxied by the Kp index). Of courgen the recent progress in the
development of improved solar-wind/magnetosphere couplingtiins (e.gNewell et al. [2007];
Borovsky [2014]; McPherron et al. [2015]), one could further envisage development of a verdion
the model to explore predictions of ion and electronefusased on the various coupling functions

in use in the community.

5. Summary

1. A new empirical model of the ion flux and the &len flux as a function of local-time,

geomagnetic activity, and solar activity, has been dgeel for geosynchronous orbit for energies
between ~1 eV and 40 keV. The electron flux derived ftbenmodel has been tested and is
generally found to be in reasonably good agreement withpegmtent observations during quiet

and disturbed geophysical conditions.
2. The new model provides scientific and operational uséhspredictions of fluxes for a wider
range of input conditions than is generally the caske @itrent models. We intend to pursue both

scientific and operational development of the modéltiare development.

3. A beta-version of the model is freely availabl@d@ORTRAN code that can be adapted to user-

requirements.

It is hoped that this model will be found useful by therapenal community and the scientific

community and we welcome input for how the model couldrproved and developed in future.
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650 Table 1. Statistical parameters of the electrondlct ion flux distributions shown in Figure 3.

651

652

Electron (17923 eV) lons (18276 eV)
M ean 2.177 2.020
Standard Deviation 0.594 0.336
Variance 0.352 0.113
Skewness 0.609 -0.407
Kurtosis -0.071 0.586
Electron (4639 eV) lons (4822 eV)
M ean 3.013 2.122
Standard Deviation 0.711 0.393
Variance 0.505 0.154
Skewness 0.060 -0.642
Kurtosis -0.709 1.319
Electron (309.0 eV) lons (335.7 eV)
M ean 4.028 2.554
Standard Deviation 0.556 0.332
Variance 0.309 0.110
Skewness -0.573 -0.397
Kurtosis 0.472 1.551
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653 Table 2. Example model outputs for Kp=3 and 18.00 LT.

654

ALL F10.7
ELECTRONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 4.0989 0.5651 3.1531 3.6227 4.1713 45682 4.9165
500 eV 3.3031 0.5943 2.4298 2.763( 3.3051 3.8483 4.2203
1 keV 2.81791 0.5528 2.1080 2.3545 2.7196 3.2060 3.8330
10 keV 1.6719 0.4380 1.0333 1.4934 1.7370 1.9319 2.1453
30 keV 1.3870 0.3021 0.8991 1.2927 1.4403 1.5772 1.7011
IONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 2.7920 0.3092 2.1902 2.615¢6 2.8263 3.0106 3.2148
500 eV 2.2406 0.3049 1.6188 2.0981 2.2993 2.4444 2.6393
1 keV 2.0298 0.3916 1.3527 1.9369 2.1064 2.2473 2.4060
10 keV 2.1832 0.2113 1.9126 2.0274 2.1248 2.3173 2.6064
30 keV 2.0004 0.1831 1.7643 1.8879 1.961D 2.0704 2.3914
F10.7 <100
ELECTRONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 4.0647 0.5647 3.2207 3.5847 4.0620 45485 4,9584
500 eV 3.2766 0.5982 2.4426 2.755¢6 3.2557 3.7673 4.2696
1 keV 2.8090 0.5634 2.1188 2.3615 2.6840 3.1346 3.8914
10 keV 1.7197 0.4622 0.9851 1.5896 1.778P 1.9669 2.1668
30 keV 1.3795 0.3102 0.8991 1.3035 1.4324 1.5513 1.6930
IONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 2.8157 0.3111 2.1902 2.6644 2.8598 3.0328 3.2156
500 eV 2.2548 0.3079 1.6188 2.1301 2.3204 2.4508 2.6297
1 keV 2.0255 0.4153 1.3527 1.9369 2.1199 2.2490 2.4057
10 keV 2.1650 0.2159 1.8967 2.0071 2.097b 2.3132 2.5778
30 keV 1.9744 0.1809 1.7363 1.8709 1.936p 2.0454 2.3937
100< F10.7< 170
ELECTRONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 4.1874 0.5457 3.2393 3.7983 4.1890 4.6598 4.9700
500 eV 3.3281 0.6042 2.2808 2.903% 3.3487 3.7574 4.3402
1 keV 2.7516 0.5192 2.0378 2.4094 2.620b 3.0626 3.8758
10 keV 1.8760 0.3663 1.2375 1.7101 1.897p 2.0936 2.3870
30 keV 1.5401 0.2482 1.1675 1.4497 1.576[7 1.6894 1.8202
IONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 2.9447 0.3565 2.4823 2.7912 2.9728 3.1395 3.3458
500 eV 2.4065 0.2652 1.9148 2.2937 2.4493 2.5851 2.7317
1 keV 2.2265 0.3334 1.8010 2.1174 2.2598 2.3879 2.5560
10 keV 2.2845 0.2780 1.9554 2.0947 2.242b 2.3959 3.0312
30 keV 2.0819 0.1686 1.8105 1.9583 2.0939 2.1894 2.3600
F10.7 > 170
ELECTRONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 4.2164 0.5411 3.2335 3.8584 4.3157 4.6751 4.9700
500 eV 3.2933 0.5387 2.4298 2.859( 3.2597 3.6800 4.1949
1 keV 2.8417 0.4969 2.2192 2.43172 2.7720 3.1239 3.8549
10 keV 2.0339 0.3826 1.3307 1.7094 1.9906 2.2612 2.5596
30 keV 1.5769 0.2283 1.1103 1.4174 1.613p 1.7346 1.8267
IONS Mean Std. Dev 5% 25% Median 75% 95%
100 eV 2.8661 0.2966 2.3162 2.709% 2.8901 3.0766 3.2785
500 eV 2.3663 0.4859 1.9321 2.246§ 2.4165 2.5617 2.7399
1 keV 2.2262 0.2581 1.7467 2.0899 2.248B 2.3909 2.6214
10 keV 2.3214 0.2062 2.0507 2.1656 2.2651 2.4822 2.7288
30 keV 2.0415 0.1489 1.7619 1.9585 2.0699 2.1424 2.2352
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Figure 1. The cumulative amount of LANL/MPA data (atedlite-years) as a function of year,
from seven satellites at GEO, between 1990 and 2007 incluspepéinel). Also the coverage of
LANL/MPA in each year from 1990 to 2007 (bottom panel). Altofa-82 satellite-years of data
are utilized in the current study)
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663 Figure 2. Spectragrams of the fluxes measured by LANL/MP®4-084 on 30 Dec 2001. The
664 top panel shows the ion flux. Note the distinctiveritted population (< 1 eV) accelerated through
665 the negative spacecraft potential to ~10 eV between é48ddT - a plasmaspheric plume. For
666 most of the rest of the day the spacecraft residéseimon plasma sheet. The bottom panel shows
667 the electron flux with the spacecraft residing inecebn plasma sheet prior to ~4 UT and after ~8
668 UT.
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Figure 3. The probability distribution of the electrdunxf(left column) and the ion flux (right
column) measured by three energy-channels (~18 keV, ~2&w@l/>-100 eV) of the LANL/MPA
instruments. The distributions are for the entire MiR&aset of seven satellites at GEO between
1990 and 2007 (excluding magnetosheath intervals and intef\&l®ng spacecratft charging).
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Figure 4. Examples of the mean electron flux and mearlix as a function of local-time and
energy at a single value of the Kp index (Kp=2). The twp shows a color representation of the

fluxes, and the bottom row shows a three-dimensiomdace fit.

energies below ~40 eV should be disregarded.
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689 Figure 5. The averaged electron flux (left column) draveraged ion flux (right column) as a
690 function of energy and local-time at three differealues of the Kp index (Kp=0, Kp=3, and
691 Kp=6). The mean electron flux for energies below ~¥G&leould be disregarded.
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697 Figure 6. The averaged electron flux (left column) draveraged ion flux (right column) as a
698 function of energy and local-time, at a fixed valueKpE2, for three different ranges of F10.7.
699 The top row shows the fluxes for F10.7<100, the middle fawl00<F10.7<170, and the bottom
700 row for F10.2170. The mean electron flux for energies below ~40 eNildhbe disregarded.
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1994-084: MPA ELECTRON FLUX,- 1999 1545 eV ,
1994-084 Model
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704  Figure 7. Showing a comparison of the model output wideontations from the MPA instrument
705 on satellite 1994-084, during a 5 day period in 1999. The top panesghe measured electron
706 flux at 1.545 keV. The solid red line is the mean and die lue line is the median. Thd'5
707 25" 75" and 98 percentiles are also shown (blue dashed lines). Thelemidthel shows ion
708 observations 1.629 keV in the same format. The Kp imgsikown in the bottom panel.
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Figure 8. Showing a comparison of the model output witttrele observations at 13.40 keV (top
panel) and 5.28 keV (middle panel) measured by the CEASE-lIumstit package on AMC-12,
during a 5 day period in 2013. The black line shows the meafluredhe blue line shows the
mean model flux and the red line shows the median. 5th25", 75" and 98 percentiles are also
shown (red dashed lines). The Kp index is shown in thetogpanel.
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Figure 9. Showing example spectra from the model outpdtlifnes), and from the CEASE-II
instrument (blue lines), on day 61 of 2013. The solid red $inke mean and the dashed lines are
the 8", 25" 75" and 98 percentiles output from the model. The circles indidhe spectra at
local midnight (when Kp=4) and the crosses indicagesthectra at local noon (when Kp=2). In this
instance, the spectra are much better matched at nooatthadnight.
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