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ABST The outer proton radiation belt (OPRB) and outer electron radiation belt (OERB)
at geoﬁonous orbit are investigated using a reanalysis of the LANL CPA (Charged Particle
Analy. =satellite 2-solar-cycle energetic-particle data set from 1976-1995. Statistics of the
OPRB%he OERB are calculated, including local-time and solar-cycle trends. The number
densit@e OPRB is about 10 times higher than the OERB, but the 1-MeV proton flux is
abo imes less than the 1-MeV electron flux because the proton energy spectrum is softer
than th tron spectrum. Using a collection of 94 high-speed-stream-driven storms in 1976-
1995, the stormtime evolutions of the OPRB and OERB are studied via superposed-epoch
analysig.lT_he evolution of the OERB shows the familiar sequence (1) prestorm decay of density
and flu ) early-storm dropout of density and flux, (3) sudden recovery of density, and (4)
steadyéwtime heating to high fluxes. The evolution of the OPRB shows a sudden
enhan of density and flux early in the storm. The absence of a proton dropout when there
is angron dropout is noted. The sudden recovery of the density of the OERB and the sudden
density’ enhancement of the OPRB are both associated with the occurrence of a substorm during
the earmge of the storm when the superdense plasma sheet produces a ‘“strong-stretching

phas&e storm. These stormtime substorms are seen to inject electrons to 1 MeV and
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protons to beyond 1 MeV into geosynchronous orbit, directly producing a suddenly enhanced

radiation-belt population.
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1. Introduction
Although the outer proton radiation belt has been observed by spacecraft instrumentation
for 5 decades [e.g. Davis and Williamson, 1963, 1965; Yershkovitch et al., 1965; Stevens et al.,
1970; Spjeldvik, 1977; Fritz and Spjeldvik, 1979; Sheldon, 1994; Green et al., 2004; Lazutin et
al., ZUHlZ; Tverskaya et al., 2008; Forster et al., 2013], much less is known about its
properdynamics than is known about the outer electron radiation belt. Modeling efforts
for tQe @iiter proton radiation belt in those 5 decades [e.g. Nakada and Mead, 1965; Spjeldvik,
1977, Mr et al., 1995; Bourdarie et al., 1997; Boscher et al., 1998; Vacaresse et al., 1999;
Panasy#k, "8004; Smolin, 2010, 2012] have been much less sophisticated than the modeling
effortsﬁo??;i outer electron radiation belt. Further, the systems-science coupling of the outer
electro tion belt to other plasma populations of the magnetosphere such as the plasma sheet
and ri ent [Ebihara et al., 2008; Jordanova, 2012], the outer plasmasphere [Borovsky and
Steinb:,g)%; Borovsky and Denton, 2009a], the plasmaspheric drainage plume [Borovsky et
al., 2044], substorm-injection electrons [Friedel et al., 2002] and to waves driven by those
populay uch as ULF waves [Ozeke et al., 2012], chorus [Meredith et al., 2002; Summers et
al., ZOmd EMIC [Ukhorskiy et al., 2010; Lazutin et al., 2012] has been considered; how the
oute on radiation belt fits into the coupled system has been less-well considered. Of
partiElevance for the present study, the evolution of the outer electron radiation belt
through high-speed-stream-driven (CIR-driven) storms has been repeatedly investigated
[Paulilhmd Blake, 1976; Belian et al., 1996; Borovsky et al., 1998a; Lam, 2004; Miyoshi and
Katao 5; Kataoka and Miyoshi, 2006; Borovsky and Denton, 2009a, 2009b, 2010a, 2011a,
2011bmerron et al., 2009; Denton et al., 2010], but the evolution of the outer proton
radim@t has not been studied.
_'Mﬂanisms that are thought to act on the outer proton radiation belt include radial
diffusi sed by magnetic and electric perturbations [e.g. Nakada et al., 1965; Cornwall,
1972; nr et al., 1995; Boscher et al., 1998; Vacaresse et al., 1999; Panasyuk, 2004]

incI@bstorm perturbations [Spjeldvik, 1977; Smolin, 2010], pitch-angle scattering by
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magnetic-field curvature effects in the stretched nightside magnetic field [Tsyganenko, 1982;
Sergeev et al., 2015], pitch-angle scattering and energy diffusion by plasmaspheric whistler-
mode hiss [Kozyra et al., 1994; Villalon and Burke, 1994] and by ion-cyclotron waves [Sgraas et
al., 1999; Shoji and Omura, 2012], and charge exchange and Coulomb scattering [Liemohn,
1961,‘!!&[1'& et al., 1995; Walt et al., 2001]. Potential sources for the outer proton radiation belt
includé @ protons [Lazutin et al., 2007; Panasyuk, 2004; Tverskaya et al., 2008] and substorm
partiglegglections [Vacaresse et al., 1999]. Finite gyroradius effects can be important for the
protonhﬂa}ion belt: whereas in the nominal dipole field strength of 106 nT at geosynchronous
orbit (G a 1-MeV (y = 1.001) proton has a gyroradius ryg of 1370 km whereas a 1-MeV (y =
2.96) elecron has a gyroradius of 45 km (using the formula ry = [(2Em)"%c/eB][1+(E/2mc?)]"?
with k‘benergy E.

s report the outer proton and electron radiation belts at geosynchronous orbit will be
examingith a newly reanalyzed 8-satellite CPA data set from the years 1976-1995. The
LANLXCPA (Charged Particle Analyzer) instruments [Higbie et al, 1978; Baker et al., 1985;
Cayto ¥, 1989] in geosynchronous orbit were predecessors to the well-utilized LANL SOPA
(Syncm
ZOEsynchronous orbit (1989-present). In comparison with the SOPA instruments, the
CP

from electron contamination of the ion measurements. In this report the advantage of these 3

s Orbit Particle Analyzer) instruments [Belian et al., 1992; Cayton and Belian,
ents (1) were more sensitive, (2) had a wider energy range, and (3) did not suffer

points h.l.l.he taken to use the CPA data set to examine the properties of the proton radiation belt
at geomonous orbit over two solar cycles in comparison with the electron radiation belt at
geosynch™nous orbit. Particular attention is paid to the behavior of the radiation belts during
high-sfeed-stream-driven geomagnetic storms.

_muter proton radiation belt at geosynchronous orbit will be surveyed and compared
with t ctron radiation belt. Local-time and solar-cycle dependencies will be examined.
Using nection of high-speed-stream-driven storms in the years 1976-1995 the behavior of

the roton radiation belt will be examined. A general absence of stormtime dropouts of the
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proton radiation belt (when there are dropouts of the electron radiation belt) will be seen; this
may have implications for the mechanisms of electron and proton loss from the magnetosphere.
Sudden enhancements of the density of the proton radiation belt will be seen during storms, and
these will be temporally associated with the occurrence of a substorm during the strong-
stretc‘H.Tg'p!]ase of the storm. (Early in a high-speed-stream-driven storm there is a “strong-
stretch lm ase” wherein the diamagnetism of the superdense plasma sheet produces a tail-like
stretghiggaf the nightside dipole that lasts for several hours [cf. Borovsky et al., 1998a; Borovsky
and D&]m_ 2010b].) Density enhancements of the electron radiation belt are also found to be
associgf®d With this strong-stretching-phase substorm. Examination of the raw count rates of the
CPA igﬁ?nents on multiple spacecraft finds the injection of electrons to 1 MeV and protons to
beyon eV into geosynchronous orbit associated with these strong-stretching-phase
substoMTS™=L his substorm association with the density enhancements may have implications for
the seepr;ulations of the electron and proton radiation belts.

his manuscript is organized as follows. In Section 2 the geosynchronous-orbit CPA data
set is rgidawed and the cleaning of the proton data to remove solar proton events (SPESs) is
discusm Section 3 statistical properties of the proton and electron radiation belts at

Sectj evolution of the proton and electron radiation belts at geosynchronous orbit during

geosEous orbit are shown, including local-time dependences and solar-cycle trends. In
high-speed-stream-driven geomagnetic storms is studied with the use of superposed-epoch
analysm the examination of individual events; radiation-belt density dropouts and density
enhanms are examined and the injection of radiation-belt protons and electrons to energies
of 1-M

radiatiﬁ-belt dropout and recoveries and of proton-radiation-belt enhancements during the

d above by stormtime substorms is examined. In Section 5.1 the timing of electron-
passag'_gj_,:orotating interaction regions is investigated. In Section 5.2 the production of

particlﬁthe outer proton radiation belt and the outer electron radiation belt by stormtime

substo e discussed. In Section 5.3 the absence of proton-radiation-belt dropouts is discussed.

<
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In Section 5.4 the responses of the proton radiation belt and electron radiation belt to the solar

wind are analyzed. The findings of this study are summarized in Section 6.
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2. The CPA Data Set

The CPA (Charged Particle Analyzer) instruments [Higbie et al, 1978; Baker et al., 1979,
1985] were operated on 8 spacecraft in geosynchronous orbit (6.6 Rg) during the years 1976-
1995. Telemetry of the satellites was intermittent, but of the 56 satellite years of measurements
made,‘b.ﬂ'!atellite years of energetic particle measurements were collected into the CPA data
set. C truments contained separate ion and electron detectors, eliminating much of the
electgogag@atamination of proton measurements [Cayton, 2007]. Protons with energies of 50 keV
- 250 Mere analyzed in 26 energy channels; electrons with energies of 30 keV - 2 MeV

were aglly2d in 12 energy channels.

%ent reanalysis of the CPA proton and electron data sets was performed and the
techni tails of that process will be published separately. The reanalysis involved
reinve n of laboratory fabrication, calibration, and assembly records and involved
moderEMonte-Carlo simulations of the behavior of particles in revised models of the CPA
instrumients. Satellite-to-satellite systematic errors were corrected. The data reanalysis yielded
improy, xes and yielded improved 2-Maxwellian (2-exponential) energy distribution fits to
the mem
paraE number density n and a temperature T. The number density n is a measure of the

rticles in that distribution and the temperature T is a measure of the hardness of the

proton and electron count-rates [Cayton et al., 1989]. Each Maxwellian fit has two

num
energy spectra of that distribution.
&Lbe analysis in this report is based on 30-minute-resolution averages of the CPA proton

and el data products.

eQCPA proton data set has been cleaned to remove catalogued solar proton events
(SPEs®using the NOAA Space Environment Services Center Solar Proton Events list (at
ftp://w.noaa.gov/pub/indices/SPE.txt) and the more-complete Kurt et al. [2004] SPE list.
Those talogs provide event start times and times of peak fluxes, but do not contain event
terminﬁimes. To get termination times the energetic proton measurements from the

God@dium Energy Experiment [McGuire et al., 1986] onboard the IMP-8 spacecraft in
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the solar wind were utilized, paying specific attention to the 10-MeV and 1-MeV proton fluxes in
the solar wind at Earth. Cleaning for SPEs removed about 7.2% of the proton measurements
from the CPA data set, chiefly during the solar-maxima years 1981, 1982, 1989, and 1991 (cf.
Fig. 2f of Kurt et al. [2004]). Note that the NOAA and Kurt et al. SPE lists are incomplete and
that ﬂ'ﬂﬁ?g SPE events that have not been removed from the CPA proton data set.

@re 1 the nand T values are plotted for the entire 20-year, 8-spacecraft CPA proton
and gleglrgn data set. The hotter and the cooler distributions for the electrons and the protons are
plotteoﬁ_ﬁgur different colors. Examining the temporal behaviors of the hotter and the cooler
distribytior™ for both the electrons and the protons [cf. Cayton et al., 1989; Denton et al., 2010;
Dentor% Borovsky, 2012], the lower-temperature distributions are identified as substorm-
injecteqElgktrons and protons and the higher-temperature distributions are identified as the
electro tion belt and the proton radiation belt (see also Pierrard and Lemaire [1996]). Note
in Figumaor both the radiation belts and the substorm-injected particles, the proton density is
on avefage higher than the electron density. Of interest in the present study are the proton
radiati (blue points) and the electron radiation belt (red points).

in the distribution of blue proton-radiation-belt points in Figure 1 that there is a halo
of hi emperature (T greater than about 100 keV) points; these higher-temperature points are
mosﬁ to protons from solar proton events (SPE) events diffusing into the magnetosphere.
In Figure 2 the effect of an SPE on the CPA proton measurements is examined. The SPE of
Figurth an onset on April 24, 1981, was examined by Reames et al. [1990] using ISEE-3
solar-wg ergetic-proton measurements; this particular SPE is not on the NOAA SPE list but
is on vt@mjrt et al. [2004] SPE list. In the top panel of Figure 2 the differential fluxes of
energef§c protons as measured by the Goddard Medium Energy Experiment [McGuire et al.,
1986]4Md the IMP-8 spacecraft in the solar wind are plotted as functions of time for 13 days
in 198 smwagious energies from 1 - 20 MeV are plotted in the various colors. The GSE X position
of IMlﬁplotted as the black points in the top panel when X>0; IMP-8 was in a 12.4-day

quas@tr orbit with a radius of 30 - 40 Rge. When X>0 IMP-8 was out in front of the Earth in
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the solar wind and magnetosheath, and IMP-8 is in the solar wind or the magnetosheath in all
portions of its orbit except the -X extrema when in is passing through the magnetotail. In Figure
2 the -X extrema occurred on day 121; the Magnetic Field Experiment on IMP-8 [cf. Paularena
and King, 1999] indicates magnetotail-like magnetic-field orientations from day 121.33 to day
122.93"I'H'! onset time of the SPE as measured by the IMP-8 spacecraft in the solar wind is
denote '@ e first vertical red dashed line in Figure 2. At the marked SPE onset time (16:20 UT
on Apdleed, 1981) the location of IMP-8 was GSE (X,Y,Z) = (22.6,-25.4,-12.2) Rg. The
termin&m_pf the SPE as determined by the proton fluxes on IMP-8 (probably in the magnetotail
at that is denoted by the second vertical red dashed line. In the second panel of Figure 2 the
raw cog?ates in the 1 - 1.3 MeV CPA proton channel onboard four geosynchronous spacecraft
(1976-458,#4977-007, 1979-053, and 1981-025) are plotted for the 13 days. The high proton
count geosynchronous orbit in the second panel temporally correspond to the high fluxes
of enerr;;eﬁc;:)rotons in the solar wind in the first panel, with a time lag of about 5-6 hr from the
solar \@o geosynchronous orbit. In the third panel of Figure 2 the temperature T, of the
proton gaggdion belt is plotted for the CPA measurements on the four geosynchronous spacecraft.
In the manel note the temperatures prior to the onset of the SPE and after the termination of
the ﬁese are the typical temperatures for the proton radiation belt at geosynchronous orbit.
Duri

at geosynchronous orbit is greatly elevated (e.g. the blue halo points in Figure 1). In the fourth

PE (between the two vertical dashed lines) the hot-Maxwellian proton temperature

panel Wre 2 the number density n, of the hot-Maxwellian fit to the protons is plotted for the
four g hronous spacecraft; during the SPE the fit is dominated by the very-hard-spectrum
SPE pm
would e to eliminate all data where T, is greater than or equal to about 150 keV -- for fear of
overm', that is not done in the present study.

ﬂination of the CPA electron count rates and density and temperature fits indicates
that co

nation of the electron-radiation-belt measurements at geosynchronous orbit by CPA

are r@gly affected by solar proton events.

and the density is depressed. One way to eliminate all SPEs from the CPA data set

This article is protected by copyright. All rights reserved.



3. Statistics of the Proton and Electron Radiation Belts at Geosynchronous Orbit

In Figure 3 the occurrence distributions of five radiation-belt parameters for protons and
electrons at geosynchronous orbit are plotted for the 1976-1995 CPA data set: protons in blue
and electrons in red. The mean and median values of the five parameters for the proton radiation
belt H!'l']'El’éctron radiation belt are collected into Table 1. In the top panel of Figure 3 the
occurrtributions of the base-10 logarithms of the number densities are plotted; note in
this pagglathat the number of radiation-belt protons at geosynchronous orbit is an order of
magnithmeater than the number of radiation-belt electrons (see also Table 1 and Figure 1). In
the se anel of Figure 3 the distributions of the temperatures of the proton and electron
radiaticggs are plotted: the electron radiation belt is hotter (has a harder spectrum) than the
protongiligtion belt. In the third panel of Figure 3 the occurrence distributions of the base-10
logarit the 1-MeV differential fluxes of protons and of electrons are plotted. The flux of 1-
MeV Qns at geosynchronous orbit is about 1000 times greater than the flux of 1-MeV
proton@eosynchronous orbit despite the number density of protons being 10 times larger.

This Imlectron flux is because (1) the electron spectrum is harder and (2) the low-mass

electro more mobile (a 1-MeV electron has a speed of 2.82x10" cm/s while a 1-MeV
prOEspeed of 1.39x10° cm/s -- more than an order of magnitude higher). In the fourth
pan sgiire 3 the occurrence distributions of the base-10 logarithm of the specific entropy S

of the radiation-belt protons and of the radiation-belt electrons are plotted. The specific entropy S

is the Lmher density of adiabatic invariants per unit magnetic flux [Borovsky and Cayton,

2011]: e protons the standard expression S, = T,/n,2® is used and for the electrons the
relativistic expression (eq. (7) of Borovsky and Cayton [2011]) Se ~ Te(1+(To/137.9)127%)V1275n,
Ris t geosynchronous orbit the specific entropy of the electron radiation belt is typically

an oredmaddmagnitude greater than the specific entropy of the proton radiation belt. In the fifth
panel gre 3 the occurrence distributions of the base-10 logarithms of the energy density nT
(in ev/cm™)_ of the proton and electron radiation belt at geosynchronous orbit are plotted. The

protagfTafliation-belt energy density is on average higher than the electron-radiation-belt energy

10
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density at geosynchronous orbit. Mean and median values appear in Table 1. These radiation-belt
energy densities can be compared with the energy density of the ion plasma sheet, which has the
greatest energy density and particle pressure at geosynchronous orbit; for typical ion-plasma-
sheet parameters of n ~ 1 cm™and T ~ 10 keV (cf. Fig. 1 of Borovsky et al. [1998b]) the energy
densﬁﬂ'ﬂﬂﬂe ion plasma sheet is nT ~ 10* eV/cm®, about two orders of magnitude greater than
the ensity of the proton radiation belt. For protons, the kinetic pressure (in units of nPa)
of the gkatan radiation belt can be obtained by multiplying the energy density by 1.07x10™;
owing h.;alativistic effects multiplying the energy density of the electron radiation belt by
1.07x]@|ds a slight overestimate of the electron-radiation-belt pressure. Mean and median

pressure vglues appear in Table 1.

wlocal-time dependence of radiation-belt parameters at geosynchronous orbit is
investigate(y in Figure 4, with proton-radiation-belt parameters plotted in blue and electron-
radiation-belt parameters plotted in red. Each point in Figure 4 represents a logarithmic average
of all m data in the 8-satellite CPA data set in that hour of local time. (The logarithmic
averag quantity Q is 10%, where x = <log;o(Q)>.) In the top panel the 1-MeV particle flux is
pIottedm the proton flux multiplied by a factor of 1000. Black horizontal dashed lines are

dravE:de the eye. The vertical axis is logarithmic; the dayside to nightside proton flux

vari ost one order of magnitude in the top panel. The peak of the electron flux is located
slightly dawnward of local noon; this pre-noon local-time maximum of the 1-MeV flux is
familiahﬁhthe electron radiation belt as seen by the multisatellite SOPA data set (cf. Fig 3 of
Dento . [2010]) and may be related to a maximum in the geosynchronous magnetic-field
strengm dawnward of local noon (cf. Fig. 6 of Borovsky and Denton [2010b]). In the top
pane@ure 4 the 1-MeV proton flux does not show this dawnward shift; the proton flux
max il near local noon. It is well known that this dayside peak in the flux (and the density

and thgperature) is caused by the conservation of the first adiabatic invariant causing

orbitin rgetic particles to move further out on the dayside than on the nightside in the
dist agnetosphere, leading to a dayside geosynchronous spacecraft sampling deeper into
11
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the radiation belt than does a nightside geosynchronous spacecraft [e.g. Roederer, 1967; Denton
et al., 2010]. In the second panel of Figure 4 the local-time dependence of the radiation belt
temperatures are plotted. As can be seen the temperature of the electron radiation belt (red) is
maximum dawnward of local noon (see also Fig 3 of Denton et al. [2010]). For the electron
radiaﬂ'dﬂ'ﬂ'dt the dayside increase in temperature over the nightside temperature is about a 10%
effect. perature of the proton radiation belt (blue) shows a very slight maximum in the
vicingtye@fdocal noon, a less-than-10% effect. In the third panel of Figure 4 the number density
of the m radiation belt and the electron radiation belt are plotted as a function of local time.
Both tig® pMgtons and the electrons show a density maximum just dawnward of local noon and
show Sﬁ?a at local midnight; this pattern for the electron radiation belt at geosynchronous
orbit i iar (e.g. Fig 3 of Denton et al. [2010]).

earson linear correlation coefficients between the number density, the temperature,
and them;v particle flux are displayed in Figure 5 for the proton radiation belt (left) and for
the elégtron radiation belt (right). For the proton radiation belt the correlation between the
logarit the 1-MeV proton flux and the logarithm of the temperature is 0.74 whereas the
correlam
densgly -0.01; this indicates that variations in the the 1-MeV proton flux are strongly
relat

etween the logarithm of the 1-MeV proton flux and the logarithm of the number

riations in the the temperature of the proton radiation belt. On the contrary in the
right-hand side of Figure 5 the 1-MeV electron flux is more strongly correlated (0.87) with the
numbemity of the electron radiation belt than it is with the temperature of the electron
radiati (0.53); this indicates that variations in the 1-MeV electron flux are more controlled
by vari s in the number density of the radiation belt than they are by its temperature.
Estrong temperature dependence of the 1-MeV flux for the proton radiation belt
(Figumay be because 1 MeV is further out on the tail of the energy distribution of the
proton it is on the energy distribution of the electrons, and the flux out on the tail of a
distribjs very sensitive to the temperature of the distribution. This is demonstrated in Figure
6, we differential flux at 1-MeV is plotted as a function of the temperature of a

12
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Maxwellian (exponential) distribution. At low temperature the flux at 1 MeV is low; as the
temperature increases the flux rises rapidly with increasing temperature until a maximum of the 1
MeV flux is reached. Heating beyond this point actually lowers the flux at 1 MeV. As noted in
Table 1, the median temperature of the proton radiation belt at geosynchronous orbit is 79 keV
and t‘f'l'!'f'ﬂ!&ian temperature of the electron radiation belt at geosynchronous orbit is 172 keV.
The bl @ ion of the curve in Figure 6 is the 1-MeV flux as the temperature goes from 74 keVV
to 84, kedldhe red region of the curve is the 1-MeV flux as the temperature goes from 167 keV to
177 keLEgr the 10-keV change in the temperature around 79 keV the proton flux increases by a
multipltatMe factor of 3.90 whereas for a 10-keV change in the temperature around 172 keV the
electrog increase is only by a multiplicative factor of 1.24. Another way to look at this is
that fo lack curve in Figure 6, the derivative dlog:o(F)/dT = 6.0x1072 keV™* at T = 79 keV
and dI%)/dT = 9.7x10° keV?* at T = 172 keV, a factor of 6.2 higher at the proton
temperature than it is at the electron temperature. Power-law fits to the blue and red regions of
the curﬁld Fo T at 79 keV and F o« T*® at 172 keV.

ggure 7 the properties of the proton radiation belt (blue) and the electron radiation belt
r

(red) a mined through two solar cycles. In the top three panels each point plotted represents
a loga ic average of all of the data in the 8-satellite CPA data set for that calendar year. In
the anel of Figure 7 the monthly sunspot number is plotted as a function of time for the

years 1976-1995; three solar minima and two solar maxima are contained in this time period. In
the top&aﬁel of Figure 7 the 1-MeV differential flux of electrons (red) and protons (blue) are
pIotted@ logarithmic vertical axis. The electron flux in the top panel shows the familiar
maxima during the declining phases of the solar cycle (cf. Fig. 4 of Denton et al. [2010]), with
the Wing phase being well known for the presence of high-speed-stream-driven storms
[Richefeleasd et al., 2001]. The proton flux (multiplied by a factor of 1000) plotted in the top
panel gts minima at solar maxima and exhibits maxima at solar minima. Note that the

proton TIuxes are susceptible to SPEs that were not cleaned out of the CPA data set, with higher-
than fluxes occurring during SPEs (cf. Figure 2); SPEs tend to occur more frequently

13
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during solar maximum so the true minima of the proton-radiation-belt fluxes during solar
maxima may be even lower than the values plotted in Figure 7. In the second panel of Figure 7
the temperatures of the proton radiation belt and the electron radiation belt are plotted. The
electron radiation belt shows slight temperature maxima during the declining phases of the solar
cycle‘E'Hig. 4 of Denton et al. [2010]); no clear solar-cycle dependence is seen for the
tempethe proton radiation belt. In the third panel of Figure 7 the number densities of the
prot@n gadigtion belt and the electron radiation belt are plotted. The electron-radiation-belt
densit)&nd_[he proton-radiation-belt density both show minima at solar maxima and maxima at

solar n—@

4, TI’E’Qoton and Electron Radiation Belts during High-Speed-Stream-Driven

Geom ¢ Storms

mudy high-speed-stream-driven storms in the CPA era (1975-1995), a collection of 94
high-sffeed-stream-driven storms in the years 1976-1995 is utilized (cf. Table 2). In the modern
era wi availability of quality solar-wind measurements, the authors have identified high-
speed-m
201 1dentifying corotating interaction regions (CIRs) in the solar-wind data, (2) looking for
Iongﬁgh-speed streams in the solar-wind data that follow the CIRs, and (3) looking at the

-driven storms by [e.g. Denton and Borovsky, 2008; Borovsky and Denton 2010b,

Kp index to ensure that a storm occurred. Then (4) the magnetic-field, proton-temperature, and
electrowﬂ structure of the solar-wind data is examined to ensure that the CIR is not
domin a magnetic cloud. Magnetic clouds are usually ejected from the magnetic sector
reversmelmet streamers [Foullon et al., 2011] or from the double sector reversals of
pseudogtreamers [Liu, 2007], both of which appear at 1 AU on the leading edges of CIRs; if a
magwud is prevalent in the CIR, the event is rejected as a storm of “mixed origin”.
Unfort;y, prior to 1995 solar-wind measurements are sparse. In the OMNI2 multisatellite
data b

onlyﬁe 55% of the time. In the CPA era from 1976 through 1995, years with good solar-

ing and Papitashvili, 2005] for 1976-1994, solar-wind velocity measurements are

14
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wind data coverage are 1976 through mid 1978 with the IMP-7 and IMP-8 spacecraft, mid 1978
through mid 1982 with the ISEE-3 spacecraft, and 1995 onward with the Wind spacecraft.
Particularly poor coverage occurs in the years late 1982 though 1994 where the IMP-8 spacecraft
provided solar-wind data about 40% of the time with a few-days-on/few-days-off pattern of
coveﬂg'r'

tify high-speed-stream-driven storms in the eras of poor solar-wind data coverage,
27-dgyakeneating patterns of high Kp are sought, particularly temporal patterns wherein Kp starts
low, tMes rapidly, and then stays high for a few days [cf. Forster et al., 2013]. After
identi uch a repeating Kp pattern, the available solar-wind data is checked to ensure that
there mv wind in the low-Kp interval and that there is high-speed wind in the high-Kp
intervak Xu and Borovsky [2015] plasma-identification scheme is applied to the available
solar- easurements to ensure that the solar wind during the Kp storm is of coronal-hole
originﬂt, the event is rejected. The available solar-wind data is examined to look for
anomalpusly low solar-wind proton temperatures and/or out-of-ecliptic IMF orientations, both of
which gadicators of magnetic clouds [Gosling et al., 1973; Burlaga et al., 1981; Borovsky,
2010a]m
streﬁn storms were identified in 1976-1992. The onset time of each storm is taken to be

the g f the first 3-hr period when the 3-hr-resolutiion Kp index reaches a level of 4 or

cloud is prevalent, the event is rejected. Following this method, 62 high-speed-

higher. The Kp index is a very good measure of the strength of magnetospheric convection
[Thom¥g,_2004]; it can be said that the onset time is taken to be the time at which
magne ric convection reaches storm levels. These onset times are listed in Table 2.

mis list of 62 newly-identified storms, 32 storms in 1993-1995 that were identified for
prior h{gh-speed-stream-driven storm studies [e.g. Borovsky and Denton, 2010b] are added for a
total Wtorms in 1976-1995. (These are from a collection of 70 high-speed-stream-driven
stormsml 93-2005.) The onset times of the 32 added storms is the time at which MBI
(Midniﬁ
geo IC activity increases; this is equivalent to Kp reaching 3.7. These onset times are listed

oundary Index [Gussenhoven et al., 1983]) crosses through the value 60.7° as
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in Table 2. The accuracy of the Kp-based storm-onset trigger time is about 3 hours in the 1976-
1992 storms; the accuracy of the MBI-based storm-onset trigger time is about 30 minutes for the
1993-1995 storms.

4.1. wsed Averages Triggering on Storm Onset

@re 8 the trigger times of the 94 storms (see Table 2) are examined in a solar-
rotatipraersus-time plot. Here time is broken into 27.27-day-long intervals, one interval for each
rotatioLgI_];he sun. The data is then plotted as the day during the 27.27-day-long interval
(horizgffitalversus the fractional year of the interval (vertical). Times when Kp > 4 are plotted as
small black points; 27-day repeating storms appear as the vertical clusters of black points on the
plot. S&rgf of these storm groups can be seen in 1973-1974, in 1983-1985, in 1993-1996, and
in 2003- , Which are during four declining phases of the solar cycle. The collection of 94
storm onsets in the CPA era are plotted as the large red dots. Storms in the 70-storm collection
after 1995 are plotted as the large blue dots. Storm triggers that are repeating every ~27 days can
be seeryped@77, 1984, 1994, and 2003-2005.

rcﬁgure 9 superposed epoch averaging is used to compare the solar-wind speed, the
solaﬁensity, the AE index, and the Kp index for the new collection of 62 storms in 1976-
199

high-speed-stream-driven storms [e.g. Borovsky and Denton, 2010b]. In the bottom panel of

e collection of 70 storms in 1993-2005 that have been used in previous studies of

Figureh.ﬁh.e superposed average of the Kp index is plotted for the two sets of storms. The

vertic ed line indicates the onset times of the storms in each collection. The horizontal

dashem

Kp in is below average: this is because most high-speed-stream-driven storms are preceded

by a_“p]m;before the storm” [Borovsky and Steinberg, 2006; Borovsky and Denton, 2013]

whereimﬂagnetic activity is unusually low. In the third panel of Figure 9 the superposed
h

marks the average value of Kp, which is 2.3. Note prior to the storm onset that the

averag e AE index is plotted for the two sets of storms, triggered on storm onset. The
tem rofile of the superposed average of AE mirrors the temporal profile of Kp. In the top
16
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panel of Figure 9 the superposed average of the solar-wind speed is plotted for the two sets of
storms. Note that the rise times of the speed are systematically different in the two sets, probably
owing to the inaccuracy of the trigger times in the 1976-1992 storms. Note also that the
superposed average of vg, is noisier for the 1976-1992 storms owing to the scarcity of solar-wind
data U*I'Hg'!nat era. In the top panel the characteristic slow wind followed by fast wind pattern is
seen. | .@ second panel of Figure 9 superposed averages of the solar-wind number density are
plottgddaLdhe two sets of storms. Prior to the storm the superposed average of the density of the
streamw plasma is slightly higher than the density of the coronal-hole plasma during the
storm; phis'% caused by the presence of non-compressive density enhancements in the solar wind
[GoslirQal., 1981; Borrini et al., 1981] likely to be sector-reversal-region plasma [Xu and
BoroviﬂlS]. Near the time of storm onset the number density is particularly high owing to
the co ion of the solar wind in the corotating interaction region [Gosling et al., 1978;
Richtere:m_uttrell, 1986; Borovsky and Denton, 2010c].

n Figure 10 the evolution of the proton radiation belt and the electron radiation belt are
exami ring high-speed-stream-driven storms using CPA measurements and the 94 storms
of 197m. In the bottom panel of Figure 10 the superposed average of the Kp index is plotted,
with ertical dashed line representing storm onset as determined by Kp. In the top panel of
FiguE superposed logarithmic averages of the 1-MeV flux of electrons (red) and protons
(blue) are plotted for the storms. (The superposed logarithmic average of a quantity Q is 10%
where g:_<loglo(Q)> is the superposed average of logip(Q).) The electron flux shows the
famili torm decay [Borovsky and Denton, 2009a], stormtime dropout [Borovsky and
Dentomb], and then recovery and growth during the storm [Borovsky and Denton, 2010a].
The @sed average of the 1-MeV proton flux shows a shift to higher fluxes from before the
stornm to after the storm onset. Note that this increase in the average proton flux
commﬁearly 1 day prior to the storm onsets. It is possible that this early increase in the

superp verage of the 1-MeV proton flux at geosynchronous orbit is caused by increases in
the of solar-wind energetic protons associated with corotating interaction regions [cf.
17

This article is protected by copyright. All rights reserved.



McDonald et al., 1976; Reames et al., 1991; Richardson, 2004], producing a mild SPE-like
effect; this possibility will be investigated further at the end of this subsection.

In the second panel of Figure 10 the superposed logarithmic averages of the number
densities of the radiation-belt protons (blue) and electrons (red) are plotted for the storms. The
eIectiﬂi‘U‘H‘gity shows (1) a decay before the storm, (2) a dropout near the onset of the storm, (3)
a reco density early in the storm, and then (4) reaching a constant density, four
evolytignany stages that are familiar from the studies of the electron radiation belt at
geosynhmn,ous orbit with SOPA [Borovsky and Denton, 2010b, 2011a]. In the second panel the
superpg®ed¥gverage of the density of radiation-belt protons (blue) shows a constant density prior
to storSQet and a shift to higher density during the storms. In the second panel (triggered on
storm s seen by Kp) this proton-radiation-belt density increase looks like a gradual shift to
higher y but in individual events it is usually a sudden jump to higher density. This sudden
proton-;m;ion-belt density increase will be investigated in Section 4.2.

Ehe third panel of Figure 10 the superposed logarithmic averages of the radiation-belt
temper. (spectral hardnesses) for protons and electrons are plotted. The electrons (red) show
a consmﬂperature during the density decay before the storm, a drop in temperature when the
radi elt density recovers, and a slow heating during the duration of the storm, all signatures
thatagiliar from the studies of the electron radiation belt at geosynchronous orbit with
SOPA [Borovsky and Denton, 2010b, 2011a]. The superposed average of the proton temperature
shows Mrease commencing before storm onset and a return to average values shortly after
storm mThis slight day-or-two enhancement of the proton-radiation-belt temperature might

be cau y enhanced solar-wind energetic-proton fluxes associated with the corotating

inter@gions (see analysis below).

_'Ln_Epure 11 the superposed averages of Figure 10 are replotted from 40 days prior to
storm 0 40 days after storm onset where the 27-day-repeating nature of the behavior can
be seerml center vertical dashed line marks the storm onsets and the other two vertical dashed

Iinesﬁ:ated 27 days before and after the storm onsets. In the bottom panel the 27-day
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repeating activation of the Kp index is seen and in the red curves of the top three panels clear 27-
day repeating enhancements of the 1-MeV electron flux, the electron-radiation-belt number
density, and the electron-radiation-belt temperature are seen. The electron dropout signatures that
are seen at the storm onsets in the second panel are too narrow in time to be seen in the 27-day
repeﬂ'fbﬂ?#\ce the repeat periods vary somewhat from storm to storm as coronal-hole features
on therface evolve with time. In the blue curve of the top panel of Figure 11 the step
increasgadatine 1-MeV proton flux shows a 27-day repeating pattern and in the second panel the
enhanw of the proton-radiation-belt number density after storm onset shows a 27-day
repeati tern. In the third panel, the slight temperature increase of the proton radiation belt
near stm\set is too small to show a 27-day repeat.

ontamination of the geosynchronous proton measurements by enhanced proton
fluxes solar wind associated with corotating interaction regions is investigated in Figure 12.
Here, g subset of the 94 high-speed-stream-driven storms the superposed logarithmic
averag§s of the proton-radiation-belt temperature and of the fluxes of energetic protons in the
solar vy s measured by the IMP-8 spacecraft are plotted. Only IMP-8 energetic-proton
measums that have been screened to eliminate magnetospheric contamination (since IMP-8
avai he OMNI2 data set [King and Papitashvili, 2005] prior to 1988. Hence, the subset is

45 of the 94 storms in the years 1976-1987. In the bottom panel of Figure 12 the superposed

spenﬁf its orbit in the magnetosphere) are used: those screened IMP-8 measurements are

averagk_gj_the solar-wind integral proton fluxes for three energies are plotted. A slight 2-day-
long e ment in the solar-wind fluxes is seen commencing slightly before t=0; similarly a 2-
day-lomancement of the measured proton temperature at geosynchronous orbit is seen in the
top pael of Figure 12. The signatures in the two panels of Figure 12 are not identical, but the
data 0 VEET S of CPA and of IMP-8 going into the superposed averages are not identical. Figure
12 is ﬂ suggestive that enhanced solar-wind fluxes of energetic protons associated with

CIRs

<

e the origin of the tendency to have enhanced proton-radiation-belt temperature
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seen during the CIR portion of high-speed-stream-driven storms. This is discussed further in
Section 5.4.2.

4.2. Radiation-Belt Density Dropouts and Density Enhancements

"SEV!raI of the points discussed in Section 4.1 about the proton and electron radiation
belts me clearer in this section when the superposed averaging is triggered on the times
of drgnaiitsand recoveries of the radiation-belt densities.

Men in Figures 10 and 11, the radiation-belt electrons during high-speed-stream-
driven gtor™ys show distinct density dropouts [cf. Freeman, 1964; Nagai, 1988; Onsager et al.,
2002; GCFQ et al., 2004; Borovsky and Denton, 2009a; Morley et al., 2010] followed by density
recoven orovsky and Denton, 2010a, 2010b, 2011a; Denton and Borovsky, 2010]. Figures
13 and ill show that those electron-density dropout and recovery features are much more
abrupt ghey appear in Figure 10.

Egure 13 the superposed epoch averaging is triggered on the identified onset times of
electromny dropouts in the storm collection. Not all storms produce electron dropouts and
the de

2006, ovsky and Denton, 2009b; Morley et al., 2010]; additionally, data gaps preclude the
idenii of dropout onset times for some storms. 48 of the 94 storms that showed strong

d widths of the dropouts can vary [e.g. Selesnick, 2006; Borovsky and Steinberg,

dropouts identified on the multiple spacecraft available are used for superposed averaging in
Figure®3,_As can be seen by the red electron-radiation-belt curve in the bottom panel, the
dropou abrupt. The 1-MeV electron flux (second panel) drops abruptly with the density
dropoum

dens@s. The top panel of Figure 13 plots the superposed average of the AE index: as seen
the w density dropout in the bottom panel tends to occur in the rising levels of
geomaﬁactivity near the onset of the geomagnetic storm.

the electron temperature (third panel of Figure 13) becomes slightly elevated as the

e two proposed mechanisms for stormtime electron dropout ((1) magnetopause
shad%e.g. Desorgher et al., 2000; Ukhorskiy et al., 2006; Shprits et al., 2006; Kim et al.,
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2008] and (2) pitch-angle scattering into the atmosphere [e.g. Cornwall et al., 1970; Fraser and
Nguyen, 2001; Meredith et al., 2003; Jordanova et al., 2006; Thorne et al., 2006]), the research
community favors magnetopause shadowing caused by the combination of (a) an inward
movement of the magnetopause by enhanced solar-wind ram pressure and (b) enhanced radial
diffu?l'&ﬂ'ﬂ* been gaining favor [e.g. Turner et al., 2012; Yu et al., 2013; Ozeke et al., 2014].
Note id panel of Figure 13 that the robust dropout of the number density of the electron
radigfiQRaalt (red curve) is not accompanied by a strong dropout of the number density of the
protonhdmion belt (see also Green et al. [2004]). Similarly in the second panel of Figure 13,
there i ar dropout of the 1-MeV electron flux but not of the 1-MeV proton flux. (On the
contrag examination of a CME-driven storm by Turner et al. [2014] does find a proton
dropo mpanying an electron dropout.) For the high-speed-stream-driven storms examined
here, k of proton dropouts poses a dilemma if the electron dropout is caused by
magne‘pal;e shadowing: the azimuthal drift speeds for protons and electrons at 1 MeV are
about tge same (cf. Fig. 6 of Schultz and Lanzerotti [1974]), and so the geosynchronous-orbit 1-
MeV ns and the geosynchronous-orbit 1-MeV protons should have very similar radial
diffusimfficients and should simultaneously both be showing losses to the magnetopause.
Whe 4 individual storms are examined for rapid decreases in the proton-radiation-belt
denE\ signatures are rare. The storms do however show prominent signatures of abrupt
enhancements of the number density of the proton radiation belt; these enhancements will be
investimlater in this section, after the electron enhancements are investigated.

igure 14 the superposed epoch averaging is triggered on the time of electron-
radiati(gt density recovery, using 47 of the 94 storms that had prominent identifiable
recmﬂe& The abruptness of the density recovery can be seen in the red curve in the bottom
panel_q_ﬂwre 14, where the electron-radiation-belt density rapidly increases and then levels out
toac t value during the storm. Note two things about the electrons at the time of the
densitmery. First, the superposed average of the temperature of the electron radiation belt

dropqpanel of Figure 14) as the density increases: this indicates that the electrons moving
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into geosynchronous orbit to form the density recovery are cooler than the electrons that were
there before the dropout. Second, the majority of the increase of the 1-MeV electron flux (second
panel of Figure 14) occurs much later than the electron-density recovery. This large increase of
the electron flux is associated with a slow but steady increase in the temperature of the electron
radiaﬂ'dﬂ'ﬂ'dt (third panel of Figure 14) during the several-day-long high-speed-stream-driven
geomaorm [Borovsky and Denton, 2010a], about 24 keV per day of temperature change
in Figuedd. In the top panel of Figure 14 the superposed average of the AE index is plotted
triggerﬁ_gn.the number density recovery of the electron radiation belt. Note the localized peak
in the gupM™posed average of AE at the time of the electron density recovery; this peak is
sugges%?f the occurrence of a substorm at the time of electron-radiation-belt density recovery.
(Note eak in the superposed AE index is not seen in Figures 9 or 13 where the triggering
is on s nset and on electron dropout.) Examining the available 1-min-resolution auroral-
electrOJ;-$ndoex data for the 47 electron density recoveries it is found that 37/45 = 82% of the
enhancgments are temporally associated with sudden increases in the magnitudes of AL and AE
that ar istent with substorm expansion phases. The sudden increases in the AL and AE
magnitmhat are temporally correlated with the sudden density recoveries of the outer

subs

elect adiation belt are typically a few-hundred nT in size: these strong-stretching-phase
e not extremely large substorms by auroral-electrojet standards. Substorms that

occur later in the high-speed-stream-driven storms have noticeably larger auroral-electrojet
amplitdges

en in the bottom panel of Figure 14, there is an enhancement of the superposed
averagge number density of the proton radiation belt associated with the abrupt recovery of
the e@radiation-belt density. By focusing the superposed-epoch averaging on the times of
suddm.n density recovery, this proton density enhancement is investigated in Figure 15.

ggure 15 the superposed epoch averaging is triggered on the time of abrupt density
increasjhe proton radiation belt during the storms. 28 of the 94 storms that showed
pro%pid increases in the proton-radiation-belt density near storm onset were used in
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Figure 15. In the bottom panel the superposed average of the number density of the proton
radiation belt is plotted in blue; note the sudden increase by about a factor of 3 of the superposed
average. In the bottom panel a similar increase in the superposed average of the number density
of the electron radiation belt is seen at the time of the proton-density increase. Comparing the
bottoT'I'l'pEH'gls of Figures 14 and 15, the electron-density increase follows a prominent dropout
(decreFigure 14), whereas a much weaker proton-density decrease precedes the density
enhagcgmaent of the protons (cf. Figure 15). In the second panel of Figure 15 the superposed
averangI the 1-MeV differential fluxes of protons (blue) and electrons (red) at
geosynghrdyous orbit are plotted. Note the sudden increase of the 1-MeV proton flux at the time
of ther%:y increases. A similar increase in the 1-MeV flux of electrons is seen, but that
increa: warfed by the electron-flux increase during the first two days of the high-speed-
stream* storm (see also Figure 10). In the top panel of Figure 15 the superposed average of
the AE%(ﬂis plotted, triggered on the time of the density increase of the proton radiation belt.
Note tife very distinct localized peak in the average of AE at the trigger time: this is suggestive of
enhanc bability of the occurrence of a substorm at the time of increase of the proton
radiatim Indeed, examination of the available 1-min-resolution auroral-electrojet-index data
for proton density enhancements finds that 24/25 = 96% of the enhancements are
temE&sociated with sudden increases in the magnitudes of AL and AE that are consistent
with substorm expansion phases. As was the case for the electron density recoveries discussed
above,Mdden increases in the AL and AE magnitudes that are temporally correlated with the
density; cements of the outer proton radiation belt are typically a few-hundred nT in size, so
these sQltretching-phase substorms are not extremely large substorms by auroral-electrojet
standais. Substorms that occur later in the high-speed-stream-driven storms have noticeably
Iargeqml-electrojet amplitudes.

pgures 16-21 four examples of proton-density increases and electron-density increases
will bejned in detail. In these examples the raw proton and electron count rates in the CPA

instr%will be scrutinized to see the reactions during the density recoveries. Three

23
This article is protected by copyright. All rights reserved.



conclusions will be vyielded by Figures 16-21: (1) the radiation-belt density increases are
associated with the occurrence of a substorm during the strong-stretching phase of the storm, (2)
there are clear increases of the electron and proton count rates occuring over a broad range of
particle energies, and (3) protons and electrons of up to 1 MeV are injected into geosynchronous
orbit?‘ﬂﬁ'&nset time of this strong-stretching-phase substorm.

@imstorm association investigated with two examples of proton-radiation-belt
increasgsalldligures 16 and 17. A proton-radiation-belt density enhancement near the onset of a
high-smtream-driven storm on Day 157 (June 6) of 1985 is investigated in Figure 16. In the
30-mingfte Mgsolution CPA data set, the proton-radiation-belt density increase occurs between
15:15 Hd 15:45 UT on Day 157. In panels (a), (b), and (c) of Figure 16 log-log plots of the
proton -rates in the CPA detectors onboard three geosynchronous spacecraft versus the
mean s of the proton channels; the lower 9 channels measure integral fluxes (that channel
and thi%r-energy channels) and the higher 6 channels measure differential fluxes. The step
in the @rates at ~500 keV is due to the difference in geometric factors between the CPA
low-en etectors and the CPA high-energy detectors: it is not a jump in the differential
fluxes mmagnetosphere. The measured count-rates are plotted at five different times in five
diffe olors. For spacecraft 1984-037 located at about 20 LT (panel c) an enhancement of the
cour‘Et all energies up to 1-MeV is clear, with that enhancement occurring between 15.25
and 15.75 UT on Day 157: the red and orange curves have lower count-rates and the green, blue,
and puligle curves have higher count-rates. The enhancement of the count-rates is also seen at
dawn a) (on spacecraft 1984-129) and on the dayside (panel b) (on spacecraft 1982-019).
In panmof Figure 16 the AL index (-AL) is plotted as a function of time for 6 hours on Day
157.@ rise in the magnitude of AL commencing at about 15:30 to 15:34 UT is indicative
of thq_qmpf a substorm [cf. Tanskanen et al., 2001; Weygand et al., 2008]. The times at which
the CP nt-rate curves are made are marked as the 5 colored points in panel (d). The red and
orangeﬁes with the lower count-rates were created from measurements taken before the

subs@et and the green, blue, and purple curves with higher count-rates were created from

24
This article is protected by copyright. All rights reserved.



measurements taken after the substorm onset. The green-curve in panel (a) at dawn appears to be
making the transition from low count-rates to high count-rate whereas it has fully made the
transition in (panel c) near the nightside. Energetic ions drift counter to the rotation of Earth,
going from the nightside to dusk to noon and then to dawn with the highest energies traveling the
faste?t"l'f'l!'shape of the green curve in panel (c) reflects this, with the higher-energies having
made he low-to-high transition than the lower energies. Unfortunately there was no data
on spagagraft 1982-019 to make the 15.75-UT curve at local noon.

Mond proton density enhancement near the onset of a high-speed-stream-driven storm
on Day36 ¥-ebruary 5) of 1985 is investigated in Figure 17. The density increase commences at
about >gﬂ?UT on February 5. In panels (a), (b), and (c) of Figure 17 proton count-rate curves
are cr t 5 different times and plotted in 5 different colors. All three geosynchronous
spacec t dusk (panel b), dawn (panel c), and dayside (panel a)) see an enhancement of the
proton count-rates at all energies up to and beyond 1-MeV somewhere between 13.75 UT and
14.75 |T on Day 36. In panel (d) of Figure 17 -AL is plotted as a function of time for 4 hours on
Day 3 Mg the times at which the 5 count-rate curves were produced marked as the 5 colored
pointstﬁge rise in the magnitude of AL that commences at about 14:13 UT is indicative of
the of a substorm. As can be seen in panel (d), the low-count-rate curves (13.25 UT and
13.75
and 15.25 UT) were produced after the substorm onset. The 14.25 UT curve (which is produced
from dwen in the time interval 14.0 - 14.5 UT) shows a transition in panels (a), (b), and (c)
that vagith local time; in panel (d) it is seen that the substorm onset is within that half hour

T to 14.5 UT. The green-curve appears least evolved (from low count-rates to high

ere produced prior to the substorm onset and the high-count-rate curves (14.75 UT

from 12
counﬂat dawn (panel c) (spacecraft 1984-037) compared with dusk (panel b) and local
noonma): the shapes of the green transition-time curves indicate the higher energies being
more fﬁnsitioned than the lower energies, commensurate with the nightside to dusk to noon

to daw

<

e of travel for ions and with higher-energy ions traveling faster.
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In Figures 18 and 19 the count-rates of the energetic electrons as measured by CPA
instruments in geosynchronous orbit are examined for the Day-157 and Day-36 proton-radiation-
belt density enhancements of Figures 16 and 17. In panels (a), (b), and (c) of Figure 18 for the
Day-157 proton enhancement a temporal transition to higher electron count-rates is seen at all
three‘dﬂ!@!raft (dawn, dayside, and dusk), and the enhancement of the electron count-rates
extendl MeV. (The step in the count rates at ~200 keV is due to the difference in
geongetrlefactors between the CPA low-energy detectors and the CPA high-energy detectors.)
Detaileﬂmparisons between the proton-count-rate curves of Figure 16 and the electron-count-
rate cupes™f Figure 18 for each of the spacecraft shows that the enhancement in the electron
countim@omes slightly later in time than the enhancement of the ion count-rates. The electron
count- r the Day-36 proton-radiation-belt density enhancement in Figure 19 also show the
distinc ncement at all energies up to 1 MeV. Comparison between the proton count-rates
(Figurem and the electron count-rates (Figure 18) again shows the result that the proton
enhancgment occurs prior to the electron enhancement (note the green curve in all panels).

udden recoveries of the number density of the electron radiation belt (cf. Figure 14)
are exm in Figures 20 and 21. For an electron-density-recovery event on Day 185 (July 4)
of 1 ectron count-rates are plotted at six different times in panels (a), (b), and (c) of Figure
nightside (panel a) (1984-129), pre-noon (panel b) (1982-019), and at dusk (panel c) (1984-037).
The Amx plot in panel (d) of Figure 20 indicates a substorm onset at about 12:03 - 12:06 on
Day 1 e 12.25 UT count-rate curves (green) are made from the half hour of data that spans
the onm.o - 12,5 UT). Note in panels (a), (b), and (c) that the green curve has not made the
trans@m low count-rates to high count-rates, except at the highest energies on 1984-129

ition in electron count-rates at energies up to and beyond 1 MeV is seen on the

near Mdnight (panel a). The electron-count-rate transition for the electron-density recovery
on Daﬁseems to occur somewhat after substorm onset begins. The case is different for an
electro sity recovery on Day 224 (August 12) of 1985; in panels (a), (b), and (c) of Figure

<C
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21 the clear transition from lower count-rates to higher count-rates occurs within the half hour
that contains the onset (at about 23:04) of the substorm as seen in the AL index in panel (d).

Note in Figures 20 and 21 that the energy spectra of the high-energy electrons is
noticeably softer after the count-rate enhancements than before the count-rate enhancements.
This ‘Idﬂ'l'o'lgreement with the decrease in the temperature (decrease in hardness) of the electron
radiatis the density recovers (cf. the second panel of Figure 14).

= mdemsudden delivery of a new electron-radiation-belt population and a new proton-
radiati(hihﬂt population to geosynchronous orbit during stormtime substorms will be discussed

further@tion 5.2

Author Manus
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5. Discussion

In this section a number of relevant topics are discussed.

5.1. Where in the Timing of the CIRs and High-Speed Streams Do Radiation-Belt Density
Drodﬂlﬂﬂﬁd Density Enhancements Occur

@Eern this timing, the properties of pertinent solar-wind parameters will be examined
withrespegt to the dropouts and recoveries. The pertinent solar-wind measurements that are
availal&_i,n_[he CPA era are the solar-wind speed vs,, (for determining the timing of the slow-to-
fast wiffid ™ansition across the CIR), the solar-wind flow longitude ¢s, (for determining the
timing of the east-west flow deflection in the CIR), the solar-wind magnetic-field strength Bmag
(for d ing the extent of the CIR compression and the location of the peak compression
[Borov nd Denton, 2010c, 2013]), the solar-wind density ns, (for determining the

importance of ram pressure), and the proton specific entropy S, = Teu/Nsy””

(for determining the
transitiga from low-entropy streamer-belt plasma to high entropy coronal-hole-origin plasma [cf.
Intrillimand Siscoe, 1994; Borovsky and Denton, 2010c]). Note that Ty, is the proton

temper of the solar wind. Solar-wind measurements from the OMNI2 database [King and

Papi di, 2005] will be used.
igure 22 the superposed averages of those solar-wind measurements are plotted with

the zero epoch being the onset time of the electron-radiation-belt density dropout (same zero
epoch Li,n.Figure 13). In the top panel of Figure 22 the superposed average of the solar -wind
speed mlotted; it is seen that the electron dropouts (t=0) are occurring on average during the

early p
corrob&ated by the second panel of Figure 22 where it is seen that the electron dropouts are

n of the rising solar-wind velocity, in the early portion of the CIR. This is

occu@n.njor to the reversal in the east-west (dawnward-duskward) flow of the solar wind.
That rm of the flow through zero is approximately the location of the CIR stream interface
separa reamer-belt plasma from coronal-hole plasma [Siscoe et al., 1969; Gosling et al.,

1978 ovsky and Denton, 2010c]. Hence the electron-radiation-belt dropouts are occurring
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while compressed streamer-belt plasma or compressed sector-reversal-region plasma is passing
the Earth prior to the passage of the stream interface. This is also confirmed by the red and green
curves in the bottom panel of Figure 22; the red S, curve shows the dropouts occurring in low-
entropy (streamer-belt or sector-reversal-region) solar wind [cf. Xu and Borovsky, 2015] and the
greeﬁ'ﬂm!urve shows that the dropouts occur before the peak of the compression of the CIR.
The bl .@. curve in the bottom panel indicates that the temporal occurrence of the electron-
radigjiQ@ahelt density dropout is associated with a peak of the solar-wind number density, which
also C(&g;npnds to a peak in the solar-wind ram pressure. Earlier studies [e.g. Onsager et al.,
2007; @ordysky and Denton, 2010b] also found that dropouts of the electron radiation belt were
associmm ram-pressure temporal peaks in the solar wind. The third panel of Figure 22 plots
the s ed average of the Newell et al. [2007] universal driver function for the

4/3 2/3

magne re v*°B"sin®(0/2), where Bt = (B,*+B,%)"? in the upstream solar wind and where

0 is the IMF clock angle. The driver function makes a transition from low values prior to the CIR
to hig ues during and after the CIR compression; this transition is because of the Russell-
McPhe, ffect and the probable occurrence of a magnetic sector reversal within or just prior
to the ggBorovsky and Steinberg, 2006; McPherron et al., 2009]. As seen in the third panel,
valuﬁ superposed average of the driver function are ~2000 before the CIR transitioning to
~80 he CIR. Dropout of the relativistic-electron flux is synonymous with dropout of the
density of the electron radiation belt; prior studies have reported that the electron flux dropouts
occur Lﬁhﬁ.compressed slow wind prior to the passage of the stream interface (cf. Fig. 2 of
Borovs@d Denton [2009b], Conclusion 1 of Morley et al. [2010], and Fig. 3 of Kilpua et al.
[2015].

Figure 23 the superposed averages of the solar-wind measurements are plotted with the
zero fackdbeing the onset of the electron-radiation-belt density recovery (same zero epoch as
Figure QThe top panel of Figure 23 shows that the electron density recoveries occur on

averag r in the rise of solar-wind speed from slow to fast. The second panel shows that the
elec diation-belt density recoveries tend to occur after the dawnward-duskward reversal
29

This article is protected by copyright. All rights reserved.



through zero of the solar-wind flow direction; i.e. after the CIR stream interface passes, in what
is compressed coronal-hole-origin solar-wind plasma. This is corroborated by the red S, curve in
the bottom panel showing that the electron number-density recoveries occur in high-entropy
coronal-hole plasma [Xu and Borovsky, 2015]. The green curve in the bottom panel of Figure 23
showg'hﬁ'l'ﬁe electron recoveries tend to occur after the peak compression (maximum of Bpag)
of the hich occurs near the stream interface. The blue ng, curve in the bottom panel
indigatgsdhat the electron-radiation-belt density recovery is occurring when the solar-wind
densitﬁha; subsided to lower levels. Hence, the electron number-density recoveries are
occurri Athin the CIR, in compressed coronal-hole plasma, just after the passage of the stream
interfaggte there have been earlier studies of the location of the recovery of the relativistic
electro in high-speed-stream driven storms, however the electron flux recovery is not the
same a lectron density recovery [cf. Borovsky and Denton, 2010b]: the flux recovery comes
after themsity recovery. Those earlier studies [Borovsky and Denton, 2009b; Kilpua et al.,
2010] Ypund that the relativistic-electron flux begins to recover in the CIR sometime after the
passag e stream interface. The third panel of Figure 23 plots the superposed average of the
univerm g2

1.5 Eo the onset of the radiation-belt electron density recovery (with a 1-hr time binning
int

er function v 8/3

sin”°(0/2): note the sharp peak in the superposed average about
osed averaging). Owing to the rapid variations in the direction of the solar-wind
magnetic field, the driver function varies rapidly with time in the individual time series going
into thhmerposed average. This peak in the superposed average is because times of stronger
drivin eing lined up together in the averaging process. One suspects that picking zero
epochmre the electron-density-recovery times is related to picking zero epochs that are
subs@currence times and that the peak in the superposed average in the third panel is the
relatiWong intervals of driving to the subsequent occurrence of substorms.

pgure 24 the superposed averages of the solar-wind measurements are plotted with the
zero emeing the onset time of the proton-radiation-belt density enhancement (same zero

epo Figure 15). The timing results for the proton-density enhancement (Figure 24) are

30
This article is protected by copyright. All rights reserved.



similar to the timing results for the electron-density recovery (Figure 23): the top panel of Figure
24 indicates that the proton density enhancement occurs within the interval of rising solar-wind
speed, the second panel indicates the proton density enhancement tends to occur after the stream
interface, and the bottom panel indicates that the proton density enhancement tends to occur after
the sU'Ii‘FWI!\d density begins to subside (blue curve) and in compressed high-entropy (coronal-
hole-oasma (red curve). The third panel of Figure 24 plots the superposed average of the

4/35 2/3 8/3
Bt

univgrsaladiver function v sin"°(6/2). Similar to the case in Figure 23, the third panel of
Figureh.ihows a sharp peak in the superposed average about 0.5 hr prior to the onset of the
radiatigh-be}t electron density recovery (with a 1-hr time binning in the superposed averaging).
The interpgetation of this peak is the same interpretation as that of Figure 23, only stronger. The
peak imed by the zero epoch being temporally associated with to the occurrence of a
substorm arl the peak is the short-term strong solar-wind driving that produces the substorm [e.g.
Morley et al., 2007; Boakes et al., 2011]; choosing the zero epoch to be proton density recoveries
is relat hoosing the zero epoch to be a substorm occurrence (but not just any substorm).
mmarize, the density dropout of the electron radiation belt tends to occur when the
solar-wggumber density (and solar-wind ram pressure) is maximum in the early portion of the
CIREhe passage of the stream interface, when compressed streamer-belt-origin or sector-
reve 0N plasma is passing the Earth. The density recoveries of the electron radiation belt
and the density enhancements of the proton radiation belt both tend to occur later in the CIR after
the pasSage-of the stream interface when compressed coronal-hole-origin plasma is passing the
Earth. lectron-radiation-belt density dropouts tend to occur while the solar-wind velocity
vector is Eerturbed dawnward and the electron-radiation-belt density recovery and proton-

radigtigigalelt density enhancements tend to occur while the solar-wind velocity vector is

pertusidpemsidskwards.

5.2. Proton-Radiation-Belt Sources and Electron-Radiation-Belt Sources during Stormtime
Sub S
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Early-storm injections of radiation-belt electrons were seen in the SOPA geosynchronous
data set when a cooler population of radiation-belt electrons arrives at geosynchronous orbit to
produce a sudden global enhancement of the electron-radiation-belt number density [Borovsky
and Denton, 2010b, 2011a]; following that injection the electron radiation belt at
geosWt!'ﬂ'U'Hous orbit is slowly heated at constant number density during the days of the high-
speed- -driven storm to produce a gradual increase in the flux of energetic electrons in the
daysJoll@uadng storm onset [Borovsky and Denton, 2010a, 2011a].

Mg the CPA proton and electron measurements, in Section 4.2 this injection
phenong®enMwas seen for both the electron radiation belt and the proton radiation belt at
geosyr:%?ous orbit. In Section 4.2 the injections were specifically seen to occur in conjunction
with t urrence of substorms in the early phases of high-speed-stream-driven storms (cf.
Figure 2). These stormtime substorms produced enhancements in the protons at
geosyn%us orbit to energies beyond 1 MeV and produced enhancements of the electrons at
geosynghronous orbit at energies to 1 MeV (cf. Figures 16-22).

arly phases of high-speed-stream-driven storms are characterized by a “strong-
stretchmase" associated with the presence of the superdense plasma sheet early in the storm
[Bor and Denton, 2010b]. The strong-stretching phase, which lasts about 1 day, gets its
namE nightside magnetic-field morphology at geosynchronous orbit that is tail like rather
than dipolar; this strong-stretching phase of the storm is associated with the presence of a
diama@igsuperdense plasma sheet early in the storm [Borovsky et al., 1997], with the origin
of the dense plasma sheet being the magnetospheric capture of enhanced solar-wind
densitie@
streaEDenton and Borovsky, 2009]. In the SOPA studies of the electron radiation belt, it was
estabWat the sudden number-density enhancement of the electron radiation belt definitely
occurmg the strong-stretching phase of the storm (cf. Fig. 21 of Borovsky and Denton

the plasma compression in the corotating interaction region leading the high-speed

[2010b#=Fie origin of the sudden density enhancement of the electron radiation belt is the direct
prod of the recovery electron-radiation-belt population by a substorm; the origin of the
32
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sudden density enhancement of the proton radiation belt is also the direct production of the
enhanced proton-radiation-belt population by a substorm.

Increases of proton fluxes with energies up to 1-MeV at geosynchronous orbit in
association with the occurrence of a substorm have been reported by Belian et al. [1978] using
CPA"H'MEﬁrements and increases of electron fluxes with energies up to 1-MeV at
geosy! @ﬁ ous orbit in association with the occurrence of a substorm have been reported by
Ingrghgmaeal al. [2001] using CPA measurements. Birn et al. [2012] points out the difficulty in
undershd,i,ng how substorm reconnection in the magnetotail could produce such 1-MeV
particlg®: tMe difficulty exists to the present day [Joachim Birn, private communication 2016]. It
has beQ gested [Elizaveta Antonova, private communication, 2011] that a substorm injection
into a(lﬁzed minimum in the nightside magnetic-field strength can produce an injected
electromulation of extra-high energies [see also Antonova et al., 2011; Antonova and
Stepanova, 2015]. Hence a substorm that occurs during the strong-stretching phase of a high-
speed-§ream-driven storm may directly produce the recovery population for the outer electron
radiati t. In the present report, the production of radiation-belt electrons and protons up to
and beml MeV have been seen in association with substorms that occur during the strong
stret ase of storms.

Eted in Section 4.2, although these strong-stretching-phase substorms deliver protons
and electrons of energies to 1 MeV and above to geosynchronous orbit, the substorms are not
extremwge as measured by their sudden increase in the magnitude of the AL index or the
AE in . Figures 14-22). Perhaps substorms that occur during the strong-stretching phase of
a stom not efficient at producing auroral currents near the auroral-electrojet-index
magr@er stations; this could be caused by an equatorward expansion of the auroral oval
durirumrong-stretching phase, placing the auroral-electrojet activations southward from the

Northejmisphere AE stations [Joachim Birn, private communication 2016].

5.3. @ence of Proton-Radiation-Belt Dropouts
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Global (at all local time) density dropouts of the electron radiation belt at
geosynchronous orbit are common during high-speed-stream-driven storms (cf. Figures 10 and
13), with the electron dropouts lasting ~0.5 day. In the superposed averages plotted in Figure 13,
which are triggered on the times of density dropouts of the electron radiation belt, significant
globé'l"fFU'p'GUt of the number density or the 1-MeV flux of the proton radiation belt are not seen.
As staction 4.2, inspection of the individual storms does not in general show global (at
all Igcalatimes) dropouts of the protons. (Brief single-spacecraft dropouts are seen near local
midnigﬁ_du;ing the pre-substorm stretching of the nightside magnetic field, but no indications of
global $bss™pf radiation-belt protons.) Note again that Turner et al. [2014] reported a proton
dropoug%)ing least several hours) accompanying an electron dropout during a CME-driven
storm.

e high-speed-stream-driven storms, the absence of proton-radiation-belt dropouts at
geosyn%us orbit when there are electron-radiation-belt dropouts at geosynchronous orbit
has imRlications for the picture of electron-radiation-belt loss to the magnetopause caused by an
Earthw, isplacement of the dayside magnetopause accompanied by enhanced radial diffusion
[e.g. S}met al., 2006; Yu et al., 2013; Ozeke et al., 2014]. Since the azimuthal drift speeds and
drift s of 1-MeV protons and 1-MeV electrons at geosynchronous orbit are very similar (cf.
Fig. ﬁultz and Lanzerotti [1974]), it is anticipated that the radial-diffusion coefficients D,
for the electron and proton radiation belts should have similar values for energetic protons and
energe&ﬂgctrons (cf. sect. 9.8 of Falthammar [1973] and Fig 5. of Lanzerotti et al. [1978]).
Hence diffusion loss to the magnetopause should have similar timescales for protons and
electromyou see loss of electrons, it is expected to be accompanied by loss of protons.

ﬁs been suggested by a reviewer that proton-radiation-belt dropouts might be
occth that substorm injections of protons are filling in the radiation-belt dropouts in the
30-mir$0ution measurements used in the present study. That is a possibility that the authors

cannot=m®fove using the 30-min measurements.

<
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The behavior of the radiation-belt protons during electron-radiation-belt dropouts will be
the subject of a future study. CPA proton and electron data is available at 1-min resolution. It is
also advantageous to study such dropout events in a modern era where additional
magnetospheric measurements at geosynchronous orbit are available (including the magnetic-
field ‘I'Flﬂ'p'f'lﬂlogy and the presence of the diamagnetic superdense plasma sheet) and where better
solar-asurements are available (including the electron strahl, ion composition, the
Alfvgnigibyand energetic protons).

—

5.4. T@Ie of the Solar Wind in the Evolution of the Electron and Proton Radiation
Belts.

the solar wind controls the magnetosphere-ionosphere system, it is imperative to
highlid connection between solar interplanetary structures and the response of the Earth’s
radiation%ts. In this subsection the solar-wind causes for the evolutions of the outer electron
radiatidp belt and the outer proton radiation belt during high-speed-stream-driven storms will be
identifi
54.1. mlectron Radiation Belt and the Solar Wind

e evolution of the electron radiation belt during high-speed-stream-driven storms is

charE by a sequence of four phases, each of which can be associated with a reaction of
the magnetosphere to changes in the solar wind. These four phases are discussed in the following
four pdiggraphs.

there is a pre-storm decay of the density (and fluxes) of the outer electron radiation
belt. (TQm be seen slightly in Figure 10). The decay may start a day or a few days before the
onsewﬁ storm. This pre-storm density decay is associated with the refilling of the outer
plasrw during a geomagnetic “calm before the storm” [Borovsky and Denton, 2009a] (cf.
the boti anels of Figures 9 and 10). The calm before the storm is caused by geomagnetically
unfavoﬁlMF clock angles prior to the passage of a heliospheric sector reversal ahead of the
CIR @nterface [Borovsky and Steinberg, 2006]. A sector reversal only occurs for helmet-
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streamer CIRs [Crooker et al., 2012], hence the calm before the storm tends to occur for helmet-
streamer-CIR driven storms. Pseudo-streamer CIRs drive geomagnetic storms that tend not to
have a calm before the storm, and hence tend not to have a pre-storm decay of the outer electron
radiation belt [Borovsky and Denton, 2013].

"SEL',%d, there is a dropout in the density and flux of the outer electron radiation belt early
in the The electron-radiation-belt dropout is temporally associated with high-density
(highyramaaressure) solar wind passing the Earth [Onsager et al., 2007], as was seen in the
bottomhaml of Figure 22. The high ram pressure pushes the dayside magnetopause inward,
enabli netopause shadowing (with radial diffusion) to strongly deplete the outer electron
radiatim. The high-density solar wind is due to lumps of high-density plasma prior to the
passag e CIR stream interface, plus CIR compression of the solar-wind plasma. The high-
densit s are associated with sector reversal region plasma [Xu and Borovsky, 2015], which
is preser;m helmet streamer CIRs but not for pseudostreamer CIRs. The lumps at 1 AU may be
the “bIgbs” of plasma imaged near the Sun lifting off the tops of streamer stalks [Wang et al.,
2000; et al., 2009]. Since helmet-streamer CIRs have dense sector-reversal-region plasma
and psmreamers do not have sector-reversal-region plasma, helmet-streamer CIR storms
tend ave electron-radiation-belt density dropouts that are stronger than those of
pseUE\er CIR storms [Borovsky and Denton, 2013]. Note that the absence of a strong
proton-radiation-belt dropout when there is a strong electron-radiation-belt dropout (e.g. Figures
10 andmay require closer consideration of this dropout explanation utilizing magnetopause
shadovy ith radial diffusion (cf. Section 5.3). One alternative was proposed by Borovsky and
Dentomb] wherein the anomalously high-density solar wind produces a superdense plasma
sheethEmagnetosphere that drives EMIC waves (or magnetosonic waves [Thomsen et al.,
201We plasmaspheric drainage plume to produce anomalous electron-radiation-belt
scattergsigio the atmosphere to produce the dropout.

m, there is a sudden density recovery of the outer electron radiation belt early in the

stor@gures 10 and 14). This density recovery is temporally associated with the occurrence
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of a substorm during the strong-stretching phase of the storm (cf. Sections 4.2 and 5.1) and with
a temporally localized interval of strong solar-wind driving (cf. Section 5.1). The
magnetosphere’s strong-stretching phase is caused by the diamagnetism of the superdense
plasma sheet, and the superdense plasma sheet is caused by the high-density solar wind (sector-
reverﬂﬁ'@g'on plasma plus compression) leaking into the magnetosphere to create higher than
norma sheet densities. There is a time lag of a few hours from solar-wind density to
geosynghrggous orbit plasma-sheet density [Denton and Borovsky, 2009], hence there is a time
lag of Wal hours between the solar-wind density and the strong-stretching phase (cf. Fig. 28
of Borg¥skyand Denton [2010b]). The substorm and the electron-density recovery occur after
the passage of the CIR stream interface while the Earth is bathed in coronal-hole-origin plasma.
The su during the strong-stretching phase of the storm is undoubtedly associated with the
time i of strong solar-wind driving, which is associated with an interval of very effective
IMF c’:c%lgle (see Section 5.4.3).

ourth, there is a steady heating (hardening of the energy spectra) of the outer electron
radiati during the several-day-long high-speed stream that follows the CIR (cf. Figure 10),
providm
favoE geomagnetic activity [cf. McPherron et al., 2009]. During the heating phase the

relatge®ic-clectron fluxes increase, maximize, and then decrease, with the time-to-maximum

t the IMF clock angles during the high-speed stream are Russell-McPherron

being longer for higher energies. The electron-radiation-belt heating rate is correlated with
severaWeters [Borovsky and Denton, 2010a; Balikhin et al., 2011; Fig. 7 of Borovsky and
Dento 4] such as the solar-wind speed, the solar-wind specific entropy, the levels of
fluctumn the solar wind, the inverse of the solar-wind density, the level of magnetospheric
conv@nd the amplitudes of ULF fluctuations in the magnetosphere. In analyzing the solar-
windm of this electron-radiation-belt heating, discerning cause from correlation has been
difficu

5.4.2. :roton Radiation Belt and the Solar Wind

<
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Solar proton events (SPEs) are clearly seen at all local times by the CPA ion detectors in
geosynchronous orbit; SPEs drive the geosynchronous-orbit proton temperature to anomalously
high levels. This represents a solar-wind energetic-ion population getting into the outer
magnetosphere at geosynchronous orbit. The higher-energy protons of this population decay out
of géﬂl'ym'#ronous orbit on the timescale of a fraction of a day after the solar-wind proton
intensiide.

= =ildig the CIR portion of high-speed-stream-driven storms, the temperature of the
protonhﬂa}ion belt at geosynchronous orbit is increased slightly. This temperature increase at
geosynghrdNous orbit appears to be related to enhanced populations of MeV protons in the solar
wind Med with corotating interaction regions [cf. Mewaldt et al., 1979; Reames et al.,
1991; rdson, 2004]. Presumably these energetic solar-wind protons leak into the
magne re to geosynchronous orbit. These CIR-associated MeV protons in the solar wind
are acc;,e$a;ed by CIR shock waves in the outer heliosphere [Palmer and Gosling, 1978; Fisk
and Leg, 1980], with the energized protons coming back towards the Sun along the Parker-spiral
magneljagligdd lines within the CIR and bathing the Earth while the Earth is in the CIR. (A 1-
MeV mhas a velocity that is about 25 times the solar-wind flow speed, so it can easily
trav ards and reach the Earth while the Earth is still in the CIR.)

ﬁvolution of the outer proton radiation belt during a high-speed-stream-driven storm
is characterized by a sudden density enhancement early in the storm; this density enhancement
represeh_a. long-lasting shift in the radiation-belt density and a long-lasting increase of the
energejy ton fluxes at geosynchronous orbit. This sudden proton-radiation-belt density
enhancm is temporally associated with a temporally localized interval of strong solar-wind
drivindlalong with the occurrence of a substorm during the strong-stretching phase of the storm,
with Mng stretching phase caused by prior enhanced solar wind density (sector-reversal-
region a plus compression) producing a superdense plasma sheet in the magnetosphere.
The suﬁn
CIRﬁnterface while the Earth is bathed in coronal-hole-origin plasma.

and the proton-radiation-belt density enhancement occur after the passage of the
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5.4.3. The Critical Stormtime Substorms
The present study has associated the occurrence of a substorm during the strong-

stretching phase of high-speed stream driven storms with the density-recovery events that are
critical for the evolution of the electron and proton radiation belts. These particular substorms
Werew in Section 4.2 to be associated with rapid delivery of MeV electrons and MeV
protonynchronous orbit.

= mmiemladiation-belt-producing substorm occurs after the passage of the CIR stream
interfawle the Earth is bathed in coronal-hole-origin plasma (cf. Section 5.1). Coronal-hole-
origin glaSka is characterized by large-amplitude Alfvenic fluctuations of the solar-wind
magne'&?el‘d direction and of the solar-wind flow vector [Tsurutani et al., 1994; Crooker and
Goslin 9] that take the form of thin current sheets (discontinuities) [Borovsky, 2010b].
When nt sheet passes the Earth, the magnetic-field orientation of the solar wind at Earth
jumps mw direction (cf. Fig. 5 of Bruno et al. [2001]); that direction may be favorable for
geoma@§netic activity or it may be unfavorable for geomagnetic activity. In the advecting coronal-
hole p the current sheets are temporally separated by 10 minutes or so (cf. Borovsky
[ZOOS]m

dura

[

able 1 of Borovsky [2012]), so a typical time interval of IMF orientation has a

0 minutes or so. It remains to be investigated how the occurrence of these critical

M

earl ubstorms are related to the mesoscale magnetic-field structure of the solar-wind

plasma passing the Earth.

Author
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6. Summary of Findings
Below are the findings of this study. In this summary the abbreviations OPRB (outer

proton radiation belt) and OERB (outer electron radiation belt) will be used.

6.1. B*I!'F‘roperties of the Outer Proton Radiation Belt at Geosynchronous Orbit
@new reanalysis of the 8-satellite 2-solar-cycle (1976-1995) CPA data set of
energetigparticle measurements at geosynchronous orbit was utilized for a statistical survey and
for ev&[_apalysis. Relativistic Maxwellian fits to the measured count-rates yielded number
densitig® n"4d temperatures (spectral hardness) T for the OPRB and OERB.
Solar proton events (SPES) have a strong effect on the CPA measurements of the
OPRB synchronous orbit. The CPA proton measurements during an SPE are characterized
by ano sly high temperatures (T > 150 keV). The CPA proton data set was cleaned of SPEs
using tmE catalogs and using IMP-8 measurements of energetic protons in the solar wind.
Ehe number density of the OPRB at geosynchronous orbit (~ 1.7x10™ cm™) is on
averag t 10 times greater than the number density of the OERB at geosynchronous orbit
(1.7x1m3).
ﬁhe energy spectrum of the OPRB at geosynchronous orbit (~ 85 keV) is softer than
the ectrum of the OERB at geosynchronous orbit (~ 176 keV).
(5) The 1-MeV proton flux at geosynchronous orbit (~ 0.058 cm™s ™ sr*MeV™) is about
1000 tillaasdess than the 1-MeV electron flux at geosynchronous orbit (~ 78 cm™ssriMev™).
@we energy density of the OPRB at geosynchronous orbit (~ 116 eV cm™) is typically
greater Ut the energy density of the OERB at geosynchronous orbit (~ 33 eV cm™).
6.2. udaadadfime and Solar-Cycle Properties
he number densities of both the OPRB and OERB are higher on the dayside of
geosyngous orbit than on the nightside. The number densities of both populations peak in
the on of local time.
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(8) The temperatures (spectral hardness) of both the OPRB and OERB are higher on the
dayside of geosynchronous orbit than on the nightside. For the OERB the dayside temperature is
10% higher, for the OPRB the dayside increase is a smaller fraction.

(9) The 1-MeV fluxes of protons and of electrons are higher on the dayside of
geosWt!'ﬂ'U'Hous orbit than on the nightside. For the protons the dayside fluxes are about a factor
of 5 hi for the electrons the dayside fluxes are about a factor of 2 higher.

= sebeThe number densities of both the OPRB and OERB at geosynchronous orbit are
Iowestﬂﬂng solar maxima and highest during solar minima.
14T 'he temperature (spectral hardness) of the OERB at geosynchronous orbit is highest
during%bdeclining phases of the solar cycle and lowest at solar maxima. The solar-cycle
tempergjirgfdependence of the OPRB at geosynchronous orbit is slight.
he 1-MeV fluxes of protons and electrons at geosynchronous orbit are highest
g};ining phase and solar minima.
C
6.3. Bejpaud@r During High-Speed-Stream-Driven Storms
m collection of 62 high-speed-stream-driven (CIR-driven) geomagnetic storms in the
yea;EQQZ has been created and utilized for the study of the evolution of the OPRB and
OE

during

is new collection, 32 previous collected storms from 1993-1995 were added.

(14) The familiar 4 stages of evolution of the OERB at geosynchronous orbit seen with
modermsets are seen during the 1976-1995 high-speed-stream-driven storms: (1) a prestorm
decay number density, (2) a density dropout early in the storm, (3) a rapid density
recoveQ:ooler temperature, and (4) a slow steady heating at constant density. The 1-MeV
electﬂ( decays with the density decay, drops with the density dropout, increases slightly
with Wity recovery, and increases greatly during the slow heating phase.

The evolution of the OPRB at geosynchronous orbit during high-speed-stream-
driven 33 is characterized by a sudden step-like rise (enhancement) in the number density

and le increase in the 1-MeV proton flux during the early portions of the storm.
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(16) The OPRB at geosynchronous orbit does not drop out when the OERB drops out;
similarly the 1-MeV proton flux does not drop out when the 1-MeV electron flux drops out.
Since the radial-diffusion coefficients for 1-MeV protons and electrons should be approximately
equal, this lack of proton dropout may have implications for the picture of electron dropout
causéﬂby'l'#agnetopause shadowing with enhanced radial diffusion.

@e temperature of the OPRB increases mildly during the passage of the CIR, with
the qpsalabthe temperature increase beginning about a day before the onset of the geomagnetic
storm.th,i;_geosynchronous-orbit temperature increase is temporally associated with enhanced
MeV gfotdgs in the solar wind produced within CIRs. Presumably these energetic protons
bathin%arth diffuse into the magnetosphere and are measured by the CPA instruments.
Examination of the solar wind finds that the stormtime OERB density dropout
occursE compressed slow wind (streamer-belt-origin or sector-reversal-region plasma) prior
to the passage of the CIR stream interface when the solar-wind velocity vector is dawnward from
radial. C

Examination of the solar wind finds that the stormtime sudden OERB density
recovecﬁhancement) occurs in the compressed fast wind (coronal-hole plasma) after the
pass e CIR stream interface when the solar-wind velocity vector is duskward from radial.
Theﬁ
driving of the magnetosphere by the solar wind.

mExamination of the solar wind finds that the stormtime sudden OPRB density

OERB density recovery is temporally associated with a brief interval of strong

enhanc@\ occurs in the compressed fast wind (coronal-hole plasma) after the passage of the
CIR str

OPRBYdensity recovery is temporally associated with a brief interval of strong driving of the

magngpﬁmre by the solar wind.

6.4. Irr;n\nce of the Substorm during the Strong-Stretching Phase of the Storm

<

interface when the solar-wind velocity vector is duskward from radial. The sudden

42
This article is protected by copyright. All rights reserved.



(21) The sudden enhancement in the OPRB number density and 1-MeV proton flux
during a storm is associated with the occurrence of a substorm during the strong-stretching early
phase of the storm. Examination of individual proton-density enhancements finds that the count-
rates of protons at all energies to 1-MeV and slightly higher are enhanced at all local times by the
subst‘U‘"H.-'

@le sudden enhancement in the OERB number density (density recovery) and 1-
Me\elegtegn flux during a storm is also associated with the occurrence of a substorm during the
strong-wing early phase of the storm. This is implied in superposed-epoch studies and
confirng®d examining examples. Examination of individual electron-density enhancements
finds m
times substorm. The spectral hardness (temperature) of the OERB is softer (cooler) after
the SUT injection of the electrons to 1-MeV.

e count-rates of electrons at all energies to about 1-MeV are enhanced at all local

dll
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Table 1. Properties of the proton and electron radiation belts at geosynchronous orbit.

Electron Belt
mean value

Electron Belt
median value

Proton Belt
mean value

Proton Belt
median value

1.7x10% cm™®

1.3x10% cm™®

1.7x10% cm?

6.3x10™ cm™®

number density

176 keV

172 keV

85 keV

79 keV

temperature

78 cmZsisriMev?

38 cmZstsriMev?

0.058 cm?sisriMev?

0.012 cm?sisriMev?

1-MeV flux

1.3x10% cm? eV

4.2x10" cm? eV

1.1x10" cm? eV

specific entropy

eadio’ eV
33eVem?®

32evVem?®

116 eV cm™

49 eV cm?

energy density

< 3.4x10° nPa

1.2x10 nPa

5.2x107 nPa

kinetic pressure

£20%0° nPa
| -

Onset
Time (UT)

10.5

135

22.5

75

7.5

1977 | 67 22.5

10.5

197 29 4.5

56 19.5

10.5

4.5

16.5

85 15
1980 | 132
| 84
| Q

75

13.5

4.5

22.5

13.5

16.5

13.5

4.5

22.5

13.5

19.5

22.5

45

19.5

75

4.5

13.5

135

7.5

19.5

10.5

4.5

135

16.5

135

19.5

19.5
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1986

266

4.5

1986

286

16.5

1987

51

4.5

1987

196

135

1987

224

225

1987

253

13.5

1987

286

135

1987

300

1.5

327

75

1987

349

16.5

13.5

135

13.5

15

19.5

13.5

135

10.5

15

19.5

19.5

13.5

15.5

35

19.5

125

5.5

14.5

19.5

1.5

6.5

115

10.5

16.5

115

4.5

6.5

4.5

6.5

5.5

8.5

8.5

225

122

3.5

143

19.5

150

35

170

7.5

'1995

176

14.5

13.5

05

23.5

10.5

135

8.5
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Figure 3. For the 1976-1995 CPA proton and electron data set, the occurrence distributions of the
radiation-belt number densities, temperatures, 1-MeV flux, specific entropy, and energy density
are plotted in blue for protons and in red for electrons. All local times are included.
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Figure 8. A day of solar rotation (horizontal) versus time (vertical) plot is made. The black points
are times when the Kp index is 4 or greater. The red points are the onset times of the 94 high-
speed-stream-driven storms of Table 1 (1976-1995). The blue points (plus the red points in 1993-
1995) are the onset times of 70 high-speed-stream-driven storms utilized for previous radiation-
belt studies.
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Figure 16. For a proton-radiation-belt density enhancement on Day 157 (June 6) 1985, the proton
count-rates in 20 energy channels are plotted from three geosynchronous spacecraft (panels (a),
(b), anM}.before and after the enhancement. Note that the low-energy channels (integral) and
the highagagergy channels (differential) have different geometric factors, hence the step in the
count rsus energy. In panel (d) -AL is plotted as a function of time with the times of the
count-rateplots denoted as the colored dots.
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Figure 18. For the proton-radiation-belt density enhancement on Day 157 (June 6) 1985 (see
Figure 16), the electron count-rates in 12 energy channels are plotted from three geosynchronous
anels (a), (b), and (c)) before and after the enhancement. Note that the low-energy
aQd the high-energy channels have different geometric factors. In panel (d) -AL is
unction of time with the times of the count-rate plots denoted as the colored dots.
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field strength of the solar wind at Earth. In the third panel the superposed average of S, is a
superposed logarithmic average.

Author Manuscript

79
This article is protected by copyright. All rights reserved.



= Solar-Wind
Speed

oIar-Wlnd
low
ongitude

7w

Y

o, Idegl

12000, y ¥ B 3sin® (9/2)

Solar-Wind
Plasma

T30 20 20 30
Hours from Electron Recovery

Figure 23. For 47 clear geosynchronous-orbit electron-radiation-belt density recoveries in the 94
stor ble 2, superposed averages are plotted with the zero epoch being the onset time of
the ele ensity recovery. The top panel is the solar-wind speed at Earth, the second panel is
solar-wﬂst-west flow-vector longitude at Earth, the third panel is the Newell universal driver
functio& the bottom panel are the number density, proton specific entropy, and magnetic-

or Manuscript

80
This article is protected by copyright. All rights reserved.



field strength of the solar wind at Earth. In the third panel the superposed average of S, is a
superposed logarithmic average.
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and magnetic-field strength of the solar wind at Earth. n the third panel the superposed average
of Sy is a superposed logarithmic average.
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