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S ABSTRACT
-

A neW scgnario is presented for the cause of magnetospheric relativistic electron
decrewREDs) and potential effects in the atmosphere and on climate. High
densitElar wind heliospheric plasmasheet (HPS) events impinge onto the
magn@here, compressing it along with remnant noon-sector outer-zone
magn@eric ~10-100 keV protons. The betatron accelerated protons generate
coh MIC waves through a temperature anisotropy (T/T; > 1) instability.
The waves in turn interact with relativistic electrons and cause the rapid loss of
these iuﬁ-cles to a small region of the atmosphere. A peak total energy deposition
of ~3O020 ergs is derived for the precipitating electrons. Maximum energy
destEand creation of electron-ion pairs at 30-50 km and at < 30 km altitude
are ;‘%ied. We focus the readers’ attention on the relevance of this present

work to E.w.o climate change mechanisms. Wilcox et al. [1973] noted a correlation
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between solar wind heliospheric current sheet (HCS) crossings and high
atmospheric vorticity centers at 300 mb altitude. Tinsley et al. [1994] has
constructed a global circuit model which depends on particle precipitation into the
atmosmOther possible scenarios potentially affecting weather/climate change

are alss=sscussed.

O
)

Magnetm'ic relativistic electron dropout (RED); Heliospheric plasma sheet (HPS); Heliospheric

currentﬁ (HCS); Slow solar wind streams; Coherent EMIC waves, Parasitic wave-particle

interactfOMS, y-rays, x-rays, Atmospheric winds during HCS crossings; Magnetopause shadowing; climate

change.CU

E 1. INTRODUCTION

The pksence of relativistic electrons in the Earth’s outer magnetosphere has been

well—egished since the late 1950s [Van Allen and Frank, 1959; Vernov et al.,

1968,-grien et al., 1962; Frank et al., 1963; Freeman, 1964; Paulikas and
e

Blake,ﬁz; Baker et al., 1994; Friedel et al., 2002]. Present thinking is that these

elec@re accelerated to ~MeV energies by the interaction of ~100 keV
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electrons with electromagnetic whistler-mode waves called chorus [Horne and
Thorne, 1998; Miyoshi et al., 2003; Meredith et al., 2003a; Omura et al., 2008,
Reeves et al., 2013; Thorne et al., 2013; Boyd et al., 2014]. Where do the ~100
P
keV ns and the chorus come from? The overall picture is quite complex.
One= stem® with interplanetary Alfvén waves in high speed solar wind streams
(HSSt-[5elcher and Davis, 1971]. The southward component of these Alfvén
Wavew to magnetic reconnection at the dayside magnetopause [Tsurutani et al.
1990,ﬁ]. Midnight sector magnetic reconnection in the magnetotail leads to
plasrrﬁt injections into the nightside magnetosphere with the adiabatic
comprcﬁm of the injected electrons and protons to energies up to ~10 to 100 keV
[De and Mcllwain, 1971; Gabrielse et al., 2014]. These anisotropic
eleczenerate the electromagnetic chorus waves [Tsurutani and Smith, 1977;
Tsuruﬂet al., 1979; Inan et al., 1978; Meredith et al., 2002] through a
temp anisotropy/loss cone instability [Kennel and Petschek, 1966; Tsurutani
and Ina, 1997]. The chorus then interacts with the ~100 keV electrons,
acceﬁﬁ'ﬂﬂg them to relativistic MeV energies [Horne and Thorne, 1998; Miyoshi

et aI.,g?,; Meredith et al., 2003a; Omura et al., 2008, Reeves et al., 2013;

Tho@al., 2013; Boyd et al., 2014]. This is the well-accepted overall scenario
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for relativistic electron acceleration at this time [Tsurutani et al., 2006, 2010,
Kasahara et al., 2009; Miyoshi et al., 2013; Hajra et al., 2015a,b].
——

It has&tly been shown that high speed streams (HSSs) and embedded Alfvén
waves==#mt cause High-Intensity Long-Duration Continuous AE Activity
(HILI@A) events [Tsurutani and Gonzalez, 1987; Hajra et al., 2014a] have a
one-tm association with relativistic electron acceleration events [Hajra et al.,
2015@ his result is in strong support of the general scenario.

C

The mivistic electron decreases/dropouts (REDs) from the Earth’s

maﬁ\ere Is also a well-known and long studied phenomenon [Freeman,

196 f and Gaines, 1993; Baker et al., 1994; Gaines et al., 1995; Friedel et
al., ZQBZ;Onsager et al., 2002; Meredith et al. 2006, 2011; Clilverd et al., 2006,
2016;vsky and Denton, 2009; Horne et al., 2009; Turner et al., 2014a]. This
particfe Toss (REDs) is the focus of this paper.

e
There;[wo possible sinks for the relativistic electrons, the atmosphere and the

ma@use. The loss to the atmosphere is due to wave-particle cyclotron
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resonant interactions [Thorne and Kennel, 1971]. Energetic particles that are pitch
angle scattered by plasma waves have some particles which enter the loss cone.
These particles have mirror points deep in the atmosphere and thus have collisions
with mheric atoms and molecules. These “precipitating particles” lose most
of tiref™mrmary energy by collisions with neutrals (to be described in detail later).
—

Thorngf-))j Kennel (1971) and Horne and Thorne (1998) (see also Bortnik et al.,
2006;=m¥tan and Thorne, 2007; Jordanova et al., 2008; Borovsky and Denton,
2009;¢er et al., 2014b) have suggested the mechanism of pitch angle scattering
by emmagnetic ion cyclotron (EMIC) waves and loss to the auroral
atm . Miyoshi et al. (2008) have shown a case of relativistic electron
pre(gn in an isolated proton aurora substantiating the existence of this
mechﬁn. The EMIC waves were concluded to cause the precipitation of both
the 1(@(ev protons and the relativistic electrons.

-
The =fresdof particles penetrating the magnetopause is called “magnetopause

shadon_'n}’ (the phrase coined by West et al., 1972). Energetic charged particles

int htside magnetosphere will drift to larger L on the dayside due to drift-
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shell splitting (Dessler and Karplus, 1961; Roederer and Zhang, 2014). This is the
physical basis for magnetopause shadowing. Particles that penetrate the dayside
magnetopause will be lost to the magnetosheath and will be convected downstream

with t eath plasma and fields (Bortnik et al., 2006).

-

There&at least three different interplanetary and magnetospheric cases where
particwses occur by magnetopause shadowing: enhanced solar wind pressure,
particjial diffusion in the magnetosphere, and magnetospheric inflation during

magn&torms. We will describe each one briefly.

qu

thiayside magnetosphere is compressed by high solar wind speeds or high

plas nsities, or both, drift-shell splitting of charged particles becomes

enhanged. This is one possible loss mechanism of the magnetospheric relativistic

electr@ortnik et al., 2006].

The"dﬂ'l'rdpt of particle radial diffusion by ULF waves that break the particle’s
third aatic invariant was first discussed by Kellogg [1959] and Vernov et al.

[19@sonam particles “diffuse” to both higher and lower L by this process.
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The particles that diffuse to larger L may drift to the magnetopause and be lost
there. In support of this, Rae et al. [2012] have determined that during enhanced
solar wind speeds (e.g., enhanced ram pressures) magnetospheric ULF power is
enha@prits et al. [2006, 2012] found that relativistic electron flux depletions
occarre#=mhen the magnetopause was compressed and geomagnetic activity was
high. Ward radial diffusion modeling using Kp as a proxy was performed by
Brautm and Albert [2000] for the October 9, 1990 storm with some success.
See alﬂudson et al. [2014]. Dimitrakoudis et al. [2015] found that Kp was the
best pceter that specified ULF wave power.

A tﬁnaﬂo for relativistic electron losses by magnetopause shadowing was
pre y Kim and Chan [1997]. They examined a storm-time expansion of the
magnt!tosphere conserving all three adiabatic invariants. Assuming a Dst <-100 nT
storm phase maximum, their model was able to cause a relativistic electron
flux Ecrease of up to 2 orders of magnitude through magnetospheric inflation and
magl'l'ﬂm'pﬂuse shadowing. Some more recent works on this loss process can be

foundnim et al. [2008, 2010]. It should be mentioned however that in our

follﬂstudy, we will be avoiding magnetic storm intervals, so this particular
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mechanism for REDs will not be applicable. We mention it here only for
completeness.
——

The rmthe two loss processes, wave-particle interactions and magnetopause
shadowg are different for different particle energies, particle pitch angles, L-
shells@sma wave modes, frequencies and intensities, and under different
interpmary and magnetospheric conditions.

Sectiéf this paper describes the data used, method of analyses and pertinent
interpmry structure background for the reader. Section 3 discusses the
inte ry causes of the REDs in the absence of geomagnetic storms. We
speg avoided storm intervals in this study so that possible electron injection
and aq.EeI_eration into the magnetosphere with energies E > 100 keV should be less
impor@n general, while adiabatic dropouts discussed by Kim and Chan (1997)
shmﬂabsent. Section 4 will show a case of EMIC and chorus waves under a
solar=emmd compression event. A specific (new) property of the EMIC waves for

scatte;)f relativistic electrons will be discussed. Consequences of wave-particle

cycl{resonam interactions between the electrons and EMIC waves will be
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explored. Section 5 gives the results of a calculation of the total energy of the
relevant relativistic electrons existing within the outer magnetosphere (L > 6) prior
to the REDs. This section also provides quantitative estimates of maximum energy
deposmto the atmosphere at different altitudes using the GEANT4 simulation
code. Seetion 6 is a summary of the results. Section 7 is the Discussion section.
Sectictﬁcontains further discussion of other models/results pertaining to REDs
and Sw 9 is our Conclusions concerning the possible relevance of our results
to decgd area of high vorticity centers at 300 mb altitudes (the Wilcox et al.,
1973 ét), the Tinsley and Deen [1994] global circuit model and other possible
atmosmc effects. The paper makes a call for further efforts to use the numbers
preSere to quantitatively examine a number of possible scenarios for climate

cha

-
2. D@O\, METHODS OF ANALYSES AND SOLAR WIND

BACKGROUND

2a. Da d methods of analyses

Auth
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Solar wind/interplanetary data at 1 minute time resolution were obtained from the
OMNI website (http://omniweb.gsfc.nasa.gov/). OMNI interplanetary data had
alrea-dLb('aen time-adjusted to take the solar wind convection time from the
space@i) the Earth’s bow shock into account. No further adjustment to the

intempte @y data was made in this study.

O

The m minute) [Davis and Sugiura, 1966], and SYM-H (1 minute) [lyemori,
1990]3Dst (1 hour) geomagnetic indices were obtained from the World Data

Centem Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp). The AE

(Auro%lectrojet) index is a superposition of the horizontal component of 12 or
morﬁitudinally spaced ground magnetometers located in the auroral zone
(~60° to ~70° magnetic latitude). The index gives a measure of the strength of the
ionos&l@l‘l‘t current (auroral electrojet) that flows at ~100 km altitude. The SYM-
H indQeasures the total energy of the radiation belt ~10-300 keV protons and

elecwg)essler and Parker, 1959; Sckopke, 1966].
—-—

>

<C
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HILDCAA intervals are identified using the AE and SYM-H indices. These
intervals are defined by: 1) peak AE > 1,000 nT, 2) lasts > 2 days, 3) occurs
outside of storm main phases, and 4) does not contain subintervals with AE < 200
nT f re than 2 hours. For more details and examples see Tsurutani and

Gormatem=f1987], Tsurutani et al. [2003], Guarnieri [2006] and Hajra et al. [2013].

O

The i.n._mixated fluxes of relativistic > 0.6 and > 2.0 MeV electrons at
geosy nous orbit (L = 6.6) were taken by Geostationary Operational

Envir ntal Satellites (GOES) GOES-8 and GOES-12 satellite particle

inst tion. The data website IS
httpg .ngdc.noaa.qov/stp/satellite/goes/dataaccess.html. For details of the

particle instrumentation we refer the reader to Onsager et al. [1996].

O

The@me resolution (32 vectors/s) Cassini fluxgate magnetometer data were

usedsip=iile EMIC wave analyses and the Cassini Radio and Plasma Wave Science

(RPWEearch coil data were used to identify chorus waves. The Cassini

<C
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magnetometer is described in Southwood et al. [2001] and the RPWS instrument is
described in Gurnett et al. [2004].

——
The 5@/3 CLUSTER magnetometer [Balogh et al., 2001] data were obtained
from #m=€|_USTER Science Archive (CSA). The 4 vector/s magnetometer data
from 'Eﬁ\/lls [Auster et al., 2008] were obtained from the SPDF CDAWeb.
The g polarization analysis is done using a minimum variance technique
[Sonncand Cahill, 1967; Smith and Tsurutani, 1976]. The three high time
resolummagnetic wave components are used to form a covariance matrix. The
matgasissbinen diagonalized and the wave fields are rotated into the new principal
axisgnate system. In this system B, is the wave field along the maximum
variange direction, B, is along the intermediate variance direction and B; is in the
minin@ariance direction. It has been shown by Verkhoglyadova et al. [2010]
that tHe minimum variance direction is the wave propagation direction k.

- —

For tf:de of EMIC wave occurrence on the ground, we use data from the

Nag@niversity Institute for Space-Earth Environmental Research (ISEE)
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magnetometer network (http://stdb2.isee.nagoya-u.ac.jp/magne/index.html). The
locations of the highest magnetic latitude magnetometer site is Athabasca, Canada
at 61-'.72.'We will use data from that station and from Moshiri, Japan at 35.6° N.
The r@ometers are identical induction magnetometers that have a turnover
frequeniof 1.7-5.5 Hz, and sensitivity of 0.00810-1.3 V/nT at 0.1 Hz. The
sampl'e)rate of the magnetometer is 64 Hz [Shiokawa et al., 2010]. This

magnWter chain was started in 2005-2008 and is fully operating at present.

-

The gy deposition as a function of altitude for the relativistic electron
precipmn was performed using the GEANT4 simulation package [Agostinelli et
al., Zozwith a standard atmospheric target model [Takada et al., 2011; Tanimori
et al., 2015]. The atmospheric model is the Japan Industrial Standard based on the
Intern@al Standard Atmosphere 1SO 2533-1975. GEANT4 was initially
develo by CERN to estimate high energy particle interactions with materials
suchgectors, but has now much wider applications as will be shown in this
paperE also Schroter et al., 2005; Wissing and Kallenrode, 2009; and

Arta@/ et al., 2016). In the simulations performed, the primary electrons have
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monochromatic energies of 0.6, 1.0 and 2.0 MeV, and are precipitated vertically
downward from an altitude of ~630 km. In the range from 630 km to 80 km, the
column density of the atmosphere was assumed to be 10? gm-cm™. Below 80 km
the at here was divided into 80 layers. The pressure and density of each layer
was=ceffmed with a precision of better than 5%. The GEANT4 code includes
Rayle@cattering, Compton-scattering, photon absorption, gamma-ray pair-
produm, multiple scattering, ionization, bremsstrahlung for electrons and
positrgand annihilation of positrons. Since we are considering near-polar

regiorc this precipitation, the terrestrial magnetic fields are considered to be

vertictﬁ(he ground.

We zamine intervals of slow speed interplanetary streams that precede HSSs
identiﬁled_by Hajra et al. [2013]. We will only use events that occurred during
solar @ 23 (SC23) which were devoid of magnetic storms (events with SYM-H
< -SEEGonzalez et al., 1994) following the slow streams. This selection was
madeteem#at there would be adequate high resolution data available (the SC23 time

interv;nd no contamination due to magnetic storm energization processes.

<C
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There were 8 such events when E > 0.6, and > 2.0 MeV electron fluxes were

available. All 8 of these events are used in this study. A listing is given in Table 1.

e

2b.B ound on Solar Wind Structures

For=te=study we have used solar wind intervals that contain the heliospheric
currerti}jet (HCS) and the adjacent high density heliospheric plasma sheet (HPS)
crossimhat precede the HSS proper. The discovery paper for the HCS was

SmithSl. [1976] and for a HPS description, see Winterhalter et al. [1994].

HCS
i HPS
i

N Gl N/ N

Bl :

1
Slow Solariwind
V \i\_/_\
i
i Alfven Waves
= —;—ﬁ%%%%ﬁ.ﬁ\ﬂw:

HILDCAA

AWM aAa
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Figure 1. A schematic of the region near the slow stream-high speed stream interaction. From
top to bottom are: the solar wind density N, the interplanetary magnetic field magnitude |B|, the
solar wind velocity V, the interplanetary magnetic field B, component, and the geomagnetic AE
and Dd'l'm’ces. The dashed vertical line is the heliospheric current sheet (HCS) and the density
associamim it (asymmetrically on the right side) is the heliospheric plasma sheet (HPS). A
Coro?a@T_Active Region (CIR), and HSS HILDCAAs are shown for context. They are present

sunwa@e HPS and impact the Earth’s magnetosphere after the HPS impact in time.

2

Figur@ﬂlustrates the relationship between the slow solar wind and the fast solar
wind &;ted at 1 AU. Such structures are typically detected in the declining
phase e solar cycle. The solar wind speed is shown in the third panel from the
top. low solar wind is on the left and the fast solar wind or HSS is on the
righ re the fast solar wind overtakes the slow solar wind, an interaction
regiorﬂned the Corotating Interaction Region or CIR [Smith and Wolf, 1976]
formsOe CIR is indicated by the high plasma densities (top panel), high
magtﬁeld intensities (second panel) and high plasma temperatures (not
showsdge=lligh speed streams (HSSs) typically “sweep up” the heliospheric current

sheet B) and the heliospheric plasmasheet (HPS), so these structures occur

<C
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ahead of the high speed stream proper. The HCS is indicated by the vertical
dashed line and the HPS is the high density region adjacent to the HCS.
——

The h@mric current sheet is a region where the polarity of the interplanetary
magnetre=ficld (IMF) reverses polarity, i.e., from an inward polarity to an outward
one, (tje versa. The standard convention [Ness and Wilcox, 1964] is that an
outhF polarity is one where the interplanetary magnetic field is positive
outwagom the Sun. In either GSM or GSE coordinates, this is a negative By
valuec”ce the interplanetary magnetic field is wound in a Parker/Archimedean

spiralcﬁh has a ~45°angle relative to the Sun-Earth line at 1 AU, a positive

polﬁrplanetary magnetic field will have a negative By value and a positive
B, negative polarity interplanetary magnetic field conversely will have a
positi\!e By« value and a negative B, value. A heliospheric current sheet crossing is
therefentified by a reversal of both B, and B, values.

It stete8e noted that the old name for the “heliospheric current sheet” [Smith et

al., 19@5 “sector boundary” [Ness and Wilcox, 1964]. When the interplanetary

pola{tructures were first discovered by satellite measurements in the ecliptic

This article is protected by copyright. All rights reserved.
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plane, it was noted that there were an even number of polarity reversals per solar
rotation: 2, 4 or 6. This indicated that the Sun’s magnetic field might have dipolar,
quaoﬁjp_olgr, or octupolar components. It wasn’t until the Pioneer 11 spacecraft
went @ithe ecliptic plane during a solar minimum phase that it was realized
that=tlem®=yas only one main current sheet [Smith et al., 1978], much like the
theorwy envisioned Alfvén [1977] flapping “ballerina skirt”. The HCS is
accorrmed by high density cold plasma, typical of the slow solar wind. The cold
plasme=eeacent to the HCS has been called the HPS. It should be noted that both
the Ht‘nd HPS are typically part of the slow solar wind. The HCS and HPS

occurm to the CIR and HSS as indicated in Figure 1.

E 3. RESULTS: PARTICLES

—
3a. Re@stic electron dropouts (REDs)

Days %01 to 208, 1998

Figuﬂﬂﬂows a relativistic electron (E > 0.6 and E > 2.0 MeV) flux dropout event
begin;on day 202 of 1998. From top to bottom, the panels show the E > 0.6

Me E > 2.0 MeV electron fluxes (cm™s™str?), the solar wind speed (Vs in

This article is protected by copyright. All rights reserved.
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km s%), the solar wind density (N, in cm™), the solar wind ram pressure (Pg, in
nPa), the interplanetary magnetic field magnitude (IMF By in nT), and the By, By
and Eiﬂmponents (nT) in GSM coordinates. The bottom two panels give the
SYMﬂl) and AE (nT) geomagnetic indices. There are two black vertical lines
in the'ﬁ'ﬂe, one at ~0307 UT on day 202 and a second at ~0950 UT on day 205.

Thesetijespond to the times of flux dropout and recovery, respectively.
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Figure 2. A relativistic electron (E > 0.6 MeV and E > 2.0 MeV) flux dropout event from day
202 to 206, 1998. The onset and recovery are indicated by vertical black lines, respectively. The
HCS is indicated by a vertical red line. The HILDCAA interval is given by a horizontal arrow in

the b anel.

O

TheFe!.ils__ared vertical line in Figure 2 which is located at ~0419 UT on day 202,
This gorrgsponds to a HCS crossing. The crossing is identified by the sudden
chanfﬁthe IMF B, component sign (from a positive value to a negative value)
with a@ltaneous change in the IMF B, sign (from a negative value to a positive
one). @s, from the standard convention of Ness and Wilcox [1964], the

interpfafelary magnetic field switched from a “negative (inward) polarity” to a

“poEoutward) polarity” Parker spiral magnetic field.

The VBssisal black line slightly to the left of the HCS is time-coincident with a
sudde@rease in the E > 0.6 and E > 2 MeV electron fluxes from 8.4 x 10*
parti.ﬁGﬂ'zster'ls'1 to ~25 particles cm™ster’s™, and from ~4.6x10° particles cm’
2 -1'-1 : -2 1.1 .

ster s:f ~8 particles cm™ster~s™, respectively. The E > 0.6 MeV fluxes

decreasetby ~ 8.4 x 10* particles cm™ster’s® and the E > 2.0 MeV fluxes
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decreased by ~4.5x10? particles cm™ster’’s™, respectively. These decreases occur
within ~1.7 hr and 1.0 h, respectively.
a——

The e@ flux dropouts are time-coincident with the onset of an interplanetary
high demsity (N,,) plasma feature. The plasma density rise started at ~0238 UT
and lagteshuntil ~0645 UT on day 202. The peak density reaches ~62 cm™ at 0506
UT. w pressure pulse rise started at ~0238 UT, and then more-or-less
monomfally increased to the maximum value of ~19 nPa at 0512 UT on day 202.
The pﬁre slowly decreased to ~6 nPa by ~0645 UT. The pressure increase was
slow mradual and took almost ~3 h to go from the base value to the peak value.
A § SYM-H peak value of ~+20 nT occurs at the time of highest ram
pre ecause the SYM-H index increased slowly with time, this event was not
a suda!sn impulse (SI") such as is caused by an interplanetary shock (for examples
of sh@duced SI* events, we refer the reader to Tsurutani et al., 2008) . This
positiEYM-H Is typical of the slow solar wind and was indicated in Figure 1.

AIth‘U‘ll'g'I'l'!he E > 0.6 and E > 2.0 MeV electron flux dropouts were abrupt, the

HPS thy feature was slow and long-lasting. The location of the plasma density

<C
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feature being adjacent to the HCS identify it as the heliospheric plasmasheet or
HPS.
——

The I-@d the HPS occurred in the slow solar wind. The V,, at this time was
only =88& km s™. It is thought that both of these interplanetary structures are
associgtesh with the outward flow of material from solar helmet streamers
[Hundmen, 1977; Suess and Nerney, 2001]. Even though the HPS density was
in a Imolar wind speed interval, the Py, associated with it was ~19 nPa, the
higheﬁue of the entire interval displayed in the figure. The HCS and the HPS

of Figcﬁ follows the schematic of Figure 1 quite well.

Thezgnetic activity level was weak throughout the period when the electron
fluxevaEe decreasing. AE reached a peak value of ~836 nT at ~0538 UT on day
202 a@en decreased with time thereafter. This relatively low intensity AE was
most_@/ due to the stimulated release of stored magnetotail energy in the form
of asmetbrm [Zhou and Tsurutani, 2001; Tsurutani et al., 2003]. It should be

noted substorms have much less total energy than magnetic storms [Gonzalez

<C
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et al. 1994]. Substorms are thought to be an elemental part of magnetic storms,
thus the name [Akasofu, 1964]
e

The C@nith and Wolf, 1976; Pizzo, 1985; Tsurutani et al., 2006] created by the
follewmm=HSS-slow speed stream interaction occurs much later in time. The HSS
occurtiﬁween ~1200 UT on day 203 and ~1850 UT day 204. There is no
magnmtorm associated with the CIR in this case. The lowest value of SYM-H
was -ST and this was reached at ~1500 UT on day 204, just in the trailing

portio the CIR. The relativistic electron flux remains low throughout this CIR
high rwessure interval.

A sec&nﬁxample of a RED is shown in Figure 3 for a 2007 event. The format of
the fis the same as used in Figure 2. The E > 0.6 MeV and E > 2.0 MeV
relatiistiC electron flux decreases both started at ~1647 UT on day 56 (indicated
by averda) black line) and reached minimum values at ~0220 UT day 57. The E
> 0.6 Q flux decreased from ~2.5 x 10* to ~3 x 107 particles cm™? s ster™. The

E >ﬁev flux decreased from ~9 x 10 to ~9 particles cm? s™ ster™. The flux
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decreases were thus ~2.5 x 10* particles cm? s* ster® for the E > 0.6 MeV

electrons and ~9 x 10? particles cm™ s™ ster™ for the E > 2.0 MeV electrons. This

RED was ~9 %2 hr in duration, considerably longer than the event in Figure 2.
Q.

The=H€3=s denoted by the red vertical line where the IMF B, component changed

from rj nT to -5.8 nT and the IMF B, simultaneously reversed sign from -12.3

nT tow nT. This occurs at ~0321 UT on day 57. This was a switch from a

negatijterplanetary magnetic field polarity to a positive polarity.

Author Man
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Figur@> 0.6 and E > 2.0 MeV relativistic electron flux dropout event from day 56 to day

59, ZOﬂe format is the same as in Figure 1. The dropout is present in the interval between

the sqljmaiitical black lines. The HCS in indicated by the vertical red line.

-
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For the event shown in Figure 3, the HPS was composed of high density plasma
regions on both sides of the HCS. The HPS started at ~1200 UT on day 56, rose
gradually until ~2000 UT when the increase became more abrupt. It reached a peak
valueﬂl nPa at 0030 UT on day 57, then decreased slightly at the HCS, and
therm imer®ased again. The ram pressure reached a maximum value of ~12 nPa at
~O30]60n day 57 and ended at ~0532 UT on day 57. The relative electron flux
dropomincides with the HPS event. The ram pressure associated with the HPS

impin nt onto the magnetosphere was again gradual with the whole event
=

Iastint’ h.
(O

The gnetic activity throughout the interval was relatively weak. The HPS
preEmulated an AE peak of ~420 nT, at most a very small substorm. AE
foIIovxir&the HPS pressure pulse was ~9 nT from ~1200 UT on day 57 through
~O63(@on day 58. The SYM-H index reached a peak value of +12 nT at ~0312
UT. THis occurred roughly at the center of the HPS event.

e
The Ca/as present from ~0000 UT day 58 to ~0000 UT day 59. Because the

IMFﬁnostly northward within the CIR, no magnetic storm occurred.
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Tables 1 and 2 give a listing of all 8 HPS/RED events studied. Table 1 gives the
information on the associated interplanetary parameters, and Table 2 gives the
reIath@ilectron flux information. The events are listed in chronological order

witirtle=me shown in Figure 2 as event 2, and the one in Figure 3 as event 6 in the

TabIeU
)

In TatB the columns from left to right are: the number of the event, the pressure
pulse cand day (DQOY), the start time in UT, the end time, the peak pressure in
nPa, We time of the HCS crossing. The events occurred between the years
19922008. As previously mentioned all events occurred in SC23. The
dur the pressure pulses range from ~3.0 h (event 1: 1995 event) to 17.3 h
(even§6: 2007 DOY 057), with a mean duration of 7.8 h. The pressure pulse peaks
range 5.1 nPa (event 7: 2007 DOY 243) to 26.6 nPa (event 1). The mean

peak Eessure for the 8 events is 15.3 nPa. All pressure pulse events were HPSs

adjacdl'l'l'rl! HCS crossings.
# Event Start (DOY | End (DOY | Duration Peak HCS time
uT) uT) (h) pressure (DOY
(nPa) UT)
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1 1995_150 150 02:39 | 150 05:37 3.0 26.6 150 04:44
2 1998 202 202 02:38 | 202 06:45 4.1 18.6 202 04:27
3 2000_027 027 14:04 | 027 21:35 7.5 20.3 027 18:03
4 2000_052 052 01:11 | 052 08:13 7.0 14.8 ----

5 2003_258 258 16:32 | 259 03:16 10.7 8.0 258 20:43
6 2007_056 056 12:00 | 057 05:32 17.3 12.2 057 03:21
7 : 2007_243 243 13:43 | 243 20:52 1.2 5.1 243 21:37
8 2008_058 058 14:07 | 058 19:48 5.7 9.6 058 17:51

. “——

Table ™==mght HPS pressure pulse events from SC23 that were not followed by magnetic

storms&eight HPS impacts on the magnetosphere were associated with REDs.

Table%ntains the relativistic electron flux values prior to the dropout and after

the d t, for the two energy channels. The columns are from left to right: the

event;oer, event year and day, the E > 0.6 MeV dropout start time and end

timesmT, the E1 (> 0.6 MeV) and E2 (> 2.0 MeV) electron fluxes before the

dro@d at the dropout.

# !Event Electron GOES LT Flux before dropout Flux at dropout
dropout at dropout (cm?stsrt (cm?stsrh
O (DOY UT) start
Start | End | (DOY UT) | E1(x10%) | E2 (x10%) = E2
1 mi50 | 150 | 150 149 4.1 5.0 19 7
4: 03:08 | 04:15 |  22:10
2 98 02 | 202 | 202 201 8.4 4.6 25 8
01:59 | 03:38 21:01
3 @27 027 | 027 027 3.1 2.0 62 3
16:34 | 17:28 11:34
4 | 200052 | 051 | 052 051 7.2 3.9 68 5
& 20:06 | 06:47 15:04
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5 12003_258 | 258 259 258 21.1 27.9 14 12
22:00 | 08:38 17:00
6 | 2007_057 | 057 057 056 2.5 8.8 296 9
01:03 | 02:23 20:03
7 | 2007_243 | 244 244 244 2.7 21.6 38 13
06:40 | 07:59 01:41
8 058 | 058 059 058 15.8 17.7 61 13
S 19:00 | 05:46 14:01
| S— -
Tabke Smmedativistic electron flux dropouts.
—

All of (thHPSs were time-coincident with the onset of the relativistic electron flux
dropoBThe HPSs were all in the slow solar wind. The E > 0.6 MeV flux
decrea&anged from 2.1 x 10° to 2.5 x 10" particles cm™ s™ster”, with a log-
avera 5.9 x 10* particles cm? s™ster’. For the E > 2.0 MeV fluxes, the
decr anged from 2.8 x 10° to 2 x 10% particles cm™ s™'ster™ with a log average
of 53

2 particles cm? s™ster™. The dropout time durations can be as short as 1

h (seeevents 1, 2, 3, 6 and 7).

O

The itam pressures ranged from 5.1 to 26.6 nPa with an average of 15.3 nPa.

The iaaadirations of the HPSs were 3.0 to 17.3 h. with an average of 7.8 h.

>

<C
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It should be noted that the two events that were explicitly shown (Figures 2 and 3)
have flux dropouts at the intermediate levels, neither the highest nor the lowest
decreases in flux. Event 5 has initial fluxes a factor of ~3 times higher than the
event T Nigure 2. For sample calculations which we will perform later in the
paper =me=yill use a ~10° particles cm™ s™ster™ flux decrease in the E > 0.6 MeV
energwge. For the E > 2 MeV electrons we will use a flux decrease value of
~10° %Ies cm? s'ster’.  One can note from Table 2 that this is near the upper

end ofjneasurements, but not the maximum.

N

3b. RWiStic electron spectra

Author M
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Figure E.Eﬁt to the 8 relativistic electron pre-dropout flux power spectra.

Figur&lahows the 2-point pre-dropout flux spectra for all 8 events listed in Table
2. Tt@parate spectra are the connected lines indicated in blue. Although the
indiﬂﬂevents are not labeled in the graph, the fluxes given in Table 2 can be

used t%ntify them if desired. The red line is the log-average of the 8 values.

<
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If we assume that the energy flux spectrum follows a straight line in logarithm
space, then the average flux spectrum (the red line) has a power-law spectral shape
with J = 2 x 10* E** cm™s'ster™. The -4.4 exponential of the power law indicates
that pectrum is very steep, e.g., the relativistic electrons within the

magnetsphere are primarily confined to the low energy range.

O

w 4. RESULTS: EMIC WAVES

4a. Baound

Elect@]etic ion cyclotron (EMIC) waves are left-hand (LH) polarized waves
gener@y a plasma instability associated with anisotropic Ty, T;> 1 energetic
protEornwall, 1965; Kennel and Petschek, 1966]. These waves have been
shown by spacecraft observations to be generated in the dayside outer
magn&wphere associated with solar wind pressure pulses [Anderson and
Hamip,1993; Engebretson et al., 2002; Usanova et al., 2012]. Olson and Lee
(1989gier noted that PC1 waves were detected at the ground during sudden
- —
impulﬁﬁl*s). The authors’ interpretation was that the shock compression of the

mag@ere was most effective in (betatron) accelerating energetic protons near
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noon just inside the magnetopause. Anderson and Hamilton [1993] suggested that
remnant energetic protons existing near the dayside magnetopause are marginally

stable and small solar wind ram pressure increases could easily cause the growth of
EMI@
—

EMIC@eS were sought for the 8 interplanetary pressure pulse events listed in
Tabler 2. The results of the search are given in Table Al in the Appendix.
We hgearched the ESA-NASA CLUSTER data [Escoubet et al. 2001; Balogh
et al.ﬂl] and the NASA THEMIS data [Angelopoulos, 2008; Auster et al.,
2008]mhe 2000 to 2008 events (events 3 to 8). Unfortunately CLUSTER was
lau W day 235, 2000 after events 3 and 4. THEMIS continuous data is
avariEom March 2007, after event 6. For events 5 and 7, CLUSTER was on
the nigptiide (~2324 and ~0116 LT) of the magnetosphere, respectively. For event
6, CL@ER was near local noon (~1235 LT) but was ~11 Re away from the
magﬂquator. For event 8, CLUSTER was inside the morningside (~0847 LT)
plasr'l'ﬁsp'l'fere. The CLUSTER instrumentation did not detect EMIC waves in this

case. m\/lls was in the morningside (~0843 LT) magnetosheath during event 7.

For {8 THEMIS was not in the outer magnetosphere.
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We thus did not detect any EMIC waves during the 8 pressure pulse events either
in ths(iL'JSTER data or in the THEMIS data. It is suspected that the lack of wave
detect@s due to: a) the lack of spacecraft data (events 1 through 4), and b) the
spaceer®f=being at a local time or L-shell where EMIC waves are not expected to
be ge@ed (events 5, 6, 7 and 8). So for all 8 pressure pulse events, we were
unlucw not have plasma wave data on the dayside outer region of the
magnghere near the wave generation region. We did a similar search with
GEOt and again found that the satellite position at the time of our 8 events

was mompatible with EMIC wave detection in the dayside outer zone

maﬁere.

Althoﬂwe do not have an EMIC wave event during any of the 8 pressure pulse
event@ther the CLUSTER, THEMIS or GEOTAIL data sets due to unfortunate
spacﬂlocations, we noted previously that Anderson and Hamilton, [1993],
Engeﬂmsﬁn et al. [2002], and Usanova et al. [2012] have shown EMIC wave
generg by solar wind pressure pulses. Park et al. [2016] has recently done a

co nsive statistical study of EMIC waves for Kp < 1. Their results clearly
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indicate that EMIC waves are generated in the outer dayside magnetosphere due to
solar wind pressure enhancements. The local time of the waves was centered near
1100-1200 local time, as one would expect for solar wind compression.
Q.

Solar = pressure pulse such as fast shocks have been shown to cause dayside
aurora(D'th the auroras first starting at local noon and then expanding to both the
dawn WUSK sides [Craven et al., 1986; Zhou and Tsurutani, 1999; Tsurutani et
al., Z(gZhou et al.,, 2003]. The auroras are presumed to be caused by shock
comp@n of the magnetosphere with perpendicular (to the magnetic field)
accelw of preexisting ~10 to 100 keV ions and electrons, generation of EMIC

wa§chorus, and pitch angle scattering of both particle species and loss to the

ion . So far no shock event has been shown that does not have a

corregponding dayside aurora.

AlthoEg we are missing EMIC wave detection for our 8 HPS events because of
unfortmrat spacecraft locations, we do have ground based magnetometer events
and aaini wave event to show and analyze. Two ground observations actually

occ{simult&neously with the dropout events 6 and 8 previously discussed in
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Tables 1 and 2. The second observation has the advantage that Cassini flew into
the magnetosphere at almost along the Sun-Earth line, rapidly sampling a variety
of L shells during a short time interval. We will show that during solar wind
pressmes EMIC waves and simultaneous chorus wave events are detected in
the d@ outer magnetosphere, as expected theoretically. We will further show

that tlt-EyIC waves are coherent, a topic that will be discussed further below.

S

4b. Cg?i dayside EMIC waves

Author Man
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EMIC Waves and Chorus
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Figu e top panel shows the dynamic power spectrum for the EMIC waves from the
Cassj netometer instrument and the bottom panel chorus from the Cassini RPWS

instrument. The solid lines are the local proton gyrofrequency (in black) and electron

gyrofrem@:y (in red), respectively.

The—gni spacecraft passed through the outer region of the dayside
——
magnﬁuse almost along the Sun-Earth line on 18 August 1999 during its Earth

flyb&ini crossed the magnetopause at L ~10.0 at ~ 1300 local time (LT). The
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magnetopause crossing is indicated by the broadband noise observed in the
spectrum at ~0332 UT. The satellite traveled near the magnetic equator from 3.1°
to 1.5° in magnetic latitude (MLAT) and local time from 1259 to 1312 MLT as it
went m = ~10.0 to ~7.0. This outer portion of the dayside magnetosphere is
presurrmms® the wave generation region, where the magnetospheric magnetic field
IS thewest. During the spacecraft passage there was an enhanced solar wind
compmn of the magnetosphere [Tsurutani et al., 2002; Remya et al., 2015].
The hwt pressure of this event was associated with a CIR on days 15-16 August
(peakéure of ~16 nPa). This wave interval is in the high speed stream proper

as themsure was still high but decreasing. At 0100 UT the pressure was ~2.1

nPaSor to the interval shown.

The Cﬁ‘ﬂni near-Earth encounter (done for a gravitational assist) is unique and
cannuplicated by Earth-orbiting spacecraft. The satellite was continuously
at a@n near the magnetic equator at a variety of L shells where both EMIC
and ehere® waves will be generated. The encounter was also at a time of a high

speed gm where the magnetosphere was compressed.

<C
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The top panel of Figure 5 shows the dynamic spectrum of the B, component of
waves detected during 0226 to 0240 UT on 18 August 1999. The black line
indicates the local proton cyclotron frequency. The magnetic spectral density is
show legend on the right. The waves are electromagnetic, left-hand polarized
(not= o™ to conserve space) and have frequencies below the local proton
cyclo@‘requency, thus confirming that these waves are indeed EMIC waves.

The Emwaves end at the end of the Figure, ~ 0240 UT. The EMIC waves span

L= ~§~7.
C

The bmm panel shows the higher frequency waves detected during the pass. The

sol§ine is the electron cyclotron frequency. The waves in this panel are

ele netic, are detected at frequencies below the electron cyclotron frequency
and ag thus chorus whistler mode waves. Chorus waves are present from ~0228
uT tOZBS UT or from L = ~10 to ~7.5. Chorus is detected almost

simulEneously with the EMIC waves.
e

>

<C
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Figurec packet of EMIC waves for the event shown in Figure 5. The top panel shows the
magne%nponent of the wave in minimum variance coordinates where B; is the maximum
variaEEmponent and B, is the intermediate variance component. The bottom panel shows

the elation coefficient between B; and B; as a function of lag.

-

Figur@ows a packet of the EMIC waves for the event shown in Figure 5. The
pacliEurred between 0232:17 and 0232:47 UT, or a ~30 s interval. The top
panekpleds that the waves begin as LH circularly polarized and then become more
eIIiptiE polarized. The wave period is ~2.8 s (a power spectrum was calculated,

butishown to conserve space). The bottom panel of Figure 6 shows that
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during the circular polarization part of the packet, the cross-correlation between the
B, and B, components is high, close to 0.8. The high cross-correlation indicates
that the waves are quasi-coherent to coherent.

Q.
4c. €armerent EMIC waves and relativistic electron pitch angle transport
An elw can cyclotron resonate with a wave when the wave is Doppler-shifted
to theWicle’s cyclotron frequency or its harmonics. The cyclotron resonance

condim's given by the equation [Kennel and Petschek, 1966]:

(1)C W — kv = %

wh the wave frequency, k) and v) are the wave vector k and particle
20

vel mponent parallel to the ambient magnetic field Bg , respectively. Here

Q is themabectron cyclotron frequency, n is the harmonic number (= 0, £1, £2,...).
The r@istic factor » = (1 — V? £%)™2 where v is the particle speed and c is the
speQdEight. Depending on whether n is positive/negative in equation 1, it
repre%the normal/anomalous cyclotron resonance condition [Tsurutani and

Lakhi&l%?]. When n is negative, anomalous Doppler-shifted cyclotron
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resonance occurs. The particle is traveling in same direction as the wave along the
magnetic field and the waves will be Doppler-shifted to the particle cyclotron
frequency or its harmonics in the particle reference frame. The particles sense the
waveme a polarization opposite (thus the term “anomalous™) to the plasma
frame=potarization. In the case we are considering here, relativistic electrons
interatij with LH EMIC waves, the Doppler-shift brings the wave frequency up
to the tron cyclotron frequency, and because the electrons are overtaking the
Wavesjy sense them as RH polarized, the same sense as electron rotation

aroun&[Tsurutani and Lakhina, 1997].

For damental anomalous electron cyclotron resonance (n = —1) with a left-

Ma

hand wave, equation (1) can be simplified for resonant particle velocity:

V|| = VIR = Vph(1 + Q@p)

hor

where, VphyiS the parallel wave phase speed. The relativistic parallel kinetic energy

of the reJonant electrons is thus given by [Kennel and Petschek, 1966] for

i nc%waves:
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2 2 2
ymv ymvg,
3) E|| =% =1L <1+Q/)/w)

e

Electr%ﬂetic ion cyclotron waves alter the particle pitch angle, (given by tan &

= v.LAﬁU,-vvhen they are in cyclotron resonance with the wave. Here « is the angle
betweg'!'?we particle velocity vector v and the ambient field Bg and v, is the

perperﬂlar component of the particle velocity with respect to By.

C

The cgge Aain particle pitch angle for arbitrary « is obtained as:

Aa = 2 QAL
By

an itch anglediffusion Dis given by:

© p=gi=1G)

Author M
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where B is the wave magnetic field amplitude, Q is the electron cyclotron
frequdaasdind At is the interaction time between the electrons and the wave packet.
When@g@tic particles cyclotron resonate with several cycles of the waves, the

pitch !ngle transport in one short duration interaction can move the particle pitch

up to @ers of magnitude faster than the quasi-linear diffusion rate [Kennel and

Petscigf) 966
-

C

We fowthe calculations of Remya et al. (2015) for the details of relativistic ~0.9
Me ons interacting with a coherent EMIC wave packet shown in Figure 6.
Weﬁ that because the EMIC waves are coherent, the relativistic electrons
stay iwlotron resonance with two complete cycles of the wave (see Lakhina et

al., Z@qd Bellan, 2013). This is different from the Kennel and Petschek [1966]

andEtani and Lakhina [1997] approaches which assumed incoherent
electemmednetic waves.

>

<C
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The wave is detected at L = 9 and at a geomagnetic latitude 2.6°. We
conservatively assume cyclotron resonance for only 2 out of the 11 wave cycles of

the wive Hacket. The plasma parameters used are: wave frequency « = 2.25 rad/s,
electr@gfrequency Qe = 1.08 x 104 rad/s, wave amplitude B ~ 2.0 nT and an

ambieft_magnetic field of magnitude Bg ~ 62 nT. For a wave phase speed Vph

~2.2 Q05 m/s, calculated numerically using the Waves in Homogeneous

Anisowc Magnetized Plasma code [WHAMP: Ronnmark, 1982], the resonant

electron Earallel speed is determined to be vjj = 2.88 x 108 m/s.

O

The rel%istic factor p/is 3.7. The wave packet spatial length X obtained as wave

phase speed times the wave packet duration is therefore X =~ 11.9 x 10° m. The
intera'@ time between the electrons and the wave packet is calculated as X

divitﬁ the relative speed of the electrons with the wave packet, which is At =
4.1 wapmdbc clectron is hence pitch angle transported to Ae ~23° in this single

wave;cle interaction. The electrons are thus diffused at a rate D=18.0s"lina

time% =~ 53 ms.
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Table 3 gives the results of a number of different L shells from 10 to 6. Please
noteudpaldhe electron parallel energy for resonance is E <1 MeV for the range
from @_{o L =7. Itis only when we consider the case of L =6 that the resonant

energy becomes > 1.0 MeV.

Par S L=10 L=9 L=38 L=7 L=6
Voh (mls) 2.2643 2.1946 2.3163 2.3732 3.499
Qe (*@d/s) 1.077 1.0873 1.2956 1.4756 3.4274

o (rad/ 3.107 2.255 2.6 3 3
V) ( /s) 2.8025 2.886 2.9037 2.9057 2.9916
2.8 3.66 3.98 4.019 13.37
E 0.625 0.87 0.954 0.964 3.4
At (ms) 4.357 411 4.37 441 6.32
Aat(de_g) 31.5 22.6 22.2 22.1 9.5
D o) 34.65 18.87 17.08 16.85 2.18
T @ 28.9 53 58.5 59.3 457.8

th

Table \ﬁectron anomalous cyclotron resonance with two cycles of an EMIC wave of
conser amplitude 2.0 nT at a variety of different L shells. The rows, from top to bottom,

are t@ phase velocity, the electron cyclotron frequency at the equator, the parallel speed of
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the electron along By, the parallel kinetic energy of the electron, the time of wave-particle
interaction, the amount of particle pitch angle transport, the diffusion coefficient D and the time

for particle pitch angle diffusion T.

e

The mcalculations are only simple estimates. Exact nonlinear transport
anakysess=ka the presence of coherent EMIC waves would require a Green's function
approthjs was done for electromagnetic chorus [Artemyev et al., 2014; Omura et
al., ZOﬁ)The considered mechanism is expected to be especially efficient, due to
the reﬁable stability of electron trapping by intense coherent EMIC waves in
the p&ce of various perturbations [Artemyev et al., 2015]. Still, it should be
mentitpﬁ that EMIC waves mostly resonate with low to medium pitch-angle
elec p to 60° or so [Summers and Thorne, 2003; Omura and Zhao, 2013;
KerEl., 2014; Usanova et al., 2014] which might prevent the precipitation of
half of the electron population. However, it was shown in the preceding section
that r@ly EMIC waves, but also chorus waves are expected to be generated
duri@e pressure pulses. A recent study has demonstrated that the additional
presedoe=df chorus waves can actually help EMIC waves to quickly precipitate

wholem/ electron populations up to the highest pitch angles [Mourenas et al.,

201%}%9 further credence to the considered precipitation mechanism.
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Summers and Thorne [2003] discussed the pitch angle scattering of relativistic E <
1 MeV electrons by EMIC waves. However their interest was for magnetic storms
where the region of interest was L < 6. They found that significant scatter can only
occur@ density regions like the duskside plasmapause. Our interests here are

for = =@=sutside the plasmasphere.

O

4c. ij-based EMIC wave detection
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Figure 7. Solar wind pressure pulse and wave data at Athabasca, Canada at 61.7° magnetic

latitude and Moshiri, Japan at 35.6°magnetic latitude.

e

Figur@m top to bottom are: the solar wind ram pressure and two dynamic
spec'trEthe ISEE ground-based induction magnetometers, one at Athabasca,
Cana@.? magnetic latitude, midnight: 08 UT) and the other at Moshiri, Japan
(35.6mnetic latitude, midnight 15 UT). This is event 8 in Tables 1 and 2, an
event@ February 2008. The wave frequencies from ~1610 UT to ~1740 UT at
Athabfisca were ~0.2 to 0.7 Hz. Applying the IGRF and TO02 (different)
magnweric models, these wave frequency limits are roughly between the O

andgrofrequencies at the magnetic equator [Sakaguchi et al., 2008]. This

ide e wave mode as EMIC waves.

-

O

The rnel shows the HPS density pulse. The EMIC waves at Athabasca are
presqi=ail intense (up to 10®° nT?/Hz at ~0.5 Hz) where the density is highest
from EO to ~1740 UT (0810 to 0940 LT). There is a presence of lower

am%EI\/IIC waves all the way to ~2330 UT at lower frequencies.
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We note that in Figure 7, the pressure pulse starts gradually from ~1430 UT to
~173Qulls During this interval there are no EMIC waves detected at Athabasca.
We s@[_that with lower ram pressures, the EMIC generation would occur at
high.elletudes and were undetectable at Athabasca. It was only when the
magn@]ere was compressed further after ~1730 UT that proton anisotropies
were Wenough on the Athabasca L shell to generate waves there. There is a
good Elation between the high ram pressure interval and EMIC waves at
Athabgsca. It is noted that no waves were detected at lower latitudes in

postn'@@ht local times as indicated by the Moshiri data.

=

The IEmagnetometer chain was started in 2005 so the coverage was available
for or@DS events 6, 7 and 8. The Athabasca data was not available for event 7.
Howﬂvent 6 data was available and EMIC waves were also detected during
that wiremas well. EMIC waves were detected at 20-21 UT (12-13 LT)) on 25

FebruEOO? (DOY 56) in the dayside sector. Thus we can state that EMIC

<C
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waves were detected on the ground whenever the Athabasca station was in the

correct local time region.

e
4d. TI%‘IT of coherent EMIC waves
—

From babove numbers, relativistic electrons interacting with coherent EMIC
waves(i}jm outer zone dayside magnetosphere will be quickly scattered into the
loss Cﬁnd be lost to the auroral zone atmosphere. We can conclude that if the
solar E pressure pulse generates such coherent, large amplitude EMIC waves,
the rewstic electron loss cone would be filled wherever such waves exist (see
also ith et al., 2003b, Liu et al., 2012, and Su et al., 2013 for discussion of
relaﬁ electron pitch angle scattering with incoherent EMIC waves). In
generwth typical wave amplitudes, relativistic electrons can be driven into
stron@h angle diffusion even without the factor of wave coherence [Meredith
et aﬂb]. However now with EMIC wave coherence [Remya et al., 2015], the
pitch=hme® scattering rates will be orders of magnitude faster than indicated in

previauasilinear studies, provided that trapping by coherent EMIC waves is

suﬁ@ stable, as seems to be the case [Artemyev et al., 2015].
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Pressure Pressure Pressure
Pulse Pulse Pulse
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(a) (b)
Figureg schematic of a solar wind pressure pulse compressing the outer portion of the
daysidGnetosphere. The dots represent ~10-100 keV electrons (blue) and protons (black).

The pa ti densities and the temperatures perpendicular to the magnetic field (TL) are enhanced

by t@tospheric compression due to the solar wind HPS impingement.

Figurg.S_shows a schematic illustrating the solar wind compression of the Earth’s
magnere. The Sun is on the left (off the page) and the view is from the north
pole Earth. The semicircle in panel a) represents the dayside portion of the
magmiemedhere. The dots indicate preexisting outer zone magnetospheric energetic
~10—1aev electrons (blue) and ions (black). The front of the pressure pulse is

indi@y the vertical line. For simplicity it is assumed that the pressure pulse
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originally has a planar surface oriented orthogonal to the radial direction of the
solar wind flow. The magnetospheric compression starts first at the nose of the
magnetosphere (panel a), and then spreads to both earlier and later magnetospheric
e
local # as the pressure pulse propagates downstream (panels b) and c)). The
relative=mgnetic compression AB/By will be greatest at the outer edge of the
magn@]ere where the ambient magnetic field, By, is the weakest. It should be
notedw although not indicated in the schematic, all regions of the
magnghere will be compressed, even regions close to the plasmasphere (L ~ 5
to 6).cvever the relative compression, AB/Bgy, will be the greatest near the

magnmuse (L ~ 10) and least near the plasmapause (L ~ 6).

The§ression of the magnetospheric magnetic field will cause betatron
accele.i_atﬁn of both the preexisting protons and the preexisting electrons,
increa@their T, their temperature perpendicular to By. This preferential heating
will | 0 TL/T,> 1 temperature instabilities for both the protons and electrons,
causﬂb'gfowth of the EMIC proton cyclotron waves and the chorus electron

cyclotmvaves as shown in the previous subsection.

<C
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This schematic is in good agreement with the simultaneously detected EMIC and
chorus waves shown in Figure 5. In that Figure, both the EMIC waves and chorus
were detected throughout the outer magnetosphere from L = ~10.0 to ~7.0 close to

the m Ic equator.

-

Assurt'iaa solar wind speed of ~700 km/s and a quiet-time magnetopause nose
Iocatim ~10 Rg, the solar wind compression from noon at the magnetopause
nose t and 14 magnetic local times (MLTSs) (intermediate between panels b and
c of Flﬁ 8) will occur in slightly less than ~1 min. EMIC waves will grow and
be prm in the outer region of the dayside auroral zone magnetosphere. The
pro§otron Tu/T;> 1 temperature anisotropy instability will lead to scattering

of t 100 keV protons and loss to the ionosphere.

Author
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Solar Wind

10 -100 keV Relativistic
Proton Drift Orbit Electron Drift
Orbit

Figureg schematic of the drift of energetic ~10-100 keV protons (black) and relativistic
electrocd) under both quiet (dashed lines) and compressed (solid lines) magnetospheric
conditi@Uhe magnetopause prior to the solar wind pressure pulse (quiet) is indicated in black
and Elocaﬁon under higher solar wind pressure (compressed) is shown in blue. The drift

orbi

red. !

O

Figur hows a schematic of the drift orbits of ~10-100 keV protons and

100 keV protons are shown in black and the drift of relativistic electrons shown in

relatj;‘i_ﬂg electrons during compressed dayside magnetospheric conditions. The
view is f§>m the Earth’s north pole with the Sun at the top of the Figure (not

shox(‘l’he dashed black and dashed red circles show the orbits of the ~10-100
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keV protons and relativistic electrons prior to an external pressure pulse,
respectively. The protons move in a clockwise motion and the relativistic electrons
In an anticlockwise sense.

Q.
With am=emhanced solar wind ram pressure, the magnetopause will move inward as
indicacdjy the light blue colored magnetopause. This compression will change
the er(r’)tic charged particle drift orbits. Due to drift-shell splitting (Shabansky
orbitsm protons and relativistic electrons will drift to larger L [Roederer and
ZhanﬁM]. This is the principle for particle loss through magnetopause
shadom (for the relativistic electrons). However now it is realized that this same
sol wagh pressure creates EMIC waves. If the waves are coherent much of the
proalﬁd relativistic electrons will precipitate into the ionosphere before they
reach wag netopause.

O
The Ef ~1 MeV relativistic electrons around the magnetosphere is quite rapid,
~ - [Lew, 1961] for a complete orbit (see the “drift echoes” for ~15 MeV

electr(:w Blake et al. [1992] and modeling in Li et al. [1993]). The relativistic

eIec{will gradient drift from the evening sector towards the dayside
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magnetopause, as shown in Figure 9. However the electrons will encounter the
coherent EMIC waves before reaching the magnetopause and many will be rapidly
pitch angle scattered and precipitated into the auroral region ionosphere. In our
propo&cenario, relativistic electrons from E = 0.6 to 2.0 MeV in the outer
magnhetsphere (from the plasmapause at L = 6 to the magnetopause at L = 10) can
be Ios(bthe two mechanisms of pitch angle transport and convection across the
magnmuse. The precipitation will start first close to the magnetopause where
relativﬂ electrons near that region will be scattered as soon as EMIC waves
grow Cbstantial amplitudes. Then as the pressure pulse penetrates deeper into
the ntﬁtosphere and the EMIC waves are generated there, those relativistic
ele ill be scattered as well. Later as nightside electrons drift to the dayside,
theOEstic electrons will encounter the EMIC wave region and parasitically
interaﬂth the waves (“parasitic” means that the particles interact with waves
gener@by other particles: in this case the EMIC waves are generated by
ener@rotons). Thus in the overall scenario, the precipitation should first start
at Iau'd'E'I:'near the magnetopause and then migrate to somewhat lower latitudes

(smaII:Lj. As electrons initially in the nightside drift to the dayside and into the

EM Q/es, those electrons will encounter the EMIC wave “wall” and will also
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be lost to the ionosphere. Thus many of these relativistic trapped magnetospheric

electrons may be lost before reaching the magnetopause.

-+
QRESULTS: ENERGY DEPOSITION INTO THE
g ATMOSPHERE

5a. Tige tgjal energy of relativistic electrons in the magnetosphere for L > 6

It is Lw for our purposes to try to determine the total energy associated with
relativE magnetospheric electrons in the outer magnetosphere. For simplicity
we w@sume an energy of ~1 MeV for our calculations of the E > 0.6 MeV
eIectr@U&s previously mentioned, a flux decrease of 10° particles cm™ s™ster in
the 2 MeV energy range (~1 MeV electrons) was determined for RED events
from Table 1. Baumjohann and Treumann [2012] have shown that the bounce
time &-ﬂ-ﬁharged particle in a dipole magnetic field is given by Tg = L Rg (3.7 -
1.6 siQVe where L is the L-shell, o the particle pitch angle at the magnetic
equaﬁEd V. the electron velocity. For relativistic electrons with pitch angle o
at 455 bounce time is Tg ~ 3.7 s. Assuming a 2= sterradian solid angle for

dow&ing particles and integrating over a bounce time, one gets 2.3 x 10°
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electrons cm or ~3.7 ergs of relativistic particle energy per cm?. Let us assume
that the E ~1 MeV flux is to first-order constant from L = 6 to 10. The total
equatorial area of the magnetosphere for the disc area from L = 6 to 10 is ~8 x 10*°
cm?. the total energy of ~1 MeV electrons in the magnetosphere is ~ 3 x 10%°
ergse E Baker et al. [1987], Imhof and Gaines [1993] and Gaines et al. [1995]
for siw numbers for different cases, slightly different L shell ranges, and

diﬁerWomagnetic conditions. Our method of calculation is different from those

of thege references.
C

This rmistic electron magnetospheric energy should be compared to the source
enej t of the solar wind. For comparison, assuming a quiet solar wind with
den cm?®, a speed V,, ~400 km/s and a magnetospheric circular cross

sectiog of ~ 10 R radius, the solar wind ram energy density impinging upon the

magnere would be ~3.5 x 10*° ergs/s.

5b. E'lrerg& deposition into the lower atmosphere
Figur;shows the deposition of energy for E > 0.6 MeV electrons (left panel)

and 40 MeV electrons (right panel) using the GEANT4 simulation package
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[Agostinelli et al., 2003] with a standard atmospheric target model [Takada et al.,
2011]. The assumptions for the model and its application to this specific case was

discussed in the Method of Analyses Section.

O

The=em® gy deposition in keV is indicated by the horizontal scale while the altitude
of thegeneggy deposition is given by the vertical scale on the left. From the Figure
there Ujarge high energy deposition region (shown in red) that descends from >
70 k@tude to ~46 km altitude. This is due to ionization created by the
energtlectrons passing through the atmosphere. The electrons stop at about

50—60mltitude. Most of the electron energy is lost by this process.

— Tz .
£ ¢ E 10°g
2 N S 5]
[ E =10" 3 =

= E g 10

410°

E 4 10°

* L 102

I10 10

wusal B 1
o* o'

This article is protected by copyright. All rights reserved.



62

Figure 10. E > 0.6 MeV (left panel) and E > 2.0 MeV (right panel) electron precipitation energy
deposition as a function of altitude. These are obtained by using the GEANT4 simulation

package. The color scale is on the right of each panel.

e

When@adativistic electrons pass close to the atmospheric atomic or molecular
nucfeﬁ,?mmsstrahlung y-rays or x-rays are produced. These energetic photons
create@getic (~100s of keV) secondary electrons by Compton-scattering. These
seconmelectrons can create further bremsstrahlung x-rays. The additional
“clouD energy deposition in Figure 10 between ~50 km and ~18 km are due
these Esstrahlung y-rays, X-rays and secondary electrons. It should be noted

that tlﬁgz.o MeV electron energy deposition reaches lower into the atmosphere

thanEO.G MeV electrons energy deposition, as one would expect.

Theresfﬁ'third process for high energy photons when E > 1 MeV. These y-rays

can ingt with bound electrons and create e (electron) and e* (positron) pairs.

The!egtrons and positrons can in turn create bremsstrahlung photons, and the
e

photoﬁ sufficiently energetic) could create more electron-positron pairs, hence

an “ezl{magnetic shower” can take place. However for our “low energy” range
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of interest, 0.6 to 2.0 MeV, this process is relatively unimportant. This possibility

will not be discussed further.

EIUE
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Figuénergy deposition for 0.6, 1, and 2 MeV electrons entering the top of the atmosphere.

-

Figur@hows an intercomparison of energy deposition as a function of altitude
for (mt relativistic electron energies (0.6, 1.0, and 2.0 MeV) at the top of the
atmosre®. These particular energies were chosen as representative of relativistic

electraergies measured by the NOAA GOES-8 and GOES-12 measurements

<
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shown earlier. These same energies are discussed here for particle loss
calculations.
a——

5c. M@im energy deposited below 50 km and 30 km

We use=me GEANT4 code to calculate statistically the fractional energy deposition
per pgstisde between 50 km and 30 km and below 30 km for the three energies
showWigure 11. For the altitude range between 50 and 30 km the percent
energgositions are 0.07%, 0.13%, and 0.23% for 0.6 MeV, 1.0 MeV, and 2.0
MeV ttons, respectively. It should be noted that the percentages for the 2.0

MeV mrons are proportionally higher than those of the 0.6 and 1.0 MeV

elecSartially because the primary electrons reach ~45 km altitude.

For tﬂactional amount of energy that is deposited below 30 km altitude, the
perce are 0.05%, 0.1%, and 0.3%, for 0.6 MeV, 1.0 MeV, and 2.0 MeV
eIecEs,respectively. It should be noted that for E > 0.6 MeV and E > 1.0 MeV
electrime=hnere is slightly more energy deposited in the 50 km to 30 km range,

while:the E > 2.0 MeV electrons, more energy is deposited below 30 km

altit@m in the 50 km to 30 km range.
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We now calculate the maximum energy loss to the lower atmosphere, assuming
that all of the magnetospheric relativistic electrons between L = 6 and 10 are lost
into t osphere/atmosphere. First consider the ~1 MeV electrons. From the
previome=section, it was established that there was ~3 x 10% ergs of energy
availa&j the magnetosphere. Thus from the above percentages, there should be
a mamn of ~4 x 10" ergs deposited between 50 and 30 km and ~ 3.0 x 10"
ergs dﬂ'ted below 30 km altitude.

It Wat%/iously mentioned in the discussion of Table 1 that the E > 2.0 MeV
ele xes were about 10% particles cm™?s™ster™. This flux value is two orders
of §de lower than that for the E > 0.6 MeV electrons, so by simple scaling,
the mgximum energy deposition from these particles will be ~6 x 10" ergs if all of
the 2.®V electrons are precipitated into the ionosphere. Following through with
a simifar Calculation to that for the 1.0 MeV electrons, it is found that for 2.0 MeV

electrime=d: the top of the atmosphere, a maximum of ~1.4 x10 ergs is deposited

betwea) km and 30 km altitude and a maximum of ~1.8 x 10" ergs is deposited

bel@m altitude.
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In the above calculations we have assumed a near-maximum flux of the electrons
and have also assumed all of the particles are precipitated by wave-particle
intera&Clearly iIf some of the particles are lost by magnetopause shadowing,
the abewenumbers will be lower. Also if the relativistic electron fluxes are lower
at the(ti-r)e of the HPS impingement onto the magnetosphere, the precipitated
energmill be lower as well. These calculations of maximum energy loss to the
atmosg was done to aid others working on climate change models. The

numbtre order of magnitude estimates, which should be sufficient for such

studiem
E 6. SUMMARY

6a. Slhmary of results

CIear@nples of E > 0.6 MeV and E > 2.0 MeV relativistic electron flux
dropaEREDs) were shown (Figures 2 and 3). The properties of 8 events during
SCZ‘?T'% reviewed in detail (Tables 1 and 2). 100% of the RED event onsets

Were&ﬂically associated with the impingement of high solar wind plasma
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density events, called heliospheric plasma sheets (HPSs), onto the magnetosphere.
The HPS events are high density regions that are physically located adjacent to the
heliospheric current sheets (HCSs). HCSs are regions of interplanetary magnetic
field ity reversals (neutral sheets). Both HPSs and HCSs exist in the slow
solar wmee These HPSs precede CIR and HSS encounters with the Earth because
the Ss, “push” the former toward the ecliptic plane and thus HPSs/HCSs
encoum the Earth’s magnetosphere prior to the HSSs. This sequence of

HPS/Iﬁ CIR and then HSS-proper encounter is typical of what is detected at 1

AU (scgure 1 of the present paper).

(O

Theggaasia the pressure pulse of the first event shown on day 202, 1998 (Figure 2)
wasﬁong, ~3 h. The rise was slow and monotonic. The corresponding E >
0.6 MgV and E > 2.0 MeV electron flux dropouts were quite sharp in comparison.
The tders of magnitude flux decreases occurred in ~ 1-2 h. The second event
on dﬂ and 57, 2007 (Figure 3) was more complex. The E > 0.6 MeV and E >

2.0 rleedlectron dropouts were slow and took ~9 %2 h.,

>

<C
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The other 6 events analyzed in this study had temporal characteristics similar to
that of the Figure 2 RED event. The majority of the events (1, 2, 3, 6 and 7) had
flux dropouts occurring in ~ 1 h. From all 8 events, a typical flux decrease of ~10°
electrm'zs'lstr'l for E > 0.6 MeV and ~10° electrons cms™'str* for E > 2.0
MeV wwer=obtained.

The p%pout electron flux spectra were shown and were fit by a J = 2 x 10 E**
cm'zs'ﬁ power law, where E is the particle energy in MeV. The spectrum is
very E e.g., there are very few electrons present at larger energies assuming

that t!mwer law holds at higher energies.

The§T4 simulation code was applied to a standard atmosphere to identify the
fractinount of energy deposition to the atmosphere as a function of electron
energ@e percentage amount of energy deposited between 50 km and 30 km is
0.07@3%, and 0.23% for 0.6 MeV, 1.0 MeV, and 2.0 MeV electrons,
respEﬂl‘I‘V‘Eﬂ/. For altitudes below 30 km, the percent energy deposition is 0.05%,
0.1%,: 0.3% for the same respective energy ranges. The cascade shower,

part@ the electron-nucleus interaction and concomitant bremsstrahlung y-ray
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and x-ray production lead to the deep penetration of energy into the lower
atmosphere.

a——
A sin@ilculation showed that up to ~4 x 10" ergs should be deposited into the
atmes between 50 and 30 km altitude and up to ~3 x 10" ergs should be
depos@nto the atmosphere at altitudes less than 30 km, if all of the relativistic
electrwere lost by wave-particle interactions. Because the flux of the E > 0.6
MeVBJ ~1.0 MeV) electrons are so much higher than the E > 2.0 MeV

electrt't Is only the E ~ 1.0 MeV electrons that are of primary importance for

energmosition.
6b. zry of model

The sglliwind pressure pulses create the strong dayside magnetic field magnitude
gradi@vhich causes both relativistic electron drift-shell splitting and particle
drifts filowards the dayside magnetopause and also simultaneously create the
betatrbr==fceleration of preexisting ~10-100 keV protons (by conservation of the

particairst adiabatic invariants). For the latter mechanism, once the energetic

pro@e energized selectively in their perpendicular (to Bg) energy, the ion
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temperature anisotropy instability takes place with concomitant EMIC wave
generation. It was shown by example that the EMIC waves are coherent and the
electrons will be pitch angle transported by ~23° in a single 4.1 ms interaction in
the e@shown. The pitch angle diffusion time was shown to be of the order
of 58=me= This new finding indicates that the relativistic electrons could have a
filled E:j:one as they gradient drift towards the magnetopause.

It shgbe noted that since the majority of the relativistic electrons in the
magnﬁhere are outside the dayside compression region when the initiation of
the C(mssion starts, the particles must drift through the EMIC wave field on
thei gelilimOrbits to the magnetopause. They will have to “run the EMIC wave
gawﬁso to speak. It is not certain how many electrons will reach the
magn%use, but the pitch angle transport times indicate that the majority of the
partic@ill be precipitated as they go through the EMIC wave field. Detailed
modeling Is needed to identify what the percentage is. The reader should note that
our "p|'E§Eﬂt hypothesis includes both wave-particle interaction losses and the

particgdient drifts which lead to the magnetopause shadowing.

<C
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There are other interplanetary pressure pulses that are effective in causing
relativistic electron losses. One example previously discussed was fast forward
shocmpression of the magnetosphere [Zhou and Tsurutani, 1999; Tsurutani et
al., @_Ieading to tailward propagating auroras. Relativistic electron

precipree®n should be found in those auroras as well. One such example has been

—
showw/liyoshi et al. [2008].

3 /. DISCUSSION

C

7a. Cme energy deposited in the mesosphere somewhere between 50 and ~80
km @ be important? Could the heating be associated with driving planetary
or atmospheric gravity waves?

Flgureé) and 11 indicate that the maximum energy deposition of ~1 MeV
electronS occurs at ~ 60 km altitude. This is due to the particle having the greatest
-dE/ai ra;ﬁ when the particle velocity and energy is the lowest, near the end of the
particgange. In the above, dE is the differential energy and dx is the amount of

distwaveled. For simplicity, we take a 100 km x 100 km x 5 km volume.
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With a N, number density of ~6.7 x 10" molecules cm™, one gets 3.3 x 10%
molecules in the volume. The relativistic electron energy deposited in this region is
the majority of the energy, so an energy number like 3 x 10% ergs can be used.
This monds to ~9 x 10™ ergs/molecule or +6 K if the energy is evenly
distmreee throughout the volume. Clearly “hot spots” will give substantially
highegetemgperatures and this might be a source to directly drive the atmospheric
wavemailed modeling will be needed to test this idea.

7b. Ngroduction and possible ozone depletion

The mitation of energetic electrons into the atmosphere and the subsequent
ele oton energy cascade leading to ~10-100 keV secondary electrons will
eﬁ§lead to the ionization and dissociation of N, molecules (see general
discuggion in Thorne, 1980) into N(*D) and N('S), excited atomic nitrogen and
groun@e atomic nitrogen, respectively. Approximately 1.3 nitrogen atoms are
prod@or each electron-ion pair [Brasseur and Nicolet, 1973; Nicolet, 1975;
RusCI'I'E'l'oﬂ., 1981]. The interaction of N with O, and Oz will form NO, a catalytic

mole;or the destruction of ozone. Other chemical reactions particularly those

asso@with NO can lead to the formation of N,O, a greenhouse gas. We refer
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the reader to Sinnhuber et al. [2012] for a recent comprehensive review of
energetic particle precipitation and the chemistry of the mesosphere/lower
thermosphere.

Q.
The=tetm=production of electron-ion pairs in the atmosphere available for the
producij of NOx and HOx can be estimated using the well-known relation of
~35¢e pended per electron ion pair. For the 50 km to 30 km altitude range,
there @e 7 x 10°" electron-ion pairs formed and for the < 30 km altitude range
there ﬁe 5 x 10? electron-ion pairs formed.
Tho CUW] had suggested that a modulation of stratospheric ozone will cause
cha§ both thermal structure and radiative damping properties of the middle
atmosgrire, which will in turn influence both the tropospheric energy budget and
the ron characteristics of atmospheric waves which are involved in the
devehﬂnt of tropospheric weather systems. Dennison et al. [2014] using the
Natimherhstitute of Water and Atmospheric Research-United Kingdom Chemistry

and Agls (NIWA-UKCA) coupled atmosphere-ocean chemistry-climate model

hav%ined the influence of ozone depletion and recovery on the Southern
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Annular Mode (SAM) and have found that “depletion leads to an increased
frequency of extreme anomalies and increased persistence of the SAM in the
stratosphere as well as stronger, more persistent stratosphere-troposphere
coupl@_Keeble et al. [2014] using a fully coupled UM-UKCA chemistry
clinmte=mmodel have noted that a polar stratospheric ozone loss leads to an
acceleﬁti’n of the polar vortex with a delay in its breakdown by ~2 weeks. There

IS incr, wave activity entering the stratosphere with subsequent wave breaking

at higljtitudes.
C

It shome mentioned that the latitude range of the predicted relativistic electron

preﬁn should occur over a region of partly sunlit atmosphere and partly dark

atm in spring. Thorne [1980] has pointed out that during polar night neither
the omphotoproduction nor the catalytic destruction mechanism can operate.
Thus @ark portions of the atmosphere will be unusually devoid of ozone and
the ﬂboring sunlit portion of the atmosphere recovering due to
phol’U‘!l'I'U'dﬁction. This temporal variation needs to be examined further.

>

7c. Qe destruction of ozone in the stratosphere be important?
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This is another result of the relativistic electron precipitation. It is also important
to note that the general region of precipitation L = 6 to 10 corresponds to magnetic
latitudes of ~65° to 72° (assuming a dipole magnetic field). Assuming that this
corres@iroughly to geographic latitudes for simplicity, at northern hemisphere
winter=¥f of this region will be in sunlight and half will be in darkness. Without
a redt@ of ozone in the stratosphere, the solar radiation will be absorbed at the

tropo;ttﬁ. Could the additional heating lead to instability of this structure?

-

SESCUSSION OF RELATED OBSERVATIONS AND

(PDELS TO HCS CROSSINGS, HSSs AND REDs

=

8a. HCS crossings and atmospheric winds
Wilcox :t al. [1973] have reported a relationship between interplanetary
heliosphneric current sheet (HCS) crossings and atmospheric winds. They studied
the avlgragf area of high positive vorticity centers (low pressure troughs) observed
durinmthern hemispheric winters at the ~300 mbar level. They showed by

stati%hat the average area of high vorticity decreased near the time of HCS
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crossings. We have shown in this paper that it is the HPSs adjacent to the HCS
crossings that can have significant effects to magnetospheric relativistic electrons.
Our hypothesis is that it is the REDs associated with the HPS crossings and not the

HCS @gs that are causing the Wilcox et al. effect.

—
8b. RIEDjnd HCS crossings and HSSs

Borovmmd Denton [2009] have identified RED occurrence in a superposed
epochﬁy. They find that the relativistic electron flux dropouts “occur after the
IMF E reversal prior to the passage of corotating interaction region (CIR)
streantiﬁrfaces in the HSSs”. They speculated that injections of a superdense ion
plas t into the nightside magnetosphere, the formation of a plasmaspheric
plurzand EMIC wave generation as energetic protons drift into the high
densine. Their hypothesis is that the relativistic electrons are lost by pitch
angle ring with the EMIC waves. The Borovsky and Denton [2009] study use
low tifne resolution data and averaged events for their superposed epoch analyses.
We Edg'g'egt that it is HPS ram pressure pulses which occur in the slow solar wind

which;erate the coherent EMIC waves and cause the REDs. A plasma plume

and @e injections are not necessary in our model.
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Meredith et al. [2011] have used the NOAA POES spacecraft data to study REDs
duri% HSS driven storm events. They find that trapped and precipitation
reIath@ilectrons with E > 1 MeV drop out following (CIR) storm onsets. Again
this=\s=e= low time resolution study. We suggest that it is not CIR storms, but
HPS re pulse events that cause the REDs.

l@l P

)

8c. ngossings, interplanetary relativistic electrons and the global electric
circuic

TinsIeCUd Deen [1991] have proposed that an induced change in the current
dengy he global electric circuit could lead to climate change. The above paper
wasﬁ to ionization effects from cosmic rays in the middle stratosphere. Later
Tinsley_ial. [1994] suggested that relativistic electrons could also cause the same
effect@y stated: “This (HCS) current sheet often acts as a boundary between
highﬂ streams in the solar wind, and the fluxes of relativistic electrons are
fourrehcrease following the passage of high-speed streams... precipitation of

such pe_hjvistic electrons into the atmosphere produces bremsstrahlung which

char@e atmospheric conductivity at least down to the middle stratosphere. It
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IS suggestive that the minimum in such precipitation occurs at the time of the
minimum in air-earth current density.” In the present paper we find no such
interplanetary relativistic electrons, but we do show the disappearance (and

sugge@ecipitation) of relativistic magnetospheric electrons.

-

Lam w [2013] have proposed an interplanetary magnetic field By fluctuation
effectms crossings) as a mechanism of Sun-weather coupling. They have shown
that tgifference between the mean surface pressures during times of high
positicd high negative IMF By possesses a statistically significant mid-latitude
wave cﬁture similar to atmospheric Rossby waves. For a review of different
spa ther-climate changing mechanisms, we refer the reader to Lam and
Tin§15].
—

8d. H@ossings, CIRs and lightning flashes

OWGI’]EaL [2015] have noted a correlation between lightning flashes over the
UK hefle passage of interplanetary HCSs. They speculate that it may be the

CIRs qe stream-stream interaction regions (please refer to Figure 1) that are

cau@ “compression/amplification of the heliospheric magnetic field (HMF)”.
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8e. Sudden Stratospheric Warmings (SSWSs)

A 3d_de'n Stratospheric Warming (SSW) event was originally called a “Berlin
Phenm” when R. Scherhag discovered a sudden increase in the radiosonde
10-mire=temperature over Berlin on January 30, 1952 [Scherhag, 1952]. However,
it Was<a-tj realized that this local phenomena was related to weather over most of
the n%n hemisphere [Scherhag, 1960] and the name was changed. Palmer
[19593 Scherhag [1960] related SSWs to solar events (with delays), but Reed
et al. &3] and Schoebl [1978] argued that it was atmospheric gravity waves that
were muse. SSWs were later described as “an abrupt temperature warming of
the tratosphere associated with the breakdown of the cold polar vortex”
(Wﬁteorological Organization, 1978; see also Harada et al., 2010). One

shoul(i ask the important question “what is the energy source for SSWs”?

9. CONCLUSIONS

Autho
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The overall scenario of our model is that high density HPSs impact the
magnetosphere compressing both the magnetosphere and the preexisting ~10-100
keV energetic particles within it. This pressure pulse impaction causes two things.
It Iea& the generation of coherent EMIC waves in the dayside outer
magnemesphere and also causes the rapid gradient drift of relativistic electrons
towarUe dayside magnetopause. The relativistic electrons have to run the
gaunt%rough the EMIC waves and many can be pitch angle scattered and lost
to theﬂosphere before they reach the magnetopause. This is suggested as the
causece REDs in our model. Other solar wind structures like CIRs can also
compy he magnetosphere. However from Figure 1 it is noted that HPSs which

occ§1e slow solar wind impact the magnetosphere first and deplete the

ma ere of the relativistic electrons. By the time the CIRs reach the
magn@here, the relativistic electrons have already been lost. It is not until the
HSS/I@CAA interval that the relativistic electrons repopulate the
magnqosphere [Hajra et al., 2015a].

- —
In thi;ent paper, we have provided a possible energy source as a trigger for the

Wil al. [1973] HCS-stratospheric wind effect. At the same time we have
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provided the relativistic electron source for the Tinsley et al. [1993] global circuit
alteration mechanism. Both of the phenomena have important consequences for
atmospheric weather.
Q.

The=eremyy is the stored kinetic energy of the relativistic ~ 1 MeV electrons
orbith@ the outer magnetosphere between L =6 and 10. What is particularly
signifmabout our proposed mechanism is that relativistic electron precipitation
IS ableSause the deposition of substantial energy in the mesosphere (~100 km to
~50 kditude) and also in the stratosphere (~50 km to ~10 km). In contrast, the

stratomic energy deposition does not occur with solar flare protons with ~1 to

100 inetic energies precipitating into the atmosphere. Energetic protons lose
thei

y by ionization of the atmospheric atoms and molecules. Relativistic
electrgns are more effective for low altitude energy deposition because when they
pass 0 atomic and molecular nuclei they generate bremsstrahlung y-rays and

x-rayﬂlch have much greater penetration power than do charged particles.
e

>

<C
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We have shown that there is substantial energy deposition (up to 3 x 10% ergs) that
can occur at auroral zone (L = 6 to 10) latitudes. These L shells correspond to
~65° to 72° magnetic latitudes assuming a dipole magnetic field.
Q.

The=nmeemty of this energy is deposited in the lower mesosphere due to particle
ioniza('iljosses. This concentrated energy loss far exceeds that deposited by solar
flare WS (the protons are very energetic, but the flux is considerably lower) or
galact'Bsmic rays [Thorne, 1977; Baker et al., 1987]. Occasionally there are
solar trelativistic electron events [Pesnell et al., 1999] but these fluxes are

Iowercﬁ/vill be lost over a much greater surface area of the Earth’s ionosphere.

Thuzurrent mechanism may be a means of acting as a catalyst for the
genergtlio_n of planetary waves and atmospheric gravity waves at mesospheric and
stratoic heights. It is known that atmospheric waves are associated with
SSWi arada et al., 2010; Oberheide et al., 2015]. Influence of the upper
atmdsh'l'a% on the troposphere is thought to occur by altering the reflection
charac;tics of long-wavelength waves that are involved in the development of

trop{wic weather systems [Thorne, 1977; Geller and Alpert, 1980]. So the
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precipitation of relativistic electrons in a relatively confined region of the
atmosphere might be an important feature influencing the atmosphere that should
be studied further.
T
Q.
Anctim=mossible mechanism is the NO production throughout the stratosphere by
the cataje of y-rays, X-rays and secondary electrons. The NO molecules will
catalywy destroy ozone throughout the stratosphere, with the result of a lack of
solar Bbsorption in this region, leading to temperature decreases. This in turn

may aﬁ the stability of atmospheric temperature profile, perhaps leading to an

instabtﬁupwelling) of the tropopause.

Furéervations in X-rays and y-rays and relativistic electrons are needed to
deterrgine if some of the conjectures of our scenario are borne out or not.
Modef various parts of the atmosphere with the specified energy inputs also

may ofve Turther insights as to atmospheric dynamics.

-t
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2 7. APPENDIX

—
No. Qents Cluster Themis
EY Position Waves Position (GSE Waves
(GSE coordinates) coordinates)
1 mefeld 150 NA NA NA NA
2 202 NA NA NA NA
3 027 NA NA NA NA
4

&052 NA NA NA NA
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2003-258 On night side No EMIC NA NA
[-17.8 4.8 -5.2] RE at waves
16:32UT
(~23:24 LT)
2007-056 In outer No EMIC NA NA
e magnetosphere after waves
Q_ 2200 till 2359 UT observed
[9.6 -3.6 -11.0] RE at High
T — 2200UT (~12:35LT) frequency
5._ waves are
observed with
( ) f = 3-5 times
fep
@}243 Night side No EMIC entered No EMIC
[-16.7 -4.9 -2.9]RE waves magnetosheath at waves
3 at 1343UT (~ 01:16 ~13:30 UT observed
LT) [7.6 -8.7 1.2]RE
at 1340UT
! (~08:43LT)
2008-058 | Within ~2 Re of Earth NA [-1.0 -25 - NA
CU ~[2.8 -4.7 -7.2]RE at 0.3]RE at 1400UT
1407UT (~ 08:47 LT) (~05:02LT)
high resolution
data NOT
available
—

Appen@l. EMIC wave search for the 8 pressure pulse events identified in Tables 1 and 2.
The 4 Eus er spacecraft and the 2 Themis spacecraft were used in the search. The columns are,
from-gi=iadright: the event number, the year and day of the event, the location of CLUSTER,

wave/no W§e detection, the location of THEMIS and wave/no wave detection.

<
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# Event Start End Duration | Peak HCS time
(DOY UT) [ (DOY UT) | (h) pressure (DOY

(nPa) uT)

1 95 150 150 02:39 | 150 05:37 | 3.0 26.6 150 04:44

2 202 202 02:38 | 20206:45 |4.1 18.6 202 04:27

3 - 2000_027 027 14:04 |02721:35 |7.5 20.3 027 18:03

4 $00052 05201:11 |05208:13 |7.0 14.8

5 WOB_ZSS 258 16:32 | 259 03:16 | 10.7 8.0 258 20:43

6 07_056 056 12:00 | 05705:32 |17.3 12.2 057 03:21

7 2007_243 243 13:43 | 24320:52 | 7.2 5.1 243 21:37

8 08_058 058 14:07 | 058 19:48 | 5.7 9.6 058 17:51

Table t HPS pressure pulse events from SC23 that were not followed by magnetic storms.

M

All elg impacts on the magnetosphere were associated with REDs.

Author
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# Event Electron GOES LT | Flux before dropout Flux at dropout
dropout at dropout | (cm®?s™srh) (cm?stsrthy

(DOY UT) start

Start |End | (DOY UT) |E1(x10%) |E2(x10%) |E1l E2

e
1 JQ-ED 150 | 150 | 149 41 5.0 19 7

! 03:08 | 04:15 | 22:10

2 02 202 202 201 8.4 4.6 25 8

3 25)27 027 027 027 3.1 2.0 62 3

16:34 | 17:28 | 11:34

U) 01:59 | 03:38 | 21:01

4 ;352 051 |052 |051 7.2 3.9 68 5
CU 20:06 | 06:47 | 15:04

5 § :358 258 259 258 21.1 27.9 14 12

22:00 |08:38 | 17:00

6 07 057 | 057 057 056 2.5 8.8 296 9

O 01:03 | 02:23 | 20:03

7 f% 244 244 244 2.7 21.6 38 13

06:40 | 07:59 | 01:41
e

8 @58 058 059 058 15.8 17.7 61 13

t 19:00 | 05:46 | 14:01

Table 2. Relativistic electron flux dropouts
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Parameters L=10 L=9 L=38 L=7 L=6

Ven (*10°m/s) | 2.2643 2.1946 2.3163 2.3732 3.499

Qe (*10%rad/s) | 1.077 1.0873 1.2956 1.4756 3.4274

WE’; 3.107 2.255 26 3 3

V| (* 19ty | 2.8025 2.886 2.9037 2.9057 2.9916
» —

y L |28 3.66 3.98 4.019 13.37

E| (Me@ 0.625 0.87 0.954 0.964 34

At (msm 4.357 4.11 4.37 4.41 6.32

Aa (degD 315 22.6 22.2 22.1 9.5

D (9 C 34.65 18.87 17.08 16.85 2.18

T (ms) 28.9 53 58.5 59.3 457.8

O

TabEectron anomalous cyclotron resonance with two cycles of an EMIC wave of
conservative amplitude 2.0 nT at a variety of different L shells. The rows, from top to bottom,
are theL&n phase velocity, the electron cyclotron frequency at the equator, the parallel speed of
the eI along By, the parallel kinetic energy of the electron, the time of wave-particle
interacfion, the amount of particle pitch angle transport, the diffusion coefficient D and the time

for pasjpetesitch angle diffusion T.

-

<
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No. | Events Cluster Themis
DOY Position Waves Position Waves
(GSE coordinates) (GSE coordinates)
T s [ NA NA NA NA
2 & NA NA NA NA
- —
3 00-027 NA NA NA NA
4 | o0Y52 | NA NA NA NA
5 WSS On night side No EMIC | NA NA
: [-17.8 4.8 -5.2] RE at | waves
16:32UT
C (~23:24 LT)
6 %56 In outer | No EMIC | NA NA
z magnetosphere  after | waves
2200 till 2359 UT observed
—
O [9.6 -3.6 -11.0] RE at | High
: 2200UT (~12:35LT) | frequency
e waves are
: observed with
f = 3-5 times
<
7 2007-243 Night side No EMIC | entered No EMIC
[-16.7 -4.9 -2.9]RE | waves magnetosheath at | waves
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at 1343UT (~ 01:16 ~13:30 UT observed
LT) [7.6 -8.7 1.2]RE
at 1340UT
e (~08:43LT)
"
8 | 2802488 | Within ~2 Re of Earth | NA [-1.0 25 -|NA
I : ~[2.8 -4.7 -7.2]RE at 0.3]RE at 1400UT
O 1407UT (~ 08:47 LT) (~05:02LT)
)
high resolution
3 data NOT
C available
(O
Appzl. EMIC wave search for the 8 pressure pulse events identified in Tables 1 and 2.
The r spacecraft and the 2 Themis spacecraft were used in the search. The columns are,

from Iﬁ to right: the event number, the year and day of the event, the location of CLUSTER,

wave/r@e detection, the location of THEMIS and wave/no wave detection.

Auth
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