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1. Introduction: Magnetosphere-lonosphere Coupling

M-l Convection Large-Scale Currents

. 1
4

2 3
\BIMF Magnetosheath / ‘

neTopaUSE wegenpesse

Particle Precipitation

Region 1 Region 1

‘‘‘‘‘‘‘

Bow n
Shock \F Mag

N/m

VA~ Ecliptic plane

Region 2
S Field-aligned
Currents

Region 2

Pederson
Currents

Polar Cap 4

/@‘T;‘h;\ Plasma Flow Lines
® Midnight

Interplanetary
shock

Currents |

[Hughes 1995] [Le+ 2010] [Mauk+ 2013]
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Particle precipitation into upper atmosphere

Solar EUV and X rays

Auroral electrons

Radiation belt
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Solar protons

h
o
Altitude [km]

=
—
—
QD
o
3
e
L,
=T

Galactic Cosmic Rays

1 12 3 I UL LY L L L L DL L
10! 10 10 10! 10? ' 10° 10* 10° 108
Energy (kev) lonization rate [cm?®s™]

[Thorne 1977] [Baker+ 2012; Mironova+ 2015]

« Energetic particle precipitations (EPP) provide important ionization of the upper atmosphere.
« Auroral and radiation belt particle precipitations are closely relevant to inner magnetospheric waves.




Wave-driven particle precipitation produces aurora

365

By
&
N

O “‘ Total=20.2 GW
%é=&% “‘os

e
‘{3 > /}’
&, 2 /7
> \:Q =\ 4
»t 4' v //.‘
R & Vs DL /4
BN S L85 K

Diffuse aurora provides a major source of
energy input (71-84%) into ionosphere
[Newell+ 2009]
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https://www.youtube.com/watch?v=ivLOb-jETrk



Why should the GEM-CEDAR community care about
inner magnetospheric waves?
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. What are the typical properties of

inner magnetospheric waves?

. What are their roles in particle

precipitation?

. What is the quantitative impact

of inner magnetospheric waves
on the ionosphere?
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Inner Magnetospheric Waves Driving Particle Precipitation
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How do particles precipitate into the upper atmosphere?

A 5
° [Credit: NASA]
Resonance condition

atmosphere ~ Y 4 Y

Precipitate into the

Doppler-shifted Multiples of relativistic

. [Kennel & Petschek 1966]
wave frequency particle gyro-frequency



Dominant approach of quantifying particle precipitation

Quasilinear Diffusion Theory: electron
motion \

Effects of waves on particles are treated as diffusion
[Kennel & Engelmann 1966; Lyons+ 1972; Glauert & Horne 2005]

wave /N
propagation
particle
interaction

Local pitch angle diffusion coefficient: [Bortnik+ 2008]
Do = <(A0)*>/2At

Wave properties
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ECH waves: Typical properties

<> Electrostatic Electron Cyclotron Harmonic waves (ECH):
observed in bands between the different harmonics of f_,
[Kennel+ 1970; Meredith+ 2009].

<> Typically observed near the magnetic equator outside
the plasmapause over 2100-0600 MLT and up to L ~ 15;
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1989: Meredith+ 2009: Ni+ 2017]. P s :

<> Generated by the loss cone instability of the ambient hot NN s
plasma sheet electron distribution [Ashour-Abdalla & F Chorus 3 |
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ECH waves: Effects on particle precipitation

ECH waves lead to rapid pitch angle scattering

over a narrow range of pitch angle near the loss
cone with energies from ~100 eV to a few keV.

-~ 553 ECH waves are suggested to be the
dominant driver of the diffuse”auror

electron precipitation at L >8
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Chorus waves: Typical properties

< Frequency range of 0.1-0.8 f., with minimum wave power
at 0.5 1, (lower-band and upper-band) [Tsurutani & Smith
1974; Burtis & Helliwell 1976]

< Consists of discrete rising/falling tones or hiss-like
emissions [Santolik+ 2003; W. Li+ 2012]

<> Generated through cyclotron resonance with anisotropic
electrons (1-100 keV) injected from the plasmasheet
[Kennel & Petschek 1966; W. Li+ 2008]

pically observed outside the plasmapause from
idnight to afternoon sector [Tsututani & Smith 1974;
dith+ 2003, 2012; W. Li+ 2009; Agapitov+ 2018]

[W. Li+ 2012]




Chorus waves: Global distribution

1 < >
Upper Band Chorus (0.5fce ( f ( 1.0fce) pq
AE ( 100 nT AE ) 300 nT Sun

<>An important accelerator of

radiation belt electrons [e.g.,
Horne+ 2005; Thorne+ 2013;

' Reeves+ 2013; Tu+ 2014; Ma+ 2018]

Lower Band Chorus (0.1fce ( f ( 0.5fce) o ]JTQ . .

AE ( 100 o (4E (3¢ AE ) 800 nT S < Cause pitch angle scattering
of 1s—10s keV electrons, thus

provide a major contribution to

produce diffuse and pulsating

aurora [Thorne+ 2010; Nishimura+
2010; Khazanov+ 2014; Ni+ 2016]

IMLAT]| < 15°

[Meredith+ 2012]

<-Chorus wave intensity depends on geomagnetic activity.
<-LB is strongest during active times over 4 < L* <9 and 23-12 MLT.
<-UB is weaker than LB and limited to lower L*.




Electron precipitation used as proxy to construct
global chorus wave evolution

Precipitating electrons scattered by chorus waves

scattered
electron

Pulsating
aurora patch

spacecraft

\itrapped

electron

Orbit of 5 POES
spacecraft

P
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Advantage:
Multiple POES provide event-specific
chorus evolution on a global scale 2012 Oct
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Bursty chorus & Microbursts
Short (~100 ms) bursts of precipitation
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>1 MeV Electron Flux (#/cm?/s/sr)

Bursty chorus & Microbursts FIREBIRD I
Short (~100 ms) bursts of precipitation
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Plasmaspheric hiss: Typical properties

> Incoherent, broadband whistler-mode emission W‘“"“Us@
(20 Hz—-2 kHz) [Thorne+ 1973; Meredith+ 2004; [ A

Bortnik+ 2008; W. Li+ 2015; Malaspina+ 2016] e,

-1 STORM-TIME X%

» Observed in the high-density region inside the  pCASASHERE \
plasmasphere or plumes ULF ( .
» Hiss B,, is activity dependent; stronger on the v wARE K
dayside than that on the nightside [Meredith+ ‘ReLATVITIC:

2004; W. Li+ 2015; Malaspina+ 2016]
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Plasmaspheric hiss: Effects on electron precipitation

» Hiss typically causes precipitation of energetic
electrons over 10s—100s keV, but usually is not
as efficient as chorus.

» Inside the plasmasphere hiss plays an important
role in precipitation loss of electrons through ' ol il 1
pitch angle scattering [Lyons & Thorne 1973; G ) "*" AL
Meredith+ 2006; Ma+ 2016; Ripoll+ 2017].
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Hiss intensities are well correlated with X-ray
counts from BARREL, suggesting energetic

o

[ AI 3 i A"g‘“ electron precipitation driven by hiss.




Plasmaspheric hiss: Effects on electron precipitation

» Hiss typically causes precipitation of energetic
electrons over 10s—100s keV, but usually is not
as efficient as chorus.

» Inside the plasmasphere hiss plays an important
role in precipitation loss of electrons through
pitch angle scattering [Lyons & Thorne 1973;
Meredith+ 2006; Ma+ 2016; Ripoll+ 2017].
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Hiss intensities are well correlated with X-ray
counts from BARREL, suggesting energetic
. electron precipitation driven by hiss.

I [Courtesy of R. Millan]
[Ma+ 2016]



Whistler mode waves in plumes

plume

IMAGE EUV, 2037 UT 17 April 2002
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 Plume whistler waves are

typically stronger than
plasmaspheric hiss [Shi+
2019; Teng+ 2019].

* More efficient in electron
precipitation than typical
plasmaspheric hiss.
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Time domain structures: Typical properties

¢ Tlme domaln Structures (TDS) 6PROBEB MLT=0600 L=57 MLAT=1.5
Packets of electric field spikes (~1 ms duration) up |
to ~100 mV/s [Mozer+ 2013, 2014; Agapitov+ 2015; &
Malaspina+ 2014, 2015] ‘

< Typically associated with dipolarization injection
fronts; observed over the dusk-to-dawn sector - " po” %
[Malaspina+ 2014] TIME AFTER 0800 UT ON 11/01/2012, minutes

< Potentially scatter equatorial electrons towards the
loss cone with energies <10s keV [Artemyev+ 2014;

Mozer+ 2013, 2016; Vasko+ 2015, 2017]
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[Malaspina+ 2015]




Other nonlinear waves — another zoo!

Kinetic Alfven Nonlinear Phase space Phase space holes
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EMIC waves: Typical properties

>

25 November 1986 DOY 329 orbit#1275

» ElectroMagnetic lon Cyclotron (EMIC) Waves:
Three bands below H*, He*, and O* with typical
frequencies 0.1-5 Hz [Erlandson & Ukhorskiy 2001;
Engebretson+ 2002; Usanova+ 2008; Min+ 2012]

» Generated by ion cyclotron instability with energy of
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10-100 keV ring current protons [Jordanova+ 2008] kf:'%
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[Min+ 2012]




EMIC waves: Effects on particle precipitation

» Can cause precipitation of both 10-100 keV protons and > ~MeV electrons
[Jordanova+ 2008; Miyoshi et al., 2008; Blum+ 2013; Sakaguchi+ 2015; Capannolo+ 2018, 2019]
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EMIC waves produce isolated
proton aurora [Sakaguchi+ 2015]




ULF waves (Pc4-5): Typical properties

CRRES Magnetometer 15 May 1991 Orbit 0714 I

« Ultra Low Frequency (ULF) waves (Pc4-5):
1-20 mHz [Jacobs+1964]; include Alfvenic
and compressional modes.

« ULF wave power tends to be stronger on
the dayside than nightside; depends on
activity [Ali+ 2016; Liu+ 2016]

» Generation mechanism

» Kelvin-Helmholtz instability near the

magnetopause [Mann+ 1999;

Claudepierre+ 2008]

ime-varying compressions of the

side magnetosphere due to solar

d [Kivelson & Southwood 1988;
Kepko+ 2002]

» Free energy in the ion plasma sheet
[Hasegawa 1969; Korotova+ 2009]

[Liu+ 2016]




ULF waves: Effects on particle precipitation
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[Brito+ 2015]

ULF waves (<10 mHz) have been linked to
relativistic electron precipitation in the
absence of VLF/EMIC waves.
Compressional magnetic field oscillations
may directly generate precipitations by
lowering the mirror points.

ULF wave in
electric field magnitude

Latitude (deg)

Chorus wave spectrogram
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Pc4—-5 ULF waves modulate chorus waves,
leading to pulsating auroral precipitation.




3. Impacts of Inner Magnetospheric Waves
on the lonosphere

1) Generation of diffuse/pulsating aurora

» Provides a major source of energy input (71-84%) into ionosphere
[Newell+ 2009]

2) Changes in ionospheric conductivity
» Important for M-I convection [Ridley+ 2004; Wolf+ 2007]

cts on atmospheric chemistry
duce ozone concentration, thus potentially important for Earth’s cli
rne 1977; Solomon+ 1982; Randall+ 2005; Turunen+ 2009, 20




3.1. Wave Impact lefuseIPuIsatmg Aurora

\ e [Credlt NASA]
» Diffuse aurora: weak diffusive emissions observed iIn an extensive region (62°-70°
latitude) on the equatorward part of the auroral oval [Lui & Anger 1973; Newell+ 2009]
» Pulsating aurora: dynamic auroral structures embedded in the diffuse aurora with
1-10s sec modulation [Johnstone 1978; Davidson 1990; Jones+ 2013]
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What is the driver of pulsating aurora?

(B) THEMIS-A wave observations (Chorus)
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[Nishimura+ Science, 2010] [Kasahara+ Nature, 2018]

One-to-one correlation between chorus Excellent correlation between chorus wave

wave intensity and PA intensity. intensity and loss cone electron flux (10-30 keV).



What is the driver of pulsating aurora?

(B) THEMIS-A w
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[Nishimura+ Science, 2010] [Kasahara+ Nature, 2018]

(C) Space-ground
). 1

Pulsating

coherent aurora patch

chorus area

Inside the loss cone
(parallel)

Chorus intensity
(0.05-0.5 fc)

) 002
UT [hhmm)]

One-to-one correlation between chorus Excellent correlation between chorus wave

wave intensity and PA intensity. intensity and loss cone electron flux (10-30 keV).

Chorus waves precipitate 10s keV electrons into the loss cone through pitch angle
scattering and drive pulsating aurora.



Altitude (km)

PA causes enhanced electron density in the ionosphere

02: 00

EISCAT Tromse VHF RADAR

SP,vhf,manda, 17 November 2012
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Electron density enhancements at >68 km in
association with pulsating aurora, suggesting
a broadband energy range over ~10-200 keV.
Observed lower band chorus causes the
simultaneous precipitations of electrons and
produces pulsating aurora.




3.2. Wave Impact: lonospheric Conductivity

« Conductance is a critical element that
determines and controls the M-I interactions
[Coroniti & Kennel 1973; Hill+ 1976].

« Particle precipitation, particularly diffuse aurora
driven by inner magnetospheric waves, Is

Particle precipitation Solar radiation

ionosphere

essential for conductance calculation conductance
[Newell+ 2009]. l

How to specify auroral conductance?

» Empirical formula: e.g., Robinson

» Transport code: e.g., GLOW, B3c magnetospheric plasma transport,
> Global IT model: e.g., CTIPe, TIEGCM, GITM wave excitation, particle scattering

[Courtesy of Y. Yu]

Particle precipitation is a critical input!



How to specify the particle precipitation?

1. Empirical

Precludes specification of small-scale,
transient variations in both space and time.

Auroral particle Empirical formula

precipitation (e.g., Robinson) Conductance

2. MHD parametrization

MHD parameters Precipitation

Lle) ISR May not capture auroral precipitation caused
by kinetic waves well.

Empirical formula
Conductance (e.g., Robinson)

3. Kinetic approach

Wave-induced Empirical formula —— Needs accurate specifications of waves and
precipitation (e.g., Robinson) plasma on a global Scale_

[Courtesy of Y. Yu]



How to specify the particle precipitation?

1. Empirical

Precludes specification of small-scale,
transient variations in both space and time.

Auroral particle Empirical formula

Conductance

precipitation (e.g., Robinson)

2. MHD parametrization

MHD parameters Precipitation y
(T, Ne) number/energy flux May not \

caused

by klnetf,\_;

Empirical formula
Conductance (e.g., Robinson)

3. Kinetic approach

Wave-induced Empirical formula —— Needs accurate specifications of waves and
precipitation (e.g., Robinson) plasma on a global Scale_

[Courtesy of Y. Yu]



3.3. Wave Impact: Atmospheric Chemistry
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[Thorne 1977]

Relativistic electron precipitation = generate NO, and HO, in thermosphere,

mesosphere, and even in stratosphere = O, reduction at > 30 km [Thorne 1977;
Solomon+* 1982; Russell+ 1984 Callis+ 1996; Brasseur & Solomon 2005; Randall+ 2005,

2015; Clilverd+ 2006; Seppala+ 2007; Turunen+ 2009, 2016]

!



Wave Impact: Atmospheric Chemistry

EISCAT Tromsg VHF RADAR
SP,vhf,manda, 17 November 2012
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[Miyoshi+ 2015]

Modeled a single pulsating aurora event using
a coupled ion and neutral chemistry model.
Mesospheric odd oxygen depletion was ~14%
at ~75 km.
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[Turunen+ 2016]



Wave Impact: Atmospheric Chemistry

Relativistic electrons

Electron density during burst run [log10(m )]
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[Randall+ 2015]

Electron number density IB‘

1 12 13 14 15 16 17 18 19 20 21 22 23 00
Local time [h]

Relative concentration of nitric oxide: [NQ], _ANQ]_

NO concentration

Altitude [km]

« WACCM simulations considering only solar protons
and auroral electrons (<~ 30 keV) underestimate NOy
enhancements observed by MIPAS [Randall+ 2015].

i 12 13 4 15 1€ 7 18 19 20 21 22 23 00

* Full spectrum of precipitating electrons is required to Local time [
better understand the EPP impact! [Turunen+ 2009]




Inner Magnetospheric Waves & Precipitation

« What are the quantitative roles of various inner magnetospheric waves in energetic
particle precipitation? Can we identify the driver of each type of precipitation events?

 How important are the nonlinear effects of waves on energetic particle precipitation?

« How to take full advantage of rapidly growing satellite measurements and state-of-
e-art models to specify and predict the global evolution of waves (e.g., machine
Ing, data assimilation)?

on the lonosphere




- S "

X
A
S —y

? 7 I8 Open Questions & Challenges

Inner Magnetospheric Waves & Precipitation

« What are the quantitative roles of various inner magnetospheric waves in energetic
particle precipitation? Can we identify the driver of each type of precipitation events?

 How important are the nonlinear effects of waves on energetic particle precipitation?
° f—

GEM Focus Groups
« 3D lonospheric Electrodynamics and Its Impact on the Magnetosphere-lonosphere-
Thermosphere Coupled System (IEMIT)
(2017 — 2021: Hyunju Connor, Haje Korth, Gang Lu, and Bin Zhang; RA: MIC, GSM)
« System Understanding of Radiation Belt Particle Dynamics through Multi-spacecraft
and Ground-based Observations and Modeling
(2019 — 2023: Hong Zhao, Lauren Blum, Sasha Ukhorskiy, and Xiangrong Fu; RA: IMAG)
 ULF wave Modeling, Effects, and Applications
(2016 — 2020: Michael Hartinger, Kazue Takahashi, Alexander Drozdov, Maria Usanova,
and Brian Kress; RA: GSM)




What can we use to study inner magnetospheric waves
and wave-driven particle precipitation?

Equatorial satellites

(Van Allen Probes,
THEMIS, MMS, ...):
magnetospheric waves

] Magnetometers and
- VLF receivers
-~ Plisating Waves on the ground

scattered
electron

. . . . urora patch
and particle injection ghurora p

trapped
electron

LEO satellites (e.g., POES) Radars Riometers All-sky-imagers
Particle flux at various Particle density Auroral particle Auroral intensity on a
energies & temperature precipitation large scale




Future Opportunities: SmallSats and Balloons

SCATTERED
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Colorado Student Space

http://elfin.igpp.ucla.edu/science/ R Weather Experiment

» Upcoming CubeSat missions: REAL, CIRBE, GTOSat, etc.
» SmallSats and Balloons together with the magnetospheric satellites provide
an excellent opportunity to understand wave-driven particle precipitation.



SUMMARY

* Inner magnetospheric waves play an important role in
precipitating particles trapped in the magnetosphere into
the ionosphere over a broad energy range (100s eV to

\WPGNETOPAY g,

~10 MeV).
« Wave-driven precipitating particles _NA
» produce spectacular aurora (e.g., diffuse/pulsating) /
» change ionospheric conductivity & L

ffect atmospheric chemistry to reduce ozone
centration

e of these challenges.



s%‘%@ SUMMARY

precipitating particles trapped in the
the ionosphere over a broad energy r
~10 MeV).

« Wave-driven precipitating particles _ N,
» produce spectacular aurora (e.g.,
» change ionospheric conductivity

affect atmospheric chemistry to re
concentration

quantifying wave-driven particle preciy

| llable to
address some of these challenges.




